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Abstract The provenance of igneous clasts and aren-
itic sediment enclosed within the Bakony Molasse was
studied using geochemical and geochronological meth-
ods. The majority of igneous clasts were eroded from
the Oligocene Periadriatic magmatic belt. A part of
the andesite material has Eocene formation age.
Rhyolitic pebbles originated from Permian sequences
of the Greywacke zone or the Gurktal Alps. Apatite
fission track (FT) ages from the sandstone matrix (age
clusters at ~75 and ~30 Ma) are typical for the Aus-
troalpine nappe pile and for the cooling ages of Peri-
adriatic magmatic belt. Variscan detrital zircon FT
ages indicate source areas that had not suffered
Alpine metamorphism, such as the Bakony Mountains,
Drauzug and the Southern Alps. Another group of
detrital zircon grains of Late Triassic-Jurassic FT age
(mean: ~183 Ma) marks source zones with Mesozoic
thermal overprint such as the Gurktal Alps and some
Austroalpine regions. Zircon grains with Oligocene
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FT age (mean: ~34.7 Ma) were derived from the Peri-
adriatic intrusives and their contact zones. On the
basis of the new data, we propose that the ancestor of
the recent Drava River had already existed in Oligo-
Miocene time and distributed eroded material of the
southern Eastern Alps to the east.
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K/Ar dating - Geochemistry - Provenance analysis -
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Introduction

The Alpine collision and subsequent uplift resulted in
the formation of numerous alluvial systems during Oli-
go-Miocene time in the Alpine-Carpathian region.
Although the deposits of these systems exhibit diverse
sedimentary characteristics, they all share in common
the presence of similar Oligocene igneous clasts (e.g.
tonalites, andesites, dacites, rhyolites) in their coarse
debris (Gelati et al. 1988; Stingl and Krois 1991; Rahn
et al. 1995; Mair et al. 1996; Ruffini et al. 1997; Briigel
1998; Briigel et al. 2000).

In the Pannonian Basin, Late Oligocene—Early
Miocene coarse sands and conglomerates with the
same characteristics are exposed between the cities of
Stimeg and Mor in the area of the Bakony Mountains
(Fig. 1). The lack of a suitable fossil record makes
precise biostratigraphic subdivision impossible. The
identification of the source area of the magmatic clasts
was previously uncertain due to the lack of suitable
constraints (Korpas 1981; Baldi 1986).

In this paper we show new petrographic and geo-
chemical results for representative igneous clasts
derived from this alluvial system, known as the Csatka
Formation. We present detailed petrographic descrip-
tions and geochemical analyses of the clasts and high-
light features that are characteristic of the magmatic
source. Fission track (FT) and K/Ar geochronology of
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Fig. 1 Locations of Paleogene magmatic rocks in the western
Pannonian Basin with a compilation of published geochronologi-
cal data (Baksa 1975; Balogh 1985; Nagymarosy et al. 1986; Dar-
ida-Tichy 1987; Horvath and Tari 1987; Korossy 1988; Dunkl
and Nagymarosy 1992). The Velence Hills and surrounding
areas towards the Csatka Basin can be ruled out as a source
area for igneous clasts (after Korpas 1981)

magmatic clasts and sandstone samples allow us to
identify the dominant ages of the eroded materials
and suggest likely source areas.

Geological setting

The Bakony Mountains (Fig. 1, hereafter referred to
as BM) comprise a complete Variscan—Alpine
sequence situated in the Alcapa microplate, Western
Hungary. Pre-Late Carboniferous rocks of the unit
underwent low-grade, regional pre-Westphalian meta-
morphism (Arkai and Lelkes-Felvari 1987), and were
unaffected by Alpine metamorphism (Lelkes-Felvari
et al. 1996). The Variscan sequence includes: (1)
Ordovician—Devonian metasiltstones, quartz phyllites,
metasandstones and metarhyolites, (2) Early Carbon-
iferous marine molasse, and subsequent (3) Carbon-

iferous granite plutons and Permian dacitic volcanics.
Triassic sedimentation was dominantly shallow marine
and produced carbonates and claystones accompanied
by volcanoclastics (for details see Haas et al. 1995;
Harangi et al. 1996). The Jurassic to Early Cretaceous
sediments are mainly pelagic and include condensed
and incomplete sequences (Voros and Galacz 1998).
Due to Cretaceous orogenic movements there is a
stratigraphic gap taking the form of subaerial exposure
and deep erosion into the Triassic strata (D’Argenio
and Mindszenty 1995).

The Cenozoic sedimentary sequence began in the
Eocene (Lutetian). Deepening upward sediments, such
as bauxite and coal layers, basal conglomerates, sand-
stones, nummulitic limestones and marls, accumulated
in the basins (Royden and Baldi 1988), occasionally
interlayered with tuff horizons (Székyné and Barabds
1953; Balogh 1985; Dunkl 1990). Eocene andesite and
calc-alkaline tonalite magmatic rocks intruded into
these sediments (Baldzs et al. 1981) and have been
interpreted on the basis of their chemistry to be sub-
duction-related (Downes et al. 1995). Following this,
the western side of the BM was uplifted, partly eroded
and an E-W facies polarity initiated (Baldi and Baldi-
Beke 1985). In the west, much of the BM was covered
by alluvial-brackish sediments, whereas in the east



pelagic marls were deposited. The Oligo-Miocene allu-
vial sequence, the Csatka Formation (CsF) is charac-
terized by cyclic sedimentation of up to 800-m-thick
lacustrine—paludal, flood plain and channel sediments
(Korpds 1981). Sedimentary imbrication structures
indicate paleotransport from the west to the east.

In the Early and Middle Miocene, the BM
extruded eastward as a probable consequence of ther-
mal softening of the nappe stack and continental con-
vergence between Europe and Apulia (Tari et al.
1993; Frisch et al. 1998), although some authors sug-
gest that this motion might also have begun in the
Middle Eocene (Kédzmér and Kovacs 1985; Miiller et
al. 1996).

Material and methods

Igneous clasts used for petrographic and geochemical
analysis were collected from the Dudar coal mine
(47°18.5'N; 17°53.6’E; Fig. 1). In spite of intensive
weathering, fresh pebbles and mineral separates were
readily separated. Microprobe analyses were carried
out by using an Amray 1830 I instrument equipped
with EDAX 9800 EDS, at an accelerating potential of
15 kV at Eotvos University (Budapest) (Tables 1, 2,
3). Representative bulk samples (Table 4) were analy-
sed for major and trace elements by XRF at Florence
University (sample Baz-2, And-97/1, And-94, Du-122,
Du-68), Italy (following the method of Franzini et al.
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1975) and at XRAL Laboratories (sample G-7, A-12,
A-20, QP-2), Ontario (Canada) (details in Norrish and
Hutton 1969; Chappell 1991). K/Ar age determina-
tions were carried out on minerals and whole rocks at
the Institute of Nuclear Research of the Hungarian
Academy of Sciences (ATOMKI) (Table 5). Fission
track dating using the external detector technique and
zeta calibration was performed in the laboratory of
the University of Tiibingen (Table 6). The sample
processing and system calibration are described in
Dunkl and Demény (1997) and Sachsenhofer et al.
(1998). Zircon morphology was determined in Entel-
lan (MERCK) immersion using a Zeiss Axiphot
microscope, using transmitted light with 200 times
magnification. A minimum of 100 crystals were con-
sidered.

Petrography

Igneous rocks represent the most distinct spatial and
temporal events, and this study therefore focused on
magmatic clasts as the best indicator of the probable
source regions. Within the clast associations collected
from the CsF, five igneous rock types were distin-
guished, from basaltic to acidic composition.

The grey to black basaltic andesites were found to
contain phenocrysts of plagioclase, olivine and clino-
pyroxene in an intergranularly textured groundmass
(Fig. 2a). The olivines are completely replaced by

Table 1 Representative microprobe analyses of plagioclases in igneous clasts from the Csatka Formation (n.d. not detected)

Mineral Plagioclase

Rock Tonalite Dacite Andesite

Sample Cl1 C2 C3 El E2 E3 D1 D2 D3 Al A2 A3 A4

SiO, 51.67 53.08 51.84 64.89 62.73 63.81 55.45 55.17 55.22 48.80 48.88 53.65 50.62

ALO;  29.46 28.51 29.44 21.58 2271 22.14 27.15 27.11 27.53 32.46 32.08 28.78 30.63

CaO 12.96 12.20 13.12 2.97 4.88 3.92 10.44 10.33 10.54 15.25 15.59 11.75 13.57

Na,O 4.73 5.03 4.53 9.31 8.38 8.85 5.86 6.08 6.01 3.34 3.37 512 417

K,O 0.39 0.34 0.33 0.57 0.76 0.66 0.30 0.31 0.42 n.d. n.d. 0.28 0.24

Total ~ 99.21 99.16 99.26 99.32 99.46 99.38 99.21 99.00 99.72 99.85 99.92 99.58 99.23

Table 2 Representative . .

microprobe analyses of amphi- Mineral — Amphibole

boles in igneous clasts from . . .

the Csatka Formation (r.d. Rock Tonalite Dacite Andesite

not detected) Sample  T1 T2 D1 D2 D3 94/1 94/2 94/3
Sio, 45.33 45.76 45.03 45.35 45.40 44.24 43.43 43.36
TiO, 1.55 1.43 0.98 0.80 0.93 1.38 1.20 1.27
AlL,O4 8.90 8.09 9.52 9.62 9.86 11.96 12.07 12.24
FeO 17.88 15.48 17.72 17.88 17.99 14.99 15.17 15.03
MnO 0.25 n.d. 0.66 0.69 0.78 0.49 0.36 0.44
MgO 10.58 11.79 11.18 11.10 11.08 12.14 11.93 12.02
CaO 11.38 11.24 10.24 10.20 10.34 10.97 10.97 10.73
Na,O 1.83 1.63 1.77 1.89 1.59 2.27 2.48 2.16
K,O 0.81 0.61 0.46 0.42 0.43 0.57 0.59 0.55
Total 98.51 96.03 97.56 97.95 98.40 99.01 98.20 97.80
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Table 3 Representative

microprobe analyses of pyrox- ~ Mineral  Pyroxene

enes in igneous clasts from the ~ROCK Basalt

Csatka Formation (.d. not Sample Bl B2 B3 B4 BS B6 B7 BS BY

detected)
Si0O, 51.84 51.60 51.26 51.09 51.09  50.34 50.92 50.55 4893
TiO, 0.52 0.50 0.63 0.75 0.75 0.80 0.80 0.88 1.20
Cr,03 n.d. 0.56 0.28 0.38 0.47 0.42 0.23 0.48 0.58
Al,O3 3.68 3.87 4.16 4.53 4.52 5.57 5.08 542 6.82
FeO 5.53 4.86 5.08 5.40 5.40 4.77 6.00 4.88 5.47
MgO 15.33 15.28 14.93 14.74 14.71 14.56 14.48 14.15 13.19
CaO 22.96 23.28 23.52 23.18 2321 2345 22.75 23.69  23.37
Total 99.86 99.95 99.86 100.60 10020  99.91 100.30  100.10  99.56

Table 4 Selected bulk major and trace element compositions of igneous clasts studied from the Csatka Formation (concentrations
are given in wt% and ppm respectively, n.d. not detected, b.d.l. below detection limit)

Sample Baz-2 And-97/1 A-20 A-12 And-9%4 Du-122 Du-68 G-7 QP-2
Rock Basalt Andesite Andesite Andesite Andesite Dacite Tonalite Tonalite Rhyolite
SiO, 53.15 54.83 57.70 59.80 54.01 62.97 73.98 65.10 78.00
TiO, 1.03 0.76 0.73 0.65 0.84 0.62 0.09 0.57 0.13
AlLO, 20.85 18.35 17.00 17.50 16.95 17.82 13.46 16.00 11.10
FeO 2.65 3.96 3.76 3.33 3.76 2.01 1.00 212 0.54
Fe, 0, 4.77 3.68 3.50 3.09 2.86 3.27 0.43 3.45 0.88
MnO 0.06 0.14 0.32 0.05 0.18 0.05 0.03 0.09 0.02
MgO 2.63 2.68 2.98 3.30 2.82 1.64 0.45 1.73 0.19
CaO 5.37 7.01 6.80 5.09 8.11 4.01 2.05 3.78 0.88
Na,O 2.87 2.39 1.61 1.78 2.71 2.41 2.28 2.50 0.10
K,O 2.15 1.60 0.62 1.63 1.26 2.31 5.33 2.65 6.83
P,05 0.30 0.30 0.14 0.13 0.23 0.17 0.02 0.16 0.05
LOI 417 4.31 3.80 3.65 6.27 2.72 0.87 1.55 1.50
Total 100.00 100.01 98.96 100.00 100.00 100.00 99.99 99.71 100.23
Ni n.d. 10 9 14 1 b.d.l. 2 15 18
Cr 12 38 17 45 34 13 5 17 n.d.
Co 10 14 11 13 15 8 2 9 4

A% 194 126 n.d. n.d. 150 107 22 n.d. n.d.
Nb 5 13 7 9 10 12 4 13 12

Zr 147 129 105 117 110 142 86 145 77

Y 20 18 22 22 13 14 31 19 7
Ba 404 317 254 432 356 493 351 554 298

Sr 183 309 276 367 654 217 124 286 44
Rb 53 69 26 71 49 90 114 117 303
Th b.d.l. 4 7.4 7 7 10 n.d. 17 17
Pb 13 10 63 10 9 16 37 38 15
Zn 71 77 1000 100 70 46 23 100 n.d.
La 30 22 21 20 23 28 21 35 20
Ce 65 49 40 41 56 62 53 66 39
Nd 31 21 18 26 26 27 23 24 14

chlorite and the plagioclase phenocrysts show partial
alteration to epidote or carbonate. The homogeneous
cores of twinned plagioclase are mantled by narrow
reaction zones and oscillatory zoned overgrowths. Cli-
nopyroxene is mostly replaced by carbonates, but
there are relicts of former phenocrysts. The ground-
mass consists of small plagioclase and opaque miner-
als.

The andesites containing plagioclase, biotite, amphi-
bole, augite and quartz were found to be the most
common pebble type (Fig. 2b). They have a porphy-
ritic texture with a microcrystalline to glassy matrix.
The cores of some plagioclase display normal zoning
with a thin reaction zone at the boundary, whereas

overgrowth shows oscillatory zoning. Remelted mar-
gins can be seen on quartz phenocrysts. Some larger
amphiboles have reaction rims containing clinopyrox-
ene, plagioclase and opaque minerals (Fig. 2¢). Plagio-
clase and clinopyroxene are pervasively altered to car-
bonates or clay minerals, whereas biotite and
amphibole are partially chloritized or replaced by
opaque minerals. Some andesites contain inclusions of
tonalite (Fig. 2d) and mafic rock (Fig. 2e). The mafic
inclusions contain elongated amphibole and plagio-
clase.

The dacites have a porphyritic texture with plagio-
clase, quartz, biotite and amphibole phenocrysts
(Fig. 2f). Some dusty plagioclase phenocrysts show
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Table 5 K/Ar results for

: Occurrence Measured fraction K-content  40Ar rad/, 40Ar rad K/Ar age
igneous clasts from the Csatka g g
Formation Rock type (%) (cm? STP/g) (%) (Ma)
Dudar QP-2 Feldspar 5.747 5.3561x107 89.5 225+8.5
Rhyolite
Dudar VR-1 Whole rock 0.77 6.5952x107° 83.6 208+7.9
Red rhyolite
Dudar Baz-2 Whole rock 1.94 2.6527x107° 424 34.8+1.6
Bas. andesite
Dudar A-97/1 Whole rock 1.648 2.1314x1076 57.2 33.1+1.4
Andesite
Dudar A-13 Plagioclase 1.774 2.2738x107° 36.2 32.7+1.6
Andesite
Dudar Q-7 Biotite 4.995 6.1643x1076 63.9 31.5+1.25
Tonalite Dudar Q-7
Tonalite Plagioclase 1.988 2.5394x107° 45.8 32.6+1.43

Table 6 Apatite and zircon FT results for magmatic and sed-
imentary samples from the Csatka Formation. Cryst Number of
dated apatite crystals. Track densities (p) are as measured
(x10° tr/cm?); number of tracks counted (N) shown in paren-

theses. Apatite ages calculated using dosimeter glass: CN 5 with
{cns=373+7. Zircon ages calculated using dosimeter glass: NBS
962 with (;,=363.5+6. P(y): probability obtaining chi-square
value for n degree of freedom (where n=no. crystals—1)

Code Mineral Petrography Cryst. Spontaneous Induced Dosimeter P(y) FT age®
ps (Ns) pi (Ni) pd (Nd) (%) (Mazlo)

Single pebbles

A-22 Ap. Andesite pebble 26 145  (615) 7.48 (3143) 793  (18449) 87 28.9+1.4

Z-10 Zi. Andesite pebble 21 37.0  (1801) 382  (1863) 1.50 (5826) <1 27.2+1.1

DUD-3 Zi. Rhyolite pebble 10 163 (1060) 34.8 (222) 1.74 (2089) <1 161+13

DUD-4 Zi. Rhyolite pebble 10 188 (611) 412 (131) 1.74 (2089) 84 146+15

PPD samples

DUD-6 Ap. Tonalite pebble 45 530  (829) 13.0  (2038) 4.45 (4448) 52 33.7+1.6
population

DUD-2 Zi. Andesite pebble 45 484  (2211) 463  (2179) 1.74 (2089) 2 34.3+1.4
population

Sandstone samples

DUD-1 Ap. Sandstone 45 5.59 (1147) 7.79  (1648) 4.45 (4448) <1 67.1+3.0

DUD-1 Zi. Sandstone 56 102 (5389) 442 (2298) 1.74 (2089) <1 119.0+4.4

2Bold, pooled age, italics, mean age

typical mantled structures (see above). The small
quartz phenocrysts are partly resorbed, amphiboles
are euhedral or subhedral and they are partially
replaced by chlorite. Biotite containing plagioclase
inclusions exhibits various degrees of alteration into
opaque minerals and chlorite.

The tonalites were found to have a medium to fine-
grained granular texture with euhedral to subhedral
phenocrysts (Fig. 2g). Plagioclase dominates (size up
to 2 mm) with less abundant biotite and K-feldspar,
quartz, amphibole and minor clinopyroxene, epidote
and magnetite. Plagioclase is zoned and twinned, and
in some cases the core is overgrown by a thick rim. In
many samples the feldspars have a thin reaction zone,
as in the andesites and dacites (see above). Subhedral
and anhedral amphiboles are generally intensively
altered to chlorite. Quartz is anhedral and contains
grains of the other constituents.

Rhyolite clasts found are small and red in color.
Rhyolites consist of partly resorbed anhedral quartz,

euhedral plagioclase without dusty zones, and scarce
biotite (Fig. 2h). The mafic phenocrysts are intensively
altered to chlorite and carbonate.

Mineral chemistry

Plagioclase phenocrysts (Tables 1, 2. 3) were found to
have a composition of Ans,_g, in tonalites and Anyg 5
in dacite and andesite. Amphiboles show varying
chemical composition in the tonalites and andesites
(Tables 1, 2. 3). Magnesio-hornblende occurs in the
tonalites and dacites, whereas tschermakitic horn-
blende or magnesio-hastingsitic hornblende is found in
the andesites (Leake et al. 1997). Amphiboles in the
andesites were found to contain the lowest SiO,
(43-44 wt%), FeO (14-15 wt%) and the highest MgO
(~12 wt%) and Na,O (~2 wt%). The composition of
clinopyroxene in the basaltic andesite is diopsidic (Ta-
ble 1, 2. 3) with values ranging from Woy,Eny;Fs;, to



524




|

Fig. 2 Photomicrographs of representative magmatic pebbles
found in the Csatka Formation: A basaltic andesite, B andesite,
C amphibole phenocryst surrounding by clinopyroxene reaction
rim in andesite, D tonalite inclusion in andesite, E mafic rock
inclusion in andesite, F dacite, G tonalite, H rhyolite (for details
see the text)

WosoEny Fsg. The chemical composition of the clino-
pyroxenes was found to be uniform with SiO, between
50 and 51 wt%, MgO between 14 and 15 wt% and
CaO between 22 and 23 wt%.

Bulk major and trace element chemistry

The representative samples (Table 4) cover a wide
range of compositions from 55 to 74 SiO, wt% on the
TAS diagram (Fig. 3). Clasts with a low-K, tholeiitic
signature were not found in the CsF. The iron-mag-
nesium-total alkali contents of the samples indicate a
calc-alkaline character. On the representative Harker
variation diagrams (Fig. 4) the relatively immobile ele-
ments such as Al,O;, MgO and TiO, display distinct
linear trends. Basaltic andesite and andesite clasts are
marked by anomalously high Al,O; (17.7-21.7 wt%)
and low MgO (2.7-3.4 wt%).
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The MORB-normalized multielement diagram
(Fig. 5) displays relative enrichment in most trace ele-
ments but depletion in some compatible elements
such as Ni and Cr. A significant negative anomaly in
Nb, as seen in the data, is often interpreted as
evidence of subduction-related magmatism. Peaks in

Fig. 4 Representative Harker
diagrams of calc-alkaline mag-
matic rocks found in the
Csatka Formation. Legend as
in Fig. 3. Data for intrusive
rocks from the Periadriatic lin-
eament are also shown for
comparison (Faninger 1976;
Wenk et al. 1977; Bellieni et
al. 1981; Macera et al. 1983;
Bellieni et al. 1984)
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Fig. 5 MORB-normalized (Pearce 1982) trace element diagram
for igneous clasts found in the Csatka Formation. The rhyolite
clast differs significantly from the other magmatic pebbles.
Shaded area represents trace element pattern of intrusive rocks
from the Periadriatic lineament (Faninger 1976; Bellieni et al.
1981, 1984; Macera et al. 1983). Legend as in Fig. 3

Rb and Th and a trough in Ba are likely to be related
to the effects of magmatic processes such as crustal
contamination or fractional crystallization or may rep-
resent fluids derived from the subducted slab. The
rhyolite shows the lowest concentration of Sr, Ti, P
and Y and the highest K and Rb content, and has a
significantly different trace element chemistry to other
igneous pebbles. The Y concentration in the analysed
samples is lower than that in MORB.

Geochronology

K/Ar and FT (Tables 5 and 6) measurements were
carried out on igneous clasts from Dudar coal mine to
constrain the age and source of the volcanic clasts.

The basaltic andesite, andesite and tonalite single
clasts gave Oligocene (FT: 33-27 Ma) ages, which
overlap with ages of magmatic activity identified along
the Periadriatic line (e.g. Blanckenburg and Davies
1995).

The method of pebble population dating (PPD) as
discussed in Dunkl et al. (1996) was carried out on
two samples by amalgamation of 37 pebbles of tonal-
ite and 169 of andesite to characterize the bulk mass
of volcanogenic material. The high number of pebbles
reduced the bias of a few individual pebbles which
were extremely rich in apatite or zircon. The compos-
ite pebble samples were processed and dated in a sim-
ilar way to sedimentary samples and the individual
grain ages were presented in age probability density
plots (hereafter referred to as age spectra) according
to Hurford et al. (1984). Coal petrological studies
show low maturation (VR: Ro<0.4%; Z.A. Horvéth,
personal communication) and, consequently, no ther-
mal overprint was identified in the samples. Thus, the

apatite age spectra represent the FT age distribution
of the given lithology exposed in the source area of
the sediment in the Late Oligocene.

The tonalite PPD sample passed the chi-square test
indicating a homogeneous source (see Table 6), which
is rare in the case of composite samples. Thus, the
dated grains were derived from a source of homoge-
neous apatite FT age (Fig. 6a). The pooled apatite FT
age of the crystals (33.7 Ma) is within the range of the
Periadriatic intrusives (Blanckenburg and Davies
1995).

The andesite PPD sample gave a more complex
age spectrum (Fig. 6b) and the sample failed the chi-
square test. This distribution indicates that andesite
clasts in the CsF are derived from both the Eocene
and the Oligocene volcanic cycles. No andesitic mate-
rial with a Mesozoic FT age was found.

The Triassic K/Ar (225-208 Ma) and Jurassic zir-
con FT ages (161-146 Ma) of the rhyolite clasts sug-
gest that the drainage area of the CsF contained
Mesozoic igneous suites or Paleozoic ones overprinted
during Mesozoic thermal events.
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Fig. 6 Age distribution of pebble population (PPD) samples. a
Apatite ages of the composite sample made from 37 tonalite
pebbles; b zircon age spectrum of the andesite composite sample
made from 169 pebbles



The geochronological data prove that the volcano-
genic material was derived from distinct sources.

Discussion

Igneous clasts in the CsF show a wide range of petro-
logic and geochemical characteristics. However, with
the exception of the rhyolite clasts, a close genetic
relationship is apparent between the magmatic rocks
because: (1) trace element ratios are similar, as seen
on the MORB-normalized multielement diagram
(Fig. 5), and (2) geochronological data scatter around
the peak of the Oligocene Alpine magmatism
(~30 Ma). Furthermore, the occurrence of tonalite
inclusions in the andesite (Fig. 2d) suggest that both
rock types are from the same region.

In contrast, the rhyolite clasts are older and have a
very different trace element geochemistry, as seen in
the MORB-normalized multielement diagram (Fig. 5).

Character of magmas

Although the basaltic andesite is the least evolved
rock type among the clasts in the alluvial succession,
it cannot be taken as a primary melt in the magmatic
system because plagioclase phenocrysts display a tens
of micrometres wide dusty zone, indicating a complex
magmatic history (Tsuchiyama 1985) during its evolu-
tion. In addition, MgO, Ni and Cr concentrations are
very low (Table 4), suggesting that this rock should be
highly fractionated and such melts can be produced by
olivine—clinopyroxene fractionation from more basaltic
melts (e.g. Gill 1981). However, on the basis of exper-
imental studies, olivine does not occur on the liquidii
of melts (Myers and Johnston 1996, additional refer-
ences therein) showing high Al,0O; and low MgO con-
tent similar to those of our samples. Therefore, it is
very difficult to establish the origin of such melts. The
magma, which formed the mafic inclusions in the
andesite, is a better candidate for the mafic end
member, but the size of the inclusions was too small
to be analysed for major and trace elements.
Discriminant diagrams for clinopyroxene (Leterrier
et al. 1982) from representative basaltic andesite were
used (Fig. 7) in order to obtain information about the
character of the former melts. The non-alkaline (tho-
leiitic or calc-alkaline) character of all the clinopyrox-
enes is apparent. Based on the iron-magnesium—total
alkali content, a calc-alkaline character is more likely
than a tholeiitic one for the parental magma. The cli-
nopyroxenes plot in the field of orogenic basalts. Fur-
thermore, the La/Th (3-5) and La/Nb (2-6) ratio of
andesites (Table 4) also suggest an orogenic magmatic
source in the plot of Gill (1981) for calc-alkaline
rocks. The data on the multicomponent discrimination
diagram of clinopyroxenes (Nisbet and Pearce 1977)
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Fig. 7 Discrimination diagrams of clinopyroxenes studied in
basaltic andesite clasts from the Csatka Formation. a The host
magma is tholeiitic or calc-alkaline (Leterrier et al. 1982). b
Data for clinopyroxenes fall within the orogenic field with the
exception of only one sample. ¢ Multielement discriminant
diagram (Nisbet and Pearce 1977) for pyroxenes showing fields
for volcanic arc basalt (VAB), ocean-floor basalt (OFB), within-
plate tholeiitic basalt (WPT) and within-plate alkalic basalt
(WPA). The elements are calculated as cationic values

plot into the volcanic arc basalt field, suggesting that
volcanism took place in a subduction-related environ-
ment (Fig. 7).

The calc-alkaline andesite pebbles in the CsF are
associated with small mafic, amphibole-rich inclusions
(Fig. 2e). The presence of mafic inclusions with a dis-
tinctive texture and composition in more evolved calc-
alkaline rocks suggests widespread magma mixing (Ei-
chelberger 1978; Bacon 1986). In addition, plagioclase
phenocrysts in each host rock type have a narrow
dusty zone between the core and rim (Fig. 2a, b, f, g).
This is due to the reaction between the plagioclase
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core and the hotter, mafic magma (Tsuchiyama 1985).
These features are typical of calc-alkaline rocks.

Origin of Pre-Tertiary volcanic clasts

The rhyolite clasts show Late Triassic whole rock
K/Ar ages. The zircon FT thermochronometer has a
lower closure temperature, and the Jurassic FT ages
were therefore formed during thermal resetting (Ta-
ble 5 and 6). These clasts originated from Permian or
Early Paleozoic volcanic bodies which are widespread
within the BM, the Southern Alps and the Austroal-
pine area (Leonardi 1967; Oberhauser 1980). The
Jurassic zircon ages exclude derivation from the BM
and from the Southern Alps, as their post-Variscan
sequences are unmetamorphosed (Lelkes-Felvari et al.
1996). However, a large part of the rhyolitic bodies of
the Upper Austroalpine nappe pile underwent low-
grade metamorphism during the Mesozoic era (Kralik
et al. 1987; Dunkl et al. 1999). These facts imply that
the source region of the rhyolitic clasts was in the
Eastern Alps, perhaps in the Permian sequence at the
base of the Northern Calcareous Alps, in the Grey-
wacke zone or in the Gurktal Alps.

Origin of Paleogene volcanic clasts

The andesite PPD samples revealed two age clusters
(see Fig. 6b); the older one is synchronous with the
well-documented tuffites of Late Eocene age of the
BM (Székyné and Barabéds 1953; Dunkl 1990; Dunkl
and Nagymarosy 1992). Effusive and dyke rock occur-
rences of Eocene age are known in the Zala Basin,
Velence Hills and at Recsk (Fig. 1; Baksa et al. 1974;
Darida-Tichy 1987; Korossy 1988). However, the east-
directed transport in the alluvial system eliminates the
Velence Hills or Recsk as potential source regions
(Korpés 1981). The younger age cluster of the ande-
site PPD sample (Fig. 6b) is around 30 Ma, which is
considered the main period of the Oligocene mag-
matic activity along the Periadriatic lineament
(Blanckenburg and Davies 1995).

Zircon morphological analysis (Pupin 1980) was
used for better identification of the source(s) of the
magmatic clasts with Paleogene FT ages. The andesite
pebble population of the Csatka Formation has a
rather diffuse distribution, which is in accord with the
composite character of the sample (Fig. 8a). This pat-
tern shows a more complex source than the andesite
samples from the Paleogene volcanic edifices of the
Pannonian Basin (Fig. 8b). In contrast, the Paleogene
igneous rocks situated at the western part of the Pan-
nonian Basin System, along the Drau valley, can be
characterized by a broad distribution and they also
show similarities to the composite sample of CsF
(Fig. 8c). This suggests that the magmatic clasts of

Csatka Formation

DUD-2 pebble population L <2%
| | o] 25%
_ = 5-10%
=+ "
o[>} |- Il ro-20%
+ == = 20-30%
8 = b B 30-20%
+ |+ |+
B 0%
() zala Basin Recsk-357

(from Dunkl, 1992)

+

,

o]

+

© Pohorje Karavanks
(from Elias, 1998)
+ | +
oloEH | | =—o| |
==cloF | 0E=0 /0
icl=]¢ o =H|lI= +
oo =HMe ==
+ o+ =

Fig. 8 Morphological classification of zircon crystals according
to Pupin (1980). a Morphological distribution of the pebble pop-
ulation sample made from andesite clasts of the Csatka For-
mation. b The major Eocene andesite volcanoes of the Pannon-
ian Basin show a tight cluster in the calc-alkaline field. ¢ The
tonalite bodies exposed along the Drau valley have a broader
distribution in zircon morphology, showing similarities to the
magmatites of the Csatka Formation

Paleogene FT age originate both from the Zala Basin
and from the Eastern Alps.

Fission track age of detrital apatite and zircon grains
in the sandstone

Detrital apatite crystals in the siliciclastic sandy mate-
rial from the conglomerate of CsF reflect the entire
catchment area of the river system at the time of dep-
osition. During the dating procedure of the sandstone
sample, apatite crystals derived from the Paleogene



volcanism (typically big, colourless, euhedral, clear
crystals) were not dated. Only the irregular, inclusion-
rich apatite grains characteristic of metamorphic rocks,
were considered. These grains yielded a bimodal age
distribution with the clusters having mean values of
approximately 75 and 30 Ma (Fig.9). The older
cluster is typical for the Austroalpine nappe pile
(Frank et al. 1987). The apatite grains of the Oligo-
cene age cluster might have been derived from the
contact metamorphic aureoles of the Periadriatic
tonalite intrusions and/or from exhumed crystalline
slabs of Oligocene cooling age situated along the Peri-
adriatic lineament. Resetting and rapid exhumation
from the apatite partial annealing zone in the Oligo-
cene within the surroundings of the western Pannon-
ian Basin occurred only along the Periadriatic line-
ament (Gieger and Hurford 1989; Hejl 1997; Liufer et
al. 1997; Sachsehofer et al. 1998).

Zircon FT ages refer to a higher temperature dur-
ing cooling of metamorphic rocks than apatite ages.
The closure temperature, considered to be between
175 and 250°C (Harrison et al. 1979; Hurford 1986)
for zircon, preserves the cooling ages of the last meta-
morphic overprint. The areal zircon FT age pattern of
an orogen is less sensitive to the depth of erosion than
the apatite age pattern. Figure 10 shows the zircon
age spectrum of a sandstone sample. A Variscan, a
Mesozoic and a Paleogene age cluster can be distin-
guished.

The oldest grains (mean: ~343 Ma) were derived
from the basement or from the Permian sequence of
the BM, the Drauzug or the Southern Alps. The Late
Variscan red sandstone formations are rich in zircon
grains and are unmetamorphosed in the structural
units listed above, so the original Variscan cooling
ages are preserved.

The Mesozoic age cluster (mean: ~183 Ma) could
not have been derived from the BM or from the
Southern Alps, as no Mesozoic thermal overprint is
known from these regions. However, the Late Trias-
sic-Jurassic thermal overprint did reset the zircon FT
geochronometer within the western Austroalpine base-
ment (Flisch 1986), the Permo-Scythian sequences of
the Northern Calcareous Alps (Elias 1998), the Gurk-
tal Alps and the Austroalpine stripes south of the
Tauern Window (Dunkl et al. 1999).

The zircon grains of Paleogene age were mainly
derived from the decomposition of igneous rocks. The
chi-square age of the youngest population is 34.7+
1.6 Ma calculated according to Brandon (1992). The
age of the clear, colourless and fully euhedral grain
population falls within the age range of Periadriatic
igneous rocks (Fig. 11a). A few rounded zircon grains
derived from metasedimentary rocks with an Oligo-
cene cooling age suggest that the deep contact or
reset zone of the Periadriatic intrusions were also
eroded.

The comparison of the zircon age spectra to the
compilation of the zircon FT ages of the Eastern Alps
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Fig. 9 Fission track age spectrum of the non-volcanogenic apa-
tite grains of a sandstone sample from the Csatka Formation
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Fig. 10 Radial plot of zircon FT ages of a sandstone sample
from the Csatka Formation. The Paleogene age cluster is com-
posed mainly of euhedral crystals derived from Periadriatic
intrusive and volcanic rocks

(Fig. 11a, b) shows significant differences. The ther-
motectonic history of the Eastern Alps consists of two
main events: a Late Cretaceous and a Miocene cooling
period following the metamorphic climaxes. These
cooling events are reflected in the distribution of
radiometric ages (Frank et al. 1987). The most charac-
teristic features of the major part of the amphibolite
facies rocks within the metamorphic suites of the Aus-
troalpine basement are mica Ar/Ar and Rb/Sr cooling
ages of 110 to 70 Ma and slightly younger zircon FT
cooling ages (mainly between 80 and 60 Ma, see
Fig. 11b). The nearly complete lack of such grains in
the CsF can be explained in three different ways: (1)
the catchment area did not reach the central crystal-
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Fig. 11 a Age spectrum of
single crystal zircon FT ages
from a sandstone sample of
the Csatka Formation; b com-
pilation of zircon FT ages
measured on Austroalpine
rocks of the Eastern Alps
from data of Flisch (1986),
Fiigenschuh et al. (1997), Elias
(1998), Brix (unpublished),
Dunkl (unpublished). White
bars represent FT ages
younger than the sedimenta-
tion of the Csatka Formation;
thus they are insignificant in
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line belt of the Eastern Alps; (2) the Austroalpine
crystalline rocks were covered by molasse sediments;
or (3) low-grade metamorphic rocks with Early Meso-
zoic zircon ages were covering the high-grade crystal-
line unit.

The fact that the surface geology of the Eastern
Alps has changed since the Oligocene time has
already been taken into account (Frisch et al. 1998).
The composition of Bakony Molasse sediments proves
that low-grade metamorphic rocks of the Eastern Alps
(Greywacke zone + Gurktal Alps + Paleozoic of
Graz) covered larger areas in the Late Oligocene than
today. Thus, we prefer explanation (3), but the much
broader sediment cover (2) in Oligo/Miocene time is
also a plausible scenario.

Source areas, drainage system

Using the composition of amphiboles in tonalite
(Hammarstrom and Zen 1986), the crystallization
pressure ranges from 3.2-3.8 kbar, corresponding to
an upper crustal environment of maximum 10-12 km.
Based on these data, it follows that intensive erosion
must have taken place in the source region of the
igneous clasts between 30 Ma and the Late Oligo-
cene,-Early Miocene.

The new geochronological data supported by the
geochemistry make possible a more precise local-
ization of the source areas. The following tectonic
units of the western BM and the southern Eastern
Alps were supplying sedimentary material to the Oli-
gocene-Miocene Bakony Molasse (Fig. 12):

e Bakony Mountains: Permian sandstone, Eocene vol-
canic rocks;

e Periadriatic magmatic bodies: Oligocene tonalite,
contact metamorphics;

e Drauzug: Permian sandstone; and

Gurktal Alps, Paleozoic of Graz and Greywacke
zone: low-grade schists, quartz, quartzites, rhyolite.
The Periadriatic lineament already formed a major
eastward dewatering channel of the Alps in Eocene
and Oligocene time (Kdazmér and Kovics 1985). We
consider that the Paleo-Drava river system transported
the Alpine detritus to the southwestern Pannonian
Basin. The Paleo-Drava, like the Paleo-Inn (Briigel
et al. 2000), was localized along major faults formed
during the Paleogene, and these rivers are the most
persistent dewatering systems of the Eastern Alps.

Conclusions

1. The origin and transport of the Alpine-derived Oli-
go-Miocene sediment of the BM were primarily
controlled by the activity of the Periadriatic line-
ament. Intermediate, calc-alkaline andesitic clasts
form the majority of igneous clasts of the Csatka
Formation. The age and geochemical characteristics
of these samples indicate a close relationship to the
Periadriatic magmatic belt. Traces of both Eocene
and Oligocene volcanic phases are present.

2. The presence of volcanogenic material in the Late
Oligocene molasse in the Pannonian Basin high-
lights the similarities of peri-Alpine molasse depos-
its of the same age.

3. Tonalite clasts derived from Periadriatic intrusions
indicate possible exhumation of the subvolcanic
level during the Late Oligocene. Zircon and apatite
FT data prove that metasedimentary rocks with an
Oligocene cooling age were also exhumed, trans-
ported and sedimented within the Csatka alluvial
system.

4. Rhyolite clasts with Jurassic zircon FT age indicate
source regions perhaps within the Eastern Alps.
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Fig. 12 a Geologic sketch map of Eastern Alps and western
Pannonian realm (after Fuchs 1984). PG Paleozoic of Graz,
GWZ Greywacke zone, G Gurktal Alps, D Drauzug. Abbrevia-
tions in frame indicate the localities of the samples of zircon
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Basin, Re Recsk. b Areal distribution of zircon FT ages of the
Eastern Alps and Bakony Mountains, compiled from data cited
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characteristic zircon FT age is deduced from mica K/Ar ages;
coloured stripes mark unknown boundaries or complex regions

5. Part of the sedimentary material was derived from
the Bakony Mountains, but the Periadriatic mag-
matic bodies, the Drauzug, and the Upper Aus-
troalpine units (Gurktal Alps, Greywacke zone)
also made important detrital contributions to the
Csatka Formation.

6. We propose that the ancestor of the recent Drava
River was already in existence during the Oligo-
cene, and dewatered the southern Eastern Alps
along the Periadriatic fault in an eastward direc-
tion.
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