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We pres ent fif teen new K/Ar ages on am phi bole pheno crysts of Neo gene volcaniclastic rocks from the Styrian Ba sin, Aus tria. 
The wes tern most sub-ba sin of the Pannonian Ba sin is the Styrian Ba sin, which hosts a large num ber of phreatomagmatic tuff 
oc cur rences be side Mid dle Mio cene shield vol ca noes and Plio cene ef fu sive al ka line vol ca nic rocks. The in ves ti gated tuffs
con tain the well-known man tle xe no liths and fre quent am phi bole and pyroxene pheno crysts. The new K/Ar ages in di cate that 
the Late Mio cene phreatomagmatic vol ca nism started in Pontian (7.51 Ma) and ended in Ro ma nian (2.73 Ma) times. The
com plete in ter val of the youn gest vol ca nism in the Styrian Ba sin cov ers 5.8 Ma, sim i lar to the vol ca nism of the west ern part of 
the Pannonian Ba sin and the Nógrád/Novohrad area (West Carpathians). The dated vol ca nic oc cur rences dis play
NNW–SSE ori ented ar rays which are ap prox i mately par al lel to the Auersbach basinal high zone. The new data in di cate that
the Late Mio cene to Plio cene vol ca nism of the Styrian Ba sin is syn chro nous with the on set of a re gional compressional event 
and east ward tilt ing of the Styrian Ba sin fill.
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INTRODUCTION

The wes tern most sub-ba sin of the Pannonian Ba sin is the
Styrian Ba sin, which is sit u ated at the south east ern mar gin of
the East ern Alps. Sev eral base ment highs di vide the Styrian
Ba sin into two sub-bas ins: the Mid dle Styrian base ment high
sep a rates the shal lower West ern Styrian Ba sin (with ~800 m
thick Neo gene sed i ments) from the East ern Styrian Ba sin (with
a ~3000 m thick infill). The South Burgenland base ment high,
sep a rates the West Pannonian Ba sin from the Styrian Ba sin
(Kollmann, 1964; Flügel and Neubauer, 1984). The N–S-tren -
ding Auersbach base ment high di vides the East ern Styrian Ba -
sin into two sub-bas ins (Figs. 1 and 2).

The East ern Styrian Ba sin hosts dis tinct vol ca nic depo -
centres rep re sented by Mio cene (Karpatian to Badenian) shield 
vol ca noes and vol ca nic tuff in ter ca la tions in sed i ments. The
sec ond phase of ba saltic vol ca nism has a Late Mio cene to Plio -
cene age. The West ern Styrian Ba sin hosts only one Mid dle

Mio cene vol cano. Most of the Mid dle Mio cene volcanics are
cov ered by sed i ments and are known only from bore holes and
geo phys i cal stud ies (Kollmann, 1964; Kröll et al., 1988). Ap -
prox i mate 30–40 Plio cene erup tion cen tres are known (Koll -
mann, 1964), sev eral of them in a very close prox im ity to oth ers, 
there fore merged to one oc cur rence (Fig. 3). 

Nu mer ous geo chron ol ogi cal stud ies were done for ef fu sive
rocks of Mio cene and Plio cene age as well as for Mio cene tuffs
(e.g., Steininger and Bagdasarjan, 1977; Balogh et al., 1994;
Han dler et al., 2006). In Ta ble 1, all known geo chron ol ogi cal
data of the vol ca nic rocks of the Styrian Ba sin are given. A sys -
tem atic geo chron ol ogi cal study on the phreatomagmatic tuff oc -
cur rences lacks so far. The pur pose of this study is to date the
tuffs within the Styrian Ba sin and to cor re late them with the oc -
cur rences from the ad join ing ar eas.

GEOLOGICAL/TECTONIC SETTING OF THE
ALPINE–CARPATHIAN–PANNONIAN BLOCK

The Alps delimitate the Pannonian Ba sin to the west (mainly 
the Austroalpine nappe sys tem, ex cept the Rechnitz Win dow,
which is part of the Penninic units). North- and east ward, the
Pannonian Ba sin is bor dered by the Carpathians, south ward –
by the Dinaride orogenic belt (Fig. 1). 

* Corresponding author, e-mail:
hans-peter.bojar@museum-joanneum.at

Received: December 27, 2012; accepted: March 16, 2013; first
published online: May 23, 2013



The Late Oligocene and Mio cene north-east ward trans -
pressive move ment of the Adri atic plate and the col li sion with
Eu rope led to short en ing and crustal overthickening. This event 
gen er ated sinistral fault sys tems to the north and dextral fault
sys tems to the south (Periadriatic lin ea ment and as so ci ated
strike-slip zones) of the Alps. Lat eral mo tion of the crust in -
cludes tec tonic es cape of wedges and extensional col lapse
from the mor pho log i cal high of the Tauern win dow area to wards 
the ba sin (Ratschbacher et al., 1991). Re lated to this event, the
Al pine–Carpathian realm and Pannonian Ba sin were formed by 
col li sion-re lated Mio cene ex ten sion. The Pannonian Ba sin de -
vel oped on the top of the re sult ing ex trud ing wedge (Royden et
al., 1983; Neubauer, 1988; Genser and Neubauer, 1989;
Ratschbacher et al., 1989; Neubauer and Genser, 1990). The
east ward ex ten sion was en hanced also by a re treat of the
subduction bound ary in the Carpathians. The west ward-dip ping 
subduction zone and roll back con sumed the thinned Eu ro pean
oce anic and con ti nen tal crust (Royden, 1993) and caused fur -
ther Early to Mid dle Mio cene ex ten sion in the Pannonian Ba sin
(Tari et al., 1992; Horváth, 1993; Royden, 1993; Peresson and
Decker, 1996). 

An over view of the tec tonic set ting and re gional geo logic
evo lu tion of the Pannonian Ba sin is given by Huismans et al.
(2002) us ing data from Bergerat (1989), Csontos et al. (1991),
Ratschbacher et al. (1993), Horváth (1995), Bergerat (1995),
Csontos (1995), Fodor (1995), Hippolyte and Sandulescu
(1996), Sachsenhofer (1996), Sachsenhofer et al. (1997),
Huis mans et al. (1997), Maþenco (1997), Peresson and

Decker (1997a, b), Sanders (1998), Fodor et al. (2000) and
Huismans and Bertotti (2002). Ac cord ing to Huismans et al.
(2002), the Early to Late Mio cene ex ten sion led to a sig nif i cant
thin ning of the litho sphere (down to 60 to 80 km with a crustal
thick ness of ~22.5 to 30 km) with high gra di ents of litho sphere
thick ness in the east ern and west ern ba sin bor der re gions.
The thin litho sphere of the Pannonian Ba sin is cou pled with a
high heat flow (Sclater et al., 1980; Horváth et al., 2006) and
updoming of the asthenosphere. The crustal thick ness of the
sur round ing Al pine and Carpathian moun tain chain is ~100 to
200 km (Horváth, 1993).

Oligocene to Early Mio cene pre-rift com pres sion: the
last ma jor tec tonic event be fore ex ten sion in the Pannonian Ba -
sin is an N–S to NW–SE com pres sion in the east ern Alps.

Mid dle to Late Mio cene first rift phase: the first extensio -
nal phase took place be tween 17.5 to 14 Ma, with lo cal de vel op -
ment of deep bas ins as so ci ated with crustal thin ning. The
Karpatian stage was char ac ter ized by open ing of pull-apart
bas ins at the rim of the Pannonian Ba sin (Vi enna and Styrian
ba sins in the west, East Slo vak Ba sin in the north-east, Drava
and Sava troughs in the south-west, and Bekes and Mako
troughs in the east). On go ing E–W ex ten sion thinned the cen -
tral parts of the Pannonian re gion and af fected the whole area
be tween the East ern Alps and the East ern Carpathians. Dur ing
lat est Karpatian time, tec tonic move ments caused up lift of the
Styrian Ba sin hin ter land as well as of the base ment highs and
ero sion along the ba sin mar gins. 
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Fig. 1. Sim pli fied geo log i cal map of the Al pine–Carpathian–Pannonian re gion (mod i fied from Horváth, 1995) show ing the Mio cene
to Qua ter nary mafic al ka line vol ca nic ar eas: 1 – Styrian Ba sin, 2 – Burgenland, 3 – Lit tle Hun gar ian Plain/Dan ube Ba sin, 4 –
Transdanubian Cen tral Range/Balaton, 5 – Bar, 6 – Cen tral Slo vak Vol ca nic Field, 7 – Nógrád /Novohrad, 8 – Banat, 9 – Calimani
Mts., 10 – Harghita Mts., 11 – Perêani Mts.; square shows the po si tion of Fig ure 2



Late Sarmatian in ver sion: a compressional event af fected 
the Pannonian Ba sin dur ing the Late Sarmatian. Miss ing
Sarmatian sed i ments in many parts of the Pannonian Ba sin are 
re lated to up lift and ero sion. Dur ing the Early Pannonian, sed i -
men ta tion and sub si dence were re-es tab lished. 

Late Sarmation–Early Pannonian sec ond rift phase:
extensional struc tures in the west ern and cen tral part of the
Pannonian Ba sin ev i dence for a sec ond rift phase, higher sed i -
men ta tion rates be ing doc u mented for this pe riod (~11.5 to
8 Ma). Syn chro nously, for the east ern and west ern mar ginal ar -
eas of the Pannonian Ba sin a strong compressional pulse was
doc u mented.

Pannonian in ver sion and com pres sion: from the Late
Mio cene on wards, the Pannonian Ba sin has been pro gres -
sively closed. The stress field of the moun tain ar eas sur round -
ing the Pannonian Ba sin was of strike-slip type, with the main
di rec tion of the com pres sion ca. nor mal in re spect to the strike
of the orogen. In the Styrian Ba sin, the sub si dence ceased dur -
ing the Early Pannonian, thin Pannonian sed i ments be ing re -
stricted to the East ern Styrian Ba sin. The pe riph eral por tions of
the Styrian Ba sin are down-bended, with depocentres mov ing
eastwards dur ing tilt ing, which is con tem po ra ne ous with ma jor

sub si dence in the Lit tle Hun gar ian Plane. The sec ond phase of
ba saltic vol ca nism took place in this pe riod (Balogh et al., 1994;
Seghedi et al., 2004).

Due to high re sis tance to weath er ing com pared to the sur -
round ing sed i ments, the volcaniclastic de pos its form to day
prom i nent highs in the land scape, as for ex am ple Riegersburg,
Güssing, Neuhaus and Kapfenstein. The tuffs of the Styrian Ba -
sin were used since cen tu ries as build ing stones; for this rea son 
a high num ber of small-scale quar ries can be found. The min ing 
of these rock-types dates back as long as me di eval times, the
for tresses and cas tles of Riegersburg, Güssing, Neuhaus and
Kapfenstein be ing well known. Most of these quar ries which
were closed in the sec ond half of the 20th cen tury are to day
over grown and hardly ac ces si ble. 

Three vol ca nic events can be dis tin guished in the Sty -
rian Ba sin: (1) Lower/Mid dle Mio cene volcaniclastics and
high-K ef fu sive vol ca nic rocks, (2) al ka line ef fu sive rocks of
Early Pannonian age and (3) Plio cene al ka line ef fu sive rocks
and Up per Mio cene to Plio cene volcaniclastic tuffs. Whole rock
K/Ar data of the Plio cene al ka line ef fu sive rocks (Balogh et al.,
1994) gave an age range from 3.8 to 1.7 Ma (Ta ble 1) for the
Styrian Ba sin. 
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Fig. 2. Sim pli fied geo log i cal and tec tonic map of the Styrian Ba sin (based on Kröll, 1988) 
with base ment highs and volcanics, in part un der sed i men tary cover

1 – Mid dle Styrian base ment high; 2 – Auersbach base ment high;
3 – South Burgenland base ment high



XENOLITHS

A va ri ety of dif fer ent types of xe no liths can be found in the
ba saltic tuff oc cur rences of the Styrian Ba sin and its ad ja cent
area. Be side rocks and min er als of sed i men tary and meta mor -
phic or i gin, a min i mum of four xe no liths types can be dis tin -
guished: (1) gran ites and gneiss es, (2) andesites (re lated to the 
older Lower to Mid dle Mio cene vol ca nism), (3) ultra mafic xe no -

liths (peridodite, lherzolite, websterite, harzburgite, hornblen -
dites), (4) hornblende, augite and ol iv ine pheno crysts (Heritsch, 
1908; Schadler, 1913). 

Mostly, am phi bole pheno crysts can be found as loose com -
po nents of the vol ca nic tuffs. Es pe cially smaller am phi boles
show crys tal lo graphic ter mi na tions with the dom i nant forms
{110} and {010}. Larger crys tals are some times em bed ded in
an al kali ba saltic rock (Fig. 4). 
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Fig. 3. Sim pli fied geo log i cal map of the East ern Styrian Ba sin and ad join ing ar eas

1 – Edelsbach SV6; 2 – Auersbach SV7A; 3 – Unterweißenbach SV7B; 4 – Gnas SV14; 5 –
Altenmarkt; 6 – Riegersburg SV4B; 7 – Mühldorf; 8 – Pertlstein 25629; 9 – Forstkogel SV9C; 10 –
Bad Gleichenberg SV12F; 11 – Wilhelmsdorf; 12 – Tieschen; 13 – Klöch; 14 – Burgfeld SV10A-a,
SV10B-a; 15 – Kapfenstein SV11B-a; 16 – Neuhaus; 17 – Grad; 18 – Jobst; 19 – Stadtbergen
SV3A; 20 – Stein bei Fürstenfeld; 21 – Jennersdorf; 22 – Limbach SV20-a; 23 – Neuberg; 24 –
Tobaj SV22-a; 25 – Güssing SV21
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T a  b l e  1

Com pi la tion of geo chron ol ogi cal data of volcanics from the Styrian Ba sin 
and ad ja cent ar eas

No. Lo cal ity Age [Ma] Ma te rial Method Rock type Ref er ence

1 Grad 3.37 wr K/Ar VS 1

2 Güssing 6.3  wr K/Ar VS 1

3 Kapfenstein 4.68 wr K/Ar VS 1

4 Klöch 2.56 wr K/Ar EF 2

5 Mühldorf 2.64 wr K/Ar EF 2

6 Mühldorf 3.05 wr K/Ar EF 2

7 Neuhaus 3.11 wr K/Ar EF 2

8 Neuhaus 3.11 wr K/Ar EF 1

9 Neuhaus 3.76 wr K/Ar EF 2

10 Tieschen 2.17 wr K/Ar EF 1

11 Unterweissenbach 2.27 wr K/Ar VS 2

12 Wilhelmsdorf 1.71 wr K/Ar EF 2

13 Oberpullendorf 11.1   wr K/Ar EF 2

14 Pauliberg 10.5   wr K/Ar EF 2

15 Pauliberg 11.0   wr K/Ar EF 2

16 Pauliberg 11.7   wr K/Ar EF 2

17 Pauliberg 12.3   wr K/Ar EF 2

18 Bad Gleichenberg 13.2   st K/Ar EF 2

19 Bad Gleichenberg 14.6   wr K/Ar EF 3

20 Bad Gleichenberg 14.9   bi o tite K/Ar EF 4

21 Bad Gleichenberg 15.4   alu nite K/Ar EF 4

22 Bad Gleichenberg 15.4   wr K/Ar EF 5

23 Bad Gleichenberg 15.4   wr K/Ar EF 5

24 Bad Gleichenberg 15.8   wr K/Ar EF 5

25 Bad Gleichenberg 16.8   wr K/Ar EF 5

26 Bad Gleichenberg 22.97 wr Rb/Sr EF 6

27 Hörmsdorf 15.08 bi o tite Ar/Ar VCL 7

28 Hörmsdorf 15.22 bi o tite Ar/Ar VCL 7

29 Oberdorf 18.7  zir con FT VCL 8

30 Pöls 14.9  bi o tite K/Ar VCL 2

31 Pöls 15.3  bi o tite K/Ar VCL 2

32 Pöls 15.75 bi o tite Ar/Ar VCL 7

33 Pöls 16.6  bi o tite Ar/Ar VCL 2

34 Retznei 14.21 bi o tite Ar/Ar VCL 7

35 Retznei 14.39 sanidine Ar/Ar VCL 7

36 Tregistsattel Oberdorf 16.0  zir con FT VCL 8

37 Tregistsattel Oberdorf 17.5  bi o tite K/Ar VCL 2

38 Weitendorf 14.0  wr K/Ar EF 2

39 Weitendorf 15.2  wr K/Ar EF 3

40 Weitendorf 15.8  wr K/Ar EF 5

41 Weitendorf 16.1  wr K/Ar EF 5

42 Weitendorf 16.1  wr K/Ar EF 5

43 Weitendorf 16.3  wr K/Ar EF 5

44 Weitendorf 16.6  wr K/Ar EF 5

45 Weitendorf 17.3  wr K/Ar EF 5

46 Weitendorf 17.5  wr K/Ar EF 5

wr – whole rock, VS – vol cano-sed i men tary rock, EF – ef fu sive rock, VCL – volcaniclastic
layer/patches in Mio cene sed i men tary rock; ref er ences: 1 – Seghedi et al. (2004), 2 – Balogh 
et al. (1994), 3 – Lippolt et al. (1975), 4 – Bojar et al. (2008), 5 – Steininger and Bagdasarjan
(1977), 6 – Kolmer (1980), 7 – Han dler et al. (2006), 8 – Ebner et al. (2002)



SAMPLE PREPARATION
AND ANALYTICAL DATA

Sam ple prep a ra tion: am phi bole pheno crysts were col -
lected from all fif teen tuff oc cur rences of the Styrian Ba sin and
ad join ing ar eas (Fig. 3). Only un al tered crys tals with no sec ond -
ary min eral for ma tion like cal cite or ze o lite on the sur face or in
cracks were used for K/Ar dat ing. Sep a ra tion from host rock
was done by hand-pick ing. The am phi bole crys tals were ul tra -
son i cally cleaned in ac e tone and rinsed with deionised wa ter.
The crys tal size mostly ex ceeds one centi metre. Am phi bole of
a hornblendite-xe no lith was used only in one case (Stadt -
bergen).

K/Ar data: the K con tents were de ter mined by ther mal iso -
tope mass spec trom e try (TIMS) us ing the iso tope di lu tion
tech nique, as de scribed by Ha³as (2001). Ra dio genic ar gon
con cen tra tion (40Ar*) was de ter mined on the in stru men tal set-
 up of the Mass Spec trom e try Lab o ra tory de scribed in de tail by
Durakiewicz (1995). The an a lyt i cal re sults are pre sented in
Ta ble 1. The over all stan dard un cer tainty (given in 1s) re sult -
ing from un cer tain ties of K and 40Ar* de ter mi na tions was cal -
cu lated by the er ror prop a ga tion for mula de rived by Cox and
Dal rym ple (1967).

RESULTS

Al most all the vol ca nic tuffs of the Styrian Ba sin and ad ja -
cent ar eas host man tle xe no liths as well as am phi bole and
pyroxene pheno crysts. The new K/Ar geo chron ol ogi cal data of

15 mag matic am phi boles from the tuffs are given in Ta ble 2. For 
the ex plo sive vol ca nism, the ages range from 2.73 to 7.51 Ma.
The sam ple lo ca tions and some of the dated pheno crysts are
shown in Fig ures 3 and 4, re spec tively. 

Most of the Up per Mio cene to Plio cene vol ca nic rocks of the 
Styrian Ba sin are sit u ated on two basinal high zones: the
SW–NE trending South Burgenland Zone and the NNW–SSE
trending Auersbach Zone. These zones are bor dered by steep
nor mal faults, which have been al ready ac tive since Karpatian
times (Friebe, 1991; Sachsenhofer, 1996). 

From west to east, roughly four NNW–SSE ar rays of vol ca -
nic oc cur rences can be dis tin guished. The wes tern most ar ray is 
sit u ated on the west ern slope of the Auersbach basinal high
zone and hosts most of the ef fu sive so dium al ka line volcanics
as Klöch, Tieschen, Wilhelmsdorf and Mühldorf and the tuffs of
Bad Gleichenberg, Gnas, Unterweißenbach, Gniebing and
Edelsbach. The high-K to shoshonitic calc-al ka line volcanics
from Bad Gleichenberg of Mid dle Badenian age, are also in -
cluded in this zone. The sec ond ar ray, rep re sented by Grad,
Neuhaus, Kapfenstein, Burgfeld, Forstkogel, Pertlstein, Rieger -
sburg and Altenmarkt, is sit u ated on the east ern slope of the
Auersbach basinal high. Be side nu mer ous phreatomagmatic
volcanics, only one ef fu sive so dium al ka line ba salt (Neuhaus) is 
hosted in this zone. These two zones sit u ated west ward and
east ward of the Auersbach high, host ~2/3 of the Late Mio cene
to Plio cene volcanics of the Styrian Ba sin. The third ar ray, in -
clud ing Jennersdorf, Stein, Stadtbergen and Jobst, hosts also
the ba salt from Stein. The tuffs from Jennersdorf and Jobst lack
xe no liths and ig ne ous pheno crysts; ultra mafic xe no liths and
pheno crysts suit able for dat ing were found only at Stadtbergen.
The fourth ar ray con sists of Güs sing, Tobaj and Neuberg. The
Limbach tuff is lo cated be tween zones three and four.
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Fig. 4A – am phi bole phenocryst in al kali ba saltic rock, Tobaj; B – am phi bole phenocryst with crys tal lo graphic
ter mi na tions, Edelsbach, back scat tered elec tron im age; C – am phi bole phenocryst and an ultra mafic xe no lith in
vol ca nic tuff rich in coun try rocks, Kapfenstein, di am e ter of coin 23 mm; D – am phi bole phenocryst in vol ca nic
tuff, Limbach, di am e ter of coin 26 mm 



DISCUSSION

REGIONAL NEOGENE VOLCANISM

The Neo gene evo lu tion of the Al pine–Carpathian–Pan -
nonian (ALCAPA) area was ac com pa nied by fre quent vol ca nic
ac tiv ity (Szabó et al., 1992; Balogh et al., 1994; Dobosi et al.,
1995; Downes and Vaselli et al., 1995; Downes et al., 1995a;
Ebner and Sachsenhofer, 1995; Embey-Isztin and Dobosi,
1995; Harangi et al., 1995a, b; Kali èiak and Žec, 1995; Koneèný 
et al., 1995b; Lyashkevich, 1995; Pécskay et al., 1995a, b,
2006; Seghedi et al., 1995, 2004, 2011; Vaselli, 1995; Moriya et 
al., 1996; Sachsenhofer, 1996; Slapansky et al., 1999; Németh
et al., 2001; Ebner et al., 2002; Han dler et al., 2006; Bojar et al.,
2008; Kralj, 2011). 

In the Pannonian Ba sin and in the West Carpathians, the
vol ca nism started dur ing Eggenburgian times (~19.5 Ma). The
youn gest ages of 35 to 150 ka (Moriya et al., 1996) are found in
the East Carpathians (Perºani and Harghita Moun tains). Ac -
cord ing to the data, the vol ca nic ac tiv ity in the Al pine–Carpa -
thian–Pannonian re gion cov ers over 19 Ma and can be clas si -
fied in a calc-al ka line and al ka line type:

Early Mio cene to Mid dle Mio cene calc-al ka line in ter me -
di ate to acidic vol ca nic tuffs. Lower to Mid dle Mio cene acidic
tuffs are wide spread within the Pannonian Ba sin as well as
within its mar ginal and intra- moun tain bas ins (Ebner, 1981;
Ebner and Gräf, 1982; Pécskay et al., 1995b and ref er ences
therein, Han dler et al., 2006). Pécskay et al. (1995b) dis cern
three tuff-events in the Pan nonian Ba sin: Lower (18–19.5 Ma),
Mid dle (15–16.4 Ma) and Up per Rhy o lite Tuffs (11–13.5 Ma).
The Lower Rhy o lite Tuff ho ri zon is sit u ated in the cen tre of the
Pannonian Ba sin where as the Mid dle and Up per Rhy o lite Tuffs
are close to the sur round ing moun tains. Tuff ho ri zons are also
fre quent in the Transylvanian Ba sin and the West Carpathians
(Pécskay et al., 1995b; Bojar et al., 2012). The erup tion cen tres
as so ci ated with these pyroclastic rocks re main un cer tain (Sza -

bó et al., 1992), prob a bly the intra- Carpa thian
area and the Carpathian vol ca nic arc it self
(Pécskay et al., 2006).

Mid dle Mio cene to re cent me dium to
high- K calc-al ka line vol ca nism. Par al lel to
the in ner mar gins of the Al pine–Carpathian
Arc, high-K calc-al ka line vol ca nic rocks and
sub or di nate shoshonites are found. Calc-al ka -
line vol ca nism in north ern Hun gary is in ter me -
di ate be tween me dium to high-K calc-al ka line
(Downes et al., 1995a), whereas the vol ca nism
in the Styrian Ba sin is high-K to shoshonitic
(Slapansky et al., 1999). The calc-al ka line vol -
ca nism is rep re sented by ba saltic to rhyolitic
lava flows, dikes and dome-flows, and is char -
ac ter ized by de creas ing ages from W to E. The
vol ca nism started in the Styrian Ba sin at 16.8 to 
15.5 Ma (Pécskay et al., 1995b, 2006; Han dler
et al., 2006) and in the Dan ube Ba sin at 16.5 to
15 Ma (Kantor et al., 1987). The age of calc-al -
ka line vol ca nism de creases to the east and
south-east with the youn gest ages found in the
East Carpathians, i.e., Calimani–Per êa ni–Har -
ghita Moun tains (10.6 to 0.15 Ma) (Peltz et al.,
1987; Szakács et al., 1993; Pécskay et al.,
1995b, 2006; Moriya et al., 1996). 

Sarmatian to re cent al ka line vol ca nism, dom i nated by
al ka line sodic vol ca nic rocks. The ages range from 11.5 to 0.1
Ma (Pécskay et al., 1995b, 2006). The old est ages are again
found in the west ern part of the Pannonian Ba sin and in the west -
ern mar ginal bas ins (11.5 to 10.5 Ma in the Styrian Ba sin and 12
to 10.5 Ma in the Dan ube Ba sin). The age of the al ka line vol ca -
nism in the Al pine–Carpathian–Pannonian area is gen er ally
youn ger than the calc-al ka line one and, in the re gions with
calc-al ka line and al ka line vol ca nism, it post-dates the for mer af -
ter an in ter rup tion. Two age peaks can be roughly put in ev i -
dence, at 12 to 8 Ma and 4 to 0 Ma. As out lined be fore, part of the 
Badenian vol ca nism of the Styrian Ba sin is high-K calc-al ka line
to shoshonitic, but they are dis cussed to gether with the calc-al ka -
line se ries be cause of their close re la tion ship to each other in
time and re gional dis tri bu tion. There is not such an ob vi ous trend
in age de vel op ment as for the calc-al ka line vol ca nism. Re gion -
ally, the al ka line vol ca nism is more fre quently rep re sented in the
north ern and west ern parts of the Pannonian Ba sin. The ex cep -
tions are oc cur rences in the Banat, Apuseni Moun tains and
Calimani-Harghita Moun tains, show ing ages less than 2 Ma
(Pécskay et al., 1995b, 2006). The al ka line vol ca nism in the Al -
pine–Carpathian–Pannonian area is rep re sented by neph el ine
basanites, nephelinites, trachyandesite, trachy basalts, neph el ine 
tephrites and hawaaite (Dobosi et al., 1995; Harangi et al.,
1995a; Pécskay et al., 1995b, 2006; Harangi and Lenkey, 2007)
that oc cur as lava-flows, scat tered necks, cin der- and tuff cones.
Man tle-de rived ultra mafic xe no liths and pheno crysts of am phi -
bole and py rox enes are fre quent in the tuffs and less com mon in
lava flows of the al ka line vol ca nism (Kurat et al., 1991; Zanetti et
al., 1995; Dobosi et al., 1998, 2003; Dobosi and Jen ner, 1999;
Demény et al., 2005). The most prom i nent oc cur rences are in
the south east ern Styrian Ba sin, in ad ja cent Burgenland base -
ment high, in Slovenia (Scharbert et al., 1981; Kurat et al., 1991;
Balogh et al., 1994; Coltori et al., 2007; Kralj, 2011), in the Banat
and South Harghita Moun tains (Downes et al., 1995b), in the Lit -
tle Hun gar ian Plain (Falus et al., 2007), Nógrád (Koneèný et al.,
1995a; Dobosi and Jen ner, 1999; Demény et al., 2005) and in
the Balaton-Bakony area, Hun gary (Embey- Isztin et al., 2001;
Dobosi et al., 2003; Nedli et al., 2009). 
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T a  b l e  2

K/Ar an a lyt i cal data on am phi bole pheno crysts of Up per Mio cene to Plio cene
vol ca nic tuffs  from the Styrian Ba sin and ad ja cent ar eas

No. Sam ple Lo cal ity %K
Ar*

[pmol/g]
%Ar* Age [Ma]

1 SV3-a Stadtbergen 1.057 11.89 30.7 6.48 ± 0.12

2 SV6-a Edelsbach 1.58  10.20 26.2 3.52 ± 0.09

3 SV7A-a Auersbach 1.462   7.29 19.5 2.87 ± 0.08

4 SV7B-a Unterweißenbach 1.590   7.52 20.8 2.73 ± 0.08

5 SV10A-a Kuruzzenkogel 1.64 14.70 37.0 5.15 ± 0.08

6 SV10B-a Beistein   2.030 20.54 35.3 5.82 ± 0.06

7 SV11B-a Kapfenstein   1.772 14.96 38.6 4.86 ± 0.06

8 SV20-a Limbach 1.62 16.11 57.36 5.72 ± 0.06

9 SV22-a Tobaj 1.63 14.11 44.29 4.98 ± 0.08

10 25629 Pertlstein 1.73   9.97 19.86 3.32 ± 0.12

11 SV9C Forstkogel 20.8   35.1 26.6 7.51 ± 0.09

12 SV4B Riegersburg 1.56 10.1 38.8 3.71 ± 0.06

13 SV12F Bad Gleichenberg 1.76 16.1 25.0 5.26 ± 0.07

14 SV14A Gnas 1.68   8.4 39.2 2.88 ± 0.05

15 SV21 Güssing 1.65 14.3 43.8 5.03 ± 0.08

https://gq.pgi.gov.pl/article/view/7722/pdf_43


VOLCANISM IN THE STYRIAN BASIN

Volcanological/geo phys i cal in ves ti ga -
tions were done for Altenmarkt and Rieger -
s burg (Fritz, 1996a), Burgfeld- Beistein (Pö -
schl, 1991) and the Grad volcanogenic field
(Kralj, 2011), the Gleichenberg vol ca nic
field (Winkler, 1913), Unterweissenbach
and Gniebing (Murban, 1939), Kapfenstein
(Winkler v. Hermaden, 1957), Limbach (Ju -
govics, 1916; Sauerzopf, 1986) and Tobaj
(Jugovics, 1916). Sum ma ries can be found
in Sigmund (1899), Flügel and Heritsch
(1968) and Fritz (1996b). Of broad in ter est
are the man tle xe no liths and large pheno -
crysts for which sev eral pet ro log i cal and
geo chem i cal stud ies were car ried out by
Rich ter (1971), Kurat et al. (1980), Embey-
 Isztin et al. (1990), Kurat et al. (1991), Do -
wnes and Vaselli (1995), Vaselli et al.
(1995, 1996), Szabó et al. (1995), Dobo si et 
al. (1998), Demény et al. (2005) and Coltori
et al. (2007). 

The dis tri bu tion of the Neo gene vol ca nic 
rocks in the Styrian Ba sin and ad ja cent ar -
eas are given in Fig ures 1 and 2. Two ar rays 
of vol ca nic oc cur rences are sit u ated west -
ward and east ward of the Auersbach base -
ment high (num bers 1 to 17 in Fig. 3). The
trachyte-trachyandesite vol cano of Bad
Gleichenberg, be long ing also to these ar -
rays, has an age of 13.2 to 15.4 (Balogh et
al., 1994; Han dler et al., 2006; Bojar et al.,
2008) and was af fected by a youn ger phre -
atomagmatic vol ca nism rep re sented by a
vol cano-sed i men tary se quence ly ing on this 
vol cano. The third ar ray (num bers 18 to 21
in Fig. 3) hosts a small ef fu sive oc cur rence at Stein. The east -
ern most ar ray in Burgenland is rep re sented only by three tuff
oc cur rences (23 to 25 in Fig. 3). 

The am phi bole and pyroxene pheno crysts as so ci ated with
the in ves ti gated tuffs can be in ter preted as frag ments of dis -
rupted man tle as sem blages. The com po si tion, large size, frag -
men ta tion and ir reg u lar edges to the host ing ba salt in di cate that 
many am phi boles could be de rived from disaggregated dikes or 
cumulates crys tal lized from mafic mag mas (Righter and Carmi -
chael, 1993; Shaw and Eyzaguirre, 2000). Fur ther crystallo -
chemical stud ies con firm this gen e sis (Shaw and Eyzaguirre,
2000; Dobosi et al., 2003; Downes et al., 2004; Demeny et al.,
2005). The pheno crysts were brought to the sur face by later ba -
saltic magmatism (Downes et al., 1995b; Huraiová et al., 1996;
Dobosi et al., 2003; Demeny et al., 2005). Clinopyroxene/am -
phi bole pheno crysts and ultra mafic xe no liths oc cur fre quently
to gether and are also prob a bly formed from mafic mag mas at
high pres sures (Dobosi et al., 2003). For this study, it was pos -
si ble to sam ple ultra mafic xe no liths and pheno crysts from al -
most all vol ca nic tuff oc cur rences. Just for the lo ca tions Jen -
nersdorf, Jobst and Grad, no ad e quate ma te rial was avail able.
Com monly, am phi bole crys tals are more fre quent than py rox -
enes; at Neuhaus ex clu sively py rox enes were found. In Ta ble
3, a com pi la tion of the size and the rel a tive fre quency of ultra -
mafic xe no liths and am phi bole pheno crysts of the known tuff lo -
ca tions are given. A cor re la tion was ob served be tween rel a tive
fre quency and the max i mum size of ultra mafic xe no liths and
pheno crysts.

The most re cent vol ca nic cy cle of the Styrian Ba sin is
mainly ba saltic and shows ef fu sive and ex plo sive char ac ter is -
tics. The tuff oc cur rences are in ter preted as phreatomagmatic
erup tions with par tially re worked de bris flows and maar de vel -
op ment (Pöschl, 1991; Fritz, 1996a, b; Kralj, 2011). Such
maar- vol ca noes, which con sist largely of tephra lay ers, are ex -
tremely rich in coun try rocks (Fritz, 1996b). For ex am ple, the
bulk rock at the Grad vol cano con sists of 35% non-vol ca nic de -
tri tus (Kralj, 2000). In some ar eas, bomb-sag struc tures can be
found, in di cat ing wet sur face con di tions (Pöschl, 1991; Fritz,
1996a, b). Geo chron ol ogi cal data (this study and data from Ta -
ble 1) on am phi bole pheno crysts from the Styrian Ba sin tuffs
show an age range be tween 7.51 and 2.73 Ma in di cat ing a
time-span of the youn gest al ka line ef fu sive and ex plo sive vol ca -
nism cy cle around 6 Ma. Stratigraphically, the vol ca nism be gan
ac cord ing to the Cen tral Paratethyan timescale (Rögl, 1998;
Vasiliev et al., 2004) in lat est Pannonian and ended in Ro ma -
nian times.

CONCLUSIONS

The youn gest vol ca nism in the Styrian Ba sin and ad join ing
ar eas started with phreatomagmatic events and ended with ef -
fu sive al ka line vol ca nism, show ing a sim i lar time span as the
vol ca nism of the Transdanubian Cen tral Range (2.3 to
7.5 Ma), the Dan ube Ba sin (3.0 to 5.5 Ma) and the
Nógrád/Novo hrad area (1.1 to 7.2 Ma; Pécskay et al., 1995b,
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T a  b l e  3

Com pi la tion of the fre quency and size of man tle xe no liths and ig ne ous 
pheno crysts in the tuffs of the Styrian Ba sin and ad ja cent ar eas

No. Lo cal ity Ultra mafic 
xe no liths

Size
[cm]

hbl, pyx
cryst. Size [cm]

1 Edelsbach x 5 xx 2

2 Gniebing xx 20 xx 5

3 Unterweissenbach xx 20 xx 2

4 Gnas x 10 x 2

5 Altenmarkt x 10 – 2

6 Riegersburg x 10 xx 2

7 Pertlstein xx 20 xx 5

8 Forstkogel xx 5 xx 2

9 Bad Gleichenberg x 5 x 2

10 Burgfeld xxx 40 xxx 5

11 Kapfenstein xxx 40 xxx 10  

12 Neuhaus xx 10 xx 2

13 Grad x ? x ?

14 Jobst – – – –

15 Stadtbergen xx 10 xx 5

16 Jennersdorf – – – –

17 Neuberg xx 10 xx 2

18 Limbach xxx 10 xxx

19 Tobaj xxx 40 xxx 15  

20 Güssing x 5 x 2

21 Neuberg/Bgl. – x 2

(–) – not found, x – rare, xx – com mon, xxx – very com mon; size: max i mum size in cm ar -
ranged to the size groups up to 5, 10, 20, 40 cm for ultra mafic xe no liths and 2, 5, 10, 15 cm 
for pyroxene (pyx) and am phi bole (hbl) pheno crysts



2006). Com bin ing pre vi ous data with the new ages pre sented
in this study, gives roughly two peaks for the youn gest al ka line
vol ca nism in the Styrian Ba sin and ad join ing ar eas: the first at
5 to 5.5 Ma and the sec ond at 2.5 to 3 Ma (Fig. 6). The dated
vol ca nic oc cur rences dis play NNW–SSE ori ented ar rays
which are more or less par al lel to the Auersbach high zone.
These ar rays are ap prox i mately per pen dic u lar to the di rec tion
of com pres sion (Fig. 5). 

The evo lu tion of the Styrian Ba sin can be di vided into three
phases ac cord ing to sub si dence anal y ses and quan ti ta tive
mod el ling (Sachsenhofer, 1996; Sachsenhofer et al., 1997): an
Early Mio cene (Ottnangian to Karpatian) synrift and a Sar -
matian ex ten sion phase, ter mi na tion of sub si dence dur ing the
Pannonian and, fi nally, rapid up lift dur ing the Qua ter nary. The
Badenian vol ca nic cy cle of the Styrian Ba sin in the Karpatian,
which co in cides with ex treme sub si dence rates, con tin ued un til
the end of the Lower Badenian (Sachsenhofer, 1996). The Late 
Mio cene to Plio cene vol ca nic cy cle of the Styrian Ba sin and ad -
ja cent ar eas started with the be gin ning of the com pres sion and
the east ward tilt ing of the ba sin (~7 Ma). This phase of vol ca -
nism ended with the on set of the rapid up lift at the be gin ning of
the Qua ter nary (~2 Ma).
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Fig. 5. Age dis tri bu tion of vol ca nic rocks from the Styrian Ba sin and ad join ing ar eas

Geo chron ol ogi cal data are based on Ta bles 1 and 2; tec tonic sub si dence and re gime are ac cord ing to Sachsenhofer
(1996); age dis tri bu tion from the Transdanubian Range, the Dan ube Ba sin and the Nógrád/Novohrad area 

are ac cord ing to Pécskay et al. (1995b, 2006)

Fig. 6. His to gram of geo chron ol ogi cal data of vol ca nic rocks
from the Styrian Ba sin and ad ja cent ar eas

 Data are based on Ta bles 1 and 2; for the lo cal i ties, from which
more than one age is avail able, the arith me tic mean is dis played
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