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[1] Apatite fission track (AFT) and (U-Th)/He (AHe)
thermochronology have been combined to constrain
the exhumation history of the SE Carpathians. Cooling
ages generally decrease from Cretaceous for the internal
basement nappes (AFT ages), to Miocene—Quaternary
(AFT and AHe, respectively) for the external sedimen-
tary wedge. The AFT and AHe data show a Paleogene
age cluster, which confirms a suspected but never dem-
onstrated tectonic event. The new data furthermore sug-
gest that the SE Carpathians have been affected by a
middle Miocene exhumation phase related to continental
collision, which occurred at rates of ~0.8 mm/yr, similar
to the one previously inferred for the East Carpathians.
The SE Carpathian tectonic evolution, however, is over-
printed by two younger exhumation events in the
Pliocene—Pleistocene. The first exhumation phase
(latest Miocene—early Pliocene) occurred at high exhu-
mation rates (~1.7 mm/yr) and is interpreted as a tec-
tonic event and/or associated with a sea level drop in
the Paratethys basins during the Messinian low stand.
The youngest recorded tectonic phase suggests rapid
Pleistocene exhumation (~1.6 mm/yr) and is interpreted
to represent crustal-scale shortening different in
mechanics from collisional processes. The data suggest
that the SE Carpathians did not develop as a typical
double-vergent orogenic wedge; instead, exhumation
was related to a foreland-vergent sequence of nappe
stacking during collision and was subsequently
followed by a large out-of-sequence shortening event
truncating the already locked collisional boundary.
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1. Introduction

[2] The relationship between the construction/destruction
of an orogen and the transport/infill in the adjacent sedi-
mentary basin results from a complex interplay between
tectonic and surface processes. The resulting mass redistri-
bution drives uplift and erosion in the orogen and subsidence
and sedimentation in the foreland basin. The typical geometry
of a foredeep as shown by modeling studies assumes a sed-
imentary wedge formed by flexure due to thrust loading,
which migrates in time toward the foreland due to subduction
[e.g., Beaumont, 1981]. When the nonthinned crustal part of
the lower plate arrives at the subduction zone (i.e., during
collision) the convergence gradually stops, the foreland basin
undergoes a regressive stage of complete basin fill and is
exhumed due to postcollisional rebound. This typical model
is often at odds with observations derived from seismic
studies, which demonstrate significant subsidence of the
foreland basin and the external part of the orogenic wedge in
the postcollisional stage and/or renewed out-of-sequence
contractional episodes [e.g., Bertotti et al., 2006]. This has
been explained by the postcollisional evolution of the rem-
nant slab, which can impact the geometry of foredeep wedges
by vertical movements associated with processes such as
detachment or delamination [e.g., Sacks and Secor, 1990;
Wortel and Spakman, 2000]. However, some of the abnormal
foredeep geometries cannot be explained only by the evolu-
tion of the slab, and can be alternatively explained by other
processes, such as lithospheric folding in the case of the
Carpathians [e.g., Bertotti et al., 2003].

[3] Models of subduction generally predict that mountain
chains will develop in double-vergent orogenic wedges
during collision and that denudation amplifies the hinterland
exhumation along retroshears [e.g., Beaumont et al., 1994].
In such orogens, exhumational steady state, i.e., the balance
between topography, erosion and temperature distribution,
assumes that reset thermochronological age zones will be
nested adjacent to the retrodeformation front [e.g., Willett
and Brandon, 2002]. However, many orogens do not
appear to indicate obvious enhanced contractional exhuma-
tion in the orogenic core during collision. This is observed
in Mediterranean-type orogens, such as the Apennines,
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Dinarides, Calabria and the Betics [Jolivet and Faccenna,
2000]. Most of these chains develop back-arc basins during
convergence [Faccenna et al., 2004] and can be defined as
subduction-dominated orogens, i.e., where the subduction
velocity is higher than the convergence velocity [Royden and
Burchfiel, 1989].

[4] The SE Carpathians (Figure 1) are an example of such
an orogenic system that lacks enhanced exhumation in the
orogenic core. It forms a highly arcuate mountain belt asso-
ciated with a large back-arc basin (i.e., Pannonian Basin,
Figure 1). Within the Carpathian system, the collisional
evolution of the SE Carpathians and adjacent Focsani fore-
deep basin shows some striking features. Following the ces-
sation of early to middle Miocene nappe stacking, a Pliocene
to Quaternary exhumation phase took place synchronous
with abnormally high subsidence in its foredeep basin [e.g.,
Tarapoanca et al., 2003]. The foredeep reveals continuous
latest Miocene—Pliocene subsidence, subsequently followed
by early Quaternary inversion and tilting of strata [Matenco
et al., 2007]. However, in the adjacent orogenic nappe pile
the timing of this renewed contraction and associated uplift
appears to have started earlier, at around 5-6 Ma. This is
indicated by thermochronological studies [Sanders et al.,
1999] and a petrological change in the sediment sources of
the foredeep deposits [Panaiotu et al., 2007]. The force
driving this two-stage postcollisional evolution (subsidence
followed by renewed contraction) is not well understood, but
is generally attributed to processes taking place in the already
subducted slab (such as delamination) (see Knapp et al.
[2005] for a review), or to intraplate deformation [e.g.,
Cloetingh et al., 2004]. In this context, understanding the
postcollisional exhumation history provides key near-surface
constraints on the overall lithospheric evolution.

[5] Deformation episodes in the Carpathians are tradition-
ally dated using posttectonic covers [e.g., Sandulescu, 1988]
(Figure 2). Quantitative thermochronological constraints on
the exhumation history related to these deformations are
available for the South Carpathians [Fiigenschuh and
Schmid, 2005, and references therein] or for isolated parts
in the East Carpathians [e.g., Groger et al., 2008] (Figure 1).
No quantitative constraints on the pre-Miocene evolution of
the SE Carpathians are available. These are, however, critical
for unraveling the unusual collisional geometry of the SE
Carpathians. This is because a large part of the rotation and
translation of the Tisza-Dacia upper plate unit around the
Moesian lower plate (Figure 1) took place during the Paleo-
gene [e.g., Fiigenschuh and Schmid, 2005]. This movement
of the upper plate would imply shortening in the East and SE
Carpathians, which is not defined so far.

[6] A large number of uncertainties exist concerning the
mechanisms, timing and rates of exhumation of the final

MERTEN ET AL.: EXHUMATION HISTORY OF THE SE CARPATHIANS

TC3013

evolutional stages of low-topography orogens such as the
Carpathians. This is largely due to the fact that exhumation is
in the order of a few kilometers and thus outside the resolution
of most thermochronometers. However, with the application
of apatite fission track (AFT) and apatite (U-Th)/He (AHe)
thermochronology with low closure temperatures of 120—
80°C and 85-40°C, respectively, the location, timing and
rates of Cretaceous—Quaternary exhumation in the SE
Carpathians can be assessed.

2. Evolution of the East and SE Carpathians
and Kinematic Constraints

[7] The Carpathians are an arcuate fold-and-thrust belt,
which resulted from N-S convergence between a puzzle of
continental domains situated between the main Apulian/
Adriatic and Eurasian plates [e.g., Csontos and Véros, 2004,
and references therein] (Figure 1b). In the Romanian
Carpathians, the Alpine kinematics can be briefly summa-
rized as the evolution of three continental domains which
have closed two oceans. At the interior, the East Vardar
Ocean (or Transylvanides), part of the Neotethys, was
situated between the Tisza and Dacia continental blocks
(Figure 1b) [see Schmid et al., 2008]. It opened during
Triassic—Jurassic times, gradually closed and underwent
subduction/obduction during Late Jurassic—Cretaceous times
followed by continental collision in the late Early Cretaceous
[e.g., Schmid et al., 2008, and references therein]. At the
exterior, the Ceahlau-Severin Ocean, part of the Alpine
Tethys, opened between the Dacia block and the European/
Moesian foreland during Late Jurassic—Early Cretaceous
times (Figure 1b) and was subsequently closed by subduction
recorded in Cretaceous to Miocene contractional episodes
[e.g., Stefanescu, 1976, Schmid et al., 2008].

2.1.

[8] In the East and SE Carpathians, Cretaceous conver-
gence of the Ceahlau-Severin Ocean resulted in intra-Albian
and intra-Senonian tectonic events affecting both the upper
continental block (Dacia) and the sediments deposited in
the Ceahldu-Severin oceanic domain [Sandulescu, 1988]
(Figure 1). The former is composed of the so-called Bucov-
inian nappe stack (Figure 1a), which contains metamorphic
series of Late Precambrian to Cambrian age [e.g., Krdutner
and Bindea, 2002] and an Upper Carboniferous to Mesozoic
sedimentary cover. Lower Cretaceous sediments grade into a
prelower Albian wildflysch. This sequence is found under-
neath the overriding ophiolite-bearing Transylvanian nappes
derived from the obduction of the East Vardar Ocean. Tec-
tonic contacts among the three Bucovinian nappes are sealed

Cretaceous Convergence of Ceahlau-Severin

Figure 1.

(a) Tectono-structural map of the SE Carpathians (modified after Vasiliev [2006], Sandulescu [1984], Visarion

et al. [1988], and Matenco et al. [2003]). Contours in the Focsani Basin indicate depth of Quaternary deposits [Matenco
et al., 2007]. Solid black line marks the cross sections of Figures 5a and 7a. Dashed black ellipse indicates Vrancea seis-
mogenic zone. (b) Tectonic map of the Eastern Alps-Carpathians-Dinarides-Balkans region (simplified after Scimid et al.
[2008]) with solid box indicating the location of the SE Carpathians (Figure 1a). White lines indicate the outlines of the
Pannonian and Transylvania basins. Dashed black line indicates the border of Romania. (c) Topography of the Carpathians-
Dinarides-Pannonian system in Europe with solid box indicating the location of Figure 1b.
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by an upper Albian to lower Cenomanian posttectonic cover
[e.g., Stefanescu, 1976; Kriutner, 1980].

[¢] The ophiolite-bearing Ceahlau unit (and its South
Carpathian equivalent, the Severin nappe) forms a wedge
accreted onto the overlying continental Dacian units
(Bucovinian-Getic nappes, Figure 1a) during the intraAlbian
tectonic event [e.g., Sandulescu, 1988]. During the same
intraAlbian event, the most internal thrust sheet of the
Ceahlau unit (Baraolt nappe, Figure 1a) was deformed, as
indicated by the upper Albian—Cenomanian posttectonic
cover (Figure 2) [e.g., Stefanescu, 1976]. The intraSenonian
event led to the thrusting of the main body of the Ceahlau
unit over the depositional area of the future Miocene ex-
ternal thrust belt (Figure 1), as demonstrated by the late
Campanian—Maastrichtian posttectonic cover (Figure 2)
[e.g., Sandulescu, 1988; Melinte and Jipa, 2005].

2.2. Miocene Contraction of the External East
and SE Carpathians

[10] The subsequent tectonic evolution of the Miocene
external thrust belt [Sandulescu, 1988] was driven by sub-
duction retreat of a slab derived from the Ceahlau-Severin
Ocean into the so-called “Carpathian embayment.” This
concave-shaped embayment follows the present day curved
configuration of the Carpathians and was situated in a more
eastward position relative to the Ceahlau-Severin paleogeo-
graphic domain (Figure 1) [Balla, 1987; Ustaszewski et al.,
2008]. Closure of the embayment culminated with the late
Miocene continental collision of the Tisza-Dacia block with
the European/Moesian foreland [Sandulescu, 1988; Morley,
1996].

[11] The Miocene external thrust belt of the East and SE
Carpathians comprises Cretaceous to Miocene clastic sedi-
ments (mostly turbidites, Figure 2) presently nappe stacked
over the European foreland (senso-largo, including the distal
parts of the Moesian and Scythian platforms, Figure 1).
Thrusting of the Miocene external thrust belt took place
gradually toward the foreland as dated by posttectonic covers
(Figure 2) and can be subdivided into three different sub-
stages [Stefanescu, 1976; Sandulescu, 1988]. The Convolute
Flysch, Macla and Audia nappes (Figure 1a) were stacked
during early Burdigalian times (18-20 Ma). The Tarcdu and
Marginal Folds nappes (Figure 1a) were internally stacked
and thrust onto their foreland during the middle Miocene
(latest Burdigalian—Badenian, 17-15.5 Ma). At the beginning
of the late Miocene (~11 Ma), the most frontal Subcarpathian
nappe (Figure 1a) was thrust over the present-day “unde-
formed” foreland [e.g., Matenco and Bertotti, 2000].
The basal sole thrust at the front of the SE Carpathians
(Pericarpathian Line, Figure la) is covered by uppermost
Miocene—Quaternary sediments, thus indicating that the main
thrusting episode terminated during the late Miocene (middle
Sarmatian, ~11 Ma, Figure 2) [e.g., Dumitrescu and
Sandulescu, 1968]. The general interpretation is that colli-
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sion was locked from this moment onward and generalized
exhumation of the mountain belt occurred, except for the SE
Carpathians [e.g., Cloetingh et al., 2004].

3. Postcollisional Deformation in the SE
Carpathians

[12] After the late Miocene termination of thrusting in the
Carpathians, postcollisional deformation affected the area of
the SE Carpathians only (Figure 1a). Here, post—11 Ma to as
young as Quaternary sediments of the foredeep (Figure 1la,
the Focsani Basin) are deformed [e.g., Hippolyte and
Sandulescu, 1996; Tarapoanca et al., 2003; Leever et al.,
2006, and references therein]. Synkinematic thickness var-
iations have been recorded from the uppermost Pliocene
onward and lower Quaternary coarse deposits have been
subsequently tilted (~5-10° eastward dip) and uplifted to
present-day elevations of up to 1 km [e.g., Leever et al., 2006]
(Figure 2). In the SW areas (Figure la, between Buzau and
Targoviste) open folds and thrusts have triggered the remo-
bilization of earlier salt diapirs [e.g., Stefanescu et al., 2000].
Structures linked with this deformation phase are oblique
and out-of-sequence relative to the structural grain of the
Miocene external thrust belt [see Hippolyte and Sandulescu,
1996]. In contrast to the ~2 Ma onset of deformation indicated
by the inversion of foredeep strata as young as lower Qua-
ternary, sandstone petrography data record a change in the
source area around 5 Ma, from a volcanic arc province
derived from the hinterland volcanoclastic edifices [see
also Seghedi et al., 2004] (Figure 1a), to a recycled orogen
province [Panaiotu et al., 2007] (Figure 2).

[13] The postcollisional deformation structures in the SE
Carpathians have been attributed to a large number of
potential geodynamic processes, in an effort to explain the
high-velocity mantle anomaly and strong intermediate-
mantle seismicity presently observed beneath the Vrancea
area (Figure 1a) [e.g., Oncescu and Bonjer, 1997; Martin
et al., 2006]. Popular geodynamic models such as vari-
ous types of slab detachment, slab delamination, thermal
reequilibration, large-scale lithospheric/crustal folding or
gravitational instability of the mantle lithosphere have been
proposed (see discussion from Matenco et al. [2007]).
Whichever geodynamic model is preferred, they all invoke
an initial Miocene slab retreat/rollback [see Royden and
Burchfiel, 1989] as the principal driving force for the for-
mation of the Miocene nappe pile.

4. Low-Temperature Thermochronology
of the SE Carpathians

[14] To reconstruct the tectonic evolution of SE Car-
pathians, vertical movements were traced along a ~150 km
long NW-SE trending iso-elevation transect (average ecle-
vation 580 & 130 m) crossing the SE Carpathian orogen from

Figure 2. General time correlation table, lithological columns and tectonogram for the SE Carpathians [after Sandulescu
et al., 1981; Necea et al., 2005; Matenco and Bertotti, 2000]. Time correlation table between Tethys and Paratethys and
absolute ages are taken from Hagq et al. [1987], Rogl [1996], and Gradstein et al. [2004]. Italic ages in the Sarmatian—
Romanian interval are from the magnetostratigraphic results of Vasiliev et al. [2004]. Note the change in time scaling at 23 Ma.
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the Transylvania hinterland basin to the Focsani foredeep
basin (Figure 3). In total 16 clastic sediment samples were
analyzed for AFT and AHe thermochronology (Table 1). Of
the 16 samples, six were already measured for AFT [Sanders
et al., 1999] but reassessed by AHe (Table 1); 10 new sam-
ples were collected.

4.1. Apatite Fission Track Thermochronology (AFT)

[15] Apatites were separated from whole rock using stan-
dard mineral separation procedures. The 90200 pm grain
size range was handpicked to take out the nonapatites, as
regular mineral separation procedures did not yield pure
apatite selections. Two mounts were prepared for each sample;
one for age determinations (on 21 to 80 grains) and one for
confined track length measurements. Fission track ages are
central ages [Galbraith and Laslett, 1993] and were calculated
with TRACKKEY version 4.2.g [Dunkl, 2000]. The Chi-
square ()(2) test [Galbraith, 1981; Brandon, 1992] was used to
assess the homogeneity of the age population for each sample
(Table 2). Only two of the ten samples returned P(y?) values
of >5% and dispersions <30% (RO-10 and RO-12), indi-

cating homogeneous age populations (Table 2). One sample
with a P(x?) value >1% and a dispersion <30% (RO-08)
was also considered as homogeneous. The other seven sam-
ples have P(x?) values <1% and dispersions >30%, indicating
mixed age distributions (Table 2). The program BINOMFIT
(developed by M. Brandon and summarized by Ehlers et al.
[2005]) was used to decompose ages for mixed age dis-
tributions in the heterogeneous samples.

[16] The samples yielded low spontaneous fission track
densities for track length measurements, thus tracks-in-track
(TINTg fission track densities were enhanced prior to etching,
using **>Cf-derived fission fragment tracks [Donelick and
Miller, 1991]. For each sample 31 to 136 horizontal con-
fined tracks were measured (Table 2). Confined track lengths
are normalized for track angle using the c axis projection
model of Donelick et al. [1999] to increase the consistency of
the measurements and to compensate for Cf-irradiation and
observer bias [e.g., Barbarand et al., 2003; Ketcham, 2005b;
Ketcham et al., 2007]. Etch pit diameters (Dp,,) Were mea-
sured on both age and track length mounts [Donelick, 1993;
Ketcham et al., 1999]. All statistical uncertainties on ages and

6 of 28



TC3013

MERTEN ET AL.: EXHUMATION HISTORY OF THE SE CARPATHIANS

TC3013

66611 1 12 suopupg “syueuodwos a8e 11V,

*Apnys sty ur A3ojouoryoounoy) IHY Aq pazATeural orom sajdwes asay) Jjo 9 {[6661] v 12 siapung Aq 1AV 10J pazAleue sojdues,

“Aprus sty “oSe oot pajySom I0LI OH YV,
‘[6661] v 12 s1opung pue Apnis sny ‘o8e [eNUD [V,

“Kprus sty (700 ‘uopuvg] LIANONIE Wim pajenoes suonendod ofe [ 4V,

'sa8e j9sa1uou Jussaidar sorfey ur sagy,

90 6 PHY (ueneueg dog)
roorl 6 Ir $C 601 LAV 67 8LE SOI-S'T1 ouoIspues doaparo (9 0S¢ 20-04
80 66 pPHY (uenoop)
& s IT 8L oAV 9 11§ $'8-6°01 ouoIspues doaparo (9 0LE #0-0d
70 €€ pPHV (uemeyd-ueruoqeliq)
S 81 II 9 79 0SI LAV 6 €8¢ 0°€T-TLE auojspueg addeu neoxey, ( $6€ S0-0¥
70 v'e PHY (oua3ooleq)
T o¥o€ 9 Jav L Lt 0°€T-$'S9 auojspueg addeu neoxey, ( 0cy  ,v9 died
1°0 6’1 vuﬁ{ Aﬂ.mﬁouﬁdlvﬂooogmn—v
o9l L €€ oldV 9T 1€t ¥’ 0v—5'S9 ouoIspues oddeu neoref, ( oLy 90-04
(ouoo0y)
0T 09 T ¢SI LAV 9 1T 6'€€-8'SS ouojspues addeu neoref, (f 00S .59 dre)
S0 e pPHV (u2208110)
01 0¥ I 0C JAv 9 e 0°€T-6'€€ auojspueg addeu neorey, ( 079 99 died
10 0T PPHY (sua007)
01 0C 01 09 S € WAV € Tl 6'€€-8°SS ouoIspues oddeu neoref, ( 0€9  ,L9 dreD
10 fard PHY (uenoIn-2ud009[ed)
91 8¢ € 11 oAV 1T TL 7' 0v—5'S9 ouoIspues oddeu neoref, ( 09 L0-0d
4 €r pPHV (ueruouog)
01 0 LAV T ¢ $'69-¢'68 ouo)spues oddeu eipny (4 00L ,l¢de)
(A LPHY (uerqry)
0¢ 0L L €1 S 6l JAv v 91 9'66-0'CI1 auojspueg addeu yosAyy anjoauo) (1 089 .89 died
(uendy-uerwoLeg)
T €l JLAV 0T LTl 0'CIT-00¢1 9eI0U0[FU0) oddeu nejyea) (g 0SS 80-OY
I I pPHV (uendy)
9  6F JLAV §6 S8y 0'CII-0°STl 9eI0UWO[FU0) oddeu yjoereq (g 08S T1-0d
(UeIUBWIOU))-URIQ[Y)
S L o..—lm< S L C'€6—6'86 duojspueg JSA0D owﬁouooﬁmom SNOJdeI) Am 008 omv QHNU
Aﬁﬁc.maoaoouﬁﬁn:/xv
€ 0s €< €6 oldV 9L 9789 $'€66'86 9JeI0UWI0[FU0)) 10A00 dIu0jRNsod snooseldr) (¢ 0L 60-04
9 6¢ PHY
v 9 LAV ¥ 98 - ISIYOg oddeu ueruraoong-qng (J 00L  ,bg died
(2u2003110)
8 88 JLAV & 88 0°€T-6'¢E ouoIspues puepojuly uerueAjAsuer], ( 00L €€ de)
(ou0011A)
[ 4 re €1 TSI LAV 9 €8 €6-8'¢C ouoIspueg puepojuly uerueAjAsuer], ( 00L oLt dred
81 vEl LAV 81 el - ISIYOg oddeu ueruraoong (J 00L  ocg de)
vl LOT LLAV 8€I €L01 - ISIYOS oddeu ueruraoong (7 0cs 01-04
¢ pPHV (ueruopeg)
s sf & 86 GldAV 6S 69 STI-091 ouoIspueg puepojuly UerueAjAsuer], ( oLy 11-0¥
(e (e (e) (e) (e) (eW) () 2dAL (e) (eW) Aydei3onog i (u) apo)
oIF 8y ofF 98y oF 98y o]F 98y o[F VY o[F By o1F 98y ®eqg o]F 98y a8y OIu0309 ], uonead[q ojdwes
A1euI)en()-0l[{ OQUOJOIN| OUJJOOIJN QUIJOIN Jud09[ed URIUOUIS-BNU] UBIQ[Y-eHU] [enud) omder3nens
aeT  QIPPIN  Ajeg 14V

SNsyY AJojouoayoounay ], pue sonradord o[dwres marALAQ T dqeL

7 of 28



TC3013

MERTEN ET AL.: EXHUMATION HISTORY OF THE SE CARPATHIANS

TC3013

"UONRIAdD pIepuess s) g yim ojwerp jid yoje oSeioAe
s ¢s3j081) POULFUOD [BJUOZLIOY PAINSEAW JO JAqUInu s1 I\ ‘uonnqrysip yiSus| 3oe1} Jo uoneIAap prepuess st IS 10112 prepuess 0] F YISus] yoex uedw pajoafoid sixe o s1.o] F LA o[dwes e Jo uonnquysip a5e
ureld o[3us [e}0} oY) ur Juduodioo d3e oY) Jo dduEpUNqE oYL ST (%) *qV ‘uonendod oY) 10J [9AS] IUBPLFUOD %66 AL ST [D %S6 %0 €< SUOISIAASIP Yaim pue %6 1 (. X)g ssed jou op jey sojdures 10 [00T ‘Uopun.g]
LIZINONIF s pajenofes suonerndod o3e are ¢—1 “dod <worju 1od syred ur juejuod-n si ) ¢soSe uresd o[3urs ur uorsiadsip st dsi(q 10110 prepuels o SI O1F {[¢66] WaJsvT puv yup.iqipo] 93e [eNudd SI oe
“(1 snurw s[eISAId JO IOQUINU ST U 2I9UM) WOPSAI JO $92150p U 10J (X) arenbs-1y) Surureqo Ajiqeqoid st (LX)d (PN) 1030WISOp oy U0 POIUN0d S)oeX /L °GT YHM d/syoen (0 x ¢€0' | St so[duues jo 12s sy 105
(Pd) Ky1suap >joe 19)oUWISOp PAjuNod syoel) (paonpur) snoduejuods Jo roquunu 3 a1e (*N) SN {sonisudp yoexn (paonpur) snosuejuods a1e (1) 5d ‘speysAio aede pajep jJo Joquunu ST N :SMO[[0f SE 212 SUOHIARIQQY
"(USMI °S 10}) §-ND sse[S Jojounrsop pue gnede 10J 7€ F ¢7€ = ) (€861 ‘U2a..0 puv p.ofingy] yoeoidde uoneiqryes ejoz ay) Suisn
pouTuLINOp d10M saFe I IV "05eis adoosordrur pazuepndwods py Lid swaishS | NVISOLNY 9Y) AQ USALIP SeM 95U JOLIIUI EDTUI PUE JUNOW UIEIS 87} JO SUINONISOJ "x (00 JO UONEIYTUSEUI € (LM PaInsedurs
arom (¥*47) syid yoje pue )OI} PIUFUOD [BUOZLIOY JO SSUST 9AN[qo AIp Sursn uonesyrusew x0s yim adoosommu [eondo 16X g sndwA[Q UE Yirm Pajunod dIom SI0j00}pedtur pue sojede ur syoer]
"o [T ¥& SPU0D3S () 10F PIOE OLNIU JA 9" Ul PAYoj0 a1om sjunow Appuanbasqng (1661 )1y pun ¥212uo(] sYoen JUSWSEL UOISSIY POALIOP-1)), ., SuIsn SuIyojo 0} 10Lid paouryud 210M SJUNOW (HSUI] U SIRISUSP
Joexn uotssy INIL "A[oAR0adsal ‘soynura Gz pue g1 10} D, ¢ I8 PIO. OLION[JOIPAY %84 Ul PAYIID 2IOM SISSES 10jouIIsop pue so[dures Jo $10)00)0p BOIW [LUIA)X oY) ‘UOHRIPLLIT 1)y "UONBIPLLIT SULIND XN[j U0INOU
o) QUIULIAIOP 0} PIPNIOUL dIIM [T “IMDE Udp uva pun 4ausvy €861 7861 ‘U220 puv p.4ofingy] S10)09)9P BOIW [BUISIXS YIM JUSIUOD WNIUBIN UMOUY JO SISSB[S I9JOUWISOP GND OM], ‘SPUBLIOYION d} U0}
194 Ul NDA 9y JO 10J9BaI XN[J-MO] d) J& PAJRIPell pue [[86] ‘Appng puv mopnajn] s10109)p a41A09snW YIM (JNJH) POYIOW 10102)9p [eUIdIXd Aq pajep d1om sajdures "[€007 7/2-4npy] syoen snosuejuods
[B9ASI 0} D, [ 7 & PIOB OLIIU JA] 9°[ UL SPUOIIS ()f 10 PAYIID d1om UONRUIULINOP oSk 10] sayedy -ooepns sajnede oy [8oAd1 0) paysijod pue papunid Apuonbasqns pue ursar Axods ur poyunow a1oM sureln),

TO  I'T 68 LIl TIOFE6TI €11 0T SSTFS8Y  TL 98LT €201 6T8 S0€0 s TI-OW
v0  TI 09 860 €10FITHI LT 99¢/L9T 6L6 €8 06/<L 9LE €¥C ¥ 6SF69 00 8Sbe  8ITT €16 9850  €v 11-Od
0 01 8 €1 ITOFILTI 6% 81 SELFECLOL S65 6SS 8I¥'0  ¥SE §9T0 7€ 0I-0¥
0 I'l 19 980 I11I0F+0¥1 8¢ 6'ST/E0T ST6 TS T'SI/OTL €05 +T1 1€ 9LF98 00 SvOF 9201 1891  9T¥0 8L 60-O¥
TO  TT 9% ¥6'T 6T0FELTI Vel LT O0TFLTL €1 16Tl TTI 96 600 1T 80-Od
TO  TI 1€ S8T €C0FTYII € 9¢LT SOI Ly 6LET 8¢ ST 8 TIFTL 00 $68y  ITET  SOT §S00 O L0-OY
€0 TI 9€l TI'T 010 FseTl €  1'8/9 $TE LS THAE 9L 991 9€ 9TFIEC 00 6ILL  SSHT 9S01 6610 9L 90-Od
v0 9T 0TI €'l OI'0OF¥SEl Ol €vL/86h L6YL Sy 9TI66 LSy Sy SS/TH €81 €¥C €9 6SFE€8 00 CTELT  TWOT  ¥ES 66£0  LE S0-Od
€0 TI 89 SI'T vI'0FSTEl 8¢ TETGLL TSL T9 LBOL TSE €vT OF TOFIIS 00 6L8€  LLI'T 9501 €650 IS #0-Od
€0 €1 98 V'l TIOFLLEL ¥1 T'9YI'IT $801 IS TOI/I'8 LOF #€  SvHe 6€l 8LI 89 6PFLE 00 0LS9  €Ov'l  TWLI  TLEO 08 TO-OY
(wr) (wrd) N () @) (%) (o) @) %) o) @) (%) (o) (W) (wdd) (%) (e (%) N (w01 x) °N (W20l x) N 4P
wlaqs g ds OoTFTLAN QV 1D %S6 € 'dod Qv [D%S6 ¢ 'dod qv D %S6 1'dd N dsig orFe8y  (Nd 'd °d ojdureg

LB1ed [eonAJeuy el uoissi] anedy 7 dqe],

8 of 28



TC3013

mean track lengths (MTLs) are quoted at the +lo level
(Table 2).

4.2. Apatite (U-Th)/He Thermochronology (AHe)

[17] Inclusion-free apatite grains were carefully hand-
picked in alcohol under polarized light. Selected grains were
photographed and dimensions were measured for a-ejection
correction [Farley, 2002]. Single grain replicates (2 to 6) have
been analyzed for all samples.

[18] Ten single grain samples (Table 3) were analyzed at
SUERC. Apatites were packed in 99.9% pure Pt tubes, and
helium was extracted following procedures of Foeken et al.
[2006]. Because of the sometimes low *He yield in the
samples (Table 3), system blanks were routinely monitored
throughout the day (minimum of 2 per day, total blanks
measured n = 24). “He blanks yielded 3.3 x 1072 £ 2.8 x
107" ccSTP (n = 5) for RO-samples marked “L” and 1.8 x
10712£3.1 x 10" ccSTP (n = 19) for the remaining samples.
Laser heated empty Pt tubes yielded indistinguishable “He
blanks of 2.5 x 107" £ 5.0 x 107"* ¢cSTP (n = 3). Thirty
analyses required blank corrections of <10%; 14 analyses are
between 10 to 50% (Table 3). Reextracts were routinely run
for each sample, and were all within system background
levels.

[19] Helium measurements for six samples were performed
at VU University Amsterdam (VUA, Table 4). Helium was
extracted by loading apatites into Inconell cups and heated by
an external furnace, following procedures of Foeken et al.
[2003]. System background blanks were assessed by heat-
ing empty Inconell cups and ?/ielded daily averages rangin
from2.4 x 102 £34%x10 2093 x 10+ 1.7x 107"
ccSTP (n =2 to 5). Blanks contributed up to 35% and blank
corrections have been applied (Table 4). Reextracts were
routinely run for each sample, and were all within system
background levels.

[20] Following Helium extraction, apatites were prepared
for U and Th analyses following procedures of Balestrieri
et al. [2005] (SUERC samples) and Foeken et al. [2003]
(VUA samples). Instrument, full procedure and Pt blanks
were measured to assess U and Th background levels. Pt tube
blanks for laser heated samples yielded 0.9 +£0.1 pg and 6.0 +
0.6 pg (***U and ***Th, respectively, n = 2). Of the 44 anal-
yses, six required U blank corrections between 10 to 28%
(Table 3). The three analyses of RO-10 required corrections
between 69 to 100% and have not been taken into account for
further interpretation because U-quantities were below de-
tection limits of the mass spectrometer (Table 3). For Th, 22
out of 44 laser heated analyses required blank corrections of
10 to 36% (Table 3). Furnace heated samples yielded full
procedure blanks of 1.4 + 0.8 pgand 1.8 = 1.0 pg (U and Th,
respectively, n =4). Five out of 17 analyses required U blank
corrections of 10 to 26%, for one analysis the U-quantity was
below detection limit, and three Th analyses required cor-
rections between 10 and 25% (Table 4).

[21] Reported 1o uncertainties on all ages are propagated
from analytical uncertainties on U, Th and He determinations,
blank corrections, and uncertainties on grain size measure-
ments for a-correction. For each sample the error weighted
average of single grain ages has been calculated, which has
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subsequently been used for further interpretation. Single
grain ages for samples RO-09 and Carp 45 were very disperse
and thus these samples have not been taken into account for
further interpretation.

[22] Fragments of VU Durango fluorapatite (60—180 pm, 1
to 3 fragments) were analyzed both by laser and furnace.
Laser heated Durango ages are 32.8 + 0.6 Ma (n=4), which is
in excellent agreement with previously reported ages [e.g.,
Foeken et al., 2006]. Furnace heated Durango ages are
slightly older at 35.7 + 0.4 Ma (n = 5).

4.3. Thermal Modeling

[23] Time—temperature histories were modeled using the
HeFTy v 1.3c program Ketcham [2005a], using both AFT age
and length data and AHe data. Samples with nonreset AFT
ages and/or multiple age populations were modeled using the
AHe data only. The annealing model of Ketcham et al. [1999]
was used for the AFT data, which requires the use of the
etching procedure as outlined by Carison et al. [1999].
Carlson et al. [1999] show that the default initial track length
(lp) systematically correlates with certain measurable para-
meters including Dy, (lo = 15.63 + 0.283 x Dy,,,). Although
the VU etching procedure differs from the one by Carison
et al. [1999], the annealing model of Ketcham et al. [1999]
was preferred because it allows correcting for ¢ axis projec-
tion and Cf irradiation. The effect of the different etching
methods was calibrated by Murrell [2003] and Murrell et al.
[2009], who showed that the average ratio for D;,/;rj /ng‘rr Ison 3
1.255 (where Dl\)/a[rJ is the etch pit diameter obtained with the
VU etching method and DSa™*" is the etch pit diameter
obtained with the Carison et al. [1999] etching method). For
Dpgr values of 1.0 to 1.6 um (Table 2) the difference would
produce a /y of 0.072 to 0.115 pum greater than the “real”
value. Carlson et al. [1999] stated that 0.5 pum variation in /,
leads to a difference (overestimation) of 10—15°C in predicted
temperature of a time-temperature path. Using the annealing
model of Ketcham et al. [1999] on our data set would imply
an overestimation of 1.4-3.5°C, which is considered negli-
gible in this study and falls within the errors of the modeling
process. For the AHe data, the Farley [2000] Durango
He-diffusion model was used. Whereas more recent diffu-
sion models [e.g., Shuster et al., 2006] have become avail-
able, the Farley [2000] diffusion model is justified for these
samples as they are low in U and Th concentrations [sug-
gesting that alpha-radiation is of minor importance, e.g.,
Shuster et al., 2006], are not zoned and have been rapidly
cooled. The model precision was set to “best fit” to produce
the corrected age using the a-ejection correction model of
Farley et al. [1996]. The present-day surface temperature
was set to 10 = 5°C. Input model constraints are geological
constraints (e.g., stratigraphic unconformities and well
constrained tectonic phases).

5. Thermochronology Results

[24] Both AFT and AHe reset ages generally decrease
along section from the internal Bucovinian basement nappes
in the WNW to the Miocene external thin-skinned nappes in
the SSE (Figure 3). Total or partial reset AFT ages range from
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Table 3. (U-Th)/He Analytical Data Laser Heated Samples®

“He B8y 232Th Uncorrected Corrected
Sample “He" Blank B8yb Blank 227P Blank Age® Age® Error
Code (ccSTP)  Correction  (ng)  Correction (ng) Correction Th/U (Ma) Fr° (Ma) (£lo)
RO-02
pl-s¢ 1.66E-11 10% 0.016 5% 0.055 10% 3.6 4.7 0.64 7.4 0.6
p2-S 2.83E-11 6% 0.022 4% 0.081 7% 3.8 5.7 0.64 8.9 1.3
p3-S 2.39E-11 7% 0.017 5% 0.069 8% 42 5.9 0.63 9.4 1.6
pl-L 4.84E-11 7% 0.044 2% 0.095 6% 22 6.0 0.67 9.0 0.9
p2-L 3.60E-11 9% 0.024 4% 0.094 6% 4.0 6.4 0.68 9.5 2.5
p3-L 9.50E-11 3% 0.069 1% 0.169 3% 2.5 7.2 0.67 10.7 2.0
Average 9.1 1.1
Error weighted average 9.2 0.6
RO-04
p1-s¢ 9.17E-11 2% 0.032 3% 0.032 16% 1.0 19.2 0.65 29.7 22
p2-S 3.36E-12 36% 0.002 28% 0.010 36% 4.6 5.7 0.60 9.6 0.8
p3-S 1.60E-10 1% 0.137 1% 0.098 6% 0.7 8.2 0.59 13.9 2.9
Average 11.7 3.0
Error weighted average 9.9 0.8
RO-05
pl-S 2.08E-11 8% 0.054 2% 0.082 7% 1.6 23 0.62 3.7 0.7
p2-S 9.43E-12 16% 0.022 4% 0.049 11% 23 23 0.60 3.8 0.9
p3-S 6.79E-12 21% 0.017 5% 0.076 7% 4.7 1.6 0.57 2.8 0.5
Average 3.5 0.6
Error weighted average 33 0.4
RO-06
pl-S 1.91E-11 9% 0.081 1% 0.150 4% 1.9 1.3 0.65 2.1 0.3
p2-S 1.84E-12 50% 0.007 11% 0.026 19% 3.6 1.1 0.67 1.7 0.3
p3-S 1.15E-11 14% 0.065 1% 0.089 6% 1.4 1.1 0.61 1.8 0.3
pl-L¢ 6.57E-12 34% 0.008 10% 0.023 20% 2.9 39 0.72 5.4 0.5
p2-L¢ 1.12E-10 3% 0.307 0% 0.490 1% 1.6 22 0.71 3.1 0.4
p3-L 7.57E-11 4% 0.377 0% 0.295 2% 0.8 1.4 0.74 1.9 0.3
Average 1.9 0.2
Error weighted average 1.9 0.1
RO-07
pl-S 3.44E-11 5% 0.130 1% 0.160 4% 1.3 1.7 0.62 2.7 0.4
p2-S 5.81E-12 24% 0.013 7% 0.133 4% 10.7 1.1 0.61 1.8 0.2
p3-S 3.30E-11 5% 0.107 1% 0.216 3% 2.1 1.7 0.61 2.8 0.5
pl-L 3.81E-11 8% 0.089 1% 0.342 2% 4.0 1.8 0.68 2.7 0.5
p2-L 5.22E-11 6% 0.105 1% 0.538 1% 5.2 1.8 0.68 2.7 0.4
p3-L 2.69E-11 11% 0.071 1% 0.306 2% 45 1.5 0.70 22 0.3
Average 2.5 0.4
Error weighted average 22 0.1
RO-09
pl-s¢ 3.35E-10 1% 0.040 2% 0.016 28% 0.4 63.5 0.60 105.6 6.3
p2-s¢ 9.44E-11 2% 0.020 4% 0.014 31% 0.7 333 0.62 53.7 5.8
p3-8¢ 6.70E-10 0% 0.051 2% 0.035 15% 0.7 92.6 0.62 149.0 243
pl-L¢ 1.31E-11 21% 0.006 13% 0.013 31% 22 11.4 0.70 16.3 1.2
p2-L¢ 1.42E-11 20% 0.007 11% 0.016 27% 23 10.5 0.62 17.0 3.7
p3-L¢ 4.60E-10 1% 0.051 2% 0.014 30% 0.3 69.3 0.66 105.8 13.4
Average - -
Error weighted average - -
RO-10
p1-8¢ 2.38E-11 7% B.D. 84% 0.014 30% - 55.9 0.62 90.4 155.5
p2-s¢ 3.22E-11 5% B.D. 69% 0.011 35% - 85.7 0.58 146.5 22.5
p3-S¢ 2.73E-11 6% B.D. 100% 0.015 28% - 61.4 0.62 99.1 11.1
Average - -

Error weighted average - -
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Table 3. (continued)
“He B8y 232Th Uncorrected Corrected
Sample *He® Blank GO Blank 2327P Blank Age’ Age’ Error
Code (ccSTP)  Correction  (ng)  Correction (ng) Correction Th/U (Ma) Fr° (Ma) (xlo)

RO-11

pl-S 1.96E-10 1% 0.048 2% 0.097 6% 2.1 225 0.58 38.7 5.3

p2-S 2.14E-10 1% 0.095 1% 0.017 26% 0.2 17.7 0.62 28.7 3.1

pl-L 2.77E-10 1% 0.062 1% 0.198 3% 3.3 20.9 0.65 323 6.7

p2-L¢ 7.32E-10 0% 0.077 1% 0.221 3% 2.9 46.3 0.80 57.7 5.8

p3-L 4.63E-10 1% 0.092 1% 0.268 2% 3.0 24.5 0.63 38.5 8.6

Average 34.6 4.9

Error weighted average 32.0 2.4
RO-12

pl-S 1.05E-11 15% 0.003 21% 0.040 13% 11.9 6.7 0.57 11.8 2.4

p2-S 2.07E-11 8% 0.014 6% 0.028 18% 2.0 8.1 0.59 13.9 0.8

pl-L 3.07E-11 6% 0.016 5% 0.039 13% 2.5 10.1 0.69 14.8 2.5

Average 13.5 1.5

Error weighted average 13.8 0.8
Carp31

pl 1.81E-11 9% 0.036 2% 0.033 15% 0.9 3.4 0.76 4.5 0.4

p2 5.33E-12 29% 0.009 9% 0.017 26% 1.9 32 0.63 5.1 0.4

p3 1.62E-11 10% 0.051 2% 0.023 20% 0.5 2.4 0.68 35 0.4

Average 4.4 0.8

Error weighted average 43 0.2
VU Durango

D11 8.90E-10 0.4% 0.044 2% 0.773 0.8% 18.0 323

D13 1.43E-09 0.1% 0.063 1% 1.216 0.5% 19.7 335

D1 1.13E-09 0.2% 0.042 2% 1.023 0.6% 25.1 327

D2 2.33E-09 0.1% 0.097 1% 2.078 0.3% 22.0 32.6

Average 21.2 32.8

Standard deviation 3.1 0.6

3SUERC-measurements following procedures of Foeken et al. [2006]. *He concentrations were calculated by peak height comparison against a calibrated
“He standard, with a reproducibility of 1.4% (10, n = 46) for the duration of this set of experiments (July—August 2006). Following He-extraction, apatites
were prepared for U and Th measurements following procedures of Balestrieri et al. [2005] and spiked with a 2*Th/***U spike stock solution.

Blank corrected values; see text for explanation. B.D., below detection limit.

°Fr is fraction of alphas retained [Farley et al., 1996]; “corrected ages” are corrected for this effect.

9Not taken into account for average and error weighted average.

134 £ 18 to 56 £ 4 Ma (Bucovinian basement) to 2 £ 1 Ma
(Miocene external thrust belt, Figures 3, 4 and 5 and Table 1).
AHe ages are younger at 39 + 6 Ma (Bucovinian basement) to
1.9 £ 0.1 Ma (Miocene external thrust belt, Figures 3, 4 and 5
and Table 1). Mean c axis projected track lengths range from
11.62 £ 0.33 to 14.21 £ 0.13 pum (Table 2). Average Dy,
values are between 1.0 £0.1 and 1.6 £ 0.4 um (Table 2) and a
fluorine-apatite composition is inferred. No clear correlation
could be obtained between D, values versus AFT ages and
track lengths. Similarly, Sanders [1998] concluded that the
statistical age components of the SE Carpathians did not di-
rectly correlate with the apatite compositional groups based
on etch pit diameter or microprobe analysis. This can be
explained by the fact that statistical mixture models analyze
the final result of all factors influencing the spread in grain
age populations, including not only chemical factors but also
provenance ages. Thus for these samples, the obtained AFT
age populations are due to provenance and not to composition.

5.1.
Age

Thermochronological Ages Versus Depositional

[25] In general AFT ages have high dispersions, typically
>30% (Table 2 and Figure 4). Only samples with pre-Albian

depositional ages (Figure 4a and Tables 1 and 2) yield
homogeneous AFT ages that are totally reset, ranging from
134 +£ 18 Ma (Early Cretaceous) to 13 + 2 Ma (middle
Miocene). These samples have AHe ages from 39 + 6 Ma
(middle Eocene) to 14 + 1 Ma (middle Miocene, Figure 4a and
Tables 1, 3 and 4). All other samples, i.e., clastic sediments
deposited after intraAlbian emplacement of the Bucovinian
nappes, returned P(y?) values of <5% and dispersions >30%
(Figure 4a and Tables 1 and 2). These samples have mixed
AFT age populations ranging from 150 + 62 Ma (Late
Jurassic) to 2 + 1 Ma (Pliocene—Quaternary) (Figure 4 and
Tables 1 and 2) that can be explained by heterogeneous
annealing of apatites from a variety of sources [Brandon
et al., 1998]. The high dispersions indicate reworking of
sediments. Upper Cretaceous to upper Eocene sediments
have reset AFT age populations ranging from 93 + 23 Ma to
2 = 1 Ma. Post-Eocene sediments yield both reset and non-
reset AFT age populations ranging from 150 + 62 Ma to 14 +
4 Ma (Figure 4 and Table 1), suggesting that this group of
samples has not been buried to >110°C since deposition. AHe
ages for post-Albian samples are reset and cluster around 12 +
2 Ma (middle Miocene) and 4.3 = 0.2 to 1.9 + 0.1 Ma
(Pliocene—Quaternary) (Figure 4 and Tables 1, 3 and 4).
Three samples yield nonreset AHe ages of 32 £ 2 Ma
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Table 4. (U-Th)He Analytical Data for Furnace Heated Samples®

“He B8y 232Th Uncorrected
Sample “He" Blank B8yb Blank 2327P Blank age* Corrected  Error
Code (ccSTP)  Correction  (ng)  Correction (ng) Correction  Th/U (Ma) Fr° Age® Ma) (+lo)
Carp 34
pl 2.63E-10 3% 0.075 2% 0.005 25% 0.1 28.2 0.73 389 6.9
p2 2.67E-10 3% 0.076 2% 0.012 13% 0.2 27.9 0.69 40.4 11.8
Average 39.6 1.1
Error weighted average 39.3 6.0
Carp 45
pl¢ 5.99E-11 11% 0.033 4% 0.033 5% 1.0 12.1 0.73 16.6 4.6
p3¢ 1.36E-11 35% B.D. 130% 0.016 10% - 31.0 0.64 48.4 29.7
p4? 3.89E-11 17% 0.005 21% 0.037 5% 7.3 22.7 0.71 322 5.9
Average - -
Error weighted average - -
Carp 68
p2 1.69E-11 31% 0.004 24% 0.066 3% 15.1 7.0 0.58 11.9 2.8
p3 1.86E-11 11% 0.007 16% 0.060 3% 8.2 7.1 0.57 12.4 42
p4¢ 3.37E-11 7% 0.004 26% 0.085 2% 21.7 11.5 0.57 19.9 6.1
Average 12.2 0.3
Error weighted average 12.1 2.3
Carp 67
pl 2.45E-10 2% 1.218 0% 0.866 0% 0.7 1.4 0.78 1.8 0.2
p2 1.42E-10 3% 0.602 0% 0.643 0% 1.1 1.6 0.77 2.0 0.2
p4? 1.19E-11 28% 0.007 17% 0.070 2% 10.2 42 0.65 6.4 1.7
pS 5.93E-11 7% 0.245 1% 0.223 1% 0.9 1.6 0.65 2.5 0.5
Average 2.1 0.3
Error weighted average 2.0 0.1
Carp 66
pl 3.33E-11 12% 0.035 4% 0.183 1% 5.4 3.5 0.56 6.3 4.5
p2¢ 1.00E-10 5% 0.014 9% 0.075 2% 5.5 26.1 0.60 433 11.0
p4 5.37E-11 8% 0.097 1% 0.483 0% 5.1 2.1 0.67 3.1 0.5
Average 4.7 2.2
Error weighted average 32 0.5
Carp 64
pl 2.47E-11 17% 0.037 4% 0.117 2% 33 32 0.60 53 1.4
p2 3.74E-11 7% 0.124 1% 0.113 2% 0.9 2.0 0.60 3.4 1.3
p4 4.84E-11 6% 0.162 1% 0.110 2% 0.7 2.1 0.67 3.2 0.4
Average 39 1.2
Error weighted average 3.4 0.4
VU Durango
Cl11 2.44E-09 0.3% 0.091 2% 2.002 0.1% 22.6 35.6
C12 1.61E-09 0.6% 0.058 2% 1.335 0.1% 23.8 35.6
C13 1.14E-09 0.8% 0.044 3% 0.924 0.2% 21.6 35.8
Cl14 1.70E-09 0.1% 0.068 2% 1.387 0.1% 20.8 35.2
C15 1.23E-09 0.2% 0.047 3% 0.981 0.2% 21.5 36.4
Average 22.0 35.7
Standard deviation 1.2 0.4

2V U-measurements following procedures of Foeken et al. [2003]. “He abundances were calibrated against an internal “He standard with a reproducibility of
1.4% (10, n= 18, November 2004). Following He-extraction, apatites were prepared for U and Th analyses following procedures of Foeken et al. [2003] and
spiked with a 2>*Th/***U spike stock solution.

®Blank corrected values; see text for explanation. B.D., below detection limit.

°Fr is fraction of alphas retained [Farley et al., 1996]; “corrected ages” are corrected for this effect.

9Not taken into account for average and error weighted average.

(RO-11), 9.9 £ 0.8 Ma (RO-04) and 9.2 + 0.6 Ma (RO-02), the Bucovinian nappes, (2) Mesozoic sediments of the
suggesting that these were not buried to >60°C since depo- Ceahlau unit, (3) Albian—Cenomanian posttectonic cover of

sition and record provenance ages (Tables 1 and 3). the Bucovinian nappes, (4) Cretaceous—Paleogene turbidites
of the Miocene external thrust belt, (5) Paleogene-Miocene
5.2. Thermal Evolution of the SE Carpathians hinterland sediments of the Transylvania Basin and (6) Upper

[26] Six tectonic units have been identified based on the age Miocene—Qu.aternary postcollisional sediments of the Focsani
data: (1) Crystalline basement and Permo-Mesozoic cover of ~ foredeep basin.
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[27] The crystalline basement of the Bucovinian nappes in
the Persani Mountains yields total reset AFT ages of 107 + 14
(RO-10) and 134 + 18 Ma (Carp 32) (Figures 3 and 4 and
Table 1). A reset AFT age of 107 + 14 Ma in combination
with a negatively skewed MTL of 12.71 £ 0.21 pum (Figure 4b
and Table 2) points to a rapid cooling event followed by long
residence in the partial annealing zone. Thermal modeling of
RO-10, incorporating constraints of the marked Albian un-
conformity [e.g., Stefanescu, 1976; Krdutner, 1980] and the
~9 Ma exhumation of the Transylvania Basin [Krézsek and
Bally, 2006], suggests Albian cooling at ~7°C/Ma, fol-
lowed by Paleogene—Miocene reheating and subsequent
exhumation to the surface from ~10 Ma onward (Figure 6a
and Table 5). In contrast, ages for the Bucovinian basement
in the transition zone toward the South Carpathians are much
younger. This is indicated by the reset ages of 56 + 4 (AFT)
and 39 £ 6 Ma (AHe) for sample Carp 34 (Figures 3 and 4 and
Table 1). Thermal modeling of Carp 34 (Figure 6b and Table 5)
suggests that a main cooling event at ~8°C/Ma occurred there
from 45 to 33 Ma, suggesting a rapid Eocene cooling event.

[28] Lower Cretaceous conglomerate samples of the
Ceahlau unit (Figures 3 and 4 and Table 1, RO-12 and
RO-08) yield total reset ages of 49 + 6 and 13 =2 Ma (AFT)
and 14 £ 1 Ma (AHe). The younger ages suggest an increase
of middle Miocene thermal overprint from the more internal
Baraolt nappe toward the more external Ceahldu nappe
(Figures 3 and 5). MTLs of 12.93 + 0.12 um (RO-12) and
11.73 £0.29 um (RO-08, Table 2) suggest prolonged cooling
histories with residence in the partial annealing zone prior to
exhumation. Thermal modeling of sample RO-12 (Figure 6¢
and Table 5), incorporating constraints of the marked
unconformities between Turonian—Senonian and Paleogene
sediments on top of Lower Cretaceous deposits [e.g.,
Sandulescu et al., 1981], suggests two main heating-cooling
episodes. The first episode is of Eocene age and indicates
burial until ~55 Ma, which reached maximum temperatures
of ~100°C, followed by cooling from 55 to 50 Ma at a cooling
rate of ~13°C/Ma (Figure 6¢ and Table 5). The second epi-
sode shows late Eocene—Oligocene reburial to temperatures
of ~80°C followed by cooling from 16 to 9 Ma at a cooling
rate of ~8°C/Ma. From 9 Ma to present day, ongoing cooling
is recorded at ~2°C/Ma (Figure 6¢ and Table 5).

[29] The upper Albian—Cenomanian posttectonic cover
sealing the Bucovinian nappes yields more disperse reset
AFT ages ranging from 93 + 23 to 50 £ 13 Ma (Figures 3-5
and Table 1; RO-09 and Carp 45), suggesting a Late Creta-
ceous—Eocene cooling event.

[30] Ages for the Cretaceous—Paleogene turbidites of the
Miocene external thrust belt indicate that the area stretching
from the Convolute Flysch nappe to the Tarcau nappe was
affected by early-middle Miocene exhumation, overprinted
by latest Miocene—Pliocene and latest Pliocene—Quaternary
exhumation episodes (Table 1 and Figures 3 and 5).

[31] For the internal nappes of the Miocene fold-and-thrust
belt (Convolute Flysch, Macla and Audia nappes, Figure 3),
AFT reset ages decrease toward the foreland from 19+5, 13 +
7 and 7+ 3 Ma (AFT) and 12 + 2 Ma (AHe) in the Convolute
Flysch nappe (Carp 68) to 5+ 1 Ma (AFT) and 4.3 £ 0.2 Ma
(AHe) in the Audia nappe (Carp 31; Figure 5 and Table 1).
Thermal modeling of a sample from the Convolute Flysch

MERTEN ET AL.: EXHUMATION HISTORY OF THE SE CARPATHIANS
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nappe (Carp 68) suggests rapid middle Miocene cooling (at
~25°C/Ma) from ~90°C to surface temperatures between 13
and 10 Ma (Figure 6d and Table 5). Thermal modeling of a
sample from the Audia nappe (Carp 31) indicates the onset of
rapid latest Miocene—earliest Pliocene cooling around 6—
5 Ma. Cooling occurred in two main pulses (Figure 6e and
Table 5); the first pulse occurred between 6 and 4 Ma with
cooling from ~110°C to ~55° at a rate of ~33°C/Ma. The
second pulse occurred from ~1 Ma to present with cooling
from ~55°C to surface temperatures at a rate of ~36°C/Ma.

[32] Inthe external part of the Miocene fold-and-thrust belt
(Tarcau, Marginal Folds and Subcarpathian nappes), AFT
ages for the Paleogene sediments of the Tarcau nappe are
more dispersed and show a general increase of population
ages toward the foreland from reset 11 =3 and 3.8 + 1.6 Ma
(RO-07) to reset/monreset 18 = 5,46 = 11 and 150 + 62 Ma
(RO-05; Figures 3 and 5 and Table 1). Similarly, Sanders
et al. [1999] obtained AFT age populations of 26 to 20 Ma
(early Miocene), 15 to 14 Ma (middle Miocene), 6 to 4 Ma
(latest Miocene—carly Pliocene) and 2 Ma (latest Pliocene—
Quaternary) for samples from the Tarcau nappe (Figures 3
and 5 and Table 1; Carp 64—67). The minimum age popula-
tions are apatites least resistant to annealing, which means
they are reset around 100-80°C.

[33] Significant latest Pliocene—Quaternary exhumation of
the Tarcdu nappe is indicated by consistent AHe ages of 3—
2 Ma (Figures 3 and 5 and Table 1). Note that these very
young exhumation ages are restricted to samples located in
the Tarcau nappe with a southeastward shift with respect to
the 5 to 4 Ma exhumation ages for the Audia nappe (Figures 3
and 95).

[34] The positively skewed broad track length distribution
of RO-07 with a relatively short MTL of 11.62 + 0.33 um
indicates a complex thermal history with significant partial
annealing (Figure 4b). Thermal modeling of this sample,
incorporating constraints of the large-scale unconformity
observed by late Sarmatian sediments overlying the external
part of the Tarcéu nappe [e.g., Murgeanu, 1967], indicates
Paleogene burial up to maximum temperatures of ~110°C,
followed by middle Miocene (14—-11 Ma) cooling from 108
to 52°C at ~19°C/Ma (Figure 6f and Table 5). After reburial
to maximum temperatures of ~100°C, a renewed cooling
episode initiated around 3 Ma and yields a significantly
higher cooling rate of ~33°C/Ma.

[35] Six AHe samples from the Tarcdu nappe have been
modeled using their respective single grain AHe ages
(Table 5 and Figure 6g). The major model constraint is the
late Sarmatian unconformity also described above (box 1).
Samples with a post-Sarmatian reset minimum AFT age
population (RO-07, Carp 67, Carp 66) are constrained to pass
through the 100-80°C isotherm during the timing of the age
population (Table 5 and Figure 6g). All model results suggest
similar amounts of late Miocene—Pliocene (11-3 Ma) heating
(up to ~50°C, Figure 6g), followed by rapid cooling at around
3 Ma at cooling rates of 31 £ 7°C/Ma (average rate of all six
samples + standard deviation, Table 5 and Figure 6g). Inter-
estingly, more internal samples (RO-07, Carp 67, Carp 66)
cooled from slightly higher temperatures (~100°C), whereas
the more external samples (RO-06, Carp 64, RO-05) cooled
from slightly lower temperatures (80-70°C) during post-
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Figure 4a.

Thermochronological ages plotted against depositional age. Grey diamonds are AFT central

ages and crosses are AFT age populations of this study and Sanders et al. [1999]. Solid circles represent
error weighted average AHe ages. Ages that fall below the dashed line are reset ages and ages above the
dashed line are not reset after deposition and give a provenance age. Samples left of the dotted line are of pre-
Albian age and yield total reset ages. Samples to the right of this line are characterized by high AFT age

dispersions.

Sarmatian times (Figure 6g). This is reflected by reset and
nonreset AFT minimum age populations with respect to
the late Sarmatian unconformity for these two groups,
respectively (Figure 5).

[36] Oligocene—Miocene hinterland sediments of the
Transylvania Basin (Figure 3 and Table 1, RO-11, Carp 47
and Carp 33) yield nonreset AFT ages of 132 + 13 Ma (Early
Cretaceous), 98 + 32 Ma (Albian—Cenomanian), 88 + 8 and
84 + 4 Ma (IntraSenonian) and 44 + 4 and 38 + 8§ Ma
(Eocene). For RO-11, which has a Badenian depositional age
(Table 1, 16.4—12.5 Ma), a nonreset AHe age of 32 £ 2 Ma
was obtained (Tables 1 and 3). These ages are typical exhu-

mation ages for the basement units (Figure 3 and Table 1) and
suggest that the Bucovinian nappes have been a possible
source area.

[37] The uppermost Miocene (upper Sarmatian—Meotian)
posttectonic cover of the foreland (RO-04 and RO-02) yields
AFT provenance ages of 109 + 24 Ma (Albian), 78 + 21 Ma
(IntraSenonian), 41 + 9 and 35 + 8 Ma (Eocene) and 14 +
4 Ma (middle Miocene) (Figure 5 and Tables 1 and 2).
Sample RO-04 with a Meotian depositional age (Table 1,
10.5-8.5 Ma), has a nonreset AHe age of 9.9 £ 0.8 Ma.
Sample RO-02 has an AHe age of 9.2 £ 0.6 Ma with
single grain ages ranging from 7.4 £ 0.6 to 10.7 + 2.0 Ma

Figure 4b.

(left) The radial plots show AFT single grain ages. Grey shaded area represents the depositional age; Solid black

lines indicate central ages for homogeneous samples and age populations for heterogeneous samples (see text for further
explanation). Abbreviations: n is number of counted grains; P(x?) is probability obtaining Chi-square (x?); Ages are central
ages (for samples that do not pass P(x?) at 5% age is shown in italics); D. is dispersion in single grain ages. (right) The
histograms show measured ¢ axis projected confined track lengths. MTL is ¢ axis projected mean track length; SD is stan-
dard deviation of track length distribution; n is number of measured horizontal confined tracks.
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(Tables 1 and 3). This is roughly coincident with its upper
Sarmatian depositional age, which suggests a short lag time
between exhumation of the source and deposition of this
sample. The nonreset AFT and AHe ages are typical prov-
enance ages of the orogenic belt (Figure 3 and Table 1),
suggesting that the uplifting and eroding middle Miocene
orogen might have sourced latest Miocene foredeep sedi-
mentation. The short lag times imply very fast middle—late
Miocene erosion of the orogen and subsequent deposition in
the adjacent foredeep basin.

6. Interpretation and Estimates on Uplift
and Erosion, Subsidence and Sedimentation

[38] The timing and onset of exhumation events coincide
with the presence of clastic sediments in the adjacent paleo-
basins (Cretaceous sediments in the Ceahlau-Severin Ocean,
latest Cretaceous—Paleogene sediments in the later Miocene
fold-and-thrust belt and post-Sarmatian sediments in the
foreland basin), suggesting that post-Jurassic cooling in the
SE Carpathians can be ascribed to erosion resulting from
either denudation or tectonic uplift. Post-Jurassic heating of
rocks can be ascribed to burial by sedimentation. Neogene
volcanism in the Persani Mountains had a negligible effect, as
shown by the Cretaceous AFT ages for samples RO-10 and
Carp 32 (Figure 3). Minor reheating of the Bucovinian
basement rocks surrounding the volcanics in the Persani
Mountains might however explain the relatively short MTL
of 12.71 £ 0.21 pm for sample RO-10 (Table 2).

[39] To derive denudation rates from the cooling rates
(Table 5 and Figure 7), regional heat flow data [Veliciu and
Visarion, 1984; Demetrescu et al., 2007] were used to cal-
culate a constant (paleo)-geothermal gradient. The paleo-
geothermal gradient is based on the present-day geothermal
gradients obtained from the present-day surface heat flow,
which is ~40-60 mW/m? for the analyzed transect [Veliciu
and Visarion, 1984; Demetrescu et al., 2001; Andreescu
et al., 2002; Demetrescu et al., 2007]. Including thermal
conductivities of 1.7-4.5 W/m/°C for the sampled rocks, a
paleo-geothermal gradient of 20 + 5°C/km was calculated for
the entire transect. This is in agreement with the modeling of
the Miocene thermal evolution of the foreland basin
[Demetrescu et al., 2007]. Note that by assuming this rela-
tively low geothermal gradient, amounts and rates of denu-
dation represent maximum estimates. The exception from this
calculation is the area close to the Quaternary volcanics of the
Persani Mountains (Figure 3), where a present-day heat flow
of ~60-90 mW/m? is observed. Thus, a geothermal gradient
of 35 + 10°C/km was adopted for the late Neogene cooling in
the Persani Mountains (sample RO-10).

MERTEN ET AL.: EXHUMATION HISTORY OF THE SE CARPATHIANS
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6.1.

[40] Three exhumation phases occurred during Cretaceous—
Paleogene times. The intraAlbian (“Austrian””) exhumation
event recorded the emplacement of the upper Transylvanides
nappes, the internal stacking of the basement-bearing
Bucovinian nappes and deformation of the most internal
thrust sheets of the Ceahldu unit (Figures 8a and 8b). Reset
late Early Cretaceous AFT ages obtained for the Bucovinian
nappe (RO-10 and Carp 32; Table 1) and thermal modeling
suggest intraAlbian exhumation of ~3—5 km (Figures 7 and 8b).

[41] IntraSenonian (“Laramian’) exhumation is recorded
by Late Cretaceous AFT ages for the Albian—Cenomanian
posttectonic cover of the Bucovinian nappes (RO-09 and
Carp 45; Table 1) and yields ~3 km of exhumation. It records
the internal stacking of the Ceahlau unit and thrusting of the
Danubian part of Moesia over the Moesian foreland
(Figure 8c).

[42] The Sub-Bucovinian nappe (Carp 34), its Albian—
Cenomanian posttectonic cover (RO-09) and the Baraolt
nappe (RO-12) experienced early-middle Eocene exhuma-
tion of 3—5 km at ~0.4-0.7 mm/yr (Figure 7 and Table 5).
Thermal modeling (RO-07) and nonreset Albian and Paleo-
gene detrital AFT ages (RO-05; Table 1) for the Tarcau nappe
suggest that this segment of the Carpathians underwent 3.5—
5.0 km of coeval burial at ~0.2 mm/yr (Figure 7 and Table 5).
A possible source for Paleogene sedimentation in the
Carpathian embayment might have been the exhuming
Bucovinian—Ceahlau margin (Figure 8d). Paleogene—
Miocene burial (~2 km) is also indicated for the Bucovinian
basement of the Persani Mountains at the contact with the
Transylvania Basin (Figure 7 and Table 5).

Cretaceous—Paleogene Exhumation

6.2. Miocene Contraction and Collision of the East
and SE Carpathian Nappes

[43] The Tisza-Dacia plate started to move into the Car-
pathian embayment during the Paleogene—early Miocene
[e.g., Csontos, 1995], subducting the Carpathian embayment
and marking the onset of an earlier thrusting epsiode than
previously assumed in the Miocene external thrust belt
(Figures 8d and 8e). This induced minor exhumation, as
indicated by the early Miocene reset AFT age populations in
the Convolute Flysch and Tarcau nappes (Table 1). This is
in agreement with the posttectonic sediments (the “Doftana
molasse”) overlying an intraBurdigalian unconformity [e.g.,
Stefanescu and Marunteanu, 1978].

[44] Thrusting resumed during the middle Miocene as in-
dicated by reset AFT and AHe ages of 16-11 Ma (Table 1)
and thermal modeling, which suggests 3.2 + 0.5 km of ex-
humation (at 0.8 + 0.4 mm/yr, Figure 7 and Table 5). This is in

Figure 5.

(a) Geological cross section of the sample transect (2 x vertical exaggeration, see Figures 1 and 3 for location).

Surface structures are obtained from the 1:200,000 map of Romania and cross section X from Matenco and Bertotti [2000].
The crustal interpretation is based on the cross section of Schmid et al. [2008]. Numbers correspond to the six tectonic units
described in the text (also see legend). Subdivisions of groups 2 and 4 indicate the individual nappes of the Ceahlau unit and the
Miocene external thrust belt, respectively. (b and ¢) Thermochronological ages plotted along the sample transect (scale-bar on
the left side of the plot; see Figure 4 for explanation of symbols). Solid line is topography (25 X vertical exaggeration; scale-bar
on the right side of the plot). Figure 5c is an enlargement of Figure 5b for the Neogene time period to zoom in on the Miocene

collisional and subsequent postcollisional exhumation ages.
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agreement with the ~4 km of exhumation previously reported
for the East Carpathians [Sanders et al., 1999; Gréger et al.,
2008] and with the age of syntectonic and posttectonic
sediments [Matenco and Bertotti, 2000; Sandulescu et al.,
1981]. Middle Miocene deformation gradually dies out to-
ward the foreland, which is indicated by continuous sedi-
mentation in the Subcarpathian nappe and foredeep. In the
Transylvania basin, middle Miocene sediments record AFT
and AHe ages that are not reset and are typical for the
Bucovinian and Ceahlau units (Table 1), suggesting coeval
sourcing by erosional products of this exhumation phase
(Figures 7d and 8e).

[45] Atthe beginning of the late Miocene, the Tarcau nappe
was thrusted onto the Moesian foreland together with the
Subcarpathian nappe (Figure 8e). Time-temperature histories
for the Baraolt, Convolute Flysch and Tarcau nappes (RO-12,
Carp 68 and RO-07, Figure 6) indicate that exhumation
continued until ~11-9 Ma. This coincides with the wide-
spread latest Miocene—Quaternary unconformable cover of
the frontal Carpathian sole thrust [e.g., Murgeanu, 1967;
Dumitrescu and Sandulescu, 1968; Stefanescu et al., 2000;].

6.3. Late Miocene—Quaternary Postcollisional
Evolution

[46] Significant exhumation and deformation occurred in
the SE Carpathians after the late Miocene collision. Exhu-
mation in the central part of the nappe system (Audia and
Tarcau nappes) is suggested by post-11 Ma AFT and AHe
cooling ages and especially by a large number of AHe ages of
3-2 Ma (Table 1). Total postcollisional exhumation is be-
tween 2 and 4 km, increasing toward the foreland (Table 5
and Figure 7). This evolution is in strong contrast with the
rest of the Carpathians, where no significant deformation/
exhumation occurred after the cessation of Miocene thrusting
[e.g., Matenco and Bertotti, 2000; Sanders et al., 1999].

[47] Based on the new data, the late Miocene to Pleistocene
evolution of the SE Carpathians can be subdivided into three
periods.

6.3.1. Late Miocene—Early Pliocene: Subsidence of the
External Nappes and Foreland Coeval With Hinterland
Uplift

[48] Time-temperature models suggest that heating occurred
in the Tarcau nappe from 11 to ~3 Ma (Figures 6f and 6g).
This is interpreted as heating by sediment burial, which is in

MERTEN ET AL.: EXHUMATION HISTORY OF THE SE CARPATHIANS
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the order of 2.4 + 0.4 km and occurred at a rate of ~0.3 +
0.1 mm/yr (Figure 7 and Table 5). This is in agreement with
regional tectonic reconstructions on the western flank of the
Focsani Basin, which have postulated ~2 km of restored
sediment thickness over the external nappes [Leever et al.,
2006]. Northward and southward, some of the uppermost
Miocene sediments still unconformably cover large parts of
the Tarcau nappe (Figure 1).

[49] Erosional products from the Miocene orogen are a
possible source for latest Miocene clastic sedimentation in the
foreland (Figure 8f), as suggested by the nonreset AFT and
AHe ages typical of the ones recorded in the orogen (Table 1).
The Transylvania Basin, Bucovinian, Ceahlau and Convolute
Flysch nappes were slowly exhumed from the late Miocene to
present (0.9 = 0.7 km) at a time integrated exhumation rate of
~0.1 mm/yr (Table 5 and Figures 7 and 8f).

6.3.2. Pliocene—Quaternary Inversion

[s0] The new AFT and AHe data suggest that postcolli-
sional exhumation of the Miocene external thrust belt in the
SE Carpathians started around 5 Ma. This is compatible with
previously reported AFT data [Sanders et al., 1999]. How-
ever, the new data allow a significant improvement on spatial
and temporal scales and suggest two exhumation episodes for
postcollisional times.

[51] Modeled time-temperature histories suggest that the
central SE Carpathian orogen (Carp 31, Audia nappe) was
exhumed from 6 to 3 Ma (Figure 6¢). Exhumation (~2.7 km)
occurred rapidly at 1.7 mm/yr (Figure 7 and Table 5). This
latest Miocene—early Pliocene exhumation episode, herewith
defined as the “first postcollisional exhumation stage,” is
coeval with the continuation of subsidence in the Tarcau and
Subcarpathian nappes (Figure 8g) and the rapid subsidence
and sedimentation recorded in the Focsani foredeep [Leever
et al., 2006].

[52] AHe ages and thermal models indicate that rapid ex-
humation occurred at around 3—2 Ma for a large area in the SE
Carpathians. This episode, herewith defined as the “second
postcollisional exhumation stage,” exhumed 3.8 + 0.9 km
of sediments in the Audia and Tarc@u nappes from 3 Ma to
present at rates of ~1.6 £+ 0.3 mm/yr (Figure 7 and Table 5).
The Upper Miocene foredeep sediments (RO-04 and RO-02)
were exhumed <2 km as suggested by the nonreset AHe ages.
The locus of the second postcollisional exhumation stage
is shifted toward the foreland by 5-10 km in respect to the

Figure 6. HeFTy model results depicting time-temperature histories (see Table 5 for an overview of modeling constraints
and results). The apatite partial annealing zone (APAZ) (120-80°C) and helium partial retention zone (HePRZ) (85—40°C) are
shown in grey shades. Black boxes show modeling constraints based on thermochronology results and available geological
data (see text for further explanation). All model results are shown as a best fit line (solid black line) as well as a dark-grey and
light-grey envelope, encompassing statistically good-fits (GOF > 0.5) and acceptable fits (0.05 < GOF < 0.5), respectively,
where GOF is the goodness of fit [Ketcham, 2005a]. In deriving cooling rates from the thermal histories, a smoothed version of
the modeled best fit thermal history was used (dashed white line). Based on the path envelopes, the uncertainties on the cooling
rates are estimated to range from 10-50%, depending on the subsegment. In the discussion of the data, however, no individual
uncertainties on cooling rates are reported. Stages and tectonic phases are depicted along the x axis. Periods of increased
modeled exhumation are highlighted in grey shades. (a) RO-10, crystalline basement of the Bucovinian nappe. (b) Carp 34,
crystalline basement of the Sub-Bucovinian nappe. (c) RO-12, Lower Cretaceous sediments of the Ceahlau unit. (d) Carp 68,
Cretaceous turbidites of the Convolute Flysch nappe. (e) Carp 31, Upper Cretaceous—Paleogene turbidites of the Audia nappe.
(f) RO-07, uppermost Cretaceous-Paleogene turbidites of the Tarcau nappe. (g) Overview of postcollisional evolution of AHe
HeFTy model best fit results for all samples from the Tarcau nappe.
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previous first postcollisional exhumation stage (Figure 8g).
Interestingly, the area for which the youngest AHe ages
and largest amount of exhumation were obtained corre-
sponds to the highest present-day elevations (Figure 5),
which demonstrates a direct link between recent tectonics and
surface topography. The locus of postcollisional exhumation
corresponds to the position where the basement beneath the
nappe pile is in a shallow position [Landes et al., 2004; Bocin
et al.,2005], and is spatially juxtaposed over a shallow Moho
configuration [Hauser et al., 2007] (Figure 7). This suggests
that postcollisional exhumation is possibly linked to pro-
cesses taking place at deeper crustal levels.

[53] The second postcollisional exhumation phase sug-
gested by the thermochronological data is corroborated by
structural and sedimentological observations. Out-of-sequence
thrusting and folding exposed parts of the Subcarpathian nappe
buried earlier during the late Miocene—early Pliocene sub-
sidence period (Figures la and 5a). Syntectonic sedimenta-
tion and coarsening of sedimentary facies are observed for
the uppermost Pliocene—Pleistocene [e.g., Lazarescu and
Popescu, 1986; Leever et al., 2006; Jipa, 2006], such as the
deposition of the coarse lower Pleistocene Cindesti gravels
[Necea et al., 2005].

[s4] For the first postcollisional exhumation stage such
syntectonic sedimentation patterns are not recorded, sug-
gesting that either tectonics are not responsible for this
exhumation phase, or syntectonic sediments were deposited
over more internal areas in the orogen and subsequently
removed by erosion.

7. Particularities of SE Carpathian
Kinematics

[s5] Throughout the Late Cretaceous, the Ceahldu-Severin
oceanic domain was gradually consumed by subduction
starting in intraAlbian times (Figure 8b) and ultimately its
sediments were thrust over the thinned European continental
passive margin (Figure 8c). Thermochronological ages from
the Bucovinian nappe do not show a Senonian overprint,
suggesting that the intraAlbian is the major Cretaceous event,
recording crustal shortening of the Bucovinian margin
enhanced by the collision of the East Vardar ocean and the
emplacement of the overlying Transylvanides over hundreds
of kilometers [see also Schmid et al., 2008].

7.1.

[s6] There are no posttectonic covers to record the presence
of deformation during the entire Paleogene. Based on a
gradual eastward transition and thinning of upper Paleocene—
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lower Eocene sediments from coarse sandstones and con-
glomerates to more distal facies, Sandulescu [1994] has
speculated that a low-angle detachment could have been
active during this time interval in the depositional domain of
the sediments subsequently incorporated in the Tarcau nappe.
However, the same arguments could be used for an eastward
(in present-day coordinates) thrusting event.

[57] In the South Carpathians, large-scale Paleogene tec-
tonics is known to accommodate the Paleogene—lower Mio-
cene rotation of Tisza-Dacia around Moesia [Ratschbacher
et al, 1993], which took place along dextral strike-slip
faults with large-offsets (Figure 8d) [Fiigenschuh and
Schmid, 2005]. Since significant early—middle Eocene
exhumation is recorded in the transition zone between the
South and SE Carpathians, we interpret the Paleogene ages as
exhumation related to dextral rotations and translations in the
South Carpathians (Figure 8d). In this context, part of the
thrusting observed in the Convolute Flysch/Macla/Audia
nappes could already have taken place during the Paleogene,
the classically defined early Miocene age being only the last
peak event. Part of the associated syntectonic sedimentation
is still visible in clastic wedges such as the upper Paleocene—
lower Eocene one, another part subsequently either removed
by erosion or hidden at depth by renewed contraction.

7.2. Collision Mechanics

[s8] The SE Carpathians do not show enhanced exhuma-
tion in the upper plate (the Bucovinian basement) during
collision, in contrast with theoretical models of retroshear
exhumation of double-vergent orogenic wedges [e.g.,
Beaumont et al., 1994; Schmid et al., 1996; Willett and
Brandon, 2002]. This is demonstrated by the fact that the
exhumation of the Bucovinian basement and the neighboring
Transylvania Basin at around 9 Ma [Krézsek and Bally, 2006]
was minor and exhumation was not enough to reset AFT ages
(Figures 7 and 8e). One alternative explanation for minor
exhumation of the orogenic core is the possibility that the
subduction zone has shifted toward the foreland, i.e., beneath
the Danubian part of the Moesian platform (Figure 7a)
accreted to the upper plate at the end of the Cretaceous
(Figures 8c and 8e). This is in agreement with similar
kinematics of the South Carpathians [see Fiigenschuh and
Schmid, 2005].

[59] The amount of exhumation related to Miocene nappe
stacking and collision is roughly similar across the Ceahlau
unit and Miocene external thrust belt (Figures 7 and 8e¢). The
final moment of collision is still recorded, as thermal mod-
eling indicates some acceleration of exhumation around 12—
11 Ma (Figure 6).

Figure 7.

(a) Tectonic cross section of the sample transect (see Figures 1 and 3 for location). Surface structures are obtained

from Sandulescu [1984] and cross-section X from Matenco and Bertotti [2000]. The crustal interpretation is based on the cross
section of Schmid et al. [2008]. Dashed line at 30—40 km depth represents Moho depth extrapolated from Hauser et al. [2007].
Numbers correspond to the six tectonic units described in the text (see Figure 5a for legend). (b) Overview of cooling rates and
(c) estimated amounts of exhumation and burial for the modeled samples from NW to SE. The colors indicate the main phases
from Late Jurassic to Quaternary as obtained from the time-temperature models and known tectonic phases (see Figure 7d
for legend). Geothermal gradient is 20°C/km and error bars represent values for geothermal gradients of 25 and 15°C/km.
(d) Interpretation of the obtained exhumation episodes. See text for further explanation.
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7.3. Postcollisional Exhumation and Subsidence:
What Is Driving It?

[60] The new AFT and AHe data demonstrate that the SE
Carpathians are characterized by two postcollisional exhu-
mation stages. Clear tectonic links have been identified for
the second postcollisional exhumation stage. The latter stage
is characterized by coeval uplift and subsidence and is the
result of a tectonic episode which differs from the early to
middle Miocene nappe stacking. The back-stepping of the
center of maximum exhumation, the correlation between the
uplift and erosion of the nappe pile and the shallow basement/
Moho (Figure 7), and the out-of-sequence deformation mode
suggest generalized crustal-scale uplift beneath the orogen
coeval with foreland subsidence. The ~5 km Quaternary
shortening suggested in recent studies by seismic analysis and
geomorphological analysis of river terraces [e.g., Necea et al.,
2005; Leever et al., 2006] is similar in magnitude to the total
amount of denudation obtained for the external nappes (3.8 £+
0.9 km). Shortening along steep basement thrusts would yield
comparable vertical magnitudes with respect to the amount
of uplift and erosion. Therefore, the second postcollisional
exhumation stage is interpreted to be related to reverse
faulting along basement thrusts and the subsequent erosion of
the uplifted areas (Figure 8g). When combined with the
subsidence in the foreland, this gives a fold-like geometry
at crustal scale (Figure 8g). This type of strain partitioning
in the foreland of an orogen is a known process, defined as
collisional coupling by Ziegler et al. [1995].

[61] The first postcollisional exhumation stage may be
interpreted following two possible scenarios. The first sce-
nario (Figure 8g) assumes a tectonic uplift of the thin-skinned
nappe pile and can justify the shift from internal to external
sediment sources observed in the SE Carpathians at 5-6 Ma
[Panaiotu et al., 2007]. If this tectonically driven scenario is
assumed, a lateral migration of exhumation and an increase in
amplitudes from the hinterland toward the foreland can be
observed in the SE Carpathians during the entire post-
collisional time interval (Figure 8g). At first, the margin of
the Transylvania basin adjacent to the SE Carpathians was
exhumed at the end of the Pannonian times (~9 Ma). Sub-
sequently, the locus of exhumation migrated in time to the
limit between the Audia and Tarcau nappes at 5—6 Ma (first
postcollisional exhumation stage) and then more to the
foreland in the center of the Tarcau nappe starting around 3—
2 Ma (second postcollisional exhumation stage). The ampli-
tudes of exhumation are also increasing in time, from <2 km
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at the end of the Pannonian, to ~2.7 km in the Pliocene,
reaching 3.8 km during the Quaternary with similar rates of
exhumation for the last two episodes (~1.6—1.7 mm/yr). In
terms of deep lithospheric mechanics, any of the Vrancea slab
models which assume the coupling with uplift in the orogen
and subsidence driven by the slab pull in the foreland,
migrating in time after the collision can be discussed in this
context. These models include, although not exclusively, a
gravitational instability of the mantle lithosphere [Houseman
and Gemmer, 2007], delamination [e.g., Knapp et al., 2005]
or lithospheric folding conditioned by the slab pull [Matenco
et al., 2007].

[62] In the second, more speculative, scenario (Figure 8h),
the first postcollisional exhumation stage is associated with a
base-level drop and rapid fill observed in the Carpathian
foreland after 6 Ma [Leever, 2007] related to the large-scale
sea level drop of the Messinian Salinity Crisis (MSC, 5.96—
5.33 Ma) [Krijgsman et al., 1999]. Recent studies of orogenic
evolution in the Mediterranean realm, such as for the Alps
[e.g., Willett et al., 2006], indicated a shift of exhumation
to orogenic interiors and a change to orogenic destruction
coeval with the MSC. This induced erosion given by larger
exposures of the Mediterranean domain during the Messinian
low stand [e.g., Clauzon et al., 1996; Foeken et al., 2003].
These conditions are met in a similar fashion for the orogens
in the Paratethys realms such as the SE Carpathians, where
a coeval large sea level drop associated with massive sedi-
mentation has been reported for the Black Sea [see Dinu et al.,
2005; Gillet et al., 2007]. This MSC middle Pontian sea level
drop recorded in the Paratethys domain [e.g., Stoica et al.,
2007] has potentially induced a shift of depocenters toward
the deeper parts of the Black Sea, which is coeval with en-
hanced erosion of the orogen and exposed parts of the basins.

8. Conclusions

[3] AFT and AHe thermochronology indicate an exhu-
mation history for the SE Carpathians which covers their
entire contractional evolution, from the onset of nappe stack-
ing in the Cretaceous to the recent postcollisional deforma-
tions. This is a significant improvement of the qualitative
averaging results of previous AFT studies [e.g., Sanders
et al., 1999]. Cooling ages generally decrease from Creta-
ceous for the internal basement nappes (AFT and AHe ages),
to Miocene—Quaternary (AFT and AHe, respectively) toward
the foreland, confirming the idea of a forward breaking
sequence of the contractional episodes, which generally

Figure 8. Schematic sketches illustrating the Jurassic to present-day evolution of the SE Carpathians. Dashed horizontal line
in cross sections (Figures 8a—8c and 8e—8h) depicts estimated base-level. Shades above base-level are eroding areas as esti-
mated from the thermochronology results. Arrows indicate interpreted sediment migration. Schematic cross sections are mod-
ified after Schmid et al. [2008]. (a) Middle—Late Jurassic exhumation: tectonic unroofing due to rifting of the Ceahlau-Severin
Ocean. (b) IntraAlbian exhumation: onset of contraction in the SE Carpathians. (c) IntraSenonian exhumation: ongoing
contraction. (d) Paleogene exhumation: shortening induced by dextral rotations around the Moesian promontory [modified
after Schmid et al., 1998]. (e) Early-middle Miocene exhumation: thrusting and subsequent erosion induced by ongoing
shortening. (f) Late Miocene: uplift of the Transylvania hinterland and internal nappes coeval with rapid subsidence in the
external SE Carpathians and foredeep. (g) Latest Miocene—Quaternary: foreland propagating center of maximum exhumation.
(h) Alternative interpretation for the first postcollisional exhumation stage: increased erosion by a base-level drop due to the
MSC. See text for further explanation.
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overlap classical tectonic stages defined by field kinematics.

[64] The most significant Cretaceous event is the intraAl-
bian exhumation (~3—5 km) related to the continental colli-
sion of the East Vardar Ocean, thick-skinned shortening of
the Bucovinian nappes and the onset of subduction of the
Ceahlau-Severin ocean. The upper plate of the Ceahlau-
Severin subduction (i.e., the Bucovinian basement) has not
been exhumed at AFT resolution since the intraAlbian event.
Rather limited intraSenonian exhumation (~3 km) is related
to the subduction of the oceanic part of the Ceahlau-Severin
Ocean and possibly the thrusting of its sediments over the
European continental passive margin. Exhumation rates of
0.4-0.7 mm/yr obtained for the Paleogene can be related to an
earlier onset of thrusting in the internal nappes of the Miocene
external thrust belt of the East and SE Carpathians, asso-
ciated with the rotation of Tisza-Dacia around the Moesian
promontory.

[65] The new data furthermore suggest that the SE
Carpathians have been affected by early—middle Miocene
exhumation of 3.2 + 0.5 km, which occurred at rates of
0.8 = 0.4 mm/yr. These exhumation rates are similar to the
one previously inferred for the East Carpathians [Sanders
et al., 1999]. After the Sarmatian collision, the hinterland
(Transylvania Basin, Bucovinian nappes and Ceahlau unit)
was gradually uplifted and eroded at slow rates of ~0.1 mm/yr
(0.8 = 0.4 km).

[66] In contrast to the rest of the Romanian Carpathians,
the SE Carpathian tectonic evolution is overprinted by two
younger exhumation events in the Pliocene—Pleistocene. The
first postcollisional exhumation phase (latest Miocene—early
Pliocene) in the central part of the Miocene external thrust
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