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Abstract: The Tertiary kinematic history of the Maramures area is constrained by integrating
thermochronological (fission track and (U-Th)/He analysis) data with field-based structural
investigations. This study focuses on the tectonic evolution of the northern rim of the Tisza—
Dacia block during collision with the European margin. Cretaceous nappe stacking, related
metamorphism as well as Late Cretaceous exhumation are evidenced by zircon fission track
data. Subsequent Palacogene to Early Miocene sedimentation led to burial heating and annealing
of fission tracks in apatite. Final tectonic uplift was initiated during the convergence of Tisza—
Dacia with the European margin, associated with transpressional deformation (16 to 12 Ma).
This led to Mid-Miocene exhumation, recorded by apatite fission track cooling ages in the
western part of the study area. Transtension between 12 and 10 Ma caused brittle deformation
along E-W trending strike-slip faults and SW—NE trending normal faults, delimiting blocks
that were tilted towards the SW. This fragmentation of the crust led to enhanced exhumation at
rates of 1 mm/a in the central part of the study area, as is documented by Middle to Late
Miocene cooling ages (13 to 7 Ma). The outside estimate for the total amount of exhumation

since Middle Miocene times is 7 km.

This study addresses the cooling and exhumation
history of basement units (Rodna horst and
Preluca massif) in northern Romania (Maramures)
by combining thermochronological analyses with
structural field investigations. The study area is
located in the NE prolongation of the Mid-
Hungarian fault zone (Csontos & Nagymarosy
1998; Csontos & Voros 2004), separating the
ALCAPA and Tisza—Dacia mega-units (Fig. 1).
This crustal-scale boundary plays a key role
during the final emplacement of these two
crustal-scale blocks (ALCAPA and Tisza—Dacia)
in the Carpathian embayment during the Tertiary
(Csontos & Nagymarosy 1998). Since the Mid-
Hungarian fault zone is largely covered by
Neogene sediments of the Pannonian basin, our
study area represents one of the very few places
where structures related to this important tectonic
lineament can be studied in outcrop (Tischler
et al. 20006).

Invasion of the ALCAPA and Tisza—Dacia
blocks into the Carpathian embayment was trig-
gered by a combination of lateral extrusion in the
eastern Alps (Ratschbacher er al. 1991a, b) and
retreat of the European lithospheric slab (e.g.
Wortel & Spakman 2000; Sperner et al. 2005).
Corner effects at the Moesian and Bohemian
promontories led to opposed rotations of these
continental blocks during their emplacement, well
established by palacomagnetic studies (e.g.
Mirton 2000; Marton & Fodor 1995, 2003;
Marton et al. 2006). The Mid-Hungarian fault
zone is of central importance, since it allows for
differential movements between the ALCAPA and
Tisza—Dacia blocks (Fodor et al. 1999; Csontos &
Voros 2004). Finally, soft collision of these blocks
with the European continental margin resulted in
the formation of the Miocene fold and thrust belt
(Fig. 1; e.g. Royden 1988; Roure er al. 1993;
Matenco & Bertotti 2000). A more detailed
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Fig. 1. Tectonic map of the Alpine—Carpathian—Pannonian area (simplified after Schmid et al. 2006). Three
major continental blocks are located within the Carpathian embayment: ALCAPA, Tisza and Dacia.

During emplacement in Tertiary times, a zone of repeated tectonic activity developed between ALCAPA
and the previously consolidated Tisza—Dacia block: the Mid-Hungarian fault zone (MHFZ).

discussion of the Tertiary palaeogeographic and
kinematic history of the ALCAPA and Tisza—
Dacia blocks can be found in numerous earlier
studies (e.g. Balla 1987; Royden & Baldi 1988;
Sandulescu 1988; Csontos 1995; Csontos et al.
1992; Fodor et al. 1999; Fiigenschuh and
Schmid 2005).

The samples analysed in this study derive from
pre-Mesozoic basement and the autochthonous
sedimentary cover of the Tisza—Dacia block
(Preluca massif, Rodna and Maramures Mountains,
respectively) and from tectonic units that are part of
an accretionary prism which is situated between the
ALCAPA and Tisza—Dacia blocks, the so-called
Pienides. According to a recent compilation of tec-
tonic units by Schmid et al. (2006), the basement
units are considered part of Dacia, but classically
the Preluca massif, which is part of the Biharia
nappe system, is attributed to Tisza (e.g. Haas &
Pér6 2004). We applied zircon fission track-,
apatite fission track- and apatite (U-Th)/He ther-
mochronological analyses. The combination of
these methods constrains the thermal history of
the samples in the temperature range between
300 °C and 40 °C, and is well suited to elucidate
the thermal evolution in soft collisional regimes,
which do not feature major exhumation and
exposure of high grade metamorphic rocks
(Royden 1993; Morley 2002).

Numerous other studies successfully addressed
cooling and exhumation histories, either based on
fission track analyses alone (e.g. Sobel & Dumitru
1997; Fiigenschuh er al. 2000; Dunkl & Frisch

2002; Danisik et al. 2004; Fiigenschuh & Schmid
2003, 2005) or on a combination of fission track
and (U-Th)/He analyses (e.g. Foeken er al. 2003;
Reiners et al. 2003; Persano et al. 2005; Stockli
2005 and references therein). Within our working
area, some apatite fission track data are already
available from the work of Sanders (1998) and
Sanders et al. 1999, who addressed the interplay
between tectonics and erosion in the southern and
eastern Carpathians and the Apuseni Mountains.

All chronostratigraphic ages will be given after
Gradstein et al. (2004). Paratethys stages were
correlated with Mediterranean stages according to
Steininger & Wessely (2000).

Geological setting

The Precambrian to Palacozoic basement units of
the east Carpathians (so-called Bucovinian nappe
stack of the Dacia block) mainly consist of metase-
diments and subordinately orthogneiss (Krdutner
1991; Voda & Balintoni 1994). The Alpine-age
Bucovinian nappe stack consists, from bottom
to top, of the Infrabucovinian, Subbucovinian
and Bucovinian nappes, occasionally separated
by Permian to Lower Cretaceous sediments
(Sandulescu et al. 1981). Along most parts of the
east Carpathians, late Early Cretaceous nappe
stacking is generally considered to have taken
place under sub-greenschist facies metamorphic
conditions. In the so-called Rodna horst (Fig. 2), a
part of the Bucovinian nappe stack located
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Fig. 2. Tectonic map of the study area. The Pienides, consisting of non-metamorphic flysch nappes, were emplaced
in Early Burdigalian times (20.5 to 18.5 Ma, Tischler et al. 2006). Middle to Late Miocene brittle tectonics

(16 to 10 Ma) led to the exhumation of the Rodna horst and the Preluca massif (Tischler et al. 2006). The most
important Middle to Late Miocene structures are the Preluca fault, the Greben fault and the Bogdan—Dragos—Voda
fault. To the west, the Bogdan—Voda fault is sealed by Neogene volcanic rocks. The map is compiled after Giusca &
Radulescu (1967), Raileanu & Radulescu (1967), Raileanu & Saulea (1968), Ianovici & Dessila-Codarcea (1968),
Tanovici & Radulescu (1968), Ianovici et al. (1968), Krautner et al. (1978, 1982, 1983, 1989), Borcos et al. (1980),
Dicea et al. (1980), Sandulescu (1980), Sandulescu & Russo-Sandulescu (1981), Sandulescu ez al. (1981), Rusu et al.

(1983), Sandulescu et al. (1991) and Aroldi (2001).

internally of the main east Carpathian chain, green-
schist facies conditions during this event were pos-
tulated by Balintoni et al. (1997). The Preluca
massif, consisting of metasediments (Rusu et al.
1983), is part of the Biharia nappe system of the
North Apuseni Mountains. However, in contrast
to most authors (e.g. Haas & Péré 2004), the
Biharia nappe system was correlated with the
Bucovinian nappe system (i.e. considered as part
of Dacia) by Schmid et al. (2006), based on a
re-interpretation of geophysical data from the
Transylvanian basin. In any case, Tisza and

Dacia became amalgamated during the Cretaceous
and formed a consolidated Tisza—Dacia block ever
since Early Tertiary times (Csontos 1995; Csontos
& Voros 2004).

Latest Early Cretaceous juxtaposition of the
Bucovinian nappe stack against the Ceahlau and
Black Flysch units (Sandulescu 1982) was fol-
lowed by exhumation and erosion, leading to the
sedimentation of the Late Cretaceous post-tectonic
cover (lanovici et al. 1968; Sandulescu 1994).
Exhumation which followed the juxtaposition of
the entire Alpine nappe pile against the internal
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Moldavides (Sandulescu 1982) occurred during the
latest Cretaceous (Sandulescu 1994) and led to
erosion of large parts of these Upper Cretaceous
cover units.

The deposition of a second stack of post-tectonic
sediments during the Tertiary led to renewed burial.
While the sedimentation already started in Palaeo-
cene times in the Preluca massif (Rusu et al.
1983), non-deposition and/or erosion continues in
the area of the Bucovinian nappe stack, as is indi-
cated by a Palaeocene hiatus. Eocene conglomer-
ates (Ypresian?, Krédutner et al. 1983) are the
oldest Tertiary strata preserved on the previously
exhumed Bucovinian nappe stack which they strati-
graphically directly overlie except for a few places
where the Late Cretaceous basins remained pre-
served (Fig. 2). Late Eocene (Late Lutetian—
Priabonian) sedimentation is characterized by a
general deepening of the depositional environment
towards the NW. While platform carbonates indi-
cating shallow water depths are found in large
parts of the study area (main east Carpathian
Chain and Rodna horst: Kriutner er al. 1978,
1982, 1983, 1989; Preluca massif: Rusu et al.
1983; de Broucker et al. 1998), sandy marls and
marls dominate west of the Greben fault (Fig. 2;
Sandulescu et al. 1991). Oligocene sediments over-
lying the basement units of the Rodna horst in direct
stratigraphic contact document the Eocene palaeo-
relief (Krdutner et al. 1982).

Early Oligocene to Early Miocene (Aquitanian)
sedimentation is dominated by siliciclastic turbi-
dites, which show an overall coarsening-upward
trend (Dicea et al. 1980; Sandulescu et al. 1991),
thought to reflect the juxtaposition of ALCAPA
and Tisza—Dacia (Tischler et al. 2008). A Burdiga-
lian clastic wedge (Hida beds) testifies the
overthrusting of the Pienides (Ciulavu et al.
2002), i.e. thrusting of ALCAPA onto Tisza—
Dacia. The Pienides mainly consist of Eocene to
Oligocene non-metamorphic flysch units (Aroldi
2001), which additionally contain phacoids of
Pieniny-Klippen-type material embedded in Eocene
flysch (Sandulescu 1980; Sandulescu et al. 1993).

Post-Burdigalian sedimentation starts with the
deposition of the Middle Miocene (Badenian)
Dej Tuff (Mason et al. 1998). Subduction-related
calc-alkaline magmatism started during Middle
Miocene times (13.5 Ma, Pécskay er al. 1995).
Magmatic activity led to the formation of a linear
volcanic chain along the inner side of the east
Carpathians, with a general trend of decreasing
ages towards the SE.

The most obvious structure in the study area is
the E-W striking, predominantly left-lateral
Bogdan—Dragos—Voda fault system (Tischler
et al. 2006). The Bogdan—Voda fault to the west
offsets the Palacogene to Early Miocene cover of

Tisza—Dacia, as well as the nappe pile of the
Pienides. It is essentially sealed by Mid-Miocene
volcanic rocks (Fig. 2). The Dragos—Voda fault
delimits the Rodna horst to the north.

Methods

Fission track analysis: methodology
and analytical procedure

For an overview of the methodology and appli-
cations of fission track (FT) analysis, the reader is
referred to Wagner and van den Haute (1992),
Andriessen (1995), Gallagher et al. (1998) and
Reiners & Ehlers (2005). Regarding the fission
track partial annealing zones, we used the tempera-
ture brackets given by Gleadow & Duddy (1981)
and Green et al. (1989) for apatite (APAZ, 60 to
120 °C) and Hurford (1986) for zircon (ZPAZ,
190 to 290 °C), respectively.

After conventional crushing, sieving, magnetic
and heavy liquid separation, apatite grains were
mounted in epoxy resin, polished and etched for
40 seconds at room temperature in 6.5% HNO;.
Zircon grains were mounted in PFA® Teflon,
polished and etched for 12 to 24 hours in a
NaOH/KOH eutectic melt at about 225 °C.
Irradiation was carried out at the High Flux Austra-
lian Reactor (HIFAR) with neutron fluxes moni-
tored in CNS5 for apatite and CN1 for zircon. All
samples were analysed using the external detector
method (Gleadow 1981) with muscovite as an
external detector. Muscovite was etched for 40
minutes at room temperature in 40% HF.

Fission tracks were counted on a Zeiss® micro-
scope with a computer-controlled scanning stage
(‘Langstage’, Dumitru 1993) at magnifications of
x 1250 for apatite and x 1600 for zircon (dry).
Unless mentioned otherwise, all ages given are
central ages (Galbraith & Laslett 1993). Ages
were calculated using the zeta calibration method
(Hurford & Green 1983) with a & value of
355.96 + 9.39 (Durango standard, CNS5) for
apatite and 141.40 + 6.33 (Fish Canyon tuff stan-
dard, CN1) for zircon. Calculations were done
with the aid of the Windows software TrackKey
(Dunkl 2002). For separation of subpopulations
(i.e. the youngest population in partially annealed
samples), the Windows software PopShare was
used (Dunkl & Székely 2002).

Lengths of confined horizontal tracks in apatite
were measured at x 1250 magnification. Track
length distributions of confined horizontal tracks
are diagnostic for different thermal histories
(Crowley 1985; Gleadow et al. 19864, b; Galbraith
& Laslett 1993) and allow for thermal modelling.
Thermal modelling of fission track parameters
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was carried out with the program AFTSolve
(Ketcham et al. 2000) with the annealing model
of Laslett ef al. (1987).

Apart from temperature, chemical composition is
known to have an effect on the annealing behaviour
(Green et al. 1985, 1986; Crowley & Cameron 1987;
OSullivan & Parrish 1995; Siddall & Hurford 1998).
Thus, the long axis of etch pits on the polished
surface (referred to as Dpar, Burtner et al. 1994)
was measured (magnification x 2000) as an indicator
of the annealing behaviour of apatite.

Apatite (U-Th)/He dating: methodology
and analytical procedure

Apatite (U-Th)/He dating records the cooling of a
sample between 80 and 40 °C (Wolf e al. 1998;
Ehlers & Farley 2003 and references therein) and
is complementary to apatite FT when reconstructing
the latest exhumation stages. Apatite (U-Th)/He
analyses were conducted on four samples: two
from the Rodna horst and two from the Preluca
massif. Suitability of samples for (U-Th)/He
dating was mainly governed by sample quality
(inclusions) and grain morphology. Between one
to four apatite grains for each sample were hand-
picked in ethanol at x 218 magnification using a bin-
ocular microscope. While the frosted nature of the
apatite grains made the identification of inclusion-
free grains difficult, small zircon inclusions were
only observed in one replicate of sample P4 (II).
To minimize grain size variation effects (Farley
2000), grains of similar radius were selected for
each aliquot. “He, U and Th analyses were con-
ducted following the procedures of Balestrieri
et al. (2005). The total analytical uncertainty of
He ages of each aliquot is approximately +10%
(20), governed largely by uncertainty in blank cor-
rections and spike concentrations. Correction for
He recoil loss was made using procedures described
in Farley (2002). Analyses of a Durango apatite
standard aliquot (two grains) yield 33.1 + 0.7 Ma,
which is indistinguishable from mean Durango
ages measured at SUERC (32.8 + 1.3 Ma, Foeken
et al. 2006) and reported Durango ages (e.g.
32.1 + 1.7 Ma, House et al. 2000).

Results of kinematic analyses

In the following, only a summary of the Middle to
Late Miocene tectonic evolution of the study area
will be given (see Tischler et al. 2006 for a detailed
discussion). Two stages dominated by brittle
sinistral strike-slip deformation are documented in
the study area: Middle Miocene transpression
(Fig. 3a), followed by Middle to Late Miocene
transtension (Fig. 3b). During both stages,

shortening remained NE—SW oriented. The most
obvious structures related to these stages are the
E—W striking Bogdan—Voda fault (BVF) and the
Dragos—Voda fault (DVF). The left lateral activity
of the Bogdan—Voda fault is already apparent in
map view, as evidenced by the 25 km sinistral
offset of the Burdigalian-age thrust contact of the
Pienides (Fig. 3).

During the transpressional stage, the Bogdan—
Voda fault was active as a sinistrally transpressive
fault, terminating eastwards in a thrust splay geo-
metry (Fig. 3a). Other major structures attributed
to this first transpressional stage are NW —SE strik-
ing reverse faults (e.g. a back-thrust NE of Borsa),
the Preluca fault (PF), as well as very open
NW-SE to WNW-ESE striking folds.

During the later transtensional stage (Fig. 3b),
the Bogdan—Voda and Dragos—Voda faults both
acted together as one single continuous fault. Sinis-
tral offset along the so-called Bogdan—Dragos—
Voda fault system (Tischler et al. 2006) diminishes
eastwards and terminates in an extensional horsetail
splay geometry. Additional features attributed to
this second stage are SW-NE-striking normal
faults, such as the Greben fault and numerous
faults within the Rodna horst (Fig. 3b).

Results of the thermochronological
analysis

Sampling approach

All sample localities are depicted in Figure 4. The
Preluca massif is covered by four samples (P1,
P2, P3, P4) while three samples are from an
immediately adjacent smaller basement body
located further to the NE (P5, P6, P7). The Mara-
mures Mountains further to the NE have been
sampled along two orthogonal profiles, yielding a
total of 10 samples. One profile is orogen-
perpendicular (samples M01, M02, M03, M04,
MO5); the other one crosses the Greben fault and
the horsetail splay of the Bogdan—Dragos—Voda
fault (samples M06, MO8, M0O7, M09, M13, M14).
In the area of the Rodna horst, located S of the
Dragos—Voda fault, four vertical profiles have
been sampled, each of them within a distinct fault-
bounded block. Each profile comprises five to six
samples (see groups of samples listed under R1,
R2, R3 and R4 in Fig. 4). Additional samples
have been collected within the central block of
the Rodna horst and adjacent to the Dragos—
Voda fault (sample group RS5). The basement
samples comprise mainly paragneisses and
rarely orthogneiss.

A last group of samples has been taken from
sedimentary formations. The samples S2, S4 and



174 H. R. GROGER ET AL.

Post-Burdigalian Tl
Transpressional stage (16-12Ma) A

-~ faulti
— reverse faulting

“ » strike-slip faulting with

strong compressional component
- normals on fold axes (outcrop scale)
anticlines strike-slip
reverse faults faults

Post-Burdigalian o N

Transtensional stage (12-10 Ma) A
‘?A normal faulting

e ) )
);\ strike-slip faulting

x strike-slip faulting with
strong extensional component

_— stnke—shp fault _)’ normal fault

\f

Fig. 3. Kinematics and structures related to the post-Burdigalian (16 to 10 Ma) tectonics in the study area (Tischler

et al. 2006). The active structures are marked by thick lines (BVF =

Bogdan—Voda fault, DVF = Dragos—Voda

fault, PF = Preluca fault). A transpressional stage (a) precedes a transtensional stage (b), featuring constant SW—-NE
shortening. While the sinistral Bogdan—Voda fault is independently active during the transpressional stage (a), the
Bogdan—Voda fault and Dragos—Voda fault are linked together during the transtensional stage (b).

S5 are from sedimentary units of the Pienides
while S1 and S3 are from the post-tectonic Palaeo-
gene to Early Miocene autochthonous cover of
Tisza—Dacia (Late Oligocene Borsa sandstone).
Samples have been taken from fine-grained
sandstone horizons.

Zircon FT data

The zircon FT data are reported in Table 1. Zircon
fission tracks were largely reset during the

Cretaceous metamorphic overprint, associated
with nappe stacking of the basement units.

The zircon fission track central ages of the
Preluca massif and the Rodna horst range between
68.1 and 100.1 Ma (Fig. 4). Most samples pass
the Chi-square test (Table 1, x> >5%). The
zircon single grain age distributions show clusters
(Fig. 4c, d) that indicate Late Cretaceous cooling
(mainly Coniacian to Campanian) after a thermal
event that led to full annealing of zircon (Fig. 4c, d),
i.e. an event associated with temperatures exceed-
ing 300 °C.
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Fig. 4. Map indicating location of samples and results of the fission track analyses in terms of central ages,
together with diagrams that summarize the single grain ages (a, b, ¢, d). In the sedimentary samples (a), the
post-depositional thermal overprint caused strong annealing (S1, S4, S5), but also provenance single grain ages are
preserved (S2, S3). In the Bucovinian nappe stack (b, d), apatite grains have been fully reset by the Palaeogene to
Early Miocene burial, while zircon remained thermally undisturbed. Overlapping single grain ages of zircon and apatite
from the Preluca massif reflect continuous exhumation through the ZPAZ and APAZ during the Late Cretaceous (c).
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Table 1. Zircon fission track data. All samples have been analysed using the external detector method (Gleadow 1981) with a zeta value (Hurford & Green 1983)
of 141.40 + 6.33 (Fish Canyon Tuff standard, CN1). Code: sample code; Latitude: latitude in WGS84,; Longitude: longitude in WGS84; Alt. [m]: altitude above
sea level; N Grains: number of grains counted; Ps [x 10° cm™2]: spontaneous track density; Ns: number of spontaneous tracks counted; Pi [x 10° cm™?]: induced
track density; Ni: number of induced tracks counted; Pd [x 10° ¢m™?]: standard track density; Nd: number of standard tracks counted; x* [%]: Chi-square
probability (Galbraith 1981); Central age + 1o [Ma]: zircon fission track central age (Galbraith & Laslett 1993)

Code Latitude Longitude Alt. [m] N Grains Ps[x10°cm™?] Ns Pi[x10°cm 2] Ni Pd[x10°cm 2] Nd x>[%] Central Age + 1o [Ma]

MOI 24496670 47.729790 540 10 176.37 1291 49.32 361 3.85 3065 34 96.6 + 7.6

MO02 24560710 47.753720 580 4 109.39 367 30.10 101 3.77 3065 13 95.7 + 13.5

MO3 24586640 47.772540 630 20 86.88 1468 35.45 599 5.80 3605 81 99.7 + 6.8

MO4 24.628100 47.791450 680 10 70.07 436 30.54 190 5.97 3605 84 96.1 + 95

MO5  24.667090 47.804300 745 20 98.44 2366 37.20 894 5.86 3605 <5 107.5 + 7.4 =
MO6  24.698590 47.790850 790 20 129.07 2543 33.35 657 5.91 3605 <5 162.3 + 13.0 ~
MO8 24770543 47.690263 820 20 123.09 2703 52.32 1149 3.69 3065 <5 613 + 4.7 Q
M09 24.833619 47.647505 1660 20 126.15 2501 32.18 638 3.50 3065 22 962 + 6.5 ]
MI3  25.128220 47.571246 930 14 253.89 1812 58.71 419 3.54 3065 23 107.6 + 8.5 &
MI14 25279510 47.478662 850 20 137.67 2830 30.60 629 3.38 3065 <5 107.0 + 9.1 ~
Pl 23574760 47.430957 315 14 79.60 1010 25.22 320 3.73 3065 55 82.8 + 6.6 3
P2 23.628772 47.509842 215 16 155.74 1919 47.40 584 3.42 3065 38 78.8 + 5.6 S
P3  23.686807 47.488712 610 35 128.38 3336 40.87 1062 3.81 3065 <5 845 +55 ’
R1-1 24559360 47.597860 1550 17 91.73 996 31.13 338 3.46 2967 25 71.8 + 6.1

R2-2 24597260 47.414920 1105 20 80.41 981 32.38 395 5.74 3605 78 100.1 + 7.6

R2-4 24590430 47.419300 705 26 115.20 2312 34.43 691 3.52 2967 12 828 +5.9

R3-1 24.620652 47.533782 2020 20 188.30 2550 55.68 754 3.35 3065 47 79.5 + 5.1

R3-2 24.582850 47.423290 1465 20 7415 1642 39.02 864 6.25 3605 62 83.0 +5.5

R3-3  24.608990 47.528930 1310 13 76.26 842 38.77 428 6.20 3605 37 85.6 + 6.8

R3-4 24.604450 47.526330 1155 7 94.77 607 60.11 385 6.14 3605 50 68.1 +5.5

R3-6 24.587980 47.518690 945 20 92.24 934 49.77 504 6.03 3605 11 78.5 + 6.4

R4-3 24941010 47.494710 980 2 116.94 107 37.16 34 3.62 3065 86 80.0 + 16.2

R4-4 24960230 47.490430 700 20 134.72 1923 45.89 655 3.69 3065 <5 770 + 58

R5-1 24546451 47.552021 1150 8 204.11 635 57.54 179 3.46 3065 47 86.2 + 8.4

R5-4 24.872870 47.596160 1270 20 161.18 2517 50.33 786 3.58 3065 10 812 +55
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Some basement samples from the Maramures
Mountains, however, yielded Cenomanian central
ages (95.7 to 99.7 Ma; M01, M02, M03, M04,
MO09; Fig. 4b) which also pass the Chi-square test
(Table 1, x> > 5%). Hence they indicate earlier
(Cenomanian) cooling after full annealing of
zircon. In the most external samples (M05, M06,
M13, M14), the coexistence of Late Cretaceous
and Palaeozoic single grain ages (oldest single
grain 310 Ma, M06; Appendix 1) indicates that
annealing was only partial and was followed by
Late Cenomanian cooling (Fig. 4b). Sample M08
with a younger Tertiary (61.3 Ma) central age
forms an exception amongst this group.

No zircon FT single grain ages younger than
Eocene have been found in samples from the
basement units. Hence, it can be excluded that
substantial heating, reaching temperatures within
the ZPAZ, did result from Palaeogene to Early
Miocene burial.

Apatite FT data

The apatite FT data are reported in Table 2. For the
Preluca massif, an overlap between zircon and
apatite single grain ages is observed (Fig. 4c).
This overlap indicates continued slow cooling
from temperatures above 200 °C down to tempera-
tures below the lower limit of the APAZ (60 °C).
The apatite central ages in the Preluca massif
range from 59.4 to 67.5Ma (Fig. 4c). A close
look at the single grain age distribution reveals
weak evidence for the existence of two clusters
(Fig. 4c). Possibly the earlier cluster is related to
Late Cretaceous cooling before renewed sedimen-
tation. The second cluster could indicate partial
annealing during Palacogene to Early Miocene
burial. Although etch pit long axes in the Preluca
samples spread by at least 1 wm in each sample,
suggesting compositional diversity, no clear correl-
ation between etch pit long axis and single grain
ages can be deduced (Appendix 2).

Three sedimentary samples (S1, autochthonous
cover; S4 and S5, Pienides) show single grain
ages that are younger than the stratigraphic age
(Fig. 4a, Appendix 1). This indicates considerable
post-depositional annealing. On the other hand,
samples S2 (Pienides) and S3 (autochthonous
cover) show single grain ages older than the strati-
graphic age (Appendix 1).

In case of the samples from the Maramures
Mountains and the Rodna horst, however, Palaeo-
gene to Early Miocene burial caused total annealing
of all apatite fission tracks (Fig. 4b, d). Central ages
range between 7.3 and 12.7 Ma and thus indicate
Middle to Late Miocene cooling. Two samples
even yielded younger (Pliocene) central ages
(MO08: 3.4 Ma; R4-2: 4 Ma), best interpreted as

indicating thermal overprint during Neogene
volcanic activity (Pécskay er al. 1995). This
interpretation is supported by the unusually young
zircon FT central age of sample MO8 (Fig. 4).

Confined track length measurements (Table 2)
were used for thermal modelling of the apatite
data that will be discussed below. In case of the
sedimentary samples, the pre-depositional thermal
history cannot be assumed to be identical for all
constituent grains, hence confined track lengths
were measured in dated grains only. In case of the
basement samples, a common thermal history of
individual samples allows for length measurements
also in the non-dated grains (up to a maximum of
100 lengths). Only a limited number of samples pro-
vided sufficient track length data because of the low
track densities. All basement samples show unimo-
dal track length distributions, with mean values
between 12.6 and 13.5 pm (Table 2). Sedimentary
samples only provided a few track length data,
which makes a characterization of the length
distribution difficult.

Apatite (U-Th)/He data

The apatite (U-Th)/He data are reported in Table 3.
In the Preluca massif, these apatite (U-Th)/He
ages scatter and do not replicate within 2o error.
While the replicate of sample P4-II had small
zircon inclusions and was therefore excluded,
samples P3 and P4 both yielded apatite (U-Th)/
He ages that are younger than the apatite FT
single grain ages. Replicate ages from the Rodna
massif yielded 12.0-13.3 Ma, which are, within
20 error, indistinguishable from the accompanying
apatite FT ages. This suggests fast cooling for the
last stages of exhumation of the Rodna horst.

Thermal modelling of the apatite FT data

Thermal modelling used the apatite single grain
ages and the confined track lengths as input data
(Fig. 5). Additionally, time—temperature (t—T) con-
straints, independent from the apatite FT data, are
incorporated. The t—T paths are modelled using
the software AFTSolve (version 1.3.0, Ketcham
et al. 2000) with the annealing model of Laslett
et al. (1987). Modelling was done inverse mono-
tonic with 10 000 runs for each model, using a
Monte Carlo modelling scheme. Initial track
length was 16.3 wm with a length reduction in age
standard of 0.890. All models were run twice in
order to identify reproducible trends.

In the case of the basement samples, such
independent t—T constraints are given by the
zircon FT central ages obtained on the same
sample (or samples close by) and the age of the



Table 2. Apatite fission track data. All samples have been analysed using the external detector method (Gleadow 1981) with a zeta value (Hurford & Green 1983) —_
of 355.96 + 9.39 (Durango standard, CN5). Code: sample code Latitude: latitude in WGS84; Longitude: longitude in WGS84; Alt. [m]: altllude above

sea level; N Grains: number of grains counted; Ps [x 1 OCem™]: spontaneous track density; Ns: number of spontaneous tracks counted; Pl [x10°cm™?]: induced
track density; Ni: number of induced tracks counted; Pd [x 105cm 2]: standard track density; Nd: number of standard tracks counted; X° [%]: Chi-square
probability (Galbraith 1981); Central age + 1o [Ma]: apatite fission track central age (Galbraith & Laslett 1993); N Length: number of confined track lengths
measured; Mean Length + 1o [um]

8L

Code  Latitude  Longitude  Alt. N Ps[x10° Ns Pi[xI0° Ni  Pd[x10° Nd x> Central Age N Mean Length
[m] Grains cm 2 cm 2 cm 2 [%] +1o [Ma] Length +1o [pm]

MOl 24496670 47.729790 540 25 0.49 73 11221 16596 11959 6511 10 9.6+ 1.2 - -

MO02 24560710 47.753720 580 20 0.94 114 13873 16842 98.14 6511 32 11.8+12 - -

MO3  24.586640 47.772540 630 15 1.12 64 148.09 8471 7735 3606 55 104+ 13 - -

MO4  24.628100 47.791450 680 20 1.29 129 35.66 3580 1410 4605 58 9.0 + 0.9 80  12.94 + 221

MO5  24.667090  47.804300 745 20 2.24 168 28.73 2155 774 4223 99 107+ 0.9 100 12.98 + 3.20

MO6  24.698590  47.790850 790 3 0.51 10 87.59 1708  116.61 4196 39 121 +39 - -

MO8 24770543  47.690263 820 2 0.98 4 43.90 180 852 4451 60 @ 34+ 17 - -

M09  24.833619  47.647505 1660 16 0.53 31 90.19 5276 96.19 5773 99 101 + 1.8 - - o
MI3  25.128220 47.571246 930 20 0.44 64 8.57 1261 10.81 4451 99 9.8 + 1.3 - - =
Ml4 25279510 47.478662 850 20 1.34 152 32.43 3668 1050 4451 26 7.8+0.7 43 1335+212 @
Pl 23.574760  47.430957 315 20 3.06 297 8.40 815 1023 4223 65  66.0 +4.9 100 1301 £254 %
P2 23.628772  47.509842 215 20 6.33 713 16.79 1892 893 4223 9 594437 100 1298 +1.92 @
P3 23.686807 47.488712 610 20 6.93 671 18.18 1760 937 4223 <5 640+ 46 100 1286+ 1.70 %
P4 23.810507 47.465312 350 22 1.09 150 26.93 3724 9457 6511 43  67.5+ 6.0 - - &
P5 23817260 47.488947 390 20 18.13 2489 44.93 6169 850 4223 <5 61.6+3.0 100 1275+ 123 &
P6 23.824540  47.503686 430 20 1412 1028 37.89 2758 9.80 4223 <5 652 +40 100 1262 +208 T
p7 23.846548  47.503894 380 20 4.84 456 15.72 1482 1144 4451 94 623 +3.8 100 12.60 + 1.90

RI-1 24559360 47.597860 1550 20 0.58 41 11.86 837 1455 4766 97 127 +2.1 - -

R2-2 24597260 47.414920 1105 20 0.41 63 9325 14333 121.63 4196 92 95+ 1.2 - -

R2-4 24590430  47.419300 705 20 0.52 51 10836 10717 11828 4196 88 100 + 1.4 100 12.80 + 2.65

R3-1  24.620652 47.533782 2020 24 441 539 65.71 8030 9.78 4451 8 11.6+07 59 13124279

R3-2 24582850  47.423290 1465 20 2.55 357 54.69 7646 13.04 4766 10 11.0+0.8 100 13.50 + 2.20

R3-3  24.608990 47.528930 1310 20 2.48 496 48.58 9716 1279 4766 13 11.6+0.7 100 1325 + 231

R3-4  24.604450  47.526330 1155 20 0.38 50 8.30 1096 1254 4766 99 102+ 15 - -

R3-6  24.587980 47.518690 945 20 0.94 111 15.89 1873 8.17 4223 719 8.6 + 0.9 - -

R4-2 24931050  47.498160 1305 20 0.72 85 38.19 4499 13.00 4451 46 44 +05 - -

R4-3 24941010 47.494710 980 20 2.02 216 53.45 5730 1248 4451 84 84406 64  12.81 +2.48

R4-4 24960230 47.490430 700 20 0.89 73 26.52 2185 1227 4451 95 73409 - -

R5-1 24546451  47.552021 1150 20 1.31 93 20.94 1487 926 4451 93 103+ 1.1 - -

R5-3 24951870  47.550260 1400 20 3.02 218 51.72 3734 922 4557 8 9.6 + 0.9 100 1332 + 245

S1 24296360  47.854000 550 38 2.69 514 41.23 7884 1291 4605 29 150409 15 13.68 + 2.01

S2 24111950  47.782210 350 39 9.25 1787 33.57 6489 1097 4605 <5 592+ 5.0 61 12.14 + 2.09

S3 24351650  47.641020 530 40 7.21 1500 32.93 6850 1227 4605 <5 48.6+3.0 35 12.47 + 2.33

S4 24348370  47.635130 555 21 1.61 174 21.52 2320 1259 4605 12 172+ 16 - -

S5 24.030170  47.599060 555 36 1.48 242 12953 21178 9483 4196 <5 197 +22 19  10.08 +2.71
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Table 3. Apatite (U-Th)/He data. Analyses of one Durango apatite standard aliquot (two grains) yield
33.1 + 0.7 Ma. Code: sample code; “He [cc STP]: concentration of 4He; U>8 [ng]: concentration of U238;
Th?3? [ng]: concentration of Th**?; Th/U: Th**? /U?*® ratio; (U-Th)/He Age [Ma]; Ft: correction of
a-recoil (Farley 2002); Corrected (U-Th)/He Age [Ma]; Error 20; FT Central age + 10[Ma]: apatite

fission track central age (Galbraith & Laslett 1993)

Code 4He U Th** Th/U (U-Th)/ Ft Corrected Error FT Central

[cc STP] [ng] [ng] He (U-Th)/He 20 Age +lo
Age [Ma] Age [Ma] [Ma]

P3-1 429E-11 0.015 0.009 0.6 20.5 0.68 30.1 3.0 64.0 + 4.6

P3-I  475E-11 0.025 0.018 0.7 13.4 0.69 19.3 1.9

P4-1 5.79E-11 0.054 0.027 0.5 7.9 0.82 9.6 1.0 67.5 + 6.0

P4-Il  921E-11 0014 0.045 32 30.6 0.80 38.3 3.8

R2-4-1 1.54E-10 0.114 0.030 03 10.4 0.78 13.3 1.3 100+ 1.4

R2-4-11 7.55E-11 0.058 0.027 0.5 9.6 0.80 12.0 1.2

R3-2-1 8.00E-10 0.657 0.033 0.0 9.8 0.76 12.9 1.3 11.0 + 0.8

unconformably overlying sediments. In the case of
the Preluca massif, the time of maximum burial
can also be constrained by assuming it to coincide
with the end of Burdigalian sedimentation (Hida
beds: 16 Ma). In the Bucovinian nappe stack,
maximum burial temperatures are assumed to
have been reached by a combination of sedimentary
and tectonic burial during imbrication of the auto-
chthonous sediments related to thrusting of the
Pienides (18.5 Ma, Tischler et al. 2006).
Regarding the sedimentary samples, one t—T
constraint is given by the stratigraphic age of the
dated sediment (Sandulescu & Russo-Sandulescu
1981; Sandulescu er al. 1991; Aroldi 2001). Inter-
estingly, a pre-Tertiary heating event has to be
assumed in order to allow for the modelling of
samples S2 and S3. The timing of maximum
burial of the samples from the Pienide nappes (S2
and SS5) is inferred to immediately pre-date nappe
emplacement (20 Ma, Tischler er al. 2006), since

| Legend for data presented in Figs 6-8 I

(basement) timespan of burial
(sediments) stratigraphic age

erosion of the Pienides during thrusting is indicated
by the deposition of a Burdigalian clastic wedge.
In the case of the autochthonous cover (samples
S1 and S3), the overthrusting of the Pienides is con-
sidered to have caused additional burial. Hence it
was assumed that maximum temperatures were
reached at the end of nappe emplacement
(18.5 Ma, Tischler et al. 2006).

In the case of the Preluca massif, Palacogene to
Early Miocene burial caused partial annealing of
apatite (Fig. 6). Late Cretaceous to Early Tertiary
cooling is constrained by the zircon FT data and
by the sedimentary unconformity. Thermal model-
ling suggests an increase of maximum temperatures
from around 60 °C (P1) in the SW to around 80 °C
in the NE (P5, P7), interpreted in terms of an
increasing amount of burial towards the NE. The
modelled maximum temperature near the Preluca
fault (sample P3, 69 °C) in the upper part of the
apatite helium partial retention zone is in good

acceptable fitarea  best fit curve
good fit area

§ l - ‘E‘ 2’116611 5 MTL: Model Track Length g
= X "o = [ i
o 27 — I £ E DTL: Data Track Length Lo
2t 0 @ 2 3 {nlength MA: Model Age $APAZ' \ ,ql L 5
2 827 1g 8 DPA: Data Pooed Age [ ©
© @ OT:  Oidest Track E 3
0 = S, ¥ | E
more 50 less length [um] time £
rel. error (%] T [Ma]
apatite FT apatite time-temperature constraints

single grain ages

confined track lengths

= thermal model

Fig. 5. Diagram explaining the thermal modelling of apatite FT data. This figure also serves as a legend for
Figures 6-8. The single grain ages and the confined track lengths provide input data. Using additional independent
constraints (e.g. zircon FT data, stratigraphic information), t—T paths fitting the data are modelled.
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Fig. 7. Thermal modelling of apatite FT data from the sedimentary units. All radial plots (Galbraith 1990) show
the same age spectrum to allow for direct comparison. All samples show at least post-depositional partial annealing
of fission tracks in apatite; S1 has been fully annealed after deposition. Due to strong annealing in S4 and S5,
minimum ages of the youngest populations were calculated. These minimum ages and the central age of S1 indicate

Middle to Late Miocene cooling.

agreement with full (P4) and partial (P3) retention
of helium, as is indicated by the (U-Th)/He data.

For samples S2 and S3, thermal modelling
indicates heating to temperatures within the
APAZ, followed by slow cooling (Fig. 7). The
thermal history of S1, on the other hand, is charac-
terized by fast heating to temperatures above the
APAZ directly preceding fast cooling to tempera-
tures within the APAZ. This short-lived thermal
pulse is most likely related to the overthrusting by
the Pienides. The thermal modelling of sample S5
shows that cooling from maximum temperatures
occurred after 10 Ma (Fig. 7). The youngest grain
populations in the strongly annealed samples
south of the Bogdan—Voda fault indicate cooling
during the Middle (S4: 13.2Ma) and Late
Miocene (S5: 10.9 Ma).

In the case of the Bucovinian nappe stack, the
exhumation and burial history before 18.5 Ma was
also modelled for all samples. However, due to
the complete annealing of pre-Miocene apatite
fission tracks, the track parameters are only

sensitive regarding the final stages of exhumation
(Fig. 8). The complete cooling paths, including
the pre-Tertiary history, are only depicted for
sample M14 (exemplary for the Maramures Moun-
tains, Fig. 8a) and for R5-3 (exemplary for the
Rodna horst, Fig. 8b). Both the zircon FT data
and a sedimentary unconformity constrain Late
Cretaceous to Eocene cooling in the Rodna horst.
In the Maramures Mountains, however, the base-
ment has already been exhumed in Cenomanian
times. After maximum burial and heating at
18.5 Ma, most samples enter the upper limit of
the APAZ between 15 and 12 Ma before present,
and enhanced cooling occurred generally between
10 and 7 Ma.

Revealing the Miocene exhumation
history of the Rodna horst

By integrating information provided by the available
geological maps (Kréutner et al. 1978, 1982, 1983,
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Fig. 8. Thermal modelling of samples from the Bucovinian nappe stack. All radial plots (Galbraith 1990) show
the same age spectrum to allow for direct comparison. Because apatite has been fully annealed during Palacogene to
Early Miocene burial, the modelled t—T paths are tightly constrained only for the last stages of Miocene
exhumation. Therefore, the results of the complete modelling, starting in the Cretaceous, are only given for the
samples M14 (a) and R5-3 (b), which serve as examples for the Maramures Mountains and the Rodna

horst, respectively.

1989) and by constructing schematic cross-sections
(Fig. 9c, d), the progressive exhumation of a more
internal part of the Bucovinian nappe stack—the
Rodna horst—will now be discussed in four time
slices (Fig. 10). The schematic cross-section 1
(Fig. 9c) depicts reverse faulting and open folding
(5% profile-parallel shortening) related to the
post-Burdigalian transpressional stage. In the

perpendicular cross-section 2, however, normal
faulting related to the subsequent transtensional
stage is more evident (Fig. 9d, 7% profile-parallel
extension). In section 1, the base Oligocene is
tilted to the SW by some 3°, locally reaching up to
57 in the central block of the Rodna horst (Fig. 9b).
Lines indicating 5° and 3° tilt are given for compari-
son in Fig. 9b. Two SW—NE striking normal faults
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Fig. 9. Map (a) and schematic cross-sections (b, ¢, d) through the Bucovinian nappe stack in the study area. Schematic
cross-section 1 (¢) documents reverse faulting and open folding during the Middle Miocene transpressional stage,
while section 2 (d) documents extension by normal faulting during the Middle to Late Miocene transtensional stage.
The base of the Oligocene shows a general tilt towards the SW by approximately 3° (b). Along the central block

of the Rodna horst, the tilt to the SW increases to 5°, realised along two normal faults delimiting this block

by an increasing offset towards the Dragos—Voda fault (a). The suspected thrust at Borsa is drawn after Sandulescu
pers. comm. 2002 (‘Duplicature de Borsa’).

(Fig. 9a), delimiting the central block, allow for this ~ the transtensional stage dominates along the
additional tilting. Offset across these normal faults Dragos—Voda fault segment, delimiting the Rodna
increases towards the Dragos—Voda fault. Thisindi-  horst towards the north.

cates that tilting occurred predominantly during the In the following, vertical movements predicted
transtensional stage since deformation related to by structural observations are integrated with
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results from apatite FT thermal modelling in order
to reconstruct the exhumation history of the
Rodna horst. Relative uplift visible in cross-sections
1 and 2 (Fig. 9c, d) is estimated and correlated with
Middle to Late Miocene brittle tectonics which
occurred between 16 and 10 Ma ago (Tischler
et al. 2006). Timing and amount of these vertical
movements (Fig. 10, column B) are then directly
compared to the modelled best-fit t—T paths
inferred from apatite FT data obtained from the
Rodna horst (Fig. 10, column C).

The undeformed base of the Oligocene deposits
is used as a reference for differential tectonic uplift
(Fig. 9b; Fig. 10, column B) and is defined as the
null datum for the starting point at 20 Ma ago
(Fig. 10Ba). All the subsequent time slices
(Fig. 10Bb to Bd) show this reference plane (‘unde-
formed base Oligocene’) for comparison.

20 to 16 Ma time slice (Fig. 10, Row a)

This time slice shows the relative altitudes of the
samples before the onset of Miocene brittle defor-
mations 16 Ma ago (Tischler er al. 2006). The geo-
logical cross-sections (Fig. 9c, d) allow for an
estimate of the original position of the samples
relative to the base Oligocene (reference plane
‘undeformed base Oligocene’) at the following rela-
tive altitudes in Fig. 10Ba: R2-4 at —800 m, R3-1 at
—200 m, R4-3 at —1000 m and R5-3 at — 1400 m.
The modelled t—T paths inferred from apatite FT
data show that no significant cooling occurred
before 16 Ma. All samples remain at temperatures
above the APAZ (Fig. 10Ca).

16 to 12 Ma time slice: transpressional
stage (Fig. 10, Row b)

During this transpressional stage, three tectonic fea-
tures influencing tectonic uplift can be identified in
cross-section 1 (Fig. 9c):

(1) Reverse faulting affects the SW corner
of the Rodna horst. This reverse faulting influences
only sample R2-4, situated in a hanging-wall position.

(2) Tilting is interpreted to play a subordinate
role during the transpressional stage. Out of a total
amount of 5°, only about 1° is assumed to have
commenced between 16 and 12 Ma. The amount of
relative uplift during tilting is estimated along cross-
section 1, and is given by the vertical distance
between a horizontal line and a line tilted 1°
towards the SW, intersecting at the southern bound-
ary fault of the Rodna horst (Fig. 9a). This vertical
distance has been measured at the respective
sample locations in section 1. The projected position
of sample R4-3 is at the intersection of both sections.

(3) Additional relative tectonic uplift is realised
by open folding in the cases of samples R3-2 and
R4-3 in an anticlinal position, while R5-3 is situated

in a synclinal position. The effect of open folding
has been estimated by constructing the distance of
the sample location to a tangent onto the synclines.

From the relative position of the specimens at
the end of this stage (Fig. 10Bb), the following
amounts of tectonically induced relative uplift
can be deduced for this stage: +1300m for
R2-4, +1000 m for R3-1, +1000 m for R4-3
and +600 m for R5-3. Note that R2-4 and R3-1
are above the reference line at the end of this stage.

The uplift produced during the transpressional
stage relative to the reference line base Oligocene
causes a phase of slow cooling visible in the t-T
paths (16 to 11 Ma interval in Fig. 10Cb). R3-1
and R2-4 enter the APAZ at very low cooling
rates (cooling paths with a gradient of about
2.5°C/Ma), while R4-3 and R5-3 remain at
higher temperatures.

12 to 10 Ma time slice: transtensional
stage (Fig. 10, Row c)

Normal and strike-slip faulting, together with
4° SW tilting led to variable amounts of relative tec-
tonic uplift during this transtensional stage. First the
amount of uplift produced by this tilting (4°) is esti-
mated. Secondly, an additional uplift of the whole
tilted block, as documented by an offset at its SW
boundary fault, was applied. The amount of relative
uplift for sample R4-3 is derived from its position
projected into cross-section 1, corrected for
normal faulting visible in cross-section 2. The tec-
tonic uplift produced during this transtensional
stage relative to the reference line (Fig. 10Bc)
amounts to: +1400m for R2-4, 42400 m for
R3-1, +2200 m for R4-3 and 43400 m for R5-3.
The relatively greater uplift values deduced for
R3-1 and R5-3 result in their higher position rela-
tive to R2-4 and R4-3.

Relative tectonic uplift and erosion during the
transtensional stage result in a phase of enhanced
exhumation and cooling visible in the t—T paths
(11 to 7 Ma interval of Fig. 10Cc). R5-3 enters
and nearly crosses the APAZ at high cooling rates
(the cooling path indicates 24 °C/Ma). At the end
of this phase of enhanced cooling, R3-1 and R5-3
are at the lower limit of the APAZ, while
R2-4 and R4-3 remain at higher temperatures.
The relatively high cooling rates associated
with this extensional stage resulted in Middle to
Late Miocene apatite FT central ages in the
Rodna horst.

10 to 0 Ma time slice (Fig. 10, Row d)

After cessation of the tectonic activity at 10 Ma
(Tischler et al. 2006), the samples reached their
present-day altitude relative to the ‘undeformed
base Oligocene’ (Fig. 10Bd) at the following
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intervals and associated changes in the rate of cooling (dark = fast cooling).

relative altitudes: +1900 m for R2-4, +2600 m for
R5-3, +2200 m for R4-3 and 43200 m for R3-1.
Final cooling to surface temperatures was associ-
ated with medium cooling rates of about 7 °C/Ma
according to the cooling paths (Fig. 10Cd).

Summary of the Miocene exhumation
history deduced for the Rodna horst

The Miocene cooling and exhumation observed in
the Rodna horst is the result of a combination of

tectonic uplift and erosion. Relative tectonic uplift
during the transpressional stage (16 tol2 Ma),
together with exhumation by erosion, allowed for
the observed slow cooling (16 to 11 Ma). The trans-
tensional stage (12 to10 Ma), however, is reflected
in a phase of enhanced cooling (11 to 7 Ma)
related to a combination of tectonic and erosional
exhumation. Although tectonic uplift and cooling
are not contemporaneous, the tectonic stages are
reflected in both relative uplift paths and cooling
paths. During the transpressional stage (Fig. 10Ba
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to Bb) R3-1 and R2-4 are uplifted above the ‘unde-
formed base Oligocene’ during their cooling below
the upper temperature limit of the APAZ (Fig. 10Ca
to Cb). This implies that the reference plane
‘undeformed base Oligocene’ reflects a temperature
interval close to the upper limit of the APAZ (i.e.
120 °C). Based on this observation, the base of
the Oligocene sediments is estimated to have been
subjected to temperatures around the upper limit of
the APAZ by the beginning of Middle Miocene
times. This estimation is corroborated by full anneal-
ing of apatite fission tracks, as is observed in Eocene
sediments located east of Borsa (Sanders 1998).

An exhumation rate for the Rodna horst can be
calculated via the altitude vs. age relation, extracted
from the vertical profile R3 (Fig. 11). Enhanced
exhumation rates are deduced for the time interval
12 to 11 Ma (>1.0 mm/a), followed by overall
slow exhumation after 10 Ma before present (the
0.1 mm/a-line is given as reference). Thus the
altitude vs. age relationship corroborates the strati-
graphic dating as well as the predominance of the
transtensional stage along the Dragos—Voda fault.

Revealing the total amount of Miocene
exhumation for the entire study area

The total amount of Miocene exhumation in the
study area depicted in Fig. 12 has been estimated
on the base of the apatite FT data. The maximum
palaeodepth (Dy,.,) is estimated on the basis of
the maximum palacotemperature (Ty,,x), assuming
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a geothermal gradient of AT/AZ =20 °C/km
and an estimated surface temperature of 10 °C
(Ts) on the basis of:
Diax = (Timax — Ts)/(AT/AZ)

A geothermal gradient of 20 °C/km has been
derived by Sanders (1998), who balanced erosion
along the Carpathian and Apuseni Mountains
against the sedimentary infill of the Transylvanian
basin. 20 °C/km is also in accordance with present-
day heat-flow data (Veliciu & Visarion 1984;
Demetrescu & Veliciu 1991). However, a palaeo-
geothermal gradient is not easy to quantify. The
area is affected by volcanism, which may provide
additional heat sources. Therefore, the given
amounts of exhumation represent maximum values.

In the case of samples displaying only partial
annealing of apatite (samples P1, P2, P3, PS5, P6,
P7, S2, S3 and S5), thermal modelling indicates
that T,.. was reached before the onset of
Miocene exhumation. In the case of fully annealed
apatite (profiles R1, R2, R3, R4, RS, samples MO1,
MO02, M03, M04, M05, M06, M08, M09, M13, M14
and S1), T,,.x has to have exceeded 120 °C. Ther-
mally undisturbed zircon in all basement samples
excludes temperatures above the lower limit of the
ZPAZ (Tpax < 190 °C) during Palacogene to
Early Miocene burial.

In the case of some samples (profiles R1, R2,
R3, R4, RS, samples M01, M09), the estimation
of T.x has been improved by assuming that the
base of the Oligocene approximates the upper
limit of the APAZ (120 °C, see above) before the
onset of exhumation. In these cases, T,,.x can be
derived by the vertical distance of the sample
location to the base Oligocene based on maps and
cross-sections (Fig. 9) and the estimated geothermal
gradient of 20 °C/km. Ty,.x for S4 has been esti-
mated to 100 °C, in analogy to S5 since both
samples show strong, but not full, annealing. All
palaeodepth, and hence also all exhumation
values, given in Figure 12 are rounded to
0.5 km intervals.

The Middle to Late Miocene cooling ages
(central ages, youngest populations: 15.0 to 7.3
Ma) indicate that the entire amount of cooling
and exhumation is the result of erosion that fol-
lowed tectonic uplift during the strike-slip domi-
nated post-Burdigalian tectonic activity in the
study area. However, in the area directly north of
the Bogdan—Voda fault, the total amount of
exhumation (S2: 4.0 km, S3: 3.5 km) can hardly
be exclusively of post-Burdigalian age, since the
altitude of the base of the Middle Miocene sedi-
ments is found close to that of the collected
samples. Hence, north of the Bogdan—Voda fault
a significant part of the total amount of exhumation
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seems to be due to erosion that occurred earlier, i.e.
during and directly following the intra-Burdigalian
thrusting of the Pienides.

The strong thermal pulse found in the western-
most area of the southern part of the Pienide
nappes (marked by a question mark, Fig. 12)
occurred relatively late, as is indicated by young
cooling ages: 10.9 Ma for the youngest population
(Fig. 12), 11 Ma and 8 Ma according to Sanders
(1998). Since the base of Middle Miocene sediments
is in close neighbourhood, a thermal pulse caused by
burial is rather unlikely. Hence, we interpret these
Late Miocene cooling ages to be the result of a
hydrothermal overprint. An intensive overprint of
the sedimentary units of the Pienides close to the vol-
canic body at Baia Mare is documented by Sandu-
lescu & Russo-Sandulescu (1981). Whether partial
annealing is related to hydrothermal overprint or to
heating by burial is difficult to judge.

Recapitulation of results

Burial by Palacogene to Early Miocene sediments,
locally combined with thrusting and frontal imbrica-
tion, caused full annealing of fission tracks in apatite
in the case of the samples from the Bucovinian
nappe stack. Locally, this is also the case for the
sedimentary cover. Regarding the Preluca massif
located in the SW part of the study area, however,
the amount of burial due to the sedimentary over-
burden as well as the amount of exhumation were
less substantial. Fission tracks in apatite from the
Preluca massif remained relatively undisturbed
during heating by burial, while (U-Th)/He data
document considerable retention of He.

Exhumation is mainly the result of erosion
triggered by uplift, accompanying and/or following
post-Burdigalian strike-slip tectonic activity along
the Bogdan—Dragos—Voda fault system. Middle
Miocene cooling ages (15.0 to 13.2 Ma) document
exhumation during a first transpressional stage in
the eastern part of the study area (Fig. 12). In the
central part of the study area, Middle to Late
Miocene ages (12.7 to 7.3 Ma) indicate enhanced
cooling and exhumation during and following a
second transtensional stage. The vertical profile
R3 indicates enhanced exhumation of at least
1 mm/a between 12 to 11 Ma (Fig. 11). Enhanced
final exhumation is confirmed by apatite (U-Th)/
He ages which coincide with the accompanying
apatite FT ages within the error limits.

Discussion

Hydrothermal overprint

Beyond the Miocene cooling ages, a few Pliocene
apatite FT central ages were also obtained in

samples from the Bucovinian nappes (3.4 Ma for
MO8, 4.4 Ma for R4-2). Neogene volcanic activity
is a likely explanation for these young ages.
However, volcanism started in the Middle
Miocene and activity only lasted until 9.0 Ma
north of Baia Mare and 8.6 Ma in the area of the
Rodna horst, respectively (Pécskay et al. 1995).
Even though a second, younger phase of volcanism
can be observed north of Baia Mare (8.1 to 6.9 Ma,
Pécskay er al. 1995), Pliocene volcanism is only
documented for areas located some 80 to 100 km
south of our study area (Harghita Mountains).
Thus we propose that the observed late annealing
of apatite is due to hydrothermal activity that post-
dates active volcanism. The present-day occurrence
of hot springs at the southern margin of the Rodna
horst also favours such an interpretation.

Burial and exhumation in the study area

The overall decrease in the amount of burial
towards the SW, as deduced from the thermochro-
nological data, is in accordance with the diminish-
ing thickness of Oligocene sediments towards the
SW (de Brouker et al. 1998). At the southern rim
of the Preluca massif, apatite FT data indicate
2.5 km of burial (assuming a geothermal gradient
of 20 °C; Fig. 12). About 0.8 km of Palaeocene to
Early Miocene (Aquitanian) sediments are still pre-
served in this area (Rusu et al. 1983). Values of
2500 km for the total sedimentary overburden
are in good accordance with the thickness of the
Burdigalian strata which reaches about 2 km in
the Transylvanian basin directly to the south, as is
documented in seismic sections (de Broucker et al.
1998; Ciulavu et al. 2002; Tischler et al. 2008).
Concerning the area of the Rodna horst, our
apatite FT data suggest that 5.5 km of sediments
accumulated above the base Oligocene. A
minimum thickness of Oligocene deposits of
2.8 km is documented in the area of Borsa (Krdutner
et al. 1982). Geometric projections of the Oligocene
deposits in the profiles of Figure 9c and 9d, based on
available maps (Ianovici et al. 1968; Kriutner et al.
1989; Sandulescu ef al. 1991), indicate a minimum
thickness which diminishes from 4.4 km NW of
the Greben fault to 2.7 km SW of the Rodna horst.
Higher burial depths in the NW part of the study
area are directly documented by the fully annealed
apatite FT sample S1 from the Oligocene deposits
of this area. Yet the observed or inferred thickness
of the post-Eocene deposits is still insufficient for
explaining the burial depth inferred from our FT
data. Excess burial can be explained by additional
tectonic loading related to the emplacement of the
Pienides during the Burdigalian and accompanying
imbrications of the autochthonous cover (Tischler
et al. 2006). Especially in the NW parts of the
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Rodna horst, additional tectonic burial appears to be
indicated by tectonic considerations. In the SE
corner of the Rodna horst, however, additional Bur-
digalian deposits could also allow for the necessary
total overburden. However, it has to be kept in
mind that a higher geothermal gradient than the
assumed 20 °C/km can also explain apparent discre-
pancies between palacotemperatures and amounts of
overburden. The apparent volcanic activity in the
area may have increased the geothermal gradient.
Therefore, the mentioned values for post-Miocene
exhumation (Fig. 12) should be considered as
maximum estimates.

Although the emplacement of the Pienide
nappes probably led to tectonic burial in most
parts of the study area, certainly in parts of the auto-
chthonous sediments adjacent to the frontal thrust
(sample S1), exhumation that accompanied or post-
dated the emplacement of the Pienides is indicated
by the truncation of tectonic contacts by an uncon-
formity at the base Middle Miocene (Tischler ef al.
2006). This truncation could either be explained by
exhumation by erosion in the internal part of an
accretionary wedge or by exhumation which post-
dates nappe emplacement.

Regarding the age and the amounts of
exhumation, our data are generally in good accord-
ance with earlier apatite FT data (Sanders 1998;
Sanders et al. 1999; see Fig. 12). However, in con-
trast to Sanders (1998), our data indicate full
annealing of apatite in all the basement units of
the Bucovinian nappe stack. Hence we infer slightly
higher values of exhumation.

Relationships between uplift and cooling

The age vs. altitude relation (Fig. 11) indicates fast
exhumation between 12 and 11 Ma in the Rodna
horst, contemporaneous with the stratigraphically
dated tectonic transtensional stage (12 to 10 Ma).
On the other hand, thermal modelling of FT data
indicates fast cooling between 11 and 7 Ma, i.e.
slightly later. However, given high exhumation
rates, the observed cooling history of a sample is
not only influenced by the exhumation rate alone
(Brown 1991; Mancktelow & Grasemann 1997).
Starting at rates exceeding 1 mm/a, advective
heat transport will cause a delay of cooling with
respect to exhumation (Mancktelow & Grasemann
1997). Advective heat transport not only causes a
decrease in the spacing of the isotherms (i.e. an
increase in geothermal gradient) but can also lead
to formation of non-planar isotherms in areas with
rugged relief (Stiiwe er al. 1994; Mancktelow &
Grasemann 1997; Braun 2002). Following these
authors, we interpret the delay between fast exhu-
mation and fast cooling, as documented by
Middle to Late Miocene cooling ages, as an effect

of advective heat transport during a limited phase
of fast tectonic exhumation. Sanders (1998)
determined mean erosion rates of 0.5 mm/a in the
East Carpathians for about the same time interval,
ie. from Middle Miocene to Pliocene times
(15 to 5 Ma).

Uplift and exhumation at a regional scale

Middle Miocene ages in the western part of the
study area reflect a first stage of exhumation
related to the transpressional stage of defor-
mation. The stratigraphically dated Middle
Miocene transpressional stage (16 to 12 Ma) is
interpreted as a result of the NE-directed perpen-
dicular convergence during soft collision of
Tisza—Dacia with the NW-SE striking
European margin.

The enhanced Middle to Late Miocene exhuma-
tion rates deduced from thermochronological ana-
lyses are contemporaneous with the transtensional
stage of deformation documented in the study
area. The transtensional stage of deformation is
thought to be the result of oblique convergence of
Tisza—Dacia with the NW—SE striking European
margin, evidenced by eastward thrusting in the
external Miocene thrust belt (Matenco & Bertotti
2000). Blocking of eastward movement of Tisza—
Dacia in the north led to sinistral strike-slip activity
along E-W trending faults and coeval normal
faulting along NE—SW directed faults (Tischler
et al. 2006). This fragmentation of the crust by
normal and sinistral strike-slip faulting into SW
down-tilted blocks led to the development of
triangle-shaped graben (Borsa graben) and corre-
sponding horst structures (Rodna horst; Fig. 12).
Exhumation of internal units during foreland
propagating thrusting is also known from the wes-
ternmost Carpathians. Danisik et al. (2004) report
enhanced Middle Miocene exhumation in the
northern Danube basin, documented by apatite FT
ages (16 to 13 Ma), contemporaneous with north-
directed emplacement and thrusting in the
Miocene thrust belt further to the N (16 to 14 Ma,
e.g. Jiricek 1979).

Although the main activity of the Bogdan—
Dragos—Voda fault system terminated at 10 Ma,
extensional veins within the volcanic body of Baia
Mare, featuring hydrothermal ore deposits (7 to
8 Ma, Lang et al. 1994), suggest minor extensional
activity after 10 Ma. Possible Late Miocene
normal and strike-slip faulting may explain the
extraordinarily young apatite FT ages (7.8 Ma,
Fig. 12) in the SE part of the study area. Such a
Late Miocene exhumation would be contempora-
neous with strike-slip deformation in the external
East Carpathian Miocene thrust belt, dated at 9 Ma
(Matenco & Bertotti 2000).
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Conclusions

The basement units of the Maramures Mountains,
the Rodna horst and the Preluca massif suffered a
last stage of metamorphism under sub-greenschist
to lowermost greenschist facies conditions during
the later Early Cretaceous, followed by Late Cretac-
eous cooling and exhumation. Palacogene to Early
Miocene sedimentation and thrusting caused
renewed heating by burial, which led to full anneal-
ing of fission tracks in apatite in parts of the
study area.

Soft collision of Tisza—Dacia with the European
margin initiated a first transpressional tectonic stage
(16 to 12 Ma) which caused exhumation by folding
and reverse faulting in the western part of the study
area. Middle Miocene cooling ages (15.0 to
13.2 Ma) are related to this tectonic stage.

Transpression was followed by transtension
(12 to 10 Ma) during ongoing NE—SW shortening.
The late-stage evolution of the Rodna horst is
dominated by combined normal and strike-slip
faulting, which led to its fragmentation into tilted
and fault-bounded blocks. Fast exhumation in the
central part of the Rodna area resulted in Middle
to Late Miocene cooling ages (12.7 to 7.3 Ma).
Exhumation rates exceeded 1 mm/a during this
stage and caused advective heat transport leading
to delayed cooling.
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Appendix 1a. Results of fission track analyses in the study area: radial plots. All radial plots (Galbraith 1990) of
the same data group (Ap/Zr) show the same age spectrum to allow for direct comparison.
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RS-1] | sample code R2 code of vertical profiles
zircon FT central age [Ma] 2K[GE] 9.5| | sample zircon FT apatite FT
apatite FT central age [Ma] 4 JE:FX:310.0 | | extension JETUNEIEREYEIN central age [Ma)

Appendix 1b. Results of fission track analyses in the study area: ages in map view. All given ages in the map are
central ages (Galbraith & Laslett 1993).
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Appendix 2. Etch pit long axes measurements of the samples from the Preluca massif. P4 did not provide enough
spontaneous tracks. Generally, as many as possible etch pit long axes per grain were measured, up to a maximum of
ten. The grain ages are plotted with their single grain error and the mean of the etch pit long axes is plotted with
one standard deviation.





