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A = 3.0 Ga zircon core in an Early Cambrian (meta)granitoid
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Abstract

The U-Pb age spectrum of zircon grains including rim and xenocrystic core domains from
an Early Cambrian peraluminous (meta)granitoid in the eastern part of Mt. Papuk (Croatia)
was determined using laser ablation inductively coupled plasma mass spectrometry. Zircon
cathodoluminescence images reveala&usually high proportion of xenocrystic cores sur-
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rounded by oscillatory-zoned magmati€rims. The U-Pb age spectrum displays a prominent
cluster at ca. 535 Ma (Ediacaran—Cambrian), interpreted as the crystallisation age, and a
skewed one towards ca. 498 Ma rian—Ordovician), interpreted as a Cenerian ther-
mal event superimposed on the Ca an granitoid crystallisation age. Xenocrystic zircon
cores yield several age grou ingle ages within a Pan-African cluster at = 0.65-0.8
Ga, along with clusters fro ifal sources between 0.8 and 3.0 Ga. The age spectrum,
analysed by the frequen r&!\o Proterozoic to Archean zircon ages, the shape of a ker-
nel density estimate cu:%énd a multidimensional scaling plot, indicates a provenance of
zircon grains that is typicalfer the western part of northern Gondwana, particularly the Sa-
haran Metacraton, with contributions from the Arabian—Nubian shield and the West African

terland. The gr
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craton, where trapsport to the distant northern Gondwana margin occurred from their hin-

a%rystallisation age of 535.3 £ 0.9 | 7.1 Ma (age * 2SE uncertainty |
total 2SE incluaing systematic uncertainties) represents the “oldest dated rock” in Croatia,
while amon%nocrystic zircon cores, the oldest zircon in Croatia measured so far has
b

e of 3061+27 Ma (Mesoarchean).

a 207Pb/20\
1. INTRODUCTION E

Given the usually relatively small prop of ancient (>3

Ga) dates recorded in zircons from basement precursors in the
Carpathians and Alps (e.g., ZAK et al., 2021; CHANG et al.,
2021; SIEGESMUND et al., 2018, 2021), either as inherited
cores or single grains, one may wonder about the geological
significance of reporting such scarce data, which are often
unrelated to the surrounding geological record. What is
intended beyond the catchy phrase “the oldest” mineral, rock
or fossil, etc., for a particular area? Is the purpose of such a
record merely to temporarily document “the oldest” feature, a
record that in its “glory” will undoubtedly not last long? Or is
it possible to extract scientific or practical value from a single,
often isolated point in the timescale? Could the collection of
such scarce data serve to reconstruct the early evolution of the
continental crust and the geodynamic processes that formed
ancient orogens?

The area of Croatia, with the Dinarides and Pannonian
Basin as its main geological features, has been a highly dyna-
mic area, and is currently characterised by active tectonics,
earthquakes or erosion (e.g., CROATIAN GEOLOGICAL

SURVEY, 2009). The geodynamic processes, occurring over
vast temporal and spatial scales and represented by different
orogenic cycles, do not favour the preservation of ancient
geological material and, consequently, the preservation of their
ages. However, a substantial number of Variscan dates were
recorded in spite of the Alpine evolution of the Dinarides and
the Pannonian Basin, as well as the Variscan evolution of their
basements, which limits but does not prevent opportunities to
find records of pre-Variscan events inside basement crystalline
rocks. Among these, the most promising areas are the Mt.
Papuk and Mt. Psunj regions of the Slavonian Mts., where, in
the last 20 years, Alpine (e.g., BISEVAC et al., 2010; BALEN
etal., 2013, 2018a; SCHNEIDER et al., 2022, 2025), Variscan
(HORVATH et al., 2010; HORVAT et al., 2018; SKRZYPEK
et al., 2025), and pre-Variscan (BALEN et al., 2006, 2015;
HORVATH et al., 2010; SLOVENEC et al., 2020; STARIJAS
MAYER etal., 2023; GALLHOFER et al., 2026) igneous and
metamorphic events have been documented.

With recent analytical advances, particularly of in situ iso-
topic techniques on single mineral grains, zircon age spectra
have become a powerful tool for understanding evolutionary
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processes far beyond the age of formation of the host rock. The
aim of this report is to present the age spectrum of zircon
grains from a (meta)granitoid that contains abundant xeno-
crystic zircon cores related to the Cadomian and/or Cenerian
orogenies, but also to the interior of Gondwana cratons. We
compare xenocrystic core ages with detrital zircon age spectra
of the main Gondwana sources, discuss potential source
terrains and highlight their potential for palacogeographic
interpretations. Furthermore, we provide petrographic and
geochemical descriptions of the (meta)granitoid sample, along
with full documentation of the U-Pb zircon dating results. We
report the discovery of a = 3.0 Ga old zircon core, which is
currently the oldest mineral in Croatia and an Early Palacozoic
/ Ediacaran magmatic crystallisation age for the (meta)gra-
nitoid, which, to our current knowledge, represents the oldest
robustly dated rock in Croatia.

2. GEOLOGICAL BACKGROUND

The Slavonian Mts. comprise several inselbergs of crystalline
basement that emerge from the sedimentary infill of the
southwestern Pannonian Basin (Fig. 1a). Among them, Mt.
Papuk exposes a significant area of pre-Variscan and Variscan
igneous and metamorphic rocks. On a large scale, Mt. Papuk
is part of the Tisia (Tisza, Tisa, Tisija) Mega-Unit, a continental
fragment of Europe, separated in the Middle Jurassic during
opening of the eastern branch of the Alpine Tethys Ocean (e.g.,
PAMIC et al., 2002; SCHMID et al., 2008). The pre-Alpine
crystalline basement rocks at Mt. Papuk are traditionally divi-
ded into three complexes (JAMICIC, 1983, 1988), defined on
the basis of field observations, petrography and structuial

geology: (1) the Psunj metamorphic complex (also calledvdie/

Kutjevo metamorphic series), a low- to medium-grade iheta-
morphic complex composed of chlorite-schist, phyllitéica-
schist, paragneiss, amphibolite and marble, with additional
small bodies of granite; (2) the Papuk metamorphic gomplex
(also called the Jankovac metamorphic serjes)eomposed of
S-type granites intruding medium- to hig'h'-’gfade rocks
including amphibolite, micaschist and locally migmatitic
gneiss; and (3) the tectonically uppermostRatlovac complex,
consisting of very low- to low-grade slate, meta-greywacke,
meta-conglomerate and phyllite, locally intruded by metabasic
rocks. Such geological evolution is interpreted as comprising
three phases of sedimentation and metamorphism in periods
from the Precambrian(?) to the Upper Permian.

An early Palacozoic or late Neoproterozoic and a pre-
Variscan metamorphic event were suggested for some rocks
(JAMICIC, 1983, 1988; JAMICIC & BRKIC, 1987), but
without geochronological evidence or stratigraphic support:
(1) the Psunj metamorphic complex is assumed to have formed
by metamorphism during the Baikalian orogeny (in the Late
Precambrian, i.e. ~ 850—650 Ma), which affected the supposed
Precambrian psammitic and pelitic sediments and submarine
volcanic rocks, and was later overprinted and retrogressed by
younger metamorphic events; (2) the Papuk metamorphic
complex underwent metamorphism and migmatitisation
during the Caledonian orogeny (Ordovician to Early Devo-
nian, i.e. = 490-390 Ma), which affected the inferred Lower
Palaeozoic pelitic sediments and volcanic rocks; and (3) the
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Radlovac metamorphic complex was subject to very low-grade
metamorphism during the Variscan orogeny (Late Palaeozoic,
i.e. = 380280 Ma), affecting the clastic sediments of Upper
Devonian, Carboniferous and up to Middle Permian
depositional ages.

Based on K-Ar and Rb-Sr dating, PAMIC et al. (1988) and
PAMIC & LANPHERE (1991) combined the first two com-
plexes into the “Progressively Metamorphosed Complex”
(PMC). The PMC is considered to have formed predominantly
during Variscan tectono-metamorphic event(s) (PAMIC &
LANPHERE, 1991). In the Late Cretaceous, the PMC was
intruded by postmetamorphic dyke swarms of basalt, andesite
and rhyolite (e.g., SCHNEIDER et al., 2022, 2025).

More detailed data for pre-Variscan events include the
following ages and P-T estimates: electron microprobe (EMPA)
ages obtained on monazite of 444 + 19 Ma and 428 + 25 Ma
for amphibolite facies micaschist (BALEN et al., 2006); mona-
zite ages of 528 + 7 Ma and 465 =7 Ma (from reaction textures),
616 + 23 Ma (monazite inclusions in garnet cores), 491 + 6 Ma
(monazite inclusions in garnet rims) and 417 + 20 Ma (monazite
inmatrix) foan amphibolite facies orthogneiss (BALEN et al.,
2015); a Lu-H¥garnet-whole-rock isochron age of 466.0 £2.3
Ma for afthlerite-muscovite—garnet schist and a monazite age
of 4712 ToMa for amphibolite facies metapelites (STARIJAS
MAX BReet al., 2023); a *°Ar-* Ar amphibole age 0f 487.1 £4.3
Maandwa Sm-Nd isochron age of 503 + 13 Ma for a gabbroic

ogk (SLOVENEC et al., 2020). Although even older ages and

8gnts have been reported for the Slavonian Mts., they either
lack adequate analytical support (JAMICIC, 1983), or use
analytical methods such as K-Ar (including whole rock), that
cannot distinguish between polycyclic events (PAMIC et al.,
1988; PAMIC & LANPHERE 1991). This brief overview
shows that, even when single dates are included, no robust ages
older than the Cambrian or Ediacaran have been found.

3. METHODS

A sample of (meta)granitoid (KUIA; = 20x20%10 c¢m in size,
yielding ~ 10 kg of material) was crushed to separate zircon
grains using a standard extraction procedure involving sieving,
panning, and magnetic separation with a hand magnet and a
Frantz isodynamic magnetic separator. For further analysis,
randomly hand-picked zircon grains were mounted in epoxy
resin, grounded to expose their interiors and polished with
diamond paste. To observe internal zoning patterns and
xenocrystic cores, the grain mounts were imaged with a ZEISS
DSM 982 (Gemini) field emission scanning electron
microscope (SEM) at the Department of Earth Sciences
(NAWI Graz Geocenter, University of Graz). In the cathodolu-
minescence (CL) images, zircon grains with inherited cores
were common and easily identified. The presence and size of
internal domains influenced the selection of ablation spot sites.

The first session of isotopic analyses of zircon (03/09/2025)
was conducted at the Department of Earth Sciences (NAWI
Graz Geocentre, University of Graz). An ESI NWR 193 nm
ArF Excimer Laser was used to ablate material for 30 s with
a 35 pum spot diameter, 10 Hz frequency, and a fluence of
approximately 4.5 J/cm? The ablated material was transported
to an Agilent 7900 series single-collector quadrupole ICP-MS
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Figure 1. (a) A simplified geological map of the Slavonian Mts. (geological base map after JAMICIC (1988) and PAMIC & LANPHERE (1991)). More details
of the Mt. Papuk area can be found on the Basic Geological Map of SFRY 1:100 000 sheets and explanatory notes for Daruvar and Orahovica by JAMICIC
(1989), JAMICIC & BRKIC (1987) and JAMICIC et al. (1987, 1989). The index map shows the position of the Slavonian Mts. relative to major mountain chains
and the Tisia Mega-Unit; (b) A detailed geological and topographic map of the study area (modified geological map after JAMICIC, 1983, 1988; JAMICIC
& BRKIC, 1987; JAMICIC et al., 1987) showing the location of the outcrop (KU1A).
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system where 292Hg, 2%4(Hg+Pb), 20°Pb, 207Pb, 298Pb, 23>Th and
238U were monitored.

The second session of zircon age dating (28/11/2025) was
performed at the Central Lab for Water, Minerals and Rocks,
NAWI Graz Geocentre, Graz University of Technology and
University of Graz, using a Nu Plasma II high-resolution
multi-collector ICP-MS (Nu Instruments), coupled with an ESI
NWR 193 nm ArF Excimer Laser. Analytical conditions for
age dating included 15 s of sample ablation with a spot diameter
of 15 pum, a repetition rate of 5 Hz and a laser fluence of approxi-
mately 2.4 J/em? The same masses as in the first session were
monitored.

Reference zircons 91500 (WIEDENBECK et al., 1995)
(Agilent 7900) and GJ1 (JACKSON et al., 2004) (Nu Plasma
I1) were used as primary calibration materials. The following
zircons were used for quality control: M257 (NASDALA et
al., 2008), 91500 (WIEDENBECK et al., 1995), PleSovice
(SLAMA et al., 2008), KARA-18 (IAG reference zircon,
G-Chron round 2) and NIST SRM 610 glass JOCHUM et al.,
2011) to verify the reproducibility and accuracy of the analyses.
In the first session of dating, the measurement sequences con-
sisted of: one spot on NIST SRM 610 glass, followed by three
spots on zircon 91500, one spot on PleSovice and M257 zircon
and 15 spots on sample KU1A. In the second session of dating,
the measurement sequences consisted of: one spot on NIST
SRM 610 glass, followed by three spots on zircon GJ1, one
spot on zircon M257, 91500 and KARA, and 12 spots on
sample KU1A. Further details can be found in Supplementary
Table 1.

Data were reduced using the IOLITE v. 3.71 software

package with the X_U-Pb_Geochron4 DRS (PATON éhal.,

2010, 2011). IsoplotR software (VERMEESCH, 2018ywwas
used for plotting and age calculations. No common [&ad cor-
rection was applied. The accuracy of the secondary feference
zircons PleSovice, 91500, M257 and Kara-18 is régorted as the
relative offset from the TIMS 20°Pb/***U age amd Was better
than 2 % in both measurement sessions. he ~ °Pb/>38U
weighted mean ages of the samples were“galculated from
single zircon dates with 90—110 % concordanée (concordance
= (2%Pb/?8U date) / *"Pb/2U date) x 100). Systematic uncerta-
inties, including the long-term excess variance of 2°Pb/238U
for the validation zircons (= 1.3 %), were propagated by
quadratic addition to the uncertainty of the 2°°Pb/238U weighted
mean ages, following the recommendations of HORSTWOOD
et al. (2016).

4. RESULTS

4.1. Field observations

The study focuses on zircon grains from a (meta)granitoid
sample collected in the eastern part of Mt. Papuk (Croatia,
Tisia Mega-Unit, Pannonian Basin basement). There, small
igneous bodies (up to several tens of metres wide) of “I-type”
granitoids after PAMIC & LANPHERE (1991) are associated
with pre-Variscan metamorphic rocks. Amphibolite, parag-
neiss, and micaschist from the same outcrop (N 45°26°57”,
E 17°53°15”") have been investigated by BALEN et al. (2006)
and HORVATH et al. (2010) as part of a transect of medium-
grade metamorphic rocks (Fig. 1b) along the Kutjevacka rijeka
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(Kutjevo River). The outcrop, a designated geosite of the
UNESCO Global Geopark Papuk (geosite 1), displays centi-
metre- to decimetre-scale alternating layers of strongly foliated
amphibolite-facies metamorphic rocks (amphibolite, parag-
neiss and micaschist), that occasionally preserve relicts of
microscale isoclinal folds and mylonitic microstructures. The
(meta)granitoid is enclosed within metamorphic rocks and
occurs as a small, tens to hundreds of metres sized, cataclastised
plutonic body concordant with the foliation. In this study, two
(meta)granitoids from the same igneous body near Kutjevo
were compared: the first was based on previous reports
(BALEN etal., 2018b, ¢), and the second (KU1A) is the sample
analysed here.

4.2. Petrography and geochemistry of the Kutjevo
(meta)granitoid

The studied rock is dark grey, medium-grained (up to =~ 0.3 cm),
and has an almost granite-like appearance with biotite-rich
layers (Fig. 2a). The largely preserved isotropic (granitoid)
structure consists of subhedral to rounded, 2-3 mm sericitised
plagioclase with typical twinning (andesine Ans;_4¢ and rare
albite graifis)nquartz, zoned garnet rich in the almandine
componcnt,(Spsoz_%, Prp05_17, Alm66_74, GI‘S+A11d07_23), amphi—
bole, parfially chloritized biotite and K-feldspar (Fig. 2b—d).
Acc€ssoiy minerals include ilmenite, titanite, clinozoisite,
zicon and apatite (Fig. 2e).

", The (meta)granitoid sample (KU1A) is a peraluminous

| (A/N K =2.19-2.23, A/CNK = 1.02-1.14) diorite to monzonite,

with S10,=56.12-57.55 wt%, Na,0 + K,0 = 5.99-6.09 wt%
and Fe,O3 + MgO = 8.15-8.24 wt%, containing only 80 pg/g
of rare earth elements (REE). It has lower Th (1.7 pg/g), Nb
(4.2 png/g), Ce (26.4 pg/g) and Ti (0.99-1.02 wt% TiO,) values
and higher U (0.7 pg/g), Pb (9.6 pg/g), Sr (485-664 ng/g), Zr
(203271 pg/g) and Eu (1.34 pg/g) values than the primitive
mantle, while a slight enrichment in the light REE (LREE;
Lan/Smy =2.22, Gdn/Luy = 1.55) and Eu/Eu* = 1.03 relative
to chondrite are observed. The zircon saturation temperature
(740-800 °C, calibration after BOEHNKE et al., 2013; bearing
in mind that the calculated temperature may be influenced by
inherited zircons) indicates that zircon crystallised at a relati-
vely high temperature (BALEN et al., 2018b), while the abun-
dance of garnet and the absence of cordierite indicate pressures
between 600 and 900 MPa.

4.3. Zircon characteristics and age spectrum

Zircon grains are characterised by {100} > {110} prisms and
{101} < {211} bipyramids. The zircon grains are mainly clear,
prismatic or stubby with lengths of approximately 100 pm and
widths of about 40—60 pm, giving aspect ratios close to ~ 2:1
(Fig. 2f). They generally preserve their euhedral shape and are
not broken. A range of crystallographic shapes and typologies
is observed, with a dominance of S, S;; and L, types (after
PUPIN, 1980).

High mean U (455 pg/g) and Th (138 pg/g) contents, a Zr/
Hf ratio of 30.3 and a Ti-in-zircon temperature of 760 °C
(calibration after WATSON et al., 2006) together with the
REE patterns of zircon normalised to chondrite that show a
positive Ce anomaly (Ce/Ce* = 16.6) and a negative Eu
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anomaly (Eu/Eu* = 0.44) (BALEN et al., 2018b), are typical
for continental crust and zircon crystallised from a felsic
magmatic source (e.g., BELOUSOVA et al., 2002). The
206ph/2381J date obtained previously on zircon is 554+13.2 Ma
(BALEN et al., 2018b).

(@)

Cathodoluminescence images (Fig. 3) show that most
zircon grains display a clear magmatic oscillatory zoning,
minor sector zoning and thin (a few micrometres) metamorphic
overgrowths. Older zircon cores are often identifiable thanks
to their CL patterns and by the distribution of melt inclusions

50 pm

50 um

Figure 2. (a) Representative sample of the Kutjevo (meta)granitoid with massive rock structure, characterised by prevalent rounded feldspars, weak
foliation and dark micaceous bands; (b) and (c) Cross-polarised transmitted light photomicrographs, showing the major rock-forming minerals and
typical rock microfabric; (d) and (e) Back-scattered electron images of textures and mineral assemblages; (f) and (g) Plane-polarised transmitted light
photomicrographs of separated zircon crystals with different representative forms, where (g) older zircon cores are identified by the distribution of min-
eral and melt inclusions. Laser ablation pits (15 um diameter) visible on some grains. Amp — amphibole, Bt - biotite, Czo - clinozoisite, Grt — garnet, lIm

—ilmenite, Pl - plagioclase, Ttn - titanite.
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CL images of zircon grains separated from Kutjevo (meta)granitoid sample KU1A, showing internal growth zones and xenocrystic cores. Grains
are sorted by increasing 2°Pb/238U date (+ 2 SE uncertainty; the first number next to each spot), while the second number indicates the Th/U ratio. Circles

indicate the 35 or 15 um diameter laser ablation spots, depending on the instrument used for measurements. Analyses with Th/U up to 0.3 are marked in
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in transmitted light images (Fig. 2g). The U content ranges All the measured zircon grains are shown in Figure 3. In
from 43 to 1215 pg/g, and Th/U ratios range from 0.01 to 2.04,  total, 108 analyses were conducted (Table 1), with 10 of them
with most grains having Th/U ratios higher than 0.1 (median  falling outside the 90-110 % concordance limit typically used

~(.5), indicating a magmatic origin for these grains. for provenance (source-to-sink) studies (e.g., SIEGESMUND
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Figure 4. (a) Kernel density estimate curves and histograms plotted using DensityPlotter (VERMEESCH, 2012) show age spectra for zircon from the
Kutjevo (meta)granitoid (KU1A). The n denotes number of analyses with less than 10 % discordance. Bin and bandwidth are 20 Ma. Main age peaks or
areas are indicated with numbers 1 to 6 (see text for an explanation). Inset images (left - plain polarised transmitted light photomicrograph with laser
marks, right - CL image) show the oldest zircon in Croatia with positions of measurements: 2%Pb/238U date in the rim and 2’Pb/2%Pb date in the core,
both with + 2 SE uncertainty. Circles indicate the 35 um diameter laser ablation spots. Time scale abbreviations: C. - Cryogenian, Ca. - Calymmian, Cm.
— Cambrian, E. - Ediacaran, Ec. - Ectasian, Neo. - Neoarchean, Meso. - Mesoarchean, Palaeo. - Palaeoarchean, Pz. - Palaeozoic, Or. - Ordovician, Oro. -
Orosirian, Rhy. - Rhyacian, St. - Stenian, Sta. - Statherian, Sid. - Siderian; (b) Multidimensional scaling plot of the analysed sample compared to the po-
tential source areas in northern Africa. WAC — West African craton, TSB — Trans-Saharan belt, SMC — Saharan Metacraton, ANS - Arabian-Nubian shield.
Data for source areas and the inset image showing the position of the source areas are from ZAK et al. (2021). Dim 1 and Dim 2, here calculated using
the Kolmogorov-Smirnov test, represent the two principal axes of a 2D "map" designed to show the relative similarity or dissimilarity of zircon age dis-
tributions between samples. The solid lines represent the “nearest neighbour” indicating a close affinity with the source, while the dashed lines repre-
sent a loose connection (“second closest neighbour”).
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Balen et al.: A= 3.0 Ga zircon core in an Early Cambrian (meta)granitoid from the basement of Mt Papuk (Croatia): a trifle or treasure ...
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etal, 2018, 2021, 2023; MEINHOLD et al., 2021; VESELA et
al., 2022). We use the same concordance limit for 2°Pb/>38U
dates, although most of our data fall between 96 % and 101 %
concordance. For older cores that are reported individually,
207pb/206Ph dates are also provided (Fig. 4, Table 1), because
the concordia curve flattens at older ages (>1 Ga), making the
207pb/296Ph ratio more robust and better defined for these dates.

The Palaeozoic record comprises 34 dates: 23 Cambrian,
10 Ordovician and one Devonian. The Neoproterozoic contains
39 dates, dominated by 29 Ediacaran (E) results. Tonian (T)
and Stenian (S) dates are relatively rare, represented by six and
two dates, respectively. Including four Cryogenian (C) dates,
the E/(C+T+S) age ratio is approximately 2.5. Fourteen dates
are recorded for the Palaeoproterozoic (PP), resulting in a
characteristic ratio of (T+S)/PP ~ 0.6. Older (Archean) dates,
including the oldest zircon core, are recorded in eight spots
(Table 1).

The age clusters are shown as peaks in the kernel density
estimate (KDE) diagram (Fig. 4a), based on the data from 98
analyses. There is a prominent Lower Palaeozoic/Ediacaran
asymmetric peak comprising about 64 % of all concordant
analyses, a significantly weaker mainly Neoproterozoic
(CHTHS; = 12 %) “Pan-African” hump, dispersed and rare
Mesoproterozoic dates (a gap between = 0.8—1.6 Ga) and a sig-
nificant number of Palacoproterozoic dates (= 14 % of concor-
dant analyses) between 1.6 and 2.5 Ga. Archean dates account
for = 8 % of analyses. The oldest record, mainly from the
xenocrystic cores, includes 32 concordant dates older than 700
Ma. The visually asymmetric youngest peak (Fig. 4a) can be
subdivided into two peaks by separating dates with Th/U

ratios lower and higher than 0.3. The younger cluster, éouf- ,

prising 12 analyses with Th/U ratios up to 0.3 (Fig. 5 left4iset)
yields an age 0f 497.9 £ 1.9 1 6.8 Ma (age + 2SE unc&etaimnty |
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total 2SE including systematic uncertainties), while the main
magmatic group (47 analyses, with 0.3 < Th/U < 1.5,
Palaeozoic/Ediacaran ages <600 Ma to exclude a Pan-African
contribution) has an age of 535.3 £0.9 | 7.1 Ma (Fig. 5 right
inset). By carefully selecting only analyses with Th/U ratios
representative of magmatic zircon growth showing a time gap
between individual analyses of less than =~ 20 Ma, influences
of Pan-African and Cenerian orogenies on the main magmatic
group are minimized. However, an effect of the mentioned
orogenies, particularly of the temporally close Cenerian
orogeny, cannot be completely avoided, and therefore, the
calculated age of 535.3 + 0.9 | 7.1 Ma should be treated as a
minimum crystallisation age estimate.

To resolve similarities with the old cratonic dates, the
multi-dimensional scaling (MDS) approach is applied using
the Kolmogorov—Smirnov (K-S) test as a (dis)similarity
measure (Fig. 4b). This statistical method allows comparison
of multiple complex samples within a single diagram. Com-
parison with potential sources in a present-day northern Africa
(West African craton, Trans-Saharan belt, Saharan Metacraton,
and Arabian; Nubian shield), using data compiled in ZAK et
al. (2021), #veals “nearest neighbour” (solid line) similarity
of zirconsgrains from the Kutjevo (meta)granitoid sample with
the Sahavaf Metacraton as a potential source area, and “second
closg€lneighbour” (dashed line) similarity with the Arabian-
Nubiafi shield and also the West African craton.

The Archean dates obtained are related to xenocrystic

“¢Ores derived from ancient cratonic rocks that contain old zircon

grains which survived younger igneous and metamorphic events.
The *7Pb/?%6Pb date of 3061 + 27 Ma represents the crystalli-
sation age of the oldest robustly dated mineral in Croatia, while
the main age cluster at ~ 535 Ma represents the crystallisation
age of the oldest igneous rock formation in Croatia.
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Figure 5. Zircon Th/U ratio versus 2°Pb/?38U date diagram for zircon from the Kutjevo (meta)granitoid (KU1A). The insets show KDE curves and histo-
grams with ages obtained for spots with Th/U up to 0.3 (metamorphic and intermediate zircon) interpreted as indicators of a Cenerian orogeny contri-
bution (left) and Th/U > 0.3 for magmatic zircon from felsic sources, interpreted as the crystallisation age during the Cadomian orogeny (right). The age
is given in the format: age + 2SE uncertainty | total 2SE including systematic uncertainties; n = number of analyses. For Cadomian orogeny zircon dates,
a maximum of 600 Ma is set to avoid overlap and influence from the Pan-African orogeny (see text for explanation).
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5. DISCUSSION

The commonly accepted view is that the oldest rocks incor-
porated in the crystalline basement of the Alpine chain origi-
nated from the Afro-Arabian sector of the northern Gondwana
margin, which was part of the Avalonian-Cadomian belt (e.g.,
SIEGESMUND et al., 2021; NEUBAUER et al., 2002, 2020).
The provenance signal from the pre-orogenic detrital zircon
record of the Peri-Gondwanan crust reveals three distinct
zircon provenance areas: Avalonia north of the Rheic Ocean,
and two contrasting super-fan systems along the vast Peri-
Gondwanan shelf — West African and East African—Arabian
(STEPHAN et al., 2019a, b). The metasedimentary rocks of
the Adriatic Plate belong to the East African—Arabian zircon
province, whereas the Alpine basement units related to the
European plate display the signatures of the West African
zircon provinces; both belong to the peri-Gondwana margin
(STEPHAN et al., 2019a, b; SIEGESMUND et al., 2023).
There are numerous provenance studies that record Cadomian/
Avalonian basement precursors in the Carpathians (e.g.,
PUTIS et al., 2008; BALINTONI & BALICA, 2013; STOICA
et al., 2016; BURDA et al., 2021; KOHUT et al., 2022), Alps
(e.g., HAAS et al,, 2020; CHANG et al., 2021; NEUBAUER
et al., 2020, 2022; VESELA et al., 2022; SIEGESMUND et
al., 2018, 2021; FINGER & RIEGLER, 2023; KLUG et al.,
2025), Variscides and pre-Variscides (e.g., SPAHIC et al.,
2025; ZEH et al., 2025; FINGER & RIEGLER, 2025). Accord-
ing to FINGER & RIEGLER (2023, 2025), the Cenerian
(Ediacaran—Ordovician) and Cadomian (Ediacaran—
Cambrian) orogens are two distinct and spatially separated
coastal orogens within the Avalonian-Cadomian belg, a8
defined by NANCE et al. (2008, 2010). The Cenerian 0rogéh;
an Alaskan-type orogen, was located farther to the eﬁsffrféar
the Arabian-Nubian shield, from which it inherited ghatac-
teristic Tonian/Stenian detrital zircon signal (1:270.8 Ga),
while the Cadomian orogen, considered as anxAkkﬁdean-type
orogen, originally laid in front of the Sah‘éi}jﬁﬁ\’/{etacraton
(ZURBRIGGEN, 2015, 2017; SIEGESWMTND et al., 2023;
FINGER & RIEGLER, 2023, 2025). The'digtzibution of U-Pb
zircon ages of Peri-Gondwana Cambro—Ordovician magmatic
rocks shows that bimodal and peralkaline Cambrian magma-
tism occurred in the West African Zircon Province, whereas
calc-alkaline and peraluminous Ordovician magmatism pre-
dominated in the East African—Arabian Zircon Province
(STEPHAN et al., 2019b).

Since the Ediacaran—Cambrian dates are present in all
peri-Gondwanan terranes and likely represent Cadomian vol-
canic arc-derived material, they have rather limited palaeo-
geographic significance (ZAK et al., 2021). In contrast, older
cratonic dates are much more significant for this purpose, but
direct similarity is often obscured by numerous data from
various sources. The KDE curves and histograms (Fig. 4a)
show a zircon age spectrum for the Kutjevo (meta)granitoid
sample (KUIA), which can be visually divided into six parts:
a dominant and asymmetric (1) Early Palaeozoic / (2) Ediacaran
peak; (3) a Pan-African Neoproterozoic hump; (4) a “gap” with
sporadic Mesoproterozoic ages; (5) a Palacoproterozoic range;
and (6) Archean dates with the oldest zircon core.

The youngest prominent Early Palaeozoic / Late Neopro-
terozoic asymmetric peak indicates the presence of Cenerian
and Cadomian ages, confirming North Gondwanan inheri-
tance. There is abundant evidence for late Ediacaran to early
Palaeozoic, Cadomian to Cenerian orogenic processes in the
European pre-Mesozoic basement (e.g., ZURBRIGGEN, 2015,
2017; BURDA et al., 2021; PETRIK et al., 2024; KLUG et al.,
2025; SZEMEREDI et al., 2025). The basement mainly consists
of Pan-African metasedimentary and subordinate metaigneous
rocks (SIEGESMUND et al., 2021), including Cambrian—
Ordovician metagranitoids, which are significant products of
ancient orogenic processes. Although surface exposures of
these rocks are relatively common (to the extent that relicts can
be common), their recognition and genetic details are often
obscured by Variscan and/or Alpine metamorphic overprints.

The recognition and significance of Ordovician metagra-
nitoids in the Alps have come into focus, especially in the past
decade (ZURBRIGGEN, 2015, 2017), within a model in which
they are products of the Cenerian orogeny. Petrogenetic con-
ditions, particularly the temperatures developed during such
events, alongwith zircon solubility in the melt, dictate whether
these rocks‘mawpreserve and inherit old zircon cores (as seeds
for laterf6Vesgrowth), and provide an important genetic link
betwegn the/crystalline basement rocks of the Pannonian
Basif) andsthe detrital (meta)sedimentary record produced by
erdsjoef ancient Gondwana-related cratons. For the petro-

Gepests of Ordovician metagranitoids, the model for the Ordo-
Vigian orogeny in the Alps proposed by ZURBRIGGEN (2015)

invokes the erosion of the late Pan-African belts, which pro-
duced large volumes of clastic sedimentary rocks (greywackes
and pelites) deposited into the trenches of subduction zones
along the northern rim of Gondwana. There, they formed exten-
sive subduction and accretion complexes. Furthermore, due to
the large sediment input, subduction retreated and mantle-
derived magmas intruded the base of the metasedimentary
units, which, under conditions of substantial anatexis, pro-
duced intrusions and extrusions of syntectonic peraluminous
magmas, the compositions of which correspond to the mean
compositions of subducted sedimentary rocks. This model
resembles the present-day Alaskan-type orogen and indicates
sediment delivery from northern Gondwana by the (at that
time South Polar) ice sheet, which, during transport, preserved
debris from further physical and chemical weathering. Trans-
port encompassed detritus from the entire continental hinter-
land, allowing incorporation (but also almost complete re-
cycling) of very old material. This explains why older (e.g.,
Precambrian) basement crystalline units are not found in the
accretionary complexes themselves (e.g., in the Alps).
However, zircon cores (xenocrysts) that represent inherited
grains may preserve ancient ages and geochemical information
from ancient hinterland source rocks. Such an Early Palaeozoic
event, which culminated in the Ordovician and led to the for-
mation of several hundred kilometre wide cratonised subduc-
tion and accretion complexes hosting peraluminous (fore)arcs,
is related to the Cenerian orogeny (ZURBRIGGEN, 2015,
2017, 2020). Nevertheless, sediment supply from the Gondwana
super-fan system sourced from the East African—Arabian
region (MEINHOLD et al., 2013, 2021) or from changing drain-



age systems from the West African craton (BRADLEY et al.,
2022; PASTORE et al., 2021, 2023; BORREGO et al., 2026)
as amechanism that delivered terrigenous sediments over vast
periods of time before the Neoproterozoic cannot be excluded.

5.1. Cenerian ages

Cenerian ages (group 1) are potentially hidden among 33 Cam-
brian and Ordovician ages recorded in different spots (Fig. 3).
Examining the prominent Early Palacozoic / Late Neopro-
terozoic asymmetric peak (Fig. 4a) and the Th/U ratios (Fig. 5),
the Early Palaeozoic ages associated with Th/U up to 0.3 can be
assigned to a thermal (?) overprint on the main crystallisation
event (and age) of the granitoid, fitting well within the Cenerian
orogeny. The age of 497.9 £ 1.9 | 6.8 Ma coincides with the
igneous crystallisation of an S-type granite from western Papuk,
which has a Cambrian—(Ordovician) crystallisation age of 498.9
+ 6.9 Ma (GALLHOFER et al., 2026).

5.2. Cadomian ages

The Cadomian orogen (ca. 600—520 Ma) is almost universally
recorded in European basement realms. It began to develop
with the onset of subduction along the northern Gondwana
margin and overlaps with the final stages of the Pan-African
orogeny (ca. 650-550 Ma), which assembled Western Gond-
wana (SIEGESMUND et al., 2023). The main limitation is that
late Pan-African processes temporally overlap with the early
stages of the Cadomian orogeny making it difficult to
distinguish between the two sources. Therefore, the Th/U ratio
was the main criterion for distinguishing the Cenerian (Th/U
< 0.3) event from the Cadomian (0.3 < Th/U < 1.5) event, as
Th/U values up to 0.3 are more typical of metamorphic,/ér;d

magmatic zircons. To separate the Cadomian frem=Pan-
African events, we retain magmatic felsic source ziwgon$(0.3
<Th/U < 1.5) and dates younger than 600 Ma, ag we obServed
a gap of approximately 20 Ma towards older ages™g/

Cambrian and Ediacaran ages (group 2yebtained from
oscillatory-zoned magmatic growth zonessarc*predominant
(ca. 52 % of all measurements) and theréfore;)are interpreted
to yield the crystallisation age of the host rock. The obtained
age of 535.3 £ 0.9 1 7.1 Ma overlaps within uncertainty the age
previously reported by BALEN et al. (2018b), who report a
206pb/238U zircon age of 554 + 13.2 Ma from the same lithology.
This identifies the Kutjevo (meta)granitoid as the, so far, oldest
robustly dated rock in Croatia.

5.3. Neoproterozoic — “Pan-African hump”
(=~ 650-800 Ma)

Ediacaran ages (29 analyses) comprise both a Cadomian and
Pan-African contribution (group 3). The lack of a significant
population of Late Stenian to Tonian zircon — characteristic of
the northeastern Saharan Metacraton and the northern
Arabian—Nubian shield — as a source for the metasedimentary
sequence, shifts the source area more toward the northwestern
margin of the Saharan Metacraton, rather than the West
African craton (e.g., ORIOLO et al., 2021). This is supported
by the Armorican rocks derived from those regions, which
display a distinct Mesoproterozoic gap in their detrital zircon
age spectra from 1.6 to 1.0 Ga (LINDNER et al., 2021a, b;
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FINGER & RIEGLER, 2023). The Cryogenian+Tonian+Stenian
zircon population, with characteristic ratio EAC+T+S) = 2.5,
supports the Cadomian event. The Saharan Metacraton was
probably the main source of these zircon grains, although a
minor contribution of the West African craton and Arabian—
Nubian shield is not completely excluded, as MDS analysis
point to those areas as potential distant source (Fig. 4b).

5.4. Mesoproterozoic gap

The frequency ratio of Palacoproterozoic zircon (1.6-2.5 Ga)
to Tonian/Stenian zircon (0.8-1.2 Ga) in the (meta)granitoid
of the Kutjevo area ((T+S)/PP ~ 0.6) shows a predominance of
Palaeoproterozoic zircon (group 5) and a Mesoproterozoic gap
(group 4). Based on this, Mesoproterozoic and Palacoproterozoic
zircon grains may have been derived from ancient sources
associated with the northern African crustal blocks, such as
the Saharan Metacraton and West African craton (STEPHAN
et al., 2019a, b). Detrital zircon grains with U-Pb ages of = 1
Ga are characteristic of terrigenous sediment belonging to the
Gondwana super-fan system within the East African—Arabian
zircon province (MEINHOLD et al., 2021). If we follow the
scientific aidNegical principle often attributed to astronomer
Carl Sagfifi absence of evidence is not evidence of absence,”
then the Wesoproterozoic gap, and especially the = 1 Ga gap,
recorfig&here with only a few sporadic ages, does not confirm
negefte the Saharan Metacraton and/or West African craton

sas,sources. It is possible that zircon of that age span, although

We formally met the minimum number of grains required for
valid statistical representation in classic provenance studies
(95—117; VERMEESCH, 2004), was not representatively

intermediate zircons (Fig. 5), while higher values indicite/ sampled — perhaps due to size, habit, or inclusions. However,

statistical evaluation of (dis)similarity through the MDS
statistical approach (Fig. 4b) points to the Saharan Metacraton
as the expected primary source.

5.5. Palaeoproterozoic to Archean ages

Palaeoproterozoic (group 5) to Archean ages (group 6) are
almost exclusively related to the zircon cores, including a 3.0
Ga xenocrystic core enveloped by a typical Cadomian zircon
rim (= 514 Ma; Fig. 4a inset). Palacoproterozoic to Neoarchean
peaks are attributed to basement contributions from the
Saharan Metacraton (STEPHAN et al., 2019b; SIEGESMUND
et al., 2023). The presence of a Palacoproterozoic signature
therefore supports the existence of Neoarchean and Lower
Proterozoic crust (NEUBAUER et al., 2020).

5.6. Statistical links to ancient craton analyses

A simple visual and thus qualitative comparison of the complex
age spectrum masked by the abundant younger ages is not
straightforward (ZAK et al., 2021). Therefore, for a quantitative
approach, MDS statistical analysis is often used to identify
important relationships among datasets. For MDS, we used
compiled datasets of cratonic detrital zircon age spectra from
ZAK etal. (2021) for four north African source areas: the West
African craton, the Trans-Saharan belt, the Saharan Metacraton
and the Arabian—Nubian shield. The MDS analysis (Fig. 4b)
reveals similarity between age spectra and statistically links
the Kutjevo zircon age spectra to the Saharan Metacraton as
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the most likely source of zircon grains but also shows possible
links to the West African craton and Arabian—Nubian shield
and/or their hinterlands. This link is important for understand-
ing the origin of the oldest measured zircon grain, suggesting
initial zircon growth in the ancient continental crust of a craton
hinterland.

The age distribution reflects transport pathways existing
at the time of deposition rather than inheritance from multiple

and remote past landscapes (PASTORE et al., 2021). According
to MEINHOLD et al. (2013, 2021), the =~ 1.0 Ga (i.e., Tonian—
Stenian) zircons are a key feature of the Gondwana super-fan
system, allowing transport from the centre of orogens toward
the continental margin of Gondwana. Palacocurrent markers
indicate a northerly direction of sediment transport (i.e.
orogen-parallel sediment transport; SQUIRE et al., 2006;
YESHANEW et al., 2024) — see Figure 6a. This implies that
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Figure 6. Schematic palaeogeographic reconstruction of Gondwana during the Ediacaran to Cambrian (ca. 540 Ma) using GPlates 2.5.0 (MULLER et al.,
2018) and palaeomagnetic database of SCOTESE (2016) and MULLER et al. (2022), showing the eastern and western north Gondwanan shelves with sub-
duction zone, sediment transport directions and zircon provenance areas (after STEPHAN et al., 2019b). (@) Topographic reconstruction and (b) recon-
struction of the ancient cratons and the palaeogeographic positions of zircon provenance areas (cratonic blocks and interior adjusted with CAWOOD
etal., 2021). The position of the south pole is marked with a yellow star. The present-day position of Mt. Papuk in Croatia is marked with a pink star; yel-
low arrows represent transport direction. White dashed line represents the borderline between Western and Eastern Gondwana.
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older material originating from erosion of the central part of
the African craton could have been transported and involved
inigneous processes when it reached the continental (northern
Gondwanan) margin.

At the end of the Proterozoic, the igneous activity at the
northern margin of Gondwana in front of the Saharan
Metacraton is related to an Andean-type margin in the case of
the Caledonian orogeny and/or an Alaskan-type margin in the
case of the Cenerian orogeny, where undissolved zircon
xenocrysts act as seeds (cores) for newly grown zircon (rim).
The old cratons that may be potential candidates as original
xenocryst sources are the cratons of Congo, Madagascar and
Tanzania (e.g., STEPHAN et al., 2019a, b; MEINHOLD et al.,
2021), as well as the Arabian—Nubian shield, which contains
zircon grains with ages up to Eoarchaean (3.6—4.0 Ga), the
oldest zircon grains yet reported from Arabia (MEINHOLD
et al., 2021). These areas may serve as sources for the oldest
zircon in central and eastern Europe (Fig. 6).

Among the oldest zircon grains found so far are those in
the Bohemian Massif (3.4 Ga; GERDES & FINGER, 2005;
cited from LINDNER et al., 2021a) and the Carpathians (3.4
Ga; PUTIS et al., 2008). Similar discoveries will undoubtedly
be reported in the future, particularly in “unconventional”
provenance studies conducted not only on metasediment
zircon, but also on (meta)granitoid zircon.

6. CONCLUSION

The zircon age spectrum from a Cambrian peraluminous

origin from a complex magmatic felsic source (contin
crust) with inherited components. The zircon dates di
pattern beginning with a dominant asymmetric peak ¢

of age clusters at approximately 498 Ma (Cambri
vician) and ~ 535 Ma (Ediacaran—Cambrian), i
Cenerian thermal event superimposed on domian
granitoid crystallisation age, respectively. Additional smaller
age groups and individual data reveal a @rican cluster at
~ 650—800 Ma, along with a gap betwe .8 and 1.6 Ga,
and Palaeoproterozoic clusters inherited from a detrital source
(recorded in xenocrystic zircon cores) between 1.6 and 3.0 Ga.
The age spectra are characteristic of the Cadomian magmatic
event with a superimposed Cenerian signature and further
indicate zircon provenance from the western part of northern
Gondwana, particularly the Saharan Metacraton, with possible
additional contributions from the Arabian—Nubian shield and
West African craton, where old zircon grains were transported
to the distant northern Gondwana margin from their hinterland.
The granitoid crystallisation age of 535.3 + 0.9 | 7.1 Ma (Early
Cambrian) represents the oldest reliably dated rock formation
in Croatia, while among the old inherited zircon cores, the
oldest mineral measured so far in the Croatian basement has
a?Y"Pb/?%Pb date of 3061 + 27 Ma (Mesoarchean). In addition
to reporting the “oldest rock” formation and the “oldest mine-
ral”, the dataset extracted from the Kutjevo (meta)granitoid is
used to reconstruct the source(s) of captured and/or inherited
zircon grains, that were eventually gathered and preserved in
crystalline rocks of the Mt. Papuk basement.

(meta)granitoid in the eastern part of Mt. Papuk indicatczzan

osed
Ordo-
reted as a
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