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We present fifteen new K/Ar ages on amphibole phenocrysts of Neogene volcaniclastic rocks from the Styrian Basin, Austria.
The westernmost sub-basin of the Pannonian Basin is the Styrian Basin, which hosts a large number of phreatomagmatic tuff
occurrences beside Middle Miocene shield volcanoes and Pliocene effusive alkaline volcanic rocks. The investigated tuffs
contain the well-known mantle xenoliths and frequent amphibole and pyroxene phenocrysts. The new K/Ar ages indicate that
the Late Miocene phreatomagmatic volcanism started in Pontian (7.51 Ma) and ended in Romanian (2.73 Ma) times. The
complete interval of the youngest volcanism in the Styrian Basin covers 5.8 Ma, similar to the volcanism of the western part of
the Pannonian Basin and the Nograd/Novohrad area (West Carpathians). The dated volcanic occurrences display
NNW-SSE oriented arrays which are approximately parallel to the Auersbach basinal high zone. The new data indicate that
the Late Miocene to Pliocene volcanism of the Styrian Basin is synchronous with the onset of a regional compressional event
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and eastward tilting of the Styrian Basin fill.
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INTRODUCTION

The westernmost sub-basin of the Pannonian Basin is the
Styrian Basin, which is situated at the southeastern margin of
the Eastern Alps. Several basement highs divide the Styrian
Basin into two sub-basins: the Middle Styrian basement high
separates the shallower Western Styrian Basin (with ~800 m
thick Neogene sediments) from the Eastern Styrian Basin (with
a ~3000 m thick infill). The South Burgenland basement high,
separates the West Pannonian Basin from the Styrian Basin
(Kollmann, 1964; Fligel and Neubauer, 1984). The N-S-tren-
ding Auersbach basement high divides the Eastern Styrian Ba-
sin into two sub-basins (Figs. 1 and 2).

The Eastern Styrian Basin hosts distinct volcanic depo-
centres represented by Miocene (Karpatian to Badenian) shield
volcanoes and volcanic tuff intercalations in sediments. The
second phase of basaltic volcanism has a Late Miocene to Plio-
cene age. The Western Styrian Basin hosts only one Middle
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Miocene volcano. Most of the Middle Miocene volcanics are
covered by sediments and are known only from boreholes and
geophysical studies (Kollmann, 1964; Krdll et al., 1988). Ap-
proximate 30—40 Pliocene eruption centres are known (Koll-
mann, 1964), several of them in a very close proximity to others,
therefore merged to one occurrence (Fig. 3).

Numerous geochronological studies were done for effusive
rocks of Miocene and Pliocene age as well as for Miocene tuffs
(e.g., Steininger and Bagdasarjan, 1977; Balogh et al., 1994;
Handler et al., 2006). In Table 1, all known geochronological
data of the volcanic rocks of the Styrian Basin are given. A sys-
tematic geochronological study on the phreatomagmatic tuff oc-
currences lacks so far. The purpose of this study is to date the
tuffs within the Styrian Basin and to correlate them with the oc-
currences from the adjoining areas.

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

The Alps delimitate the Pannonian Basin to the west (mainly
the Austroalpine nappe system, except the Rechnitz Window,
which is part of the Penninic units). North- and eastward, the
Pannonian Basin is bordered by the Carpathians, southward —
by the Dinaride orogenic belt (Fig. 1).
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Fig. 1. Simplified geological map of the Alpine—Carpathian—Pannonian region (modified from Horvath, 1995) showing the Miocene
to Quaternary mafic alkaline volcanic areas: 1 — Styrian Basin, 2 — Burgenland, 3 — Little Hungarian Plain/Danube Basin, 4 —
Transdanubian Central Range/Balaton, 5 — Bar, 6 — Central Slovak Volcanic Field, 7 — Négrad /Novohrad, 8 — Banat, 9 — Calimani
Mts., 10 — Harghita Mts., 11 — Persani Mts.; square shows the position of Figure 2

The Late Oligocene and Miocene north-eastward trans-
pressive movement of the Adriatic plate and the collision with
Europe led to shortening and crustal overthickening. This event
generated sinistral fault systems to the north and dextral fault
systems to the south (Periadriatic lineament and associated
strike-slip zones) of the Alps. Lateral motion of the crust in-
cludes tectonic escape of wedges and extensional collapse
from the morphological high of the Tauern window area towards
the basin (Ratschbacher et al., 1991). Related to this event, the
Alpine—Carpathian realm and Pannonian Basin were formed by
collision-related Miocene extension. The Pannonian Basin de-
veloped on the top of the resulting extruding wedge (Royden et
al., 1983; Neubauer, 1988; Genser and Neubauer, 1989;
Ratschbacher et al., 1989; Neubauer and Genser, 1990). The
eastward extension was enhanced also by a retreat of the
subduction boundary in the Carpathians. The westward-dipping
subduction zone and rollback consumed the thinned European
oceanic and continental crust (Royden, 1993) and caused fur-
ther Early to Middle Miocene extension in the Pannonian Basin
(Tari et al., 1992; Horvath, 1993; Royden, 1993; Peresson and
Decker, 1996).

An overview of the tectonic setting and regional geologic
evolution of the Pannonian Basin is given by Huismans et al.
(2002) using data from Bergerat (1989), Csontos et al. (1991),
Ratschbacher et al. (1993), Horvath (1995), Bergerat (1995),
Csontos (1995), Fodor (1995), Hippolyte and Sandulescu
(1996), Sachsenhofer (1996), Sachsenhofer et al. (1997),
Huismans et al. (1997), Matenco (1997), Peresson and

Decker (1997a, b), Sanders (1998), Fodor et al. (2000) and
Huismans and Bertotti (2002). According to Huismans et al.
(2002), the Early to Late Miocene extension led to a significant
thinning of the lithosphere (down to 60 to 80 km with a crustal
thickness of ~22.5 to 30 km) with high gradients of lithosphere
thickness in the eastern and western basin border regions.
The thin lithosphere of the Pannonian Basin is coupled with a
high heat flow (Sclater et al., 1980; Horvath et al., 2006) and
updoming of the asthenosphere. The crustal thickness of the
surrounding Alpine and Carpathian mountain chain is ~100 to
200 km (Horvath, 1993).

Oligocene to Early Miocene pre-rift compression: the
last major tectonic event before extension in the Pannonian Ba-
sin is an N-S to NW-SE compression in the eastern Alps.

Middle to Late Miocene first rift phase: the first extensio-
nal phase took place between 17.5 to 14 Ma, with local develop-
ment of deep basins associated with crustal thinning. The
Karpatian stage was characterized by opening of pull-apart
basins at the rim of the Pannonian Basin (Vienna and Styrian
basins in the west, East Slovak Basin in the north-east, Drava
and Sava troughs in the south-west, and Bekes and Mako
troughs in the east). Ongoing E-W extension thinned the cen-
tral parts of the Pannonian region and affected the whole area
between the Eastern Alps and the Eastern Carpathians. During
latest Karpatian time, tectonic movements caused uplift of the
Styrian Basin hinterland as well as of the basement highs and
erosion along the basin margins.
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Fig. 2. Simplified geological and tectonic map of the Styrian Basin (based on Kroll, 1988)
with basement highs and volcanics, in part under sedimentary cover

1 — Middle Styrian basement high; 2 — Auersbach basement high;
3 — South Burgenland basement high

Late Sarmatian inversion: a compressional event affected
the Pannonian Basin during the Late Sarmatian. Missing
Sarmatian sediments in many parts of the Pannonian Basin are
related to uplift and erosion. During the Early Pannonian, sedi-
mentation and subsidence were re-established.

Late Sarmation—-Early Pannonian second rift phase:
extensional structures in the western and central part of the
Pannonian Basin evidence for a second rift phase, higher sedi-
mentation rates being documented for this period (~11.5 to
8 Ma). Synchronously, for the eastern and western marginal ar-
eas of the Pannonian Basin a strong compressional pulse was
documented.

Pannonian inversion and compression: from the Late
Miocene onwards, the Pannonian Basin has been progres-
sively closed. The stress field of the mountain areas surround-
ing the Pannonian Basin was of strike-slip type, with the main
direction of the compression ca. normal in respect to the strike
of the orogen. In the Styrian Basin, the subsidence ceased dur-
ing the Early Pannonian, thin Pannonian sediments being re-
stricted to the Eastern Styrian Basin. The peripheral portions of
the Styrian Basin are down-bended, with depocentres moving
eastwards during tilting, which is contemporaneous with major

subsidence in the Little Hungarian Plane. The second phase of
basaltic volcanism took place in this period (Balogh et al., 1994;
Seghedi et al., 2004).

Due to high resistance to weathering compared to the sur-
rounding sediments, the volcaniclastic deposits form today
prominent highs in the landscape, as for example Riegersburg,
Gussing, Neuhaus and Kapfenstein. The tuffs of the Styrian Ba-
sin were used since centuries as building stones; for this reason
a high number of small-scale quarries can be found. The mining
of these rock-types dates back as long as medieval times, the
fortresses and castles of Riegersburg, Giissing, Neuhaus and
Kapfenstein being well known. Most of these quarries which
were closed in the second half of the 20th century are today
overgrown and hardly accessible.

Three volcanic events can be distinguished in the Sty-
rian Basin: (1) Lower/Middle Miocene volcaniclastics and
high-K effusive volcanic rocks, (2) alkaline effusive rocks of
Early Pannonian age and (3) Pliocene alkaline effusive rocks
and Upper Miocene to Pliocene volcaniclastic tuffs. Whole rock
K/Ar data of the Pliocene alkaline effusive rocks (Balogh et al.,
1994) gave an age range from 3.8 to 1.7 Ma (Table 1) for the
Styrian Basin.



408 Hans-Peter Bojar, Ana-Voica Bojar, Stanistaw Hatas and Artur Wojtowicz

g1

24 Feldbach

Flkstenfeld

=23

24

& 250

Szentgotthard

Sarmatian
(clay, sand, gravel)

Pannonian
(clay, sand, gravel)

Paleozoic
(slate, shale)

volcanic rocks of Badenian age
(trachyandesite, trachyte)
(basaltic tuffs)

volcanic rocks of Pliocene age
(basalt, nepheline-basanite)

|:| volcanoclastic rocks of Pliocene age

Fig. 3. Simplified geological map of the Eastern Styrian Basin and adjoining areas

1 — Edelsbach SV6; 2 — Auersbach SV7A; 3 — Unterweiflenbach SV7B; 4 — Gnas SV14; 5 —
Altenmarkt; 6 — Riegersburg SV4B; 7 — Muhldorf; 8 — Pertlstein 25629; 9 — Forstkogel SV9C; 10 —
Bad Gleichenberg SV12F; 11 — Wilhelmsdorf; 12 — Tieschen; 13 — Kléch; 14 — Burgfeld SV10A-a,
SV10B-a; 15 — Kapfenstein SV11B-a; 16 — Neuhaus; 17 — Grad; 18 — Jobst; 19 — Stadtbergen
SV3A,; 20 — Stein bei Firstenfeld; 21 — Jennersdorf; 22 — Limbach SV20-a; 23 — Neuberg; 24 —

Tobaj SV22-a; 25 — Gussing SV21

XENOLITHS

A variety of different types of xenoliths can be found in the
basaltic tuff occurrences of the Styrian Basin and its adjacent
area. Beside rocks and minerals of sedimentary and metamor-
phic origin, a minimum of four xenoliths types can be distin-
guished: (1) granites and gneisses, (2) andesites (related to the
older Lower to Middle Miocene volcanism), (3) ultramafic xeno-

liths (peridodite, Iherzolite, websterite, harzburgite, hornblen-
dites), (4) hornblende, augite and olivine phenocrysts (Heritsch,
1908; Schadler, 1913).

Mostly, amphibole phenocrysts can be found as loose com-
ponents of the volcanic tuffs. Especially smaller amphiboles
show crystallographic terminations with the dominant forms
{110} and {010}. Larger crystals are sometimes embedded in
an alkali basaltic rock (Fig. 4).
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Table 1

Compilation of geochronological data of volcanics from the Styrian Basin

and adjacent areas

No. Locality Age [Ma] | Material | Method | ROCKYPE | Roference
1 Grad 3.37 wr K/Ar VS 1
2 Gussing 6.3 wr K/Ar VS 1
3 Kapfenstein 4.68 wr K/Ar VS 1
4 Kléch 2.56 wr KI/Ar EF 2
5 Muhldorf 2.64 wr KI/Ar EF 2
6 Muhldorf 3.05 wr K/Ar EF 2
7 Neuhaus 3.1 wr K/Ar EF 2
8 Neuhaus 3.1 wr K/Ar EF 1
9 Neuhaus 3.76 wr K/Ar EF 2
10 Tieschen 217 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 biotite K/Ar EF 4
21 Bad Gleichenberg 15.4 alunite 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 Hormsdorf 15.08 biotite Ar/Ar VCL 7
28 Hoérmsdorf 15.22 biotite Ar/Ar VCL 7
29 Oberdorf 18.7 zircon FT VCL 8
30 Pols 14.9 biotite K/Ar VCL 2
31 Pols 15.3 biotite KI/Ar VCL 2
32 Pols 15.75 biotite Ar/Ar VCL 7
33 Pols 16.6 biotite Ar/Ar VCL 2
34 Retznei 14.21 biotite Ar/Ar VCL 7
35 Retznei 14.39 sanidine Ar/Ar VCL 7
36 Tregistsattel Oberdorf 16.0 zircon FT VCL 8
37 Tregistsattel Oberdorf 17.5 biotite 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 KI/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 — volcano-sedimentary rock, EF — effusive rock, VCL — volcaniclastic
layer/patches in Miocene sedimentary rock; references: 1 — Seghedi et al. (2004), 2 - Balogh
etal. (1994), 3 - Lippolt et al. (1975), 4 — Bojar et al. (2008), 5 — Steininger and Bagdasarjan

(1977), 6 — Kolmer (1980), 7 — Handler et al. (2006), 8 — Ebner et al. (2002)
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Fig. 4A — amphibole phenocryst in alkali basaltic rock, Tobaj; B — amphibole phenocryst with crystallographic
terminations, Edelsbach, backscattered electron image; C — amphibole phenocryst and an ultramafic xenolith in
volcanic tuff rich in country rocks, Kapfenstein, diameter of coin 23 mm; D — amphibole phenocryst in volcanic
tuff, Limbach, diameter of coin 26 mm

SAMPLE PREPARATION
AND ANALYTICAL DATA

Sample preparation: amphibole phenocrysts were col-
lected from all fifteen tuff occurrences of the Styrian Basin and
adjoining areas (Fig. 3). Only unaltered crystals with no second-
ary mineral formation like calcite or zeolite on the surface or in
cracks were used for K/Ar dating. Separation from host rock
was done by hand-picking. The amphibole crystals were ultra-
sonically cleaned in acetone and rinsed with deionised water.
The crystal size mostly exceeds one centimetre. Amphibole of
a hornblendite-xenolith was used only in one case (Stadt-
bergen).

K/Ar data: the K contents were determined by thermal iso-
tope mass spectrometry (TIMS) using the isotope dilution
technique, as described by Hatas (2001). Radiogenic argon
concentration (*°Ar*) was determined on the instrumental set-
up of the Mass Spectrometry Laboratory described in detail by
Durakiewicz (1995). The analytical results are presented in
Table 1. The overall standard uncertainty (given in 10) result-
ing from uncertainties of K and “?Ar* determinations was cal-
culated by the error propagation formula derived by Cox and
Dalrymple (1967).

RESULTS

Almost all the volcanic tuffs of the Styrian Basin and adja-
cent areas host mantle xenoliths as well as amphibole and
pyroxene phenocrysts. The new K/Ar geochronological data of

15 magmatic amphiboles from the tuffs are given in Table 2. For
the explosive volcanism, the ages range from 2.73 to 7.51 Ma.
The sample locations and some of the dated phenocrysts are
shown in Figures 3 and 4, respectively.

Most of the Upper Miocene to Pliocene volcanic rocks of the
Styrian Basin are situated on two basinal high zones: the
SW-NE trending South Burgenland Zone and the NNW-SSE
trending Auersbach Zone. These zones are bordered by steep
normal faults, which have been already active since Karpatian
times (Friebe, 1991; Sachsenhofer, 1996).

From west to east, roughly four NNW-SSE arrays of volca-
nic occurrences can be distinguished. The westernmost array is
situated on the western slope of the Auersbach basinal high
zone and hosts most of the effusive sodium alkaline volcanics
as Kloch, Tieschen, Wilhelmsdorf and Mihldorf and the tuffs of
Bad Gleichenberg, Gnas, UnterweilRenbach, Gniebing and
Edelsbach. The high-K to shoshonitic calc-alkaline volcanics
from Bad Gleichenberg of Middle Badenian age, are also in-
cluded in this zone. The second array, represented by Grad,
Neuhaus, Kapfenstein, Burgfeld, Forstkogel, Pertlstein, Rieger-
sburg and Altenmarkt, is situated on the eastern slope of the
Auersbach basinal high. Beside numerous phreatomagmatic
volcanics, only one effusive sodium alkaline basalt (Neuhaus) is
hosted in this zone. These two zones situated westward and
eastward of the Auersbach high, host ~2/3 of the Late Miocene
to Pliocene volcanics of the Styrian Basin. The third array, in-
cluding Jennersdorf, Stein, Stadtbergen and Jobst, hosts also
the basalt from Stein. The tuffs from Jennersdorf and Jobst lack
xenoliths and igneous phenocrysts; ultramafic xenoliths and
phenocrysts suitable for dating were found only at Stadtbergen.
The fourth array consists of Glissing, Tobaj and Neuberg. The
Limbach tuff is located between zones three and four.
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K/Ar analytical data on amphibole
volcanic tuffs from the

henocrysts of Upper Miocene to Pliocene
tyrian Basin and adjacent areas

Table 2 boetal, 1992), probably the intra-Carpathian

area and the Carpathian volcanic arc itself
(Pécskay et al., 2006).
Middle Miocene to recent medium to

Ar* high-K calc-alkaline volcanism. Parallel to
No. | Sample Locality %K [pmolig] %Ar* | Age [Ma] the inner margins of the Alpine—Carpathian
1 SV3-a Stadtbergen | 1.057 | 11.89 | 30.7 | 6.48x0.12 | Ar¢ highK calc-alkaline volcanic rocks and
> SV6 Edelsbach 158 1020 | 262 | 3522009 subordinate shoshonites are found. Calc-alka-
a e’sbac S : : 52+0. line volcanism in northern Hungary is interme-
3 SV7A-a Auersbach 1.462 7.29 19.5 | 2.87 £0.08 diate between medium to high-K calc-alkaline
4 SV7B-a UnterweiRenbach 1.590 7.52 20.8 | 2.73+£0.08 (Downes etal., 19953), whereas the volcanism
5 SV10A-a Kuruzzenkogel 1.64 14.70 | 37.0 | 5.15+0.08 in the Styrian Basin is high-K to shoshonitic
6 SV10B-a Beistein 2.030 | 20.54 | 35.3 | 5.82+0.06 (Slapansky et al., 1999). The calc-alkaline vol-
7 SV11B-a Kapfenstein 1.772 | 14.96 | 38.6 | 486+ 0.06 | canism is represented by basaltic to rhyolitic
8 SV20-a Limbach 162 | 16.11 | 57.36 | 5.72£0.06 'a"ta ‘f'o"ést’)d'('j‘es and dome'ﬂ‘f’ws’ 3{/“: s Cf%ir'
9 SV22-a Tobaj 163 | 1411 |44.29 | 498 +0.08 | acierzedDbydecreasing ages from WVio k. he
- volcanism started in the Styrian Basin at 16.8 to
10 25629 Pertlstein 1.73 9.97 |19.86| 3.32+0.12 15.5 Ma (Pécskay et al., 1995b, 2006; Handler
11 Svec Forstkogel 20.8 35.1 266 | 7.51+0.09 etal., 2006) and in the Danube Basin at 16.5 to
12 SV4B Riegersburg 1.56 10.1 38.8 | 3.71 £ 0.06 15 Ma (Kantor et al., 1987). The age of calc-al-
13 SV12F Bad Gleichenberg 1.76 16.1 25.0 | 5.26 +0.07 kaline volcanism decreases to the east and
14 SV14A Gnas 1.68 8.4 39.2 | 2.88+0.05 south-east with the youngest ages found in the
15 SV21 Gussing 1.65 143 | 438 | 5.03+0.08 East Carpathians, i.e., Calimani—Persani—-Har-
ghita Mountains (10.6 to 0.15 Ma) (Peliz et al.,
1987; Szakacs et al., 1993; Pécskay et al.,

1995b, 2006; Moriya et al., 1996).
Sarmatian to recent alkaline volcanism, dominated by
DISCUSSION alkaline sodic volcanic rocks. The ages range from 11.5t0 0.1

REGIONAL NEOGENE VOLCANISM

The Neogene evolution of the Alpine—Carpathian—Pan-
nonian (ALCAPA) area was accompanied by frequent volcanic
activity (Szabo et al., 1992; Balogh et al., 1994; Dobosi et al.,
1995; Downes and Vaselli et al., 1995; Downes et al., 19953;
Ebner and Sachsenhofer, 1995; Embey-Isztin and Dobosi,
1995; Harangi et al., 1995a, b; Kali¢iak and Zec, 1995; Kone&ny
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
etal., 2001; Ebner et al., 2002; Handler et al., 2006; Bojar et al.,
2008; Kralj, 2011).

In the Pannonian Basin and in the West Carpathians, the
volcanism started during Eggenburgian times (~19.5 Ma). The
youngest ages of 35 to 150 ka (Moriya et al., 1996) are found in
the East Carpathians (Persani and Harghita Mountains). Ac-
cording to the data, the volcanic activity in the Alpine—Carpa-
thian—Pannonian region covers over 19 Ma and can be classi-
fied in a calc-alkaline and alkaline type:

Early Miocene to Middle Miocene calc-alkaline interme-
diate to acidic volcanic tuffs. Lower to Middle Miocene acidic
tuffs are widespread within the Pannonian Basin as well as
within its marginal and intra-mountain basins (Ebner, 1981;
Ebner and Graf, 1982; Pécskay et al., 1995b and references
therein, Handler et al., 2006). Pécskay et al. (1995b) discern
three tuff-events in the Pannonian Basin: Lower (18-19.5 Ma),
Middle (15-16.4 Ma) and Upper Rhyolite Tuffs (11-13.5 Ma).
The Lower Rhyolite Tuff horizon is situated in the centre of the
Pannonian Basin whereas the Middle and Upper Rhyolite Tuffs
are close to the surrounding mountains. Tuff horizons are also
frequent in the Transylvanian Basin and the West Carpathians
(Pécskay et al., 1995b; Bojar et al., 2012). The eruption centres
associated with these pyroclastic rocks remain uncertain (Sza-

Ma (Pécskay et al., 1995b, 2006). The oldest ages are again
found in the western part of the Pannonian Basin and in the west-
ern marginal basins (11.5 to 10.5 Ma in the Styrian Basin and 12
to 10.5 Ma in the Danube Basin). The age of the alkaline volca-
nism in the Alpine—Carpathian—Pannonian area is generally
younger than the calc-alkaline one and, in the regions with
calc-alkaline and alkaline volcanism, it post-dates the former af-
ter an interruption. Two age peaks can be roughly put in evi-
dence, at 12 to 8 Ma and 4 to 0 Ma. As outlined before, part of the
Badenian volcanism of the Styrian Basin is high-K calc-alkaline
to shoshonitic, but they are discussed together with the calc-alka-
line series because of their close relationship to each other in
time and regional distribution. There is not such an obvious trend
in age development as for the calc-alkaline volcanism. Region-
ally, the alkaline volcanism is more frequently represented in the
northern and western parts of the Pannonian Basin. The excep-
tions are occurrences in the Banat, Apuseni Mountains and
Calimani-Harghita Mountains, showing ages less than 2 Ma
(Pecskay et al., 1995b, 2006). The alkaline volcanism in the Al-
pine—Carpathian—Pannonian area is represented by nepheline
basanites, nephelinites, trachyandesite, trachybasalts, nepheline
tephrites and hawaaite (Dobosi et al., 1995; Harangi et al.,
1995a; Pécskay et al., 1995b, 2006; Harangi and Lenkey, 2007)
that occur as lava-flows, scattered necks, cinder- and tuff cones.
Mantle-derived ultramafic xenoliths and phenocrysts of amphi-
bole and pyroxenes are frequent in the tuffs and less common in
lava flows of the alkaline volcanism (Kurat et al., 1991; Zanetti et
al., 1995; Dobosi et al., 1998, 2003; Dobosi and Jenner, 1999;
Demeény et al., 2005). The most prominent occurrences are in
the southeastern Styrian Basin, in adjacent 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 Mountains (Downes et al., 1995b), in the Lit-
tle Hungarian Plain (Falus et al., 2007), Nograd (Konecny et al.,
1995a; Dobosi and Jenner, 1999; Demény et al., 2005) and in
the Balaton-Bakony area, Hungary (Embey-Isztin et al., 2001;
Dobosi et al., 2003; Nedli et al., 2009).
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Volcanological/geophysical investiga-

Table 3

Compilation of the frequency and size of mantle xenoliths and igneous

tions were done for Altenmarkt and Rieger-
sburg (Fritz, 1996a), Burgfeld-Beistein (Po-

phenocrysts in the tuffs of the Styrian Basin and adjacent areas

schl, 1991) and the Grad volcanogenic field No. Locality legﬁg?i?g'g Esc'rfﬁ h(t:"ryg%’ X | size [cm]
(Kralj, 2011), the Gleichenberg volcanic |- Edelsbach « 5 o - 2
field (Winkler, 1913), Unterweissenbach =
and Gniebing (Murban, 1939), Kapfenstein |2 Gniebing XX 20 xx 5
(Winkler v. Hermaden, 1957), Limbach (Ju- |3 Unterweissenbach XX 20 XX 2
govics, 1916; Sauerzopf, 1986) and Tobaj 4 Gnas 10 X 2
(Jugovics, 1916). Summaries can be found 5 Altenmarkt 10 - 2
in Sigmund (1899), Fligel and Heritsch 6 Riegersburg 10 XX 2
(1968) and Fritz (1996b). Of broad interest 7 Pertlstein XX 20 XX 5
are the mantlg xenoliths and Iargg pheno- 8 Forstkogel > 5 x 5
crysts for which §everal petrolpglcal and 9 Bad Gleichenberg » 5 » 5
geochemical studies were carried out by
Richter (1971), Kurat et al. (1980), Embey- |12 Burgfeld XXX 40 XXX 5
Isztin et al. (1990), Kurat et al. (1991), Do- |11 Kapfenstein XXX 40 XXX 10
wnes and Vaselli (1995), Vaselli et al. 12 Neuhaus XX 10 XX 2
(1995, 1996), Szabd et al. (1995), Dobosi et 13 Grad X ? X
al. (1998), Demény et al. (2005) and Coltori 14 Jobst - - — -
et al. (2007). 15 Stadtbergen XX 10 XX 5
The distribution of the Neogene volcanic 16 Jennersdorf _ _ _ _
rocks in the Styrian Basin and adjacent ar- 17 Neuberg " 10 — 2
eas are given in Figures 1 and 2. Two arrays -
of volcanic occurrences are situated west- |1 Limbach XXX 10 XXX
ward and eastward of the Auersbach base- | 19 Tobaj XXX 40 XXX 15
ment high (numbers 1 to 17 in Fig. 3). The 20 Gussing X 5 X 2
trachyte-trachyandesite volcano of Bad 21 Neuberg/Bgl. - X 2

Gleichenberg, belonging also to these ar-
rays, has an age of 13.2 to 15.4 (Balogh et
al., 1994; Handler et al., 2006; Bojar et al.,
2008) and was affected by a younger phre-
atomagmatic volcanism represented by a
volcano-sedimentary sequence lying on this
volcano. The third array (numbers 18 to 21
in Fig. 3) hosts a small effusive occurrence at Stein. The east-
ernmost array in Burgenland is represented only by three tuff
occurrences (23 to 25 in Fig. 3).

The amphibole and pyroxene phenocrysts associated with
the investigated tuffs can be interpreted as fragments of dis-
rupted mantle assemblages. The composition, large size, frag-
mentation and irregular edges to the hosting basalt indicate that
many amphiboles could be derived from disaggregated dikes or
cumulates crystallized from mafic magmas (Righter and Carmi-
chael, 1993; Shaw and Eyzaguirre, 2000). Further crystallo-
chemical studies confirm this genesis (Shaw and Eyzaguirre,
2000; Dobosi et al., 2003; Downes et al., 2004; Demeny et al.,
2005). The phenocrysts were brought to the surface by later ba-
saltic magmatism (Downes et al., 1995b; Huraiova et al., 1996;
Dobosi et al., 2003; Demeny et al., 2005). Clinopyroxene/am-
phibole phenocrysts and ultramafic xenoliths occur frequently
together and are also probably formed from mafic magmas at
high pressures (Dobosi et al., 2003). For this study, it was pos-
sible to sample ultramafic xenoliths and phenocrysts from al-
most all volcanic tuff occurrences. Just for the locations Jen-
nersdorf, Jobst and Grad, no adequate material was available.
Commonly, amphibole crystals are more frequent than pyrox-
enes; at Neuhaus exclusively pyroxenes were found. In Table
3, a compilation of the size and the relative frequency of ultra-
mafic xenoliths and amphibole phenocrysts of the known tuff lo-
cations are given. A correlation was observed between relative
frequency and the maximum size of ultramafic xenoliths and
phenocrysts.

(=) — not found, x — rare, xx — common, XXX — very common; size: maximum size in cm ar-
ranged to the size groups up to 5, 10, 20, 40 cm for ultramafic xenoliths and 2, 5, 10, 15 cm
for pyroxene (pyx) and amphibole (hbl) phenocrysts

The most recent volcanic cycle of the Styrian Basin is
mainly basaltic and shows effusive and explosive characteris-
tics. The tuff occurrences are interpreted as phreatomagmatic
eruptions with partially reworked debris flows and maar devel-
opment (Poschl, 1991; Fritz, 1996a, b; Kralj, 2011). Such
maar-volcanoes, which consist largely of tephra layers, are ex-
tremely rich in country rocks (Fritz, 1996b). For example, the
bulk rock at the Grad volcano consists of 35% non-volcanic de-
tritus (Kralj, 2000). In some areas, bomb-sag structures can be
found, indicating wet surface conditions (Poschl, 1991; Fritz,
1996a, b). Geochronological data (this study and data from Ta-
ble 1) on amphibole phenocrysts from the Styrian Basin tuffs
show an age range between 7.51 and 2.73 Ma indicating a
time-span of the youngest alkaline effusive and explosive volca-
nism cycle around 6 Ma. Stratigraphically, the volcanism began
according to the Central Paratethyan timescale (Rogl, 1998;
Vasiliev et al., 2004) in latest Pannonian and ended in Roma-
nian times.

CONCLUSIONS

The youngest volcanism in the Styrian Basin and adjoining
areas started with phreatomagmatic events and ended with ef-
fusive alkaline volcanism, showing a similar time span as the
volcanism of the Transdanubian Central Range (2.3 to
7.5 Ma), the Danube Basin (3.0 to 5.5 Ma) and the
Noégrad/Novohrad area (1.1 to 7.2 Ma; Pécskay et al., 1995b,
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Fig. 5. Age distribution of volcanic rocks from the Styrian Basin and adjoining areas

Geochronological data are based on Tables 1 and 2; tectonic subsidence and regime are according to Sachsenhofer
(1996); age distribution from the Transdanubian Range, the Danube Basin and the Nograd/Novohrad area
are according to Pecskay et al. (1995b, 2006)

2006). Combining previous data with the new ages presented
in this study, gives roughly two peaks for the youngest alkaline
volcanism in the Styrian Basin and adjoining areas: the first at
5 to 5.5 Ma and the second at 2.5 to 3 Ma (Fig. 6). The dated
volcanic occurrences display NNW-SSE oriented arrays
which are more or less parallel to the Auersbach high zone.
These arrays are approximately perpendicular to the direction
of compression (Fig. 5).

The evolution of the Styrian Basin can be divided into three
phases according to subsidence analyses and quantitative
modelling (Sachsenhofer, 1996; Sachsenhofer et al., 1997): an
Early Miocene (Ottnangian to Karpatian) synrift and a Sar-
matian extension phase, termination of subsidence during the
Pannonian and, finally, rapid uplift during the Quaternary. The
Badenian volcanic cycle of the Styrian Basin in the Karpatian,
which coincides with extreme subsidence rates, continued until
the end of the Lower Badenian (Sachsenhofer, 1996). The Late
Miocene to Pliocene volcanic cycle of the Styrian Basin and ad-
jacent areas started with the beginning of the compression and
the eastward tilting of the basin (~7 Ma). This phase of volca-
nism ended with the onset of the rapid uplift at the beginning of
the Quaternary (~2 Ma).
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Fig. 6. Histogram of geochronological data of volcanic rocks
from the Styrian Basin and adjacent areas

Data are based on Tables 1 and 2; for the localities, from which
more than one age is available, the arithmetic mean is displayed
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