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Abstract

A detailed kinematic study based on the analysis of brittle structures, combined with a description of structures in
the adjacent foredeep, allows for the definition of three major tectonic episodes during the Late Cretaceous–Tertiary
evolution of the central part of the South Carpathians. Following Middle Cretaceous and older orogenic phases, the
first tectonic event that affected the studied area was a Late Cretaceous NNW–SSE oriented contraction, which led
to the final major emplacement of the Danubian and Getic nappes. During the Paleogene–Early Miocene, an extension
event induced rapid exhumation of the Danubian units, leading to the formation of large normal faults dipping
towards both the foreland and the hinterland. This extension, together with dextral rotation of the South Carpathians
around the western corner of the Moesian platform, allows for the NE-ward movement of the internal continental
blocks with respect to the foreland platforms. In the Late Miocene, E-ward translation of the internal South
Carpathians units with respect to the Moesian Platform was accommodated through a large-scale E–W oriented
strike–slip corridor within the South Carpathians. The general Paleogene–Early Miocene NE to E-ward rotation and
the Late Miocene E-ward translation of the Rhodopian fragment allowed for the accommodation of roll-back and
contraction taking place in the East Carpathians. © 1999 Elsevier Science B.V. All rights reserved.

Keywords: Kinematics; Metamorphic core complexes; South Carpathians; Strike–slip faults

1. Introduction The Inner Carpathians consist of all tectonic units
of more internal origin than the Severin/Ceahlau
nappes, Danubian nappes, and the Moldavides),The arcuate Romanian segment of the
which invaded a pre-existent embayment of oceanicCarpathians results from Tertiary NE to E-ward
and/or thinned continental crust in the Eurasianrotation of the Inner Carpathians (i.e. the Median
plate (Sandulescu, 1984, 1988). The SouthDacides according to Sandulescu, 1988, or the
Carpathians (Fig. 1) represent an important seg-Rhodopian fragment according to Burchfiel, 1976).
ment of the Carpathian loop and stretch from the
oroclinal bend situated in western Romania and* Corresponding author. Tel. : +40-1-211-7390;
eastern Serbia in the west to the arcuate junctionFax: +40-1-211-3120.

E-mail address: matl@gg.unibuc.ro (L. Matenco) zone with the East Carpathians in the east.
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The South Carpathians are made up of a nappe 1999), well documented for Early Miocene times
pile of basement and Mesozoic units, already but possibly starting in the Paleogene, asks for an
formed during the Cretaceous and covered by Late orogen-wide correlation of Tertiary deformation
Cretaceous to Tertiary post-tectonic sediments events within the South Carpathians mountain
(Sandulescu, 1984; Berza et al., 1994 and references belt. Our study investigates whether regional-scale
cited therein). Tertiary tectonics overprinted this uplift and exhumation of the Danubian unit with
nappe pile and led to foredeep sedimentation respect to its margins to the north (Getic nappes
and subsurface deformation within the Getic and Transylvanian basin) and the south (South
Depression (South Carpathians foredeep) to the Carpathians foredeep) could be related to a mecha-
south (e.g. Matenco et al., 1997a,b). Traditionally nism similar to metamorphic core complex
(e.g. Sandulescu, 1984, 1988), the Alpine evolution formation.
is subdivided into a Triassic to Early Cretaceous In this study we document kinematic and paleo-
extensional period, two Cretaceous (Austrian and stress data collected in the South Carpathians, in
Laramic) phases of nappe emplacement, followed order to relate ductile extensional structures
by a contractional phase of Miocene age. Recently described by Schmid et al. (1998) within the
it was proposed that Early Tertiary deformation Danubian nappes to brittle structures particularly
led to orogen-parallel extension (Schmid et al., developed in the Getic nappes. We will also relate
1998), pre-dating Miocene dextral wrenching these structures to brittle deformations observed
between the Transylvanian basin to the north in the southern part of the nappe stack, and
and the Moesian platform in the south (e.g. particularly to the well-dated foredeep deform-
Ratschbacher et al., 1993; Matenco et al., ations, in order to constrain the Tertiary tectonic
1997a,b). evolution of the Getic and Danubian units in the

A large number of studies focused on the archi- South Carpathians.
tecture of the pile of basement and cover nappes
in the South Carpathians (e.g. Murgoci, 1912;
Streckeisen, 1934; Codarcea, 1940; Berza et al.,

2. Geological and tectonic settings1983; Balintoni et al., 1989 and references cited
therein). However, kinematic and dynamic studies,

The studied area comprises the three majorinferring movement directions within the internal
tectonic units of the South Carpathians, namelynappes, are rare (Ratschbacher et al., 1993; Schmid
the Getic–Supragetic, Severin and Danubianet al., 1998). There was also a lack of timing
nappe systems. Together with the frontal foredeepconstraints other than stratigraphical evidence. A
they will be briefly described below (Fig. 2).combined structural and fission track study

(Schmid et al., 1998) revealed Eocene to Oligocene
2.1. The Getic nappeslarge-scale orogen-parallel extension affecting the

previously formed nappe stack of Danubian units,
The Getic nappes, including the so-calledincluding the oceanic Severin unit and the sole of

Supragetic nappes, represent the highest structuralthe Getic nappe. This previously undetected exten-
units of the South Carpathians and are part of thesion modifies the classical tectonic interpretation
Rhodopian continental fragment (sensu Burchfiel,of the South Carpathians and gives new indications
1976). These nappes, also referred to as Medianfor the regional eastward escape of the Inner
Dacides, can be correlated with the BucovinianCarpathians units during the Early Tertiary.
nappe system of the Central East CarpathiansWhether or not large-scale extension also affected
(Sandulescu, 1975, 1984). They comprise a pre-the Getic nappes represents a key point in estab-
Alpine basement and its sedimentary cover (Latelishing the kinematics and the late stage evolution
Paleozoic to Lower Cretaceous sequence of con-of the South Carpathians. Additionally, a large-
glomerates, quartzitic sandstones, shales and lime-scale extensional episode, taking place at the north-
stones). The pre-Alpine basement consists of olderern margin of the South Carpathians foredeep

(Matenco et al., 1997a,b; Rabagia and Matenco, medium to high-grade metamorphic units, low-
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Fig. 2. Stratigraphic correlation and tectonic evolution scheme of the South Carpathians for the Uppermost Cretaceous–Tertiary with
the structural results of the present study and correlation with the tectonic episodes defined by Matenco et al. (1997a,b), Schmid
et al. (1998) and Rabagia and Matenco (1999) (correlation of Tethys–Paratethys after Rögl, 1996). Note the differences in the
Miocene–Pliocene between the Tethys and the local Paratethys stages used in the present study. Grey arrows represent an attempt
to define regional extensional and thrusting migration patterns in a foreland-breaking sequence. Foredeep sedimentological cycles are
defined after Dicea (1995), Rabagia and Matenco (1999), and our own results. The dark grey arrow represents the general foreland
thrusting migration, while the light grey arrow represents the proposed foreland extensional migration pattern.
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grade Paleozoic sequences (Cambrian–Silurian and frontal part of the South Carpathians, thrusted on
top of the Danubian nappes (Godeanu, Valari,Upper Devonian–Lower Carboniferous metasedi-

mentary rocks and related magmatites), and Upper Portile de Fier, Bahna) during a later (‘Laramian’,
i.e. Late Cretaceous) episode (Figs. 1 and 3).Paleozoic coal-bearing, coarse sedimentary depos-

its of molasse type and scarce magmatic rocks
(Iancu and Maruntiu, 1994). This basement is 2.2. The Severin nappe
intruded by Paleozoic granitoids of 310–350 Ma
(Stan et al., 1992 in Iancu and Maruntiu, 1994). The Severin nappe comprises ophiolitic slices

and Cretaceous flysch units, derived from a thinnedThe major Alpine deformation within the Getic
and Supragetic thrust sheets took place during the continental and oceanic realm situated between

the Rhodopian fragment and the MoesianMiddle Cretaceous (‘Austrian phase’) (Codarcea,
1940; Sandulescu, 1984, 1988; Berza et al., 1994). (European) platform. They form the continuation

of similar units found in the East Carpathians (e.g.The Severin deposits were deformed in an acretio-
nary wedge setting and partially overridden by the Sinaia flysch) and can be traced into the oroclinal

bend between the South Carpathians and BalkanGetic crystalline during Neocomian to Aptian
times (Bojar et al., 1998). The Getic nappes are mountains (e.g. Berza et al., 1994). The Severin

nappe, already sealed to the Getic realm duringprimarily exposed in the hinterland of the South
Carpathians but they also form klippen in the the Middle Cretaceous phase, was thrust onto the

Fig. 3. Structural map of the central–eastern Danubian units with the structures active during the Latest Cretaceous–Tertiary (modified
after Berza et al., 1994). Squared areas represent insets for Fig. 4A and B; CF: Cerna fault. Foredeep faults convention as in Fig. 1.
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Danubian nappes during the Late Cretaceous during the Late Cretaceous thrusting, relies on the
individualisation of two major nappe systems: theLaramian episode. The Severin nappe was severely

stretched and dismembered due to this overthrust- Upper Danubian nappes ( Vidruta, Urdele and
local equivalents) which discontinuously outcroping of the Getic–Supragetic over the Danubian

thrust sheets (Codarcea, 1940; Burchfiel, 1976; along the belt, and the Lower Danubian nappes
(Lainici, Schela) which have a larger regionalSandulescu, 1984; Berza et al., 1994).
extent (Berza et al., 1994) (Fig. 5A).

The basement of the Danubian thrust sheets2.3. The Danubian nappes
comprises high-grade metamorphic rocks of pre-
Cambrian age (e.g. Berza and Iancu, 1994; LiegoisPaleogeographically, the Danubian nappes

(Figs. 2 and 3) represent the most external thick- et al., 1997 and references cited therein), often
penetratively overprinted by lower greenschistskinned units of the South Carpathians mountains.

The Danubian thrust sheets (see Berza et al., 1983, facies mylonitisation during Variscan and Alpine
deformations (Berza et al., 1994; Dallmeyer et al.,1994; Berza and Draganescu, 1988; Sandulescu,

1984 and references cited therein for a complete 1998; Schmid et al., 1998). The metamorphic grade
of Paleozoic series does not exceed lowerdescription) were described in terms of a large-

scale antiformal stack formed between a roof greenschist facies conditions. The Mesozoic sedi-
mentary cover comprises Lower Jurassic continen-thrust (sole of the Getic/Severin nappes) and a

floor thrust above the Moesian platform (Seghedi tal deposits followed by Upper Jurassic to Lower
Cretaceous platform carbonates, Albian toand Berza, 1994), from which the nappes have

probably been peeled off already during the Late Turonian pelagic limestones and Late Cretaceous
terrigeneous flysch. Areas with Alpine lowerCretaceous, being finally emplaced during the

Middle Miocene (Stefanescu et al., 1988) (Figs. 2, greenschist facies metamorphism of the Mesozoic
cover are restricted to the northeastern and north-4 and 5A). According to fission track ages (Schmid

et al., 1998; Bojar et al., 1998), final exhumation ern part of the Danubian window (Ciulavu and
Ferreiro-Mählmann, 1999).of the Danubian units took place during the

Eocene to Early Miocene, when large-scale orogen-
parallel extension partly accommodated the NE to 2.4. Intramontane Tertiary basins and South

Carpathians foredeepE-ward movement of the Rhodopian fragment.
The Danubian units formed a core complex
(Schmid et al., 1998) exhumed along a major The deformed part of the southern foredeep

(namely the Getic Depression) represents the mostdetachment fault (Getic detachment) (Fig. 5A).
According to subsurface information (Getic external unit of the South Carpathians belt,

comprising more than 6 km of molasse typeDepression), the Danubian nappes later overrode
Miocene sediments of the Moesian foreland, Tertiary sediments (e.g. Fig. 5B). Following Late

Cretaceous and older orogenic phases the foredeepPliocene sediments onlapping onto Danubian and
Getic units (Matenco et al., 1997a,b) (Fig. 5B). was first affected by Paleogene?–Early Miocene

large-scale dextral transtension responsible for theNote that an alternative interpretation by Bojar
et al. (1998) suggests a Latest Cretaceous age for opening of the Getic Depression as a pull-apart

basin (Rabagia and Fülop, 1994; Matenco et al.,the onset of core complex formation in the Retezat
area (NW Danubian), shortly post-dating Late 1997a,b; Matenco, 1997; Rabagia and Matenco,

1999). Subsequent Middle Miocene contractionCampanian–Early Maastrichtian Danubian crustal
thickening. However, their apatite cooling ages in produced WNW–ESE striking thrusts and associ-

ated syntectonic sedimentation developed in piggy-the Danubian units are mostly Paleogene to Early
Miocene in age, 2 to 4 km having been removed back basins. The last tectonic episode relates to

general transpression during the Late Miocene–during this time span in order to exhume the
Danubian basement (Bojar et al., 1998). The Early Pliocene: a first set of NW–SE oriented

dextral shears is displaced by N–S oriented sinistralinternal structure of the thrust sheets, formed
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Fig. 4. (A) Tectonic–structural map of the eastern part of the Danubian unit, with the location of the main nappe slices (after Berza,
unpublished data). (B) Tectonic–structural map of the central part of the Danubian unit, with the location of the main nappe slices
(after geological maps 1:50,000 and 1:200,000 published by the Geological Institute of Romania).
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strike–slip faults (Fig. 1). Due to petroleum explo- Danubian nappes. For regional correlation, we
used information provided by Ratschbacher et al.ration, the sedimentary record and related tectonic

events in the foredeep are well dated (e.g. Rabagia (1993), Matenco (1997), Schmid et al. (1998),
Bojar et al. (1998) and by geological mapsand Matenco, 1999). A correlation with less pre-

cisely dated Tertiary events in the basement nappes 1:200,000 and 1:50,000, published by the
Geological Institute of Romania.of the South Carpathians will be attempted by the

present study. Structures such as fault striations, folds, tension
joints, fault-related folds (e.g. fault-propagationPaleomagnetic measurements (e.g. Patrascu

et al., 1990, 1992, 1994) revealed a clockwise folds, drag folds) were analysed in 45 locations
both in the basement units and in the Mesozoicrotation of 50° to 90°, associated with the NE to

ENE-ward movement of the Rhodopian fragment cover. The combination of fault planes containing
slickensides is the most common structure mea-and the Tisza–Dacia unit (including the Apuseni

mountains) during the Paleogene–Early Miocene sured. Approximately 1500 outcrop faults with
direction and sense of slip were observed in total,(Balla, 1986; Csontos et al., 1992; Ratschbacher

et al., 1993; Csontos, 1995; Linzer, 1996; Schmid each site yielding between 10 and 80 measurements.
The slip sense was inferred from kinematic indica-et al., 1998). Within the South Carpathians this

led to the opening of small-scale elongated basins tors along the fault plane, mostly mineral steps,
but also Riedel shears, tectonic tool marks, tension(e.g. the Petrosani, Vidra and Brezoi–Titesti

basins, Fig. 1). One would expect this large-scale gashes, in-plane conjugate shear fractures, frac-
tures with tension planes, and conjugate fault sets,rotation to significantly affect both foreland struc-

tures and structures within the South Carpathians shear bands in the case of more complex shear
zones (Angelier, 1994 and references cited therein;mountains. However, the effects are minor in the

sedimentary record, both in the South Carpathians Simpson and Schmid, 1983). The quality of slip
sense was classified in the field as certain (54% offoredeep and in the southern part of the East

Carpathians mountains. This suggests strong fault population), probable (27%), supposed
(14%) and unknown (5%). In each site, subsets ofdecoupling between allochthonous units (South

and East Carpathians basement nappes) and the fault slip data consistent with different stress direc-
tions were separated, on the basis of both theMoesian platform.
orientation/type of the stress regime and the
chronological constraints. The latter were obtained
in the field mainly by using criteria such as succes-3. Methods and data
sive striations on a fault plane, but also from the
reactivation of conjugate faults and from cross-Field data used to reconstruct the tectonic evo-

lution of the Getic and adjacent Danubian nappes cutting relationships. Such criteria were obtained
in roughly half of the studied sites. In particular,were taken from a broad area, mostly adjacent to

the Getic detachment. The studied area is bounded dextral reactivation of earlier E–W trending Getic
sole thrust north of the Danubian unit, or sinistralto the east by the eastern termination of the

Danubian nappes (Voineasa–Lotru valley area) reactivation of the earlier N–S trending normal
faults was observed in many outcrops. The chro-and to the northwest by the Hateg intramontane

depression (Fig. 3). Our study mainly focused on nology of faulting events due to these reactivations
is surprisingly clear in the field, which gives usoutcrops within the Getic nappe, situated in the

hanging wall of the Getic detachment and perva- confidence in the relative timing of these events.
In stations where a sufficient number of faultssively affected by brittle deformation. The exposed

part of the Danubian nappes primarily exhibits related to particular stages of deformation was
available, generally more than 10 data sets weremylonite zones, cataclastic zones being largely

restricted to the contact zone with the Getic nappe analysed using the inversion method of Angelier
(1984, 1989). The principle of this method is to(Schmid et al., 1998). However, a reduced number

of brittle structures was also found within the find the best possible fit between observed fault
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slip sets and computed shear stresses generated by vertical ), with pure extension (0.25<R<0.75) and
transtension (0.75<R<1), to strike–slip stressthe stress tensors activating these faults. An inter-

active programme (Delvaux, 1993) was used for fields (s2 vertical ), with pure strike–slip
(0.25<R<0.75), transtension (0.75<R<1) andfault data analysis. Inversion of slip direction

deduced from kinematic indicators starts with the transpression (0<R<0.25), or to compression
(s3 vertical ), with pure compression (0.25<right dihedron method (Angelier and Mechler,

1977), is optimised firstly with an automatic and R<0.75) and transpression (0<R<0.25). Radial
extension (s1 vertical, 0<R<0.25) and radial com-secondly with a manual rotational optimisation,

in order to fit the best reduced stress tensor to the pression (s3 vertical, 0.75<R<1) have been
rejected from the calculation, being considereddata set (most commonly minimising the mean

slip deviation of the computed shear stress on fault non-conclusive. To constrain the regional stress
field, all the stress tensors related to a givenplanes from the observed slip sense). This led to

the definition of the principal stress axes deformational stage, as obtained by these methods,
were plotted in a single diagram (Figs. 6B, 7B(s1≥s2≥s3) and the value of the ratio

R=(s2−s3)/(s1−s3) between principal stress and 8B).
Regional timing constraints were obtained bymagnitudes. A total of 65 reduced stress tensors

for all the deformation sets was finally obtained correlating the observed deformation type, associ-
ated with the stress tensors in the South(stereoplots in Figs. 6A, 7A and 8A). This method

involves a series of limitations regarding isotropy Carpathians, with the age of the similarly deformed
sediments (i.e. orientation of fault planes, similarand tensors, discussed in detail elsewhere (e.g.

Angelier, 1984; Etchecopar et al., 1981; Dupin type of slip sense and chronology) in the neigh-
bouring foredeep (Figs. 1 and 2) (see also Matencoet al., 1993; Pollard et al., 1993). On the basis of

the quality of slip sense and of the tensor quality et al., 1997a,b; Matenco, 1997). In addition, the
extensional deformation revealed by the computedrank (TQR, Delvaux et al., 1997), each tensor was

classified as good (TQR≥1.5, 7% from the total stress tensors was correlated in time with the
cooling ages revealed by fission track datingnumber of tensors), medium (0.5≤TQR<1.5,

77%) and poor (0.3≤TQR<0.5, 10%) quality (Sanders, 1998; Schmid et al., 1998; Bojar et al.,
1998), which according to Schmid et al. (1998)(Table 1), while non-reliable tensors (0.3<TQR,

6%) were rejected. are associated with a large-scale orogen-parallel
extension.In places with a low number of measurements,

the inversion method was combined with paleo-
stress determinations from two conjugate faults
(e.g. Angelier, 1994), minimisation of s

n
on tension

joints (Delvaux, 1993) and fault-related fold axis 4. Analysis of field data
analysis. For the sake of simplicity, only the two
conjugate faults were plotted as faults with slip The analysis of field data and the processing of

the fault–slip measurements enabled the descrip-sense (stereoplots in Figs. 6A, 7A and 8A).
The scatter of the fault movements and a second tion of three major deformation episodes during

the Late Cretaceous–Tertiary. We will describecalculation of the kinematic axes were obtained
using the Turner (1962) PT axes method (Figs. 6C, most of the deformation set characteristics, in an

old-to-young succession. For each set we will first7C and 8C) and the Spang (1972) numeric
dynamic analysis method (Figs. 6D, 7D and 8D), discuss the general stress parameters and fault

data, second the significant associations of struc-by assuming a 30° angle between compressional
axes and fault planes. tures observed in the outcrop, and finally the map

structures that can be correlated with these defor-For the definition of the paleostress field we
took into account the nature of the (sub)vertical mation sets. The described deformation character-

istics are plotted on regional-scale maps (Figs. 6,stress axis and the value of ratio R (Delvaux et al.,
1997). Stress fields may vary from extension (s1 7 and 8), which allow for further correlations.



411L. Matenco, S. Schmid / Tectonophysics 314 (1999) 401–422

F
ig

.6
.

B
ri

tt
le

de
fo

rm
at

io
n

st
ru

ct
ur

es
m

ea
su

re
d

fo
r

th
e

L
at

e
C

re
ta

ce
ou

s
N

N
W

–S
SE

co
m

pr
es

si
on

,
s
1=

17
2/

15
±

20
°,

±
20
°

be
in

g
th

e
ap

er
tu

re
of

th
e

co
ne

fo
r

95
%

co
nfi

de
nc

e
(W

al
lb

re
ch

er
,

19
86

).
(A

)
G

eo
lo

gi
ca

l–
st

ru
ct

ur
al

m
ap

of
th

e
st

ud
ie

d
ar

ea
w

it
h

th
e

ou
tc

ro
p

m
ea

su
re

d
fa

ul
ts

an
d

pa
le

os
tr

es
s

te
ns

or
s

(s
te

re
op

lo
ts

)
an

d
m

ap
-

sc
al

e
ac

ti
ve

fa
ul

ts
du

ri
ng

th
e

L
at

e
C

re
ta

ce
ou

s
de

fo
rm

at
io

n
ev

en
t.

T
hi

ck
bl

ac
k

lin
es

ar
e

fa
ul

ts
w

it
h

kn
ow

n
se

ns
e

of
m

ov
em

en
t,

th
ic

k
gr

ey
lin

es
ar

e
fa

ul
ts

w
it

h
po

ss
ib

le
se

ns
e

of
m

ov
em

en
t,

th
e

da
sh

ed
lin

e
is

th
e

su
pp

os
ed

pr
ol

on
ga

ti
on

of
th

e
G

et
ic

de
ta

ch
m

en
t

be
lo

w
th

e
fo

re
de

ep
co

ve
r.

C
ir

cl
es

ar
e

st
er

eo
pl

ot
s

of
s
1,t

ri
an

gl
es

ar
e

st
er

eo
pl

ot
s

of
s
2,

re
ct

an
gl

es
ar

e
st

er
eo

pl
ot

s
of

s
3.

(B
)

P
ri

nc
ip

al
st

re
ss

ax
is

pr
oj

ec
ti

on
s

fo
r

th
e

di
re

ct
in

ve
rs

io
n

m
et

ho
d

fo
r

al
l

th
e

pa
le

os
tr

es
s

te
ns

or
s

in
th

is
de

fo
rm

at
io

n
ev

en
t.

(C
)

P
ro

je
ct

io
n

of
th

e
m

ea
su

re
d

co
m

pr
es

si
on

al
an

d
te

ns
io

na
l

ax
es

fo
r

ea
ch

fa
ul

t
in

th
e

m
ea

su
re

d
se

t,
an

d
pr

oj
ec

ti
on

s
of

m
ea

n
co

m
pr

es
si

on
,

te
ns

io
n

an
d

in
te

rm
ed

ia
te

st
re

ss
di

re
ct

io
ns

,
co

m
pu

te
d

us
in

g
th

e
T

U
R

N
E

R
m

et
ho

d.
C

on
to

ur
lin

es
of

th
e

co
m

pr
es

si
on

al
an

d
te

ns
io

na
l

ax
es

ar
e

al
so

pl
ot

te
d.

(D
)

H
an

gi
ng

w
al

l
m

ov
em

en
ts

fo
r

th
e

w
ho

le
fa

ul
ts

se
t

(H
oe

pp
en

er
di

ag
ra

m
)

an
d

pr
in

ci
pa

l
st

re
ss

ax
is

co
m

pu
te

d
fo

r
th

e
w

ho
le

fa
ul

ts
se

t
us

in
g

nu
m

er
ic

dy
na

m
ic

an
al

ys
is

(N
D

A
)

m
et

ho
d.

(E
)

R
os

e
di

ag
ra

m
w

it
h

th
e

fa
ul

ts
st

ri
ke

fo
r

th
e

w
ho

le
da

ta
se

t.



412 L. Matenco, S. Schmid / Tectonophysics 314 (1999) 401–422

F
ig

.7
.

B
ri

tt
le

de
fo

rm
at

io
n

st
ru

ct
ur

es
m

ea
su

re
d

fo
r

th
e

P
al

eo
ge

ne
–E

ar
ly

M
io

ce
ne

W
SW

–E
N

E
or

ie
nt

ed
ex

te
ns

io
n,

s
3=

70
/0

5±
15
°.

C
on

ve
nt

io
ns

as
in

F
ig

.6
.



413L. Matenco, S. Schmid / Tectonophysics 314 (1999) 401–422

F
ig

.8
.

B
ri

tt
le

de
fo

rm
at

io
n

st
ru

ct
ur

es
m

ea
su

re
d

fo
r

th
e

M
io

ce
ne

st
ri

ke
–s

lip
.

T
he

fir
st

su
bs

et
is

ch
ar

ac
te

ri
se

d
by

a
N

W
–S

E
or

ie
nt

ed
s
1

(1
32
/8
±

15
°)

an
d

a
N

E
–S

W
tr

en
di

ng
s
3

(2
20
/2
±

15
°)

.
T

he
se

co
nd

su
bs

et
is

ch
ar

ac
te

ri
se

d
by

a
N

–S
or

ie
nt

ed
s
1

(1
85
/0

6±
14
°)

an
d

W
–E

s
3

(2
75

/0
7±

15
°)

.
C

on
ve

nt
io

ns
as

in
F

ig
.6

.



414 L. Matenco, S. Schmid / Tectonophysics 314 (1999) 401–422

Table 1
Location stations and parameters of paleostress reconstruction. Note than only stress tensors obtained with the Angelier (1984, 1989)
method are displayed (80% of the total number of tensors computed). n/N represents the number of faults generating a stress tensor
versus the total number of faults in the index. s1, s2, s3, azimuth and dip of principal stress axes, s1 contraction, s2 intermediate,
s3 extension. R ratio=stress ellipsoid shape factor, R=(s2−s3)/(s1−s3). a represents the mean slip deviation between the measured
kinematic indicator on fault plane and the orientation of the calculated shear stress. TQR=tensor quality rank (Delvaux et al.,
1997), TQR=n(n/N )/a, where N represents the total number of faults in a data subset, n the number of faults involved in the stress
calculation and a the mean slip deviation. D=station measured in the Danubian units, G=station measured in the Getic units

Site Longitude E Latitude N n/N s1 s2 s3 R a TQR Unit

1S-1 23°55∞48◊ 45°24∞19◊ 13/18 145/11 284/75 53/09 0.69 13.46 B-0.69 G
2S-2 23°57∞34◊ 45°22∞52◊ 14/23 346/02 142/88 256/01 0.83 20.61 C-0.41 D
E-3 23°57∞25◊ 45°22∞09◊ 15/17 341/62 165/28 74/02 0.26 17.65 B-0.74 G
E-4 23°58∞21◊ 45°22∞55◊ 23/27 111/87 335/02 245/02 0.25 13.38 B-1.41 G
E-5 23°56∞25◊ 45°23∞13◊ 16/19 115/77 333/10 242/08 0.57 10.56 B-1.27 D
1S-5 23°56∞25◊ 45°23∞13◊ 17/21 128/28 347/56 228/18 0.27 12.77 B-1.07 D
E-6 23°52∞32◊ 45°22∞24◊ 11/14 170/79 0/11 270/02 0.31 9.38 B-0.92 D
E-7 24°00∞02◊ 45°24∞13◊ 17/21 342/78 178/11 87/03 0.33 12.15 B-1.13 G
E-8 23°56∞48◊ 45°25∞31◊ 13/15 21/84 213/06 123/01 0.52 14.95 B-0.75 G
1S-8 23°56∞48◊ 45°25∞31◊ 16/17 310/12 176/73 43/12 0.39 14.08 B-1.06 G
2S-8 23°56∞48◊ 45°25∞31◊ 12/14 42/10 164/71 309/15 0.42 10.64 B-0.96 G
E-9 23°52∞55◊ 45°26∞10◊ 9/12 88/71 314/14 221/14 0.32 11.00 B-0.61 G/D
1S-9 23°52∞55◊ 45°26∞10◊ 17/21 120/02 216/72 29/18 0.25 14.94 B-0.92 G/D
C-10 23°54∞39◊ 45°25∞45◊ 14/17 160/30 274/24 40/42 0.43 12.66 B-0.91 G
2S-11 23°56∞37◊ 45°26∞13◊ 11/14 35/35 223/55 128/04 0.10 12.98 B-0.66 G
E-12 23°54∞00◊ 45°26∞26◊ 14/18 57/79 320/01 230/11 0.30 14.85 B-0.73 G
E-13 23°52∞59◊ 45°27∞45◊ 20/20 153/63 327/27 58/03 0.64 9.00 A-2.22 G
1S-14 23°50∞32◊ 45°28∞37◊ 18/20 132/30 326/59 226/06 0.41 14.60 B-1.10 G
C-15 23°50∞11◊ 45°25∞52◊ 13/14 180/22 272/05 14/67 0.51 10.80 B-1.11 G
1S-15 23°50∞11◊ 45°25∞52◊ 18/23 128/06 227/57 34/32 0.74 14.45 B-0.97 G
C-16 23°49∞18◊ 45°25∞42◊ 16/16 265/24 174/02 80/66 0.00 10.37 B-1.54 G
C-17 23°46∞51◊ 45°25∞31◊ 19/20 166/15 257/5 5/74 0.45 14.73 B-1.22 G
C-18 23°46∞46◊ 45°26∞45◊ 12/16 218/43 122/06 26/46 0.56 14.08 B-0.63 G
E-18 23°46∞46◊ 45°26∞45◊ 7/8 214/65 313/04 45/25 0.50 3.73 A-1.64 G
1S-18 23°46∞46◊ 45°26∞45◊ 11/13 145/07 43/59 239/30 0.40 19.76 C-0.47 G
E-19 23°46∞00◊ 45°26∞45◊ 12/16 71/80 298/07 207/07 0.55 7.89 B-1.14 G
1S-19 23°46∞00◊ 45°26∞45◊ 13/20 145/01 250/86 55/04 0.50 12.36 B-0.68 G
E-20 23°49∞00◊ 45°27∞52◊ 6/7 147/57 11/25 271/20 0.45 14.24 C-0.48 G
1S-20 23°49∞00◊ 45°27∞52◊ 16/16 150/01 57/69 240/21 0.19 16.17 B-0.98 G
E-21 23°45∞18◊ 45°25∞27◊ 13/13 73/74 340/01 250/15 0.70 9.41 B-1.38 G/D
1S-21 23°45∞18◊ 45°25∞27◊ 16/21 145/18 14/64 241/18 0.54 9.70 B-1.25 G/D
DE-22 23°45∞07◊ 45°24∞36◊ 13/13 323/88 159/02 69/01 0.75 15.04 B-0.86 G/D
C-23 23°36∞49◊ 45°25∞21◊ 7/8 330/30 62/04 159/60 0.36 6.96 B-0.88 G
E-23 23°36∞49◊ 45°25∞21◊ 30/36 297/73 155/13 63/10 0.67 14.68 A-1.70 G
1S-23 23°36∞49◊ 45°25∞21◊ 15/20 141/07 292/82 50/04 0.38 15.20 B-0.74 G
1S-24 23°36∞21◊ 45°24∞49◊ 15/24 147/11 292/77 56/08 0.35 16.19 B-0.57 G
E-25 23°34∞51◊ 45°24∞45◊ 9/9 98/59 287/30 195/05 0.83 14.43 B-0.62 D
1S-25 23°34∞51◊ 45°24∞45◊ 19/25 149/08 40/64 243/24 0.57 15.63 B-0.92 D
2S-25 23°34∞51◊ 45°24∞45◊ 10/13 180/11 59/69 274/18 0.80 17.25 C-0.44 D
E-26 23°32∞46◊ 45°24∞44◊ 35/43 218/78 9/11 100/06 0.40 12.91 A-2.20 G/D
1S-26 23°32∞46◊ 45°24∞44◊ 16/25 320/30 173/55 59/16 0.38 7.98 B-1.28 G/D
E-27 23°40∞02◊ 45°23∞15◊ 10/14 110/86 354/02 264/04 0.64 16.77 C-0.42 G/D
1S-27 23°40∞02◊ 45°23∞15◊ 11/16 134/19 20/51 237/33 0.50 10.43 B-0.72 G/D
E-28 23°41∞00◊ 45°23∞03◊ 9/12 243/64 333/00 63/26 0.53 14.23 C-0.47 G
1S-28 23°41∞00◊ 45°23∞03◊ 15/22 313/08 199/71 46/17 0.50 18.04 B-0.56 G
E-29 23°42∞41◊ 45°23∞08◊ 11/14 357/89 193/01 102/1 0.78 11.63 B-0.74 G
C-30 23°44∞51◊ 45°23∞21◊ 13/13 168/24 271/27 42/53 0.47 5.16 A-2.51 G
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Table 1 (continued )

Site Longitude E Latitude N n/N s1 s2 s3 R a TQR Unit

2S-30 23°44∞51◊ 45°23∞21◊ 14/17 195/23 323/55 94/24 0.28 10.10 B-1.14 G
E-31 23°28∞18◊ 45°25∞10◊ 10/11 156/70 5/18 272/09 0.44 9.42 B-0.96 G
1S-31 23°28∞18◊ 45°25∞10◊ 14/17 310/21 161/66 44/11 0.57 12.70 B-0.90 G
E-32 23°29∞14◊ 45°25∞03◊ 11/11 322/85 141/05 231/00 0.25 9.29 B-1.18 G
1S-32 23°29∞14◊ 45°25∞03◊ 18/21 295/07 173/77 26/11 0.50 10.54 B-1.46 G
1S-34 22∞54∞35◊ 45°16∞27◊ 17/20 72/12 310/68 166/18 0.51 15.33 B-0.94 D
1S-35 23°01∞32◊ 45°19∞21◊ 14/15 300/09 68/76 208/11 0.61 21.08 B-0.61 D
2S-35 23°01∞32◊ 45°19∞21◊ 11/11 177/28 358/62 268/01 0.52 11.64 B-0.94 D
E-37 23°16∞14◊ 45°24∞05◊ 11/11 168/73 334/17 65/04 0.28 15.35 B-0.71 G
1S-37 23°16∞14◊ 45°24∞05◊ 12/14 93/05 347/73 185/16 0.49 10.65 B-0.96 G
E-38 23°12∞21◊ 45°24∞41◊ 15/19 113/79 7/03 276/11 0.29 15.80 B-0.74 D
E-38 23°12∞21◊ 45°24∞41◊ 11/12 314/68 134/22 224/00 0.41 14.80 B-0.68 D
1S-40 23°07∞48◊ 45°26∞37◊ 9/9 90/30 272/60 181/00 0.40 10.85 B-0.82 D
E-41 23°04∞18◊ 45°27∞10◊ 7/10 15/79 200/11 110/01 0.28 14.57 C-0.33 G
1S-41 23°04∞18◊ 45°27∞10◊ 12/16 115/24 316/64 209/08 0.58 15.85 B-0.56 G
1S-42 23°01∞18◊ 45°26∞58◊ 6/10 289/16 57/65 194/19 0.68 4.67 B-0.77 G
E-45 23°26∞36◊ 45°25∞10◊ 12/12 320/81 167/08 76/04 0.40 11.01 B-1.08 G
1S-45 23°26∞36◊ 45°25∞10◊ 10/12 154/09 259/58 59/31 0.75 13.58 B-0.61 G
2S-45 23°26∞36◊ 45°25∞10◊ 7/10 345/04 81/57 252/32 0.42 14.14 C-0.34 G

4.1. NNW–SSE contraction A very good concentration of the obtained tensors
is observed (Fig. 7C). The slip deviation factor,

The first data set (Fig. 6) is characterised by a which ‘compares’ the observed faults striae with
NNW–SSE compressional stress regime (Fig. 6B). the shear plane determined by the calculated
The orientations of the calculated tensors display a tensor, is low. This reflects deformation character-
certain degree of dispersion, one tensor (C-16) ised by well-oriented fault plane populations. For
having a roughly E–W compression direction a majority of the stations the R ratio indicates
(Fig. 6A), whereas the TQR values show medium pure extension, two stations (E-25, E-29, Table 1,
to good quality tensors (Table 1). R values show location in Fig. 7A) being transtensive. The com-
pure compressional to transpressional character puted tensors are of medium to good quality
(Table 1). In the field, deformation linked to this (TQR, Table 1). A large number of normal faults
data set is characterised by a small number of thrust are observed in outcrop scale, associated with this
faults with SSE vergence and primarily by WSW–ENE extensional stage. Top-to-ENE
backthrusts with NNW vergence (stereoplots in normal faults dominate, but associated top-to-
Fig. 6A and D). At the outcrop scale, WSW–ENE

WSW normal faults occur (Fig. 7D). Normaltrending faults (Fig. 6E) are mostly associated with
faults have a NNW–SSE strike in the easternmostcataclastic zones, often with shear bands and Riedel
Voineasa–Obarsia Lotrului areas, whereas in theshears criteria of slip. All the measured faults related
western areas the dominant trend is N–S (ste-to this data set are located in the hanging wall of
reoplots in Fig. 7A and E). This data set oftenthe Getic detachment. On the regional and local
reveals structures formed at the ductile–brittlescale, the thrusts related to this data set clearly pre-
transition, stria on the same outcrop often beingdate the normal and strike–slip faults linked with
associated with both purely cataclastic zones andthe second and, respectively, third data set.
ductile shear bands. Most of the stations are
located within the Getic nappe and near the Getic4.2. WSW–ENE extension
detachment, but widespread normal faulting with
the same characteristics is also observed away fromThe second data set (Fig. 7) is characterised by

a WSW–ENE extensional stress regime (Fig. 7B). the detachment and within the Getic units
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(within the studied area and further to the east, the field (Fig. 8D and E and stereoplots in
Fig. 8A). The faults associated with this data seti.e. in the Olt valley area, see also Matenco et al.,

1997a,b). A limited number of brittle normal faults show a random spatial distribution recognised in
the entire studied area, without clear zonalwere also measured within the Danubian nappe

system. Here, brittle faults often overprint mylo- preferences.
A direct discrimination of the two subsets isnites, shear bands grading into Riedel shears of

identical orientation and sense of movement. often difficult to make in the field. In both cases
deformation is purely brittle, indicating that it
took place in a shallower structural level than the4.3. Strike–slip regime
previous extension, which it clearly post-dates, as
observed along the reactivated fault planes. TheThe third data set comprises the largest number

of fault data and was recognised over the entire separation into two subsets, largely based on the
slightly different stress axes and little superpositionarea, being characterised by strike–slip deforma-

tion (Fig. 8). Two subsets have been defined on evidence, is strongly supported by the two different
sets of strike–slip faults: a dextral set pre-dates athe basis of different orientations of s1 and s3

axis, both having medium quality tensors (TQR, sinistral one, as observed in the foredeep in map
scale (see below and Fig. 2).Table 1). The relative timing relationships between

the two subsets, as occasionally seen in the field,
indicate reactivation of fault planes belonging to
the first subset (subset 1, Fig. 8) by the second 5. Tectonic evolution
subset (subset 2, Fig. 8).

The first subset (subset 1, Fig. 8) is characterised Our analysis of brittle deformation can be corre-
lated with the kinematic analysis of ductile deform-by a NW–SE compression and a NE–SW tension

(Fig. 8B). Deformation is characterised by a low ations and fission track timing (Schmid et al.,
1998). Together with the structures observed inslip deviation factor (Table 1), a well marked trend

of the strike–slip faults being observed in the field the adjacent foredeep (e.g. Matenco, 1997;
Rabagia and Matenco, 1999) this allows for the(Fig. 8C). The most common large-scale structures

developed during this stage are sets of conjugate definition of three major deformation episodes in
the central–southern part of the South Carpathiansstrike–slip faults. E–W to WNW–ESE oriented

dextral faults predominate over N–S to NNW– during Late Cretaceous to Tertiary times.
SSE trending sinistral faults (Fig. 8D and E and
stereoplots in Fig. 8A). Most of the dextral strike– 5.1. Late Cretaceous (Laramian) contraction
slip faults were measured at or near the Getic
detachment. Where this contact turns to a more The first data set may be correlated with the

major emplacement of the Getic nappe and theN–S oriented trend, sinistral faults dominate.
The second subset (subset 2, Fig. 8) is character- Severin nappe at its base over the Danubian nappes

during Late Cretaceous times (so-called Laramianised by a strike–slip regime with N–S compression
and W–E tension (Fig. 8B). The concentration of phase) (Fig. 2). Our analysis of brittle deformation

features within the Getic nappe, indicating a com-the obtained tensors is good (Fig. 8C). The slip
deviation from the theoretical general tensor is pressional stress regime with NNW–SSE oriented

s1, is in agreement with NNW–SSE trendinglow, thus reflecting deformation along fault planes
with fairly constant strike along the belt. Most R mylonitic stretching lineations in deeper tectonic

levels, within the Danubian nappe stack (Schmidratios have a pure strike–slip character.
Transtensional R values are found along or near et al., 1998). These authors ascribed this older

generation of stretching lineations to top SSEthe Getic detachment (Table 1, locations in
Fig. 8A). Usually, NW–SE striking sinistral nappe stacking, in agreement with Seghedi and

Berza (1994). Nappe stacking (Fig. 5A) is relatedtranscurrent faults dominate, but associated NNE–
SSW trending sinistral faults are also observed in to brittle deformation within the Getic nappe,
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while ductile deformation under lower greenschist mated to closely coincide with the zircon fission
track ages found in this unit (40–46 Ma in thefacies conditions prevailed within the Danubian

nappes. The main associated structures formed western, and 30–31 Ma in the eastern part of the
Parang mountains).during this episode are WSW–ENE trending

thrusts (Figs. 5A and 6A) with top-SSE sense of North of the Danubian window the mylonites
related to the Getic detachment are north dippingshear (Schmid et al., 1998). However, associated

top-NNW backthrusts can also be observed in the and WNW–ESE striking due to the updoming of
the Danubian units, interpreted to be the result offield (see also Berza et al., 1994).

The timing of this deformation episode is poorly contemporaneous E–W extension and moderate
N–S compression (Schmid et al., 1998). NNW–constrained. It post-dates Danubian turbidites of

Turonian to Senonian age and some of these SSE to N–S trending brittle normal faults dissect
and/or overprint the mylonites related to the Geticthrusts are covered by the Latest Cretaceous

(Maastrichtian) deposits in the Hateg basin and detachment on the map scale (Fig. 7A). Normal
faulting locally caused a N–S to NNW–SSE trendOligocene deposits of the Petrosani basin. A Late

Cretaceous age (76–72 Ma) is indicated by Rb–Sr of the contact between Getic and Danubian units.
E to ENE-ward dipping faults, synthetic to themuscovite ages from the Danubian nappes, inter-

preted as formation ages (Ratschbacher et al., Getic detachment predominate, but antithetic W
to WSW-ward dipping faults were also measured.1993), while other radiometric ages from the

Danubian units span the 120–70 Ma time interval. Some of these faults displace earlier formed mylo-
nites related to the Getic detachment, the mylonitesLate Cretaceous deformation is penetrative and

can reach lower geenschist facies conditions extension direction being unchanged with respect
to the brittle extension. We interpret the latter to(Ciulavu and Ferreiro-Mählmann, 1999).
have formed during the late stages of core complex
formation, when earlier formed mylonites also5.2. Paleogene–Early Miocene extension
become affected by brittle faulting due to ongoing
exhumation of the Danubian units.The second data set can be correlated with the

large-scale orogen-parallel extension leading to The most important brittle structure, a large-
scale ENE dipping normal fault, is found at thecore complex formation and exhumation of the

Danubian units below the Getic detachment eastern termination of the Danubian window, in
the Voineasa area (Fig. 7A). Other major N–S(Schmid et al., 1998) (Figs. 2 and 9A). The ENE

direction of s1 (70°) derived in this study is similar trending normal faults are either W-ward dipping,
like east of Obarsia Lotrului and at the easternto the mean azimuth of mylonitic lineations (64°)

in both the Danubian units and the Getic detach- termination of the Petrosani basin, or E-ward
dipping, like S and SE of the Hateg basin andment (Schmid et al., 1998). Ductile mylonitisation

is restricted to the footwall of the Getic detach- west of Obarsia Lotrului. Due to large-scale uplift
and exhumation of the Danubian nappes belowment, where exhumation of the eastern Danubian

units locally induced a modest, late overprinting the Getic detachment, the original NNW dip of
the frontal part of the Cretaceous Getic sole thrustby brittle structures. Exclusively brittle manifesta-

tions of this deformation episode are found in the has been rotated and is presently observed to dip
to the SSE (Fig. 9C).Getic nappe. The fission track data (Schmid et al.,

1998) indicate that exhumation of the greenschist Other large-scale features linked to this defor-
mation episode are NE–SW to ENE–WSW trend-facies eastern Danubian units related to normal

faulting underneath the east dipping Getic detach- ing dextral faults, linked to the activation of the
coeval clockwise rotation and dextral shearingment started in the Late Eocene and terminated

during the Early Oligocene. In the Getic nappe around the Moesian corner (e.g. Ratschbacher
et al., 1993; Schmid et al., 1998). The most impor-brittle deformation prevailed during the entire

period of extension, while the onset of brittle tant is the Cerna fault, which offsets the northern
margin of the Danubian nappes by some 35 kmoverprint in the Danubian nappes may be esti-
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Fig. 9. Tectonic model for the Tertiary deformations of the central part of the South Carpathians. (A) Paleogene–Early Miocene
extension. + represents areas uplifted in respect to − adjacent areas. (B) Late Miocene strike–slip. (C) Model for the Danubian
exhumation, uplift and Getic sole thrust rotation from NNW dipping to SSE dipping.

(Berza et al., 1983; Berza and Draganescu, 1988). Carpathians with respect to Moesia, and hence
compatible with a roughly NE oriented directionSince this fault is Oligocene in age (Ratschbacher

et al., 1993) and offsets the Getic detachment, it of the least principal stress (Fig. 9A). The presently
observed ENE–WSW Paleogene extension direc-shortly post-dates the orogen-parallel extension.

Large-scale extension during this episode is also tions observed near the Getic detachment may
have been subsequently rotated due to Oligoceneobserved in the adjacent southern foredeep of the

South Carpathians (e.g. Fig. 5B). The age of clockwise rotation around the Moesian corner,
related to the activity along the Cerna and othernormal faulting is documented for the Lower

Miocene, possibly starting during the Paleogene curved dextral faults (Schmid et al., 1998). The
Lower Miocene corridor within the Getic(Matenco et al., 1997a,b; Rabagia and Matenco,

1999), constrained by Paleogene deposits in the Depression indicates a foreland migration of the
transtensional deformation after the Oligocenefootwall of most normal faults, pre-dating well-

dated Middle Burdigalian deposits in the hanging (Fig. 2).
In summary, the overall extension within thewall. Subvertical normal faults formed here within

an E–W oriented corridor of dextral transtension, South Carpathians and in the foredeep seems to
develop in two main stages during the Paleogenerelated to NE-ward movement of the South
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to Early Miocene episode (Fig. 9A). The first stage with respect to the Danubian units, reactivating
the earlier formed Getic detachment. A major EW(Eocene–Early Oligocene) pre-dates rotation along

the Oligocene Cerna and Timok faults system and striking dextral fault is observed south of Voineasa,
representing the western prolongation of ais poorly documented in the foredeep (e.g.

Paleogene depocenter in the WNW part of Fig. 5B) Miocene dextral fault bounding the Brezoi–Titesti
basin to the south (see also Matenco et al.,but coeval with orogen-parallel extension in the

Getic/Danubian nappes, causing their exhumation. 1997a,b). Its dextral strike–slip movement is trans-
ferred westward by the reactivation of an earlierThe second Early Miocene extensional stage post-

dates major Oligocene clockwise rotation along normal fault, situated at the western end of the
Danubian window. A similar dextral displacementcurved dextral strike–slip faults and is still associ-

ated with a NE–SW oriented direction of minimum transfer is given by a normal fault mapped immedi-
ately west of Obarsia Lotrului (Fig. 8A). Smallerprincipal stress in the South Carpathians foredeep.
scale dextral faults are observed further west,
overprinting the Getic detachment. These faults5.3. Late Miocene strike–slip movements
have an E–W trend in the northern parts and are
NW–SE oriented towards the south.The third data set relates to Late Miocene

dextral translation taking place within an E–W The N–S to NNE–SSW trending sinistral fault
system is also observed within the Southoriented corridor crossing the South Carpathians

mountains and dextral transpressive shearing Carpathians mountains (Fig. 8A). In outcrop and
map scale it truncates the dextral system, and iswithin the southern foredeep (Fig. 8A). This defor-

mation leads to further E-ward movement of the therefore younger. The most important sinistral
structure is a N–S fault bounding the PetrosaniSouth Carpathians hinterland with respect to the

Moesian platform (Fig. 9B). Due to the low basin to the east, which reactivates an older
Paleogene normal fault. Interestingly, this majorseismic resolution in the foredeep at great depth,

it is not clear how much of the dextral displacement fault can be followed into the foredeep, where an
offset of 5 km is observed, the total length exceed-was accomplished already during the previous

Oligocene transtensive dextral event. ing 80 km (Fig. 1). Smaller scale sinistral faults
are observed between the Danubian thrust sheetsIn the Getic Depression, deformation took place

in two episodes (Matenco, 1997; Rabagia and or truncating the Getic detachment (Fig. 8A).
On a regional scale, dextral deformation takingMatenco, 1999). A first Late Miocene episode

(13–11 Ma, Early to Middle Sarmatian, sensu place between the Getic and the Danubian units
along the E–W oriented segments of the GeticEastern Paratethys) led to WNW–ESE to NW–SE

dextral faulting which slightly pre-dates a second detachment was connected through the E–W
extensional reactivation of the N–S trending pre-Latest Miocene–Early Pliocene strike–slip episode

(11–9 Ma, Late Sarmatian–Meotian), character- existent normal faults, which acted as transfer
zones. Dextral deformation was transferred furtherised by N–S to NNE–SSW trending sinistral faults

and transpressive reactivation of the earlier dextral to the east, out of the studied area and towards
the Intramoesian fault (Matenco, 1997) (Fig. 1).systems (Figs. 1, 3, 5B and 8A).

In the South Carpathians mountains, poor
timing prevents precise dating of the strike–slip
movements. On the map scale, the same two major 6. Conclusions
sets of faults as observed in the foredeep can be
recognised. The Late Cretaceous–Tertiary evolution of the

central South Carpathians can be described inThe main faults are dextral and oriented E–W
to NE–SW (Fig. 8A). E–W dextral indicators are terms of three deformation episodes: (1) Late

Cretaceous contraction; (2) Paleogene to Earlyfound in almost all the stations located within the
Getic nappe and near the Getic detachment. This Miocene extension, combined with dextral trans-

tension and rotation along curved dextral strikesuggests an E-ward movement of the Getic nappes
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slip faults (Cerna and Timok faults); and (3) Late allowed the E–W directed major contraction in
the East Carpathians. A first dextral corridorMiocene predominantly dextral strike–slip move-
developed in the southern foredeep zone and aments, pure right-lateral to transtensive in the
second translation zone developed along the GeticSouth Carpathians and transpressive in the South
detachment, north of the Danubian units.Carpathians foredeep.

Plate tectonic models assume that theNNW–SSE oriented contraction during the
Carpathians formed as a consequence of the NELate Cretaceous was responsible for the final
to E-ward translation of several continentalemplacement of the Getic and Severin nappes over
(Rhodopian) blocks and final collision withthe Danubian nappe system, pre-dating the thick
the East-European/Scythian/Moesian platformspost-tectonic Late Cretaceous–Early Paleogene
system (Sandulescu, 1984; Csontos, 1995;sedimentation in the foredeep and some intramon-
Matenco, 1997 and references cited therein).tane (e.g. Hateg) basins. Mostly E–W to ENE–
According to the traditional interpretation,WSW trending thrusts and subordinate
the Eocene–Oligocene extension in the Eastbackthrusts led to final nappe stacking and duplex
Carpathians was followed by three Miocene con-formation in the Danubian units (Berza et al.,
tractional events, of which only the last one would1994). This period may be correlated with the Late
affect the South Carpathians (e.g. Sandulescu,Cretaceous deformation phase affecting the entire
1984, 1988). More recent models (Csontos et al.,Romanian Carpathians (Sandulescu, 1984, 1988).
1992; Ratschbacher et al., 1993; Csontos, 1995;During the Paleogene–Early Miocene, large-
Linzer, 1996; Zweigel, 1997; Linzer et al., 1998;scale orogen-parallel extension took place in the
Schmid et al., 1998; Zweigel et al., 1998) generallySouth Carpathians and led to rapid uplift and
assume more continuous deformation. A generalexhumation of the Danubian basement in the
E-ward translation of the Carpathians system wasfootwall of the Getic detachment. Three steps can
accommodated first through top-ENE extensionalbe distinguished in the general Paleogene–Early
deformation during the Paleogene, and second

Miocene evolution. During the Eocene–Early through dextral translation between the Moesian
Oligocene the major exhumation and uplift of the Platform and more internal units. This translation
Danubian units took place along the Getic detach- is considered to be triggered by the E-ward directed
ment, reactivating the Late Cretaceous Getic roll-back of the distal part of the autochthonous
sole thrust. During the Middle–Late Oligocene, platforms in the frontal part of the East
the NE to E-ward clockwise rotation of the Carpathians (Royden, 1988).
Inner Carpathians around Moesia (see also Our reconstruction of the Tertiary deformations
Ratschbacher et al., 1993; Schmid et al., 1998) led of the Getic/Danubian system in the central part
to activation of the dextral curved trace Cerna and of the South Carpathians is compatible with these
Timok faults system, reorienting originally WSW– models. These findings support the definition of
ENE trending Getic detachment north of the regional extensional deformation taking place in
Danubian window into the present NNW–SSE the basement units of the South Carpathians
trend. During the Lower Miocene, extension during the Early Tertiary. The foreland migration
migrated towards the South Carpathians foredeep, character of normal faulting and the large-scale
the continued NE-ward movement of the inner dextral transfer taking place at the basement units
Carpathians leads to the opening of a large-scale contact supports the regional Tertiary eastward
dextral pull-apart basin. The main normal faults movement of the South Carpathians basement
controlling the opening of the basin formed paral- units with respect to the Moesian platform.
lel to the regional WSW–ENE to W–E dextral
movement, as observed recently in other case
studies (e.g. Ben-Avraham and Zoback, 1992). Acknowledgements
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cene and Miocene. Mitt. Ges. Geol. Bergbaustud. Österr. (Romania). Tectonophysics 297, 1–4, 177–207.
41, 65–73. Wallbrecher, E., 1986. Tektonische und gefugeanalytische

Arbeitsweisen. Stuttgart. 224 pp.Royden, L.H., 1988. Late Cenozoic Tectonics of the Pannonian


