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Abstract: The thermal influence of a Miocene stratovolcano (Matra Volcano) on its basement was studied by apatite and
zircon (U-Th)/He thermochronometry. The pre-Miocene substratum of the volcano contains Mesozoic sedimentary units in
addition to the nearby exhumed igneous Recsk Complex. The Oligocene emplacement age of the Recsk Complex is constrained
by zircon U-Pb geochronology to be 29.6 Ma, which serves as a benchmark for the beginning of its thermal history. All
measured apatite (U-Th)/He ages (19.9-5.9 Ma) and most of the zircon (U-Th)/He ages (26.2—17.7 Ma) are considerably
younger than the emplacement age of the Oligocene Recsk Complex, implying thermal overprinting by the adjacent Miocene
Matra Volcano. The apatite and zircon He ages of the Oligocene complex increase from south to north, providing clear evidence
of a northwards-weakening thermal overprint. The post-Oligocene thermal history of the basement was reconstructed via one-
dimensional subsidence/thermal modelling. According to zircon He modelling, the thickness of the covering units above the
Recsk Complex was estimated to be 1000—1500 m and the heat flux was ¢. 200 mW m~2 during the Miocene volcanism.
Thermal modelling based on apatite He data suggests that the Miocene volcanism was followed by intensive erosion and the
exposure of the Recsk Complex by the Late Miocene.

Supplementary material: The locality, petrography and age yield of the dated samples of the Recsk Igneous Complex and
details of the laser ablation inductively coupled plasma mass spectrometry dating of zircons from the Recsk Complex are
available at: https:/doi.org/10.6084/m9.figshare.c.4127444
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The Recsk Complex is the most northeasterly member of the
Paleogene Periadriatic magmatic suite, which ranges from the
westernmost Southern Alps to the northern Pannonian Basin
(Fig. 1). This c¢. 900 km long igneous belt consists of numerous
calc-alkaline, subduction-related intrusive bodies arranged along
the Periadriatic Lineament (e.g. Bergomi et al. 2015). In the eastern
section of the belt, mainly in the Pannonian Basin, the stratovolcanic
edifices are also well preserved (e.g. Benedek 2002). In some
volcanic centres and igneous stocks the magmatism was followed
by the formation of various ore bodies, e.g. porphyry, skarn and
epithermal ore mineralization. The Recsk Igneous Complex hosts
one of the largest porphyry—skarn—epithermal deposits in the
Alpine—Carpathian region. Its porphyry Cu—(Mo—Au) and Cu—Zn(—
Fe) skarn ore deposits have been explored by a total of 156 000 m of
surface diamond drillings and by two 1200 m deep shafts (Féldessy
& Szebényi 2008), which provide an excellent three-dimensional
database of the area.

The Oligocene Recsk Complex is uniquely situated at the
intersection of the Paleogene Periadriatic igneous belt and the
Miocene—Quaternary calc-alkaline volcanic belt of the Carpathian
arc (Fig. 1) in the immediate vicinity of the Miocene Matra Volcano
(Fig. 2). We assume that the Matra Volcano covered a much larger
area in the Miocene than today — during and after its active period —
and that it thermally influenced its basement, including the Recsk
Complex. The Oligocene zircon U-Pb ages of this study set the time
benchmark for the beginning of the thermal evolution of the Recsk

Complex. To constrain the post-emplacement thermal history, we
applied apatite and zircon (U-Th)/He thermochronology (AHe and
ZHe, respectively) to the volcanic, volcanoclastic and intrusive
rocks of the Recsk Complex and one Miocene tuff. The closure
temperatures of these thermochronometers are ¢. 60°C for AHe and
between 130 and 180°C for ZHe (e.g. Farley 2002; Reiners et al.
2004), so they are sensitive to shallow crustal thermal events. The
sampling was performed in a three-dimensional network covering
>1200 m vertical and c¢. 8500 m horizontal distance between the
samples. Apart from the mineralized zones, the sample material is
well suited for thermochronology because the individual units of the
Recsk Complex contain well-developed and inclusion-free/-poor
accessory minerals.

As a result of the exhumation and preservation of the Oligocene
intrusive and volcanic formations (Recsk), the thermal evolution in
the basement of a younger Miocene volcano (Matra) could be
uniquely well studied. Therefore this work serves as a case study for
describing and quantifying the thermal evolution below a
stratovolcanic edifice. The reconstruction of the thermal history at
different parts of the Recsk Complex is primarily based on the
robust thermochronological data of the current study. The thermal/
subsidence modelling is based on fixed values (e.g. geological facts,
such as the thickness of the sedimentary cover preserved below the
Miocene volcanic edifice) and on variable parameters, such as the
palacoheat flux and the thickness of the eroded volcanic cover
sequence. The reliability of the assumed parameters and the
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Fig. 1. Overview of the Paleogene calc-alkaline magmatic centres along the Periadriatic Lineament and the Balaton Line. Map base after Molnar et al.
(2008), with simplifications. ALCAPA, Alpine-Carpathian-Pannonian tectonic unit; BL, Balaton Line; DL, Darné Line; PAL, Periadriatic Lineament; S,

Smrekovec; V, Velence; Z, Zala.

modelled thermal/subsidence histories are verified by comparing
the measured AHe and ZHe ages with the ages calculated by
modelling.

Geological setting

The Paleogene magmatic intrusions of the Alps are located in a
narrow belt immediately to the south and north of the Periadriatic
Lineament (Exner 1976). These igneous rocks are mostly of
tonalitic—granodioritic composition, although felsic and gabbroic
intrusions, lamprophyres, basaltic dykes and leucogranite bodies
also occur (Fig. 1). The U-Pb, Rb/Sr and Ar/Ar ages of the igneous
bodies scatter between 42 and 28 Ma, but there was a pronounced
maximum of magmatic activity between 32 and 29 Ma (von
Blanckenburg & Davies 1995; see compilation in Rosenberg 2004
and Bergomi ef al. 2015).

The medium- to high-K calc-alkaline Paleogene magmatic centres
of the Pannonian Basin are arranged along the Balaton Line, a
significant SW-NE-trending strike-slip fault system (Fig. 1). The
age and geochemical characteristics of these igneous rocks have
similarities with the intermediate intrusive bodies of the Alps and
with the Sava-Vardar Paleogene igneous belt (Benedek 2002; Pamic
et al. 2002; Schefer et al. 2011). As a result of the intensive post-
Oligocene exhumation of the Alps, the Periadriatic magmatic centres
were eroded to the depth of their batholitic intrusions. By contrast,
the mostly stagnating or subsiding tectonic regime in the Pannonian
Basin allowed the preservation of the volcanic edifices and related
shallow-level epithermal and porphyry ore deposits (Molnar et al.
2008). The igneous rocks of the Zala Basin (Hungary) are
completely covered by younger sediments, whereas the Smrekovec
(Slovenia), Recsk and Velence (both Hungary) volcanic centres crop
out on the surface (Fig. 1; Székyné 1957; Benedek 2002).

The outcrop of the Recsk Complex occupies an area of ¢. 30 km?
(Fig. 2). The magmatic body is bounded by WNW-ESE-trending,

as well as NW—SE-, east-west- and north—south-trending younger
faults related to the NE-trending faults of the Darné Line (Molnar
et al. 2008), a larger scale fault system to the east of the Recsk
Complex (Fig. 1). The volcanic sequences can be divided into four
subunits (Foldessy er al. 2008). The lowest unit consists of
submarine pyroxene—amphibole andesite, intercalated with shallow
marine marl layers. It is covered by subaerial and subaqueous,
hydrothermally altered, ore-bearing biotite—amphibole andesite
lava, agglomerates, volcanogenic breccias and pyroclastic
sequences in the northern part of the area at Lahoca Hill, and a
dacitic lava—tuff complex in the south. The youngest volcanic unit is
represented by a fresh, hydrothermally unaltered biotite—amphibole
andesite. The volcanic rocks are co-genetic with the diorite—
porphyry and quartz diorite intrusions situated c. 250—400 m below
the present day surface (Molnar et al. 2008). Despite the wide range
of published K—Ar ages determined on variable bulk rock samples
and hydrothermal mineral phases (37-21 Ma, see Fig. 3a), the laser
ablation zircon U-Pb ages of this study indicate that they all formed
in <1 myr at ¢. 29.6 Ma. The subdivision of the volcanic sequences
is thus of no significance in the thermochronological reconstruction.

In the western part of the complex, the Mesozoic rocks beneath the
stratovolcano are covered with angular unconformity by Late Eocene
(Priabonian) carbonates. According to calcareous nannoplankton
biostratigraphy, the marl directly underlying the Recsk andesite was
deposited at the Eocene—Oligocene boundary (NP 21 zone). A similar
nannoplankton zone was determined for some sedimentary inter-
calations of the lower part of the stratovolcanic andesite, although
only in two sections of a single borehole (Less ef al. 2008). The large
foraminifera fauna of the sediments directly overlying the andesite
indicate an early Chattian age for the cover sequence (i.e. <28.1 Ma).

A younger calc-alkaline volcanic belt — consisting of numerous
andesitic, rhyolitic and dacitic volcanic centres — developed along the
mountain range of the Carpathians from the Neogene to the
Quaternary (e.g. Poka 1988; Szabo et al. 1992; Pécskay et al.


http://jgs.lyellcollection.org/

Downloaded from http://jgs.lyellcollection.org/ by guest on October 9, 2018

822 R. Arat6 et al.
20.000° 20.005°E 20.010°E 20.015°
| I |
(@) Oligo-Miocene Faults:
— Px-andesite
Y laccoliths \ documented
oq- vy Middle rhyolite “‘ inferred
S_ A | cc _ [
: Accessory mineral
= | 0 Px-andesite in the sample:
| Burdigalian zircon ES
—— sdstsilt O >
A - Lower rhyolite ® ap
g tuff @© apatite+zircon
e 3% Chattian- AR-6 zircon U-Pb |
< Burdigalian sdst N |
Chattian-
— - Burdigalian silt

-200

Elevation (m)

0 2000 4000

<4— towards Matra volcano

Recsk Complex
and Mesozoic

- Oligocene

volcanics
— Oligocene

intrusion |

e Mesozoic
[ basement

NNE

Sandstone outcrop

AR1-3AJ, R1 -3C
D-©. AR1-1

AR-6+ + '+-F-F-l-il~4~-i-‘*i- g‘l
F + - ++-.i--l-++-l--!--i-+++. .

6000 8000

Distance (m)

Fig. 2. (a) Pre-Quaternary geological map of the Oligocene Recsk Complex and the northeastern margin of the Miocene Matra Volcano showing the sample
sites (modified after Varga et al. 1975). The colour of the sample symbols indicates which mineral was available for low-temperature thermochronology.
Rm numbers refer to the boreholes used for porphyry copper and polymetallic ore exploration. (b) Simplified pre-Quaternary geological map of the Matra
Volcano and the Recsk Complex. Map base after Gyalog (2013). The rectangle marks the position of map in part (a). (c) Slightly simplified SSW-NNE
section across the Recsk Complex with sample codes; vertical exaggeration c. 2x; the trace of the section is indicated by the dotted line in part (a). Sample
ARI1-2 was only used for the U-Pb geochronology and is therefore not shown on the cross-section. px, pyroxene.

1995a, b; Harangi et al. 2006; Kovacs et al. 2007; Kovacs & Szabd
2008; Fig. 1). The stratovolcanic edifice of the Matra Volcano
consists of roughly three main andesitic units and three rhyolitic tuff
horizons (Fig. 3). Andesites form the main mass of the volcano, with
an overall thickness of a couple of 100 m to 2000 m. The whole-rock
and biotite K—Ar ages of the main, and by far the most voluminous,
andesitic sequence range between 16 and 13 Ma (Zelenka ez al. 2004;
Fig. 4a). This scatter, however, is more related to the bad Ar
retentivity and high atmospheric Ar content of the dated phases than
to the actual age range of andesite volcanism, which we assume to
have been significantly shorter. The three tuff horizons are distributed
over the entire Pannonian Basin and are used as marker horizons for

the regional lithostratigraphy. The range of Miocene volcanism is
benchmarked by the lowest rhyolite tuff (the K—Ar and U-Pb ages
scatter between 18.2 and 17.1 Ma), whereas the youngest andesitic
unit yielded ages from 12.5 to 11.8 Ma (Zelenka ef al. 2004; Lukacs
etal. 2018). It remains a matter of debate whether the andesitic edifice
forming the Matra Mountains is only the remnant of a large caldera
(Szadeczky-Kardoss 1958; Baksa et al. 1981) or whether it was
formed by numerous, smaller eruption centres. The supporters of the
single caldera hypothesis suggest that the Matra Volcano used to be a
3000 m high volcano with a basal diameter of at least 13 km.
Nonetheless, it is clear that the volcano was tilted to the south during
Serravallian to Early Tortonian (Late Miocene) time because the
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boreholes south of the Matra Mountains intersected the Serravallian,
southward-dipping tuff horizon at a depth of 15001700 m b.s.L,; this
tuff horizon is unconformably covered by horizontally deposited
Tortonian sediments (Zelenka 2010). The same ‘Middle rhyolite tuft’

Matra volcano Recsk Complex
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horizon can be found at the northern margin of the Matra Mountains
at ¢. 550-700 m a.s.l. (Fig. 2), however the angle of tilt is not
straightforward to calculate because multiple faults can be found
along the north—south transect of the Matra Volcano.

Samples and methods

Samples

Twenty-nine samples were collected along a NNE-SSW-trending
swath of the exposed Recsk Complex from both drill cores and
surface outcrops (Fig. 2; see Supplementary material and Table EA1
for details on localities and petrography of the samples). The drill
cores were taken from the collection of the Mining Museum at
Recsk. As the study aimed to investigate the thermal effect of the
Matra Volcano, we selected samples from both the vicinity of the
Matra Volcano and from farther to the north. We sampled different
volcanic and intrusive units at different depths to create a three-
dimensional thermochronological dataset of the area. We tried to
pick at least thumb-sized, preferably coarse-grained and unaltered
rock pieces from the Recsk Complex and one sample from the cover
sandstone. The sampling strategy aimed to represent the study area
uniformly, but several samples had passed through hydrothermal
alteration and did not contain enough suitable mineral grains for
thermochronology. Therefore, especially the southern domains of
the area remain underrepresented (Fig. 2).

Zircon U-Pb geochronology

The samples were gently milled in a disc mill to fragments <500 pm
in size and then sieved. The heavy minerals were concentrated using
a shaking table and a solution of sodium polytungstate and then the
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low-susceptibility, U-bearing minerals were separated magnetically.
Well-developed zircon crystals were hand-picked under a micro-
scope and mounted in epoxy resin, followed by diamond polishing
in five steps down to a diamond grain size of 1 um. We obtained
cathodoluminescence images for the properly exposed zircon grains
using a JEOL JXA 8900 electron microprobe at the Geoscience
Centre of the Georg August University, Gottingen. These images
helped in studying the internal structure of the crystals and in the
selection of homogeneous parts of the crystals for in situ
geochronology. The zircon U-Pb measurements were carried out
at the Institute of Geosciences, Goethe University Frankfurt using a
Resonetics excimer laser ablation system coupled to an Element2
sector field inductively coupled plasma mass spectrometer (Kosler
& Sylvester 2003 ; Gehrels et al. 2008; Frei & Gerdes 2009). The
age calculation was based on drift- and fractionation correction by
standard sample bracketing using GJ-1 zircon reference material
(Jackson et al. 2004). For further control, we analysed the Plesovice
zircon (Slama et al. 2008) and the 91500 zircon (Wiedenbeck et al.
1995) as secondary standards. The age results of the standards were
consistent within 1o of the published isotope dilution thermal
ionization mass spectrometry values. The TuffZirc procedure
(Ludwig 2012) was applied to identify the age of the youngest,
most coherent, age component.

(U-Th)/He thermochronology

The (U-Th)/He method is based on the measurement of the “He that
forms by the alpha decay of 28U, 233U, 2*2Th and '*’Sm. As a result
of this decay, in actinide- and Sm-bearing minerals (e.g. zircon,
titanite and apatite), radiogenic He can accumulate on geological
timescales. The main factors controlling the retention and diffusive
loss of “He are the crystal size, time and temperature (cooling/
heating rate), the distribution of the parent isotopes and the density
of radiation damage in the crystal lattice (Zeitler et al. 1987; Stockli
et al. 2000; Farley 2002; Meesters & Dunai 20024, b; Shuster et al.
2006; Herman et al. 2007; Flowers et al. 2007, 2009; Guenthner
et al. 2013). *He is partially retained in the He partial retention zone
(PRZ), which is characteristic for each mineral (e.g. 40-80°C for
apatite and 130-180°C for zircon), while almost total retention
occurs below the so-called closure temperature (Dodson 1973;
Farley 2002; Reiners et al. 2004). Depending on the thermal history
of the rock, He ages can be interpreted as formation ages (e.g.
volcanic eruptions), cooling ages (e.g. exhuming intrusions) or
mixed ages (e.g. resulting from periods of burial heating with
incomplete resetting in sedimentary basins and periods of
exhumation; Wagner 1979).

The (U-Th)/He dating for this study was performed at the
Geoscience Centre of the Georg August University, Gottingen. The
apatite and zircon crystals were inspected for inclusions under 250x
magnification and cross-polarized light. Only inclusion- and
fissure-free, intact, euhedral grains >70 um in width were selected.
The shape parameters were determined and archived by multiple
digital microphotographs. Single-crystal aliquots were dated,
usually three to six aliquots per sample. The crystals were
wrapped in Pt capsules of ¢. 1x 1 mm size and heated by an
infrared laser. The extracted gas was purified using an SAES Ti—Zr
getter at 450°C. The chemically inert noble gases and a minor
amount of other rest gases were then expanded into a Hiden triple-
filter quadrupole mass spectrometer equipped with a positive ion
counting detector. The crystals were checked for the degassing of
He by sequential reheating and He measurements. The residual gas
was usually c. 1-2% after the first extraction for zircon and always
<1% for apatite. Following the degassing, the samples were
retrieved from the gas extraction line and spiked with calibrated
239Th and 23U solutions. The zircon crystals were dissolved in
pressurized Teflon bombs using a mixture of double-distilled 48%

HF and 65% HNOj5 at 220°C for five days. The apatite crystals were
dissolved in a 2% HNO;+0.05% HF acid mixture in Savillex
Teflon vials. Spiked solutions were analysed as 0.4 ml solutions via
isotope dilution by a Perkin Elmer Elan DRC II inductively coupled
plasma mass spectrometer with an APEX micro-flow nebulizer. The
procedural U and Th blanks obtained by this method are usually
very stable during a measurement session and <1.5 pg. Sm, Pt and
Ca were determined by external calibration. The oxide formation
rate and the PtAr—U interference was always monitored, but the
effects of these isobaric argides were negligible relative to the signal
of the actinides. The ejection correction factors (F;) for single
crystals were determined by the modified algorithm of Farley ez al.
(1996) using an in-house spreadsheet. The (U-Th)/He ages were
calculated using Taylor series (McDougall & Harrison 1999).

Results
Emplacement age of the Recsk Complex

Table 1 summarizes the results of the zircon U-Pb geochronology
and Table EA2 (Supplementary material) lists the raw laser ablation
data. According to the cathodoluminescence imaging, the internal
structure of the zircon crystals is dominated by regular oscillatory
zoning and very few cores are present. The common Pb content is
negligible (around the level of detection) in the majority of the dated
zircons. The data are close to the concordia curve, thus the influence
of inherited cores, common Pb, or Pb loss can be ruled out. We
consider the ages determined by the TuffZirc procedure (Ludwig
2012) to represent the latest zircon growth period. Due to the small
number of individual igneous bodies in the Recsk Complex, the
residence time was probably short (Reid 2008), thus the zircon U-
Pb ages are close to the age of the eruptions. U-Pb dating was
performed on different units of the complex and the ages obtained
were indistinguishable (Table 1). Thus the development of the entire
volcanic edifice and subvolcanic intrusion(s) probably occurred
within a few hundred thousand years at ¢. 29.6 Ma.

(U-Th)/He ages reflecting the post-emplacement thermal
history

The (U-Th)/He ages obtained on the Recsk Complex are presented in
Table 2 and projected onto an SSW—-NNE vertical section crossing
the middle part of the igneous body (Fig. 5). The ZHe ages range
from 31.5 to 17.7 Ma and yield two age groups: 31.5-23.1 Ma
further to the north from the Matra Volcano and 19.0-17.7 Ma in
closer vicinity to the volcano in the south. The AHe ages range
between 19.9 and 5.9 Ma (Fig. 4b) and are consistently younger than
the ZHe ages measured in the same sample (Fig. 5). At a depth of
1000-1200 m below the surface, the ages scatter between 7.7 and
5.9 Ma, whereas at shallower depths (c. 300400 m) they are slightly
older (c. 11-9 Ma). Three surface samples in the northern part of the
area yield 12.9 Ma (glauconitic sandstone), 14.9 Ma (fresh andesite)
and 19.9 Ma (hydrothermally altered andesite).

We can assume that the Recsk Complex reached its post-Oligocene
thermal maximum (i.e. maximum cover and heat flux) during the
activity of the Matra Volcano (c. 15+ 1 Ma). Therefore He ages that
are younger than 14 Ma can be considered to be completely reset
(only AHe), whereas helium ages between 30 and 14 Ma are partially
reset (AHe and ZHe). Judging from the measured ZHe ages, the
Miocene Matra volcanism and the post-Oligocene burial were unable
to completely reset the ZHe thermochronometer. However, the lateral
thermal influence of the Matra Volcano is obvious from the
northward increase in ZHe ages when comparing the data from the
absolute elevation range of c. =500 to —800 m (Fig. 5). There is no
detectable vertical gradient in the ZHe ages in the southern part of the
Recsk Complex: the ZHe ages of group e range from 19.0to 17.9 Ma,
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Table 1. Zircon U-Pb ages obtained on the different igneous units of the Recsk Complex. The sample means were calculated by the TuffZirc procedure (Ludwig

2012)

95% confidence

No. of  No. of crystals errors
Elevation  crystals considered by

Sample no.  Location* Lithology (ma.s.l)’ dated TuftZirc U-Pb age (Ma) + -
AR-1-2 Matraderecske Bedded tuff +195 26 22 29.6 0.14 0.12
AR-1-1 Kanazsvar Andesite +221 28 26 29.5 0.09 0.10
AR-1-3¢c Lahdca Andesite +306 26 13 29.4 0.09 0.15
AR-8 Rm-103, 1247 m*  Quartz—biotite-amphibole andesite —522 17 10 29.7 0.39 0.31
AR-6 Rm-85, 965 m* Porphyritic diorite -615 25 16 29.6 0.15 0.15

*Rm numbers refer to ore exploration boreholes.
TNegative values indicate depth below sea-level.
*Borehole depth.

while sample AR-5 (situated ¢. 700 m higher than group e) yields a
similar ZHe age (18.5 + 1.4 Ma). By contrast, the AHe ages are all
younger than the Oligocene emplacement age of the Recsk Complex
and post-date the Miocene Matra volcanism, except for two samples
in the north (Fig. 5).

The measured (U-Th)/He ages are apparent ages that do not
express a certain event, but result from a complex thermal history,
including possible stagnation in the partial He retention zone. In
order to define and quantify the main geological constraints that
controlled the thermal history a thermal model was constructed,
which is explained in detail in the next section.

To structure and simplify the dataset for modelling
purposes, samples from similar depths with similar He ages were
grouped as follows (Fig. 5, Table 3; Supplementary material,
Table EA1).

(a) Apatite group a consists of surface samples from the north,
representing a partially reset AHe age group (mean AHe
age 14.2 £2.1 Ma). Note that the 19.9 Ma AHe age is not
included in the group because the sample was collected
from the hanging wall of a SW-verging reverse fault (Kupi
2006), clearly detected in the field between the AR1-3A
and AR1-3C sampling sites.

(b) Apatite group b consists of shallow-seated andesitic
samples at c¢. 300-400 m depth in the north, showing
completely reset AHe ages between 11.4 and 9.1 Ma
(mean AHe age 9.7+1.5). Although in the same age
range, sample AR-2 (11.3 Ma) from the south is not
included because we expect that it had a different
evolutionary history (heat flux and cover thickness),
being formed in Miocene and positioned much closer to
the Matra Volcano.

(c) Apatite group c contains deep-seated andesitic—dioritic
samples at uniform depth (c. 1000 m) in the north, showing
completely reset AHe ages (mean AHe age 6.4+ 1.0 Ma),
which are, on average, younger than those of group b.

(d) Zircon group d consists of two shallow-seated (also
included in group b) and one surface andesitic sample (also
included in group a) in the northern segment of the Recsk
Complex with a 29.5 +3.3 Ma mean ZHe age.

(e) Zircon group e represents the deep-seated ZHe group
(mean ZHe age 18.3 + 1.5 Ma) in the south at an average
depth of ¢. 1000 m. There was not enough data to create
more age groups in the southern segment of the Recsk
Complex.

Tandem modelling of the thermal and burial history

Our modelling procedure consists of two main steps. First, a one-
dimensional transient heat flux was calculated based on a vertical

crustal section consisting of layers (the Recsk Complex and its cover
sequences) with different petrophysical properties. For this purpose,
the PetroMod 1D software (Schlumberger) was used, which is a
program routinely applied in the oil industry. It combines
stratigraphic data, compaction and thermal conductivity trends of
different lithologies, as well as geological knowledge, to model the
thermal evolution and hydrocarbon potential of a sedimentary
basin. The thermal evolution path calculated by PetroMod was used
as input for the HeFTy software (Ketcham 2005), which computed
the AHe and ZHe ages. These model ages were then compared with
the measured thermochronological ages and their comparison was
plotted by Surfer (Golden Software Inc.).

Constraints and parameters for modelling

The Recsk Complex currently crops out at the surface. The reset
apatite and zircon thermochronometers indicate an obvious post-
Oligocene thermal overprint, meaning that the entire volume of the
Recsk Complex experienced an increased palaeotemperature, which
was significantly higher than its current temperature. The fairly
well-known minor thickness of the Late Oligocene and post-
Oligocene cover sediments of the region (500-1000 m; see Fig. 2)
precludes the possibility that thermal blanketing through sediment-
ary burial alone resulted in this high palacotemperature. The tilting
of the Miocene strata, as well as the abrupt, steep and erosive
northern termination of the Matra volcanic sequence, point to a
formerly wider extent. Therefore we assume that the Recsk
Complex was covered by the northern extension of the Matra
stratovolcano. This burial, along with an increased heat flux during
the active period of Miocene volcanism, must have been responsible
for resetting the He thermochronometers. Consequently, the
following post-emplacement processes were assumed to have
controlled the thermal evolution of the Recsk Complex: (1)
Oligo-Miocene sedimentation and related minor burial; (2)
additional burial and increased heat flux related to the Miocene
Matra Volcano; and (3) the timing and rate of erosion of the cover
sequences after the Miocene volcanism.

These geological processes were expressed numerically by five
variable parameters: (1) the value of the increased Miocene heat flux
triggered by the volcanism; (2) the duration of the increased heat
flux; (3) the thickness of the Miocene volcanic cover; (4) the time
when the erosion rate changed; and (5) the thickness of the
remaining cover when the erosion rate had changed.

Parameters 4 and 5 serve to approximate an occasional non-
uniform erosion and exhumation pattern after the peak of the
Miocene volcanism, related to changes in regional tectonics such as
the inversion of several parts of the Pannonian Basin after ¢. 10 Ma
(Royden & Horvath 1988). All the variable parameters are shown
graphically in Figure 6. Other input values of the modelling were
kept constant based on either clear geological evidence or
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Table 2. Details of the apatite and zircon (U-Th)/He age results obtained for samples from the Recsk Igneous Complex

Sample

He B8y 22T Sm unweighted

Crystal Prism  Prism Ejection = Uncorrected  Ft-corrected _—

length length ~ width Volume 1o Mass 1o Concentration Mass 1o Concentration Th/U Mass 1o Concentration correction He age He age 20 mean +2 SE

Sample  Aliquot  (um) (um)  (um)  (ncc) (%) (ng) (%) (ppm) (ng) (%) (ppm) ratio  (ng) (%) (ppm) Q) (Ma) (Ma) (Ma) (Ma) (Ma)

Apatite (U-Th)/He ages

AR-1-1 1 179 131 85 0.112 2.0 0.048 23 17 0.116 2.5 42 242 0.35 6 125 0.68 11.8 17.2 1.9
R_4) 2 158 101 114 0.149 1.8 0.071 2.0 20 0.176 2.4 51 247 043 6 124 0.77 10.6 13.7 1.1
3 142 113 73 0.098 2.0 0.044 23 19 0.119 2.5 52 272 027 8 119 0.63 11.0 17.5 22
4 163 119 114 0.104 2.1 005 22 16 0.122 2.5 39 243 040 7 127 0.71 10.4 14.7 1.5
5 231 137 125 0275 1.5 0.124 19 15 0342 2.4 42 275 0.94 6 117 0.78 10.7 13.7 1.1
6 308 236 109 0.240 1.5 0.122 1.9 16 0312 24 41 2.56 098 6 127 0.74 9.7 13.2 1.2

7 209 171 140 0333 1.4 0.144 19 17 037 24 43 2.56 1.00 6 118 0.80 11.5 14.3 1.0 149 0.7
AR-1- 1 263 191 100 0.201 1.7 0.104 19 17 0.261 2.4 43 2.51 0.75 6 124 0.82 9.7 11.8 0.8
3A 2 254 193 159 0455 13 0214 1.8 15 0.501 2.4 36 2.34 1.61 6 117 0.83 10.9 13.2 0.9
3 160 114 114 0463 1.1 0213 1.8 20 0.390 2.4 36 1.83 1.36 6 127 0.75 12.1 16.1 1.3

4 242 173 125 0393 1.3 0267 1.8 26 0.534 2.4 51 2.00 1.29 6 123 0.76 8.1 10.6 09 129 1.2
AR-1- 1 175 106 98 0.142 2.1 0.047 23 16 0.133 2.5 47 2.86 0.34 6 120 0.82 14.5 17.7 1.3
3C 2 240 205 136 0482 1.4 0133 19 17 0.494 2.4 64 3.71 0.97 6 125 0.80 15.4 194 1.4
3 191 154 82 0.151 2.0 0.042 2.4 18 0.153 2.5 65 3.66 0.28 6 119 0.67 15.5 23.1 2.6

4 180 121 75 0.166 2.0 0.047 23 22 0.174 2.4 80 371 0.27 6 124 0.77 15.1 19.6 1.7 199 1.1
AR-2 1 180 127 77 0.049 29 0.029 29 14 0.116 2.5 56 4.05 0.36 6 176 0.61 6.9 11.2 1.5
2 254 132 120 0327 1.3 0.164 19 22 0.596 2.4 80 3.62 1.59 6 214 0.77 8.5 11.1 0.9
3 150 106 69 0.048 3.1 0.024 3.2 18 0.106 2.5 80 445 0.32 7 244 0.56 7.8 13.9 2.1

4 149 101 101 0.031 3.6 002 37 15 0.074 2.5 55 3.74 0.49 7 361 0.67 6.1 9.1 1.2 113 1.0
AR-3 1 188 147 89 0.064 2.7 0.068 2.1 17 0.165 2.4 41 245 048 6 118 0.70 4.8 6.8 0.7
2 258 206 90 0.065 3.0 0.067 2.0 16 0.166 2.4 39 246 0.48 5 114 0.77 4.8 6.3 0.6
3 164 119 62 0.013 6.6 0.029 2.9 17 0.069 2.5 40 237 0.18 6 108 0.54 24 4.4 0.9
4 187 146 88 0.048 2.8 0.048 2.2 16 0.119 2.5 39 245 042 7 138 0.66 5.0 7.5 0.9

5 157 95 116 0.071 24 0.072 2.0 17 0.180 2.4 42 248 0.53 7 124 0.71 4.9 6.9 0.7 64 05
AR-4 1 204 204 236 0.692 13 0.349 1.8 15 0.851 2.4 37 243 335 6 147 0.90 9.9 11.0 0.5
2 189 164 108 0.089 2.6 0.061 2.1 14 0.158 2.5 37 2.59 0.60 6 138 0.74 7.2 9.6 0.9
3 258 231 172 0.400 1.4 0.253 1.8 16 0.533 2.4 34 2.11 231 6 147 0.84 8.3 10.0 0.6

4 180 160 113 0.092 24 0.078 2.0 17 0221 24 48 2.84 0.71 6 154 0.75 5.6 7.5 0.7 9.5 0.7
AR-7 1 193 130 105 0.086 2.8 0.058 2.1 12 0.209 2.4 44 3.61 0.75 5 158 0.70 6.3 8.9 1.0
2 155 92 100 0.044 35 0.029 2.7 12 0.121 2.5 49 4.16 0.38 5 154 0.67 6.0 8.9 1.1
3 181 136 114 0.101 2.4 0.050 2.1 11 0.250 2.4 54 5.04 0.75 5 160 0.71 7.2 10.2 1.1

4 154 93 118 0.070 2.8 0.048 2.2 14 0.135 2.5 39 2.80 0.48 5 137 0.71 6.9 9.7 1.1 94 0.3
AR-8 1 189 137 100 0.174 19 0.157 19 24 0.550 2.4 83 3.51 0.92 5 139 0.69 4.9 7.1 0.7
2 238 185 123 0.097 2.4 0.082 1.9 29 0.236 2.4 83 2.90 0.39 5 138 0.75 5.7 7.6 0.7
3 317 251 138 0.509 1.4 0356 1.8 21 1.045 2.4 63 293 221 5 133 0.78 6.8 8.6 0.7

4 128 94 66 0.034 42 0.039 23 22 0.120 2.5 67 3.05 0.23 5 129 0.53 4.0 7.5 1.2 77 03
AR-12 1 170 113 88 0.034 43 0.034 2.7 17 0.073 2.5 37 2.15 0.22 9 111 0.65 5.3 8.1 1.1
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2 266 204 124 0.208 2.0 0.131 1.9 16 0278 2.4 34 2.11 0.99 9 122 0.81 8.4 10.4 0.8

3 357 289 166 0.462 1.7 0278 1.8 15 0.601 2.4 33 2.16 228 9 126 0.82 8.7 10.6 0.7 9.7 0.8
AR-17 1 171 97 82 0.029 4.6 0.029 2.8 14 0.071 2.5 34 243 0.21 6 102 0.63 5.0 79 1.2

2 239 202 148 0227 1.7 0.136 19 14 0.253 2.4 26 1.86 1.04 6 107 0.81 9.2 11.3 0.8

3 272 208 88 0.076 2.2 0.070 2.0 15 0.176 2.4 37 2.52 043 9 92 0.68 54 8.0 0.9

4 193 154 96 0.096 22 007 2.0 17 0.144 2.5 35 2.05 0.48 7 119 0.68 7.3 10.8 1.2

5 193 134 90 0.062 29 0.066 2.0 20 0.150 2.5 44 227 0.39 7 117 0.66 4.9 7.5 0.9

6 258 216 113 0.138 1.7 0.099 19 13 0251 2.4 34 2.54 0.78 6 105 0.74 6.9 9.4 0.9 9.1 0.7
AR-18 1 105 70 91 0.049 32 0.037 25 15 0.100 2.5 40 271 0.42 6 169 0.68 6.4 9.4 1.1

2 284 180 148 0.367 1.6 0.193 1.8 16 0.469 2.4 39 243 1.81 6 148 0.78 9.5 12.2 0.9

3 212 159 125 0.460 1.5 0235 1.8 15 0.564 2.4 35 240 235 6 146 0.78 9.8 12.6 1.0 114 1.0
AR-19 1 197 135 100 0.059 32 0.062 2.1 14 0.129 2.5 30 2.09 0.56 6 129 0.73 5.1 7.0 0.7

2 167 121 82 0.027 4.4 0.033 2.7 15 0.068 2.5 31 2.08 0.28 6 126 0.67 44 6.6 0.9

3 189 152 90 0.047 3.5 0.056 2.1 16 0.117 2.5 34 2.09 041 6 118 0.70 4.5 6.4 0.8

4 169 121 97 0.041 3.8 0.044 23 16 0.089 2.5 32 2.01 0.32 6 115 0.68 5.1 7.5 0.9 69 0.2
AR-21 1 179 143 81 0.024 4.4 0.036 2.5 15 0.088 2.5 38 246 0.36 6 154 0.67 34 5.1 0.7

2 163 122 118 0.057 3.1 0.067 2.1 14 0.167 2.4 36 2.51 0.67 6 145 0.76 4.2 5.5 0.5

3 208 175 126 0.082 25 0.09% 19 15 0215 2.4 34 225 0.89 6 140 0.78 44 5.6 0.5

4 249 197 139 0.149 1.7 0.127 1.9 14 0281 2.4 32 221 1.28 6 145 0.80 6.0 7.5 0.6 59 05
Zircon (U-Th)/He ages
AR-1-1 1 222 112 88 8259 1.0 2553 1.8 491.6 1.242 2.4 239.1 0.49 0.020 123 4 0.772 23.99 31.10 2.44

2 172 82 100 7313 1.0 2383 1.8 3873 0992 2.4 161.2 0.42 0.010 16.1 2 0.781 23.11 29.60 2.25

3 220 105 99 8.152 1.0 2300 1.8 348.1 0970 2.4 146.8 0.42 0.018 134 3 0.790 26.65 33.73 248 315 1.2
AR-3 1 374 224 111 2662 09 9.14 1.8 615 468 24 315 0.51 0.05 10 3 0.83 21.5 26.0 1.7

2 328 148 138 2518 09 846 1.8 485 343 24 197 0.41 0.04 10 2 0.85 22.5 26.5 1.6

3 283 110 127 1948 09 675 18 568 252 24 212 0.37 0.03 10 3 0.83 21.9 26.4 1.7

4 306 137 142 2313 09 794 18 463 310 24 181 0.39 0.03 10 2 0.85 22.1 26.0 1.5 262 0.1
AR-4 1 345 171 156 3049 08 9.60 1.8 392 432 24 176 045 0.09 10 4 0.86 23.7 27.5 1.5

2 351 159 150 2680 0.8 995 1.8 451 404 24 183 0.41 020 10 9 0.86 20.3 23.7 1.3

3 524 306 145 3926 08 1242 1.8 355 533 24 152 043 036 10 10 0.87 23.7 274 1.5 262 1.3
AR-5 1 218 138 86 355 09 220 1.8 414 096 2.4 182 0.44 0.01 13 2 0.77 12.12 15.72 1.22

2 329 190 106 1649 09 757 1.8 645 238 24 203 0.31 0.07 9 6 0.82 16.78 20.54 1.36

3 274 127 100 857 09 425 18 547 1.66 2.4 214 039 0.02 10 3 0.80 15.28 19.16 1.36 185 14
AR-6 1 254 143 138 10.16 1.3 514 1.8 341 204 24 135 0.40 0.03 14 2 0.84 15.0 17.7 1.1

2 304 129 115 19.65 1.3 1004 1.8 921 394 24 361 039 0.04 13 4 0.82 14.8 18.1 1.2

3 353 97 173 19.86 1.1 9.65 1.8 402 383 24 159 0.40 0.06 13 2 0.87 15.6 18.0 1.0 179 0.1
AR-7 1 402 149 149 1880 09 623 1.8 273 1.82 24 80 0.29 0.08 11 3 0.86 234 27.2 1.5

2 417 220 156 3072 08 8.14 18 266 349 24 114 0.43 0.08 11 2 0.87 28.3 32.6 1.7

3 378 172 126 2736 08 754 18 448 331 24 197 0.44 0.06 11 3 0.84 27.2 324 1.9 307 18
AR-8 1 347 152 148 28.07 14 1265 1.8 492 547 24 213 0.43 0.12 6 5 0.86 16.7 19.5 1.2

2 340 155 150 1933 14 879 18 391 439 24 195 0.50 0.09 5 4 0.86 16.3 19.0 1.1

3 340 165 148 1864 14 880 1.8 390 358 24 159 0.41 0.09 6 4 0.86 16.0 18.6 1.1 19.0 0.2
AR-14 1 209 96 106 628 09 313 1.8 550 1.47 24 258 0.47 0.02 15 4 0.80 14.9 18.7 1.3

2 156 70 72 336 09 179 1.8 816 1.01 24 460 0.56 0.01 22 2 0.71 13.7 19.2 1.8

3 171 76 73 1.67 10 1.14 18 535 054 24 254 0.47 0.00 25 1 0.72 10.9 15.1 14 177 1.3

(continued)
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Table 2. (Continued)
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Sample
unweighted

Sm

232Th

He

Uncorrected  Ft-corrected

Ejection

Prism

Prism

Crystal

20 mean 2 SE
Ma) (Ma) (Ma)

He age

He age
(Ma)

correction

1o Concentration

1o Concentration Th/U Mass

1o Concentration Mass

(o)
1.8
1.8
1.8
1.8
1.8
1.8
1.8
1.8
1.8
1.8

lo Mass

(%)
L1

width  Volume

length
(um)

length
(um)

(Ma)

Q)

ratio  (ng) (%) (ppm)
0.48 0.01

(ppm) (ng) (%) (ppm)
0.530 2.4

(ng)

(um) (ncc)

Aliquot

Sample

2.0
2.1

21.1

14.9

0.70
0.74
0.72
0.76
0.77
0.75
0.79

13
12

242
226

502
513
484
494
489
763
541

1.099
1.713

2.201

68 70
82
74
89
91

133

1

AR-15

24.1

17.8

0.44 0.02

0.754 2.4

1.0
1.0

0.9

4.062

64
66
73

158

231 1.0

23

24.1

17.2

10

11

28

0.28 0.03
0.41

134
201

0.390 2.4

0.76
0.88
1.04
1.44
2.47
3.77
2.60

1.402
1.86
2.18
222
3.63
6.30
8.37
6.27

3.108
3.66
5.59
6.96
7.50
14.05
14.92
13.47

134

1.6
2.0
2.6

19.5

14.8

0.00

2.4
2.4
24
2.4
2.4
2.4
24

177

1

AR-19

25.2

194

0.40 0.01 13

196
358
215
204

0.9

93
100

116

198
207
224
296
328
296

31.0

23.3

0.47 0.00
0.40 0.04
0.39 0.03

0.9

81
100

14 238 27

1.2
0.9

19.7

15.6

10
10
9

13

0.9

20.2

16.9

0.835

519
509
479

0.8

134

97
127

1

AR-21

15.7

13.3

0.849
0.842

0.45 0.03
0.41

229

0.8

144

1.4

18.4

1.2

19.2

16.2

0.02

198

0.9

136

124

The volume of He is given in nanocubic centimetres at standard temperature and pressure. The ejection correction (Ft) is the correction factor for alpha-ejection (according to Farley e al. 1996). The uncertainties in the contents of He and radioactive elements are given
as lo values in relative error (%). The uncertainty of the single grain ages is given as 1o values and includes both the analytical uncertainty and the estimated uncertainty of Ft. The uncertainty of the mean sample ages are one standard error as (SD)/(n)”z, where SD is

the standard deviation of the age replicates and # is the number of age determinations. Uncorrected and corrected ages are highlighted by italic and bold type, respectively.

R. Arato et al.

preliminary modelling runs indicating that their variation within
plausible limits did not significantly influence the modelling results.
The values that were fixed in the model include the age of the
Oligocene and Miocene volcanism, the thickness of the
Oligo-Miocene sedimentary cover, the heat flux until Miocene
volcanism, the petrophysical values (e.g. thermal conductivity, heat
capacity, heat production) and the compaction characteristics of the
sediments.

The modelling was performed separately on each previously
defined age group (Fig. 5). These age groups are considered to
represent rock volumes within the Recsk Complex that experi-
enced uniform thermal histories. The mean depths of these groups
were considered in the one-dimensional subsidence modelling
procedure. It was not possible to modify all the parameters in a
simple one-dimensional subsidence model, therefore two para-
meters were tested in one batch and the rest of the input data was
kept fixed. The flow chart in Figure 7 summarizes the major steps
of the tandem modelling. The modelling of an age group was
performed in different batches, where different parameters were
selected as variables while others were kept constant. In this way,
we were able to create a multi-parameter probability space
marking the most likely conditions that resulted in the measured
He ages.

First step: modelling of burial temperature

The PetroMod 1D software (Schlumberger) was used for modelling
the subsidence/thermal history of the Recsk Complex. In the input
part, we set the fixed parameters and possible ranges of the variables
according to regional geological constraints and analogies
(Table 4). A 1000 m thick diorite—andesite layer was set for the
lowest member of the one-dimensional rock column (representing
the Recsk Complex). This is a reliable assumption as such a
lithology was revealed by >100 boreholes and several adits. Its
cover was determined according to the Rm-103 borehole, which
intersected the complete Oligo-Miocene sedimentary and volcano-
sedimentary sequence covering the Recsk Complex. According to
this borehole and the surface outcrops of these formations, an
average thickness of 500 m was considered for the Oligo-Miocene
clastic sequence. It is assumed that these sediments were also
covered by the Miocene Matra Volcano, although its former
thickness is not known. Therefore the thickness of the Matra
volcanic rocks (variable 3, Fig. 6) was varied between 0 and
2500 m. The heat flux was set to a typical continental value of
60 mW m~2 (Pollack et al. 1993 and references cited therein)
between 30 and 20 Ma, followed by a linear increase until 18 Ma to
today’s local value (100 mW m~2) because of the assumed start of
the synrift phase of the Pannonian Basin between 20 and 18 Ma
(Royden & Horvath 1988). The increased heat flux due to Matra
volcanism is described by two variables, namely the value of the
increased heat flux and the duration of this effect (variables 1 and 2,
Fig. 6). The heat flux was varied between 110 and 300 mW m~2 and
the duration was varied between 0.5 and 1.5 Ma. The trend of the
increase and decrease in heat flux was assumed to be linear.
According to sensitivity tests, the style (curvature) of the increase
and decrease have negligible effect on the thermal history and
calculated He ages. The termination of the increased heat flux
plateau was fixed at 14 Ma, so that the maximum heat flux
coincided with the main activity of the Matra Volcano (16-14 Ma,
Zelenka et al. 2004).

After the main activity of the Matra Volcano, erosion took
place in the area, which affected the Matra volcanic rocks, the
Oligo-Miocene sediments and the Recsk Complex. However, the
erosion did not cut deep into the Recsk Complex because
remnants of the overlying Late Oligocene glauconitic sandstone
have been preserved in some places (Fig. 2). Therefore, for
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Fig. 5. Simplified SSW-NNE cross-section (identical to the section in Fig. 2b) across the Recsk Complex with the AHe and ZHe ages and their groupings.
The positions of the samples were projected orthogonally to the section (for sample codes, see Fig. 2). Each presented He age is the unweighted average of
three to six single-crystal ages corrected for ejection factors; for details and uncertainties, see Table 1. px, pyroxene.

modelling the subsidence—exhumation history, complete removal
of the Oligo-Miocene cover sequences was assumed in all runs,
whereas no erosion of the Recsk Complex was considered. The
Miocene erosion rate was also considered in the model because it
had a significant influence on the thermal history. To account for
changes in the erosion rate, two further variables were
introduced: the time when the erosion rate changed (variable 4)
and the depth of the current surface at that time (i.e. the thickness
of the remaining cover, variable 5, Fig. 6). The age of the change
in the erosion rate was varied between 12 and 4 Ma and its depth
was varied between 900 and Om (0 m means complete
exhumation at that time). Thus variable erosion scenarios could
be modelled, such as steady, initially slow — then fast, initially
fast — then slow. The thermal history was calculated in this way
for each erosion scenario.

Second step: modelling the ZHe and AHe ages

The thermal evolution paths (Fig. 7) obtained in the first
modelling step were imported into the HeFTy software
(Ketcham 2005) to calculate AHe and ZHe ages. The properties
of the dated crystals of each group — such as average sphere
radius and U, Th and Sm concentrations — were also taken into
consideration.

Table 3. Modelling groups, used for modelling the thermal history of the
Recsk Complex using the PetroMod 1D software.

Modelling group Depth (m) Mean + SD He age (Ma)
a 0 AHe 14.2+2.1

b 350 AHe 9.7+ 1.5

c 910 AHe 6.4+1.0

d 240 ZHe 29.5+3.3

e 1030 ZHel83+1.5

Outlining the acceptance belt of the tested parameter pairs

The tandem modelling was performed in batches, where the two
tested parameters were modified stepwise, ultimately yielding an
age matrix (Fig. 7). These matrices contained the calculated He ages
and, using contouring methods (kriging), the belt of acceptance
could be visualized. The belt of acceptance represents the area in
which the calculated ages match the measured (U-Th)/He age data.
By comparing the results and acceptance belts of different batches,
it was possible to mark the most reliable values of the tested
parameters for some of the measured age groups. In doing so, the
burial/thermal evolution of the Recsk Complex could be much
better constrained.

Table 4. Fixed values and variable parameters applied for modelling the
thermal history of the Recsk Complex using the PetroMod 1D sofiware.

Fixed values used for modelling
Thickness of Oligo-Miocene sedimentary 500 m
sequence

Heat flux between 30 and 20 Ma 60 mW m™
Heat flux between 20 and 18 Ma Linear increase to
100 mW m™
Heat flux after 18 Ma (in the non-volcanic Linear decrease
period) from 110 to
100 mW m™

Duration of period of increasing and
decreasing heat flux before and after the

0.25 myr

volcanism
Variable parameters
1 Miocene heat flow increased by volcanism 110-300 mW m™
2 Duration of the increased heat flow 0.5-1.5 myr
3 Thickness of the Miocene volcanic cover 0-2500 m
4 Time at which the erosion rate changed 12-4 Ma
5 Thickness of the remaining cover when 0-900 m

the erosion rate changed
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Fig. 6. Schematic diagram of the assumed
burial history of the Recsk Complex. The
arrows represent the variable parameters:
1, the value of the increased Miocene heat
flux during Matra volcanism; 2, the
duration of the increased heat flux; 3, the
thickness of the Miocene volcanic cover;
4, the time when the erosion rate had
changed; and 5, the thickness of the

remaining cover at the time when the

erosion rate had changed. Isotherms
(dashed lines) are given as examples only
and represent one given modelling run.

Their position is controlled by the values
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Discussion

After some preliminary modelling runs, it became obvious that the
He ages were virtually independent from some of the variables in
given age groups, thus it was possible to reduce the number of
variable pairs tested.

First, the sensitivity of the ZHe ages on each variable was tested.
The different heat flux values obtained by changing the value of the
Miocene heat flux (parameter 1) modified the thermal history in and
above the zircon PRZ, resulting in significantly different ZHe ages.
By contrast, the duration of the increased heat flux (parameter 2)
was shown to have only a minor effect on the ZHe ages (Fig. 8a).
Further modelling runs showed that the thickness of the Miocene
volcanic cover (parameter 3) exerted a strong control over the ZHe
ages (Fig. 8b). Importantly, the value of the Miocene heat flux and
the Miocene volcanic cover (parameters 1 and 3, respectively)
interacted multiplicatively, meaning that the same ZHe age may
have resulted from either a higher heat flux and a thinner cover or a
thicker cover and a lower heat flux. The time and depth of the
erosion breakpoint (parameters 4 and 5) was chosen for the batch
calculations according to the assumptions of the preliminary runs
that yielded reasonable AHe and ZHe ages. Their value had a
negligible effect on the ZHe ages because the depth of the
breakpoint was limited by the thickness of the volcanic cover
(0-2500 m), so the temperature at this point was always below the
zircon PRZ. Therefore the only parameters that significantly affected
the ZHe ages were the duration of the increased Miocene heat flux
and the cover thickness. Therefore only these two parameters were
treated as variables in the ZHe modelling runs, whereas the other
three parameters were kept constant. For simplicity, the post-climax
trend of the erosion was fixed in the form of steady erosion and the
duration of the increased heat flux was fixed at 1 myr, which is a
geologically realistic assumption due to the relatively short activity
of the Matra Volcano (Zelenka et al. 2004).

Unlike the ZHe ages, the AHe ages show no dependence on the
value and duration of the Miocene volcanic activity or on the cover
thickness (parameters 1, 2 and 3, respectively). This can be

of the variable parameters and some fixed
parameters (e.g. the thickness of Oligo-
Miocene sediments).

explained by the fact that the vast majority of the AHe ages is
younger than the Matra volcanism, meaning that the ages are totally
reset (except group a) and the details of the thermal climax are
irrelevant. Because the AHe method has an extremely low closure
temperature of ¢. 60°C, even half a million years at a heat flux of
150 mW m~2 with shallow burial could cause a complete reset of
the AHe ages and a longer and/or stronger heat pulse could not
modify this any further. By contrast, the AHe ages proved to be
extremely sensitive to the time and depth of the erosion breakpoint
(parameters 4 and 5) because a change in these two parameters
modified the thermal history in the apatite PRZ (Fig. 6). Based on
these observations, the value of the Miocene heat effect could be
fixed at 200 mW m™2, its duration at 1 Ma and the Miocene
volcanic cover thickness at 1000 m in the AHe modelling runs.

Thermal history reconstruction based on ZHe ages

The oldest and unreset ZHe ages were detected in group d,
occupying a shallow position within the Recsk Complex (Fig. 5).
The average ZHe age of ¢. 29.5 Ma is identical to the emplacement
age of the complex and therefore this part of the Recsk Complex was
not in the zircon PRZ (for a considerable amount of time) in post-
Oligocene times. Because the ZHe ages of the group roughly equal
the formation age, the modelling did not yield a narrow belt, but a
broad range of acceptable values, illustrating the possible maximum
values and their dependence on the main controlling parameters, i.e.
the thickness of volcanic cover and the heat flux (Fig. 9).

In turn, the partially reset ZHe ages of group e are significantly
younger than the emplacement age of the Recsk Complex, reflecting
athermal overprint that exceeded the closure temperature of the ZHe
thermochronometer. These samples became thermally reset because
group e is situated deeper and closer to the Matra heat source than
group d (Fig. 5). The modelling results of group e yield a probability
belt for the possible interdependence of volcanic burial and heat
flux (Fig. 8b) that can be overlapped with the possible maximum
values calculated using the non-reset group d (Fig. 9). This overlap,
reflecting consistent modelling results for rather contrasting groups
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Fig. 9. Modelled ZHe ages (isolines) of age group d (the northern,
shallow part of the complex with 29.5 +3.3 Ma ZHe group age; see

Fig. 5). Fixed parameters: 1 myr duration of the Miocene magmatism
(parameter 2); and steady erosion (parameters 4 and 5). As these samples
yield no detectable reset from their initial c¢. 30 Ma age of formation, the
acceptable burial and heat flux conditions occupy the lower left-hand half
of the parameter field (in white).

of measured ages, is at roughly 200 mW m™2 heat flux and 1000 m
volcanic (and 1500 m total) cover. These values give a rough
estimate of both parameters, although, due to the lateral distance
between groups d and e and the probable north—south gradient in
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Fig. 8. Thermal modelling results of the
ZHe age group e in the Recsk Complex
(the southern, deeper part of the complex

A with 18.3 + 1.5 Ma ZHe group age; see
zj Fig. 5). Plots show the dependence of the
s calculated ZHe ages (isolines) on the

23 cover thickness and the (a) duration and
21 (b) heat flux of the Miocene magmatism.
L The fixed parameters include (a) the

200 mW m ™2 Miocene heat flux and
steady erosion or (b) the 1 myr duration of
Miocene volcanism and steady erosion.
The belts of best fit are marked in white;
the gradation of shading implies an
increasingly poorer fit.

both parameters, it is unclear in which part of the complex they are
valid.

Final stage of the thermal history based on AHe ages

The vertical trend in the AHe ages across the Recsk Complex is
obvious, as illustrated by age groups a, b and ¢ in Figure 5. The
uppermost group shows AHe ages close to the formation age of the
Matra volcanism, whereas the lower groups experienced thermal
reset in the Late Miocene, which clearly post-dates the activity of
Matra Volcano. First, we modelled groups b and ¢ because they
represent completely reset AHe ages controlled exclusively by the
post-volcanic exhumation history of the Recsk Complex. These two
groups are located above each other, at c. 600 m vertical distance,
and experienced the same cooling history. Therefore only those
modelling results where the calculated AHe ages matched the
measured ages of both age groups were accepted (group b, 9.9 +
1.0 Ma; group c, 7.2+ 1.7 Ma).

Figure 10 shows the results of the two age groups and their
acceptance belts. The overlapping of the two acceptance belts
yielded a small range for the breakpoint in exhumation between 0
and maximum 150 m volcano-sedimentary cover and 6.5-7.5 Ma,
with the best fit at ¢. 7Ma and 0 m. Thus the Matra Volcano
experienced fast erosion after the termination of volcanism until
¢. 7 Ma and the currently exhumed top of the Oligocene magmatic
rocks had already reached the surface (or occupied a very shallow
position) by the end of the Miocene. This result is supported by the
relatively low relief of the Recsk region, suggesting a moderate
present day erosion rate.

It is important to emphasize that the completely reset AHe ages
(groups b and c¢) do not carry information on the value of the Miocene
heat flux and the cover thickness. By contrast, group a yielded AHe

Fig. 10. Results of the final exhumation
10 modelling of the Recsk Igneous Complex
using two AHe age groups (groups b and
c) of samples that experienced the post-
volcanic (Matra) cooling at different
depths. The AHe group ages are 9.7+ 1.5
and 6.4 + 1.0 Ma, respectively. Fixed
parameters: 1 Ma duration and
200 mW m~? heat flux during the
Miocene volcanism and 1500 m cover
thickness. The best-fitting belts of the two
groups overlap at the ¢. 7 Ma change in
erosion rate and negligible volcano-
sedimentary cover at that time (almost
complete exposure).
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Fig. 11. Modelling results of AHe group a (mean AHe age 14.2 +

2.1 Ma). Fixed parameters: age and depth of the erosion breakpoint of
6.5 Ma and 0 m. According to the acceptance belts generated, the main
control parameter was the cover thickness, whereas the duration of the

Miocene volcanism had less influence on the AHe ages.

ages close to the age of the Matra volcanism (i.e. partially reset AHe
ages) and therefore modelling based on these ages may constrain both
the cover thickness and heat flux. We could keep the post-Matra
cooling trend fixed for these modelling runs based on the modelling
results for groups b and c. We assumed that a Miocene heat flux value
>150 mW m™ was not realistic at this distance from the Matra
Volcano. Likewise, the present day lower heat flux at Recsk (100—
110 mW m~?) seemed unrealistic. It could be also assumed that the
thickness of the volcanic cover decreased with increasing distance
from the Matra volcanic centre. Consequently, the modelling
parameters and their variability for group a were set in accordance
with the previous assumptions. From these runs, it turned out that the
AHe ages of group a were mainly determined by the cover thickness,
whereas the duration and magnitude of the Miocene heat flux had
only a minor influence, at least over this limited heat flux range
(Fig. 11). Thus the overall cover thickness in the northern part of the
study area could be estimated, with the most probable values between
1200 and 1500 m (700-1000 m volcanic cover, respectively;

Fig. 11), bearing in mind that this part of the modelling is based on
several assumptions, most importantly a narrow heat flux range
relative to the other modelling runs.

The modelling results are in accordance with regional geological
observations. The significant post-Oligocene burial and heating are
also evidenced by abundant hydrocarbon films and cavity fillings in
the high-porosity upper part of the Recsk Complex (Kitaibel 1829;
Molnér et al. 2008; Takacs et al. 2017), obviously post-dating the
Oligocene emplacement and ore formation. The increased heat flux
in the Miocene most probably led to maturation of the formations
rich organic material in the surroundings of the Recsk Complex and
triggered hydrocarbon migration. However, apart from some late
calcite veins, there is no evidence for large-scale Miocene
hydrothermal circulation and related ore mineralization at the
Recsk Complex.

The fact that both an increased Miocene heat flux and the thermal
blanketing effect of the cover strata were needed to reset the AHe
and especially the ZHe ages is evident from the regional geological
constraints and from studies in which the thermal effects of
intrusions were modelled (e.g. Ehlers 2005). Considering no
increased heat flux relative to today’s value in the study area
(100110 mW m~2), even a 3000m thick cover would be
insufficient to partially reset the ZHe ages. However, an intrusion
5 km in diameter would only locally increase the temperature up to
the ZHe PRZ (<10 km from the intrusion centre; Ehlers 2005). As
there is no evidence for any of these extremities (i.e. an extremely
thick cover or large Miocene subvolcanic body), the combined
thermal effect of magmatism and burial is plausible.

The erosion of the post-Oligocene cover sequences is underlined
by the southwards tilted layers in the southern foreland of the Matra
Volcano as well as its sharp erosional termination in the north. The
tilting and subsequent erosion is probably related to the opening
(presumably between 14.5 and 13.5 Ma; Tari et al. 1993; Petrik
et al. 2014) of the Vatta-Maklar Trough, a large-scale extensional
structure ¢. 40 km to the SE of the study area.

Conclusions

The fact that the Miocene (c. 15 Ma) volcano of Matra developed on
an older, currently well exposed igneous complex offers an
excellent site for studying and testing the thermal influence of a
stratovolcanic edifice on its basement. The well-constrained and
rather uniform Early Oligocene (c. 30 Ma) emplacement age of the
Recsk Complex allows us to calculate the degree of reset of (U-Th)/
He ages primarily caused by Miocene volcanism.

Proposed post-Oligocene
evolution model

SSW

Cover:|~1500 m

" Oligocene sediments Heat flux: -ZOO)EHH’/
e Recsk stratovolcano

I ,/—/ b
T i _

Mesozoic basement

Erosion until ~7 Ma

NNE

Early-Miocene (~15 Ma)
isotherm

Surface formed by
Late-Miocene (~7 Ma)

Fig. 12. Schematic diagram of the post-
Oligocene thermal evolution of the Recsk
Complex. The bold values summarize the
results obtained by ZHe and AHe
modelling. The semi-transparent area
indicates the eroded units. See Figure 2
for legend.
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Most of the ZHe ages are younger than the formation age of the
Recsk Complex. Only samples from shallow levels and from larger
distances from the Miocene Matra Volcano show ages that have not
been reset, whereas in the SW of the complex the younger, partially
reset ZHe ages indicate an increasing thermal effect towards the
Matra volcanic centre. By contrast, the AHe ages are completely
reset, except for a few samples at the surface. This implies a long-
lasting cooling resulting from the thermal blanketing effect caused
by the burial of the subsequently eroded stratovolcanic succession
that covered the Recsk Complex in the Middle Miocene.

To quantify the parameters of the thermal and burial history, one-
dimensional tandem modelling was carried out on the Recsk
Complex. The ZHe modelling results let us to conclude that c.
1500 m thick sedimentary and volcanic cover, in addition to an
elevated Miocene heat flux, was needed to partially reset the ZHe
ages, both of which can be related to the Matra Volcano (Fig. 12).
AHe modelling helped us to reconstruct the erosion history of the
Oligocene basement and showed that the Miocene volcanic activity
was followed by rapid erosion, leading to the complete exhumation
of the Recsk Complex, until the latest Miocene (c. 7 Ma).
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