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ABSTRACT

Independent geochronological and thermal modelling
approaches are applied to a biostratigraphically exceptionally
well-controlled borehole, Alcsutdoboz-3 (Ad-3), in order to
constrain the age of Cenozoic geodynamic events in the wes-
tern Pannonian Basin and to test the efficacy of the methods
for dating volcanic rocks. Apatite fission track and zircon U-
Pb data show two volcanic phases of Middle Eocene (43.4-
39.0 Ma) and Early Oligocene (32.72 + 0.15 Ma) age respec-
tively. Apatite (U-Th)/He ages (23.8-14.8 Ma) and indepen-
dent thermal and subsidence history models reveal a brief
period of heating to 55-70 °C at ~17 Ma caused by an

increased heat-flow related to crustal thinning and mantle
upwelling. Our results demonstrate that, contrary to common
perception, the apatite (U-Th)/He method is likely to record
‘apparent’ or ‘mixed’ ages resulting from subsequent thermal
events rather than ‘cooling’ or ‘eruption’ ages directly related
to distinct geological events. It follows that a direct conver-
sion of ‘apparent’ or ‘mixed’ (U-Th)/He ages into cooling,
exhumation or erosion rates is incorrect.

Terra Nova, 00, 000-000, 2015

Introduction

Volcanic deposits, such as tephras
spread over large areas, represent
important markers for dating and
correlation of geological, palaeocli-
matic and archaeological records
(Lowe, 2011). The key requirement
for using volcanic deposits as chro-
nostratigraphic markers is the deter-
mination of their absolute age.
Accurate and precise dating of
volcanic deposits may, however, pose
a challenge for modern geochronol-
ogy. Many volcanic rocks do not
contain material suitable for dating,
and the interpretation of analytical
results may be ambiguous owing to
limitations of the dating methods
such as inaccuracies in calibration,
flaws in dated materials or open-
system behaviour (Chen et al., 1996;
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McDougall and Harrison, 1998; Rei-
mer et al., 2009).

Volcanic deposits containing zir-
con and/or apatite have traditionally
been dated by U-Pb, fission track,
and, more recently, by (U-Th)/He
and U-series dating methods, and
many studies have demonstrated that
these can provide accurate results
(Seward, 1974; Farley et al., 2002;
Bachmann et al., 2007; Schmitt
et al., 2011). However, when only
one method is applied, even seem-
ingly univocal results can lead to the
erroneous assignment of eruption
ages to volcanic rocks. For instance,
since the U-Pb method dates the
crystallization age of zircons, a zir-
con U-Pb age must pre-date erup-
tion and therefore cannot necessarily
be interpreted as the eruption age. In
fact, the hiatus between the crystalli-
zation and eruption can be as long
as several million years (Davies
et al., 1994; Siebel et al., 2009). In
contrast, zircon and apatite fission
track and (U-Th)/He methods with
closure temperatures of ~240-60 °C
(e.g. Wagner and Van den haute,

1992; Brandon ef al., 1998; Farley,
2002; Reiners et al., 2004) can, in
some cases, date the true eruption
age by recording cooling of minerals
in the eruption column during their
ascent to the surface or shortly after
their deposition. Low-temperature
thermochronometers are, however,
prone to post-depositional reheating,
for instance by subsequent eruptions,
which can lead to partial or full
resetting, and, potentially, to misin-
terpretation of results.

In this study, we present a case
study demonstrating the importance
of a multi-chronological approach
when dating volcanic deposits. We
target a borehole (Alcsutdoboz Ad-3)
in the western Pannonian Basin,
which contains a biostratigraphically
well-dated Upper Eocene—Oligocene
sedimentary succession, intercalated
with layers of zircon- and apatite-
bearing volcanogenic sandstones that
provide key isochrons for dating
Cenozoic geodynamic events in
the region. A multi-methodological
approach, including zircon U-Pb,
apatite fission track (AFT) and
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(U-Th)/He (AHe) dating, thermal
maturity data, and subsidence and
thermal modelling, was adopted in
an attempt to (i) better constrain the
provenance and age of these strati-
graphic horizons, (ii) reconstruct
their thermal history, and (iii) refine
the timing of volcanism in the Pan-
nonian realm.

Besides addressing these objectives,
we demonstrate that ages measured
by low-temperature thermochronom-
eters cannot be interpreted as ‘cool-
ing’ or ‘eruption’ ages even in
seemingly simple cases such as the
dating of volcanic rocks. Thus, our
study has implications not only for
the selection of methodologies for
dating volcanic rocks, but also for
the interpretation of thermochrono-
logical data in general.

Geological setting and borehole
stratigraphy

The Pannonian basin is located within
the Alpine-Carpathian-Dinaridic Oro-
gen (Fig. 1). In the Palaeogene, the
area experienced subduction, which
was associated with basin formation
in the foreland, forearc and retroarc
of the Alpine-Carpathian orogenic
belt (Fig. la; Tari et al, 1993;
Kazmér et al., 2003). The Hungarian
retroarc basins are composed of sim-
ple synforms, combined with local
folds, reverse and strike-slip faults
(Fodor et al., 1992; Tari et al., 1993;
Csontos and Nagymarosy, 1998; Pal-
otai and Csontos, 2010). The retro-arc
flexural basin is divided into two
major sub-basins — the Transdanubi-
an Palaeogene basin (TPB) in the SW
and the North Hungarian Palacogene
basin (NHPB) in the NE - distin-
guished by the timing of major subsi-
dence (Middle Eocene vs. latest
Eocene-Oligocene) and the presence
or absence of an Early Oligocene ero-
sional hiatus respectively (Baldi,
1986). Early Miocene dextral slip sep-
arated the NHPB and its counterpart,
the Slovenian Palaeogene basin
(SPB), along the Periadriatic Fault
and Mid-Hungarian Fault Zone
(Fig. 1a; Csontos and Nagymarosy,
1998; Fodor et al., 1998).

The Pannonian Basin was formed
by back-arc extension starting at
~19 Ma (Royden et al., 1983). Several
episodes of crustal faulting, belonging
to the syn-rift phase, resulted in the

formation of a system of grabens and
ridges (Fig. 1b). The Late Miocene
post-rift phase was characterized by
basin-wide subsidence (Royden et al.,
1983). Basin formation was associated
with widespread calcalkaline volca-
nism (19-11 Ma) related to ongoing
subduction and crustal extension (Ha-
rangi, 2001).

The borehole Alcsutdoboz Ad-3 is
located at the western margin of the

NHPB close to its transition to the
TPB (Fig. 1a) and also at the margin
of a N-S trending syn-rift graben

(Fig. 1b).  Borehole  stratigraphy
(Fig. 2) is summarized after Baldi
(1986), Nagymarosy (1990) and

Hamorné Vidé er al. (2008): Permian
dolomites at 815.5-870 m  are
unconformably overlain by a 635 m
thick Palacogene sequence, which
spans biostratigraphically well-dated

Palaeogene basin formation (45-23 Ma
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Fig. 1 Simplified tectonic sketch of the Alpine-Carpathian orogens with position of

the borehole Ad-3, during the Palacogene (a) and during the Miocene syn-rift
phase (b), modified after Fodor and Kovér (2013). Palacogene magmatic centres
and their ages in Ma are after Pomella ef al. (2011), Bergomi et al. (2015) and ref-
erences therein, Benedek (2002) and Benedek et a/. (2004). Abbreviations for mag-
matites; A, Adamello; B, Bergell; K, Karavanka; P, Pusztamagyaréd; R,
Riesenferner; volcanites; N, Nova graben; Re, Recsk; S, Smrekovec; V, Velence
Hills.
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Fig. 2 Stratigraphical column of the Ad-3 core with geo-/thermochronological data. Chronostratigraphic units are based on
biostratigraphical data and geological time-scale after Vandenberghe er al. (2012), Steininger et al. (1988) and Bdldi et al.
(1981, 1984). Phases of erosion and gaps are also indicated. Track length histograms (plots on the right): mean track
length + standard deviation (first line); number of tracks measured (second line); x-axes — length in micrometers; y-axes num-
ber of tracks. ZFT data from Dunkl (1990); K-Ar data from Baldi e al. (1981). TPB, Transdanubian Palacogene basin.
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laminated of andesitic to dacitic rocks, and

with

nannozones NP19-25 (Baldi ef al.,  marlstone and finely

1981, 1984). The sequence starts with
a Late Eocene andesitic volcanoclas-
tic series (Nadap Fm.), which also
occurs in boreholes and outcrops in
the adjacent Velence Hills (Darida-
Tichy and Horvath, 2004; Kercsmar
et al., 2008). The limestone at 752 m
contains the NP20/NP21 boundary,
corresponding to a sedimentation age
of ~34 Ma. A boundary between

© 2015 John Wiley & Sons Ltd

organic-matter-rich claystone
elevated hydrocarbon potential (Tard
Fm.; Bechtel er al., 2012) at 698 m is
close to the NP21/NP22 boundary at
717 m  (~32.9 Ma; Vandenberghe
et al., 2012).

The sequence from 750 to 612 m
contains several 5 cm to 3 m thick
intercalations of volcanogenic sand-
stones (Fig. 2), containing fragments

magmatic minerals including apatite
and zircon. Inferring from the euhe-
dral or columnar morphology of the
minerals, some authors excluded
redeposition of volcanic material and
interpreted the intercalations as in-
situ pyroclastic deposits (e.g. Bdldi,
1986). Apatite and zircon from the
sandstones were dated by the fission
track method to 40-35 Ma (Dunkl,
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Table 1 U-Pb data for sample AD-3-3 (667 m).

207pp*  yt Pb' 206ppc* +2¢ +2¢ +2¢ +2¢ +2¢

Grain (cps) ~ ®Pm)  ®em) Thto ) = @ R e ZER () Rhot IFP (M) TFE (ma)
al 9354 972 57 093 bd 0005061 24 003378 60 004840 55 040 325 08 337 20
a2 10452 1116 64 091 015 0005001 22 003245 73 004706 70 030 322 07 324 23
a3 12488 1297 80 126 001 0004998 19 003193 54 004634 51 035 321 06 319 17
a4 8006 86 50 085 082 0005066 27 003246 68 004647 62 040 326 09 324 22
a5 9038 950 56  1.00 1.02 0005041 20 003390 67 004877 64 030 324 06 338 22
a6 5179 535 30 063 040 0005057 23 003369 11 004833 11 020 325 07 336 37
a7 8410 878 50 067 023 0005104 22 003252 68 004621 64 033 328 07 325 22
a8 9985 1050 67 090 083 0005431 19 003565 9.1 004761 89 021 349 07 356 32
a9 7552 807 47 097 015 0005048 21 003226 63 004635 59 033 325 07 322 20
al0 8317 83 52 089 bd 0005129 24 003522 20 004980 20 012 330 08 351 70
all 6077 63 37 078 073 0005161 23 003377 7.6 004745 72 031 332 08 337 25
al2 10597 1159 66 080 009 0005141 20 003399 7.6 004795 74 026 331 07 339 26
al3 9291 961 58 099 bd 00051778 20 003362 65 004709 62 031 333 07 336 22
ald 10839 1138 69 08 bd 0005114 25 003200 68 004537 63 036 329 08 320 2.
al5 10773 1067 65 093 bd. 0005154 2.1 003286 54 004624 50 038 331 07 328 18
al6 455 473 27 076 bd. 0005130 22 003391 11 004794 10 021 330 07 339 35
al7 7796 791 46 084 bd 0005118 23 003340 75 004733 7.1 031 329 08 334 25
al8 10606 1127 89 091 126 0005010 2.8 003200 84 004633 80 033 322 09 320 27
al9 5670 591 34 078 bd. 0005111 24 003394 67 004816 62 036 329 08 339 22
a20 9456 1024 61 097 bd 0005074 21 003240 53 004631 49 040 326 07 324 17
a21 7150 751 46 101 123 0005164 19 003419 53 004803 49 037 332 06 341 18
a2 17449 1911 13 143 269 0004978 20 003252 43 004739 39 046 320 06 325 14
a23 6173 645 38 078 184 0005193 24 003316 98 004631 96 024 334 08 331 32
a24 6245 675 38 075 129 0005006 26 003219 57 004664 51 046 322 08 322 18
a25 8590 93 57 091 056 0005366 19 003514 7.9 004750 7.7 024 345 07 351 27
**a26 27331 355 19 062 606 004684 19 03382 34 005237 29 056 295 6 2% 9
a27 12101 1302 83 085 181 0005114 27 003420 65 004850 60 041 329 09 341 22
a28 3390 333 27 093 81 0005163 3.7 003289 15 004620 14 025 332 12 329 47
a29 9297 981 61 063 361 0005106 26 003228 85 004586 81 031 328 09 323 27
a0 11382 1247 92 114 379 0005054 32 003498 55 005021 45 058 325 1.0 349 19

Spot size = 20 and 30 um, repectively; depth of crater ~20 pm. 2%6Pb/>*®U error is the quadratic additions of the within run precision (2 SE) and the external
reproducibility (2 SD) of the reference zircon. 2°’Pb/2%Ph error propagation (2’Pb signal dependent) following Gerdes and Zeh (2006, 2009). 2°’Pb/**U error is
the quadratic addition of the 2°7Ph/?°®Ph and 2°°Pb/**8U uncertainty.

*Within run background-corrected mean 2°’Pb signal in cps (counts per second).
U and Pb content and Th/U ratio were calculated relative to GJ-1 reference zircon.
*percentage of the common Pb on the 2%Ph. b.d. = below detection limit.
Scorrected for background, within-run Pb/U fractionation (in case of 2°°Pb/?38U) and common Pb using Stacey and Kramers (1975) model Pb composition and
subsequently normalized to GJ-1 (ID-TIMS value/measured value); 2°’Pb/2*°U calculated using 2°7Pb/2%6Pb/(*38U/2%6Ph*1/137.88).

YRho is the 2%6Pb/238U/2%7Pb/?3>U error correlation coefficient.

**Excluded from the calculation of average age.

1990). Biotite K—Ar ages from one
of these sandstone beds are 32.0 +
2.8 Ma and from below the Tard
Fm. are 31.7 + 1.6 Ma (Baldi et al.,
1981), which overlap with, or are

slightly younger than, the strati-
graphic age (~33 Ma at 736 m,
Fig. 2).

At 612 m the Tard Fm. is trun-
cated by a terrestrial clastic
sequence (upper NP23 or lower

NP24 nannozone). From 506.8 to
180 m, the clastic sequence changes
to marine siltstone and sandstone
(NP24 and NP25), which suggests a
marginal position in the basin. At

180 m, the Palacogene strata are
truncated; estimates for erosion vary
between 100 m and 500 m based on
analogy with other parts of the
NPHB (Baldi, 1986). From 180 m,
the overlying syn-rift sediments (silt-
stone, limestone, sandstone) of late
Early Miocene age (17.3-16.5 Ma;
Kokay, 1988) are overlain, after a
hiatus at 16-12.8 Ma, by upper Mid-
dle Miocene limestone and gravel.
No Upper Miocene-Lower Pliocene
sediments are found in the borehole;
however, a ~300 m thick sequence
eroded during the latest Pliocene to
Quaternary can be inferred from the

surrounding area. Present-day bore-
hole temperatures indicate a geother-
mal gradient of 46 °C km™'.

Samples and methods

Six samples of volcaniclastic sedi-
ments were collected from depths
of 640-800 m for geo-/thermo-
chronological investigations (Fig. 2;
Tables 1-3). Apatite was dated by fis-
sion track and (U-Th)/He methods,
and zircon by U-Pb LA-ICP-MS.
The low-temperature thermal history
yielded by the thermochronological
data was modelled using HeFTy

© 2015 John Wiley & Sons Ltd
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Table 2 Apatite fission track data for borehole AD-3.

Sample Depth P(x?) Age +2¢ MTL SD Dpar SD

code Stratigraphy Lithology (m) N RhoS N Rhol N; RhoD Nygq (%) Disp. (Ma) (Ma) (um) (um) N(L) (um) (um)

AD-3-1  Lower Volcanogenic —643.2 25 1.630 286 4.183 734 7.119 3315 >95 434 64 152 13 57 39 02
Oligocene sandstone

AD-3-2  Lower Volcanogenic —656.8 20 1.549 214 4.146 573 7.129 3315 >96 416 68 155 12 20 36 0.2
Oligocene sandstone

AD-3-3  Lower Volcanogenic —669 20 1.226 198 3.287 531 7.140 3315 >97 416 72 163 1.1 35 40 03
Oligocene sandstone

AD-3-4  Lower Volcanogenic —681.2 20 1.512 205 4.329 587 7.150 3315 >98 39.0 66 154 13 34 39 03
Oligocene sandstone

AD-3-5  Lower Volcanogenic —698 20 1.393 194 3.921 546 7.161 3315 >99 398 68 157 11 12 38 0.1
Oligocene sandstone

AD-3-6  Upper Volcanogenic —802 25 1.834 328 5.933 1061 7.171 3315 84 347 46 146 11 36 37 02
Eocene sandstone

N, number of dated apatite crystals; RhoS (Rhol), spontaneous (induced) track densities (x10° tracks cm~2); N (N;), number of counted spontaneous (induced)
tracks; RhoD, dosimeter track density (x10° tracks cm~2); Ng, number of tracks counted on dosimeter; P (3%), probability obtaining chi-squared value (®) for n
degrees of freedom (where n = No. of crystals — 1); Disp., dispersion; Age + 1o, central age + 2 standard error (Galbraith and Laslett, 1993); MTL, mean track
length; SD, standard deviation; N (L), number of horizontal confined tracks measured; Dpar, average etch pit diameter of fission tracks (5 Dpars were measured

per each dated grain).

Ages were calculated using zeta calibration method (Hurford and Green, 1983), glass dosimeter CN-5 and zeta value of 313.6 + 3.7 year cm™*.

(Ketcham, 2005). In addition, subsi-
dence and thermal history from bore-
hole stratigraphy, temperature and
new vitrinite reflectance data (Table
S1) were modelled with PetroMod 1D
(Littke er al., 1994; Hantschel and
Kauerauf, 2009). Details of the ana-
lytical and modelling procedures can
be found in Data S1.

Results and interpretation

Analytical results are summarized in
Tables 1-3, Figs 2-3 and Table SI.
Sample AD-3-3 (667 m) yielded a
200pp/238U age of 32.72 + 0.15 Ma
(Fig. 4). We interpret this age as the
crystallization age of the zircons,
which preceded their eruption to the
surface. This age is in excellent
agreement with the biostratigraphic
age of 32.9-29.7 Ma for the NP22-23
nannozones (Vandenberghe et al.,
2012) and biotite K—Ar ages of Baldi
et al. (1981).

All apatites have large Dpars
(>3.5 um), indicating chlorine-rich
composition and an elevated temper-
ature range of the partial annealing
zone at ~70-130 °C (Green et al.,
1989; Carlson et al., 1999; Barba-
rand et al., 2003). All AFT ages
from the Oligocene strata (AD-3-1
to -5) cluster between 43.4 + 6.4
and 39 4+ 6.6 Ma. The deepest
sample (AD-3-6; Upper Eocene)
revealed an AFT age of 34.7 £
4.6 Ma (Fig. 3). Long mean track

© 2015 John Wiley & Sons Ltd

lengths (>14.6 pm) suggest an extre-
mely fast cooling, characteristic of
volcanic rocks (Gleadow et al.,
1986). Fast cooling is also corrobo-
rated by the ZFT age of 349 +
6.6 Ma (Dunkl, 1990), which is
almost identical to the AFT age
(34.7 + 4.6 Ma) from the same sam-
ple (AD-3-6). The AFT ages record
volcanic eruptions during Lutetian-
Bartonian and late Priabonian times,
clearly older than the zircon U-Pb
ages and the micropalacontologically
determined sedimentation ages. This
indicates a complex provenance for
the volcanic material, whereby the
U-Pb dated zircon grains derived
from  syn-sedimentary  eruptions
while the apatites were re-deposited
from an older volcanic source. The
euhedral morphology of the apatites,
without traces of abrasion, suggests
transport over a short distance and,
given the close proximity of the vol-
canic centre of the Velence Hills
volcanism (~15 km SW from Ad-3),
this is the most likely source area

(Fig. 1a).
AHe ages of 238 +£28 to
148 £ 22 Ma are  significantly

younger than the depositional age
and the corresponding AFT ages,
which points to a post-depositional
thermal event that at least partially
reset the (U-Th)/He system (Fig. 4).

Scatter of vitrinite reflectance val-
ues (0.23-0.40%) and high fluores-
cence intensity of liptintes indicate

2

low maturity and heterogeneity of
the organic matter (Table S1).

Thermal trajectories modelled with
HeFTy that reconcile AFT and AHe
data suggest a heating to tempera-
tures of ~65-80°C, loosely con-
strained between ~24 and 11 Ma
(Fig. 4). We note that this heating
event did not cause any shortening
of fission tracks in apatite owing to
their high annealing resistivity given
by their chlorine-rich composition.
PetroMod-based modelling refined
the timing of the thermal maximum
to 17 Ma and suggests maximum
temperatures of 5866 °C in the
Tard Fm. (Figs 4; S5-S10), which is
in good agreement with the HeFTy
estimate. Interpretation of the ther-
mal event is discussed in Sec-
tion ‘Implications for interpretation
of AHe data’.

Discussion

Geodynamic implications

The Velence Hills volcanoes, located
10-20 km west of the western margin
of the NHPB (Fig. la), were active
during the Middle and Late Eocene
as evidenced by biostratigraphy and
K/Ar data (Fig. 2; Darida-Tichy and
Horvath, 2004; Benedek, 2002; Ker-
csmar et al., 2008). The new AFT
and published ZFT ages (Dunkl,
1990) corroborate this evidence. In
the Early Oligocene, the volcanic
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Table 3 Apatite (U-Th)/He data for borehole AD-3.

Sample Th U Sm Unc. age Cor. age +2¢
code (ng) + (%) (ng) +(%) (ng) =+ (%) He(ncc) =+ (%) TAU (%) Th/U (Ma) +2¢ (Ma) Ft (Ma) (Ma)
AD-3-1
a 0172 2.4 0.035 5.5 03 59 0.098 1.0 5.2 484 107 1.1 073 14.8 2.1
b 0209 2.4 0.055 3.6 06 58 0.207 0.9 5.1 374 163 1.7 076 214 3.1
C 0300 2.4 0.055 3.6 05 55 0.217 0.9 4.7 538 142 1.3 0.76 18.6 2.5
d 0271 2.4 0.069 3.0 09 55 0.246 0.9 4.9 392 153 15 0.78 19.6 2.7
e 0231 2.4 0.062 3.4 07 55 0.234 0.9 4.9 372 165 1.6 077 213 3.0
f 0.148 2.4 0.035 5.0 04 58 0.108 1.0 5.2 421 127 1.3 073 174 2.5
Average age + 2o (both in Ma) 18.3 + 2.8
AD-3-2
a 0.205 2.4 0.044 42 06 55 0.164 0.9 4.9 461 146 1.4 0.75 195 2.7
b 0.187 2.4 0.041 4.6 06 55 0.157 0.9 5.0 454 152 15 0.75 20.2 2.8
C 0223 2.4 0.049 3.8 06 53 0.186 0.9 4.7 450 15.0 1.4 0.75 20.0 2.8
d 0299 24 0.069 2.6 09 29 0.312 0.9 2.9 428 184 1.1 0.78 235 2.7
e 0328 2.4 0.074 25 09 3.1 0.302 0.9 3.0 443  16.5 1.0 0.79 20.8 2.4
f 0.193 2.4 0.044 3.4 05 29 0.196 0.9 3.0 435 180 1.1 0.75 23.8 2.8
Average age + 2o (both in Ma) 21.3 +1.9
AD-3-3
a 0301 2.4 0.083 2.3 1.0 29 0.330 0.9 2.9 3.60 17.6 1.0 079 222 2.6
b 0.183 2.4 0.041 3.6 06 28 0.137 0.9 2.9 443 134 0.8 076 17.6 2.0
C 0375 2.4 0.095 2.2 12 26 0.333 0.9 2.7 391 149 0.8 0.81 183 2.1
d 0332 24 0.080 2.4 1.1 2.7 0.354 0.9 2.8 413 184 1.0 0.81 228 2.6
e 0210 24 0.055 2.9 07 35 0.169 0.9 34 376 133 0.9 0.77 173 2.1
f 0.131 2.4 0.031 4.4 04 238 0.104 0.9 3.0 423 138 0.8 071 193 2.3
Average age + 2o (both in Ma) 19.2 +2.3
AD-3-4
a 0122 24 0.029 4.7 04 36 0.106 0.9 3.6 425 152 1.1 0.73 20.7 2.5
b 0222 24 0.064 2.7 07 28 0.179 0.9 2.8 342 126 0.7 0.77 164 1.9
C 0.167 2.4 0.043 35 06 27 0.149 0.9 2.8 3.89 149 0.8 0.76 19.6 2.3
d 0.103 2.4 0.027 5.2 04 45 0.078 0.9 4.3 3.84 126 1.1 0.76 165 2.2
e 0.167 2.4 0.043 3.4 05 33 0.152 0.9 3.2 389 153 1.0 0.76  20.2 2.4
Average age + 2 (both in Ma) 18.3 +2.6
AD-3-5
a 0334 24 0.097 2.2 1.5 29 0.396 1.1 3.0 343 185 1.1 0.81 228 2.7
b 0.240 2.4 0.071 25 14 26 0.236 1.1 2.8 334 152 0.8 0.80 19.1 2.2
C 0.247 2.4 0.052 3.1 1.1 2.8 0.194 1.1 3.0 474 145 0.9 079 184 2.1
d 0373 24 0.079 2.4 15 25 0.374 1.1 2.7 467 184 1.0 0.82 225 2.6
e 0.199 2.4 0.040 3.5 08 35 0.154 1.2 3.5 490 145 1.0 0.73 19.9 2.4
Average age + 2o (both in Ma) 20.2 + 25
AD-3-6
a 0173 2.4 0.045 3.4 05 34 0.149 1.2 34 386 144 1.0 0.73 19.9 24
b 0.208 2.4 0.044 35 05 32 0.132 13 33 468 116 0.8 0.70 16.6 2.0
Average age + 2o (both in Ma) 18.0 +15

Th, 22Th; U, 8U; Sm, "¥Sm; He, “He; TAU, total analytical uncertainty; Unc. age, uncorrected He age; Ft, alpha recoil correction factor after Farley et al.
(1996); Cor. age, corrected He age. Average age for the population was calculated as error weighted average using Isoplot Excel Add-in (Ludwig, 2001); 2 sigma
uncertainty is the error propagated from the assigned data-point errors multiplied by the square root of the MSWD and Student's-t for N-1 degrees of freedom.

centres experienced denudation, as
documented by a hiatus in the TPB
(Fig. 2; Telegdi Roth, 1927). Our
data prove that the eroded volcanic
material of the TPB was finally
deposited in the western margin of
the younger NHPB, in the Tard Fm.
(Fig. 2). K/Ar ages suggest that vol-
canism in the Velence Hills likely
continued in the Early Oligocene
(J6zsa, 1983; Benedek, 2002; Darida-
Tichy and Horvath, 2004) as it did

in other volcanic centres in both
Hungarian Palacogene Basins
(Fig. la; Dunkl and Nagymarosy,
1992; Benedek, 2002; Less et al.,
2009). The U-Pb dated zircon can be
connected to any of these volcanic
centres.

All Hungarian volcanic centres are
close to the Mid-Hungarian Fault
Zone, a continuation of the Periadri-
atic Fault system (PAF; Benedek,
2002; Bergomi et al., 2015). Magma-

tism along the PAF included intru-
sions within the fault zone, variable
sized plutons, subvolcanic bodies and
dikes (Bergomi et al., 2015) in the
vicinity of the PAF (Fig. la). The
temporal and spatial relationships
suggest that the Hungarian volcanoes
are related to subsurface Alpine mag-
matic bodies. The most extensively
studied igneous centre of this belt is
the Adamello Complex (e.g. Schoene
et al., 2012) where the evolution of

© 2015 John Wiley & Sons Ltd
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Fig. 3 Left: Zircon U-Pb concordia plot for sample AD-3-3 (667 m). Grey ellipses — 2c uncertainties of single data-points;
black ellipse — pooled concordia age of the 29 analyses with 2c uncertainty. Right: Selected cathodoluminescence images with
position of LA-ICP-MS spots (white circles), showing characteristic oscillatory zoning and in some cases resorbed character of

the dated zircon crystals.

the igneous suite started with
emplacement of mafic members
(~42 Ma) and continued to more
evolved, acidic magmas (~32 Ma). In
this sequence, the accessory minerals
were first dominated by apatite, and
the abundance of zircon increased
with time (Schoene et al., 2012). We
assume that this evolution is reflected
in the mixed accessory minerals at
the Ad-3 site: the 43 to 40 Ma apa-
tites were derived from the first,
more mafic magmatites, while the
zircons (~33 Ma) originated from the
more evolved acid magmatites.

Early Miocene AHe ages could be
explained either by sedimentary
burial of an Oligo-Miocene cover
sequence or by an increasing heat
flow. The first scenario assumes bur-
ial of the Lower Oligocene horizons
by Neogene sediments of great thick-
nesses or low thermal conductivity,
followed by exposure due to ero-
sional denudation, and may find sup-
port in the Plio-Quaternary
denudation reported in several parts
of the Pannonian Basin (Dunkl and
Frisch, 2002). We used PetroMod
1D to test various burial scenarios,
including Late Oligocene—Early Mio-
cene, mid-Miocene and Late Mio-
cene overburden, using observed
stratigraphical gaps (Fig. 2). When
assuming plausible maximum burial
thicknesses estimated from the regio-
nal stratigraphy, the modelled maxi-

© 2015 John Wiley & Sons Ltd

mum temperatures were not
sufficiently high to reset the AHe
thermochronometer (Fig. 4b). Thus,
the only way to reach the desired
temperatures is an increased heat
flow during the Miocene (Fig. 4; S5—
S7). This is in agreement with the
increased Miocene heat flow reported
from other parts of the Pannonian
Basin, which reached 100-
120 mW m~2 during the syn-rift
phase (Dovényi and Horvath, 1988;
Sachsenhofer et al., 1997; Sachsenho-
fer, 2001; Lenkey ef al., 2002) and is
significantly higher than the present-
day value (80-90 mW m™?).

It has been shown that elevated
heat flow in the Miocene was respon-
sible for resetting AFT and AHe ther-
mochronometers in other parts of the
Pannonian Basin and in the neigh-
bouring Western Carpathians
(Danisik ez al., 2008, 2012). Its wide-
spread regional character suggests
that elevated heat flow was related to
lithospheric thinning and astheno-
spheric diapir formation (Stegena
et al., 1975; Horvath and Royden,
1981; DoOvényi and Horvath, 1988;
Tari et al., 1999), rather than to local
magmatic activity. This is supported
by the fact that there are no Miocene
volcanic centres in the vicinity of the
borehole (Fig. 1b). The Ad-3 borehole
is located at the edge of a N-S trend-
ing syn-rift graben, where crustal thin-
ning was important (Fig. 1b).

Implications for interpretation of
AHe data

AHe dating has been extensively
used to quantify exhumation and
erosion rates using various
approaches including the mineral
pair method, elevation profiles, or
the lag-time concept (e.g. Stock
et al., 2006; Rahl et al., 2007; Glotz-
bach et al., 2010). In the majority of
studies, AHe ages are interpreted as
cooling ages, i.e. ages recording apa-
tite cooling through the closure iso-
therm or partial retention zone at the
dated time, whereby the cooling rate
is usually not known but is assumed
to be high. This rather simplistic
interpretation, based on the closure
temperature concept (Dodson, 1973),
is plausible and even realistic in some
cases. However, the potential that a
(U-Th)/He age is merely a number
resulting from competing accumula-
tion and diffusion of “He (cf. Wolf
et al., 1998), and does not necessarily
represent a distinct geological event,
should not be neglected. Given the
sensitivity of the AHe system to low
temperatures and the high likelihood
of its opening by even subtle heating,
the majority of rocks in nature
should reveal ‘apparent” AHe ages
without direct geological meaning
rather than ‘cooling ages’. Therefore,
the term ‘apparent AHe age’ should
be used in data interpretations and
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Fig. 4 (a) Thermal modelling results for sample AD-3-1 based on thermochronological data. The modelling was performed by
HeFTy (Ketcham, 2005); the constraints were the age of volcanism (~42 Ma) and the age of sedimentation at ~32 Ma (rectan-
gle). The grey area represents the time-temperature range of the climax of the thermal overprint. Grey curves — good fit ther-
mal trajectories; thick black curve — best fit thermal trajectory. (b) Heat flow history for thermal modelling shown in Fig. D.
For comparison with other heat flow histories see Figure S2. (¢) Maturity—depth plot. Black line — modelled vitrinite reflec-
tance; dots — measured vitrinite reflectance. Lithology of the formations is the same as in Fig. 2. For details and input data see
Data S1. (d) Subsidence and thermal modelling of the sequence in Ad-3 for the scenario with a 17 Ma heat flow peak (Petro-
Mod 1D software; Littke et al., 1994; Hantschel and Kauerauf, 2009). Heat flow was kept at 60 mW m~2, except for the peri-
ods of 20-10 Ma and 5-0 Ma, where there was a heat flow maximum of 100 mW m~2 at 17 Ma, and an increase to
75 mW m~2 respectively. Note the good agreement of the Miocene thermal maximum revealed by the two modelling
approaches.

entrenched in (U-Th)/He terminol-
ogy, as is the case in the fission track
literature. It is obvious that a direct
conversion of ‘apparent’” AHe ages
into cooling, exhumation or erosion
rates is incorrect.

This study highlights the impor-
tance of a multi-methodological

approach for dating volcanic rocks
and presents potential pitfalls in the
interpretation of AHe data. Without
AFT, U-Pb or biostratigraphic data,
AHe ages would be falsely inter-
preted as cooling or eruption ages.
Availability of the aforementioned
data revealed a complex thermal evo-

lution, in which AHe ages from vol-
canic rocks are neither cooling nor
eruption ages, but apparent ages.

Conclusions

e The new zircon U-Pb age of 32.72
+ 0.15 Ma conclusively proves

© 2015 John Wiley & Sons Ltd
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Early Oligocene volcanism in the
Hungarian Palacogene Basins, and
is in excellent agreement with the
biostratigraphic  age  (NP22-23
zones) of the zircon-bearing sedi-
ment. This age is currently the
most accurate tie-point for the
correlation of the Early Oligocene
volcanoclastic levels in the entire
Pannonian Basin;

e The volcanoclastic sequence has a
mixed character — the zircon crys-
tals were derived from syn-sedi-
mentary Early Oligocene eruptions,
and the apatites (434 + 6.4 to
39.0 + 6.6 Ma) originated from re-
deposition of an older, Eocene vol-
canic source, likely the Velence
Hills. The dominance of older apa-
tite-rich and younger zircon-rich
igneous products shows a strong
similarity to the evolution of the
Adamello Complex;

e Apatite (U-Th)/He ages of
23.8 &£ 2.8 to 14.8 +£ 2.2 are con-
siderably younger than the age of
sedimentation. Thermal modelling
that considers AFT, AHe and vitr-
inite reflectance data lends credit
to a period of increased heat flow
at ~ 17 Ma, which coincides with
the main rifting phase in the Pan-
nonian basin, and therefore is
attributed to mantle upwelling;

e The common practice of interpret-
ing (U-Th)/He ages as ‘cooling’
ages (i.e. ages of a distinct cooling
event) and their translation into
exhumation, erosion or denuda-
tion rates may be erroneous even
in the simplest cases such as the
dating of volcanic rocks. Thus, we

recommend applying a multi-
methodical approach involving
other  thermo-/geochronometers,

thermal maturity data and/or stra-
tigraphy to reconstruct a robust
thermal history from (U-Th)/He
data, especially in the case of
mixed volcanoclastic formations.
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Supporting Information

Additional Supporting Information
may be found in the online version
of this article:

Figure S1. Variation in vitrinite
reflectance data with depth in the
Ad-3 borehole (partly after Himorné
Vido et al. 2008).

Figure S2. Supposed changes of
the palaeo water depth for the Ad-3
borehole.

Figure S3. The present day heat
flow calibration.

Figure S4. The applied heat flow
models. Colours correspond to three
possible models with heat flow maxi-
mum at major geodynamic events of
the Pannonian Basin system.

Figure S5. Modelling results corre-
sponding to scenario with 40-30 Ma
heat flow peak and maximum ero-
sion. Left side: Subsidence history
with temperature overlay. Right side:
Maturity depth plot. Black line —
modelled vitrinite reflectance, crosses
— measured vitrinite reflectance. See
Table 1 for preserved and eroded
stratigraphy and Figure 2 for heat
flow history.

Figure S6. Modelling results corre-
sponding to scenario with 17 Ma
heat flow peak and maximum ero-
sion. Left side: Subsidence history
with temperature overlay. Right side:
Maturity depth plot. Black line —
modelled vitrinite reflectance, dots —
measured vitrinite reflectance. See
Table 1 for preserved and eroded
stratigraphy and Figure 2 for heat
flow history.

Figure S7. Modelling results corre-
sponding to scenario with 10 Ma
heat flow peak and maximum ero-
sion. Left side: Subsidence history
with temperature overlay. Right side:
Maturity depth plot. Black line —
modelled vitrinite reflectance, dots —
measured vitrinite reflectance. See
Table 1 for preserved and eroded
stratigraphy and Figure 2 for heat
flow history.

Figure S8. Modelling results corre-
sponding to minimum erosion sce-
nario and heat flow peak at 40-
30 Ma. Left side: Subsidence history
with temperature overlay. Right side:
Maturity depth plot. Black line —
modelled vitrinite reflectance, dots —
measured vitrinite reflectance. See
Table 2 for preserved and eroded
stratigraphy and Figure 2 for heat
flow history.

Figure S9. Modelling results corre-
sponding to minimum erosion sce-
nario and heat flow peak at 17 Ma.
Left side: Subsidence history with
temperature overlay. Right side:
Maturity depth plot. Black line —
modelled vitrinite reflectance, dots —
measured vitrinite reflectance. See
Table 2 for preserved and eroded
stratigraphy and Figure 2 for heat
flow history.

Figure S10. Modelling results
corresponding to minimum erosion
scenario and heat flow peak at 10
Ma. Left side: Subsidence history
with temperature overlay. Right
side: Maturity depth plot. Black
line — modelled vitrinite reflectance,
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dots — measured vitrinite reflec-
tance. See Table 2 for preserved
and eroded stratigraphy and Fig-
ure 2 for heat flow history.

Table S1. Vitrinite reflectance data.
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Table S2. The modelled Palaco-
gene—Neogene sequence of the Ad-3
well with maximum erosion scenario.

Table S3. The modelled Palaeo-
gene—Neogene sequence of the Ad-3

well with minimum erosion sce-
nario.

Data S1. Analytical methods and
modelling procedures.
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