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[1] The Sava Zone of the northern Dinarides is part of
the Cenozoic Adria-Europe plate boundary. Here Late
Cretaceous subduction of remnants of Meliata-Vardar
oceanic lithosphere led to the formation of a suture,
across which upper plate European-derived units of
Tisza-Dacia were juxtaposed with Adria-derived units
of the Dinarides. Late Cretaceous siliciclastic sedi-
ments, deposited on the Adriatic plate, were incorporat-
ed into an accretionary wedge that evolved during the
initial stages of continent-continent collision. Structur-
ally deeper parts of the exposed accretionary wedge
underwent amphibolite-grade metamorphism. Grt-Pl-
Ms-Bt thermobarometry and multiphase equilibria
indicate temperatures between 550°C and 630°C and
pressures between 5 and 7 kbar for this event. Peak
metamorphic conditions were reached at around
65 Ma. Relatively slow cooling from peak metamorphic
conditions throughout most of the Paleogene was possi-
bly induced by hanging wall erosion in conjunction
with southwest directed propagation of thrusting in
the Dinarides. Accelerated cooling took place in Mio-
cene times, when the Sava Zone underwent substantial
extension that led to the exhumation of the metamor-
phosed units along a low-angle detachment. Footwall
exhumation started under greenschist facies conditions
and was associated with top-to-the-north tectonic trans-
port, indicating exhumation from below European plate
units. Extension postdates the emplacement of a 27 Ma
old granitoid that underwent solid-state deformation
under greenschist facies conditions. The “°Ar/*° Ar sericite
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and zircon and apatite fission track ages from the footwall
allow bracketing this extensional unroofing between
25 and 14 Ma. This extension is hence linked to Miocene
rift-related subsidence in the Pannonian basin, which
represents a back-arc basin formed due to subduction roll-
back in the Carpathians. Citation: Ustaszewski, K., A. Kounov,
S. M. Schmid, U. Schaltegger, E. Krenn, W. Frank, and B. Fiigenschuh
(2010), Evolution of the Adria-Europe plate boundary in the northern
Dinarides: From continent-continent collision to back-arc extension,
Tectonics, 29, TC6017, doi:10.1029/2010TC002668.

1. Introduction

1.1. Plate Tectonic Setting and Aims of This Study

[2] The eastern Mediterranean Dinarides-Hellenides oro-
gen (Figure 1) formed by the collision of the Adriatic plate
with Europe-derived units at the end of the Cretaceous,
whereby Adria came to reside in a lower plate position.
Final collision was preceded by plate convergence since the
Late Jurassic and the progressive closure of the intermittent
Neotethys Ocean [e.g., Channell and Horvath, 1976; Channell
et al., 1979; Burchfiel, 1980; Dercourt et al., 1986; Ricou
et al., 1986]. Substantial postcollisional strike-slip overprint
related to Neogene northward motion of the Adriatic plate
[e.g., Csontos and Vords, 2004; Ustaszewski et al., 2008]
and a widespread Neogene cover render the plate boundary
between Adria and Europe one of the most obscure parts of
the Dinarides-Hellenides orogen. This study focuses on the
northernmost part of this plate boundary along the northern
end of the internal Dinarides, adjacent to the southwestern
margin of the Pannonian basin.

[3] This plate boundary zone was first described as “Sava-
Vardar Zone” [Pami¢, 1993a, 2002]. Schmid et al. [2008]
termed the same area “Sava Zone” in order to distinguish it
from the Vardar Zone (western Vardar Ophiolitic Unit of
Schmid et al. [2008]), which hosts widespread ophiolites in
the Dinarides and Hellenides. These Triassic-Jurassic-age
ophiolites were obducted onto the distal Adriatic passive
margin during the latest Jurassic to earliest Cretaceous
[Aubouin et al., 1970; Pami¢ and Hrvatovié, 2000]. The Sava
Zone formed by the final closure of this Mesozoic northern
branch of Neotethys (Meliata-Maliac-Vardar Ocean of
Schmid et al. [2008]) (also including the Maliac Ocean of
Stampfli and Borel [2002]); no trace of a so-called Pindos
Ocean is documented from the Dinarides. The Sava Zone
separates Adria-derived thrust sheets, i.e., the Dinarides,
from the northerly and easterly adjacent Europe-derived

1 of 34


http://dx.doi.org/10.1029/2010TC002668

TC6017

10°

12 14 ° 16° 180
50° outlines of Neogene * °
Pannonian & o
Transylvanian Basins  *
48°
Eastern Alps
46°
4,0
44° °,
2 ,
OO
40° Europe- K Q.. . S
+ | derived 7z
Mega-Units 6//0
®®
Adria-derived thrust sheets [
40° EI Eastern Alps &
Western Carpathians
D]] Southern Alps
38° \:I Dinarides - Hellenides - Taurus
8 Ophiolites, sutures, accretionary prisms
- Western Vardar
Ophiolitic Unit .
Sava Zone - in general
36° [ (= Izmir-Ankara Zone)
Mi c thi 7771 undeformed
th:zz?rtﬁlt arpathian % Adriatic plate
N undeformed
34° external foredeep l:l European plate
10° 12°
14 16° 18°
Figure 1.

simplified after Schmid et al. [2008]).

Tisza and Dacia Mega-unit occupying an upper plate position
[Haas, 2001; Haas and Péro, 2004] (Figure 1). The Tisza-
Dacia Mega-unit represents a composite continental terrane
assembled in the Late Cretaceous (“Tisza-Dacia terrane” of
Csontos and Vords [2004]). Since these units originally broke
off the European plate in the Jurassic [e.g., Sandulescu, 1984]
they may be considered a part of the European plate for the
sake of simplicity.

[4] The Sava Zone contains post-Variscan rocks meta-
morphosed up to the amphibolite facies. Our study con-
centrates on the most complete transect across this suture in
northern Bosnia and Croatia, reaching from upper plate
European units to lower plate Adria-derived units, including
previously obducted Neotethyan ophiolites. Other regionally
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Major tectonic units of the Alps, Carpathians, Dinarides, and Hellenides (north of 42°N;

metamorphosed assemblages in the Dinarides associated with
the Sava Zone lie in western and southern Serbia [Marovié
et al., 2007a, 2007b; Schefer et al., 2007, 2008; Zelic et al.,
2010]. We document the tectonometamorphic evolution of
tectonic units within the Sava Zone from continent-continent
collision at the end of the Cretaceous to dominantly extensional
tectonics associated with the formation of the Pannonian basin
in the Neogene. P-T estimates and geochronological data from
the metamorphics constrain the amount of tectonic overburden
and the timing of the continent-continent collision. Our study
also identifies for the first time a major detachment, responsible
for the Oligocene to Miocene extensional unroofing of
greenschist- to amphibolite-grade units in the internal Dinar-
ides at the southern margin of the Pannonian basin.
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1.2. Timing of Meliata-Vardar Ocean Closure

[s] A pertinent point for the argumentation developed in
our study is that the final closure of the Meliata-Vardar Ocean
postdates latest Jurassic to earliest Cretaceous ophiolite
obduction. A remnant of the Meliata-Vardar Ocean remained
open during the Cretaceous, as inferred from the following
observations.

[6] 1. Metabasalts and glaucophane blueschists in Fruska
Gora (part of the Sava Zone north of Beograd) yielding K-Ar
ages of 123 =5 Ma on glaucophane [Milovanovic et al., 1995]
suggest that subduction of remaining Vardar oceanic litho-
sphere underneath Europe-derived units was ongoing during
the late Early Cretaceous.

[7] 2. Intraoceanic magmatism and pelagic sedimentation
onto oceanic crust in the Sava Zone of North Bosnia indicate
that a deep-marine seaway persisted at least until the Cam-
panian [Karamata et al., 2000, 2005; Grubi¢ et al., 2009;
Ustaszewski et al., 2009; Vishnevskaya et al., 2009].

[8] 3. Late Cretaceous intrusives, volcanics and associated
volcanosedimentary basins, stretching from southeast
Bulgaria across Serbia into western Romania, informally
referred to as “banatites” [von Cotta, 1864] or “Banat-
Srednogorje Zone” [Berza et al., 1998], show calc-alkaline
affinity and span an age range from 93 to 72 Ma (early
Turonian to late Campanian [Nicolescu et al., 1999; Georgiev
et al., 2001; Ciobanu et al., 2002; Heinrich and Neubauer,
2002; Neubauer et al., 2003; Handler et al., 2004; von
Quadt et al., 2005; Rieser et al., 2008; Zimmerman et al.,
2008]), possibly as young as 66 Ma based on earlier K-Ar
ages [Neubauer, 2002, and references therein]. Most authors
interpret this association to have formed in an Andean arc or
back-arc setting related to the north to NE directed subduc-
tion of the Meliata-Vardar branch of Neotethys beneath
Europe-derived units [e.g., Boccaletti et al., 1974; Berza et
al., 1998; Ciobanu et al., 2002; Neubauer, 2002]. Subduc-
tion-related, bimodal volcanics of Late Cretaceous to earliest
Paleocene age (110 to 62 Ma [Pamié, 1993b, 1997; Pamié
and Pécskay, 1994; Pamié et al., 2000]) are also known
from sporadic exposures in the Croatian part of the Tisza-
Dacia Mega-unit as well as from numerous boreholes in the
Pannonian basin. It has been suggested that they are also part
of the banatite belt [Pamié, 1998; Pamic¢ et al., 2000].

[o] 4.In central and south Serbia, the stratigraphic minimum
age of strongly deformed, low-grade metamorphosed sedi-
ments of the Sava Zone, including olistoliths of mafics and
ultramafics, as well as tectonically incorporated Mesozoic
platform carbonates, is Late Cretaceous (“Senonian” flysch of
Dimitrijevi¢ [1997, 2001], Pamic¢ [2002], and Schefer et al.
[2007]). Maastrichtian turbiditic sandstones containing olis-
toliths of blueschists [Majer and Lugovi¢, 1991] also occur in
the northern part of the Sava Zone in northern Bosnia
(Figure 2) [Jelaska et al., 1976; Sparica et al., 1980; Jelaska,
1981; Sparica et al., 1984; Jovanovi¢ and Magas, 1986] and
were interpreted as a synorogenic trench fill that was incor-
porated into an accretionary wedge [Pamic, 1993a].

[10] In the following, we attempt to better constrain the
exact timing of the P-T-d path of such Late Cretaceous
sediments that, following the collision between Adria and
Europe, were overprinted by greenschist- to amphibolite-
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grade metamorphism (Figure 2) [Pamic¢ and Prohié¢, 1989;
Pamié, 1993a, 2002], and exhumed in the Neogene.

2. Regional Geological Setting

2.1.

[11] Between the Aegean Sea and Beograd the Sava Zone
suture is represented only by a NNW trending, a few kilo-
meters wide belt of Late Cretaceous (Senonian) flysch
(Figure 1). Near Beograd, the suture bends into an E-W
trend and opens into an up to 50 km wide corridor of Late
Cretaceous ophiolite-bearing units, trench sediments, mag-
matic rocks and metamorphic rocks running parallel to the
Sava River (Figure 1). Between Beograd and Zagreb, these
pre-Neogene rocks of the Sava Zone are only exposed in a
few isolated inselbergs surrounded by Neogene sediments
(Figure 2). The same applies to the Tisza-Dacia Mega-unit
outcropping in the isolated Papuk-Psunj inselberg (Figures 2
and 3). The latter exposes pre-Mesozoic basement that
experienced a pre-Variscan and syn-Variscan metamorphic
overprint [Pamié et al., 1988; Pamic¢, 2000; Balen et al.,
2006], and its low-grade metamorphic Permo-Mesozoic
cover [Bisevac et al., 2009] (Figure 3). The northern edge of
Papuk-Psunj hosts a small bimodal Late Cretaceous sub-
volcanic body that intruded the pre-Mesozoic basement
[Pamié, 1997, 1998; Pami¢ and Pécskay, 1994]. Late Cre-
taceous bimodal volcanics are also known from boreholes in
the vicinity of the Papuk-Psunj inselberg [Pamié, 1997]
(Figure 3).

[12] The partly metamorphosed Late Cretaceous magmatic
and sedimentary successions within the Sava Zone are un-
conformably overlain by Paleogene sediments [Ustaszewski
et al., 2009] (Figure 3). A correlation of the premetamorphic
and postmetamorphic stratigraphic successions exposed in
different inselbergs is provided in Figure 4. Only a few age
assignments of stratigraphic intervals rely on the available
biostratigraphic data (see Data Set S1)." Often the metamor-
phic overprint of the magmatic and sedimentary successions
only allowed lithostratigraphic correlations.

Sava Zone Suture

2.2. Previous Data on Inselbergs at the Southern Rim
of the Pannonian Basin

[13] Below we briefly review available data on the insel-
bergs that expose pre-Neogene rocks belonging to the Sava
Zone and adjacent units between Zagreb and Beograd.
2.2.1. Moslavacka Gora

[14] Moslavacka Gora (Figures 2 and 3) exposes a crys-
talline basement characterized by Late Cretaceous LP-HT
metamorphism and migmatization. The peak P-T conditions
for this LP-HT metamorphic event were estimated at 550°C—
660°C and 1.8-2.5 kbar [Balen and Pami¢, 2000], perhaps
reaching ~750°C and 3—4 kbar [Starijas et al., 2006, 2010].
The LP-HT metamorphosed metapelites and migmatites
yielded electron-microprobe-based (“‘chemical”) Th-U-Pb
monazite ages between 100 and 90 Ma [Starijas et al., 2010].
The central S-type granite was dated at 82 = 1 Ma by LA-

! Auxiliary material data sets are available at ftp:/ftp.agu.org/apend/tc/
2010tc002668. Other auxiliary material files are in the HTML.
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ICP-MS zircon dating [Starijas et al., 2010]. *°Ar/*°Ar ages
on hornblende and white mica document cooling from peak
metamorphic conditions between 83 and 74 Ma [Balen et al.,
2001]. As yet, this early Late Cretaceous metamorphic event
was not identified elsewhere within the Sava Zone and its
geodynamic significance remains enigmatic.

2.2.2. PozeSka Gora

[15] The northern part of Pozeska Gora (Figures 2 and 3)
exposes a bimodal igneous rock suite including (gabbro-)
dolerites, pillow basalts, basic and acidic tuffs and volca-
niclastics, as well as alkali-feldspar rhyolites and volumet-
rically subordinate granites [Pami¢ and Sparica, 1983;
Sparica and Pamié, 1986; Belak et al., 1998]. Pillow
basalts and tuffs are interbedded with fossiliferous red,
pelagic limestones that yielded Late Campanian to Early
Maastrichtian globotruncanids [Pami¢ and Sparica, 1983;
Jamici¢, 2007; M. Caron, personal communication, 2007].
Dolerite dikes intrude both acidic rocks and the Late Cre-
taceous pelagic sediments [Belak et al., 1998]. Rhyolites
and cogenetic granites gave a Rb-Sr age of 71.5 £ 2.8 Ma
[Pamié et al., 1988]; K-Ar ages of the dolerites range
between 68 and 66 Ma [Pami¢, 1993Db].

[16] The southern part of Pozeska Gora hosts exposures of
greenschist facies phyllites, quartz-muscovite schists,
greenschists and calcite marbles [Sparica and Pami¢, 1986;
Pamié¢, 1998]. K-Ar whole rock ages obtained on quartz-
muscovite phyllites yielded an age of ~49 Ma [Pami¢ et al.,
1988], which may indicate the timing of or cooling from
peak metamorphic conditions. Due to poor outcrop condi-
tions, the structural relationships between the Late Cretaceous
volcanic/volcanoclastic succession and the metamorphics are
unknown as yet [see Sparica et al., 1980; Sparica and Pamic,
1986].

2.2.3. Kozara

[17] Kozara Mountain includes two tectonically juxta-
posed ophiolitic successions of different age, separated by a
belt of Paleogene sediments (Figures 3 and 5). South Kozara
Mountain exposes obducted western Vardar ophiolites of
Jurassic age, whereas North Kozara Mountain exposes a
Late Cretaceous igneous and sedimentary succession of
oceanic origin [Ustaszewski et al., 2009]. The western
Vardar ophiolites of South Kozara are unconformably
overlain by Late Paleocene (Thanetian) shallow-water
limestones (Figures 4 and 5) that grade upsection into Early
to Middle Eocene (Ypresian to Lutetian) turbiditic sand-
stones [Blanchet, 1970; Sparica et al., 1984; Jelaska, 1981;
Jovanovié¢ and Magas, 1986; Ustaszewski et al., 2009]. This
unconformable succession on top of the western Vardar
ophiolites was either interpreted as a postcollisional molasse
succession [Aubouin et al., 1970; Jelaska et al., 1970], or
alternatively, as a flysch succession (“Kozara Flysch”
[Sparica et al., 1984; Jovanovié and Magas, 1986]). The
intraoceanic igneous succession of North Kozara is thrust
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onto these Paleogene sediments (Figures 3 and 5). This
bimodal igneous succession comprises isotropic gabbros,
doleritic dikes, basaltic pillow lavas and rhyolites (Figure 5).
Pelagic limestones, intercalated with the pillow lavas, yield
Campanian globotruncanids [Grubi¢ et al., 2009; Ustaszewski
et al., 2009] and radiolarians [Vishnevskaya et al., 2009],
which is consistent with concordant U-Pb ages (81-82 Ma)
on zircons derived from dolerites and rhyolites [Ustaszewski
et al., 2009].
2.2.4. Prosara

[18] Prosara Mountain exposes two contrasting units
(Figures 3 and 6a). A nonmetamorphic succession of shales
and sandstones of Maastrichtian to possibly Paleogene age
[Sparica et al., 1984; Jovanovié and Magas, 1986] (see
Figure 4 and Data Set S1) in the south is fault bounded
against a greenschist facies metasedimentary, subordinately
metavolcanic succession to the north. Palynomorphs pre-
served in metamorphic phyllites, the most common lithol-
ogy in the north, suggested a Maastrichtian [Sparica et al.,
1984] (see Data Set S1) or generally Late Cretaceous
[Jovanovi¢ and Magas, 1986] depositional age.
2.2.5. Motajica

[19] Motajica inselberg exposes a dominantly siliciclastic
succession of Late Cretaceous (Maastrichtian and probably
older) age [Panti¢ and Jovanovi¢, 1970; Sparica et al.,
1980] (Figures 3 and 7). This succession is lithologically
similar to the metamorphosed successions from Prosara
and Pozeska Gora. The structurally lower parts exposed in
the north underwent Barrovian metamorphism reaching
amphibolite grade [Pamic¢ and Prohié, 1989; Pamic et al.,
1992; Pamié, 1998]. Chemical Th-U-Pb monazite ages
(63 £ 9 Ma) suggest a latest Cretaceous to early Paleogene
age for this metamorphic event [Krenn et al., 2008]. A
granitoid pluton encompassing two-mica granites, grano-
diorites, monzogranites, monzodiorites, as well as subordi-
nate quartz diorites and leucogranites [ Varicak, 1966; Pamic¢
and Prohi¢, 1989; Jurkovi¢, 2004] intrudes the meta-
morphics. Based on major and trace element geochemistry
as well as Sr-isotopic data, the granitoids were first con-
sidered as S-type [Pami¢ and Prohi¢, 1989] and later, with
a larger data set, as transitional between S- and I-type
[Pami¢ and Balen, 2001; Pamicé et al., 2002]. Whole rock
Rb-Sr dating of three granitic samples suggest an age of
intrusion at 48.7 + 1.5 Ma [Lanphere and Pamic¢, 1992], the
younger biotite K-Ar age of 18.1 Ma may represent a
cooling age [Lanphere and Pami¢, 1992].
2.2.6. Cer

[20] Although this inselberg in western Serbia (Figure 8)
is part of the Jadar-Kopaonik thrust sheet, i.e., structurally in
a more external position in respect to the Sava Zone [Schmid
et al., 2008], it shares many structural similarities with
Motajica inselberg. Granitoids encompassing leucocratic and
muscovite granites, quartz monzonites, granodiorites and

Figure 4. Tectonostratigraphic correlation of the successions exposed in the Sava Zone inselbergs (see Figures 2 and 3 for
location). Solid thick lines mark correlated stratigraphic intervals and unconformities with biostratigraphic control (see Data
Set S1). Dashed thick lines mark lithostratigraphically correlated horizons. Underlined fossils are from Ustaszewski et al.
[2009], and all other fossils are from older sources [Jovanovi¢ and Magas, 1986; Pamié and Sparica, 1983; Panti¢ and
Jovanovié, 1970; Sparica et al., 1980, 1984]. The metamorphic grade of metasediments in Motajica is indicated.
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subordinate two-mica granites [Knezevi¢, 1962; Knezevi¢
et al., 1994a, 1994b; Koroneos et al., 2010] intrude low-
grade Paleozoic and Mesozoic sediments that are part of the
footwall of the obducted western Vardar ophiolites. Foliation
and bedding in the country rocks wrapped around the pluton
are concordant to a magmatic foliation developed in the outer
parts of the intrusion. Available radiometric data show a large
spread: hornblende and whole rock K-Ar ages range between
30 and 22 Ma, while K-Ar ages of muscovite and biotite range
between 18 and 15 Ma [KnezZevic et al., 1994b]. Koroneos et al.
[2010] interpret the Cer pluton as a multiphase intrusion, in
which metaluminous I-type quartz monzonites and mon-
zodiorites are intruded by peraluminous S-type two-mica
granites. According to them, K-Ar dating suggests that the
I-type magmatics were emplaced not later than at 21 Ma,
while the S-type granitoids are as young as 19 to 16 Ma.

3. New Data on the Structural and
Metamorphic Evolution of the Prosara and
Motajica Inselbergs

3.1.

[21] The middle to upper greenschist facies succession
exposed in the northern part of Prosara comprises metar-
hyolites, epidote-amphibole greenschists derived from mafic
intrusions, chlorite-epidote schists, albite-biotite schists,
metasandstones, phyllites and subordinate orthogneisses and
calcite marbles (Figure 6a); Mineral assemblages identified
are shown in the bottom left inset of Figure 6a. Metarhyolites
and associated greenschists occur in two different structural
levels. Small occurrences of coarse-grained, leucocratic
granites show a gneissic schistosity that is concordant with
that of the surrounding phyllites (orthogneisses of Figure 6a).
The following observations indicate low-grade solid-state
deformation of these granitoids: (1) feldspar porphyroclasts
show undulatory extinction, bookshelf deformation and frac-
turing (Figure 9a); they broke down to epidote and zoisite/
clinozoisite; (2) magmatic white mica largely recrystallized to
fine-grained sericite (Figure 9a); and (3) quartz forms elon-
gated aggregates parallel to the foliation and shows bulging
recrystallization [Stipp et al., 2002].

[22] This succession is fault bounded against the northerly
adjacent Neogene basin, as well as against southerly adjacent
nonmetamorphic Late Cretaceous sediments (Figure 6a). The
northern fault is partly covered by Pleistocene to recent col-
luvial deposits. Bedding in the southerly adjacent non-
metamorphosed sediments dominantly dips north. The
structure of the greenschist facies unit is characterized by an
E-W trending synform defined by the dip of the dominant
foliation (Figure 6a). At a few locations the dominant folia-

Prosara Inselberg
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tion was found to overprint an earlier foliation; corresponding
intersection lineations trend roughly E-W (Figure 6b). Owing
to this outcrop-scale observation, we term the earlier foliation
sl and the dominant foliation s2. Deformation associated
with s2 led to mylonitization within those levels containing
metarhyolites and metasandstones. Moderately plunging L2
stretching lineations contained in s2 trend approximately N-S
(Figure 6b). Shear senses associated with L2 indicate both top-
to-the-north and top-to-the-south shearing (Figures 6b and 9b).
Top-to-the-north shear senses are associated with a pro-
nounced shape-preferred orientation of quartz aggregates and
are characterized by grain boundary bulging and beginning of
subgrain rotation recrystallization [Stipp et al., 2002], which
suggests deformation at temperatures around 350°C to 450°C
during D2 (Figures 9b and 9c). We also observed subordinate
ductile shear parallel to E-W trending sl—s2 intersection
lineations, indicating small increments of trend-parallel, top-
to-the-east directed sense of shear (Figure 6b), suggesting
that extension was probably multidirectional.

[23] Later increments of D2 shearing associated with L2
are inferred to have occurred under decreasing temperatures
(Figures 9d-9h). In contrast to the aforementioned, “early”
D2 shear senses, they all indicate top-to-the-south shear.
Top-to-the-south semiductile extensional shear bands
(Figures 9¢ and 9f) and brittle conjugate faults dissecting the
metamorphic foliation (Figures 9g and 9h) suggest that N-S
directed D2 extension affected the metamorphic succession
all the way into the brittle regime.

[24] In summary, the metamorphic succession of Prosara
underwent progressive cooling and exhumation from about
midgreenschist facies to brittle conditions associated with
N-S extension during D2. Fission track dating, presented in
section 4.3, indicates that this extension is related to the
early Miocene rifting phase of the Pannonian basin.

3.2. Motajica Inselberg

[25] The new structural and petrographic observations
below start with the structurally highest units exposed in the
south and progress downsection toward north.

3.2.1. Low-Grade Shales and Sandstones

[26] South dipping low-grade shales and moderately to
well-sorted sandstones make up the southern half of Motajica
inselberg (Figure 7a). No newly grown minerals are visible in
thin section. Illite crystallinity (IC) was determined in selected
low-grade shales (Figure 7b). The minerals, determined by
XRD, include quartz, calcite, chlorite, muscovite and feldspar.
Analyses of the <0.25 um fraction yielded a Kiibler index
(KI) of 0.33 after standardization, indicating low anchizonal
conditions [Kisch, 1990, 1991; Warr and Rice, 1994].
Additionally, the measured Al value of 0.29 (Al = Arkai

Figure 6.

(a) Geological map of the Prosara inselberg, compiled from 1:100,000-scale geological map sheets of former

Yugoslavia [Sparica et al., 1984; Jovanovi¢ and Magas, 1986] and modified according to our own observations. Bottom
left inset shows selected newly formed metamorphic index minerals and parageneses identified in thin sections in the lower
tectonic unit. Mineral abbreviations are as follows: Ab, albite; Amph, amphibole; Bi, biotite; Epi, epidote; KI’Zoi, clin-
ozoisite; WM, white mica. See Figure 3 for location. (b) Lineations and shear sense indicators observed in the lower tectonic
unit. Extension is multidirectional. We observe a change in the sense of shear from top to the east and top to the north to top
to the south with decreasing temperature of deformation. See also thin section and outcrop observations in Figure 9.

Lithology patterns are identical to Figure 6a.
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index or chlorite crystallinity [Arkai et al., 1995; Arkai and
Sadek Ghabrial, 1997]) again corresponds to anchizonal
conditions (T = 200°C-300°C). This confirms the previously
obtained IC values for lithologically and structurally identical
samples reported by Pamié et al. [1992].
3.2.2. Greenschist Facies Phyllites

[27] The phyllites structurally underlie the low-grade
shales and sandstones. They represent a monotonous quartz-
poor succession, lithologically comparable to the phyllites in
Prosara. Prograde growth of chlorite, biotite and white mica
indicates that mid to upper greenschist facies conditions
were reached (Figure 7b). The presence of epidote and
zoisite/clinozoisite, also indicative of mid to upper greens-
chist facies conditions, is restricted to the structurally low-
ermost parts of this succession (Figure 7b).
3.2.3. Amphibolite Facies Lithologies and Mineral
Assemblages

[28] Amphibolite facies lithologies include amphibolites,
metapelites and subordinate paragneisses. Amphibolites
contain green, tschermakitic amphibole, some clinozoisite,
epidote and subordinate biotite. The metapelites are mostly
staurolite- and/or garnet-bearing micaschists. Staurolite,
biotite, white mica, plagioclase and quartz (Figure 10a) form
a common mineral assemblage; garnet and biotite are often
in textural equilibrium. However, well-preserved mineral
assemblages are the exception since numerous metapelite
samples show widespread chloritization of garnet and biotite
(Figure 10b).
3.2.4. Granitoid Pluton

[29] The pluton is texturally isotropic in the center but
foliated along its margins (Figure 7a). In foliated granitoids
quartz and feldspar show abundant undulatory extinction.
Zoisite/clinozoisite and epidote, often in elongated bands
parallel to the foliation, formed at the expense of magmatic
K-feldspar and plagioclase (Figures 10c and 10d). The
contact to the adjacent units is sharp and generally lacks a
contact aureole. A rapid increase in the size of mica por-
phyroblasts is observed locally, where fine-grained
greenschist facies phyllites are juxtaposed against the
granitoid. This transition occurs within a distance of some
100-150 m. At one locality, andalusite and white mica
porphyroblasts were observed in metapelites at the contact
to the intrusion (Figure 7b). The andalusite forms pseudo-
morphs after fibrous sillimanite, suggesting that it postdates
regional metamorphism.
3.2.5. Structures

[30] In the greenschist and amphibolite facies lithologies
the main metamorphic foliation (s1) strikes approximately
ENE-WSW and parallels the bedding in the overlying low-
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grade Maastrichtian sandstones and shales (Figure 7a). A
mineral stretching lineation associated with s1 was observed
in only one location. It is associated with quartz mylonites
with a pronounced shape-preferred orientation and a top-to-
the-SE directed sense of shear (Figures 10e and 10f). Both
sl foliation and L1 lineation are interpreted to be associated
with a D1 deformation stage, related to the main metamor-
phic event.

[31] Overprinting of the s1 foliation by a younger foliation
s2 was observed at the outcrop scale (Figures 10g and 10h),
predominantly in the micaschists. Within the amphibolites
and phyllites s2 was only observed in a few sites (Figure 7a).
S1 becomes increasingly transposed by s2 in the vicinity of
the intrusion. S2 strikes often at a high angle to s, particu-
larly along the western margin of the intrusion (Figure 7a),
where s2 intersects sl almost perpendicularly. We interpret
this s2 foliation to be related to a second deformation phase
D2, which postdates the granite intrusion. In areas where D2
strain is low, s2 developed a spaced axial plane cleavage. In
the s2 axial planes of nonretrogressed micaschists the growth
of a second generation of biotite (Figure 101), indicates that
D2 deformation must have initiated under at least mid-
greenschist facies conditions. In the phyllites s2 mostly forms
a crenulation cleavage (Figure 10j). In areas where D2 strain
is high, s1 was totally overprinted.

[32] L2 stretching lineations associated with s2 generally
trend WNW-ESE (Figure 7c). These are mainly observed in
amphibolite facies metapelites and paragneisses, only rarely
within the immediately adjacent phyllites, and entirely
absent in higher and colder structural levels in the south
(Figure 7c). The D2-related foliations and lineations hence
define an up to 2 km wide zone of ductile deformation,
comprising the periphery of the Motajica granite and its
amphibolite-grade frame (Figure 7c). Within this zone of
ductile D2 deformation, referred to as Motajica detachment,
both top-to-the-west and top-to-the-east senses of shear are
observed (bottom left inset in Figure 7c). High-temperature
D2 microstructures (upper greenschist facies; Figures 10k
and 10l) indicate a top-to-the-WNW tectonic transport,
while shear senses related to deformation that occurred
under decreasing temperatures (Figures 10m and 10n) point
away from the intrusion (bottom left inset of Figure 7c).
Extensional shear bands (Figure 10n) often contain chlorite
that replaces biotite, directly evidencing widespread retro-
gression of mineral assemblages during D2 (Figure 10b).

[33] Interpretative geological sections across Motajica
inselberg, based on both mesoscopic and microstructural
observations, illustrate the large-scale structural context
(Figure 11). Extensional faulting along the Motajica detach-

Figure 7. Geological map of the Motajica inselberg, compiled from 1:100,000-scale geological map sheets of former
Yugoslavia [Sparica et al., 1980] and modified according to our own observations. (a) Major lithological units, folia-
tions, and faults. (b) Metamorphic index minerals identified in thin sections. Mineral abbreviations are as follows: And,
andalusite; Bi, biotite; Chl, chlorite; Epi, epidote; Gar, garnet; Hbl, hornblende; K1’Zoi, clinozoisite; Stau, staurolite; WM,
white mica; Zoi, zoisite. White mica is ubiquitous in all occurrences of staurolite. (¢) Map of mineral stretching lineations
and deduced shear senses. The “Motajica detachment” was outlined based on the extent of s2 foliations (Figure 7a) and D2
stretching lineations. (d) Geochronological data in the Motajica inselberg. Underlined samples are those for which the
confined track length distributions of apatites are shown in the bottom inset. The horizontal axis shows track lengths in

microns, and the vertical axis shows the number of grains.
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Figure 8. Tectonic map of Cer inselberg in western Serbia, compiled from 1:100,000-scale geological
map sheets of former Yugoslavia [Filipovi¢ et al., 1967; Mojsilovi¢ et al., 1975] with location and age of
an apatite fission track sample from this study. See Figure 1 for location of the map. BiH, Bosnia and
Hercegovina.

ment during D2 (Figures 7c, 7d, and 11) leads to tectonic
omission and a vertically telescoped field metamorphic gra-
dient. This interpretation will be corroborated by fission track
dating results presented later.
3.2.6. Pressure-Temperature Estimates of Amphibolite
Facies Metamorphism During D1

[34] Peak pressure and temperature (PT) conditions
reached during D1 were inferred from identification of
equilibrium mineral assemblages, phase equilibrium mod-
eling (“pseudosections”) and thermobarometry. The com-
position of the major mineral phases was obtained using a

JEOL JX8600 microprobe housed at Salzburg University
(analysis routine of Krenn and Finger [2004] and Gaidies
et al. [2008]). Whole rock analysis was performed by
standard XRF methods with a Brucker S4 Pioneer WD
spectrometer at Salzburg University. The mineral assem-
blage in the analyzed metapelites commonly is Grt, P, Bt,
Chl, Ms, Qtz + St.

[35] Thermobarometry was applied to sample UK06-62
(see Figure 7b for location), which shows a mineral
assemblage the least retrogressed by D2 among all investi-
gated amphibolite-grade samples. Major mineral phases and

Figure 9. Thin section and outcrop-scale observations from the Prosara inselberg. See Figure 6b for locations of the pictures.
(a) Foliated granite showing solid-state deformation at low grade. Kf, alkali-feldspar; Qtz, quartz; sb, shear band; WM, white
mica. Kf develops porphyroclasts with strong undulous extinction. The twinned Kf in the lower half of the picture shows
quartz-filled fractures (“f’). Magmatic WM is only preserved in relics and has mostly recrystallized to fine-grained sericite
along shear bands. Section is parallel to a weakly defined mineral aggregate lineation. Crossed nicols. (b and c) Mylonitic
metasandstone parallel to an approximately N-S trending mineral aggregate lineation, indicating top-to-the-north directed
transport. Quartz grains in the center of the picture show pronounced shape-preferred orientation and serrated grain boundaries
indicative of bulging recrystallization. The fine-grained matrix consists of recrystallized quartz and white mica. Crossed
nicols. Figure 9¢ shows detail of quartz aggregate from the mylonitic metasandstone in Figure 9b. The larger quartz grains
show bulging recrystallization (“blg”) and subgrains (“sg”) and are surrounded by finer-grained recrystallized grains. Crossed
nicols. (d) Asymmetrically sheared quartz aggregate deformed at semiductile conditions, indicating top-to-the-south directed
transport. (e and f) Extensional shear bands developed at the brittle-ductile transition, indicating top-to-the-south directed
transport. Bottom inset in Figure 9f shows stereographic representation of structural data. (g and h) Conjugate brittle faults
crosscutting quartz rods and a metamorphic foliation. Bottom inset in Figure 9h shows stereographic representation of
structural data. All plots are lower hemisphere, equal area projections.
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abundances in this sample are quartz, garnet (~1-2%), biotite
(~10%), plagioclase (~10%), chlorite (~10%), white mica
(~20%) and some staurolite (~1%). Ilmenite is the prevailing
Ti phase. Garnet forms up to 1 mm large subhedral por-
phyroblasts with inclusions of quartz, biotite, muscovite,
plagioclase and ilmenite (or possibly rutile). Representative
chemical analyses of plagioclase, muscovite and biotite are
given in Data Set S2. The microprobe traverses of garnet
(Figures 12a and 12b) probably reveal a slight plateau in the
garnet interior with a composition as follows: alm 76—79 mol
%, spss 67 mo 1%, py 7-8 mol %, grs 67 mol %. The
compositional profile (Figure 12b) shows a rimward spss
increase (20 mol %) and alm decrease (70 mol %). Pyrope
and grossular abundances remain constant from core to rim.
This zoning suggests retrogression + garnet resorption prob-
ably during staurolite growth.

[36] An independent set of reactions obtained with the
Thermocalc software 3.21 [Holland and Powell, 1998]
(updated 2002) that uses measured mineral compositions as
input (Data Set S2), yielded PT estimates of 630 = 32°C and
6.8 = 1.2 kbar. The GPMBQ-Fe-Mg geobarometer [Hoisch,
1990] gave 5.8-7.3 kbar at 600°C for the core. We are
aware that these results should be treated with caution, since
retrogression did probably also affect the garnet core com-
position. Hence, garnet growth was studied by means of
pseudosection modeling carried out with the Theriak-
Domino software [de Capitani and Brown, 1987] (also
mainly the database of Berman [1988]) in the system Na,O-
K,0-Ca0O-MgO-FeO-Fe,03-MnO-Al,05-Si0,-TiO,-
H,0-CO,, using the bulk rock chemistry as input (Data
Set S2). The P-T section (Figure 12¢) predicts garnet
growth at p > 5 kbar. The independently measured grs and
alm isopleths of the garnet core (7 mol % grs, 76 mol %
alm) intersect at ~600°C and 5—6 kbar. Also shown are the
in isograds of staurolite, andalusite, sillimanite, as well as
mineral assemblages of interest. Since monazite formation
temperatures are ~550°C—600°C [Krenn et al., 2008], the
peak temperature and pressure conditions reached in the
metapelites during D1 are estimated at 550°C to 630°C and
5 to 7 kbar. These results are widely consistent with pseu-
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dosection modeling obtained with the Perple X thermody-
namic software [Connolly, 2005] (version 07, using the
internally consistent thermodynamic data set of Holland and
Powell [1998], updated 2002; Figure S1).

4. Geochronology

4.1. U-Pb Dating

[37] Two igneous rock samples (see Figures 6a and 7d for
sample locations) were analyzed by high-accuracy isotope
dilution thermal ionization mass spectrometry (ID-TIMS)
for dating zircon and monazite single crystals. Mineral
separation and analytical techniques are given in section S1
of Text S1. The analytical results are presented in Figure S2
and Data Set S3.

[38] The sample from Prosara (UK04-02; Figure 9a; see
Figure 6a for location) is a coarse-grained, leucocratic granite
with a gneissic schistosity. It contained no monazite. The
analyses of six zircons from this sample yielded a weighted
mean 2°°Pb/**°U age of 82.68 + 0.13 Ma (Figure S2a).

[39] The sample from the Motajica intrusion (UK04-04;
see Figure 7d for location) is a texturally isotropic granite.
Analyses of seven zircons from this sample yielded a
weighted mean 2°°Pb/***U age of 26.72 = 0.10 Ma, while
analyses of three monazites from the same sample gave a
mean 2°’Pb/**°U age of 26.64 + 0.15 Ma (Figure S2b).

4.2. The *°Ar/*°Ar Mineral Dating

[40] Amphibole and sericite concentrates, as well as illite-
rich fine (2-6 and 6-12 pm) fractions were separated from
samples taken from metamorphic units of Prosara and
Motajica inselbergs. They were dated using the *°Ar/*°Ar
stepwise heating technique in order to constrain the cooling
history of and/or the presence of synmetamorphic mineral
growth in the studied units. Analytical procedures are given
in section S1 of Text S1. The analytical results of all
incremental heating experiments are presented in Figure 13
and Data Set S4.

[41] In Motajica inselberg we dated amphibole concentrates
from two spatially separated occurrences of amphibolites and

Figure 10. Outcrop and thin section observations from the Motajica inselberg. See Figure 7 for locations. (a) Amphibolite
facies mineral assemblages in metapelites. Plane polarized light. Bi, biotite; Qtz, quartz; St, staurolite; WM, white mica.
Plane polarized light. (b) Garnet porphyroblast retrogressed at greenschist facies conditions. Plane polarized light. (¢) Thin
section micrograph of a granitoid foliated at solid state. The Kf porphyroclast in the center shows undulous extinction.
Growth of epidote (Epi) is observed. Crossed nicols. (d) Growth of epidote at the expense of plagioclase indicating
greenschist facies overprint of the granitoid. Plane polarized light. (¢) Rotated garnet porphyroblast from an amphibolite-
grade micaschist in a first metamorphic foliation s1, indicating top-to-the-SE directed sense of shear. Plane polarized light.
(f) Mylonitic quartz layer associated with a first foliation s1. Pronounced shape-preferred orientation indicates top-to-the-
SE directed sense of shear. Crossed nicols. (g and h) Transposition of s1 metamorphic foliation by a younger foliation s2 in
metapelites. (i) Refolding of s1 foliation by s2 in amphibolite-grade metapelites. Here s1 is defined by a folded quartz layer
and kinked white mica; s2 is subhorizontal. Newly formed biotite (Bi) along s2 suggests greenschist facies conditions
during its formation. Plane polarized light. (j) Subhorizontal s2 crenulation cleavage in low-grade pelites. Plane polarized
light. (k and 1) White mica fish indicating top-to-the-west directed sense of shear in metapelites deformed under higher
greenschist facies conditions. Crossed nicols. (m) Asymmetrically sheared quartz sigma clast in metapelites deformed at
semiductile conditions, indicating top-to-the-west directed sense of shear. Coin for scale. (n) Extensional shear bands in
metapelites, indicating top-to-the-east directed sense of shear. Coin for scale. (0) Stereographic representation of structural
data collected at the site of Figures 10g and 10m. (p) Stereographic representation of structural data at the site of Figure 10n.
All plots are lower hemisphere equal area projections.
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C. T(C)

Figure 12.

(a) Backscattered electron image and (b) chemical traverse of a garnet from sample UK06-62.

(c) Staurolite and garnet stability field and garnet isopleths for the same sample according to the Theriak-
Domino software [de Capitani and Brown, 1987]. The dark gray field corresponds to the intersection of
measured garnet isopleths. See Figure 7b for sample location. Compare with Figure S1 for an independent

but compatible P-T estimate.

epidote amphibolites (see Figure 7d for sample locations). The
amphibole concentrates (samples M120a and M129) had K,0
contents between 0.1 and 0.4 wt % (see section S2 of Text S1,
Figure S3 and Data Set S5 for further details on the mineral
chemistry). Both samples M120a and M129 yielded nearly
identical ages for about 80-90% of the total >’ Ar released. This
resulted in plateau ages of 58 + 6 Ma and 53 £ 5 Ma, respec-
tively (Figures 13a and 13b). The total gas ages for the same
two samples were ~63 + 7 Ma and 52 = 5 Ma, respectively.
[42] In Prosara inselberg, we dated a handpicked sericite
aggregate and a sericite fine fraction from a foliated calcite
marble (sample UKO06-58; see Figure 6a for location),

regarded as representing a newly grown mineral phase. The
sericite aggregates were taken from millimeters thin sericite
layers embedded in the marble that grew in sl and which
later became crenulated; they consist of intergrown mus-
covite and chlorite with an average grain size between ~20
and 100 um (see section S2 of Text S1 and Figure S4 for
further details). The fine fraction mostly consisted of mus-
covite and clinochlore according to XRD analysis; no other
low-K clay minerals (e.g., kaolinite or smectite) were
identified. The handpicked sericite aggregate gave a plateau
age of ~25 £ 1.5 Ma corresponding to 32% of the total **Ar
released and a total gas age of 26 +£ 1 Ma (Figure 13c). The
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Figure 13. (a—d) Shown are *°Ar/*’Ar incremental release spectra of mineral concentrates and sericite
fine fractions from the Motajica and Prosara inselbergs. Experimental temperatures increase from left to
right. Analytical uncertainties are shown by the vertical width of the horizontal bars. Dashed line repre-
sents the K/Ca ratio. See Figures 6 and 7 for sample locations.

6—12 um size fraction (Figure 13d) showed decreasing age
steps up to 30% of the total *°Ar released, followed by four
stages with fairly constant ages between 23 and 26 Ma; a
final heating increment yielded an age of 32 Ma. Those
fairly constant stages define a mean age of ~24.7 + 1 Ma,
corresponding to 53% of the total *°Ar released. The total
gas age of this sample is 31 + 1 Ma.

4.3. Zircon and Apatite Fission Track Analysis

[43] Zircon and apatite fission track (FT) analyses were
performed on a range of samples from inselbergs in Bosnia
and Hercegovina (Kozara, Prosara and Motajica), Croatia
(Papuk-Psunj) and western Serbia (Cer). The geographic
locations of the samples and analytical results are shown in
Figures 3, 5, 6a, 7d and 8. Detailed analytical results are
presented in Table 1. Analytical procedures are described in
section S1 of Text S1. Apatite fission track modeling was
performed on selected samples (Figure 14) (see section S3
of Text S1 for a description of the technique).

4.3.1. Prosara Inselberg

[44] The granitic gneiss sample that gave a Campanian
crystallization age (UK04-02; Figure 6a and Figure S2a, see
section 4.1), yielded zircon and apatite FT ages of 21 +2 Ma
and 17 + 2 Ma, respectively. Only two horizontal confined
tracks could be observed in this sample (Table 1).

4.3.2. Motajica Inselberg

[45] We analyzed three samples from the Motajica pluton
and three samples from the nonmetamorphic Maastrichtian
sandstones (Figure 7d and Table 1). The granite samples

yielded zircon FT ages of 17 = 2 Ma (UK04-04) and 16 +
2 Ma (UK04-06), respectively. The apatite FT ages range
between 17 £ 2 Ma and 15 + 2 Ma (UK04-06, UK04-04,
and UKO04-03). Only 20 confined track lengths were mea-
sured in all three samples, which did not allow meaningful
modeling of the data; the mean track length is 14.35 +
0.2 pm with a standard deviation of 0.69 pum. The three
Maastrichtian sandstone samples (UK05-09, M107, and
M123) yielded zircon FT ages between 110 = 13 Ma and
74 + 8 Ma. The apatite FT ages range between 39 + 6 Ma
and 27 + 4 Ma with mean track lengths between 14.53 and
14.14 pm and standard deviations between 1.37 and
1.04 pm.
4.3.3. Cer Inselberg

[46] A sample taken from a two-mica granite (UK04-08;
Figure 8) yielded an apatite FT age of 14 + 1 Ma. Nineteen
confined tracks could be measured with mean track lengths
of 14.77 £ 0.1 pum and a standard deviation of 0.56 pm
(Table 1).
4.3.4. Papuk Inselberg

[471 A granite sample from the Paleozoic basement
(UKO06-28; Figure 3) yielded a zircon FT age of 135 + 8 Ma.
The apatite FT age was 43 £ 6 Ma. 102 confined tracks
measured gave a mean track length of 14.21 + 0.1 ym and a
standard deviation of 1.42 um (Table 1).
4.3.5. Kozara Inselberg

[48] Five zircon and two apatite samples were dated from
ophiolites and their Maastrichtian to Mid-Eocene sedimen-
tary cover (Figures 3 and 5 and Table 1). One dolerite
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(K149) and one gabbro sample (K150) from the northern
Campanian-age ophiolitic complex yielded zircon FT ages
of 56 =7 Ma and 61 £ 7 Ma, respectively. A granite boulder
taken from Maastrichtian conglomerates that overlie this
Campanian magmatic succession (K146) yielded a zircon
FT age of 57 £ 5 Ma. Sample UK06-09 from another
Maastrichtian sandstone yielded an apatite FT age of 42 +
11 Ma (Figure 5). No horizontal confined tracks could be
measured for this sample. Dolerite sample K135 from the
southern (Jurassic) ophiolite complex yielded a zircon FT
age of 96 £ 22 Ma (Figure 5). The intrusion age of this
dolerite is unknown, but very likely Late Jurassic, as inferred
from spatially adjacent gabbros dated at 158 + 8 Ma
[Ustaszewski et al., 2009]. Sample UK06-02 from the
Eocene turbiditic sandstones yielded a zircon FT age of 77 +
7 Ma and an apatite FT age of 29 + 6 Ma (Table 1).

5. Interpretation of Geochronological and
Structural Data

5.1. Interpretation of U-Pb Ages From
Magmatic Rocks

[49] The Campanian zircon dates (82.68 + 0.13 Ma;
Figure S2a) are interpreted to constrain the crystallization
age of the Prosara granite, which is in good agreement with
the reported age of other felsic magmatics from Moslavacka
Gora [Balen et al., 2001; Starijas et al., 2004, 2006, 2010]
and Pozeska Gora [Pami¢ et al., 1988]. Crystallization of the
Prosara granite is also coeval with Campanian-age bimodal
magmatics in the ophiolitic complex of North Kozara
[Ustaszewski et al., 2009]. Since our observations show that
the dated Prosara granite is overprinted by a solid state
foliation that is concordant with the foliation within the
surrounding phyllites, this crystallization date also provides
an upper time bracket for regional deformation and meta-
morphism in the Prosara area.

[s50] The new U-Pb zircon and monazite ages of around
26.7 Ma obtained for the Motajica granite (Figure S2b) are
in disagreement with a previously reported Rb-Sr whole
rock isochron age of around 48 Ma for this granite
[Lanphere and Pamié¢, 1992]. For methodological reasons
we regard our new data as more reliable for dating the
intrusion; also the age reported by our study is in better
agreement with all the other geochronological data available
from Motajica inselberg further discussed below. Possibly,
the 48 Ma Rb-Sr age reflects mixing of Late Oligocene
anatectic granitic melts with older crustal components.
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5.2. Interpretation of “°Ar/*’Ar Mineral Ages From
Metamorphic Rocks

[51] Plateau ages (58 +£ 6 Ma and 53 + 5 Ma) and total gas
ages (63 = 7 Ma and 52 = 5 Ma) obtained from amphibole
concentrates from Motajica (M120a and M129; Figure 13a
and 13b) coincide within analytical uncertainties, which
indicates that the plateau ages are statistically viable. In the
case of sample M120a the constant K/Ca ratios throughout
all heating steps suggest degassing of a compositionally
homogeneous mineral phase. In sample M129, the K/Ca
ratio continuously decreased with progressive heating,
indicating compositional zoning of the amphiboles. This is
in agreement with evidence from the chemical analyses of
the amphiboles (section S2 of Text S1). Since DI peak
metamorphic conditions in the spatially closely associated
amphibolite facies metapelites reached temperatures between
550°C and 630°C according to our petrological data, and by
assuming the commonly accepted range of closure tem-
peratures for amphiboles in the *°Ar/’Ar system some-
where between 480°C and 530°C [e.g., Harrison and
McDougall, 1980; Berger and York, 1981], the obtained
plateau ages can be regarded as dating early cooling below
about 500°C some 55 Ma ago. This is in agreement with the
less accurate chemical Th-U-Pb monazite ages of 63 =9 Ma
obtained from amphibolite-grade metapelites in the same
area [Krenn et al., 2008] (Figure 7d). The latter are inter-
preted to date D1 peak temperature conditions, since the
metamorphic peak temperatures were lower than the closure
temperature for monazite in the U-Pb system (>700°C [e.g.,
Mezger, 1990]). The new amphibole *°Ar/*°Ar cooling ages
reported here, in combination with the Maastrichtian strati-
graphic age of the protolith (between 70.6 and 65.5 Ma
[Gradstein et al., 2004]) indicate that D1 peak metamorphic
conditions were reached after 70.6 and before 55 Ma ago,
i.e., at around the Cretaceous-Cenozoic boundary.

[52] The handpicked sericite aggregate from the greens-
chist facies calcite marble from Prosara (sample UK06-58)
yielded a plateau age of 25 £ 1.5 Ma (Figure 13c). The
sericite fine fraction of the same sample (Figure 13d) shows
decreasing age steps up to ~30% >?Ar released, indicating
either degassing of different mineral reservoirs, possible
excess *Ar or recoil of *°Ar at grain rims. All subsequent
heating steps gave a mean age of 24.7 £ 1 Ma, which
summed up to 53% of *’Ar released. A continuously
decreasing staircase pattern throughout all heating steps,
suggesting rims being older than cores, was not observed.
We hence presume that *°Ar recoil did not dominate the
entire release spectrum. Both in the case of the handpicked

Figure 14. Results of apatite fission track modeling of samples (a) M123 and (b) M107 in the hanging wall of the Mota-
jica detachment and (c) sample UK06-28 from the Paleozoic basement of the Tisza-Dacia Mega-unit. See Figures 3 and 7
for sample locations. The thin dash-dotted lines limit the user-defined time (t)-temperature (T) boxes. Thick horizontal
dashed lines within individual models at 60°C—110°C bracket the partial annealing zone (PAZ) for apatite within the
temperature limits assigned by Laslett et al. [1987]. The thick solid black lines represent the best fit paths. The light gray
shading highlights the area defined by the “acceptable” thermal history paths corresponding to the goodness of fit value
(GOF) > 0.05. The dark gray shading highlights the area defined by the “good” thermal history paths corresponding to the
goodness of fit value > 0.5 (for details see section S3 of Text S1). MTL, mean track length; N, number of horizontal

confined tracks measured.
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sericite aggregate and the fine fraction, relatively constant
K/Ca ratios throughout all heating steps defining the plateau
and mean age suggest degassing of compositionally homo-
geneous mineral phases. All this evidence shows that the
isotopic system did not close before some 25 Ma. Mineral
assemblages (Figure 6a) suggest that middle to upper
greenschist facies were reached within the Prosara meta-
morphic unit. Quartz microstructures related to D2 indicate
temperatures in the range of 350°C to 450°C (Figure 9).
This is within the range of the “°Ar/*®Ar white mica closure
temperature between ~380°C and 400°C for cooling rates
between 1°C and 10°C/Ma and a grain size of 100 um
[Harrison et al., 2009]. We hence interpret the YOArAr
white mica ages around 25 Ma as dating the cooling of the
metamorphics related to extensional unroofing during D2.

5.3.

[53] Structural and fission track data from the Motajica
inselberg document the existence of two structural domains
with contrasting thermal histories during a Late Oligocene
to Miocene extension event. These two domains are sepa-
rated by what we interpret as an extensional low-angle
detachment, termed Motajica detachment (Figures 7c and 7d).
The ~27 Ma old Motajica granite and its greenschist- to
amphibolite-grade metamorphic frame were exhumed from
below this detachment. Our fission track ages constrain the
onset of extension between the time of granite emplacement
(27 Ma) and deposition of the earliest Neogene synrift sedi-
ments in the Sava depression (Ottnangian, ~18.3 Ma
[Paveli¢, 2001; Safti¢ et al., 2003]). All fission track ages
obtained from the hanging wall of this detachment predate
granite intrusion (Figure 7d). In the following discussion we
hence separated our fission track data set into two subsets
obtained from below and above the Motajica detachment,
respectively. Based on already presented structural and geo-
chronological data we further assume that the Motajica
detachment exposed in the Motajica inselberg must be part of
a much larger low-angle detachment or detachment system,
which originally extended across several inselbergs and that
is now disrupted by younger high-angle normal (possibly
transtensional) faults and/or covered by Neogene strata.
Following this logic we also separated fission track data
obtained in adjacent inselbergs into footwall and hanging
wall of a larger Motajica detachment.

5.3.1. Fission Track Data From the Footwall of the
Detachment

[s4] The zircon and apatite FT ages in the footwall of the
Motajica detachment are very close to each other, especially
when considering their relative errors (Figure 7d). Hence, a
very fast cooling through the zircon and apatite FT closure
temperatures (300°C—60°C) is suggested for the 17 to 15 Ma
time interval. The rather long mean track length of 14.35 +
0.2 pum (Figure 7d, bottom inset) measured for all three
Motajica granite samples (only 20 confined tracks measured
for all three), also suggests relatively fast cooling through
the apatite partial annealing zone (110°C-60°C).

[s5] The greenschist facies Prosara metamorphics yielded
a zircon FT age of 21 £ 1 Ma (Figure 6a). Together with the
structural data and the “’Ar/*’Ar cooling ages of ~25 Ma,

Interpretation of Fission Track Ages
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this indicates that the Prosara metamorphics were also
located in the footwall of the larger Motajica detachment.
Hence extension-related cooling also affected the Prosara
inselberg and probably commenced between 25 and 21 Ma.

[s6] The Cer inselberg (Figure 8) reflects a cooling and
exhumation history that is expected for the footwall rocks of
the larger Motajica detachment when combining the apatite
FT age of ~14 = 1 Ma, obtained from an S-type two-mica
granite, with the K-Ar ages of K-spar (16.48 + 0.62 Ma),
biotite (17.22 + 0.66 Ma) and amphibole (21.11 + 1.66 Ma)
reported from a quartz monzonite nearby [Knezevic¢ et al.,
1994a]. Thus we propose that following crystallization of
the quartz monzonite, the Cer two-mica granite intruded
between 19 and 16 Ma ago [Koroneos et al., 2010] into the
footwall of the larger Motajica detachment and rapidly
cooled through the apatite partial annealing zone ~14 Ma
ago. Furthermore the coeval rapid cooling in the Prosara and
Motajica areas together with the structural data indicate that
fast cooling was extension related and affected an area of at
least 150 km (distance between Motajica and Cer) along the
southern rift margin of the Pannonian basin, leading to
Ottnangian to Badenian rift-related subsidence (~18.3 to
13 Ma [Pavelié, 2001; Safti¢ et al., 2003]).

5.3.2. Fission Track Data From the Hanging Wall of the
Detachment

[57] Modeling of apatite FT data from the Maastrichtian
sediments in the hanging wall of the Motajica detachment
shows a totally different thermal history compared to the
samples from the footwall (Figure 14). These rocks show
an earlier phase of fast cooling between 40 and 35 Ma
(samples M123 and M107; Figures 14a and 14b). Owing to
the lack of evidence for any extensional structures other
and older than the Motajica detachment, this cooling could
be due to accelerated hanging wall erosion during south-
westward thrusting of this unit onto more external units after
~40 Ma. Such thrusts are directly evidenced in Kozara
Mountain (Figure 5). The short-lived heating event between
28 and 23 Ma, modeled in sample M 107, can best be related
to the emplacement of the 27 Ma old Motajica granite
(Figure 14b).

[s8] Zircon FT central ages from the Maastrichtian sand-
stones from Motajica inselberg (samples UK05-09, M107
and M123, 110 to 74 Ma) are slightly older than, or statis-
tically overlap with the sedimentation age, suggesting that
they represent detrital ages. The analyzed samples passed
the Py~ test. Based on statistical arguments these central
ages therefore present single populations. However, single
grain ages are equal to or older than the Maastrichtian de-
positional age with a relatively large spread (Figure SS5).
This led us to consider the central ages as possibly pre-
senting a mixture of different detrital populations with
similar ages. The zircon grains within the analyzed samples
are exclusively euhedral and yielded FT ages that coincide
with Late Cretaceous volcanism reported from Kozara
[Ustaszewski et al., 2009] and Papuk-Psunj [e.g., Pamic,
1993b; Pamié et al., 2000]. Such euhedral zircons must
have experienced only short transport and mechanical
abrasion and could therefore represent detrital minerals
derived directly from volcanic islands of the Sava Zone and/
or from Andean-type volcanoes in the Tisza-Dacia Mega-
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unit. A relatively older population within the same set of
three samples (UK05-09, M107 and M123) yielded single
grain ages between 150 and 110 Ma (Figure S5). This is
close to the zircon FT central age of 135 £ 16 Ma obtained
on the Paleozoic granite from Papuk Mountain (sample
UKO06-28; Figure 3) and indicates possible direct sourcing
from the basement of the Tisza-Dacia Mega-unit. The
maximum temperatures of the Maastrichtian sediments,
estimated from illite and chlorite crystallinity, is 200°C—
300°C (section 3.2), corresponding to the zircon FT closure
temperature. Considering the statistical fit of the single
grain ages with possible source ages (Figure S5 and above),
full resetting or even considerable reduction of the zircon FT
ages in these samples is excluded.

[s9] Zircon and apatite FT data obtained from North
Kozara (Figure 5) show that this area also is part of the
hanging wall above the larger Motajica detachment. Zircon
FT central ages from the Campanian North Kozara ophiolite
(samples K149 and K150) and its Maastrichtian cover
sediments (sample K146) range between 61 and 56 Ma
(Figure 5). The sampled Campanian magmatics are shallow
subvolcanics that must have been close to the surface at the
time of crystallization; they are reworked in the Maas-
trichtian cover [Ustaszewski et al., 2009]. This suggests that
this succession had an either tectonic or sedimentary over-
burden high enough for fully resetting the zircon FT system
(~250°C). Sedimentary overburden is unlikely, because the
southerly adjacent Late Paleocene to Mid-Eocene sediments
were deposited between about 59 and 40 Ma (Thanetian to
Lutetian; Figure 4), i.e., later than the suggested heating
event. Hence, tectonic overburden provided by the Tisza-
Dacia Mega-unit, more likely explains the reset zircon FT
ages. Heating must have occurred probably before ~61 Ma
and was followed by cooling and closure of the zircon FT
system between 61 and 56 Ma. These ages are similar to the
amphibole *°Ar/*°Ar data obtained from the structurally
deeper footwall of the Motajica detachment in Motajica
inselberg that indicate cooling from peak metamorphism to
below ~500°C around 55 Ma.

[60] The apatite FT central age of 42 + 11 Ma obtained on
the Maastrichtian sandstone from North Kozara (sample
UKO06-09; Figure 5) is similar to the reset apatite FT central
ages obtained from the Maastrichtian sandstones in the
hanging wall of the Motajica detachment (samples UKO05-
09, M107 and M123; Figure 7d). Cooling of the North
Kozara unit (i.e., Campanian ophiolite and Maastrichtian
cover) to temperatures below the apatite FT closure tem-
perature (110°C + 10°C) is interpreted, in analogy to
Motajica, as related to thrusting onto the more external
Paleogene sediments (outcropping between North and South
Kozara; Figure 5) and concomitant hanging wall erosion.
The apatite FT central age of 29 + 6 Ma obtained on a
sandstone from this succession (sample UK06-02; Figure 5)
is younger than the depositional minimum age (Lutetian,
~40 Ma) and hence reset. This demonstrates that this suc-
cession was also buried to temperatures high enough for
resetting the apatite FT system, likely due to underthrusting
below the northerly adjacent units. Cooling of this succes-
sion below the apatite closure temperature took place after
29 £ 6 Ma, i.e., later than the tectonically higher units farther
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north in Motajica inselberg. The same sample UK06-02
yielded a zircon FT central age of 77 +£ 7 Ma with a wide range
of single grain ages between 120 and 55 Ma. Statistical
separation into discrete populations was not possible, because
the spread was continuous and the data passed the Py? test
(Table 1). Therefore, the single grain ages could represent
different populations of detrital ages that overlap within
errors. Postdepositional annealing of the zircon grains to
temperatures higher than 200°C is unlikely, because all zircon
single grain FT ages are older than or equal to the depositional
age (~59-40 Ma). Similar zircon FT single grain ages were
found in the Maastrichtian sandstones in Motajica (110 to
74 Ma; Figure S5), with the difference that zircons from the
Eocene sandstones are all rounded. This suggests that they
could have been derived and reworked from the Sava Zone
ophiolites and the Maastrichtian sandstones.

[61] A dolerite sample from the western Vardar ophiolitic
complex in South Kozara (K135a; Figure 5) yielded a zircon
FT age of 96 £+ 22 Ma. In agreement with the observations
above, this shows that neither the western Vardar ophiolitic
complex nor its unconformable Paleogene cover experi-
enced resetting of the zircon FT system during Maas-
trichtian thrusting, such as detected in the more internal
Sava Zone units. This implies a major thrust separating the
Sava Zone units and the western Vardar ophiolitic complex.
Initial thrusting along this contact must be of pre-Thanetian
age (most likely Maastrichtian [Ustaszewski et al., 2009]),
since Thanetian limestones in both North and South Kozara
unconformably overlie units of contrasting paleogeographic
origin. Final tectonic juxtaposition of these units took place
after the Lutetian (~40 Ma).

[62] The zircon FT age of 135 + 16 Ma obtained on a
Paleozoic granite from Papuk Mountain (sample UK06-28;
Figure 3) suggests that the Tisza-Dacia Mega-unit cooled to
temperatures below ~200°C before all other more external
units in the studied transect. This supports our interpretation
that Tisza-Dacia occupied an upper plate position during
end-of-Cretaceous closure of the last remnants of the
Meliata-Vardar Ocean. The apatite FT central age and
modeling of apatite FT data (Figure 14c) show that final
cooling took place during the Eocene, similar to the hanging
wall of the Motajica detachment.

[63] In conclusion and in chronological order, all structural
and fission track data obtained from the hanging wall of the
extensional detachment in the Sava Zone indicate cooling
starting at around 60 Ma. We relate this cooling to hanging
wall erosion, which accompanies thrusting of Sava Zone
units onto more external units. Apatite fission track data
together with modeling indicate a second cooling event
starting at around 40 Ma (Figure 14), discernible in various
units of different tectonostratigraphic position. The modeled
fast cooling through the apatite PAZ suggests tectonic con-
trol, e.g., by accelerated hanging wall erosion following the
accretion of more external units into the evolving Dinarides
nappe stack. Fission track data from the footwall units of the
Motajica detachment (including structurally analogous sam-
ples in Prosara and Cer Mountain) indicate a third phase of
enhanced cooling during core complex formation starting
25 Ma ago and taking place within an extensional (or trans-
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tensional) corridor at least 150 km long, located at the
southern rim of the Pannonian basin (Figure 15).

6. Geodynamic and Thermal Evolution of the
Sava Zone

[64] Maastrichtian turbiditic sandstones and shales over-
lying Campanian ophiolites and pelagic sediments indicate
an underfilled basin (Figure 4). This possibly suggests a
trench front of the advancing European plate during sub-
duction of the remaining Mesozoic Neotethys. Provenance
analysis (Figure S5) shows that detritus was predominantly
shed from continental basement and volcanic edifices
located in upper plate Tisza-Dacia, but also from the Sava
Zone itself. The Maastrichtian siliciclastics thus date the
onset of collision between the Adriatic and European plates.
Our age data indicate that peak conditions during Barrovian
metamorphism within the Sava Zone were reached at around
65 Ma. P-T conditions during this event reached tempera-
tures between 550°C and 630°C and pressures between 5
and 7 kbar, corresponding to a depth of about 15 to 21 km
(section 3.2). Since the Sava Zone units occupy the tec-
tonically highest position in the nappe stack of the Dinar-
ides, this metamorphism must have been caused by tectonic
burial of the most internal slices of the Adriatic continental
lithosphere underneath the Europe-derived Tisza-Dacia
plate during Adria-Europe collision. More external parts of
the Sava Zone, outcropping in Kozara Mountain, have
experienced temperatures not much higher than 250°C
during the same time span as constrained by our zircon FT
data. Metamorphic overprint of a Late Cretaceous silici-
clastic succession deposited on internal Dinaridic units is
also reported from the Bukulja-Vencac crystalline massif
and from Jastrebac in Serbia [Marovi¢ et al., 2007a, 2007b],
but so far neither P-T estimates nor radiometric ages are
available for these two areas.

[65] The P-T estimates for the Prosara and Motajica
inselbergs contrast with those reported for the LP-HT
metamorphics in Moslavacka Gora [Balen and Pamic, 2000;
Starijas et al., 2006, 2010]. Also, our radiometric ages
clearly postdate cooling reported from Moslavacka Gora
(83-81 Ma on hornblende, 74 Ma on white mica [Balen
et al., 2001]). Hence, these two metamorphic events appear
unrelated. Campanian-age (around 80 Ma [Starijas et al.,
2004, 2006]) LP-HT metamorphism reported from Mosla-
vacka Gora is contemporaneous with and hence more likely
related to intraoceanic magmatism within the Sava Zone
[Ustaszewski et al., 2009].

[66] Figure 15 illustrates the Late Cretaceous to Neogene
thermal evolution of the Sava Zone largely based on our
new geochronological data and apatite FT modeling results.
In addition we compiled age data from exploration wells
that penetrated the Neogene infill of the Sava depression
(“SD” in Figure 15; see Figure 3 and Foldout 1 for the well
locations and Data Set S6 for the age compilation).
Lanphere and Pamic [1992] reported hornblende K-Ar ages
of 46 + 3.5 Ma from an amphibolite in one such well. These
ages are close to our amphibole *°Ar/°Ar ages from
Motajica; hence we consider the pre-Neogene basement in
the Sava depression in the same structural position as the
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metamorphics exposed below the Motajica detachment
(Foldout 1). We then assigned all data either to the footwall
or the hanging wall of the Motajica detachment, analogous
to the separation of our FT data. The temperature-time paths
for both footwall and hanging wall show a common history
of burial related to D1, starting at some time in the Maas-
trichtian, reaching a peak around 65 Ma followed by uni-
form cooling until about 40 Ma. We interpret this heating as
the result of tectonic burial of the Sava Zone underneath the
overriding Tisza-Dacia Mega-unit.

[67] In the case of the Motajica inselberg, the peak tem-
peratures reached in the structurally deeper parts of the
footwall are at least 300°C higher than those reached in the
hanging wall, indicating substantial differential exhumation
across the Motajica detachment. Zircon FT ages from the
structurally highest Maastrichtian sediments of the Motajica
inselberg, if at all, are only partially reset. This contrasts
with the structurally deeper and fully reset hanging wall
rocks of the North Kozara Mountain that were used to
constrain the thermal history of the Sava Zone in general as
depicted in Figure 15.

[68] Sedimentation in the Late Paleocene to Mid-Eocene
basin (~59 to 40 Ma) on top of the western Vardar ophiolitic
complex, cropping out in South Kozara Mountain (Figures 2,
3 and 95), starts with Thanetian shallow-water limestones that
grade upsection into turbiditic sandstones (Figure 4). Deep-
ening of the depositional environment was possibly con-
trolled by flexural subsidence exerted by the gravitational
load of an evolving nappe stack consisting of upper plate
Europe-derived units and basally accreted Sava Zone units.
The Paleogene deposits on top of the western Vardar ophiolitic
complex thus represent a postcollisional “molasse”-type flex-
ural foreland basin developed in front of the Sava Zone suture
(Figure 16a). The external limit of these deposits marks the
location of the undeformed foreland prior to the onset of thrust
propagation into the external Dinarides since about 40 Ma (see
Mikes et al. [2008] and Korbar [2009] for recent reviews).

[69] Apatite FT modeling suggests accelerated cooling
through the apatite PAZ between about 40 and 35 Ma, possibly
resulting from hanging wall erosion triggered by the above-
described foreland propagation of thrusting (Figures 15
and 16a). Alternatively, this accelerated cooling could be
related to postnappe extension. Late Eocene to Oligocene
extension-related structures, predating the Motajica detach-
ment, were not observed in our area of investigation, but are
well known from a large part of the Balkan Peninsula to the
southeast of our study area. There it is reported as back-arc
extension that started in middle Eocene times as a direct
consequence of delamination and rollback of the subducted
Aecgean slab [e.g., Burchfiel et al., 2000, 2003, 2008; Jolivet
et al., 2003; Kounov et al., 2004; Dumurdzanov et al., 2005;
Schefer et al., 2010].

[70] The geodynamic context within which the Motajica
granite was emplaced at 27 Ma is at present unclear. Our
structural observations and geochronological constraints
(Figure 15) suggest that its intrusion predates the D2
extensional phase; emplacement during an earlier (pre-D2,
i.e., Late Eocene to Oligocene) extensional event, such as
above, cannot be excluded. The onset of D2-related foot-
wall exhumation represents a major geodynamic reorgani-
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based on the crustal-scale transect in Foldout 1.

zation of the internal Dinarides, as it postdates major
thrusts (Figure 16b). After initial rapid cooling of the
Motajica granite related to its crystallization, its cooling
curve joins that of the adjacent units in the footwall of the
detachment. The onset of exhumation is best bracketed by
the “°Ar/*°Ar sericite (25 Ma) and zircon fission track ages
(21 Ma) from Prosara. The later stages of cooling and

exhumation of the footwall between 21 and 14 Ma are
synchronous with Ottnangian to Karpatian synrift sedi-
mentation in the Pannonian basin.

7. Transect Through the Sava Zone Suture

[71] While Foldout 1 presents an interpretative crustal-scale
transect across the Sava Zone, Figure 16 schematically shows
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two evolutionary steps of this transect. The transect hosts major
thrusts associated with the formation of the Adria-Europe
suture during the Maastrichtian. One such thrust juxtaposed the
southern edge of the Sava Zone against the underlying western
Vardar ophiolitic complex. This thrust was moderately reac-
tivated during the Eocene (Figure 16a). Another first-order
Maastrichtian thrust is inferred to have formed on top of the
Sava Zone units in order to account for their observed meta-
morphism with a peak around 65 Ma caused by burial below
Tisza-Dacia (i.e., Europe; Figure 16a). This structurally higher
Maastrichtian thrust was dramatically reactivated as a major
extensional detachment during Miocene core complex for-
mation (Figure 16b and Foldout 1). We interpret the pre-
Neogene basement of the Sava depression as part of the
metamorphics exhumed below the Miocene detachment. The
Neogene infill of the Sava depression hence represents a
supradetachment basin deposited on top of the detachment
[Friedmann and Burbank, 1995]. Motajica and Prosara are
parts of one and the same metamorphic core complex that is
now spatially separated by younger, brittle normal faults
(Figure 6a, 7a, 7d, and 11). Compared with Motajica, Prosara
exposes a shallower level of metamorphics; the detachment in
Prosara is in a structurally higher position and inferred to have
already been eroded. Structural evidence from Prosara shows
that the Sava Zone metamorphics were exhumed below an
upper plate by top-to-the-north and subordinately top-to-the-
east directed sense of shear (Figure 16b). This is in line with the
assumption that the upper plate units were the northerly adja-
cent European plate units. Later deformation in Prosara at the
brittle-ductile transition is characterized by top-to-the-south
tectonic transport. Inversion of the shear sense could have been
caused by a reorientation of the detachment in conjunction with
isostatic footwall uplift during ongoing exhumation.

[72] Foldout 1 also depicts inversion of numerous normal
faults after the Pontian. This interpretation relies on both
surface and reflection seismic evidence showing tilted and
deformed Pontian sediments and is in agreement with earlier
work in adjacent parts of the Pannonian basin suggesting
compressional and/or transpressional reactivation of exten-
sional faults [Horvath, 1995; Tari and Pamié, 1998;
Tomljenovi¢ and Csontos, 2001; Tomljenovi¢, 2002; Safti¢
et al., 2003]. At present, the area of the southern Panno-
nian basin; northern Dinarides is a seismically active region
with M > 6 earthquakes in the instrumental catalog [e.g.,
Herak et al., 1995, 2009]. An ML 5.0 earthquake along the
studied transect with a reverse faulting mechanism (event
8 in Table 1 of Herak et al. [2009]) projects into the cross
section along what we infer to be the depth continuation of
the Miocene low-angle detachment. This suggests that the
southern Pannonian basin is presently governed by N-S
compression, in agreement with Grenerczy et al. [2005] and
Bada et al. [2007].

[73] Insummary, we suggest that the exhumation of Adriatic
plate units in the Sava Zone from below the European plate was
achieved by extensional reactivation of a Maastrichtian thrust
as a low-angle detachment active from the latest Oligocene
into the Middle Miocene (Figure 16b). On a larger scale this
extension was linked to the synrift sedimentation of the Pan-
nonian basin, which represents a back-arc basin related to
Neogene subduction rollback in the Carpathians [e.g., Horvdath
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et al., 2006]. This back-arc extension was accompanied by
substantial crustal thinning, manifested in a shallowing of the
MOHO toward the Tisza-Dacia Mega-unit that initially was
the upper plate during orogeny in the Dinarides (Foldout 1).

8. Conclusions

[74] We conclude the following.

[75] 1. The Sava Zone in the northern Dinarides represents
a suture between the Adriatic and European plates and
contains Late Cretaceous remnants of the Meliata-Vardar
Ocean. These remnants were deformed into an accretionary
wedge and thrust onto the distal Adriatic margin during the
Maastrichtian.

[76] 2. Syncollisional tectonic burial of Adria-derived
continental crust (including previously obducted western
Vardar ophiolitic complex) underneath the overriding
European plate gave rise to a deformation phase D1 and
Barrovian metamorphism in the structurally deepest parts of
the accretionary wedge. Peak temperatures between 550°C
and 630°C and pressures between 5 and 7 kbar correspond
to an overburden of about 15 to 21 km. Peak metamorphic
conditions were most likely attained at around 65 Ma and
were followed by slow and uniform cooling throughout
most of the Paleogene.

[77] 3. A Late Paleocene to Mid-Eocene flexural foreland
basin in front of the Sava Zone has been partly affected by
deformation related to the foreland propagation of thrusting
into the external Dinarides. Slightly accelerated cooling of
the Sava Zone units between 40 and 35 Ma may be attrib-
uted to hanging wall erosion during this foreland propaga-
tion. Unroofing by Late Eocene to Oligocene back-arc
extension, not observed in the study area due to a pre-
Miocene erosional gap, but widespread elsewhere in the
Balkan Peninsula, is a viable alternative and could also offer
a scenario for the intrusion of the 27 Ma old Motajica two-
mica granite.

[78] 4. During the Miocene the Sava Zone underwent
strongly accelerated cooling related to core complex forma-
tion. The onset of this D2 extensional unroofing is bracketed
by the youngest A Ar ages on sericites (25 Ma) and the
oldest zircon FT ages (21 Ma) from the footwall of the low-
angle Motajica detachment. Extension commenced at upper
to midgreenschist facies conditions. Zircon and apatite FT
ages from the footwall range between 21 and 14 Ma and
indicate ongoing exhumation and cooling synchronous with
the Ottnangian to Karpatian synrift phase of the Pannonian
basin. The low-angle detachment was cut by brittle high-
angle normal faults during this late stage.

[79] 5. We suggest that the extensional reactivation of a
suturing Maastrichtian thrust as a low-angle detachment was
responsible for the exhumation of Adriatic plate units from
below the European plate. On a large scale, this extension
was linked to the formation of the Pannonian back-arc basin
in response to subduction in the Carpathians.

[so] 6. Late stage inversion during Pliocene to recent
times led to minor high-angle reverse faulting at the
northern margin of the Sava Zone and the northerly adjacent
Tisza-Dacia Mega-unit.
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