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Abstract 

Structural analysis revealed up to 7 fault generations of Miocene to recent brittle deformation in the southeastern Eastern Alps, which 
are attributed to four episodes of deformation. Calculated paleostress orientations record a local modification of strike-slip movements 
widely observed in the Eastern Alps during the first deformation episode of E-directed lateral extrusion between 21 and 12 Ma. Apparent 
counterclockwise (CCW) rotation of the stress field is probably caused by CCW rotation of crustal blocks. The second episode exhibits 
E-W compression at the end the extrusion phase. Late Miocene normal faulting of the third episode is probably related to the evolution of 
the intramontane Klagenfurt basin, which became overthrust from the S and accordingly down-warped. This caused local extension along 
a flexural bulge at its northern margin. Pliocene to recent deformation of the fourth episode records neotectonic strike-slip movements 
compensating for ongoing SE-directed extrusion in the easternmost Southern Alps (Slovenia). 

1. Introduction 

Since the introduction of the concept of Miocene lateral 
extrusion of the Eastern Alps (RATSCHBACHER et al., 1991a, 
b), this model has undergone numerous regional refine­
ments. FRISCH et al. (1998, 2000) restored crustal blocks to 
a pre-extrusion palinspastic setting and found that the main 
extrusion channel between the Salzach-Ennstal-Mariazell-
Puchberg line (SEMP) in the N (LINZER et al., 1995; PERES-
SON and DECKER, 1997a, b) and the Periadriatic lineament 
(PAL) in the S is bordered by a wide transitional zone of 
crustal blocks. This applies especially to the Northern Cal­
careous Alps (NCA), which also experienced E-W extension 
in the same magnitude as the central axis of the orogen 
(FRISCH et al., 1998). MÄRTON et al. (2000) showed that 
stronger differential eastward movement close to the PAL 
caused counterclockwise rotations of crustal blocks within 
the extrusion channel. 

The investigated area is characterized by a morphologic 
break between hilly relief to the S and mountainous relief of 
the Saualpe to the N (Fig. 1a). This break may indicate the 

existence of an E-W striking fault zone. In closer detail W-E 
striking morphological lineaments visible on a DEM image 
occur especially in a transition zone between the Klagenfurt 
basin to the S, and the Saualpe-Gurktal Alps to the N. The 
foothills of the Saualpe and the Gurktal Alps, however, are 
characterized by roughly NW-SE and NE-SW running align­
ments. 

The timing of possible stress field changes in the eastern 
Eastern Alps is inferred from sheared Tertiary and Quater­
nary sediments along the SEMP (NEMES et al., 1995; PERES-
SON and DECKER, 1996a, b), the Mur-Mürz fault zone (ZEILIN-
GER et al., 1999; REINECKER, 2000), and the PAL (POLINSKI, 

1991; POLINSKI and EISBACHER, 1992; SPRENGER and HEI­

NISCH, 1992; FODOR et al., 1998). These studies consistently 
show pre-extrusional NW-SE compression and thickening, 
and E-W extension during lateral extrusion in Early to late 
Middle Miocene times, interrupted by a short-lived local N-S 
compressive updoming event in late Early Miocene time, a 
short-lived E-W compressional event at the the termination 
of lateral extension, and neotectonic N-S compression (see 
compilation in REINECKER, 2000). 

Address of the authors 
1 J. KUHLEMANN, T. SCHOLZ and W. FRISCH, Institut für Geowissenschaften, Universität Tübingen, Sigwartstraße 10, D-72076 Tübingen, 

Germany 



56 J. KUHLEMANN, T SCHOLZ & W. FRISCH 

2. Regional structural 
setting of Eastern 
Carinthia 

The investigated area (Fig. 
1 b) is located between the Neo-
gene basins of Klagenfurt and 
Lavanttal at the southern face of 
an Austroalpine Saualpe crystal­
line basement block (GOSEN and 
THIEDIG, 1982). The area is char­
acterized by klippen of Mesozo-
ic strata in the St. Paul moun­
tains, which are underlain by 
low-grade metamorphic Paleo­
zoic Austroalpine terrains (Gurk-
tal nappe; SCHÖNENBERG, 1970). 
These units are unconformably 
overlain by Early Miocene silici-
clastic deposits of the so-called 
Granitztal subbasin (BECK-MAN-
NAGETTA, 1952). The area has 
been mapped by THIEDIG and 
WEISSENBACH (1975), SEEGER 

and THIEDIG (1983) and SCHOLZ 

(2000). 

The structural frame of the 
Granitztal subbasin is not clear 
(THIEDIG et al., 1975). The 
Lavanttal basin to the E started 
to form as a half graben (BECK-
MAN NAGETTA, 1952) modified by 
local pull-apart and flower struc­
tures along the dextral Lavanttal 
fault. This fault is stepping over 
to the NW into the Pols line, 
which displays neotectonic ac­
tivity (RITSEMA, 1974). The Early 
to Middle Miocene succession 
of the Lavanttal basin is intruded 
by the basalt stock of Kollnitz, 
which formed in the Middle Mi­
ocene according to whole rock 
K-Ar dating (LIPPOLT et al., 1975). 

The E-W extending Klagenfurt 
basin to the SW is a flexural in-
tramontane basin, downwarped 
along its southern margin by the 
North Karawanken unit (POLIN-

Fig. 1 
(a) Digital Evelation Model (DEM) 
image of the Eastern Alps east of 
the Tauern window, showing linea­
ments of some larger faults of the 
Miocene extrusion pattern and the 
frame of the (b) geologic sketch 
map of the investigated area (simpli­
fied after BECK-MANNAGETTA, 1964) 
including the location of open pits 
selected for structural analysis. For 
abrevations, see text. 
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SKI, 1991; NEMES et al., 1997). Mesozoic rocks of this unit are thrust to the 
NW and N in Late Miocene times (VAN HUSEN, 1984). 

3. Structural analysis 

Nine fresh outcrops mainly in active open pits have been selected for 
structural analysis of brittle deformation (Fig. 1b; Tab. 1). The mined rocks 
are low-grade metamorphic Paleozoic carbonates and calcphyllites, Trias-
sic dolomites, and the Middle Miocene basalt of Kollnitz. All outcrops 
displayed a complex history of brittle deformation. The succession of defor­
mation events has been separated according to crosscutting relationships 
of shear sense indicators, especially of slickenside striae. Paleostress ori­
entations of deformation phases have been analyzed and separated with 
the programme INVERS by SPERNER et al. (1993) and the programme NDA 
by RATSCHBACHER et al. (1994). The methods are described in detail by 
MESCHEDE (1994) and SPERNER (1996). For a critical appraisal of the as­
sumptions involved in such paleostress analysis, we refer to ANGELIER 
(1989), ALLMENDINGER (1989), and WILL and POWELL (1991). 

Structural analysis (Fig. 2) revealed 7 phases of brittle deformation (D r 

DT): 

DI reflects sinistral strike-slip movement along NNE-SSW and conjugate 
dextral WNW-ESE trending faults. The paleostress orientation reveals sub-
horizontal NW-SE compression and NE-SW tension. Towards the E the 
paleostress orientation shows clockwise rotation of c. 40. Faults of this 
phase are common only in half of the outcrops.They have been reactivated 
and overprinted during the D4-event. The Di deformation phase is not 
present in the Middle Miocene basalt of Kollnitz. The preferred orientation of 
most fold axes in Late Cretaceous to Early Paleogene Gosau sediments in 
the area matches with post-depositional NW-SE compression (SCHOLZ, 
2000). POLINSKI (1991) and POLINSKI and EISBACHER (1992) found such a 
paleostress orientation together with the latest Oligocene to Early Miocene 
deformation of the PAL. FODOR et al. (1998) attribute a similar paleostress 
orientation to an early extrusional phase along the PAL. Subsidence of the 
Lavanttal basin s.str. at the eastern boundary of the investigated area in 
latest Early Miocene time may have started at the end of the deformation 
phase during local NNW-SSE compression. Subsidence occurred within 
local pull-apart and flower structures formed parallel to the NNW-SSE 
running dextral Lavanttal master fault. 

D2 reflects dextral strike-slip movement along NNE-SSW striking faults 
with conjugate sinistral WNW-ESE striking faults. The paleostress orienta­
tion reveals subhorizontal NE- SW compression and NW-SE extension. 
Faults of this phase are found only in sites where they overprint Di deforma­
tion features. D2 faults are probably reactivated during the D5-event. This 
deformation event may reflect a regional variation of the well-known phase 
of E-W extension during lateral extrusion between 21 Ma and 12 Ma 
(RATSCHBACHER et al., 1991a), which fits to the regional paleostress orienta­
tion found by FODOR et al. (1998) 20-40 km further to the SE. 

D3 reflects convergent sinistral strike-slip movement along WNW-ESE 
trending faults with few conjugate dextral NE-SW D2 striking faults. The 
paleostress orientation reveals subhorizontal W-E compression and N-S 
tension. Faults of this phase are the most common and are thus of special 
importance for the relative dating of deformation phases and regional 
correlation. They are observed in the Middle Miocene basalt of Kollnitz and 
thus younger than 15 Ma. This event which inverted fault movements of the 
extrusion pattern was attributed to the far field-effect of the "soft collision" of 
the Carpathian arc by PERESSON and DECKER (1997) and REINECKER (2000). 

D4 structures record dextral strike-slip movement along E-W striking faults 
with conjugate sinistral N-S trending faults. The paleostress orientation 
reveals subhorizontal NW-SE compression. Faults of this phase are very 
common and probably overprinted the Di -structures. The D, and D4 defor-
mational events are clearly separated by crosscutting relationsships with 
structures formed during the D2 and D3 deformational events. NW-directed 

TD 

o 

re 
• D 

*-O 
o 
z 
II 
c 

m 
a. 
> +•« 

ro
p

 
3 

pi
t 

O > 

ou
t 

a
ct

i 

o 

ic
k 

ia
ss

ii 

g p 
4 -

O —1 

8, a 

ty
p

e/
a 

d
o
lo

m
i 

X 

Q l CO 
</) CM 
a> co 

J5 h -

= o 
"O O 

S; <° O CD 
O ^f 
Ü m 

5 i _ 
CO 

E 
!_ CD 

JX 

•O 

m 
o 
T — 

-4—" 

'a. 
CD 

> '.4—< 

o iB
U

j 

-£= 

c 
fr

e
s 

o 
N 
o 
CD 

CO 
Q_ 

LLJ 

le
/ 

.a s_ 
CD 

E 
le

ite
 

CD 
O 

i n 
CD 
CD 
CM 
r--. 

o 
m 
CO 
o 
m 
i n 

. 
JX. 

&_ CO 

E 
L _ 

CD 
_!£ 

: Q 

O 
O 

'—' 

- 4 — " 

Q-
CD 

.> '-+—, 

o 

in
ai

 

~ 

c 
fr

e
s 

o 
N 
o 
CD 

CO 
CL 

uJ 

le
/ 

J 3 
s_ 
CD 

E 

le
ite

 
CD 
O 

m 
CD 
T ~ 

CO 
h -

o 
• < • 

o 
•sa­
i n 
m 

, . 
j * 
t _ 
CO 

E 
&_ CD 

_* : Q 

i n 
o 
T— 

CD > 
CO 
Ü 

"O 
c 
CO 

w
a

ll 

ss 

lin
 

ro
d 

cu 
t r 
CD 
Ü 
C 
=5 

ag
e 

<D 
_Q 

L _ 

CO 

E 

le
ite

 
CO 
o 

i n 
o 
0 0 
^r 
i~~ 

o 
CD 
CD 
CD 
i n 
m 

-»-• 
.* 4 _ 

CD 

E 
i _ 
CD 

_* = 0 

o 
o 
t— 

-t—I 

'a. 
w 
> 

E
. 

P
a
le

o
zo

ic
 

a
ct

i 

• — . 

CD 
±i 

= 

ph
y 

an
d 

CD 
_Q 

L _ 

CD 
E 

le
ite

 

CD 
Ü 

O 
CT) 
CD 
0 0 
l~ -

m 
o 
• * 

o 
CD 
i n 

•*-* 
_* ä_ 
CO 

E 
i _ 
CD 

^ : Q 

o 
c-

e 
pi

t 

> 

a
ct

i 

O S
S

B
U

 

H 

^ 
3 

lo
m

i 

o 
T3 

m 
m 
V " 

h-
r--

o 
m 
t 
T— 
CD 
i n 

. 
_* i— 
CO 

E 
s— 
CD 

J£ 

••o 

CO 
h-

'5-

iv
e 

a 
CO 
c 

ol
d 

1 - O 
^t o 

T— 

' a . 
CD 

> •*-^ •*—! o • = 
CO °-

> , - £ : .iü 

fa
ir
l 

o 
'en 

T
ria

s 

_j 

e>-

3 

lo
m

i 

o 
T3 

i n 
o 
CNJ 
r-
r̂ -

m 
o 
r-
• * — 

CD 
i n 

- 4 — ' 

_* 1— 

CD 

E 
i— 
CD 

XL 

: Q 

fr
es

 
an

c 

o jS
S

B
j 

C D ^ 

2 _i 

sa
lt 

lo
m

i 

CO O 
-Q TD 

o o 
O CO 
CT) T-
i n ' i j -
i ^ r̂ -

o o 
r- O 
00 N-
CD 00 
CO CO 
CD CD 

3 "5 
CD CO 

CL CL 
-i—J +-* 

> > > > > > > c o c o 

2 CM 

ty
 

rix
e
n
 

= t 
!? CD 
ü Ä 
o — 

«r 
o 
CM 

t 
O 

"a 
c 
CD 

• * 

O 
CM 

• * 

o 
CM 

ß
b
e
rg

 
rf S

ch
lo

 

o 

Is
d 

CD 
N 
a 

s_ 
0 
C 

£ i__ 

• * 

O 
CM 

CD 
CD 

£ 
C 

: 0 
- C 
Ü 

-*t 
o 
CM 

IW
e

s 

CO 
-t—' 
N 

•*-> ' c 
CO 
s__ 

• * 

O 
CM 

1 
E

as
t 

CD 

- w 

' c 
CO 
l _ 

in in 
o o 
CM CM 

N "5 
.*; co 
£ CL 
"5 ^J J 2 < U J Ü W O Ü ^ C O 

o *-
z 

CM CO «a- i n CD s. CO O) 



58 J. KUHLEMANN, T. SCHOLZ & W. FRISCH 

ÖD 
Ö 
3 
O 

D7 

8 

D, 

D. 

D, 

D, 

D 

D. 
'S 

(gjmain pressure axis (o 1) 
[T] main tension axis (o 3) 

Fig. 2 
Plots of fault planes and shear sense indicators (lower hemisphere) of the nine investigated open pits (see Tab. 1), according to the 
separation of deformation events. For the methods of separation, see text. 

thrusting and rapid uplift of the North Karawanken unit start­
ed in early Pannonian/Tortonian time (VAN HUSEN, 1984). 
According to POLINSKI (1991), GOSEN (1989) and FODOR et 
al. (1998) paleostress orientation in early Late Miocene time 
would match NW-SE compression revealed from D4 struc­
tures. 

D5 reflects sinistral strike-slip movement along E-W strik­
ing faults with conjugate dextral N-S striking faults. Faults 
of the D5 phase are documented by rare fibres and proba­
bly reactivate D2-structures. This deformation event indi­
cates subhorizontal NE-SW compression and NW-SE ex­
tension. 
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D6 reflects widely scattering normal faulting without pre­
ferred direction of dip, largely documented by calcite fibres. 
These structures are freqently observed on relatively small 
fault planes and represent the last deformational phase in 
several exposures. They indicate vertical shortening and 
overall horizontal extension. 

D7 records local minor NW-SE compression, matching 
the recent stress field and current motion of the Adria plate 
(WARD, 1994). Local very minor NW-SE extensional move­
ments, probably caused by a variation of the local stress 
field, are hardly meaningful. Post-Miocene sediments which 
might enable to unravel neotectonic movements have not 
been studied. 

4. Discussion and conclusions 

The brittle deformation history of the St. Paul mountains 
(locations 5-7, 9) records the period of Miocene lateral 
extrusion (see RATSCHBACHER et al., 1991a) with N to NE-
directed maximum compressional stress due to South Al­
pine indentation (Fig. 3). The change from NW-SE compres­
sion (Di) to NE-SW compression (D2) may be interpreted 
either in terms of a clockwise rotation of the stress field or in 
terms of a counterclockwise rotation of crustal blocks under 
more or less constant principal stress directions (Fig. 4). 
Paleomagnetic data from Miocene sediments of the intra-

montane basins east and southeast of the Tauern window 
indicate that counterclockwise (CCW) rotation of crustal 
blocks of this region in fact accounts for up to 65 degrees of 
rotation after c. 18 Ma (MÄRTON et al., 2000). The direction 
of motion of the Adria plate as a whole changed from NE 
between 25 and 16 Ma (magnetic anomaly 5C) to N until 
9 Ma (magnetic anomaly 5) and to NW since then (MAZZOLI 
and HELMAN, 1994). Thus, the principal stresses rather ro­
tated counterclockwise by 45 degrees in the later part of the 
lateral extrusion period, i. e., after ~16 Ma. Nevertheless, 
this superimposed trend may have been partly compensat­
ed by indentation and differential clockwise rotation of the 
Dolomites indenter during the extrusion period (see RATSCH­
BACHER et al, 1991a), which may have rotated the regional 
stress axis. 

According to PERESSON and DECKER (1997b), the period 
of lateral extrusion in the Eastern Alps terminated in the 
course of "soft collision" of the Carpathian arc which 
caused inversion of the former sense of displacement along 
major faults of the extrusion channel sensu RATSCHBACHER 
et al. (1991b). This event occurred after intrusion of the 
15 Ma old basalt stock of Kollnitz. The timing of regressive 
facies changes and local basin inversion in the Lavanttal 
basin (BECK-MANNAGETTA, 1952), the western Styrian basin 
(WINKLER-HERMADEN, 1957), and termination of crustal ex­
tension in the Rechnitz window after c. 14 Ma (DUNKL and 
DEMENY, 1997) suggests a time around c. 11 Ma (terminal 
Sarmatian/Serravallian time) for a first regional response to 
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Tectonic sketch map of the Eastern Alps east of the Tauern window during lateral extrusion 
after c. 18 Ma, indicating relative vectors of movement (grey arrows) for large displacement 
(long) and minor displacement (short). The small sketch illustrates the domino model of 
counterclockwise rotation during lateral extrusion (see MÄRTON et al., 2000). 

the "soft collision" (KUHLEMANN, 2000). According to PERES-
SON and DECKER (1997b), deformed Pannonian strata in the 
eastern Styrian basin and Vienna basin indicate that this 
paleostress regime lasted until c. 6 Ma and may have start­
ed as late as 9 Ma. It seems that more effort has to be 
dedicated to a chronostratigraphic refinement of tectonic 
events with respect to regionally different response to large-
scale tectonic events. However, the consequence of the 
"soft collision" was a short-term inversion of the former 
stress field and a reactivation of older faults in the opposite 
sense of shear, related to E-W compression. 

After the "soft collision" the former stress field established 
with NW-SE compression documented in D4 structures, 
which is compatible with N and NW-directed movement of 
the Adriatic plate (MAZZOLI and HELMAN, 1994). N to NW-
directed thrusting and rapid uplift of the North Karawanken 
unit started in early Pannonian/Tortonian time (VAN HUSEN, 
1984), accompanied by dextral strike-slip deformation 
along WNW-ESE trending faults within this unit (POLINSKI, 
1991). The deformations Di to D4are observed and inter­
preted in a similar way by REINECKER (2000). 

The D5 structures may reflect minor regional extension in 
the southeastern part of the Eastern Alps as a response to 
Late Miocene SE-directed migration of wedge-shaped crus-
tal blocks in the eastern Southern Alps (FODOR et al., 1998), 
resulting in multiple reorientations of the stress field de­
scribed in eastern Slovenia (PREMRU, 1976). Late Miocene 
to Pliocene extrusion of crustal wedges and complex defor­
mation patterns along major faults in Slovenia is also cor­
roborated by paleomagnetic data (FODOR et al., 1998). 

Within the multiple reorientations of the neotectonic 
stress field a discrete, well-documented phase of flattening 
strain occurs in D6. Locally varying orientation of normal 
faults might by related to flexural bulging and S-dipping 
normal faulting along the northern rim of the Klagenfurt 
basin, triggered by loading of the Karawanken unit on the 
downwarped intramontane foreland basin in late Neogene 

of the 
drawn: 
1 

Eastern Alps 

times (NEMES et al., 1997), perhaps 
during deposition of the Sattnitz con­
glomerate in latest Pannonian/Torto­
nian to Pontian/Messinian times (see 
GRIEM et al., 1991). Bulging could 
have started coeval to the onset of 
thrusting of the Karawanken unit, but 
due to low rates of thrusting and a 
southward steepening of the thrust 
plane, northward migration of the 
flexural bulge took about 5 Ma to 
reach the investigated area. 

Our study documented 7 relevant 
deformation phases, some of which 
(DT and D4; D2 and D5) reveal similar 
paleostress orientation. Without 
some key findings of crosscutting 
slickenside striae and a Middle Mi­
ocene basalt stock a separation of 
these phases would have been unre­
liable. Moreover, without constraints 
provided by previous work cited 
above a timing of tectonic events 
would have been far less precise. 
Apart from support of former studies 
from a so far not investigated region 
the following new conclusions are 

The late evolution of the Klagenfurt basin caused a flexu­
re of its northern margin, which seems to have caused 
deformation of locally flattening strain (D6), possibly in 
latest Miocene time. Separation of this tectonic phase 
enables to trace locally variable neotectonic movements 
Early NW-SE compression during D,, hardly fitting to the 
movement of the Adriatic microplate in middle Tertiary 
times (MAZZOLI and HELMAN, 1994), is interpreted in 
terms of passive rotation of paleostress indicators by 
CCW rotation of crustal blocks during lateral extrusion in 
the Eastern Alps (MARTÖN et al., 2000). 
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