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ARTICLE INFO ABSTRACT

Handling Editor: Dr Mira Matthews Long-term terrestrial archives of Quaternary climate change illustrate how global changes affect regional cli-

mates, but correlation of terrestrial deposits to global records can be challenging due to a lack of material for

Keywords: radiometric dating. The Pannonian Basin (Hungary) contains large river basins, with near-continuous Quaternary
émm}‘:matllgraphy deposits ~600 m in depth. This study tested the IcPD (intra-crystalline protein degradation) approach to amino
eochronology

acid geochronology using bithyniid snail opercula to date deep-core material in geothermally warm regions.
Material from seven fully-cored boreholes was collected from four sub-regions: the Koros and Jaszsag basins,
Maké Trough and Békés Basin. IcPD increased with age until approximately 2.3 million years ago, generally
supporting stratigraphic correlations previously made between the boreholes. IcPD was consistent between
different boreholes within the same sub-region. However due to the steep geothermal gradient in this region,
IcPD was systematically different between sub-regions that had different sedimentation rates. Equivalently aged
samples buried more deeply had higher IcPD levels, indicating a greater geothermic effect. This provides an
insight into how variations in burial temperature can affect protein decomposition within a deeply-buried (>80
m) fossil over geological time, and demonstrates the importance of understanding the geothermal setting for
amino acid geochronology. This study shows the utility of IcPD to correlate terrestrial deep-core sediments over
the Pleistocene.
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1. Introduction deposits of the Pannonian Basin, Hungary. The Pannonian Basin (Fig. 1)

is a large sedimentary basin enclosed by the Carpathian mountain range,

Terrestrial deposits of Quaternary climate change are critical to show
how global changes influence regional climates. However, most terres-
trial deposits are sporadic and lack continuity (reviewed in Gibbard and
Hughes, 2021) and can therefore be challenging to date. Within the
European Quaternary record, longer-term archives that represent mul-
tiple glacial cycles do occur (e.g. Follieri et al., 1989; Beaulieu and
Reille, 1992; Tzedakis et al., 1994, 1999; 2002; Reille et al., 2000; Ortiz
et al., 2004a, 2006). Quasi-continuous deposits that cover glacial cycles
from the entire Quaternary can be found in tectonically subsiding basins
(e.g. Horvath and Cloetingh, 1996; Horvath et al., 2015; Wenau and
Alves, 2020). An example of such a record are the Pleistocene fluvial
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currently encompassing all of Hungary, and parts of Slovakia, Ukraine,
Romania, Austria, Slovenia and Croatia. Quaternary sediments from the
Hungarian part of the Pannonian Basin can be up to ~600 m in depth in
the deepest part of the basin (Ronai, 1985; Piispoki et al., 2016). The
fluvial deposits lie within an alluvial plain, and contain multiple glacial
and interglacial cycles exposed by a set of continuously cored boreholes
(Ronai, 1985). The deposition of these archives is controlled by changes
in climate: in the Pannonian Basin, glacial conditions are characterised
by the deposition of fine-grained sediments due to low transport ca-
pacity of the rivers that flowed into it, which are preserved within the
subsiding basin. Conversely, interglacials are characterised by coarser
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Fig. 1. a) Geography of the Pannonian Basin and location of the cores used in this study (colour coding signifies relief of the European topography by Kenneth
Townsend); b) Pre-Cenozoic Basement of the Pannonian Basin (Haas et al., 2014) with position of river basins and boreholes analysed (colour coding represents
pretercier basement depth/m.a.s.l.).
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sediments, as conditions became warmer and wetter (Nador et al.,
2003). Therefore, this area provides an excellent long-term archive to
investigate regional changes in climate. However, to do this a robust
chronology of these sequences needs to be achieved.

Previous work has attempted to temporally constrain similar cycles,
initially by correlating patterns of sedimentation with the classical six
Alpine glacial and interglacial stages (Penck and Briickner, 1909;
Schaefer, 1953; Hauselmann et al.,, 2007). Palaeomagnetic in-
vestigations (Cooke et al., 1979) confirmed that the Quaternary fluvial
deposits of the Koros Basin represent an almost continuous record
throughout the Quaternary, with all the relevant palaeomagnetic epochs
of the Quaternary determined (e.g. Brunhes, Matayuma with the Jar-
amillo, Olduvai and Reunion). This was later supported by the obser-
vations of sedimentary and magnetic susceptibility investigations which
revealed Milankovitch-scale cycles in the fluvial succession (Nador
et al., 2003). In addition, a large set of short lived palaeomagnetic re-
versals were also identified and confirmed with the Geomagnetic
Instability Time Scale (Singer, 2014), corroborating that the Quaternary
section of the Koros Basin is complete for all identifiable palaeomagnetic
reversals (Piispoki et al., 2021b; Fig. 6). A subsequent re-interpretation
of the fluvial magnetic susceptibility as a proxy for early postglacial
collapse of mountainous permafrost in the catchment region has enabled
correlation of the fluvial cycles in the Koros Basin to the long-term loess
sequences of the Chinese Loess Plateau (Ding et al., 2005; Piispoki et al.,
2016) and to the MIS record (Lisiecki and Raymo, 2005; Piispoki et al.,
2021a). This revised interpretation of the fluvial magnetic susceptibility
has also enabled regional-scale correlations of the Quaternary fluvial
succession between different sub-basins of the Pannonian Basin,
including the Jdszsag Basin (Piispoki et al., 2020), Maké Trough
(Piispoki et al., 2021b), and Békés Basin (Piispoki et al., 2023). The
correlation between the Koros Basin and the other sub-basins was sup-
ported by accessory biostratigraphic data and verified by multi-proxy
spectral investigations.

To ensure a robust chronology is established, independent dating
methods are needed to cross-check correlations between the cores and to
other long-term climate archives. Aminostratigraphy has been used as a
tool to constrain and validate a variety of stratigraphic models using a
variety of different biominerals (e.g. Miller and Mangerud, 1985; Hearty
and Aharon, 1988; Knudsen and Sejrup, 1988; Goodfriend, 1989; Ortiz
et al., 2004b; Wehmiller et al., 2010; West et al., 2019; Preece et al.,
2020; Tesakov et al., 2020; Chauhan et al., 2022). Aminostratigraphic
dating frameworks are valid within a region that has experienced an
equivalent integrated temperature history (Wehmiller and Miller,
2000). Regional aminostratigraphies using the calcitic opercula of
bithyniid snails and the intra-crystalline protein decomposition (IcPD)
method of amino acid dating (Penkman et al., 2008) have been devel-
oped for the British Isles & the Netherlands (Penkman et al., 2013;
Preece et al., 2020), the East European Plain (Tesakov et al., 2020), and
the Swiss Plateau (Penkman et al., 2024). The intra-crystalline fraction
of Bithynia (Penkman et al., 2008) and Parafossarulus (Tesakov et al.,
2020) opercula have been shown to exhibit closed system behaviour for
the degradation of the endogenous protein. As such, the IcPD should be
solely dependent on time and temperature (Brooks et al., 1990; Penk-
man et al., 2011, 2013). Bithyniid snail opercula are present within
multiple horizons across seven fully cored boreholes from the Pannonian
Basin (Krolopp, 1995, 2014), so they provide an opportunity to examine
the chronology developed by Piispoki et al. (2013, 2016, 2020, 2021a,
2021b, 2023) by aminostratigraphy.

As the rate of IcPD is dependent on temperature, the depth beneath
the surface of the material may affect the temperature it has been
exposed to over time. The integrated temperature experienced by ma-
terial buried close to the surface is influenced significantly by the
climate (e.g. Wehmiller, 1982; Wehmiller and Stecher, 2000; Penkman
et al., 2011); the rate of protein decomposition increases exponentially
with rises in temperature, and therefore will be significantly faster in
warm climate episodes, and will slow (or pause completely) in cold
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stages (e.g. Bates, 1993; Miller et al., 1999; Penkman et al., 2013). As
material is buried deeper beneath the ground, the climate influence
weakens and the integrated temperature will be dominated by subsur-
face factors, such as the geothermal gradient (Fig. 2); the depth of this
transition varies across Europe (Pouloupatis et al., 2011; Tinti et al.,
2018). These factors will affect how temperature varies with depth,
meaning that for some regions, subsurface ground temperatures will
remain near constant for 100s of metres below the surface, whereas in
other regions temperatures will increase much more steeply with depth.

Previous authors have recognised the potential influence of
geothermal heating on protein decomposition in fossilised biominerals
located 200-500 m.b.s.l. in deep sea cores (e.g. Bada and Luyendyk,
1971; Bada et al., 1974; Bada and Man, 1977; Blunt et al., 1981; Katz
etal., 1983). In these studies, it was noted that samples that were subject
to a higher heat flow (geothermal gradient) and sedimentation rate, a
greater extent of racemisation/epimerisation was observed (Man et al.,
1975; Katz et al., 1983). However, this has not yet been discussed in
material gathered for amino acid dating from terrestrial deep cores (e.g.
Ortiz et al., 2004b). As the Pannonian Basin is a geothermally hot region
(Bodri, 1981; Horvath et al.,, 2015), the potential influence of
geothermal heating on the samples used in this study needs to be
considered.

Therefore, this paper presents the first test of the IcPD approach to
build an aminostratigraphy from material deeper than 63 m below the
surface (Preece et al., 2020). This was achieved by using the p/L values
of multiple amino acids to correlate stratigraphic levels between each
borehole. First, it was determined whether a closed system has been
retained within opercula collected from the Pannonian Basin deep-core
sediments recovered from 5 to 463 m below the surface. Next, the
viability of this IcPD approach to produce a time signal from deep sed-
iments in each core was examined. Once established, the relationship
between the extent of IcPD and the temperature experienced in each
core by the opercula samples was assessed. Finally, the amino-
stratigraphy developed for these cores was compared to other parts of
Europe to evaluate the differences between IcPD in deep-core and
shallow material.

2. Materials and method
2.1. Geographical and geological setting of the sites

The Great Hungarian Plain is the westernmost unit of the Eurasian
Steppe enclosed in the Carpathian Basin, the largest terrestrial basin in
Europe. Its annual temperature is 10.5-11.5 °C, with low annual pre-
cipitation (500-600 mm per year; 1991-2020; Hungarian Meteorolog-
ical Service, 2024), meaning the basin possesses a continental climate
that is amplified by the orographic effects of the surrounding mountains.

Its recent physical geography is dominated by rivers, their flood-
plains and by interfluves with windblown sand and loess surfaces; thus
its surface is a plain, ranging from 75 to 183 m above sea level. Although
the entire Quaternary palaeogeography is considered to be similar
(Gabris and Nador, 2007), the considerable isopach data ranges from
150 to 700 m (Franyo, 1992), indicating that the different parts of the
area subsided at different rates during the last 2.5 Ma. The four most
important sub-basins are the Koros Basin, Jaszsag Basin, Békés Basin and
Mako Trough (Fig. 1).

The Koros Basin was predominantly filled up by the Palaeo-Tisza and
tributaries from the north and north-east, together with the Koros and
Sebes-Koros from the east. Occasional and small inputs (around Szarvas)
came from the Palaeo-Danube from the north-west and the Palaeo-
Maros from the south (Thamo-Bozso et al., 2002; Thamo-Bozso and
Kovacs, 2007). The 450-500 m thick fluvial succession at the
Dévavanya, Veszt6 and Szarvas sites represent distal sources of contin-
uous fluvial conditions manifested in 5-10 m thick sand bodies repre-
senting channel complexes, associated with thick series of sandy silt, silt
and clayey silt materials settled on extended floodplains.
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Fig. 2. Schematic demonstrating the influences on temperature experienced by a fossil operculum during burial. a) The temperature experienced by opercula buried
close to the surface is more strongly influenced by mean annual temperature, and will experience a cooling or warming effect depending on conditions above. b)
Relationship between b/L and time, demonstrating the changing influences on integrated temperature as the opercula moves through sediment column. As the sample
is buried deeper underground, the surface temperatures are buffered. With increasing depth, the temperature experienced will be more strongly influenced by sub-
surface factors such as geothermal gradient. The extent of IcPD experienced by a sample will therefore be due to the combined effects, from its initial shallow

deposition to continued burial further below the surface until excavation.

The central part of the Jaszsdg Basin at Jaszladany was not reached
by the Tisza or Danube but by small watercourses draining the North
Hungarian Mountain Range and NW Carpathians. Thus, the 370 m thick
Quaternary fluvial succession is characterized here by 2-5 m thick sand
bodies representing channel sand complexes of the small rivers,
embedded into thick series of sandy and clayey silt successions of
overbank settings (Ronai, 1985; Piispoki et al., 2020).

The Békés Basin is at the south-east part of the Great Hungarian Plain
and was filled during the Quaternary by the Maros fluvial fan. It is the
best-preserved fluvial fan succession of the Pannonian Basin (Piispoki
et al., 2023 Fig. 1). In the Kevermes and Pusztaottlaka boreholes it is
represented by a 430-500 m thick upward coarsening succession of
channel sands and overbank fines, with upwards increasing number and
thickness of sand bodies.
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Fig. 3. Interpolated age for each MP vs. depth (described in Piispoki et al.
(2021b, 2023)). This demonstrates how the rate of sedimentation varies be-
tween the cores. Dotted lines represent cores from the Koros Basin (KB), the
continuous line represents the core from the Maké Trough (MT), dash/dotted
line represents the core from the Jaszsag Basin (JB), and dashed lines represent
the cores from the Békés Basin (BB).

The Maké Trough is the main centre of the Pleistocene drainage
network of the Pannonian Basin reached by the Palaeo-Danube, Palaeo-
Tisza and their tributaries. Although the margins to the north and west
of the Maké Trough were affected by Quaternary structural events, its
central part at Mindszent seems to be a complete sequence (Piispoki
et al., 2021b). Due to the frequent occurrence of different but large
rivers, the 630 m thick Quaternary fluvial succession is mostly charac-
terised by 10 m thick sand bodies embedded into successions of over-
bank fines.

The Quaternary succession of the cores studied (Fig. 1) had previ-
ously been divided into magnetically identified sedimentary cycles (MS
cycles; Table 1; Piispoki et al., 2013, 2016, 2020, 2021a, 2021b, 2023).
These cycles are capped by their most significant diagnostic magnetic
susceptibility peak (MP; Table 1), and sometimes contain characteristic
secondary peaks. The tops of MPs are termed ‘susceptibility termination
surfaces’ (STS); these regional decreases in MS values are interpreted as
periods of increased weathering due to warming during interglacials,
resulting in a reduction of magnetic minerals from the sedimentary load
(Piispoki et al., 2016).

MPs identified in the Koros Basin (Dévavanya, Vészt6) have been
correlated with the cold stages of the MIS records (Lisiecki and Raymo,
2005). MS cycles VI-X are correlated with the significant Early Pleisto-
cene glaciations, and MS cycles I-V with the substantial Middle and Late
Pleistocene European glaciation events (Table 1, data derived from
Piispoki et al., 2021b Fig. 6).

Palaeomagnetic boundaries have not been established across the sub-
basins of the Maké Trough and Jészsag Basin, so biostratigraphy pro-
vided an independent tool to support cross-correlation. The molluscan
fauna of the Pannonian Early and Middle Pleistocene is characterised by
extinct or emigrant forms (Krolopp, 1995, 2014). The last appearance
datum of Viviparus boeckhi (LAD Vb, ~550 ka) occurs within the MS
cycle III, while the first appearance datum (FAD Vb, ~1.75 Ma) co-
incides with the magnetic susceptibility cycle VIII (Piispoki et al., 2016).
The cross-basin correlations based on the MS cycles were tested by a
time series analysis of additional re-scaled variables (e.g. log-derived
grain size proxies and computer aided colour measurements). Since
these proxies were not used to determine the age-depth relationship, the
Multi-Taper method spectra of these variables are significant, as they
enable the detection of Milankovitch frequencies in these records, sug-
gesting that the age model of the section is accurate (Piispoki et al.,
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Table 1

Description of the magnetic susceptibility (MS) cycles and magnetic suscepti-
bility peaks (MP) found across the three sub-basins (Koros, Jaszsag, Mako
Trough and Békés Basin) defined by Piispoki et al. (2016, 2020, 2021a; 2021b).
MS cycles are capped by ‘susceptibility termination surfaces’ followed by the
most significant MS peak within the cycle (MP). MS cycles are denoted by
Roman numerals and MPs by the corresponding Arabic number. Significant
secondary peaks within a MS cycle are indicated by Arabic numbers and a letter.
MPs have been correlated with MIS cold stages, with age assignment made on
the basis of the stacked 880 chronology (Lisiecki and Raymo, 2005). The first
(FAD) and last (LAD) appearance of the freshwater gastropod Viviparus boeckhi
has been used to constrain the age correlations of MS III and VIII (Krolopp,
1970). Depths of the master peak for each core can be found in the supple-
mentary information.

Magnetic Susceptibility Master Correlated Age assignment/
Cycle Peak MIS ka
0 0 2 20
I 1 6 140
il 2 8 252
2a 10 343
1II (LAD: 550 ka) 3 12 436
3a 16 632
v 4 20 802
4a 22 880
\ 5 26 964
\ 6 34-36 1200
6a 40 1290
6d 48 1456
viI 7 52 1535
VIII (FAD: 1.8 Ma) 8 60 1707
8a 68 1865
X 9 82 2155
9a 86 2240
X 10 98 2488
10a 104 2600

2020, 2021a).

The age of each horizon containing opercula that was sampled for
this study was estimated via linear interpolation (Piispoki et al.,
2021a&b). In the present study, the uncertainty in those ages was esti-
mated using a Monte Carlo approach (Kalos and Whitlock, 2009), car-
ried out using the following steps. Firstly, a nominal uncertainty of 5%
(chosen as a rough estimation of the error) was assumed for the assigned
ages outlined in Table 1, with a minimum uncertainty of 1 ka. For each
assigned age, a normally distributed synthetic dataset of age values was
generated (n = 10,000; normal distribution has been assumed but may
not be an accurate representation of the error) with the standard devi-
ation equal to the assumed uncertainty. The synthetic dataset was then
used to derive a distribution of interpolated ages for the mid-point of the
depth range for each of the sample horizons. The standard deviation of
the interpolation was then used to estimate the respective uncertainty
for the age of each horizon. The Monte Carlo method was performed
using the “numpy” package from Google Colab with Python (3.10).

2.2. Materials

Three species of bithyniid snails were identified throughout the
seven cores, but were not present in all MS cycles in each core. The
opercula of bithyniid snails are mineralised in the form of calcite, the
most stable pseudomorph of calcium carbonate (de Leeuw and Parker,
1998), and shown to provide a closed system for intra-crystalline amino
acids as old as the Eocene (Penkman et al., 2013). The species analysed
here were Bithynia leachii and Bithynia tentaculata (Table 2). Samples
were selected in order to encompass the largest temporal range across
the Quaternary; this included, where possible, from the top and bottom
of each magnetic susceptibility cycle. B. leachii opercula were initially
selected for this analysis, as they were more consistently present in the
upper parts of each core. B. tentaculata opercula were selected where
additional material was required to improve understanding of trends



Table 2

Bithyniid snail opercula analysed in this study together with the depth below the surface that the samples were recovered from, the lithology, texture, and palaeomagnetic orientation of the surrounding sediments, and age

interpretation defined by Piispoki et al. (2013, 2016, 2020, 2021a, 2021b, 2023). The ‘NEaar no.’ is the identification number for each fossil sample analysed in the laboratory.

Site/Core Depth below Palaeomagnetic Magnetic Susceptibility Master peak directly Interpolated Ages in Number of Species Lithology = Texture NEaar No.
surface Orientation (Cooke Cycle (Piispoki et al., 2016, above sample depth ( ka (Piispoki et al., opercula
et al., 1979) 2020, 2021a, 2021b) Piispoki et al., 2021b) 2021b) analysed
Dévavanya 5.38-5.54 m Normal Before I Above 1 49 3 B. leachii clayey massive 14329-14331
(Koros Basin) silt
29.41-30.37 m Normal I (near I/1I boundary) 1 229 3 B. leachii sandy silt  laminated 14332-14334
36.66-37.13 m Normal I 2 278 2 B. leachii sandy silt  laminated 14335-14336
75.23-75.37 m Normal 111 2a 436 3 B. leachii silty sand ~ massive 14337-14339
129.60-131.05 Reversed A% 4a 914 2 B. leachii clayey massive 14340-14341
m silt
194.90-195.28 Reversed VI 6a 1358 2 B. leachii clayey massive 14342-14343
m silt
Vészto (Koros 25.20-25.89 m Normal I 1 155 3 B. leachii sandy silt massive 14344-14346
Basin) 81.26-81.68 m Normal III (near II/III boundary) 2 404 3 B tentaculata  clayey massive 15871-15873
silt
82.00-83.16 m Normal I 2 411 3 B tentaculata  sandy silt  massive 15874-15876
94.25-97.00 m Normal il 3a 633 5  B. leachii sand laminated 14347-14349,
15006-15007
98.10-98.85 m Normal I 3a 644 3  B.tentaculata  silty sand  non 15877-15879
documented
137.43-138.00 Normal I\ 4 802 3 B. leachii silty sand  laminated 14350-14352
m
159.98-160.48 Reversed A% 4 856 5  B. leachii sandy silt  laminated 14353-14355,
m 15004-15005
231.03-231.78 Reversed VI 6 1289 4 B. leachii sandy silt ~ laminated 14655-14658
m
431.16-432.00 Reversed X 9 2294 2 B. leachii clayey laminated 14356-14357
m silt
Szarvas (Koros 10.65-11.00 m N/A 1 0 92 3 B. leachii silty sand non- 15122-15124
Basin) documented
19.46-19.68 m N/A I 1 168 3 B. leachii sandy silt  massive 15125-15127
52.62-54.00 m N/A I 2a 378 2 B. leachii clayey massive 15128-15130
silt
84.40-84.82 m N/A 11 3 629 2 B. leachii sandy silt  laminated 15131-15132
97.39-97.56 m N/A 111 3a 691 3 B. leachii silty sand  non- 15133-15134
documented
117.90-118.69 N/A 1II 3a 789 3 B. leachii clayey massive 15135-15137
m silt
125.13-126.06 N/A v 4 824 3 B. leachii clayey massive 15138-15140
m silt
140.10-140.61 N/A I\ 4a 910 3 B. leachii clayey massive 15141-15143
m silt
270.85-271.51 N/A VII 7 1696 2 B. leachii sandy silt  massive 15144-15145
m
319.84-320.62 N/A VIII 8 1966 3 B. leachii clayey laminated 15146-15148
m silt
393.75-393.88 N/A X 9a 2366 2 B. leachii silty sand  ripple 15149-15150
m laminated
442.34-442.49 N/A X 10 2600 2 B. leachii silty sand massive 15151-15152
m
Mindszent (Mak6  17.56-18.64 m N/A I 1 159 3 B. leachii silty clay massive 15603-15605

Trough)

(continued on next page)
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Table 2 (continued)

Site/Core Depth below Palaeomagnetic Magnetic Susceptibility Master peak directly Interpolated Ages in Number of Species Lithology = Texture NEaar No.
surface Orientation (Cooke Cycle (Piispoki et al., 2016, above sample depth ( ka (Piispoki et al., opercula
et al., 1979) 2020, 2021a, 2021b) Piispoki et al., 2021b) 2021b) analysed
109.63-109.68 N/A I 1 369 B. leachii sandy silt  massive 15606-15608
m
136.22-136.55 N/A 11 1 431 B. leachii sandy silt massive 15609-15611
m
177.60-180.00 N/A 111 3 700 B. leachii silty sand  non- 15612-15614
m documented
206.53-206.61 N/A I\ 4 832 B. leachii silty sand  ripple 15615-15617
m laminated
275.35-276.10 N/A A 5 1102 B. leachii silty clay massive 15618-15620
m
287.69-288.26 N/A A 5 1204 B. leachii sandy silt  laminated 15621-15623
m
329.80-330.28 N/A VI 6d 1459 B. leachii silty clay massive 15624-15626
m
422.61-422.99 N/A viI 7 1616 B. leachii silt massive 15627
m
431.26-431.54 N/A VII 7 1641 B. leachii clayey massive 15628-15629
m silt
468.14-469.39 N/A VI 8 1769 B. leachii silt massive 15630-15632
m
Jaszladany 43.47-44.00 m N/A I 0 212 B. leachii silty clay massive 15771-15773
(Jaszsag Basin)  55.90-56.64 m N/A I 2 273 B. leachii silty clay massive 15774-15776
102.55-102.80 N/A I 2a 401 B. leachii silty clay massive 16511-16514
m
114.53-114.71 N/A I 2a 424 B. leachii silty clay massive 15777-15779
m
118.70-118.86 N/A I 2 432 B. leachii silty clay massive 15780-15782
m
125.52-125.77 N/A 111 3 523 B. leachii sandy silt  massive 16515-16517
m
149.15-149.19 N/A I 3a 676 B. leachii sandy silt  massive 15783-15785
m
149.15-149.19 N/A 111 3a 713 B. tentaculata  sandy silt ~ massive 16521-16524
m
165.66-165.87 N/A 1\ 4 791 B. tentaculata  sandy silt  massive 16525-16526
m
208.85-209.03 N/A \ 5 1121 B. tentaculata  silty clay massive 16529-16532
m
Kevermes (Békés ~ 74.50-75.00 m N/A I 2 297 B. leachii silty sand  laminated 16931-16934
Basin) 116.00-116.20 N/A I 2 417 B. leachii silty sand  massive 16929-16930,
m 16935
133.00-133.50 N/A 1II 2a 570 B. leachii silty clay massive 16927-16928
m
174.00-174.50 N/A III 3 746 B. leachii sand non- 16923-16926
m documented
310.00-311.50 N/A VII 3a 1576 B. leachii silty sand ~ massive 16922-16923
m
Pusztaottlaka ~ 61.50-62.50 m N/A I 2 256 B. leachii silty clay massive 16919-16921
(Békés Basin)  79.00-79.50 m N/A I 3 536 B. leachii sand non- 16916-16918
documented
114.50-115.00 N/A I 3a 723 B. leachii silty clay massive 16911-16915

m

(continued on next page)
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Table 2 (continued)

NEaar No.

Texture

Lithology

Species

Number of
opercula

Interpolated Ages in
ka (Piispoki et al.,

2021b)

Magnetic Susceptibility Master peak directly

Depth below Palaeomagnetic

surface

Site/Core

above sample depth (

Piispoki et al., 2021b)

Cycle (Piispoki et al., 2016,
2020, 2021a, 2021b)

Orientation (Cooke

etal.,

analysed

1979)

16907-16910

laminated

silty sand

B. leachii

4

2023

8a

VIII

N/A

338.00-338.30

m

16903-16906

ripple

silty sand

sp.

>2600"

Pliocene 10a

N/A

432.80-438.20

laminated

@ An age of 2600 ka is used for this horizon/sample, but this is a minimum age as samples have been attributed to the Pliocene and are beyond the scope of the age model.
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observed in the data. The extent of protein decomposition varies be-
tween different taxa of biominerals, but the difference in overall IcPD
between the different species used here has so far been found to be
minimal (Penkman et al., 2007, 2013; Tesakov et al., 2020), so conge-
neric species will be compared directly in this study.

2.3. Analysis

All samples were prepared using the procedures outlined in Penkman
et al. (2008), a method that isolates the intra-crystalline protein fraction
by oxidation. Between one to five individual opercula were analysed
from each horizon (see Table 2). In brief, following oxidation by sodium
hypochlorite for 48 h (NaOCl) of the powdered samples (crushed to
<0.425 mm; Penkman et al., 2008), two fractions were taken from each
operculum. The first fraction was demineralised using 2 M hydrochloric
acid (HCl) in order to analyse the naturally occurring free amino acids
(FAA) within the sample. The second fraction was used to analyse the
total hydrolysable amino acid content (THAA), by hydrolysing the
peptide bonds at 110 °C for 24 h using 7 M HCI. This step also induced
demineralisation of the biomineral. Analytical duplicates were per-
formed for both the FAA and THAA fractions from each individual
operculum (unless specified otherwise in Appendix B) alongside stan-
dards and blanks using a modified version of the reverse-phase high--
performance liquid chromatography (RP-HPLC) method described by
Kaufman and Manley (1998). Unless specified otherwise the mean b/L
value of all opercula samples from the same horizon are presented +1 o.
This method separates the L- and p-isomers of 12 commonly occurring
amino acids: aspartic acid/asparagine (Asx), glutamic acid/glutamine
(GIx), serine (Ser), arginine (Arg), alanine (Ala), tyrosine (Tyr), valine
(Val), phenylalanine (Phe), isoleucine (Ile) and leucine (Leu). The extent
of racemisation is quantified by calculating the ratio of b to L, which is
described by the p/L value. Asparagine and glutamine irreversibly
degrade to aspartic acid and glutamic acid, respectively, due to deami-
nation during the hydrolysis step (Hill, 1965) and are therefore reported
as Asx and Glx.

In a closed system, the FAA and THAA b/L values should be highly
correlated for each amino acid, and lack of correlation helps to identify
compromised samples (Preece and Penkman, 2005). The b/t value will
increase over time, at different rates for each amino acid, which allows
for better temporal resolution over different time scales (Goodfriend,
1991). The best chromatographically resolved enantiomeric pairs for
bithyniid opercula are Asx, Glx, Ser, Ala and Val (Penkman et al., 2013;
Powell et al., 2013). Ser is geochemically unstable compared to other
amino acids, decomposing to alanine in addition to other organic mol-
ecules (Bada et al., 1978). As such, it is not a useful geochronometer for
the Pleistocene, but is useful as a marker for contamination (e.g. Kosnik
and Kaufman, 2008). Asx, Glx, Ala and Val cover a wide temporal range
(Penkman et al., 2011, 2013) so were therefore used to provide an es-
timate of the overall IcPD in this study.

Data analysis was performed using Google Colab with Python (3.10).
The p/L values for both FAA and THAA samples are reported as the mean
p/L value for a given horizon, and incorporates all the specimens ana-
lysed for that horizon. The uncertainty was presented as 1 ¢ for each
horizon. For clarity, the samples from each of the seven boreholes have
been colour coded as follows throughout the paper: Vészté = maroon,
Dévavéanya: red, Szarvas = orange, Mindszent = green, Jaszladany =
blue, Pusztaottlaka = pale purple and Kevermes = pink.

3. Results & discussion
3.1. Testing for closed system behaviour

Following cessation of tissue turnover within an organism, proteins
degrade via three key pathways, which co-occur. The first is the hy-

drolysis of peptide bonds to yield short peptide chains and ultimately
free amino acids, increasing %FAA. Secondly, amino acids decompose to
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Fig. 4. Mean intra-crystalline amino acid compositions for opercula from all seven cores of each MS cycle THAA fractions. Younger samples possess higher pro-
portions of the polar amino acids (red, orange and blue); samples of greater antiquity possess higher proportions of non-polar amino acids (green and grey).

other more stable amino acids (e.g. the proportion of alanine and glycine
in older material is contributed to by the decomposition of other amino
acids; Bada et al., 1978; Kossiakoff, 1988; Sato et al., 2004; Penkman
et al., 2008), and ultimately smaller organic molecules such as ammonia
and carbon dioxide (Boyer et al., 1959; Bada et al., 1978). Therefore, the
composition of amino acids within a sample provides an indication of
age. Thirdly, amino acids spontaneously racemise between the L and b
forms. During biomineralisation only the L amino acid is incorporated
into the protein structure, but when tissue turnover ceases, the pro-
portion of p-amino acids will increase due to racemisation, eventually
resulting in a racemic equilibrium. The p/L values provide the most
reliable measure of decomposition, but others can provide corroborative
evidence (Miller and Hare, 1975).

%FAA is more variable than other parameters (Penkman et al., 2013;
due to the inherent errors in mass and volume (Powell et al., 2013) as
well as the decomposition of FAA during the hydrolysis procedure to
isolate the THAA), but in general %FAA increased with age. For
example, the %FAA of the youngest samples (Dévavanya 5.38-5.54 m,
~50 ka; Piispoki et al., 2021a) was ~42%, compared to ~ 95% in the
oldest samples (432.8-438.2 m, Pliocene; Piispoki et al., 2023 indicating
greater protein decomposition within these samples).

In this dataset, as expected the shallower/younger samples have
greater proportions of Asx and Ser, whereas in deeper/older samples
these contribute less to the overall amino acid composition (Fig. 4).
Conversely, the proportion of more stable amino acids such as Ala and
Val increase over time (Fig. 4). The change in amino acid composition
supports the conclusion that the proteins in the opercula tested here
become more degraded with age and depth.

If a closed system has been retained within the samples analysed, the
p/L value of both the THAA and FAA fractions should be highly corre-
lated in all amino acids. For the vast majority of samples, all their amino
acids analysed show good correlation between the THAA and FAA
fractions (Fig. 5; 96% of samples, Fig. 5), with a few interesting

exceptions. These were extreme visual outliers from the expected trend,
highlighted in Fig. 5. A number of samples did not yield results for one of
the two fractions (2% of FAA and 3% of THAA) due to small sample size,
resulting in the amino acids extracted being below the method’s
detection limits. All outliers where the closed system within the sample
has been lost, or the composition or relative rate of racemisation does
not conform to that expected (e.g. Preece and Penkman, 2005) are re-
ported in the SI. These have been excluded from the calculation of the
means of the data from each horizon in the following sections of this
study. Where samples have provided data for only one of the two frac-
tions, this has been included in the mean calculation for that fraction.

3.2. Extent of IcPD with depth

The p/L values for all amino acids rise with increasing depth; Ala
reaches equilibrium for the deepest samples (Fig. 6b), while Glx & Val
approach equilibrium (Fig. 6¢ and d). Asx racemises rapidly but also
starts to degrade in the oldest samples (Fig. 4), resulting in an apparent
decrease in Asx b/L (Fig. 6a) in the deepest horizons of the Putztaottlaka,
Mindszent & Vésztd cores (also observed in Penkman et al., 2013). All
samples with lower than expected Asx p/L values came from opercula
located greater than 330 m in depth and were attributed to MS cycles 7
to 10 for Vészt6 and Mindszent. The Pusztaottlaka operculum came from
Pliocene age sediments with a minimum age of 2.6 Ma. As shown in
Fig. 4, the % concentration and quantity of Asx significantly reduces in
the oldest material. This is likely due to the relative instability of this
amino acid compared to the other amino acids presented (e.g. Brooks
et al., 1990; Bada et al., 1999). Penkman et al. (2013) observed a similar
decrease in Asx D/L values in Eocene aged opercula from the Isle of
Wight. Loss of both L- and p-isomers of Asx due to chemical breakdown
means that the Asx p/L values within the oldest samples are no longer
directly indicative of the age of the sample, but this can be recognised by
the low concentrations and % composition.
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Fig. 5. Bithynia opercula IcPD from horizons analysed throughout the seven cores. The FAA and THAA p/L values are plotted against one another; if a closed system
has been retained these two fractions should be strongly correlated. The p/L value increases with the age of the sample. Therefore, younger samples plot to the bottom
left and older samples to the top right. Outliers that have been removed from the rest of the data analysis are represented by semi-transparent markers.

The relationship between the p/L values and depth between the cores
is consistent with their differing sedimentation rates (Fig. 3); for
example, the samples from the Mako Trough show lower b/L values than
samples with similar depths from the Koros Basin.

3.3. Extent of IcPD with age

To determine how IcPD increases with age, the magnetic suscepti-
bility stratigraphy correlated with the MIS record developed by Piispoki
et al. (2021a) was used to define age boundaries throughout each core.
The extent of racemisation in both the FAA and THAA fractions in-
creases with the age of the sample (Figs. 7 and 8).

Different amino acids degrade at different rates, so the multiple pa-
rameters measured through the IcPD approach provide independent
isochronic information. Asx racemises fastest out of the four amino acids
discussed here; not only does it racemise rapidly as a free amino acid,
but unlike most other amino acids, aspartic acid can racemise whilst still
peptide bound (Brennan and Clarke, 1993). As such, it provides good

10

levels of temporal resolution for the youngest material (Fig. 6; MS O to
MS 3; ~40-430 ka). In subsequent MS cycles, the extent of racemisation
reaches equilibrium and discrimination between older horizons is no
longer possible (Figs. 8, A.1 & A.5).

Ala racemises at an intermediate rate, enabling temporal resolution
at a range of time scales, and is particularly useful for resolving samples
attributed to the Middle Pleistocene (Penkman et al., 2013; Tesakov
etal., 2020). In this dataset Ala provides the best resolution from MS 0-4
(~40-950 ka), where the amino acid nears racemic equilibrium
(Fig. A.2 & A.6).

Glx and Val are both slow racemising amino acids, extending the
resolution in older age material and therefore improving age discrimi-
nation within the Early Pleistocene. In this dataset, both amino acids are
able to provide age discrimination up to MS 10 (~40 ka — 2.5 Ma).
However, due to the slow rates of racemisation, discrimination between
samples from horizons correlated to MS 0-2 is poorer compared to the
faster racemising amino acids (Val: Fig A.3, A.4, 7 & 8; Glx: A.7 & 8).

Valine is particularly informative for this sample set because the
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majority of samples analysed have been attributed to the Middle Pleis-
tocene or Early Pleistocene; therefore, this slower racemising amino acid
provides the best temporal resolution for the majority of samples (Figs. 7
and 8).

In the Koros Basin, the most complete record of the Quaternary
comes from the Szarvas core. THAA Val reaches racemic equilibrium in
Szarvas at 393.75 m (~2366 ka). As there are a greater number of ho-
rizons containing opercula in the oldest (MS VII to MS X) section of this
core compared to the other cores analysed, the point at which valine
racemisation begins to plateau is observable, and occurs in samples
deeper than 270 m. This suggests that Val becomes fully racemised in
opercula in these deposits by ~2.3 Ma. In Vésztd, the oldest samples
from 431.16 m (interpolated age ~2294 ka) have also reached racemic
equilibrium. However, there is nearly 1 million years age difference
between the oldest sample and the next youngest (231.03 m), so the
point at which equilibrium has been reached in this core is unclear. The
oldest material recovered from the Dévavanya core comes from MS VI,
just below MP 6a (~1358 ka; 194.90-195.28 m), with a mean THAA
valine b/t of 0.87 + 0.01 (n = 4). The pb/L value for the same MS cycle
from Vészt6 (~1289 ka, 231.3-231.78 m) is 0.84 4+ 0.03 (n = 4); this
suggests that a similar extent of valine racemisation occurs for material
of similar age in the Koros Basin cores. In general, THAA Val provides
age discrimination for most of the Quaternary in the Koros Basin. Due to
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the sparsity of samples greater than 1.2 Ma from Vészt6 and Dévavénya,
we cannot tell at present if equilibrium is reached at exactly the same
time throughout this sub-basin.

However, outside of the Koros Basin, the extent of Val racemisation
observed within cores taken from other parts of the Pannonian sub-
basins are systematically different. The Mindszent borehole is the sole
core analysed from the Maké Trough, where Quaternary sediments
reach their deepest extent. In this borehole the extent of Val race-
misation is greater than in the Koros Basin cores for sample of apparently
the same age. There is a good distribution of opercula samples
throughout this borehole, enabling the plateauing of Val racemisation
with age to be observed. Val racemisation approaches the plateau by
~1290 ka; at this point temporal resolution between samples begins to
decrease. The deepest material is from 468.14 to 469.39 m (interpolated
age: ~1769 ka), where valine has become completely racemised in the
FAA fraction (1.03 + 0.01; SI Fig. 3) and is close to racemic equilibrium
in the THAA fraction (0.94 + 0.03). Samples from MS VI in this core
(287.69 m, ~1204 ka) have an average p/L value of 0.91 + 0.01 (n = 4),
which is higher than that observed for this MS cycle in the Koros Basin
cores. This suggests that IcPD is higher in Mindszent than for equivalent
aged samples in the Koros Basin cores.

In the Jaszladany core (Jaszsag Basin), both Val FAA and THAA start
to reach equilibrium by ~800 ka (MS IV). The mean THAA Val from
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B. leachii from 165.66 to 165.87 m (MIS III), located just above MP 4
(168 m) is 0.91 & 0.03 (n = 2), and from 208.85 to 209.03 m (MS V) is
0.90 + 0.02 (n = 8); older opercula do not occur in this core. Equivalent
aged samples from the Koros Basin have substantially lower THAA Val
p/L values: in Vésztd THAA Val is 0.58 + 0.01 (n = 6) at 137.43-138.00
m and at Szarvas THAA Val is 0.63 + 0.03 (n = 6) at 117.90 m. Similarly
to the Mindszent core, IcPD is higher for samples from the Jaszladany
core attributed to an equivalent age to those from the Koros Basin cores.

In the Békés Basin, the oldest opercula analysed from the Kevermes
core are correlated with MS cycle VII (interpolated age: ~1621 ka;
310.00-311.50 m). In these samples, Val is nearing racemic equilibrium,
with a b/L value of 0.94 £ 0.01 (n = 4). This is similar to the extent of
racemisation observed for samples of equivalent age in the Mindszent
core: in Mindszent the THAA Val p/L value is 0.96 + 0.0 (n = 2) at
431.66 m (~1.6 Ma). In a similarly aged sample from Szarvas (~1.7 Ma)
the extent of racemisation is 0.92 + 0.01 (n = 2). Samples from 432.8 m
in the Pusztaottlaka core are of Pliocene age, below the Quaternary
deposits. Again, Val has reached racemic equilibrium in both the FAA
and THAA fractions (FAA: 1.02 + 0.01 (n = 4); THAA: 0.97 £ 0.03 (n =
8)). Due to sparsity of samples in both cores, the point at which racemic
equilibrium is reached cannot be established for this part of the Pan-
nonian Basin.

In summary, age discrimination can be achieved in all seven of the
cores using the slower racemising amino acid, Val, for the majority of
the Quaternary. However, IcPD does not increase with age consistently
between the cores. In particular, a greater extent of protein decompo-
sition appears to have occurred in Mindszent, Jaszladany, and Kevermes
when compared to the Koros Basin cores. Similar variation in IcPD with
age can be observed in all amino acids analysed. For example, THAA Ala
(Figs. 8, A,6) starts to equilibrate around ~800 ka in the Koros Basin
cores, before ~700 ka in the Maké trough, and before ~450 ka in the
Jaszladany and Kevermes core. There is insufficient data from Pusz-
taottlaka to establish at which point this amino acid starts to equilibrate.

The greatest variation in IcPD occurs between the end of MS cycle II
and the end of MS III. Samples located between MS peaks 2a and 3
(estimated age 340-440 ka) occur in all of the cores, and therefore allow
a direct comparison of the extent of racemisation. Samples from the
Jaszladany and Kevermes cores have significantly higher p/L values
compared to samples from the other cores. There are also samples from
each core, with the exception of Dévavanya, between MS peak 3a and 4
(~632-802 ka). The most racemised samples are those from Jaszladany
in both instances, followed by Kevermes, and then Mindszent. The least
racemised samples attributed to this age ranges come from Pusztaot-
tlaka, Vészt6 and Szarvas (the Kords Basin). In samples older than ~1.2
Ma, THAA Val is reaching racemic equilibrium, masking any variation
between the cores.

The systematic differences in IcPD between the cores may be due to
two factors. The first possibility is that the age model used here does not
estimate age accurately for all of the cores. The second is that due to the
temperature dependence of the rate of IcPD, equivalent aged deeply-
buried opercula samples from different core localities within the Pan-
nonian Basin have not experienced a similar temperature history.

If the original age attribution in the Mindszent, Jaszladdny, and
Kevermes cores is incorrect, the sections of the cores with heightened b/
L values have been attributed ~100 ka younger than their true ages. In
the Jaszladany and Kevermes boreholes, this would indicate that each of
the MPs between 100 and 200 m would need to be reassigned to the
preceding peak. Should this be the case, this implies that a possible hi-
atus has occurred at these two localities, resulting in a missing MP peak,
leading to an incorrect age attribution of the MS cycles present. In the
Mindszent core, the difference in b/L values in comparison to the Koros
Basin cores is not so pronounced and a movement of the top of MS cycle
IV to incorporate all sand units between 168.6 and 190.6 m would result
in a better fit between the previous chronology and the IcPD results,
suggesting that all sand units were deposited within the same glacial
cycle.
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To assess whether the age assignments are incorrect, all evidence
constraining the age of this material has been investigated. MS cycle III
is a key stratigraphical unit that has multiple lines of evidence to
corroborate its assignment to 420-710 ka. Firstly, assessment of palae-
omagnetic reversal events within the Dévavanya and Vészt6 boreholes
by Piispoki et al. (2021a) revealed a number of short-lived polarity re-
versals and instability events within both the Brunhes and Matuyama
epochs. Of particular importance to this section of the core is the Laguna
de Sello (343 ka; Channell et al., 2012), West Eifel (583 ka; Bohnel et al.,
1987) and Stage 17 (670 ka; Biswas et al., 1999) events which help to
constrain the age of the MS III cycle in these two boreholes. In addition
to MP 3, the cycle contains diagnostic secondary peaks (3a and b).
Magnetic susceptibility can be influenced by various factors (e.g. mag-
netic minerals becoming concentrated in sediments due to their higher
density, or loss of magnetic susceptibility due to weathering), but evi-
dence in the Pannonian Basin suggests that all the fluvial magnetic
susceptibility is principally determined by the extension of permafrost
zones in the nearby mountainous regions (Piispoki et al., 2021b).

Molluscan biostratigraphic markers also provide constraints on
chronology (e.g. Krolopp, 1970, 1995; Meijer, 1988, 2003; Preece et al.,
2020). In all three river basins the biostratigraphic marker of the last
appearance of Viviparus boeckhi (Halavats, 1888) occurs within the MS
cycle III (Piispoki et al., 2016, 2021b). The V. boeckhi biozone, an
important biostratigraphic marker for this region, was established by
Krolopp through the analysis of more than 100 boreholes in the Middle
Danube Basin area (Krolopp, 1970; reviewed in Gaudenyi et al., 2013).
The V. boeckhi zone covers the later part of the Early Cromerian and
early Middle Pleistocene (Krolopp, 1970), and is correlated with the
Cromerian due to co-occurrence with the rodent Mimomys savini
(Krolopp, 1970, 2002; Kretzoi and Krolopp, 1972; reviewed in Gaudenyi
etal., 2013). The first appearance datum (FADVD) of this species is ~1.1
Ma and last appearance (LADVb) is ~550 ka (Krolopp, 1995, 2014).
LADVD has been defined in all cores analysed.

In the Békés Basin, Piispoki et al. (2023) determined the location of
the V. boeckhi biozone with the support of the other biostratigraphically
important fauna present. This includes the presence of Planorbis pla-
norbis dentata, a mollusc that occurs concurrently with V. boeckhi and
P. crassitesta, which became extinct at a similar time to the LADVb
(Krolopp, 1976). The occurrence of Melanopsis sp. and Dreissena sp.
deeper within the core indicates the occurrence of pre-Quaternary sed-
iments. P. planorbis dentata is more widely distributed throughout the
Békés Basin cores than V. boeckhi; the first and last appearance of this
species extends the length of the core attributed to the V. boeckhi bio-
zone. Other molluscs provide upper and lower boundaries to this zone.

This combined evidence provides a strong argument that the MP at
116.2 m in the Jaszladany core, 135.2 m in the Mindszent core, and 123
m in the Kevermes boreholes should be attributed to MP 3 (~436 ka),
and the MP that lies beneath is MP 4 (~802 ka). This therefore suggests
that the differences in IcPD between these cores result from differences
in their integrated temperature history — that is, that the geothermal
conditions in the four sub-regions of the Pannonian Basin studied in this
work are not the same. This possibility is investigated in the next section.

3.4. Competing influences on burial temperatures

3.4.1. Geothermal influence on IcPD

Prior to this study, a number of amino acid geochronologies have
been developed using material from deep beneath the surface from both
marine and terrestrial environments (e.g. Blunt et al., 1981; Katz et al.,
1983; Wehmiller and Hall, 1997; Ortiz et al., 2004b; Wheeler et al.,
2021; Chauhan et al., 2022). In studies of amino acid decomposition of
foraminifera in deep-sea cores, rates of racemisation were found to be
higher than those predicted from high temperature experiments (Bada
and Luyendyk, 1971; Bada et al., 1974). This was thought to be due to
geothermal heating, with the effect predicted to be 10-15 °C of warming
by 200 m.b.s.l. (Bada and Man, 1977). However, more recent work has
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questioned the applicability of experimental (high) temperature reac-
tion kinetics to natural (ambient) decomposition in some biominerals (e.
g. Tomiak et al., 2013; Dickinson et al., 2019; Baldreki et al., 2024).
Downcore temperature measurements in a recent study of amino acid
decomposition in the North Sea have suggested consistent temperatures
in this burial environment (Chauhan et al., 2022), so geothermal heating
does not always impact the protein decomposition for deep core mate-
rial, and will depend on the location of the study. However, given the
potential impact on the use of amino acid dating to cross-correlate cores
from within the same region (or even further afield), understanding how
geothermal conditions effect IcPD is crucial.

To explore the potential for geothermal heating of the samples
analysed here, the geothermal gradient for each core was calculated
from bottom temperatures from each core and/or boreholes taken
within the close vicinity (Fig. 9). Wireline-conveyed maximum
recording thermometers and continuous logging tools were used to
measure temperatures in the studied boreholes during drilling by
continuous coring. In these cases, the warmest thermal data was
recorded at the deepest logged point of the wells. To estimate the
shallower depth temperatures, additional bottom hole temperature data
of the neighbouring shallow wells were taken into consideration. The
near surface temperatures estimated for each core are highly uncertain,
due to the seasonal variability of temperatures in the first few metres
below the surface. The geothermal gradient for each core has been
estimated to be: 46.4 °C/km for Dévavanya; 49.4 °C/km for Vészt4; 54.9
°C/km for Szarvas; 40.5 °C/km for Mindszent; 57.4 °C/km for
Jaszladany; 47.8 °C/km for Pusztaottlaka; and 53.9 °C/km for
Kevermes. A typical geothermal gradient for the first 3-5 km of normal
continental crust is 25 °C/km (DiPietro, 2013).

The steeper geothermal gradient of the Pannonian Basin occurs due
to the extension and thinning of the lithosphere and associated strong
warming that occurred during the Middle Miocene (Royden, 1988);
resulting in the thickness (60-80 km) of the lithosphere underlying the
Miocene-Quaternary basin. In contrast, under the neighbouring Carpa-
thian Mountains and Dinarides the lithosphere is 100-200 km thick
(Bielik et al., 2022). In addition, beneath the Pannonian Basin the
asthenosphere-lithosphere boundary, whose temperature is 1330 °C
(Allen and Allen, 2013), is at a much shallower depth than under the
mountain ranges surrounding the basin. Since the Upper Miocene, the
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lithosphere of the Pannonian region has been cooling, and different
degrees of thermal subsidence has taken place in each sub-basin. How-
ever, the heat flow from the depths towards the surface and the
geothermal gradient formed in the sediments filling the basin are still
much greater today in the Pannonian Basin than under the orogenic
mountain ranges surrounding the basin (Lenkey et al., 2021).

The steepest geothermal gradient occurs in the localities of Szarvas
and Jaszladany, and the flattest in Mindszent. However, the increased
trend in IcPD vs age (Fig. 8) occurs within the Jaszladany, Kevermes,
and Mindszent cores when compared to the Koros Basin cores. There-
fore, the geothermal gradient alone does not explain the increase in IcPD
within these cores. However, the observed p/L value is not just due to the
current temperature each sample is subject to, but its integrated tem-
perature history. Over time samples will be exposed to different tem-
peratures as they become more deeply buried, and the duration they are
exposed to various temperatures will vary too.

Therefore, we explored the relationship between depth and tem-
perature against the age of the sample. To do this, the geothermal effect
(AT) was calculated by multiplying the depth of the sample by the slope
of the geothermal gradient estimated for the locality of each core. This
was then plotted against the interpolated age of the sample (Fig. 10).

The geothermal effect (AT) on samples of the same age is not
consistent across the Pannonian Basin (Fig. 10a), as the sedimentation
rate varies both temporally and spatially (Fig. 3). Sedimentation has not
been uniform across the Pannonian Basin. This means that sediments
equivalent in age are at different depths in the sediment columns in
different localities, and therefore have been exposed to different tem-
peratures over time. As such, depth and sample age are not the only
driver for the extent of racemisation observed in each sample. For
example, sediments attributed to 500 ka within the Mindszent core are
found at a depth of 148 m, whereas in the Dévavanya core they are
found at 77 m; the corresponding AT is 6 °C and 3.6 °C, respectively (see
Table 3, Fig. 11). A 3-dimensional version of Fig. 10 plotting THAA Val
against age and AT is available online; the deviation in the trend of b/L
values can be seen more clearly, with samples experiencing a greater
geothermal effect having a higher p/L value compared to those of the
same age that experienced a lower geothermal effect (see Fig. 12).

For Jaszladdny, Mindszent and Kevermes, there is a significant in-
crease in AT compared to the other cores for samples dated to >450 ka.
For samples >900 ka there appears to be a smaller difference; however,
due to a sparsity of samples attributed to ages greater than this, the
differences in the geothermal effect on the thermal conditions of each
sample are not as clear. This trend is similar to that observed in the
extent of IcPD against interpolated age (Fig. 8).

This systematic difference in THAA Val b/L values is not observed in
samples <450 ka. A possible explanation for this is that in general
samples <450 ka in age are buried more closely to the surface (<80 m),
and therefore their integrated temperature will likely have been more
strongly influenced by the climate than geothermal temperatures
(Fig. 2). As all seven cores are from the same relatively small
geographical region, it is likely there has been no significant difference
in the regional climate between the core locations, and therefore all
shallowly buried samples will have experienced a more similar tem-
perature history. Those >450 ka are deeply buried enough for differ-
ences in geothermal conditions to affect the extent of IcPD.

Here we have demonstrated that in “geothermally hot” regions such
as the Pannonian Basin that the sedimentation rate and thermal maturity
of the samples will influence IcPD values. This highlights the importance
of understanding both the sedimentation history and geothermal con-
ditions of material taken from deep-cores for future amino acid dating
studies. Where downcore temperature measurements are available, a
correction factor could be developed for the AT to directly compare p/L
values across the cores with different thermal histories. It is also possible
that the kinetics of protein decomposition for material buried deeper
underground under more constant temperatures may be more accu-
rately described by high temperature experiments; future work should
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Table 3

A comparison of the depth and geothermal effect (AT) of sediments attributed to
500 ka from each borehole along with an interpolated mean THAA Val p/L.
Deeper sediments experience a greater geothermic effect and this results in
higher IcPD. The warmer layers are highlighted in bold.

Borehole Depth/ Geothermal effect (AT)/ Est. mean THAA Val b/L
m °C
Vészté 90 4.4 0.37 +0.001
Dévavanya 77 3.6 0.38 +0.004
Szarvas 73 4.2 0.36 +0.009
Mindszent 148 6.0 0.52 + 0.020
Jaszladany 124 7.1 0.69 + 0.011
Pusztaottlaka 75 3.6 0.40 +0.009
Kevermes 127 7.0 0.61 + 0.009
0.8
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Fig. 11. The estimated geothermal effect (AT/°C) vs. the interpolated THAA
Val p/L values for sediments attributed to 500 ka. These two variables are
highly correlated (R> = 0.897), supporting the conclusion that a greater
geothermal effect due to sediments being more deeply buried has affected the
extent of protein decomposition within a sample. The different sub-basins have
been defined by the following shapes: Koros Basin = circle, Mak6 Trough =
triangle, Jaszsag Basin = star, Békés Basin = square.

explore this.

3.4.2. Surface climate vs. geothermal influence on IcPD

The other parameter that can affect the integrated temperature his-
tory experienced by fossils is surface climate. Today, the climate
throughout the European continent varies from oceanic, temperate
conditions in the west, Mediterranean conditions to the south and more
continental conditions to the east (Pajek et al., 2019). Modern-day mean
annual temperatures range from 2.2 °C in Norway to 19.6 °C in Malta
(average mean surface temperature, 1991-2020; Harris et al., 2020).
Regional climate and temperature have varied throughout the

Table 4

The modern-day temperatures between the European regions compared in this
study are presented in the table below. This includes the mean surface tem-
perature between 1991 and 2020; mean winter temperature (December-Feb-
ruary), and mean summer temperature (June-July; Harris et al., 2020).

Region Mean surface Mean winter Mean summer
temperature (DJF) surface (JJA) surface
(1991-2020)/° temperature temperature
C (1991-2020)/° C (1991-2020)/° C
Hungary 11.5 0.9 21.5
England 9.1 4.7 15.8
The Netherlands 10.5 3.9 17.4
EEP 7-11 -3-[+]11 20-23
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Quaternary, and will have influenced the rate of protein decomposition
in fossils buried close to the surface during that time. Given their
proximity, the difference in surface temperatures in these cores
throughout the Quaternary will have been minimal. Therefore, to assess
the impact geothermal temperatures have on IcPD, the amino-
stratigraphy developed for the Pannonian Basin has been compared to
datasets developed using shallow bithyniid opercula material for other
regions.

Previously published aminostratigraphies (Fig. 12) have been
developed for the UK and the Netherlands (Penkman et al., 2011, 2013;
Preece et al., 2020) and the East European Plain (EEP; Tesakov et al.,
2020). The UK and the Netherlands currently have oceanic temperate
climates, with cool, wet winters and warm, wet summers. The EEP is
more continental, with more extremes in temperatures between summer
and winter (Beck et al., 2018; European Environment Agency, 2012).
The Pannonian Basin is at a boundary between the more humid condi-
tions of western Europe, the Mediterranean climate to the south, and
continental climate to the east (European Environment Agency, 2007).
Modern mean surface temperatures for each region is presented in
Table 4 to provide an indication of the temperature difference between
these regions.

The extent of racemisation in samples younger than ~500 ka follows
a similar trend in the Hungarian data to previously published IcPD
datasets. The samples from the UK, Netherlands and EEP were all
recovered from depths of less than 60 m, so temperature histories are
likely a result of climatic variation rather than geothermal conditions.
Samples attributed to less than ~500 ka from Hungary were also found
at depths of less than 70-100 m, so the integrated temperature experi-
enced will likely be strongly influenced by the climate as well. The data
from the Pannonian Basin starts to deviate from the other regions ~600
ka, with significantly higher b/L values in the Pannonian Basin cores. In
the UK and Dutch aminostratigraphy, Val can be used to discriminate
between Early Pleistocene and Pliocene deposits (Penkman et al., 2013;
Preece et al., 2020); in the EEP racemic equilibrium in THAA Ala is
reached by 1.8 Ma, while THAA Val is not fully racemised by ~2.6 Ma.
Based on modern day temperatures (Table 4) and climate, it is likely that
temperatures were similar in Hungary to the EEP, and therefore should
climate be the sole influence on temperature a similar trend in b/L values
could be expected between the two regions. In comparison, valine has
become fully racemised by ~2.3 Ma in the Hungarian material. Similar
trends in the first 500 ka in IcPD suggests that the differences in the
deeper material are unlikely to be due only to climatic differences be-
tween Hungary and the rest of Europe. This therefore supports the sys-
tematic increase in protein decomposition due to geothermal heating in
deeper samples from the Pannonian Basin in comparison to other Eu-
ropean material analysed.

Comparing these datasets shows how significant an effect the burial
depth and geothermal heating has had on the extent of racemisation in
the opercula from the Pannonian Basin cores. It is likely that a combi-
nation of the loss of the influence of the surface climate from above, and
an increase in the influence of geothermal heating from below, have
both resulted in a greater overall extent of protein decomposition
compared to samples recovered from nearer the surface. However, we
have only looked at long cores from one region in this study; additional
long core material from other regions is needed to determine whether
this is the case more broadly.

4. Conclusions

Bithyniid opercula from seven fully-cored boreholes from the Pan-
nonian Basin, Hungary, were sampled and analysed for IcPD. This was
the first study to test the ability of IcPD to date terrestrial material from
sediments located deeper than 63 m below the surface, with opercula
recovered from depths between ~5 and 470 m. The level of protein
decomposition observed increased with the depth of the sample in all
cores. Racemic equilibrium was not reached in the slowest racemising
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amino acids until the deepest part of the cores, up to ~2.3 Ma. The IcPD
results support the cross-correlations made between these boreholes by
Piispoki et al. (2016, 2020, 2021a, 2021b, 2023) using cycles of mag-
netic susceptibility in most instances. In addition, this work demon-
strates the ability of IcPD to provide chronological information for long
core material for the majority of the Quaternary even in regions that are
geothermally hot. This is particularly important for deposits beyond the
range of other dating methods, such as luminescence or radiocarbon
dating.

The rate of IcPD was greater between MS cycle II and MS cycle V for
material from the Jaszladany, Kevermes and Mindszent boreholes,
compared to the palaeomagnetically dated boreholes from the Koros
Basin. This difference was not observed in younger material, or in ma-
terial approaching racemic equilibrium, where the ability to discrimi-
nate between different ages and levels of protein decomposition
becomes challenging. This indicated that either the original age attri-
bution for the cores with systematically higher b/L values was incorrect,
or these opercula had been exposed to higher temperatures. An incorrect
age attribution is unlikely as other independent evidence of age supports
the existing age-model. The differences in IcPD can be explained by the
relationship between the age, depth and temperature of the sample.
Samples of equivalent age that were buried more deeply underground
would have been exposed to a greater extent of warming from
geothermal heating than those buried closer to the surface, increasing
the IcPD in these deeper samples. This resulted in equivalently-aged
samples from the Kevermes, Jaszladany and Mindszent cores having
higher IcPD compared to the cores from the Koros Basin and the Pusz-
taottlaka core.

Hungarian samples older than around ~600 ka had higher IcPD
compared to equivalently aged samples from the UK, Netherlands and
EEP. This could be due to a combination of a loss of the influence of
surface climate in material of this age from Hungary, and increased
geothermal heating of samples in this region. An understanding of how
these two competing factors affect IcPD would support not only cross-
correlation of material with different thermal maturities within the
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Pannonian Basin region, but also help with correlations of IcPD results
between regions which have experienced different temperature his-
tories. This work highlights the importance in understanding the tem-
perature environment of the material used when creating a regional
aminostratigraphy to correlate different horizons in deeply buried ma-
terial. Where possible, downcore temperature measurements should be
made for studies of this nature. Future work should continue to explore
how geothermally active regions can affect the extent of protein
decomposition for amino acid dating, and investigate the use of a
correction factor to cross-correlate between cores with different thermal
histories.
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