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ARTICLE INFO ABSTRACT
Editor: Howard Falcon-Lang The Carnian Pluvial Episode (CPE) is one of the most extensively studied Triassic hyperthermal events that
triggered biological turnovers both on land and in the marine realm. From a palynological perspective, the CPE is

Keywords: marked by a notable increase in the hygrophytic spore-pollen assemblages compared to the early Late Triassic. In
Carnian Pluvial Episode the Transdanubian Range (Western Hungary), Carnian mixed clastic-carbonate successions indicate a relatively
Palynongy wetter climate and elevated terrestrial input into the basins during the CPE. The quantitative and qualitative
Paleoclimate . . . . . . .

. palynological data from three borehole successions provided insight into the Julian and early Tuvalian vege-
Palynostratigraphy

Vegetation reconstruction tation history of the study area. The new palynostratigraphical data refined the age constraints of the CPE de-

Julian-Tuvalian posits spanning from the late Julian to early Tuvalian correlated to the Duplicisporites continuus zone from the
Alpine Realm. Palynological marker taxa characteristic for the middle to late Tuvalian were absent, confirming
that the well-documented hiatus between the CPE deposits and the Main Dolomite extends over large parts of the
Tuvalian. A complex interplay between regional and global processes influenced the palynological assemblages
that responded to both eustatic sea-level changes and climatic fluctuations. The climate change in the Julian 2
was not uniform and seemingly expressed in the palynofloras of the Transdanubian Range with a delay due to
transgression, as the palynological assemblage were still predominantly characterized by xerophytic conifer
pollen in the pelagic depositional site in the early CPE phase, and even they might point to highly seasonal
climate at the onset of the event inferred from the proliferation of the Enzonalasporites group. Hygrophytic
vegetation elements such as spores and cycad-bennettite pollen peaked only in the late Julian 2. Variations in the
relative abundance of spores, cycad-bennettite pollen and marine palynomorphs showed the combined effects of
local sea-level changes and humid climatic episodes in controlling terrestrial influx from the latest Julian
2-Tuvalian onwards. The palynofloras point to aridification from later in the early Tuvalian, indicating the
waning of the pluvial phase.

1. Introduction duration of ~1 myr or more (Simms and Ruffell, 1989, 1990; Kozur and
Bachmann, 2010; Sun et al., 2016; Miller et al., 2017; Dal Corso et al.,

The generally arid Late Triassic climate regime (e.g., Preto et al., 2020; Lu et al., 2021). The CPE can be characterized as a Mesozoic
2010) was punctuated by a geologically abrupt episode of pronounced hyperthermal event with a primarily warming phase (Trotter et al.,
climate change and carbon cycle perturbation labelled as the Carnian 2015), multiple negative carbon isotope excursions (NCIEs) recorded in
Pluvial Episode or CPE, which occurred at ca. 234-232 Ma with a marine as well as in terrestrial sedimentary archives (e.g., Dal Corso
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et al., 2012, 2015, 2018; Miller et al., 2017; Jin et al., 2020, 2022),
enhanced hydrological cycling (Rostasi et al., 2011; Ruffell et al., 2016;
Barrenechea et al., 2018; Pecorari et al., 2023) and a shift to more humid
conditions (e.g., Ogg, 2015; Ruffell et al., 2018; Simms and Ruffell,
2018). The CPE is commonly linked to the eruption of the Wrangellia
Large Igneous Province based on the coincidence of peaks of Hg con-
centrations and NCIEs (Furin et al., 2006; Dal Corso et al., 2012;
Mazaheri-Johari et al., 2021; Jin et al., 2023; Zhang et al., 2024). The
carbon cycle perturbation resulting from greenhouse-gas emissions
affected the entire Earth-ocean-atmosphere system, thereby intensifying
the Pangean megamonsoon circulation (Parrish, 1993; Hu et al., 2023).
To date, four negative carbon isotope excursions (NCIEs) have been
identified and correlated across the Western Tethys realm (Dal Corso
et al., 2015, 2018) with the first, sharp NCIE at the Julian 1-2 boundary
marking the onset of the event (Fig. 1A). The carbon cycle and climatic
perturbation associated with the CPE lasted at least until the mid
Tuvalian in the Western Tethys with the last NCIE placed at the
boundary of the Tuvalian 1 and 2 at the boundary between the Tropites
dilleri and T. subbulatus zones (Dal Corso et al., 2018, 2020). The
elevated greenhouse gas emissions caused a prominent shift to a more
humid and warmer climate and accelerated the hydrological cycle that
resulted in an increase in terrestrial runoff and siliciclastic input into the
ocean (e.g., Rostasi et al., 2011; Pecorari et al., 2023), which in turn led
to the crisis of the carbonate factories in shallow seas (Fig. 1A, see e.g.,
Hornung et al., 2007; Rigo et al., 2007; Jin et al., 2020). Additionally,
high extinction rates were observed among marine invertebrates (am-
monites, bryozoans, crinoids) and conodonts (Simms and Ruffell, 1989,
2018; Dal Corso et al., 2020). The global impact of the climate change
resulted in the expansion of the wet climate belt and an increase in the
abundance of hygrophytic vegetation elements accompanied by the
widespread return of coal seams following the significant coal gap after
the End-Permian extinction event (e.g., Retallack et al., 1996; Roghi,
2004; Hochuli and Frank, 2000; Roghi et al., 2010, 2022; Mueller et al.,
2016a, 2016b; Baranyi et al., 2019a, 2019b; Mancuso et al., 2020;
Fijatkowska-Mader et al., 2021; Lu et al., 2021; Li et al., 2022; Peng
etal., 2022; Zhang et al., 2023). Furthermore, climate change across the
CPE likely initiated the diversification of dinosaurs (Bernardi et al.,
2018; Mancuso et al., 2020), and marked a turning point in the evolution
of several plant groups e.g., Bennettitales, Podocarpaceae, Pinaceae, and
Cheirolepidiaceae conifers that subsequently became important com-
ponents in younger Mesozoic or modern floras, while “older” Mesozoic
conifer families (e.g., Majonicaceae, Voltziaceae) declined in the after-
math of the event (Kustatscher et al., 2018; Dal Corso et al., 2020). An
unusual aspect of the CPE is the first major occurrence of fossil amber
(Gianolla et al., 1998b; Csillag and Foldvari, 2005; Roghi et al., 2006;
Seyfullah et al., 2018a, 2018b; Forte et al., 2022) that suggests wide-
spread terrestrial ecosystem stress including a wide array of physical
damage from extreme weather events such as storms or wildfires, as well
as the effects of climate change that led to an increase in resin produc-
tion by conifers (Seyfullah et al., 2018a, 2018b; Forte et al., 2022).
Palynological data are widely applied as environmental proxies (e.g.,
Birks et al., 2016). Fossil spore and pollen assemblages played a pivotal
role from early on in the CPE research, enabling the detection of vege-
tation and climatic patterns (e.g., Visscher et al., 1994; Roghi, 2004).
Previous palynological studies have corroborated the humid climatic
shift and an increase in the abundance of hygrophytic vegetation ele-
ments across the Western Tethys (Planderova, 1980; Blendinger, 1988;
Roghi, 2004; Roghi et al., 2010; Mueller et al., 2016b; Baranyi et al.,
2019b; Mazaheri-Johari et al., 2021) and Eastern Tethys (Lu et al., 2021;
Li et al., 2022; Peng et al., 2022; Zhang et al., 2023), Central European
Basin (Visscher et al., 1994; Fijatkowska-Mader et al., 2021), Western
Europe (UK, Baranyi et al., 2019a), and the Boreal Realm (Mueller et al.,
2016a). In the Alpine region, the distinct clastic pulses during the CPE
were associated with unique palynological assemblages (Roghi et al.,
2010), thus the palynological changes could be interpreted as having
climatic as well as biostratigraphical significance. Yet the climatic
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interpretation of a clear humid shift during the CPE should be viewed
with caution, as the wet phases may not have been prevalent, and/or
homogeneously distributed in time and space (e.g., Lindstrom et al.,
2017; Baranyi et al., 2019a). Nevertheless, many geochemical and
palaeontological studies (including palynological research) concentrate
only on the initial stages of the event with comparatively less work
dedicated to the subsequent phase of the CPE or the recovery period in
the Tuvalian.

In the Transdanubian Range (Western Hungary) numerous outcrops
and boreholes document Carnian marine successions (Figs. 1B-E) with
continuous stratigraphical record (e.g., Budai and Haas, 1997; Budai
et al., 1999; Nagy and Csillag, 2002; Haas et al., 2012; Dal Corso et al.,
2015, 2018) that enables the temporally and spatially comprehensive
investigation of palynological assemblages throughout the entire Julian
2 and early Tuvalian. Palynological data across the CPE from Hungary
were represented mainly by semi-quantitative or presence-absence data
(Goéczan et al., 1983; Goczan et al., 1991a; Goczan and Oravecz-Scheffer,
1996a, 1996b) or concentrated on the onset of the event (Baranyi et al.,
2019b). The objective of this study is to provide a comprehensive view
on vegetation and climatic changes in the Transdanubian Range during
the Carnian Pluvial Episode. The quantitative and qualitative palyno-
logical dataset from three borehole successions — among them two
profiles that have not been studied in detail before — representing late
Julian 2 and early Tuvalian, demonstrate the extent to which palyno-
floras were influenced by global climatic changes and local environ-
mental factors.

2. Geological setting

2.1. Geological and facies evolution of the Transdanubian Range in the
Triassic

The Transdanubian Range unit, now situated in the NW part of the
Carpathian-Pannonian Basin (Figs. 1C-D) was part of the passive margin
of the Western Tethys during the Triassic (Figs. 1B-C), wedged between
the East Alpine and the Southern Alpine tectonic units (Haas et al., 1995;
Csontos and Voros, 2004). The Balaton Highland forms the southeastern
flank of the SW-NE oriented Alpine compressional syncline structure of
the Transdanubian Range, made up predominantly of Triassic forma-
tions with a total thickness of about 3 km (Figs. 1D-E).

The Late Permian-Early Triassic facies evolution is characterized by
marine transgression and the flooding of the alluvial plains and coastal
lagoons, which resulted in the formation of a shallow mixed siliciclas-
tic-carbonate ramp (e.g., Haas and Budai, 1995; Haas et al., 2012). In
the middle Anisian, the extensional tectonic movements in the western
end of the eastward-progressing Tethys resulted in the differentiation of
the former (early Anisian) carbonate ramp leading to the development of
horst and graben-style paleotopography with deeper hemipelagic basins
divided by isolated carbonate platforms until the early Carnian (e.g.,
Budai and Voros, 1993, 2006). In the larger area of the Balaton High-
land, the lowermost Carnian (Julian 1, previously Cordevolian)
sequence is characterized by the hemipelagic Fiired Limestone Forma-
tion (Fig. 1E) comprising micritic limestone layers with thin marl in-
tercalations in its uppermost segment (Budai and Haas, 1997; Budai
et al., 1999). Carbonate sedimentation in the deeper hemipelagic set-
tings was interrupted by the arrival of a significant influx of terrestrial
siliciclastic material from the Julian 1-Julian 2 boundary onwards,
represented by the mixed carbonate-clastic packages of the Veszprém
Marl Formation (Fig. 1E) that reached a total thickness of 600 m in the
hemipelagic basins (e.g., Budai et al., 1999; Haas and Budai, 1999; Haas
etal., 2012) (Figs. 1E, 2). The onset of the CPE marked by the first NCIE
coincided with this lithological transition in the Balaton Highland (Dal
Corso et al., 2015, 2018). However, the sedimentation of the marl
packages was not continuous due to episodes of highstand progradation
of the adjacent carbonate platforms, which led to the deposition of
pelagic carbonates (Nosztor Limestone Member), toe-of-slope sediments
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Fig. 1. Carbon cycle and environmental perturbation during the Carnian Pluvial Episode (CPE) together with the geological setting of the study area in the Western
Tethys. A. Composite carbon isotope curve and key environmental changes in the Western Tethys during the CPE after Dal Corso et al. (2015, 2018, 2020). Conodont
paleotemperature data from Rigo and Joachimski (2010), Trotter et al. (2015), and Sun et al. (2016). B-C. Paleogeographical setting of the Transdanubian Range in
the western part of the Tethys Ocean during the Late Triassic (Haas et al., 1995). D. Geological setting of the Transdanubian Range showing Triassic formations on the
surface with the location of the studied boreholes (modified after Haas et al., 2010). E. Ladinian to Late Triassic lithostratigraphic scheme of the Transdanubian
Range (modified after Haas and Budai, 2014). F-G. Impression of the lithological composition of the Veszprém Formation at the onset of the CPE. F. Interval between
~582-587 m of the Veszprém V-1 borehole showing the grey clayey marls of the Mencsehely Marl Member. G. Interval between ~587-592 m of the Veszprém V-1
borehole at the Szépvizér core repository of the Hungarian Geological Survey showing the Kddarta Dolomite Member overlain by the clayey marl deposits of the
Mencshely Marl Member.



V. Baranyi et al. Palaeogeography, Palaeoclimatology, Palaeoecology 671 (2025) 112989

sw o E . E NE
® < ® <
£ £ Bht-6 £ £ Bat2
> || S| E . E
5 g R E ; S A<Dz § <
IE1ET 2 ° , =EE 25w
£y |Em=tes a = & -
= | 40— a I
— |32 e e 0@ c| €
a s | L
= —— S iae, (P 3 & S5
T2 s ©| @
= [Em Lg
© ¢ &0 ® B &= b a * 3|5
3 5 |E Bl El 5
2 |gs Olse = ag o B | 21
2| 80 A 5 %,g o i <19
55 F|8 | gE==ld g
£ —ESEE S e i
a0 ER i |=———— DU S 255t &0
@ PR S i s s
T 7 a R e e [
R T ® - * g-g e e
£ [120 J £ 1S % 0 at
3% s s s s £ ©) ) o LE— . —
8 < I ——— = = | 295|F——
£ 3 S 3> Eg T A
838 I == o= ) e e
2 814077 £33 s°Q LN
b L T [T @)C{/‘Q :g.g mﬁ \“\:\“\ gg
AN | co Cornucardia o @ N o —
cl2s o0 13 Bc>ehornigii >01 338 ®
© g§ S =B nomigii g
Slcs 8 N a N 358.6| Pt ®
Ls A c c
=S Q c
€0 = ] a EEES 375
© Q = 53(0 = | T2
a8 S = T—T 1 S |EE
NI =S| g 180|111 a S o
§s === ==k Ses
> 3 T T 11 o)
200 © ol
8 | 200 P ag E £1-419
S e
€ Legend: calcareous s 8
£ . X XS [a]
£ @ limestone :.?:j tectonised zone @ marl, clayey > 3
¢ 3 Met-1 limestone o] 459
£ 8 EZ2 yolomite - siltstone, clay, l:l marl €3 .
‘g ] — 4 clayey marl ) 3 -
Té‘é 30| [ErETT @ dolomitic marl lti’r':;n;t'gg:s 45"“;’%
PE = x e Ss[ |
g 60| F = * x * chert erosional surface ‘SE
I I I =
1 = slump Z bioturbation 5 ‘E“
A ) LS| 535
%0 A A breccia < evaporite hollows| ES *
&2
@ foraminifers =22 algal mat Ny é
| 120 o
NCIE 2 C ostracods )C‘K crinoids > =| 575
| 150 ® brachiopods S molluscs
N |65 =\ sponge @& oncoids | — 289.2
c [BE| 180 ¥ spicules ‘; £ | 615
] O =
8 g% () echinoderms 4 green algae |32
o 8 = | =53
S g2} £3 Botryococcus ¢ amber droplets 3| 5=
© > 3
o= ¢ lp52.3
NG| 24 )
§ g ‘ palynology (this study) & palynology (from Baranyi et al., 2019b)
[T}
=
274
* OD of Concentricisporites bianulatus * FOD of Aulisporites astigmosus
309
| * FOD of Lagenella martinii * FOD of Riccisporites tuberculatus
[T77 | 330 NCIE 1 * FOD of Hevizipollenites/Samaropollenites * FOD of Partitisporites quadruplices
—
c 360
@
S a0 ===
|3 Dal Corso et al. (2018
SRE=Iaaann
L 420 1

28 27 26 -25 -24 -23
05°C,o

Fig. 2. Lithostratigraphic log of the studied borehole successions with the indication of the sampled horizons for palynological analysis. Biostratigraphically sig-
nificant palyno-events and local first occurrences are also indicated. Lithostratigraphic logs and biostratigraphic constraints are from Goczan and Oravecz-Scheffer
(19964a, 1996b), Nagy and Csillag (2002), Rostasi et al. (2011), Baranyi et al. (2019b), and To6th et al. (2024). Purple shaded areas represent intervals of uncertain age
assignment. The Mencshely Met-1 borehole section is also illustrated besides the newly studied successions in order to show the available chemostratigraphical
information from the Veszprém Formation (C-isotope curve after Dal Corso et al., 2018). (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)



V. Baranyi et al.

or intercalated platform carbonates dividing the marls into a lithologi-
cally very similar lower (Mencshely Marl Member) and upper (Csicsé
Marl Member) marl unit (Figs. 1E, 2).

The clastic influence together with lime mud originating from the
neighbouring shallow-water areas during the Julian 2 filled up the
intraplatform basins. This led to the establishment of a shallow ramp
environment with great variety of lithologies and facies types depending
on the proximity to adjacent carbonate platforms, emerged land, pres-
ence of restricted basins, and amount of terrestrial influx represented by
the Sdandorhegy Formation (Fig. 1E). As a consequence of the inherited
dissected bottom topography and the filling of the basins, coupled with a
late Julian sea-level fall (Nagy, 1999; Jin et al., 2022; Pecorari et al.,
2023), some parts of the shallow basins became separated with
restricted circulation resulting in water column stratification repre-
sented by the lower part of the Pécsely Member (Nagy, 1999; Nagy and
Csillag, 2002). In the stagnant water column, anoxic-dysoxic conditions
prevailed, resulting in the deposition of organic-rich bituminous lime-
stone laminae with occasional subtidal microbial mats while pseudo-
morhps after dissolved gypsum in intercalating dolomite beds infer
hypersaline bottom waters (Nagy, 1999) (Fig. 2). A subsequent sea level
rise opened the basins marked by the deposition of bioclastic and cherty
limestones (Fig. 2, Budai and Haas, 1997; Haas and Budai, 1999; Nagy,
1999; Nagy and Csillag, 2002). Episodic increases of terrigenous input
temporally diminished the activity of carbonate factories, as evidenced
by the alternation of marl and clayey limestone-limestone in the Barnag
Member which represents the upper part of the Sandorhegy Formation
(Fig. 2), which is assigned to the Barnag Member (Nagy, 1999; Nagy and
Csillag, 2002). The infill of the intra-platform basins during the late
Julian 2 and early Tuvalian apparently levelled the topography enabling
the deposition of the peritidal Fédolomit Formation (equivalent of the
Main Dolomite/Hauptdolomit/Dolomia Principale) after a strati-
graphical gap and denudation of the upper part of the sequence. Detailed
lithological and facies descriptions for each studied borehole succession
(Fig. 2) is provided in the Supplementary material.

2.2. Biostratigraphical age constraints and correlation

The late Julian-Tuvalian successions of the Balaton Highland are
largely devoid of any stratigraphically robust index fossils due to the
scarcity of ammonoid and conodont faunas in the mixed carbonate-
clastic sediments associated with the CPE. Some of the studied units
have biostratigraphic anchors from other locations within the Trans-
danubian Range (e.g., Dosztaly et al., 1989; Budai et al., 1999) but they
provide only indirect age constraints as none of them have been
recovered from the studied borehole successions. Ammonoid marker of
the Fiired Limestone (Trachyceras aon) indicates lower Julian 1 (“Cor-
devolian”) age, while other scarce ammonite findings (Neo-
protrachyceras sp. and Sirenites sp.) from the same formation (Budai
et al., 1999) are highly questionable and should be reviewed (personal
communication with Leopold Krystyn 2024). Consequently, there is
some uncertainty in the biostratigraphical age assignment of the tran-
sition between the Fiired and Veszprém Formation and the Mencsehely
Marl Member. Index taxa of the Nosztor Limestone Member (Austro-
trachyceras austriacum) and ammonoids of the Csics6 Marl (Neo-
protrachyceras baconicum) from the Csukrét Ravine suggest Julian 2 age
for the middle and upper part of the Veszprém Formation (Budai et al.,
1999; Dal Corso et al., 2015; Té6th et al., 2024).

The bivalve Cornucardia hornigii hornigii, which was found in large
numbers in the thick-bedded limestones overlying the bituminous
limestone unit of the Sandorhegy Formation all over the Balaton High-
land (Fig. 2), is indicative of the Tuvalian substage (Végh-Neubrandt,
1982). In the Barnag Bat-2 borehole its presence is documented at
~141-142 m (Nagy and Csillag, 2002). This bivalve is found very
frequently together with Neomegalodon carinthiacus in a thick-bedded
limestone bed in the lowermost part of the Barnag Member in the
Nosztor Valley outcrop of the Sandorhegy Formation (Budai et al., 1999;
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Nagy, 1999). In the Alpine region, mass occurrences of Cornucardia
hornigii are always found overlying typical Julian fossil assemblages in
the Carnian strata indicating a Tuvalian age (Zapfe, 1972). Based on
foraminifer distributions in particular the first occurrences of Aulotortus
sinuosus, Nodosaria raibliana, Triadodiscus eomesozoicus, the
Julian-Tuvalian boundary was placed at 91-90 m in the Barnag Bat-2
and at 116.5 m in the Balatonhenye Bht-6 cores in the upper part of
the Pécsely Member (Goczan and Oravecz-Scheffer, 1996a, 1996b).
However, these species seem to be present already from the Ladinian
and only becoming more common in the Late Triassic (e.g., Gale, 2012;
Ueno et al., 2018) likely connected to facies change. In the Veszprém V-1
core, the boundary was placed at 205.0 m but only following facies
analogies from other successions (Goczan and Oravecz-Scheffer, 1996a,
1996b).

Based on the available biostratigraphical data and facies correlation
to the Alpine Carnian sections (e.g., Budai et al., 1999; Dal Corso et al.,
2018), the Fiired Limestone in the Transdanubian Range (Julian 1) is
coeval with the upper part of the San Cassiano Formation in the Dolo-
mites, the Predil Limestone of the Julian Alps, and the upper part of the
Reifling Formation in the Northern Calcareous Alps (NCA). The
Veszprém and Sandorhegy Formation can be correlated with the Hei-
ligkreuz Formation. The Julian-Tuvalian boundary can be placed in the
uppermost Dibona Member of the Heilgkreuz Formation in the Dolo-
mites (Dal Corso et al., 2018), and in the lower-middle part of the
Sandorhegy Formation in the Transdanubian Range (Goczan and
Oravecz-Scheffer, 1996a, 1996b). The upper part of the Barnag Member
is based on its lithological features and stratigraphical superposition,
very similar to the upper part of the Heiligkreuz Formation, the Lagazuoi
Member. This unit may represent a possibly heteropic facies of the
terrigenous Raibl Formation (Raibl Beds/Raiblerschichten) which is
absent from the studied sequences in the Transdanubian Range (Budai
et al., 1999). Furthermore, both the Sandorhegy and Heiligkreuz for-
mations are capped by a pronounced emersion horizon with breccias
and signs of karstification (Budai et al., 1999; Breda et al., 2009) The
lithology and facies of the Sandorhegy Formation bears some resem-
blance to certain parts of the Opponitz Formation in the Lunz area,
Northern Calcareous Alps (NCA) and the Tor Beds (Formation) in the
Julian Alps (Budai et al., 1999).

3. Material and methods

All core samples were obtained from the Szépvizér core repository of
the Hungarian Geological Survey (currently part of the Supervisory
Authority for Regulatory Affairs). Quantitative palynological analyses
have been carried out on 51 selected samples from three borehole suc-
cessions (Supplementary Material Tables S1-S3). Eighteen samples from
Veszprém V-1 (46°5844.61“ N, 17°46°21.23” E), 17 samples from
Barnag Bat-2 (46°58'44.61” N, 17°46'21.23" E), and 16 samples from the
Balatonhenye Bht-6 (46°55'20.23 N, 17°37°35.11” E) extending the
dataset from Baranyi et al. (2019b). In addition to the previously
sampled intervals, three new intervals have been selected from the
Veszprém V-1 borehole (588.35-580 m, 252-330 m, and 141-164.5 m)
for palynological analysis (Fig. S1, Supplementary material Table S1).
There was no palynological sampling in Bht-6 between 117 and 51 m as
the lithology in this interval is primarily composed of dolomite. In the
VeszprémV-1 borehole no coring took place in the upper part of the
Veszprém Formation and large parts of the Sdndorhegy Formation,
therefore only the interval between 141 and 164.5 m was available for
sampling from the upper part of the core.

Palynological sample preparation followed the protocol of Moore
et al. (1991) including soaking of approximately 15-20 g of crushed
sediment in sodium-pyrophosphate (Na4P207) for 24 h in order to
disintegrate clay minerals followed by acid treatment with 10 % HCl and
40 % HF to dissolve the carbonate and silicate fraction respectively. At
the beginning of the acid treatment, one tablet containing the exotic
marker Lycopodium was added to each sample (one tablet contains
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13,761 Lyocopodium clavatum spores). The HF step was performed in hot
water bath at 60 °C by cooking the samples in the acid for 90 min, twice
repeated if the disintegration of the silicates was inadequate. Following
the final HF treatment, the residue was cooked in concentrated HCI for
90 min to dissolve any residual fluoride minerals. Heavy liquid sepa-
ration was performed with ZnCl, (specific gravity 2.1 kg/1) in order to
separate any additional mineral fractions and the organic residue. After
washing to neutrality, the organic residue was sieved with a 10 pm
mesh-size sieve and mounted in glycerine jelly on glass slides. The mi-
croscopy slides were analysed with an Olympus BH2 RFC trinocular
transmitted light microscope at magnifications of x200, x400. The
photomicrographs were captured using an AmScopeTM camera adapter
and AmScope v.3.7 software. Abundance diagrams were plotted with
TiliaGraph (Grimm, 1987) based on counting about 300 palynomorphs
per sample or counting two entire slides in instances where the total
palynomorph abundance was low. The classification of the paly-
nomorphs is based on the works of Klaus (1960), Schulz (1967), Prae-
hauser-Enzenberg (1970), Ortowska-Zwolinska (1983), Van der Eem
(1983), Goczan and Oravecz-Scheffer (1996a), Roghi (2004), and
Fijatkowska-Mader et al. (2015). A list of all identified taxa with full
author citation below generic level and the original counts for dispersed
spore-pollen taxa, and marine palynomorphs are given in the Supple-
mentary material tables S1-S3).

The paleoenvironmental interpretation of the palynomorph assem-
blages is based on the known or presumed botanical and ecological af-
finity of the dispersed sporomorphs’ parent plants (Supplementary
material tables S4-S5). Spores and pollen were classified as hygrophytic,
xerophytic or intermediate in accordance with the concept proposed by
Visscher and Van der Zwan (1981). Intermediate groups were defined
based on the works of Wang et al. (2005) and Li et al. (2020, 2022). The
hygrophyte to xerophyte ratio (H/X) is a close resemblance to the spore
to pollen ratio, unless any exceptions are noted in the ecological affinity
of the taxa (Supplementary material table S4). The intermediate to
xerophyte ratio (I/H) gives an estimation of the relationship between
seed fern, cycad-bennettite pollen, and coastal conifer to upland conifer
taxa. For a more comprehensive view on the changes in the palynolog-
ical assemblages, Sporomorph Ecogroup Model (SEG) and environ-
mental proxy data from the adjacent Mencshely Met-1 core (Baranyi
et al., 2019b) were partly re-interpreted (Supplementary material table
S5) in order to compare the onset of the CPE from a basinal profile to the
periplatform V-1 succession.

The Sporomorph Ecogroup Model (SEG) method (Abbink et al.,
2004; Kustatscher et al., 2012; Li et al., 2020, 2022) was applied to
distinguish between different plant communities. The SEG model is used
to identify habitats and co-existing communities and to interpret them in
a paleoenvironmental context, i.e., sea level and climatic changes. The
upland or hinterland SEG represents plant communities that inhabit well
drained higher terrain, well above groundwater level, and at consider-
able distance from watercourses. The coastal SEG includes communities
found on the coastal plain, or along the coastline, in areas not submerged
by the sea, but affected by salt spray. The river SEG reflects riverbank
communities that are periodically submerged, the dry lowland SEG re-
flects floodplain vegetation that are episodically submerged. The wet
lowland SEG represents marshes and swamps. As pollen producers for
the Alisporites group can be both upland and lowland communities
produced by conifers and/or seed ferns (e.g., Abbink et al., 2004;
Paterson et al., 2016), this group was plotted separately from the other
ecogroups following as described in Baranyi et al. (2024). Alete bisac-
cate pollen grains like Alisporites spp. were assigned to the upland SEG
(Abbink et al., 2004; Paterson et al., 2016) with the exception of
A. thomasii and Vitreisporites pallidus. The marine SEG represents fully
marine associations with marine palynomorphs including acritarchs,
foraminiferal test linings, and scolecodonts. The brackish-freshwater
SEG with prasinophytes and Botryococcus includes freshwater and
proximal associations that can indicate salinity variations and fresh-
water influence.
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4. Results
4.1. Palynological assemblages

The studied successions reveal diverse and abundant palynological
assemblages with 102 identified taxa including 43 spore, 59 pollen taxa,
and eight aquatic palynomorphs including acritarchs (Micrhystridium
breve Fig. 5 AB, M. pentagonale Fig. 3D, Verychachium sp. Figs. 3B-C, and
Leiofusa sp.), prasinophytes (Dictyotidium reticulatum Fig. 3E, D. ten-
uiornatum), scolecodonts (Fig. 3A), and freshwater organisms such as
green algae Botryococcus braunii (Fig. 5 AG) and Brodispora striata also
known as Circulisporites or Concentricystis (Figs. 3-8). The wall colour
varies between pale yellow to golden brown-brown, their SCI index
ranges from 2 to 7 depending on wall-thickness variations and orna-
mentation between taxa (Batten, 2002). The preservation of paly-
nomorphs is generally good to moderate in the Veszprém Formation,
with a moderate to rather poor palynomorph preservation in the
Sandorhegy Formation, particularly in core Barnag Bat-2 where many
grains are partly mineralized, and frequent pyrite overgrowth hampers
the identification of many spores and pollen grains. The representative
palynomorphs are illustrated in Figs. 3-6.

The palynological spectrum is primarily composed of terrestrial
palynomorphs but marine taxa, particularly foraminiferal test linings
and acritarchs, attain high relative abundances in several intervals
(Figs. 7-8). Stratigraphically constrained cluster analysis in Tilia
(Grimm, 1987) distinguishes three informal local assemblages in the
Veszprém V-1 core (Fig. 7). The singhii-acutus-vigens local assemblages
(V-1541-588.35 m, Fig. 7) has already been identified by Baranyi et al.
(2019b) and is characterized by the common occurrence of alete
bisaccate pollen (Alisporites aequalis Figs. 3H, A. giganteus Fig. 4A,
A. parvus, A. robustus Fig. 4D, up to ~5-10 % in total), taeniate (striate)
pollen (e.g., Lunatisporites acutus Figs. 4F, 61, Lueckisporites singhii Fig. 31,
Striatoabietites aytugii Fig. 3L, and Infernopollenites sulcatus Fig. 3G, ~20
% in total), Circumpolles pollen (Figs. 30-R, 5-15 %) and monosaccate
pollen e.g., Enzonalasporites vigens (Figs. 3K, N, 4M, P) or Vallasporites
ignacii (each ~20 %). Spore taxa constitute only a minor component of
the Mencshely Marl palynological assemblages, with a relative abun-
dance usually below <5 %. Aquatic palynomorphs are very frequent in
the lowermost part exceeding 90 % of the palynomorphs at 587 m.

The overlying acutus-vigens-Circumpolles (V-1 493-538 m, Fig. 7)
assemblage differs from the singhii-acutus-vigens assemblage by the
higher relative abundance of Circumpolles pollen (up to 30 %) repre-
sented by e.g., Duplicisporites granulatus (Fig. 3P), D. continuus (Figs. 3R,
4R), Camerosporites secatus (Figs. 3Q, 4Q), Partitisporites maljawkinae
(Figs. 30, 6AA), P. novimundanus, P. tenebrosus (Fig. 6R, X), and Prae-
circulina granifer (Fig. 6V). Spores become more frequent in the assem-
blage forming up to 15 % of the total palynomorph sum represented by
laevigate trilete spores (Calamospora tener Fig. 5F, Deltoidospora meso-
zoica, Todisporites spp., and Dictyophyllidites harrisii) and Aratrisporites
spp. while the relative abundance of marine palynomorphs shows a
decreasing trend. The interval between 335 and 492 m was not assigned
to any local zones as it shows transitional character towards the under-
and overlying assemblages. Moreover, this interval is also interrupted by
the dolomites of the Sédvolgy Member (see Figs. 2 and 7).

Palynological assemblages of the Csics6 Marl Member in the
Veszprém V-1 core (252-330 m, Fig. 7) are assigned to the local Ara-
trisporites-astigmosus-densus assemblage already identified in Baranyi
et al. (2019b) and characterized by a significant increase in spore pro-
portions (up to ~35 %), Aulisporites astigmosus (Figs. 5 CE-AE, up to 5
%), and Cycadopites spp. (e.g., C. carpenteri Fig. 5AA, C. potonieii Fig. 5
AC, up to 15 %). The most common spore taxa are Aratrisporites spp.,
(A. scabratus, A. palettae Figs. 5A-B), Calamospora tener (Fig. 5F), and
laevigate trilete spores (Deltoidospora mesozoica, Dictyophyllidites harrissii
Fig. 5Q, Todisporites spp., Concavisporites crassexinus Fig. 5P, and Para-
concavisporites lungzensis Fig. 5R). Other characteristic taxa include:
Camarozonosporites rudis (Fig. 5U), Gibeosporites lativerrucosus (Fig. 5I),
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Fig. 3. Selected palynomorphs from the lowermost part of the Veszprém Formation, Veszprém V-1 borehole from 580.0 to 588.35 m. The scale bar represents 10 pm
for all figures. A. Scolecodont 588.35 m. B. Verychachium sp. 588.35 m. C. Verychachium sp. 588.35 m. D. Micrhystridium pentagonale 588.35 m. E. Dictyotidium
reticulatum 584.0 m. F. cf. Concentricisporites bianulatus 588.35 m. G. Infernopollenites sulcatus 584.0 m. H. Alisporites aequalis 582.0 m. 1. Lueckisporites singhii 580.0 m.
J. Ovalipollis ovalis 588.35 m. K. Enzonalasporites vigens triad 582.0 m. L. Striatoabietites aytugii 580.0 m. M. Verrucosisporites morulae 584.0 m. N. Enzonalasporites
vigens 580.0 m. O. Partitisporites maljawkinae 588.35 m. P. Duplicisporites granulatus 588.35 m. Q. Camerosporites secatus 582.0 m. R. Duplicisporites continuus 582.0 m.
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Fig. 4. Selected bisaccate, monosaccate, and Circumpolles pollen from the Csicsé Marl Member of the Veszprém Formation from 252.0 to 334.6 m in the Veszprém
V-1 borehole. The scale bar represents 10 pm for all figures. A. Alisporites giganteus 276-278 m. B. Pityosporites devolvens 276-278 m. C. Ovalipollis ovalis 326.0 m. D.
Alisporites robustus 297-300 m. E. Pityosporites devolvens 328.0 m. F. Lunatisporites acutus 276-278 m. G. Platysaccus queenslandi 276-278 m. H. Staurosaccites
quadrifidus 334.6 m. 1. Ovalipollis lunzensis 276-278 m. J. Rimaesporites potoniei 276-278 m. K. Staurosaccites quadrifidus 328.0 m. L. Ovalipollis minimus 328.0 m. M.
Enzonalasporites vigens 252.0 m. N. Patinasporites explanatus 317.0 m. O. Patinasporites densus 326.0 m. P. Enzonalasporites vigens 276-278 m. Q. Camerosporites secatus

326.0 m. R. Duplicisporites continuus 276-278 m.
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Fig. 5. Selected spore-pollen and marine palynomorphs from the Veszprém and Sandorhegy formations from the Veszprém V-1, Barnag Bat-2, and Balatonhenye Bht-
6 cores. The scale bar represents 10 pm for all figures. A. Aratrisporites scabratus V-1 330.0 m. B. Aratrisporites palettae V-1 326.0 m. C. Kraeuselisporites cooksonae V-1
326.0 m. D. Uvaesporites gadensis V-1 326.0 m. E. Rogalskaisporites cicatricosus V-1 159-160 m. F. Calamospora tener V-1 328.0 m. G. Anapiculatisporites telephorus V-1
328.0 m. H. Lycopodiacidites kuepperi V-1 328.0 m. 1. Gibeosporites lativerrucosus V-1 159-160 m. J. Neoraistrickia taylorii V-1 276-278 m. K. Porcellispora longdonensis
V-1 276-278 m. L. Zebrasporites kahleri Bht-6 160.4 m. M. Trilites tuberculiformis V-1 326.0 m. N. Striatella seebergensis V-1 297-300 m. O. Conbaculatisporites mes-
ozoicus V-1 276-278 m. P. Concavisporites crassexinus V-1 328.0 m. Q. Dictyophyllidites harrissii V-1 276-278 m. R. Paraconcavisporites lunzensis V-1 326.0 m. S.
Dwarfed trilete spore V-1 328.0 m. T. Zebrasporites fimbriatus Bht-6 169.9 m. U. Camarazonosporites rudis V-1 276-278 m. V. Camarazonosporites laevigatus Bht-6
148.1 m. W. Uvaesporites argentaeformis V-1 326.0 m. X. Triancoraesporites reticulatus V-1 252.0 m. Y. Baculatisporites comaumensis Bht-6 148.1 m. Z. Lycopodiaci-
dites rugulatus Bht-6 160.4 m. AA. Cycadopites carpenteri V-1 276-278 m. AB. Micrhystridium breve V-1 276-278 m. AC. Cycadopites potonieii V-1 252.0 m. AD-AE.
éulbpoﬂtes astigmosus V-1 276-278 m. AF. Lagenella martinii V-1 276-278 m. AG. Botryooccus braunii V-1 276-278 m.

Lycopodiacidites kuepperi (Fig. 5H), Lycopodiacidites rugulatus (Fig. 5Z),
Uvaesporites gadensis (Fig. 5D), Kraeuselisporites cooksonae (Fig. 5C),
Neoraistrickia taylorii (Fig. 5J), Verrucosisporites morulae (Fig. 3M), Tri-
lites tuberculiformis (Fig. 5M), Conbaculatisporites mesozoicus (Fig. 50),
Baculatisporites comaumensis (Fig. 5Y), Rogalskaisporites cicatricosus
(Fig. 5E), Anapiculatisporites telephorus (Fig. 5G), Porcellispora long-
donensis (Fig. 5K), Zebrasporites kahleri (Fig. 5L), Z. fimbriatus (Fig. 5T),
Striatella seebergensis (Fig. 5N), C. laevigatus (Fig. 5V), and Triancoraes-
porites reticulatus (Fig. 5X). Monosaccate pollen (e.g., Enzonalasporites
vigens Fig. 4M, P, Patinasporites densus Fig. 40, P. explanatus Fig. 4N,
Vallasporites ignacii) and Circumpolles (Praecirculina granifer) are still
common constituents of the palynological assemblages forming about
10 % of the palynomorph sum respectively. Other pollen types e.g.,
Lagenella martinii (Fig. 5 AF), Staurosaccites quadrifidus (Fig. 4H, K),
Platysaccus queenslandi (Fig. 4G), Ovalipollis lunzensis (Fig. 4I) or
Rimaesporites potoniei (Fig. 4J) are constantly present, but in low
numbers. Marine palynomorphs are very rare in this assemblage but the
freshwater algae Botryococcus braunii (Fig. 5 AG) are commonly
observed in the upper part of the Csics6 Marl albeit in low proportions.
The same palynological assemblage is identified in the Balatonhenye
Bht-6 core at 157.1-169.2 m and in the Barnag Bat-2 at 180-198 m
(Fig. 8).

Palynological assemblages of the Sdndorhegy Formation are best
observed in the cores Balatonhenye Bht-6 and Barnag Bat-2 (Fig. 8).
Three local assemblages are identified: the densus-ignacii-Circumpolles
assemblage (Bht-6117-154.8 m and Bat-2 92-169.9 m), the Aratrispor-
ites-astigmosus-granifer (Bht-6 39.5-51 m, Bat-2 from 57.3 to 89.1 m),
and the uppermost vigens-densus-Circumpolles (Bht-6 28.6-34.8 m, Bat-
2 20-53.5 m). The Aratrisporites-astigmosus-granifer assemblage is also
identified in the Veszprém V-1 core at 159-164.5 m and the vigens-
densus-Circumpolles assemblage is present at 141-154.5 m in the
Veszprém V-1 borehole succession (Fig. 7).

The densus-ignacii-Circumpolles assemblage (Fig. 8, Bht-6 117-154.8
m, Bat-2 92-169.9 m) from the Pécsely Member of the Sandorhegy
Formation is characterized by decreasing spore proportions (from 35 %
down to <5 %) and increasing amount of alete bisaccate pollen, and
monosaccate pollen with very high Circumpolles proportions that reach
up to ~60 % in the Bat-2 core. The most frequent taxa are Praecirculina
granifer (Fig. 6V), Camerosporites secatus (Fig. 6Y), Duplicisporites con-
tinuus, D. scurrilis, and D. verrucosus (Fig. 6W, Z). Marine palynomorphs
reach higher relative proportions (~15 %) compared to the underlying
assemblage of the Csicsé Marl. Staurosaccites quadrifidus (Figs. 4H and K)
and Ovalipollis spp. (O. minimus Fig. 4L, O. ovalis Figs. 3J, 4C) form 5-10
% of the assemblages and some taxa, which were very rare in the
Veszprém Formation e.g., Ellipsovelatisporites plicatus (Fig. 6J), becomes
more common here.

Spores increase again in relative abundance (10-20 % in total) and
diversity in the overlying Aratrisporites-astigmosus-granifer assemblage
(Fig. 8, Bht-6 39.5-51 m, Bat-2 57.3-89.1 m) in the lower part of the
Barnag Member with the most frequent taxa represented by Aratrispor-
ites spp., Deltoidospora, and Concavisporites. Similar to the palynological
assemblage of the Csics6 Marl Member, Cycadopites spp. co-occur with
high relative abundances of Aulisporites astigmosus and very few Riccis-
porites tuberculatus specimens in this part of the Sandorhegy Formation.
The abundance of marine palynomorphs particularly foraminifer tests,
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starts increasing in this interval reaching up to 40 % of the palynomorph
sum.

The youngest palynological assemblage, the vigens-densus-Circum-
polles (Figs. 7-8, Bht-6 28.6-34.8 m, Bat-2 20-53.5 m, and in the V-1 at
141-154.5 m) is characterized by the predominance of Circumpolles
(Camerosporites secatus, Praecirculina granifer), and monosccate pollen
(mainly Patinasporites densus, Enzonalasporites vigens, and Vallasporites
ignacii) with increasing abundance of alete bisaccate pollen (e.g., Hevi-
zipollenites/Samaropollenites indet. Figs. 6B-C, Pityosporites devolvens
Fig. 6D, Samaropollenites concinnus Fig. 6E. Other taxa include Podo-
carpidites keuperianus (Fig. 6G), Alisporites grauvogeli (Fig. 6H), Ellipso-
velatisporites plicatus (Fig. 6J), Chordasporites singulichorda (Fig. 6F).
Furthermore, there is a declining trend of spore abundances (<5 %),
accompanied by increases in the abundance of marine palynomorphs,
particularly foraminiferal tests and the prasinophyte Dictyotidium retic-
ulatum (Figs. 7-8).

4.2. Sporomorph ecogroups (SEGs), the hygrophyte/xerophyte (H/X),
and intermediate/xerophyte ratios (I/X)

The SEG method reveals the overall dominance of the upland SEG,
marine SEG, the dry lowland, and the Alisporites group (Table S5). In the
lower part of Mencshely Marl (V-1 core) upland (average ~ 58 %, up to
~85 %) and marine SEG elements (average ~ 21 %, max. ~88 %) are
predominant. Dry lowland, wet lowland, river and coastal SEG elements
are very rare until 493 m (below 5 %) exhibiting a gradual increase in
abundance between 493 and 485 m, but their ratios never exceed 10 %
of the palynomorphs. Freshwater-brackish SEG elements are extremely
scarce with only one horizon with increased relative abundances (2.4 %)
at 485 m.

The Csicsé Marl Member (V-1 252-353 m, Bht-6 157.1-169.2 m, Bat-
2 169.9-198 m) is characterized by a marked increase in the relative
abundance of coastal (average ~ 10.4 %, max ~25 %), river (average ~
7.6 %, max ~12.7 %), and dry lowland (average ~ 17.3 %, max ~33.2
%) SEG elements. The proportion of upland SEG elements is still high
(above 50 %) in the lower part of the Csics6 Marl (V-1 338-353 m) but
gradually decreases towards the upper part of the member. The relative
abundance of the marine SEG component is markedly lower (max
~12.5 %) compared to the Mencshely Marl but starts increasing again in
the uppermost part of the Csicsé Marl (Bat-2 169.9-180 m 8-10 %, Bht-6
157.1-169.2 m, 6-13 %). The freshwater-brackish component shows a
slight increase in the Csics6 Marl up to ~3.2 % in V-1 and ~ 5 % in Bht-
6.

In the lower part of the Sandorhegy Formation (Pécsely Member) in
the densus-ignacii-Circumpolles assemblage (Bht-6117-154.8 m and Bat-
292-169.9 m) upland SEG elements rise again from ~22 % to over 82 %
of the palynological assemblage. Coastal, river and various lowland SEG
elements are less common in this interval compared to the underlying
Csics6 Marl usually below 10 % each. Marine SEG elements do not occur
regularly, but they are increasing in abundance both in the Bat-2 (max
18 %) and Bht-6 cores (max ~66 %).

Lowland, river and coastal SEG elements attain again slightly higher
relative abundances in the overlying Aratrisporites-astigmosus-granifer
assemblage (Bht-6 39.5-51 m, Bat-2 57.3-89.1 m, V-1159-164.5 m),
comprising up to 11 % in Bat-2, 29 % in Bht-6, and 81 % of the



V. Baranyi et al. Palaeogeography, Palaeoclimatology, Palaeoecology 671 (2025) 112989

Fig. 6. Selected bisaccate, monosaccate, non-saccate, and Circumpolles pollen from the Sandorhegy Formation from boreholes Barnag Bat-2 and Balatonhenye Bht-6.
The scale bar represents 10 pm for all figures. A. Pityosporites devolvens Bat-2 61-64 m. B. Hevizipollenites/Samaropollenites indet. Bat-2 83.6 m. C. Hevizipollenites/
Samaropollenites indet. Bat-2 57.3 m. D. Pityosporites devolvens Bat-2 40.0 m. E. Samaropollenites concinnus Bat-2 40.0 m. F. Chordasporites singulichorda Bat-2 61-64 m.
G. Podocarpidites keuperianus Bat-2 83.6 m. H. Alisporites grauvogeli Bat-2 53.5 m. 1. Lunatisporites acutus Bat-2 94-102 m. J. Ellipsovelatisporites plicatus Bat-2 24.5 m. K.
Vitreisporites pallidus Bat-2 61.0-64.0 m. L. cf. Riccisporites tuberculatus Bht-6 28.6 m. M. Vallasporites ignacii Bht-6 51.0 m. N. Patinasporites densus Bat-2 61.0-64.0 m.
O Patinasporites explanatus Bht-6 51.0 m. P. Partitisporites quadruplices Bat-2 20.0 m. Q. cf. Riccisporites tuberculatus V-1 163.5 m. R. Partitisporites tenebrosus Bat-2 20.0
m. S. Reworked Triadispora sp. Bat-2 134.0 m. T. Reworked monosaccate pollen Accintisporites sp. sensu Roghi Bat-2 134.0 m. U. Partitisporites maljawkinae Bat-2 40.0
m. V. Praecirculina granifer Bat-2 57.3 m. W. Duplicisporites verrucosus Bat-2 20.0 m. X. Partitisporites tenebrosus Bht-6 24.8 m. Y. Camerosporites secatus Bat-2 94-102 m.
Z. Duplicisporites verrucosus Bat-2 20.0 m. AA. Partitisporites maljawkinae Bht-6 51.0 m.
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palynological assemblage in V-1. As in the lower part of the Sandorhegy
Formation, the topmost part of the borehole sequences represented by
the local densus-vigens-Circumpolles assemblage (Bht-6 34.8-28.6 m,
Bat-2 53.5-20 m, V-1154.5-141 m) is characterized again by the pre-
dominance of upland SEG elements (>50-80 %) and marine paly-
nomorphs (up to 13-22 %).

The hygrophyte/xerophyte and intermediate/xerophyte ratio re-
flects the predominance of pollen taxa with xerophytic affinity in the
entire succession with the exception of Csicsé Marl where moist loving
and intermediate taxa increase in relative abundance evidenced by
higher H/X and I/X values of ~1.1-1.5 and ~ 0.5-0.9 respectively
(Supplementary Material Table S5, Figs. S2-S3). Additionally, several
distinct hygrophyte and intermediate peaks are also recorded in the
Mencshely Marl and Sandorhegy Formation (Supplementary Material
Table S5, Figs. S2-S3).

5. Discussion

5.1. Palynostratigraphy

The lack of robust ammonoid or conodont-based age constraints
required the integration of chemostratigraphy (Dal Corso et al., 2015,
2018) and selected palyno-events (Baranyi et al., 2019b) in order to
correlate facies, climatic evolution, and biotic events in the Trans-
danubian Range with those across the Western Tethys. A broad negative
carbon isotope excursion (NCIE) has been recorded in the uppermost
part of the Fiired Formation in the Balatonfiired Bfii-1 core that has been

Palaeogeography, Palaeoclimatology, Palaeoecology 671 (2025) 112989

correlated to the onset of the globally synchronized CPE carbon cycle
perturbation at the Julian 1-2 boundary (Dal Corso et al., 2015).
However, in an adjacent borehole (Mencshely Met-1), the same NCIE
was recorded in a bed that has already been assigned to the Veszprém
Formation (Dal Corso et al., 2018) demonstrating a gradual transition
from pelagic limestones to calcareous and clayey marls around the onset
of the CPE (Fig. 2).

Concentricisporites bianulatus (Fig. 3F) was commonly found in the
early Julian strata of the Predil and Rio del Lago formations extending
into the Conzen Fromation in the Julian Alps and in the San Cassiano
Formation of the Dolomites (Roghi, 2004; Dal Corso et al., 2018) with its
latest occurrence usually confined to the Trachyceras aonoides subzone
(Ulrichs, 1974; Van der Eem, 1983). This species is extremely rare in the
investigated strata in the Transdanubian Range with a single occurrence
in the deepest part of the Veszprém V-1 borehole succession at 588.35 m.
The scarcity of this spore species may corroborate the chemostrati-
graphical correlation proposed by Dal Corso et al. (2015, 2018) sug-
gesting that the age of the Veszprém Formation likely ranges from Julian
1 to Julian 2, and the boundary between Julian 1 and 2 is at the tran-
sition somewhere between the Fiired and Veszprém formations or in the
lower part of the Veszprém Formation. Based on the presence of Dupli-
cisporites continuus, common occurrence of Patinasporites densus, Parti-
tisporites maljawkinae, and Camerosporites secatus from the base of the
studied succession, palynological assemblages of the Mencshely Marl
can be correlated to the lower part of the Duplicisporites continuus
assemblage (Roghi, 2004), the densus-maljawkinae phase by Van der
Eem (1983) and the Camerosporites secatus phase from the Western
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Tethys realm that corresponds to the entire Carnian (Visscher and
Krystyn, 1978; Cirilli, 2010).

CPE deposits in the Western Tethys realm were characterized by
three distinct palynological assemblages (Fig. 9) during the late Julian
and early Tuvalian (Aulisporites astigmosus, Lagenella martinii, and the
Granuloperculatipollis rudis assemblages) that have been used to correlate
clastic pulses and climatic changes in this region and beyond (Roghi
et al., 2010). The Aulisporites astigmosus assemblage corresponds to the
lower part of the Duplicisporites continnus assemblage of Roghi (2004)
which was distinguished as a miospore-acme zone (Aulisporites-Aratris-
porites acme) with the predominance of the bennettite pollen Aulisporites
astigmosus and lycopsid spores, particularly Aratrisporites spp., and the
sphenophyte Calamospora (Fig. 9). This assemblage is markedly
different from the early Julian (Cordevolian) palynofloras from the
Alpine Tethys mainly with C. secatus, D. granulatus, Enzonalasporites
vigens, Patinasporites densus, Praecirculina granifer, Ovalipollis spp. and
Triadispora spp. (e.g., Van der Eem, 1983; Dunay and Fisher, 1978;
Blendinger, 1988; Buratti and Carrillat, 2002). The assemblages with
Aulisporites and many spore taxa were considered by Roghi (2004) and
Roghi et al. (2010) as a good palynostratigraphical tool for correlating
Carnian associations throughout Europe as it (or compositionally very
similar assemblages) can be traced from the Alpine region e.g., Dolo-
mites, Julian Alps, Karawanks, Lunz-area Austria, Eastern Alps, Lun-
zerschichten in the West Carpathians (e.g., Dunay and Fisher, 1978;
Planderova, 1980; Hochuli and Frank, 2000; Roghi, 2004; Mueller et al.,
2016b; Lukeneder et al., 2024), through the Central European Basin e.g.,
Schilfsandstein or Stuttgart Formation in Germany and Poland
(Ortowska-Zwoliniska, 1983, 1985; Fijatkowska-Mader et al., 2015;
Visscher et al., 1994; Kiirschner and Herngreen, 2010; Fijatkowska-
Mader et al., 2015, 2021), and the Grés a Roseau in France (Adolff et al.,
1984) to the Boreal Realm (e.g., Hochuli and Vigran, 2010; Paterson and
Mangerud, 2015; Mueller et al., 2016a) correlated with the CPE interval.
In the Cave del Predil area (Julian Alps), the acme of Aulisporites and
various spore taxa (Aratrisporites, Calamospora) characterized a narrow
interval from the upper Conzen Formation to the lower Tor Formation
corresponding to the Austrotrachyceras austriacum and Tropites dilleri
ammonoid zones (Broglio Loriga et al., 1999; Roghi, 2004) from the late
Julian (or Julian 2) to early Tuvalian (Fig. 9). The same assemblage was
also documented in the Reingraben Shales in the Lunz area (Northern
Calcareous Alps, Mueller et al., 2016b) and in the lower part of the
Heiligkreuz Formation in the Dolomites (Borca Member) where the
presence of the ammonoids Austrotrachyceras sp. and Sirenites senticosus
confirmed the Julian 2 age (Prachauser-Enzenberg, 1970; Roghi, 2004;
Breda et al., 2009; Maron et al., 2017).

The Lagenella martinii assemblage (Fig. 9) with very high abundance
of hygrophytic palynomorphs described from the first and second clastic
units in the Raibl Beds and the middle-upper part of the Lunz Formation
represents the second marker assemblage (Fig. 9) during the CPE sub-
sequent to the acme of A. astigmosus and Aratrisporites (Jelen and Kusej,
1982; Roghi et al., 2010). The same assemblage was identified in the
middle and upper part of the Tor Formation in the Cave del Predil area
and in the Dibona Member of the Heiligkreuz Formation in the Dolo-
mites with a Julian 2-Tuvalian 1 age range (Roghi et al., 2010; Maron
et al., 2017).

Despite the fact that the first local occurrence of both Aulisporites
astigmosus and Lagenella martinii were observed in the lower part of
Mencshely Marl (Baranyi et al., 2019b, see also Fig. 2 of this study),
sensu stricto neither the Aulisporites astigmosus nor the Lagenella martinii
assemblage of Roghi et al. (2010) can be recognized in the CPE suc-
cessions of the Transdanubian Range. Although present, both species are
very rare in the studied samples at the onset of the CPE in the Mencshely
Marl. However, characteristic elements of both the Aulisporites astig-
mosus and Lagenella martinii assemblages (e.g., Aratrisporites, Con-
cavisporites, Calamospora, Lycopodiacidites kuepperi, Patinasporites densus,
Cycadopites spp.) are very abundant in the overlying Csicsé Marl Mem-
ber represented by the local Aratrisporites-astigmosus-densus assemblage
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in the late Julian 2 (Fig. 9).

The placement of the Julian-Tuvalian boundary is among the key
questions in the biostratigraphical subdivision of the Carnian stage in
the Transdanubian Range as this horizon is marked by the third distinct
NCIE during the CPE (Dal Corso et al., 2018) and it is associated with the
largest extinction rate across the event (Jenks et al., 2015; Dal Corso
et al, 2020). It was previously placed in the lower part of the
Sandorhegy Formation in the Balaton Highland by palynological con-
straints, foraminifer, and bivalve assemblages (Fig. 2, Goczan and
Oravecz-Scheffer, 1996a, 1996b; Budai et al., 1999). The earlier paly-
nological works of Goczan et al. (1983, 1991b) and Goczan and Oravecz-
Scheffer (1996a, 1996b) did not record any marker taxa in the
Sandorhegy Formation that are now considered to be indicative of the
Tuvalian (see Cirilli, 2010; Kiirschner and Herngreen, 2010 or Roghi,
2004; Roghi et al., 2010) such as Ricciisporites tuberculatus, Gran-
uloperculatipollis rudis or Classopollis meyerianus. Goczan and Oravecz-
Scheffer (1996a, 1996b) considered the first local occurrence of Pseu-
doenzonalasporites summus within the Sandorhegy Formation as the in-
dicator of the Tuvalian substage. However, the species is present already
from the early Carnian in the Northern Hemisphere (e.g., Cirilli, 2010).
Brodispora striata was also listed as a characteristic Tuvalian element by
Goczan and Oravecz-Scheffer (1996a, 1996b) due its occurrence in the
Opponitz Formation (Dunay and Fisher, 1978) and Arden Sandstone in
the UK (Clarke, 1965). However, this species is not restricted to the
Tuvalian or even to the Carnian at all.

In the Julian Alps Riccisporites tuberculatus first appeared in the early
Tuvalian (Roghi, 2004). This taxon was very rare in the Transdanubian
Range, but sporadic occurrences were recorded in the upper part of
Sandorhegy Formation (from 51 m in the Balatonhenye Bht-6, and from
the sample 94-102 in Barnag Bat-2, and at 141-143 m in Veszprém V-1,
see Fig. 2). Samaropollenites specious is also commonly recorded in late
Carnian palynofloras in the Western Tethys realm (Visscher and Krystyn,
1978; Buratti and Carrillat, 2002; Roghi, 2004), Israel (Cirilli and Eshet,
1991) and Albania (Cirilli and Montanari, 1994), and assemblages with
common Camerosporites secatus, Vallasporites ignacii, Enzonalasporites
vigens, Patinasporites densus, Partitisporites quadruplices, and Samar-
opollenites speciosus were interpreted as Tuvalian in the Western Tethys
(Visscher and Krystyn, 1978; Cirilli and Eshet, 1991; Cirilli and Mon-
tanari, 1994; Buratti and Carrillat, 2002). Samaropollenites speciosus was
recorded first in the upper part of the Tor Formation in the Julian Alps
(Roghi, 2004). Similar pollen types labelled as the Hevizipollenites/
Samaropollenites complex were recorded in the upper part of the
Sandorhegy Formation occurring from 159 to 160 m in Veszprém V-1,
from 102.4 m in the Barnag Bat-2 boreholes, and from 51 m in Bala-
tonhenye Bht-6 (Fig. 2). Its local first occurrence is recorded close to the
first local occurrences of R. tuberculatus in all three boreholes pointing to
a Tuvalian age for the Barnag Member above 102.4 m in Barnag Bat-2,
above 51 m in the Balatonhenye Bht-6, and above 159-160 m in the
Veszprém V-1 boreholes (Fig. 2).

The last occurrences of many key taxa e.g., Lagenella martinii, Aulis-
porites astigmosus, Lunatisporites spp., Infernopollenites spp., Partitisporites
maljawkinae, Vallasporites ignacii, and Duplicisporites continuus are all
recorded within the Duplicisporites continuus assemblage within the
Tropites dilleri zone in the Julian Alps (Roghi, 2004). As the majority of
these taxa are still present in the uppermost part of the Sandorhegy
Formation (Figs. 7-8), the palynological assemblages from both the
Veszprém and Sandorhegy formations in the Transdanubian Range are
correlated to the Duplicisporites continuus assemblage zone. Although
facies correlation is not a guarantee for the same age, but the upper part
of the Barnag Member is very similar in facies variation to the uppermost
part of the Heiligkreuz Formation, the Lagazuoi Member (Budai et al.,
1999), in addition to that both formations are capped by an emersion
surface and hiatus (Breda et al., 2009; Breda and Preto, 2011; Pecorari
et al., 2023). In the upper part of the Heiligkreuz Formation, the am-
monoids Shastites cf. pilari and cf. Jovites sp. and conodonts Para-
gondolella noah, and Metapolygnathus praecommunisti indicated an early
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Tuvalian age correlated to the Tropites dilleri zone (Breda et al., 2009;
Maron et al., 2017). Thus, based on analogies from the Dolomites, the
upper part of the Sdndorhegy Formation is likely still early Tuvalian.

In the third clastic unit of the Raibl Beds as well as in the lower part
of the Opponitz Formation, monosaccate pollen (Enzonalasporites group)
and Circumpolles became prevalent assigned to the Gran-
uloperculatipollis rudis assemblage calibrated in the Julian Alps to the
Tuvalian 2-3 (Roghi, 2004; Roghi et al., 2010). Granuloperculatipollis
rudis appears first in the Tropites subbulatus zone (Roghi, 2004) and the
assemblage with its predominance has been recorded from both the
Carnitza (Julian Alps) and Travenanzes formations in the Dolomites
(Roghi, 2004; Roghi et al., 2010) yet this species was not observed in the
Transdanubian Range. The lack of this marker species, together with the
presence of Duplicisporites continuus, Partitisporites maljawkinae, Aulis-
porites astigmosus, and Lagenella martinii, in the upper part of the Barnag
Member indicates still an early Tuvalian age. The absence of the Gran-
uloperculatipollis rudis assemblage also confirms the well-known hiatus
between the Sdandorhegy and Fédolomit Formation (Dolomia Principale
equivalent in the Transdanubian Range), that likely includes the time
interval of the G. rudis assemblage. Unfortunately, there are no bio-
stratigraphically significant marker taxa observed in the basal layers of
the Fédolomit Formation in the Balaton Highland to constrain the extent
of the stratigraphical gap, but the megalodontid fauna with Neo-
megalodon triqueter pannonicus, N. carinthiacus, and N. guembeli, from the
Aranyos Valley outcrop of the Fédolomit Formation near Veszprém
(Végh-Neubrandt, 1982), points to a Tuvalian onset of its deposition.
Depositional units, which are age and facies-equivalent with the Car-
nitza, Travenanzes and parts of the Opponitz Formation, separating the
CPE deposits and the Dolomia Principale equivalent deposits, are
missing in the Transdanubian Range due to this hiatus (Budai et al.,
1999). Notably, there are indications of unconformity at the base of both
the Travenanzes and Carnitza formations as well (Breda et al., 2009;
Breda and Preto, 2011; Gale et al., 2015) that corresponds to a regional
sequence boundary of a third order eustatic cycle in the Western Tethys
(Gianolla et al., 1998a, 2021). Specifically, in the Balaton Highland,
dolomite breccias, reddish-brown sediments at the connection of the
Sandorhegy and Fédolomit Formation are indicative of a longer phase of
subaerial exposure with uplift and erosion before the deposition of the
Fodolomit commenced (Budai et al., 1999; Budai and Haas, 1997; Budai
et al., 1999).

5.2. Vegetation change during the Carnian Pluvial Episode (CPE) based
on the palynological assemblages

As a consequence of the assumed humid climate shift at the onset of
the CPE, wet habitats and hygrophytic plant associations and riparian-
deltaic habitats expanded in the Western Tethys realm (e.g., Roghi,
2004; Pott et al., 2008; Roghi et al., 2010, 2022; Mueller et al., 2016b),
yet both the macro- and micro plant remains hosted still many conifers
generally attributed with xerophytic affinity. Palynomorphs in marginal
marine sediments of Western Tethys originated from an extensive
catchment area including plants of moist lowland and riparian habitats
together with pollen of hinterland/upland vegetation from well drained
areas further from watercourses (Kustatscher et al., 2018; Roghi et al.,
2022). This mixing is also evident in the palynological records with
diverse conifer pollen assemblages usually associated with hinterland
and more arid conditions and rich spore associations indicative of lush
lowland environments (e.g., Roghi et al., 2022).

The negative carbon isotope excursion at the Julian 1 and Julian 2
marks the beginning of the C-cycle perturbation associated with the CPE
and a notable increase in hygrophytic vegetation elements as well as the
expansion of riparian and lacustrine deltaic floras in the Western
Tethyan realm (e.g., Roghi, 2004; Roghi et al., 2010, 2022; Mueller
et al., 2016b; Lukeneder et al., 2024). A strong increase in the abun-
dance of hygrophytic palynomorphs was observed between the upper
part of the Conzen Formation to the top of the Tor Formation in the
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Julian Alps, in the Heiligkreuz Formation in the Dolomites, and in the
Reingraben Formation in the Lunz area of the Northern Calcareous Alps
(see A. astigmosus and L. martinii assemblages in Fig. 9, Roghi, 2004;
Roghi et al., 2010, 2022; Mueller et al., 2016b).

Considering the currently available biostratigraphical and chemo-
stratigraphical data from the Transdanubian Range (Dal Corso et al.,
2015, 2018), the onset of the CPE coincides with the increase in clastic
influx and the transition from a carbonate (Fiired Formation) to a mixed
clastic-carbonate depositional style represented by the Veszprém For-
mation (Rostasi et al., 2011; Haas et al., 2012). Yet in the Transdanubian
Range, in the lower part of the Veszprém Formation (Mencshely Marl)
the palynological assemblages are still dominated by upland SEG ele-
ments including Majonicaceae, Voltziaceae, and possibly Cheir-
olepidiaceae with minor contribution from lowland to coastal
vegetation element like lycopsids, ferns, and possibly seed ferns
(Fig. 10). The producers of the Alisporites group, conifers and/or seed
ferns, could have populated upland as well as lowland, riverine, swamp
and even mangrove-like habitats (e.g., Popa and Van Konijnenburg-van
Cittert, 2006; Barbacka, 2011; Gee et al., 2020).

The Voltziaceae and Majonicacae conifers in the Late Triassic were
generally thought to have xerophytic affinity and they grew on drier
ground, well-drained soils further from the watercourses (Roghi et al.,
2022), with pollen transported mainly by wind to the hemipelagic basins
of the Transdanubian Range. The Engzonalasporites group (including
Vallasporites and Patinasporites) were likely produced by voltzialean,
Majonicaceae or other early conifers, and interestingly, these taxa
peaked in global abundance during the CPE period (Sciborski et al.,
2022). This observation seemingly contrasts with the general ecological
interpretation of a xerophytic affinity for these conifer pollen (Visscher
and Van der Zwan, 1981). Roghi et al. (2022) reconciled the conflict
between the sedimentological (i.e. elevated terrestrial influx) and
palynological climate proxies by interpreting the high abundance of
Cheirolepidiaceae and Majonicaceae as an indication of halophytic plant
assemblages that colonized coastal areas with constant physiological
drought due to excessive salt in the water, soils, and air but which were
not necessarily arid. On the other hand, Sciborski et al. (2022) suggested
that the parent plants of Enzonalasporites group were probably voltzia-
lean conifers that used a pollination drop for their germination that
represents an adaptation to arid climate (Runions and Owens, 1996;
Nepi et al., 2012). Yet they argued that the development of the drop
required at least temporally (seasonally) humid conditions. Conse-
quently, the parent plants of these pollen preferred not arid but strongly
seasonal climate under the influence of a monsoonal climatic regime
with episodic or periodic high levels of moisture (Sciborski et al., 2022).

This palynological observation also emphasizes the climatic inter-
pretation of the CPE by Kozur and Bachmann (2010), Stefani et al.
(2010), and Mueller et al. (2016b) suggesting that the climate history
during the CPE was a phase with several humid pulses such as episodic/
periodic intense monsoon periods, rather than just a shift to uniformly
humid conditions. The C-cycle perturbation associated with the CPE
likely intensified the Pangean megamonsoon circulation (Kutzbach and
Gallimore, 1989; Parrish, 1993). A similar trend of increased monsoon
intensity with higher interannual variability in precipitation and
increased frequency of extremely wet monsoon seasons with very
intense rainfall, has recently been observed in East Asia as a modern
response to the ongoing climate change and global warming (e.g., Kat-
zenberger et al., 2021, 2022; Moon et al., 2023). A similar scenario can
be easily envisaged for the CPE that could lead to strongly seasonal and
seasonally wet climate particularly at the beginning of the CPE in the
Western Tethys that secured the proper conditions for the proliferation
of the Enzonalasporites (Vallasporites, and Patinasporites included) pro-
ducers. Also, the seasonally heavy rainfall could have washed in a large
amount of upland/hinterland SEG pollen types into the various depo-
sitional basins such as lakes and/or marine basins, providing an expla-
nation for the high relative abundance of upland pollen in the early CPE
deposits (e.g., Bonis et al., 2010; Baranyi et al., 2019a, 2024).
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The lack of clear humid signal simultanosuly with the NCIE and C-
cycle perturbation also emphasizes that the climate change might not
have been synchronous or everywhere evenly developed as there are still
many locations in Western Europe where a clear shift to more humid
climate is absent or ambiguous in the palynological data (e.g., Franz
etal., 2019; Lindstrom et al., 2017; Baranyi et al., 2019a). However, the
similarities between Carnian palynofloras in the Alpine Realm (Dolo-
mites, Northern Calcareous Alps, Transdanubian Range) indicates that
the continental source area for the dispersed palynomorphs is closely
related implying that the climate change at least within that region
should be comparable. The siliciclastic material of the Veszprém For-
mation was likely derived from the Val Sabbia Sandstone or similar
lithostratigraphic units in the Lombardian continental area (Budai et al.,
1999), but the source of the spore and pollen was likely more complex
during the CPE, including areas of the European and Gondwana shelves
(Goczan and Oravecz-Scheffer, 1996a, 1996b) with increasing catch-
ment size during the CPE (e.g., Pecorari et al., 2023). There are several
well-known Carnian macorfloras in the Alpine Realm e.g., the Lunz,
Monte Pora and Raibl plant assemblages (e.g., Kustatscher et al., 2018),
which were likely a key source for the palynological assemblages in the
Transdanubian Range. The Lunz Formation in particular preserved a
diverse swamp habitat e.g., with many ferns, cycads/bennettitales with
less common occurence of sphenophytes, conifers and putative gink-
gophytes while the Italian and Slovenian floral assemblages were
dominated by conifers belonging to the allochtonous floral elements that
lived further away from the watercourses (Dobruskina, 1998, 2001; Pott
et al., 2008; Pott and Krings, 2010; Kustatscher et al., 2018).

In the Transdanubian Range only the palynological assemblage of
the Csicsé Marl indicate the clear presence of wet lowland mire forest
vegetation and deltaic riparian habitats similar to the Lunz flora
(Fig. 10). Hygrophytic spores together with cycad (Cycadopites spp.) and
bennettite-related (Aulisporites astigmosus) pollen also reached an acme
during the deposition of this lithostratigraphic unit within the CPE in-
terval (Fig. 10). Dipteridaceae, Matoniaceae, Dicksoniaceae, and to a
lesser extent Osmundaceae ferns, lycopsids together with sphenophytes
(horsetails) were forming the ground cover of the vegetation, while the
mid-canopy was inhabited by cycads, bennettites, and possibly seed
ferns (Li et al., 2020, 2022). The acme of Aratrisporites was interpreted as
the establishment of a mangrove-like ecosystem (Roghi et al., 2010) in
the coastal areas (Fig. 10). Large lacustrine systems could have devel-
oped globally due to the substantial rise in precipitation during the CPE
(e.g., McKie, 2014; Mancuso et al., 2020; Lu et al., 2021; Pecorari et al.,
2023), that led probably to changes in coastal landscape as well with the
formation of extensive wetland habitats. Yet the development of the new
vegetation types that produced lycopsid and fern spores, and hosted
cycads, and bennettites likely required some time after the onset of the
CPE explaining the delay in the expression of the humid climate and why
only the Csics6 Marl reflects the colonisation of riparian forests and
lowland marshes. This scenario can also incorporate the presence of
halophytic plant assemblages with cheirolepids and other conifers as
suggested by Roghi et al. (2022) before and in the early stages of the
CPE, that was later transformed into wetlands as the climate change
progressed.

Alpine palynofloras recorded a second compositional shift in the
middle to late Tuvalian in the late phase and the aftermath of the CPE
with a trend of increasing Circumpolles abundances and diversity, and
increases in the relative abundance of Pinaceae and Podocarpaceae
conifers (e.g., Roghi et al., 2010; Kustatscher et al., 2018; Dal Corso
et al., 2020). In the Transdanubian Range, the stratigraphical gap on top
of the Sdndorhegy Formation likely encompassed the time interval of the
middle to late Tuvalian (Granuloperculatipollis rudis assemblage), thus
the immediate recovery of the CPE cannot be detected here. Yet, there
were increases in the relative abundance of Pinaceae and Podocarpaceae
conifers (Pityosporites, Hevizipollenites/Samaropollenites, and Podocarpi-
dites) in the Sandorhegy Formation compared to the underlying
Veszprém Formation together with a significant drop in taeniate
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bissacates (Lunatisporites, Lueckisporites, and Infernopollenites) in the
early Tuvalian. This compositional shift in conifer proportions already
foreshadowed a major floristic change occurring in late Carnian and
Norian, particularly the proliferation and diversification of Circumpolles
pollen (Kiirschner and Herngreen, 2010; Kustatscher et al., 2018; Dal
Corso et al., 2020; Roghi et al., 2022).

5.3. Simultanous effects of climate change and sea-level variations

Certain features of the palynological assemblages e.g., the over-
representation of upland SEG pollen and oscillation in the relative
proportion of marine palynomorphs in the lower Mencshely Marl as well
as in the Sandorhegy Formation (Fig. 10), might imply that other
environmental parameters exerted a control on the composition of
palynofloras besides climate change. Sea-level rise could lead to the
over-representation of upland SEG pollen in distal marine or trans-
gressive beds due to the selective transportation of saccate pollen grains
into an offshore depositional setting and drowning of coastal lowlands,
where spores and cycad/bennettite pollen would have originated
(“Neves Effect”, Chaloner, 1958; Chaloner and Muir, 1968; Tyson, 1995;
Abbink et al., 2004; Kustatscher et al., 2010). The Carnian is marked by
several transgressive-regressive cycles in the Western Tethys (Gianolla
etal., 1998a, 2021; Stefani et al., 2010; Gattolin et al., 2015; Tekin et al.,
2024). Similarly, the deposition of the Mencshely Marl in the early
Julian 2 was also associated with a transgressive cycle (Sequence C1,
Budai and Haas, 1997; Haas and Budai, 1999) that could explain the
high abundance of monosaccate, taeniate, and alete bisaccate pollen in
the palynological assemblages (Fig. 10). The first increase in the
hygrophyte/xerophyte ratio coincided with the first negative isotope
excursion around 325.9 m in the Met-1 core (Dal Corso et al., 2018),
hinting a link between climate, vegetation, and carbon cycle but the
proportion of hygrophytic palynomorphs remained small in the lower
part of the Mencshely Marl (Fig. 10). The oscillations in the relative
abundance of marine palynomorphs and spores, belonging to the low-
land, riverine, and coastal ecogroups both in the V-1 and Met-1 cores
(Figs. 10 and S2), indicate that the terrestrial supply was not constant
and that local sea level rise exerted an equally significant control on the
composition of palynological assemblages. The maximum flooding sur-
face of the Sequence C1 transgression is placed below the platform
carbonates (Sédvolgy Member) or deeper water limestones, represented
by the Nosztor Limestone Member in the uppermost part of the Menc-
sehely Marl (Budai and Haas, 1997; Haas and Budai, 1999) which was
also indicated by a sudden peak in acritarchs and foraminiferal test
lining abundances in both boreholes (Figs. 10, S2, see also Baranyi et al.,
2019b).

Interestingly, the deposition of the Csicsé Marl was again simulta-
neous with the onset of a new transgressive cycle (Sequence C2, Budai
and Haas, 1997; Haas and Budai, 1999). However, during the deposition
of this unit the climatic changes led to the establishment of the source
areas for hygrophytic plants and lowland (wetland, riparian, deltaic)
habitats. Consequently, their palynomorph assemblages were trans-
ported to the marine sites in the Transdanubian Range due to the
enhanced hydrological cycling and terrestrial influx leading to the
upfilling of the hemipelagic basins (Rostasi et al., 2011; Haas et al.,
2012; Baranyi et al., 2019b; Pecorari et al., 2023).

Although, the assemblages in the Sandorhegy Formation are still
correlated to the CPE interval (late Julian 2-early Tuvalian, Figs. 2 and
9), the quantitative composition of the palynomorph assemblages does
not unequivocally show humid climatic conditions in the Transdanubian
Range (Fig. 10). The relative abundance of monosaccate, taeniate
bisaccate, and Circumpolles pollen, forming the upland SEG with
xerophytic affinity, started rising in the Pécsely Member represented by
the local densus-ignacii-Circumpolles assemblage (Figs. 8 and 10). In
other parts of the Western Tethys, in the lowermost Opponitz Formation
Aratrisporites spp. and Aulisporites astigmosus started decreasing, but a
dramatical drop in the hygrophytic groups and increase of monosaccate
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(Enzonalasporites spp., Patinasporites spp., Vallasporites ignacii), taeniate
bisaccate (Lunatisporites acutus Fig. 4F), and Circumpolles pollen was
observed only later from the lower-middle part of the Opponitz For-
mation parallel with a rise in marine palynomorphs (Roghi et al., 2010;
Mueller et al., 2016b). In the Julian Alps and in the Dolomites, a clear
increase in xerophytic pollen (mainly Circumpolles) and a drop in spore
and cycad/bennettite abundances was only observed in the younger
Tuvalian Carnitza and Travenanzes formations, suggesting aridification
at the end of the CPE (Breda and Preto, 2011). Following this analogy,
the observed palynological trend with the decrease of hygrophytic flora
could be interpreted as a return to overall drier climatic conditions in the
Transdanubian Range as early as the latest Julian 2, accompanied by the
return of carbonate-dominated deposition in the lower Sandorhegy
Formation (Nagy, 1999; Nagy and Csillag, 2002; Haas et al., 2012).
However, considering the available age constraint and the correlation of
the Sdndorhegy to the Heiligkreuz and Tor formations (e.g., Budai et al.,
1999), caution has to be taken when interpreting the Hungarian paly-
nological data as an earlier, late Julian 2 return of drier climate.
Notwithstanding, the presence and presumed episodic expansions of wet
habitats characterizing the CPE interval, were still recorded in the
Transdanubian Range but only by isolated peaks of cycad, bennettite
pollen (<5 % of the spore-pollen sum) and hygrophytic spore peaks (up
to 20 %) in the Barnag Member (upper Sandorhegy Formation, local
Aratrisporites-astigmosus-granifer assemblage, Figs. 7-8 and 10). There
were also a lot more variations detected in the relative abundance of
marine palynomorphs in the entire Sandorhegy Formation (Figs. 10 and
S3) warranting that besides climate a secondary environmental
parameter such as sea-level variations also influenced the composition
of palynofloras during the late Julian and earliest Tuvalian.

According to the sequence stratigraphical interpretation of the
Sandorhegy Formation, a large part of the formation represents an in-
dividual transgressive-regressive cycle (Budai and Haas, 1997; Haas and
Budai, 1999). The lower part of the Pécsely Member above the bitumi-
nous limestones records the onset of a new transgression (Sequence C3)
indicated by the deposition of bioclastic carbonates (Budai and Haas,
1997; Haas and Budai, 1999) that coincided with a rise in conifer pollen
and marine taxa in the palynological assemblages (local densus-ignacii-
Circumpolles assemblage, Figs. 8, 10 and S3). This new transgressive
cycle likely caused the drowning of coastal marshes, leading to the over-
representation of xerophytic upland SEG pollen (i.e., conifers) again
leading to a bias towards wind-transported palynomorphs. The
maximum flooding surface of this cycle was placed at the cherty lime-
stone horizon at the base of the Barnag Member (Budai and Haas, 1997;
Nagy and Csillag, 2002, see Fig. 2) coincident with a sudden increase in
the abundance of the foraminiferal tests in Bat-2 at 83.6-89.1 m. Sub-
sequently, the successions of both the Barnag Bat-2 and Balatonhenye
Bht-6 cores showed an upward shallowing trend in the Barnag Member
consistent with a highstand system tract deposition (HST, Budai and
Haas, 1997; Nagy, 1999; Nagy and Csillag, 2002). The marly in-
tercalations with higher relative abundance of hygrophytic paly-
nomorphs (spores) and cycad-bennettite pollen within the Barnag
Member (at 61.3-64.3 m, 57.3 m, and 40 m, Figs. 10 and S3) evidenced
the continued presence of wet habitats on land and the considerable
transport of lowland sporomorphs due to relative proximity of the
shoreline during the highstand period.

A more convincing evidence for aridification with the decrease of
hygrophytic palynomorphs and the decrease of terrestrial input, is only
found in the uppermost part of the Barnag Member represented by the
vigens-densus-Circumpolles assemblage (Figs. 10 and S3, Bht-6
28.6-34.8 m, Bat-2 20-24.5 m, and V-1141-154.5 m). Since it was
deposited during the same highstand period, similar to the underlying
Aratrisporites-astigmosus-granifer local assemblage, a climatic change is
required as for the cause of the observed changes in the palynofloras.
Similarly, the ostracod assemblages in this part of the Barnag Member
below the unconformity horizon (Toth et al., 2024), are also enriched in
thick-walled ornamented shallow water taxa that delivers additional
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evidence for the recovery or carbonate factories and decrease of clastic
influx.

In summary, our new data confirm that sea-level changes and the
variations in terrestrial influx were superimposed on global climatic
trends. The palynological data shed light on a complex interplay be-
tween regional and global processes. Humid pulses and transgressions
acted in tandem and both of them markedly influenced the quantitative
composition of the palynofloras in the Transdanubian Range during the
Carnian Pluvial Episode.

6. Conclusions

Palynological data from three Carnian borehole successions in the
Transdanubian Range (Western Hungary) revealed the vegetation pat-
terns and climate history during the Carnian Pluvial Episode.

e The Veszprém and Sandorhegy Formation span the late Julian
(Julian 2) to early Tuvalian and their palynological assemblages
correspond to the Duplicisporites continuus zone from the Julian Alps
and Dolomites representing the Julian 2 and early Tuvalian interval.
Equivalent assemblages to the Auliporites astigmosus and Lagenella
martinii assemblages from the Alpine Realm are restricted to the
Csicsé Marl in the late Julian 2 even though the marker species are
present in low numbers from the base of the Veszprém Formation.
The absence of the marker species Granuloperculatipollis rudis,
Classopollis meyerianus, and the low abundance of Riccisporites
tuberculatus in the Barnag Member indicates that the topmost part of
the Sandorhegy Formation is still early Tuvalian. The time interval
represented by the Granuloperculatipollis rudis assemblage from the
Julian Alp and Lunz area is missing in the Transdanubian Range due
to a pronounced hiatus between the Sandorhegy and Fddolomit
Formation.

Local eustatic sea level variation and the effect of the more distal
depositional setting of the Transdanubian Range were superimposed
on the global climate trends that influenced the distribution and
relative abundance of various palynomorph groups. Transgressive
episodes at the onset of the CPE and close to the Julian-Tuvalian
boundary promoted the transport of the wind-blown monosaccate,
bisaccate, and Circumpolles pollen with xerophytic affinity by
contrast to the fluvially transported spores and cycad/bennettite
pollen.

Pronounced increases in hygrophyte plants, together with peaks of
the river and lowland SEG taxa, are confined to the Csicsé Marl
Member and isolated occurrences in the upper part of the overlying
Sandorhegy Formation suggesting that the climate change is not
uniform or everywhere evenly developed. The proliferation of the
Enzonalasporites group (Vallasporites, and Patinasporites included)
might point to strongly seasonal and seasonally wet climate at the
beginning of the CPE in the Western Tethys.

The increase in xerophyte pollen indicates aridification, decrease of
clastic influx, and the waning of the pluvial phase in the uppermost
part of the Sandorhegy Formation in the early Tuvalian. The com-
plete return of arid conditions and recovery in the aftermath of CPE is
not detected due to a hiatus.
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