Building an amino acid
geochronology for
Quaternary Europe: a story
of time and temperature.

Eleanor Nelson

PhD
University of York
Department of Chemistry

February 2025



Abstract

The Quaternary period (the last 2.5 Ma) is marked by dramatic climate oscillations between

cold glaciations and warmer interglacials. This shaped landscapes and influenced the

evolution and dispersal of plant and animal communities. Europe has a rich Quaternary

record, but a robust chronology is required to understand the impact of past climates on

ecosystems. This knowledge may help predict the future effects of present-day climate

change, including regional leads and lags. However, dating this record is challenging due to

the often discontinuous nature of Europedés terre

Quaternary falls beyond the limits of many radiometric dating methods.

Recent advances in amino acid dating, using intra-crystalline protein decomposition (IcPD)
in bithyniid snail opercula, have enabled the construction of regional aminostratigraphies for
Britain and the East European Plain. In this thesis, the use of IcPD is expanded across
continental Europe, building regional frameworks for Germany, Hungary, and Poland. These
frameworks include material from multi-aged sites spanning much of the Quaternary,
anchored and validated at some sites by independent chronology. Expanding this dating
approach to a wider geographical area has enabled the differences in IcPD extent due to
temperature variations to be assessed to determine if any regional frameworks can be cross
correlated to one another. Both climate and sub-surface temperature variables are shown to
be important. Systematic differences due to sub-surface factors such as depth and the
geothermal gradient show that material buried below 80 m is not directly comparable to
near-surface deposits. Systematic differences in IcPD due to latitude and continentality in
near-surface deposits have been assessed by exploring Quaternary temperature
reconstructions. The systematic differences increased with age until racemic equilibrium was
reached. This indicated that regions where colder conditions persisted for longer (and have
had a higher degree of continentality) have opercula with reduced IcPD. This work has
established and validated new aminostratigraphic frameworks across northern and central
continental Europe, which can now be used to answer questions relating to Quaternary
chronostratigraphy. In addition, this work has improved knowledge of the real-world effects
of temperature on IcPD, laying the groundwork for a pan-European aminostratigraphic

framework.
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interpol ated age of the samples for each
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interpolated age of its depth, based on the chronological model developed by Pispdki et al.
(2021b). Age boundaries for each master peak are represented by a dotted line. The error in
the y axis r ep rhemeamofesch horizdn, xaaxi®euror described in section
2.3 (main text). Note a systematic difference in /"Halues can be observed in different cores
between occurs after ~450 ka until the amino acid starts to reach racemic equilibrium. The
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different sub-basins have been defined by the following shapes: Kérds Basin (KB) = circle,
Maké Trough (MT) = triangle, Jaszsag Basin (JB) = star, Maros Fan (MF) = square.

Sl Figure S2.5: THAA Asx [‘Hagainst both interpolated age (ka; left axis) and depth (m;
right axis). The interpolated ages have been modelled based on the position of master peaks
within each core and their correlation with the MIS record (Plspdki et al., 2021b). The depth
of equivalent age sediments is not consistent across the cores. Due to the antiquity of many
of the samples analysed here, valine is used to demonstrate the extent of racemisation as it
is able to provide age discrimination for Early Pleistocene material.

Figure S2.6: THAA Ala [/‘Hagainst both interpolated age (ka; left axis) and depth (m; right
axis). The interpolated ages have been modelled based on the position of master peaks
within each core and their correlation with the MIS record (Puspdki et al., 2021b). The depth
of equivalent age sediments is not consistent across the cores. Due to the antiquity of many
of the samples analysed here, valine is used to demonstrate the extent of racemisation as it
is able to provide age discrimination for Early Pleistocene material.

Figure S2.7: THAA GIx ["Hhgainst both interpolated age (ka; left axis) and depth (m; right
axis). The interpolated ages have been modelled based on the position of master peaks
within each core and their correlation with the MIS record (Puspdki et al., 2021b). The depth
of equivalent age sediments is not consistent across the cores. Due to the antiquity of many
of the samples analysed here, valine is used to demonstrate the extent of racemisation as it
is able to provide age discrimination for Early Pleistocene material.

Figure S2.8: Mean intra-crystalline amino acid compositions for opercula from all seven
cores of each MS cycle FAA fractions. Younger samples possess higher proportions of the
polar amino acids (red, orange and blue); samples of greater antiquity possess higher
proportions of non-polar amino acids (green and grey).

Figure 3.1: The location of all boreholes and sites where opercula IcPD analysis was

undertaken in this study. All abbreviations are described in Table 3.1. Black pentagons

indicate the location of the nURG cores included in this study; red triangles indicate the

location of nearby archaeological and palaeontological sites, and blue squares indicate the

nearby Quaternary deposits referenced in this work. Map created in ArcGIS Pro 3.1.0 using
a30-arcsecond DEM of Europe (GTOPOXDSPpatalerler, Geol ogi
1996).

Figure 3.2: Summary of the terminology used to describe the lithostratigraphic units defined
in the URG by Gabriel et al., 2013. The approximate age of the key lithostratigraphic units is
shown on the left.

Figure 3.3: The chronostratigraphy of the nURG cores, including the depth of each horizon
containing opercula specimens analysed in this study, formation correlations, luminescence
dates, key biostratigraphic markers and palaeomagnetic boundaries.

Figure 3.4: THAA ['Hor Asx (a), Ala (b), GIx (c), and Val (d) against depth for the nURG
opercula.

Figure 3.5: FAAvs THAA [Halues for Ala (a & ¢) and Val (b & d). The upper plots
demonstrate the range of /"Halues categorised by each borehole and horizon (a & b); the
lower plots show the range of /"Halues for each lithological formation (c & d). The IcPD age
groupings confirmed by the LDA are defined by numbers 171 7.

Figure 3.6: Linear Discriminant Analysis (LDA) on FAA and THAA variables to demonstrate
the variance in %concentration (Asx, Glx, Ser, Gly, Ala, Val, Phe), ["'HAsx, Glx, Ser, Ala,
Val, Phe) and [Ser]/[Ala] for each IcPD cluster
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Figure 3.7: THAA Asx (A) and Ala (B) /"Hralues for each sample horizon from the
Mannheim Formation (IcPD nURG Groups 1, 2 and 3), indicating the range of ages to be
found in this single formation.

Figure 3.8: Violin plot of (a) THAA Ala and (b) Val /"Halues from nURG Group 3. In
general, the highest /"Halues for each amino acid come from Viernheim 51i 60 m and DG
371 38 m and the lowest from DW 117 14 m.

Figure 3.8: Comparison of Early Pleistocene horizons from nURG (IcPD nURG Groups 5i 6)
with the Early Pleistocene Dutch type deposits for the Bavelian and Tiglian and the late
Pliocene deposits from Frechen (Germany) represented by coloured ellipses (Gold = Bavel,
The Netherlands, green = Zuurland 2 61-65 m, The Netherlands, pink = Tegelen, the
Netherlands, blue = Frechen, Germany; Penkman et al., 2013; Preece et al., 2020). /"H
values for the nURG are more degraded than material from the Lower Rhine Basin due to
warmer temperatures in this region. Where data from only the FAA or THAA fraction was
available, the sample has been plotted on the x- or y-axis, with a corresponding dashed line
to show where the /["Halues transect the other data points.

Figure 3.10: Recorded downcore temperature from sampled boreholes (or within 2 km of
boreholes) used in this study (data provided by HLNUG). The depth of opercula that fell into
each nURG Group is represented by horizontal lines. Where nearby boreholes have been
used, the boreholes in this study to which they are proximal are outlined below the
corresponding plot (Figure 3.1).

Figure 3.11: Comparison of THAA Val ["Halues from the Pannonian Basin boreholes
(Hungary) with the nURG boreholes and previously published regional records (UK, Lower
Rhine Graben [LRG] & East European Plain [EEP]) where all material was collected
between 0 and 60 m. Age error bars encompass approximate age ranges for the
chronostratigraphic stages they represent for the UK, LRG, EEP, and URG. Age error
estimations for Hungary are described in Chapter 2/ Nelson et al., 2024.

Figure 3.12: Comparison of archaeological and palaeontological sites within the nURG area
to the aminostratigraphy developed from the nURG boreholes. a) THAA vs FAA Ala ["Hand
b) THAA vs FAAVal /'H

S| Figure S3.1: The closed system behaviour of the opercula has been tested by correlating
different independent measures of IcPD against each other. Identified outliers for each
parameter have been surrounded by a circle; these include non-closed system samples
(black), samples where [°H differ substantially from others from the same horizon (red), and
anonymously young samples (green). a) FAA Asx ['His. THAA Asx /'Hb) FAA Ala ["HUs.
THAA Ala ['Hc) FAA GIx ["'His. THAA GIx /"Hd) FAA Val ['His. THAA Val ['He) THAA
Asx [‘His. THAA GIx [‘Hand f) THAA Asx ["His. THAA Val ['H

S| Figure S3.2: %FAA vs. corresponding THAA ["Halue for a) Ala and b) Val. In general,
%FAA increases with increasing /"Hralue. This is because a greater degree of the intra-
crystalline protein will have been hydrolysed with increasing age of the sample.

Sl Figure S3.3: The mean % composition for (a) FAA and (b) THAA fraction for each
horizon (left) and concentration (right) group by lithostratigraphic formation (Mannheim
Formation, the youngest, to Viernheim Formation the oldest) and increasing depth of
sample. The proportion of polar amino acids decreases with age of the sample (driven by a
decrease in Asx and Ser); conversely the proportion of non-polar amino acids increases.
There are two notable exceptions to this, which are the two horizons from the base of the
Viernheim Formation: RE 103-103.1 m and GKR 136.3 m. Anonymous values could be due
to low concentration of amino acids within these samples, making it more challenging to
accurately detect each amino acid within these samples.
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Figure S3.4: A dendrogram representing the hierarchical clustering approaching to grouping
the nURG core horizons based on IcPD analysis. The clusters have been defined from the
FAA and THAA ["Halues of Asx, GIx, Ser, Ala, Val and Phe and [Ser]/[Ala]. Six clusters
with similar degrees of IcPD have been defined using this approach.

Figure 4.1: Sites from which opercula studied in this paper were collected. Sites are
grouped into four regions: NE German Plain (red), the Thuringian Basin (black), central
Poland (blue), and east Poland & Lithuania (purple). Hypothesised reconstructions of the
greatest ice sheet extents of the three largest Northern Hemisphere glaciations are shown in
yellow (Elsterian/MIS 12), orange (Saalian/MIS 6), and pink (Weichselian/LGM) as
synthesised by Batchelor et al. (2019).

Figure 4.2: Chrono-stratigraphical subdivision of the Quaternary (from left to right): marine
oxygen isotope stages (MIS), palaeomagnetic record (black= normal polarity, white =
reversed polarity), epochs, standard stages, British stages, North-West European stages
(Germany), and Polish stages. Figure has been recreated from Szymanek and Julien (2018).
Note disagreement between the different alignments for the Cromerian Complex, Elsterian,
Holsteinian and Saalian Complex in the NW European chronostratigraphy, represented by
dashed lines.

Figure 4.3: The monthly mean temperature between 1991-2020 (ERAS5; Hersbach et al.,
2020) for all regions included in this study. British average temperatures are for the southern
half of England, the location of most British IcPD samples (Penkman et al., 2011; 2013).
Note the smaller variation between seasonal temperatures in more maritime climates (e.g.
Britain) compared to more continental climates (e.g. Poland).

Figure 4.4: The FAA and THAA fractions from all Bithynia opercula analysed for this study
are presented for the following amino acids: a) Asx, b) Ala, ¢) Glx, and d) Val. The youngest
material falls to the bottom left of the plot and the oldest to the top right. Horizons are
coloured according to their attribution as follows: red, Eemian = yellow, MIS 7 = green,
Saalian Complex = green, Middle Pleistocene = blue, Holsteinian = purple, Elsterian = grey,
Arternian = dark red, Bavelian = black, and Miocene = dark orange. Different shades of each
colour have been used to denote each region (EP= East Poland, CP = Central Poland, TB =
Thuringian Basin, NEG = NE German Plain, L = Lithuania). Note this includes data from all
regions, and as such potential temperature differences will result in systematic differences in
IcPD for sites of equivalent age.

Figure 4.5: THAA Ala ["Halues for the: a) British, b) NE German Plain, c) Thuringian Basin,
d) central Poland, and e) east Poland & Lithuania. The 95th percentile range for the British
record is demonstrated by horizontal colour bands on each plot, so the ["Halues for all
regions can be compared to the British record. In general, for each chronostratigraphic
stage, the ["Halues decrease from west to east, and increasing continentality. This occurs
in all amino acids (see Sl).

Figure 4.6: The extent of THAA Asx ["Hor each Holocene substage for each region. A
similar extent of has been achieved for all regions for material of this age.

Figure 4.7: Eemian pollen zones vs. THAA Ala ['H. The range of THAA Ala /["Halues is
lower for Central and East Poland and Lithuania compared to the other regional
aminostratigraphies.

Figure 4.8: Holsteinian pollen zones vs. THAA Ala /"H. The range of IcPD values decrease
with increasing continentality from west to east.

Figure 4.9: Reconstructions of mean annual, winter and summer temperatures by (a)
Oscillayers (Gamisch et al., 2019) and (b) 3Ma (Timmerman et al., 2022). The difference in
the estimated mean temperature between the two models is presented in (c).
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Figure 4.10: Reanal ysis dataset of LGM MAT anomaly

millennia (2-0 ka) to present day for all regions (LGMR, Osman et al., 2021).

Figure 4.11: A comparison of all evidence of interglacial temperature for the (a) Holsteinian
and (b) Eemian included in this analysis (data used is summarised in the Sl). Temperatures
include both proxy and model reconstructions of temperature for both winter and summer
during the interglacial.

S| Figure S 4.1: THAA Asx ["Halues for the: a) British, b) North-East German Plain, c)
Thuringian Basin, d) Central Poland, and e) East Poland and Lithuania. The 95™ percentile
range for the British record is demonstrated by horizontal colour bands on each plot, so the

["Halues for all regions can be compared to the British record. In general, for each
chronostratigraphic stage, the ["Halues decrease from west to east, and increasing
continentality.

Sl Figure S4.2: THAA GIx ["Halues for the: a) British, b) North-East German Plain, c)
Thuringian Basin, d) Central Poland, and e) East Poland and Lithuania. The 95" percentile
range for the British record is demonstrated by horizontal colour bands on each plot, so the

["Halues for all regions can be compared to the British record. In general, for each
chronostratigraphic stage, the /["Halues decrease from west to east, and increasing
continentality.

Sl Figure S4.3: THAA Val ["Halues for the: a) British, b) North-East German Plain, c)
Thuringian Basin, d) Central Poland, and e) East Poland and Lithuania. The 95™ percentile
range for the British record is demonstrated by horizontal colour bands on each plot, so the

["Halues for all regions can be compared to the British record. In general, for each
chronostratigraphic stage, the ["Halues decrease from west to east, and increasing
continentality.

Sl Figure S 4.4: The maximum extent of the ice sheets since MIS 12. Best estimates of the
greatest ice sheet extents of the three largest Northern Hemisphere glaciations are shown in
yellow (Elsterian/MIS 12), orange (Saalian/MIS 6), and pink (Weichselian/LGM) as
synthesised by Batchelor et al. (2019). In addition, the last increase in ice extent from 45 ka
to the LGM (MIS 2) is demonstrated. Position of sites is demonstrated by coloured dots: NE
German Plain (red), the Thuringian Basin (black), Central Poland (blue), and East Poland
and Lithuania (purple).Figure 5. 1: A comparison of the extent of THAA Val D/L with age for
each of the regional IcPD frameworks developed in this thesis and previously published data
(East European Plain (Tesakov et al., 2020); Britain and Lower Rhine Basin (Penkman et al.,
2013; Preece et al., 2020). Age estimations are based on the current assumed mid-point of
the age attribution of each site (see Section 1.2.5., Fig. 1.4), and is uncertain for many
chronostratigraphic stages. (a) demonstrates the trend in each framework with line following
the mean for each chronostratigraphic stage with a 95% confidence interval represented by
the error band for each regional framework. (b) shows all data points for each
chronostratigraphic stage to demonstrate the true variability within the data. The region of
the plot shaded in pink highlights elevated IcPD values due to a greater influence due of
sub-surface factors, such as depth below the surface (> 70 m) and steep geothermal
gradients. Variation in the extent of IcPD in the unshaded area of the plot is largely due to
the influence of the climate.

Figure 5.1: A comparison of the extent of THAA Val D/L with age for each of the regional
IcPD frameworks developed in this thesis and previously published data (East European
Plain (Tesakov et al., 2020); Britain and Lower Rhine Basin (Penkman et al., 2013; Preece
et al., 2020). Age estimations are based on the current assumed mid-point of the age
attribution of each site (see Section 1.2.5., Fig. 1.4) and is uncertain for many
chronostratigraphic stages. (a) demonstrates the trend in each framework with line following
the mean for each chronostratigraphic stage with a 95% confidence interval represented by
the error band for each regional framework. (b) shows all data points for each
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chronostratigraphic stage to demonstrate the true variability within the data. The region of
the plot shaded in pink highlights elevated IcPD values due to a greater influence due of
sub-surface factors, such as depth below the surface (> 70 m) and steep geothermal
gradients. Variation in the extent of IcPD in the unshaded area of the plot is largely due to
the influence of the climate.

Figure 5.2: The distribution of the new opercula IcPD frameworks presented in this thesis
compared to previously published IcPD presented in Section 1.4.7.1 (grey circles). The new
IcPD frameworks produced in this thesis include: the Pannonian Basin (Hungary; pink
squares), the northern Upper Rhine Graben (Germany; orange squares), Thuringian Basin
(Germany; black squares), north-east German Plain (red squares), central Poland (blue
squares), east Poland & Lithuania (purple squares).
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List of selected abbreviations

Abbreviation Definition

AA Amino acid

AAG Amino acid geochronology

Ala Alanine

AMOC Atlantic meridional overturning

AMS Accelerator mass spectroscropy

Arg Argine

Asx Aspartic acid/ asparagine

BP Before present

['H -amino acid isomer/ "Famino acid isomer

ESR Electron spin resonance

EEMZ Eastern European Mammalian Zonation

EEP Eastern European Plain

FAA Free amino acid

GC Gas chromatography

GlIx Glutamic acid/ glutamine

Gly Glycine

His Histidine

HPLC High-performance liquid chromatography, reverse-phased
high-performance liquid chromatography

IcPD Intra-crystalline protein decomposition

ICPMS Inductively coupled plasma mass spectrometry

IEC lon exchange chromatography

lle Isoleucine

IR-RF Infrared radiofluorescence

ka Thousand years

Keft Effective rate constant

LDA Linear discriminant analysis

Leu Leucine

LGM Last glacial maximum

LRB Lower Rhine Basin

MANOVA Multivariant analysis test of variance

MAT Mean annual temperature

Ma Million years

m.b.s.| Metres below surface level

MIS Marine oxygen isotope stage

MP Magnetic susceptibility peaks

MPT Middle Pleistocene Transition

MS Magnetically identified sedimentary cycles

OSL, TT-OSL Optically stimulated luminescence, thermally transferred
optically stimulated luminescence

Phe Phenylalanine

RFOK Reversible first order kinetics

Ser Serine

THAA Total hydrolysable amino acid

Thr Threonine

TL Thermoluminescence

Tyr Tyrosine

URG, nURG Upper Rhine Graben, northern Upper Rhine Graben
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1. Introduction

Our planet has experienced many climate extremes over the course of its existence. Over

the | ast 2.6 milli on yapenodof{mdienpwnadtheBuaatetndryd s hi st C
T there have been dramatic oscillations between glacial and interglacial episodes (Lowe and

Walker, 2014). It was during this time that the earliest members of the genus Homo emerged

(e.g. Swisher et al., 1994; Gabunia et al., 2000; Grine and Fleagle, 2009; reviewed in

Dunsworth, 2010; Langergraber et al., 2012) and dispersed out of Africa to eventually

expand their range throughout the entire world (e.g Gabunia et al., 2001; Hou and Zhao,

2010; Brown et al., 2004; Agusti et al., 2009; Prat, 2018).

The evolution of humans took place against a backdrop of increasingly volatile and severe
climate extremes. Quaternary climate oscillated between colder stages (where ice sheets
expanded into lower lying areas) and warmer interglacial episodes. Prior to the Middle
Pleistocene Transition (MPT; ~1.2 to 0.8 Ma; Shackleton and Opdyke, 1977; Medina-
Elizalde and Lea, 2005; Clark et al., 2006; Legrain et al., 2023) these cycles of climate were
shorter and of a lower magnitude. Following the MPT, oscillations in climate were longer,
with more intense cold stages, interrupted by shorter warm episodes. This would have made

conditions challenging for species to persist in one area within Europe during this time.

How this influenced the evolution and adaptations observed in different species of Homo is
still highly contested, particularly because of the sporadic nature of the lithic and biological
remains these beings left behind (e.g. Gowlett, 2006; Tzedakis et al., 2007a; Potts, 2013;
Palmquvist et al., 2022). In addition, reconstructing the patterns of expansion and retreat of
the vast ice sheets and glaciers that covered the Earth during this time (and their effect on
different regions) is hindered by sparse and discontinuous terrestrial evidence. This is further
limited by our ability to correlate the age of contemporary deposits (reviewed in Gibbard and
Hughes, 2021). Beyond the range of radiocarbon (~55 ka; Heaton et al., 2020); dating these
fragmentary records is challenging due to temporal limitations of many current dating
approaches, and the availability of the material needed (e.g. Duval et al., 2011; Muttoni et
al., 2013; 2018).

Therefore, developing a robust dating framewaork for Europe is key to begin tackling these
challenges. The initial development of such a framework using amino acid geochronology
has been undertaken within this thesis. In the following sections the current knowledge of
Quaternary climate change and hominin evolution will be presented, with the discussion

centring on the European subcontinent. The various techniques currently available to date
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the Quaternary will be discussed, with a focus on the utility of amino acid geochronology as

a tool to correlate geological and archaeological sites throughout this period in time.

1.1 Why date the Quaternary period in Europe?
The European subcontinent provides an ideal setting for the study of the Quaternary. This

region boasts a rich geological and archaeological record, that has been studied for
centuries (e.g. Agassiz, 1840; Geikie, 1863; Schoetensack, 1908; Penck and Brucker, 1909;
West, 1956; Kretzoi and Vértes, 1965; Erd, 1970; Krolopp, 1970; Woillard, 1978; Roberts et
al., 1994; Zagwijn, 1996a; 1996b; Bermudez de Castro et al., 1997; Thieme, 1997; Finlayson
et al., 2006; Blain et al., 2010; Parfitt et al., 2010; Wagner et al., 2010; Muttoni et al., 2011;
Harvati et al., 2019). It is here that the first evidence was discovered of major climate
oscillations involving the periodic expansion of large ice sheets into low lying areas (Agassiz,
1840). The subsequent effects of these climate exchanges on changing sea levels, the
ranges of animal and plant communities, and the evolution and migration of human
populations continues to be investigated (e.g. Zagiwjn, 1996a; Gowlett, 2006; Agusti et al.,
2009; deMenocal et al., 2011; Muttoni et al., 2013; Bertini et al., 2021; Hosfield, 2022;

Timmerman et al., 2022).

In addition, Europe contains significant geographic variation from north to south, and east to
west. As such, ecological ranges of varied species and subsequent responses to the
changing climate can be explored (e.g. Krolopp, 1970; 1995; Tzedakis et al., 1999; Provan
and Bennett, 2008; Koutsodendris et al., 2010; Markova and Puzachenko, 2017; Belmaker,
2018). With a robust chronology, leads and lags in regional climate responses to global
changes can also be examined. Better understanding of the regional variations in climate
and ecological reorganisation of both extinct and extant species may help us to predict future

changes that may occur as a result of anthropogenic climate change.

1.2 Understanding the changing climate of the Quaternary

1.2.1 Discovering glacial/interglacial cycles

The Quaternary period is the final and current period of the Cenozoic era, which is defined
by the predominance of mammalian and avian fauna, conifers and flowering plants (Fig.
1.1). The Quaternary consists of two epochs: the earlier and longer of the two is the
Pleistocene (2.6 Ma to 11.7 ka). This period of time is characterised by the growth of
extensive ice sheets and glaciers across land masses (during glacials) interrupted by
warmer periods (interglacials) with little or no continental land ice. The second epoch is the

Holocene (~11.7 ka to present), which is the present day interglacial.
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Era Cenozoic

Periods Paleogene Neogene Quaternary

Heloldst]| Paleocene Eocene Oligocene

65.5 Ma 55.8 Ma 33.9 Ma 23.0Ma 5.3Ma

2.6 Ma

Pleistocene—]
11.7 ka|

Pliocene
Holocene

Figure 1.1: Timeline of the Cenozoic era. Periods are depicted in the second row, and epochs
depicted in the third row (adapted from Earle, 2019).

Although now widely accepted, the theory that the Earth went through periods of widespread

glaciation in what are now temperate regions took many years to be accepted by the

scientific community (reviewed in Woodward, 2014). At the beginning of the nineteenth

century, it was widely believed that the Earth was gradually cooling and that this change had

been sl ow and consistent thr oug.lBecauseotthise Ear t hoés
geological features such as marine fossils far from the sea, rock striations, erratics and

glacial moraines at great distances from glaciated regions puzzled the scientific community

(e.g. Cuvier et al., 1812; Buckland, 1823; Fleming, 1824; Darwin, 1839; reviewed in

Woodward, 2014, reviewed in Paillard, 2015).

It was the Swiss geologist Louis Agassiz who first proposed that these features could only
have occurred if vast regions of Switzerland (Agassiz, 1840), the British Isles (Agassiz,
1841), and North America (Hitchcock and Smith, 1843) had been covered by giant ice
sheets and glaciers similar to those which covers Greenland at present. It took many years
for these ideas to be widely accepted, but geologists soon found numerous examples of
glacial sediments within the geological record (reviewed in Woodward, 2014). The Geikie
brothers were the first to discover evidence of multiple glacial events by uncovering
sediments interrupted by assemblages of fossilised plant life, suggesting that warmer

periods must have occurred between glacial periods (Geikie, 1863).

The next significant step in understanding how glacial cycles evolved over time came when

James Croll, a Scottish scientist, developed the
could be explained by variation in its orbit around the sun (Croll, 1866). This theory was

expanded upon in the 1920s by the Serbian mathematician Milutin Milankovitch who used

the trends in the Earthds orbit to calcul ate the
over time. Changes in the amount of solar energy that reach the Earth are controlled by 3

main factors: eccentricity, precession and obliquity. Cycles of eccentricity (the measure of

how much the Earthés orbit deviates from a perfe
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Precession or fAwobbled (changes in the direction
pointed) has a cycle which takes approximately 19,000 to 23,000 years. Obliquity (or tilt), the

angle the Earthoés axis is t (wthtagrdatemangletof r espect t o
obliquity favouring periods of deglaciation), has a cycle that takes approximately 41,000

years (Milankovitch, 1941). The impacts of these changes in insolation brought about by

these Milankovitch cycles results in changes in temperature and seasonality, leading to long

term changes in the Earthés climate over tens of

years (Hays et al., 1976).

The next significant discovery that greatly improved our understanding of the dynamics of

the Earthodés climate system was made by Cesare En
Nicholas Shackleton (Shackleton, 1967; Shackleton and West, 1969; Shackleton and

Opdyke, 1973; Hay et al., 1976; Chappell and Shackleton, 1986). Hay et al. (1976)

developed a method to infer the global water volume contained within ice sheets and ocean

temperatures based on the ratios of the most common isotopes of oxygen (%0 and *20)

contained within the calcium carbonate skeletons of foraminifera. Foraminifera are tiny

marine calcareous animals whose skeletons can be preserved in deep ocean sediments

(Orbigny, 1826; reviewed in Haug and Peterson, 2006, Déring, 2022). Two types of

foraminifera are analysed to discern the oxygen isotope ratio of the oceans when they lived:

these are planktonic (species which live near the ocean surface) and benthic (species which

live inthe deepoc e an) . Expressed t hr o0y this ratio i plahktdnit a not at
foraminifera skeletons varies depending on two key factors: the temperature of the water in

which the foraminifera grow, and the extent of terrestrial ice sheets present on the globe. In

the deep ocean, it i%isaffestadimeiot extehtanty,tieent hi ¢ U
temperature in the deep ocean is generally considered to be far more consistent that at the

surface (Shackleton, 1967). By comparing the two values, the effect of ocean temperature

o n ¥@ican be removed to allow for a more accurate representation of global ice extent

(Lowe and Walker, 2014).

According t o Efiisidepandéantof itev@ubng due td which of the two

oxygen isotopes is favoured in different parts c
is greater at the equator and the lighter isotope, 0, is preferentially evaporated. As water

masses are transported from lower to higher latitudes and laterally from low-lying coastlines

to areas of higher relief in land, the heavier 120 is preferentially precipitated. Consequently,

precipitation that occurs at the poles is isotopically lighter than that which occurs at the

equator. During glaciations, the ice sheets form at higher latitudes from 0-depleted

precipitation, and therefore isotopically light water is trapped within ice sheets. Thus, the
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oceans in a glacial are fAisotopically heaviero.
periods, the lighter isotope of oxygen is returned to the ocean, leading to lower #0/**0 and
ii sotopically lighterdo oceans.
In 1973 Shackleton, along with James Hays and John Imbrie, were able to correlate the
patterns in ice volume calculated from 80/*%0 ratios to the Milankovitch cycles, thus
corroborating the theory that changes in Earthos
result of orbital forcing (Hays et al., 1976). The pattern of ice sheet volume has an
asymmet r-i cofiBadvd s hha @xpansionslofdce sheets occur slowly over
time, followed by rapid terminations at the start of interglacials (Fig. 1.2; Broecker and van
Donk, 1970). The peaks and troughs in the ratios throughout the Quaternary are known as
the marine oxygen isotope stages (MIS). Odd numbered stages denote warm stages and
are usual |l y¥®0d dfeil mavd 3by 50 a, with the current int.e
Even numbered stages are cold (Shackleton and West, 1969). There are 102 MIS defined
within the Quaternary period (Lisiecki & Raymo, 2005), and two in the late Pliocene (MIS
103 and MIS 104; Cohen et al., 2012).
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Figure1.22. A r ecr eat i on X%Dfrecdrds througlethetMihSi estimated from 57 globally
distributed marine sediment cores from the LR04 Benthic Stack by Lisiecki and Raymo (2005).
Warm stages can last ~60 ka and consist of both warm and cold episodes (Imbrie et al.,
1984). Within such stages are interglacials, which are climate episodes where the maximum
ice reduction within a warm stage occurs. Although there is no universally agreed definition
of an interglacial (reviewed in Candy et al., 2014), it has been defined in western and central
Europe chronostratigraphy as fia climate episode

greater than the percentage of grass and shrub g

in Candy et al., 2014). Usually, these occur when ice extent is at a minimum within a warm
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episode. Lower magnitude periods of reduced ice volume are known as interstadials, which
can occur with either warm or cold stages (Gibbard and West, 2008; Past Interglacials
Working Group of PAGES, 2016). These warmer episodes are interspersed between minor
increases global ice extent, known as stadials (Allaby, 2008). For example, MIS 5 is made
up of five substages: 5a, 5b, 5c, 5d and 5e (5a is the youngest substage, and 5e the oldest).
The entire MIS lasted approximately 58 ka, but only MIS 5e is classed as an interglacial (~13
ka; Imbrie et al., 1984); 5a and 5c¢ are interstadials and 5b and 5d are stadials (Past
Interglacials Working Group of PAGES, 2016).

1.2.2 Diversity in glacial cycles

The cause of long-term global cooling that led to Quaternary glaciation is contested and
various mechanisms have been proposed. There is early evidence of limited glacial
episodes in the Eocene (Stickley et al., 2009), but significant glaciation did not occur until
late in the Oligocene in the eastern Antarctic (Ingélfsson, 2004). This was followed by
mountain glaciation in Alaska, Greenland, Iceland, and Patagonia in the Miocene, which
spread to the Alps and Bolivian Andes in the Pliocene (Hughes et al., 2011). There are
multiple theories as to the cause of Quaternary glaciation. These include significant
movements of tectonic plates, such as the closing of the Central American Seaways (the
Isthmus of Panama; Bartoli et al., 2005; Haug and Tiedemann, 1998) inducing global cooling
and increasing moisture transport to the Northern Hemisphere (Bartoli et al., 2005). Others
have proposed changes in the orbital forcing from a precession-dominant cycle to an
obliquity-dominant cycle (Hays et al., 1976). It has also been proposed that increased iron
fertilisation of the Southern and Pacific Ocean could have resulted in a decline in
atmospheric CO; during the Pliocene, resulting in temperatures dropping sufficiently to
induce Northern Hemisphere glaciation (e.g. Bailey et al., 2011; Bartoli et al., 2011; Chalk et
al., 2017).

Despite the timings of glaciation correlating well with the pattern of the Milankovitch cycles,
the variation in the Quaternary climate cannot be explained by orbital forcing alone (e.g.
Huybers and Wunsch, 2005; Raymo, 2006; Paillard, 2015). Variability in the regionality,
duration, and intensity of glaciations and subsequent terminations is likely to be caused by
the interaction between global climate, the carbon cycle, ice volume, and temperature in
response to orbital forcing (Past Interglacials Working Group of PAGES, 2016). However,

the mechanisms of these responses and their feedbacks are not very well understood.

The discovery of trapped air bubbles in ice cores extracted from the Antarctic and Greenland

ice sheets have revealed atmospheric composition from the last 800,000 years (Johnsen et
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al., 2001; Lambert et al., 2008). This record supports the pattern of interglacials and glacial
periods displayed in the MIS, but in addition the direct record of atmospheric composition
(Augustin et al., 2004) has helped to provide evidence of the link between global

temperature and the carbon cycle (Luthi et al., 2008).

From this record it can be observed that atmospheric CO; decreases by approximately 100
ppm during glacials (to ~172 ppm) compared to pre-industrial interglacial levels of CO-
(~300 ppm; Lithi et al., 2008). Why this occurs is not fully understood but is likely due to a
combination of processes that occur during glaciations. Oceans are able to absorb greater
guantities of CO; due to brine rejection and reduction in surface water temperatures due to
sea ice, combined with ice sheet expansion near the formation of deep water currents in the
North Atlantic (North Atlantic Deep Water) and Southern Ocean (Antarctic Bottom Water),
strengthens the thermohaline gradient and thus accelerates ventilation of deep ocean
currents (e.g. Volk et al., 1985; Paillard, 2015). In addition, increased fertilisation due to
more arid conditions on land resulting in higher dust transport to the ocean, leads to
increased productivity of phytoplankton, and increased absorption of CO- into the oceans
(e.g. Volk et al., 1985; Boyd, 2015; Koeve et al., 2024). On land, exposure of carbonate-rich
rocks during periods of low sea level leading to increased carbonate weathering, a process
that consumes atmospheric CO; (e.g. Zeng, 2003). Nearly half of the cooling that occurred
during glacial periods has been attributed to a reduction in CO: in the atmosphere (Paillard,
2015).

Conversely, ice sheet expansion reduces silicate weathering, the chemical process
responsible for sequestering CO- into the terrestrial reservoir (Bufe et al., 2021). The
initiation of glacial terminations has been proposed to occur when the rate of silicate
weathering drops below a certain threshold, resulting in atmospheric CO; build up and

subsequent temperature rise that melts the ice (Caves Rugenstein et al., 2019).

The variation in response to changes in the Eart
of varying length, intensity and regional distribution (e.g. Ganopolski and Calov, 2005;

Tzedakis et al., 2009; Past Interglacials Working Group of PAGES, 2016). As such, different

regions of the globe may enter an interglacial or glacial period earlier than others, and local

environments may be more greatly influenced by glaciation than others.

Work by the Past Interglacials Working Group of PAGES assessed several data sources
relating to the interglacials of the past 800,000 years (Past Interglacials Working Group of
PAGES, 2016). They reviewed climate signals from different archives (including the long ice

core, deep-sea and speleothem records) and proxies of temperature, atmospheric
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composition, sea level change and ice volume. Finally, they reviewed a wide range of model
reconstructions from the Third Paleoclimate Model Intercomparison Project (PMIP3; Lunt et
al., 2013) and a series of experiments using Earth System Models of Intermediate
Complexity (EMICS). Comparing such a varied set of data was challenging, due to the

requirement for robust chronologies to allow for correlation between different datasets.

In this review they provided a definition of the term interglacial, proposing it should be
defined by little or no ice in the Northern Hemisphere (outside of Greenland) and sea levels
similar to those known today. The loss of land-based ice results in changes in sea-level: all
interglacials start with a relatively short period of sea level rise, but differ in amplitude,
duration and spatial pattern. MIS 5e and 11c appear to be periods of the greatest level of
warming, and MIS 13 the weakest. MIS 11 is often considered to be an analogue for the
Holocene, as it occurred under weak solar insolation (similar to the orbital forcing that has
occurred during the Holocene) but high sea level and CO, concentrations were attained
(reviewed in Tzedakis et al., 2022). In MIS 5e, the last interglacial, temperatures were on
average 1 °C warmer than they are today (Otto-Bliesner et al., 2013), with global sea levels
6-9 m higher (Dutton et al., 2015). Thus, the conditions of MIS 5e could provide evidence of
regional responses to warmer temperatures, helping us to predict what may occur as a result

of anthropogenic climate change (Fischer et al., 2018).

It has been observed that MIS 5, 7 and 9 all have their warmest period at the start of the
interglacial. This is likely due to peaks in obliquity and precession resulting in maximum
summer insolation at the start of the warm stage, which would favour deglaciation. In
contrast, the warmest period MIS 1, 11 and 19 occurred during a relatively low eccentricity
peak, which results in more consistent insolation throughout the year. This reduces the effect
of precession, and leads to the warmest substage occurring later, when obliquity peaks
(Candy and Schreve, 2007; reviewed in Candy et al., 2014).

Past Interglacials Working Group of PAGES (2016) also present evidence that it is not just
the orbital forcing that determines the strength of any interglacial, being influenced by the
pattern of CO, concentration in the atmosphere as well. Millennial trends in phenomena
such as the Atlantic Meridional Overturning Current (AMOC) also appear to play a role. In
addition, they highlight the importance of chronological advances to refine ages of proxy
records to allow for comparison to astronomical forcing. Furthermore, the lack of robustly
dated terrestrial evidence prevents the assessment of many important aspects of climate.
Improvement in these areas will allow for realistic model simulations for both past and future
climates (Past Interglacials Working Group of PAGES, 2016).
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1.2.3 Climate change within Europe

The earliest evidence of Northern Hemisphere glaciation in mainland Europe comes from
ice-rafted debris taken from Nordic deep-sea sediment cores and has been dated to the
Gauss chronozone (Fig 1.3), approximately 2.72 Ma (Bailey et al., 2013). At the onset of the
Pleistocene, ice sheets in Europe remain north of the Arctic circle and at higher altitudes
(Ehlers and Gibbard, 2007; De Schepper et al., 2014). Glaciers reached sea level in
northern latitudes between MIS 100-96 (Naafs et al., 2013). This may have occurred as a
result of cooling in the Arctic leading to a southward shift of North Atlantic currents
(Hennissen et al., 2014). Correlation of MIS and Milankovitch cycles suggest that obliquity is
the dominant orbital forcing for this period (Buis, 2020), resulting in shorter and less severe
cold stages. Reconstructions of glacial maxima show a far lower glacial extent in Northern
Europe compared to that which occurred in North America at this time (Batchelor et al.,
2019).

At the onset of the Middle Pleistocene, glacial cycles transitioned from 44 ka obliquity-
controlled oscillations to 100 ka eccentricity-controlled cycles. This is known as the Mid-
Pleistocene transition (MPT), which is estimated to have occurred between 1.2 Ma to 0.8 Ma
(Shackleton and Opdyke., 1977; Medina-Elizalde and Lea, 2005; Past Interglacials Working
Group of PAGES, 2016; Legrain et al., 2023). What caused this transition is not yet known,
but various theories have been suggested. Abe-Ouchi et al. (2013) propose that the
relationship between the mass balance of growing ice sheets and changes in summer
insolation reached a critical threshold, where the ice sheets extended so far south that just a
small decrease in insolation was required to trigger rapid ice sheet ablation over several
thousands of years, with limited involvement from fluxes in atmospheric CO,. Additional work
by Honisch et al. (2009) confirm that there is limited evidence that CO, was a main driver of
the MPT, due to similar atmospheric concentrations (derived from boron isotopic

composition of planktonic foraminifera) during interglacials prior and post transition.

Lower glacial levels of CO; are observed following the transition, which has been suggested
to be a positive feedback response to more substantial dust-borne iron fertilisation of the
Southern Ocean. This is caused by increasing aridity during longer glacial episodes. As a
result, longer periods of glaciation were sustained (Chalk et al., 2017). The aridity induced
dust may also have triggered terminations by settling on ice sheets, which would have
reduced albedo and increased solar absorption that could have led to ice sheet collapse
(Ellis and Palmer, 2016).
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Figure 1.3: Reconstructions of global ice sheet extent in Eurasia of the three highest magnitude
glaciations of the Middle Pleistocene, using ice sheet limit reconstructions on MIS 16, MIS 12, MIS 6
and MIS 2 from Batchelor et al. (2019).

Ehlers and Gibbard (2007) have proposed that this transition led to more severe and wide-
reaching glaciation events throughout the Middle Pleistocene. The Pleistocene Glacial
Maximum (PGM) is thought to have occurred during MIS 12 (approximately 450 ka), but
similar glacial extents are argued for MIS 16 (~630 ka). During these glacials, Nordic ice
sheets extended within 200 km of the Alpine piedmont glaciers and the Eurasian ice sheet
extended beyond 110° E to the east (Fig. 1.3). The North, Barents, Kara and Irish Seas were
all fully glaciated. Glaciation in the mountainous regions further south, such as the

Dolomites, also reached their fullest extent during this time (Hughes et al., 2006).

Subsequent glacials were smaller in intensity and ice sheet coverage (Ehlers and Gibbard,
2007). MIS 2 and 4 are often argued to be part of the same glacial cycle, with many arguing
that MIS 3 should be reclassified as an interstadial (Tzedakis et al., 2009). The last glacial
maximum occurred between 18 to 24 ka, the full glacial extent occurring in different regions
at different times (Ehlers and Gibbard, 2007). Unlike the PGM, the North Sea was not fully
glaciated (Carr, 2004), nor did ice sheets expand into the Russian mainland (Svendsen et
al., 2004; Batchelor et al., 2019).
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1.2.4 The influence of Quaternary climate on human evolution in Europe

The variation in interglacial/ glacial cycles throughout Europe would have had huge impacts
on the terrestrial flora and fauna that lived in this region within the Pleistocene. This also
included hominins that lived in Europe from ~1.5-1 Ma (e.g. Bermudez de Castro et al.,
1997; Parfitt et al., 2010), and will likely have had an influence on how they evolved and
adapted to live within this challenging and variable climate. A more robust chronology of this
period of time will help to unpick the possible links between human evolution and significant

changes in climate.

Humans are believed to have entered continental Europe as early as 1.8-1.2 Ma (Prat,
2018), possibly in response to changes in climate that occurred in Africa during the Early
Pleistocene (e.g. MacDonald et al., 2012), resulting in the migration of large herbivores and
hominins (e.g. Potts, 2012). Following the initial expansion of hominins into Europe, the
continent was home to a number of different lineages throughout the Quaternary, including
Homo antecessor (Carretero et al., 1999), Homo heidelbergensis (Schoetensack, 1908),
Homo neanderthalensis (e.g. Schwartz and Tattersall, 1996; Potts. 2012; Meyer et al.,
2016), and ultimately Homo sapiens (e.g. Hershkovitz et al., 2018; Harvati et al., 2019).
Each group left behind a variety of evidence of their presence including stone (e.g. Warren,
1911; Mazza et al., 2006; Moncel et al., 2013; 2015; Bourguignon et al., 2016; reviewed in
Lewis et al., 2019; Davis et al., 2021) and wooden (e.g. Warren, 1911; 1922; Thieme, 1997,
reviewed in Allington-Jones, 2015) tools, bones and teeth (e.g. Bermudez de Castro et al.,
1997; Toro-Moyano et al., 2013; Michel et al., 2017) and evidence of fire use (e.g. Preece et
al., 2006; Roebroeks and Villa, 2011; Henry, 2017). This evidence can be examined in the
context of associated environmental proxies to understand how these hominins lived, and
the role of the changing climate on their physiological, behavioural and technological
evolution (e.g. Ashton and Lewis, 2012; Blain et al., 2013; Lauer and Weiss, 2018;
Szymanek and Julien, 2018; Horne et al., 2022; Hosfield, 2022; Timmerman et al., 2022),
and the role Quaternary climate change in the demise of various species of Homo (e.g.
Foley, 1994; Mondanaro et al., 2020; Raia et al., 2020).

A secure chronology of Quaternary Europe will enable us to better correlate palaeoclimate
archives, but also allow us to relate these records with the archaeological deposits.
Connecting the geological, palaeontological, and archaeological record will create a more
complete picture of Quaternary Europe. This will help improve our understanding of how
modern humans came into being and possibly explain why we are now the only member of

the genus Homo present today.
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1.2.5 Chronostratigraphic terminology in Europe

The climate of the Quaternary has been well studied within Europe, with many characteristic
deposits for various glaciations and interglacials now known. This has led to a large number
of stratigraphical terms, sometimes describing the same climate episode. For example, the
interglacial that occurred during MIS 5e is known as the Eemian in North-western Europe,
the Ipswichian in Britain (Gibbard and Hughes, 2021), and the Riss-Wirm interglacial in the
Alpine region (Penk and Brtckner, 1909; reviewed in Whittow, 1984). These terms are
commonly derived from the location where the original type-deposit used to characterise a
particular chronological stage. The Global Chronostratigraphic Correlation Table developed
by Cohen and Gibbard (2013; 2019; 2022) provides an overview of the consensus of the
correlation between well established Quaternary stratigraphic schemes. An adapted version
of this table has been presented in Figure 1.4, where terminology from all countries
discussed in this thesis are described, along with the current consensus on how
chronostratigraphic stages correlate with one another. However, to avoid confusion, the
North-western European terminology will be used throughout this work, unless it is

inaccurate to do so.
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Figure 1.4: European Quaternary geochronological stages. From left to right, this figure describes the
palaeomagnetic chrons and epochs, MIS (Lisiecki and Raymo, 2005), geological period, geological
epochs, standard stages, North-Western European stages, British stages (Cohen and Gibbard, 2022),
Bavarian (Alpine) stages (Penck and Briicker, 1909), and Polish stages (Marks et al., 2023). This
adapted from Georgopoulou et al. (2015).

One goal of Quaternary geochronologists is to correlate characteristic deposits to the global
climate record, so the progression of terrestrial glaciations and interglacial episodes can be
better understood. However, due to the challenges in dating material past the range of

radiocarbon (Section 2), the age of many deposits is still highly debated (Bdse et al., 2012).

The ages of both the Eemian/lpswichian interglacials and Weichselian/Devensian glaciations
are well constrained within the literature. The Eemian/Ipswichian has been correlated with
MIS 5e and is thought to have occurred between ~130 to 115 ka (Lisieki and Raymo, 2005;
Cohen and Gibbard, 2022). The Weichselian/Devensian is the glacial period prior to the
current Holocene interglacial and is used to describe the cold stage between MIS 5d and
MIS 2 (115 to 11.7 ka; Hughes et al., 2011).
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The Saalian complex covers a much longer period of time. The Saale/ Saalian complex is

used to describe the period of time that elapses between the Holsteinian and Eemian

interglacials (Ehlers et al., 2011). Three ice advances within this stage have been mapped

within northern Germany, notably the Drenthe and Warthe glaciations, which are thought to

have occurred within MIS 6 (Litt et al., 2007; Roskosch et al., 2015; Lang et al., 2018). There

is little evidence of MIS 8 in Europe (Hughes et al., 2020). Potentially because these

deposits may be confused wiltOaludsdrpnoMI$ & ssggdstrito m MI S
was less intense than other Middle Pleistocene cold stages (Lisieki & Raymo, 2005).

In Germany, the timing of the Holsteinian interglacial and the proceding Elsterian glaciation
and how they correlate to the MIS is not universally agreed (e.g. Sarnthein et al., 1986; Geyh
and Miller, 2005; Roe et al., 2009). The Holsteinian interglacial is a warm episode defined
by characteristic pollen (Erd, 1970; 1973). It is commonly correlated with the Hoxnian
interglacial in the British record, and MIS 11 (e.g. Vandenberghe, 2000; Nitychoruk et al.,
2005; Koutsodendris et al., 2012). However, some argue an MIS 9 age (Geyh and Muller,
2005; Urban et al., 2011), or even that the characteristic pollen sequence of the Holsteinian
could occur over 2 interglacial episodes (Scourse et al., 1999; Dowling and Coxon, 2001). It
is also still strongly debated whether the Elsterian correlates with MIS 12 (Ehlers et al., 2011;
Lauer and Weiss, 2018) or 10 (Geyh and Mdller, 2005; Litt et al., 2007), and if it is the same
glaciation as the Anglian and Mindel glaciations in the UK and Alpine record respectively. In
Britain there is greater consensus that the Anglian correlates with MIS 12 and the Hoxnian
MIS 11 (Bridgland, 1994; Schreve, 2001; Preece et al., 2007; Penkman et al., 2011; 2013).

The Cromerian Complex describes a series interglacials and glacials that occurred prior to
the Elsterian. Originally there were no glacial deposits found within this stage, but it is now
commonly agreed that the deposits defined by the Cromerian Complex cover multiple cold
and warm phases (Zagwijn, 1996b). However, the Cromerian sensu stricto is an interglacial
preceding the Anglian (British record), with the type-site located in West Runton, East Anglia
(West, 1980). These deposits are believed to have occurred between the Matuyama
Brunhes reversal (0.78 Ma; Coe, 1994) and MIS 12 in the British record (e.g. Bridgland,
1994; Pawley et al., 2010; Preece and Parfitt, 2012). The Dutch record for the Cromerian
Complex has been divided into four interglacials, defined by the pollen sequences present
within the sediments (Zagwijn, 1996b). Cromer | has been dated to the warm stage
preceding the Matuyama-Brunhes boundary, MIS 21 (Coe et al., 1994; Cohen and Gibbard,
2022) due to the reversed polarity of the sediments within the type-deposit. Biostratigraphic
evidence places Cromer Il in the early part of the Cromerian, and is commonly thought to
correlate with MIS 17 (~700 ka; e.g. Zagwijn, 1996b; Markova and Puszachenko, 2016) and
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Cromer 11l with MIS 15. The age of the final interglacial, Cromer 1V, is still debated, with
arguments made for both MIS 13 and MIS 11 age (e.g. Turner, 1996; Rahle et al., 2005;
Wedel, 2008; Preece and Parfitt, 2012).

The chronology of the Quaternary in North-West Europe is complex and still not fully
understood. More robust chronostratigraphic frameworks may help to unravel many of the

debates surrounding this period in time.

1.2.6 Understanding the past to predict the future

The reconstruction of paleoclimates and ice sheet extent is a key focus in present day
research. By understanding the various mechanisms that control the dynamic nature and
variability in global and regional glaciation (as well as termination events), we may be able to
project future changes in the Earthmte system as
atmosphere (e.g. Hargreaves and Annan, 2009; Tierney et al., 2020). This will help to
improve the validity of ice-sheet and climate models. However, these model simulations
require enhanced integrated chronologies of terrestrial and marine proxies of past climates
(e.g. Stokes et al., 2015; Batchelor et al., 2019; Kalka et al., 2020). This is particularly
imperative for pre-LGM cycles which may contain analogues for future climate scenarios. As
such, continued collation and correlation of paleo-observations of climate and ice-sheet
behaviour will be needed to better constrain reconstructions of these phenomena in

numerical models (Stokes et al., 2015).

An understanding of the role of the climate on the evolution and migration of Quaternary
fauna and flora, including hominins, can also be important for understanding the impacts of
future changes in climate on modern species (e.g. Davies et al., 2009; Kerdelhué et al.,
2009; Lorenzen et al., 2011). Linking palaeoclimate archives with fossil evidence can identify
the adaptability of extant populations to dramatically changing climate (e.g. Wright, 1984;
Jackson and Overpeck, 2000; MacDonald et al., 2008). This may inform conservation efforts

now and in the future.

It is the aim of this project to help build a more robust chronology of the European record, to
contribute to the debates about the timing of ke
history. The next section will explore the various methods that can be used to help date the

Quaternary, and assess the various strengths and weaknesses that affect their ability to date

this period within Europe.
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1.3 Methods for dating the Quaternary

Key to understanding the link between climate change and hominin evolution during the
Pleistocene are highly resolved terrestrial geochronologies that can be correlated across the
continent. This will help to paint a picture of how the climate changed, help to uncover
whether there is any asynchroneity in these changes across different regions, and elucidate

whether these changes could have had a causal relationship with hominin evolution.

Throughout the last two centuries many techniques have been developed to date both the
palaeoclimate and archaeological archives. These can broadly be split into methods that
provide numerical age estimates and methods which establish relative age. Numerical ages
are usually produced by radiometric methods, which involve radioactive decay or damage to
crystal structure due to radiation; or by incremental methods, which involves the
accumulation of sediments or biological material through time. Relative dating methods
establish relative order of antiquity of fossils or stratigraphic units (Lowe and Walker, 2005),
a subset of this are methods which establish chronostratigraphic markers (such as polarity

reversals in the Earthos feranghorizons.s m) t hat occur a2

1.3.1 Radiometric dating techniques

1.3.1.1 Radiocarbon dating

Perhaps the most well-known and well-established of the radiometric dating techniques is
the dating of materials using the radioactive isotope of carbon: 14-carbon (e.g. *C; Libby,
1946; Lotter, 1991; Wood et al., 2013, Briant et al., 2018). It can be used to date a wide

variety of organic matter, including bone, plant material and charcoal (Nowak et al., 2017).

14C is produced naturally in the upper atmosphere by free neutrons (produced by high-
energy cosmic rays) colliding with nitrogen atoms, resulting in a proton being displaced by
the neutron to form the *C isotope. Like the more common and stable form of carbon, 12-
carbon (*2C), the **C atom is readily oxidised to form carbon dioxide, which is absorbed into
the oceans and living organisms and then stored in various global reservoirs within the
atmosphere, biosphere and hydrosphere. Where there is continuous uptake of **C, for
instance in a living organism, it is assumed that an equilibrium ratio of *4C to the more
common *2C isotope is maintained. However, upon death no further uptake of *C is
possible, and the ratio of 1*C/*?C is dependent on the radioactive decay rate of *C. The half-
life of radioactive decay was originally determined to be 5568 years by Libby (1946); since
then, a more accurate half-life of 5730 £ 40 years (Godwin, 1962) has been determined,
known as the Cambridge half-life. The half-life is used to calculate the time that has elapsed
since the organismdés death. Most recent methods

spectrometry, which counts the number of *C and ?C atoms present in a sample. The ratio
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is compared to modern day values and age is calculated using the half-life of **C, and with
calibration-curve corrections for fluctuations in *C over time (van der Plicht et al., 2020).
Currently, radiocarbon can be used to date material up to ~55 ka, which means it can only

be used to date the final part of the Pleistocene and Holocene (van der Plicht et al., 2020).

1.3.1.2 Uranium series dating

Uranium-series dating utilises the decay chains of 228U and 2%U to their daughter isotopes
(Ambers et al., 2005). Uranium is widespread
and sediments at varying degrees of concentration (e.g. McKelvey and Nelson, 1950; Bell,

1963; Womble et al., 2011). Within calcium carbonate substrates (for example spelothems or
coral), upon crystallization, uranium is deposited into the crystal matrix, and if the system

remains closed, will slowly decay over time to form the largely insoluble and stable daughter
isotope 23°Th. The proportion of uranium to thorium and other daughters in the system will

then act as a clock for the length of time since the mineral crystal was formed (Ambers et al.,
2005).

There are several different methods within uranium series dating. Each method is named
after the isotopes measured to estimate the age of material being dated, and can involve
ratios of different isotopes in the uranium-series decay chain depending on the material
being dated. Isotopes are detected using mass spectrometry (Andersen et al., 2004). Dating
relies on prior knowledge of the ratio of the isotopes during formation of the material studied
being known. This sample age is then inferred by the difference between the ratio at time of
formation and the ratio currently present in the fossilised material. It is assumed that

radioactive decay has taken place in a closed system (Lowe and Walker, 2005).

Uranium-series dating is most commonly used to date geological calcite (such as
speleothems; e.g. Goslar and Herchman, 1988; Sp6tl and Boch, 2019; Rizal et al., 2020)
and travertine (e.g. Blackwell and Schwarcz,1986; Mallick and Frank, 2002; Priestley et al.,
2018) and coral skeletons (e.g. Cobb et al., 2003; Dumitru et al., 2023), but has also been
used to directly date fossilised bone and teeth (e.g. Tiemei and Suxin, 1988; Aubert et al.,
2012) and peat (e.g. Heijnis et. al., 1992; Frechen et al., 2007; Geyh, 2008; Sierralta et al.,
2017). This technique can date minerals from present-day back to 500-350 ka. The temporal
limit is determined by the length of time it takes for the parent and daughter isotope to reach
equilibrium (Ambers, 2005). Some have claimed to extend this range up to 600 ka in corals,

but these dates are achieved with large uncertainties (Stirling and Andersen, 2009).

Sources of uncertainty in U-series dating can occur from the contamination of both uranium
and thorium in the sample (Pike et al., 2002). If the crystal matrix has not maintained a fully

closed system, soluble uranium may be introduced after crystal formation. Conversely,
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uranium may also be leached from a sample. Both can lead to erroneous ages being
inferred from the sample. Bone (Cherdyntsev et al., 1963, Ikeya et al., 1982; Pike et al.,
2002) and tooth enamel (Grin et al., 1988; Hoffman et al., 2003) poses challenges due to it

being an open system in respect to uranium.

Due to the limited type of materials suitable for U-series dating, it is only appropriate when
dating areas where calcitic minerals or biominerals such as corals are present (Stirling and
Andersen, 2009). Although its upper limit of 500 ka extends well beyond the temporal range
of radiocarbon dating, it is unsuitable for dating sequences from the Early to the early Middle
Pleistocene (~2.6-0.5 Ma). In addition, there are not many sites in Europe where the
necessary substrates, such as tufa or speleothems, are present. It therefore cannot be used
to date the emergence of hominins in the archaeological record, and their first appearance in

Europe, but is useful at certain sites for the later parts of the Pleistocene.

1.3.1.3 Potassium-argon and argon-argon dating

Potassium-argon and argon-argon dating are used to determine the age of formation and
thermal history of potassium-bearing rocks and minerals, which have undergone thermal
activity from volcanic action (Alden, 2021). Samples can be either igneous, metamorphic, or
sedimentary. Sediments containing tephra (fragmental material produced by a volcanic
eruption) can also be dated using this method. Should archaeological remains and artefacts
be present within sediment related to volcanic strata or containing tephra, their age can be

interpreted by the age of the sediments.

Similarly to U-series dating, potassium-argon is based on the ratio of the radioactive parent,
40-potassium, the radioactive daughter, 40-argon. The sample is split into two fractions: one
is used to determine the quantity of “°K in the sample by either flame photometry, atomic
adsorption spectroscopy or isotope dilution (McDougall, 1999); the second is heated in a
vacuum to release the argon gas. To determine the relative abundances of the argon
isotopes within the sample, it is spiked with a known quantity of 3Ar. The relative abundance
of both “°Ar and Ar is then determined by mass spectrometry; %®Ar is required to determine
the background concentration of “°Ar in the sample from the atmosphere, assuming that the
contribution of the two isotopes from the past atmosphere is consistent with known

atmospheric ratios (Alden, 2021).

This technique has been used to date meteorites as old as 4.5 billion years (Bogard et al.,
1967) and has even been used to accurately date material less than 2000 years old
(Lanphere et al., 2007). As such it can be an incredibly powerful technique for Pleistocene
samples but requires that potassium-containing rocks from thermal activity are present. This

technique also requires relatively large quantities of rocks to obtain sufficient quantities of
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potassium to calculate the ratios. This can lead to rocks with inhomogeneous quantities of
potassium being used that may have been subject to thermal alteration since original
formation of the rock, leading to the introduction of additional potassium which decreases the
age estimate produced (Foland, 1998).

To overcome this issue with “°K/4°Ar dating, 40-argon/39-argon dating (“°Ar/*°Ar) was
developed. This technique converts the “°K in the sample to *°Ar within a nuclear reactor
(Twyman, 2007). This means that the sample can be analysed in the same instrument as the
40Ar, a mass spectrometer. Due to improvements in the sensitivity in argon mass
spectrometry, very small quantities of samples are now required, with only a spot (less than
100 microns in size) required for geologically old samples (McDougall et al., 1999). Claims of
high precision have been made for this technique compared to other dating methods
(Nomade, 2018). However, due to the need for tephra to be present in sediments, this
technique is not suitable for large regions of the European terrestrial record due to the lack

of volcanic activity over this time period in much of Europe.

1.3.1.4 Luminescence Dating

This technique involves the dating of crystalline materials, such as quartz or feldspar. It is
typically restricted to the Quaternary period (Walker, 2005). Luminescence dating can be
used to date geological events or archaeological artefacts, depending on the material

selected for analysis (Duller, 2008).

Radioactive isotopes of uranium, thorium and potassium occur naturally in minerals. As they

decay, they release radiation into the surrounding minerals and a small proportion of this

energy can be stored within defects in the crystal structure (Aitken, 1998; Duller et al., 2008).

The energy remains there until electrons are excited to higher energy levels. This releases

the trapped electrons and as a result they may combine at a luminescence centre, producing

a flash of light termed 6l umitedmeneeftwowayys. The el ec
firstly, via heating over 300 eC (such as in a &
daylight (Duller, 2008).

The two dating techniques that take advantage of this phenomenon are thermoluminescence
(TL) dating and optically stimulated luminescence (OSL) dating. As the names suggest, TL
releases the stored radiation through heat and OSL through exposure to light. While TL
dating of pottery was developed for use in archaeology in the 1960s (Aitken et al., 1964),
OSL has become the more commonly used technique (Munyikwa, 2016) since the optical
dating of sediments was proposed by Huntley et al. (1985). Due to the ubiquity of the mineral
grains required for OSL dating, it is suitable in a wide range of geomorphological contexts.

For Quaternary deposits, the event being dated i
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working under the assumption that the light it was exposed to is sufficient to remove any pre-
existing signal (Duller, 2004). It is also possible to date artefacts like pottery, burnt flints and

burnt stones, in which case the event being dated is the last exposure to heat (Duller, 2008).

To calculate the age of the sample, two additional values are required, which are combined
in Equation 1. The equivalent dose is the laboratory dose (in Grays) equivalent to the dose
received by the sample in nature since burial. The brightness of the luminescence emitted is
used to calculate the equivalent dose. The dose rate is the radiation of the surrounding
sediments. It is assumed that the sample has received a consistent annual dose rate
throughout its burial history. Using this equation, the equivalent dose and dose rate are then
used to determine the number of years that have elapsed for the radiation observed to be
accumulated (Duller, 2008).

5 QMG  OR 6 QO Q& DVd  0f (i @ O FQEB(E]. 1.1)

Various OSL signals are available for dating purposes, based on the wavelength of light
used to stimulate electrons (reviewed in Penkman et al., 2022). For example, blue (~470
nm) or green (~530 nm) light are typically used to stimulate quartz, whilst wavelengths in the
infrared (~870 nm) are used on feldspar for infrared stimulated luminescence (IRSL). Each
of these signals has different parameters, and thus different upper age ranges, enabling
luminescence dating to date events from decades (e.g. quartz OSL; Banerjee et al., 2001) to
~600 ka (e.g. feldspar pIR-IRSL; Buylaert et al., 2012). There is potential for several different
OSL signals to extend the range of this technique, each with different upper limits. An
example of this is thermally transferred optically stimulated luminescence (TT-OSL), which
has the potential to date quartz up to 1 Ma in age (Adamiec et al., 2010; reviewed in Duller
and Wintle, 2012).

The abundance of material available for TL and OSL analysis means that TL and OSL are

suitable techniques to build chronologies for a greater range of terrestrial deposits

throughout Europe, compared to U-series, “°K/*°Ar and “°Ar/*°Ar dating. For example, TL has

been used to determine the age of the oldest Homo sapiens remains found at Jebel Irhoud,
Morrocco (Richter etaafggeo ROhirhesd&mtendadi ng te
infrared-infrared [IR-IR] simulated luminescence of K-feldspars and TT-OSL of quartz) have

been employed to better constrain the age the sedimentary infills correlated to the Sima de

los Huesos (Spain) assemblage (Arnold et al., 2014). The dating of burnt flints using TL can

be used to directly date fire use by hominins, helping to identify the oldest known hearths

(Valladas, 1992; Armitage and King, 2013).
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Both TL and OSL signals are limited by their saturation level, which is what defines their
upper age range. In addition, dates a calculated based on a set of assumptions such as
whether the dose rate has been stable over time, how much the water content has changed
in the surrounding sediments, and that the signal was fully reset upon the last exposure to
sunlight or heat (e.g. Duller et al., 2009a; Wyshnytzky and Rittenour, 2013; Wallinga and
Cunningham, 2014). However, new approaches in luminescence have the potential to
extend the age range of this technique. Biogenic calcites have been identified as targets for
luminescence dating since the 1960s (Johnson, 1960), but previous attempts to employ this
substrate have been hindered by the organic component of the shells under investigation.
Heating led to combustion of the organic material, which interfered with the measurement of
the dose-dependent TL signal (Ninagawa et al., 1988; 1992; Duller et al., 2009a). The
opercula of Bithynia tentaculata and slug plates from the Limacidae family have been shown
to emit thermoluminescence signals, and unlike other biogenically secreted calcium
carbonates these biominerals are predominantly precipitated as calcite (Duller et al., 2009b;
2015). In particular, calcitic opercula from bithyniids have the potential to date the entirety of
the Pleistocene, and even further back in time (Stirling et al., 2012; Duller and Roberts,
2018; 2024). Such an age range would help to build chronologies for the first appearance of

humans in Europe and their population dynamics throughout the Quaternary.

1.3.1.5 Electron Spin Resonance

Electron spin resonance (ESR) is reliant on the build-up of radiation-induced paramagnetic

electrons trapped in defects in the crystal lattice of a body of rock or other types of material

(Gr¢n, 2008). The el ectrons ar a@nmngtealeoccartngd by U,
radioactive elements such as thorium or uranium. In order to use the trapped electrons to

determine the date of the sample in question, it is exposed to high-frequency

el ectromagnetic radiation i nes0 stthreo ntgr anpapgence td lce o
allowing their resonance to be detected as the magnetic field is changed. The amount of

electromagnetic power absorbed by the electrons is proportional to the number present, with

a larger number yielding a greater absorption. The absorption observed is known as the

Apal eodoseBoydoana®s4). The Aannual doseod or AES
site is calculated, taking into account both internal and external radiation sources, cosmic ray

radiation and comparing the sample to calibrated samples in the laboratory (Hennig and

Griin, 1983). Alternative irradiation sources, including X-rays, have also been explored for

this method (Yu et al., 2022).

The benefits of ESR over other techniques is that in theory it can be used across the entire
date range of the Quaternary, with age estimates ranging from a few thousand (e.g. Grin et

al., 1996) to a couple of million years old (e.g. Curnoe et al., 2001). It has been used on a
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wide range of deposits: initially used to determine the growth rates of stalactites in Japan
(Ikeya, 1975), other materials such as tooth enamel (Blackwell et al., 1992), mollusc shells
(Molodkov, 1993) and speleothems (Goslar and Hercman, 1988; Ulusoy et al., 2014) have
been dated, with the most common application being enamel (reviewed in Skinner, 2021).
As such it allows for direct dating of fossilised tooth enamel of hominin species, making it a
useful technique to yield chronologies for human evolution (Joannes-Boyau, 2014).
Replicate measurements can be taken from the same sample, as electrons are not lost upon

analysis (Lowe and Walker, 2005).

The ability of ESR to date beyond the Middle Pleistocene has enabled chronologies for the

first arrival of hominins into Europe to be deve
enamel (in combination with U-series dating) from Atapuerca Gran Dolina TD-6 by Duval et

al. (2018). Hominin remains from this horizon have been classified as Homo antecessor and

the dates from this level place the age between 772 and 949 ka (once further constrained by
magnetostratigraphic data). A hominin tooth from the site of Barranco Ledn has also been

dated by ESR (in combination with paleomagnetic and biostratigraphic data) between 1.03 to

1.73 Ma, with the majority of evidence placing this tooth at ~1.4 Ma, making it the oldest

known hominin fossil in Europe (Toro-Moyano et al., 2013).

Critiques of ESR dates from tooth enamel stem from the uncertainty of uranium uptake over
time. In addition, a common issue with ESR is the difficulty in estimating the annual dose,
which usually has an error of +10% due to the large quantity of parameters that need to be
considered (Shukla, 2020). Like other radiometric dating methods, ESR works on the
assumption that the number of trapped electrons within the mineral crystal structure was
zero upon its incorporation into the material and that the annual dose rate has been constant
over time. Often these assumptions cannot be proven to be correct (Lowe and Walker,
2005). Reworking of specimens (such as teeth and shells) can also be an issue for ESR, as
the annual dose is reliant on calculating the radiation that occurs in the immediate vicinity of
the sample, which would be incorrect if the sample is older than the surrounding material
(Blackwell, 1994).

1.3.1.6 Cosmogenic nuclides

Cosmogenic nuclides provide a means to directly measure the residence time of material

near the Earthés dynamic surface. This approach
cosmogenic nuclides in bedrock, detrital sediment, saprolite, sedimentary deposits, and soils

to determine both the rate and age of a number of near-surface processes (such as erosion,

glaciation, faulting, sedimentation, river incision, and soil formation).

44



Cosmogenic nuclides are produced by interaction of cosmic rays within the atmosphere or in
inorganic mineral lattices. Quartz is a common target for this method due to its abundance
and resistance to weathering. Both the silicon and oxygen, which form the mineral, are target
atoms for cosmic ray bombardment. This produces nuclides such as °Be, 2°Al, *C and *Cl,
which are measured by ultrasensitive AMS or noble gas mass spectrometers. Smaller
nuclides, such as ?!Ne and 3He, are measured by traditional noble gas mass spectrometers.
Production of the nuclides is low (on the order of several to hundreds of atoms per gram per
year). The rate of production is affected
geomagnetic fields, resulting in the rate of production being higher in areas of greater

elevation and at the poles compared to the Equator (Bierman et al., 2021).

This dating method can be a useful tool to constrain the age of glacial deposits, providing an
estimate for the time that has elapsed since the glaciers or ice sheets have retreated
(Banerjee, 2020). Simple approaches assume that no other processes have interrupted
exposure age, such as erosion or covering from other mechanisms, which may result in the
age being underestimated, but can provide a minimum age for deposits. Exposure dating
has been used to constrain the timing of the transition of the LGM and present-day
interglacial climate (e.g. Rinterknecht et al., 2006; 2014; reviewed in Balco, 2020); the timing
of the Younger Dryas cold period (e.g. Kelly et al., 2004; Brynjélfsson et al., 2015); and the
timing of older major glaciations (e.g. Delmas et. al., 2011; Knudsen et al., 2020). Therefore,
it may be able to provide possible insights into the lags between global climate change and
regional responses. However, there have been discrepancies between the ages produced

by cosmic nuclides and other dating methods (e.g. Granger et al., 2022; Thew et al., 2024)

1.3.2 Incremental dating methods

Incremental dating methods are based on regular additions of materials to organic matter or
geological sequences. They include dendrochronology (the expansion of tree trunk
perimeters every growing season; Ferguson, 1968); varve chronologies (the rhythmic
accumulation of sediments to create bands in the geological record, commonly due to glacial
expansion and retreat, river or lake sedimentation (Prokopenko et al., 2010; Kalanke et al.,
2020); and lichenometry (where the size of lichens can help to date the time since the

surface was exposed; Armstrong, 2016).

These techniques are commonly used to date Holocene age sequences due to their limited
temporal ranges, although they can often provide useful duration information in earlier
sediments (e.g. Lotter, 1991; Rein et al., 2007). Varve sequences in Sweden and Poland
have been used to date Pleistocene chronozones such as the Younger Dryas, Bglling, and
Allergd (Lotter, 1991).

45

by

at



1.3.3 Stratigraphic methods

The stratigraphy of a geological sequence is the chronological order of the formation of rocks

or deposition of sediments, and the sequence of events captured within them (reviewed in

Lyle, 2019). The sections or 0 s tdefimet Bydisilehat bui | d
characteristics, such as grain size, colour, or by structural elements such as deformation or

variation in bedding. These features define the lithostratigraphy of a sequence, where the

individual strata are defined by changesintheseque nceds | i thol ogy. Other m
also be used to define the strata. Improvements in instrumental analysis of sediments allows

for strata to be distinguished by changes in their magnetic, seismic, chemical and biological

properties.

Commonly Quaternary sediments can be defined by morphology, event stratigraphy (such
as reversals in magnetic field polarity or tephra layers), flora and fossils present
(biostratigraphy) and potentially by correlation with the MIS where possible. Strata may also
be classified by paleoclimatic indicators, for instance by glacial and interglacial stages that
have been defined in specific regions. Examples of this are the North-West European, British
and North American stages (Cohen and Gibbard, 2022).

These markers in the geological record provide horizons that are broadly synchronous
across a variety of sedimentary sequences and allow for global correlations (Lowe and
Walker, 2005). These horizons initially require dating through other methods (Lowe and
Walker, 2014), but once a date has been agreed for these events, they can then be used as
an indirect method to provide age estimates in other localities. They often form the basis for

subdivisions in stratigraphic sequences.

1.3.3.1 Lithology

Changes in the lithology in Quaternary deposits can be used to constrain the age of
particular sections. Changes such in grain size, sediment type, and organisation of
sediments can all be characteristic of particular types of deposition (e.g. Steno, 1669; Smith,
1815; Johnson, 1984; Bibus et al., 2007; Hoselmann, 2010; Gabriel et al., 2013; Pilispoki,
2016; 2020; 20214a; 2021b). In addition, changes in the composition of minerals that occur
within different strata can also provide temporal markers in a stratigraphic profile (e.g.
Kolfschoten and Turner, 1996; Koenigswald and van Kolfschoten, 1996; Boenigk and
Frechen, 1998; Hoselmann, 2008; 2010). This in turn can provide evidence of the
depositional environment, and when major transitions due to substantial changes in climate
and tectonic movements have occurred. Characteristic geological formations can be defined

for a given region and can provide chronostratigraphic markers where the deposition of this
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formation is believed to have occurred simultaneously throughout the area (e.g. Hamblin et
al., 1997; Gibbard, 2012; Gabriel et al., 2013; Refsnider et al., 2013; Preusser et al., 2021).

Stratigraphic sequences of alternating layers of loess and palaeosols can provide both

stratigraphic and chronological markers, as well as evidence of changing climate between

glacial and interglacial conditions (e.g. Bronger, 2003; Rutter et al., 2003; Liu et al., 2005;

Mar kovil et al., 2011). Characteristic sequences
independent chronology for one site can then be used to determine chronology of nearby

records (e.g. Velichko, 2006; Makeev et al., 2021). The most well-known of these sequences

is the Chinese Loess Plataeu, which is a continuous archive of the Quaternary that has

provided a wealth of proxy data to reconstruct climate throughout the Quaternary (Rutter,

1992; Vandenberghe et al., 1997; Lu et al., 1999; Bush et al., 2004; Sun et al., 1999;

reviewed in Vasiljevil et al., 2014).

Aggradational river terraces provide another stratigraphic sequence of deposits (Fisk, 1944;

Zeuner, 1945; 1959; Bridgland, 2000). They occur as stepped valley sides in areas which

have rebounded isostatically from the previous glacial cover (e.g. Fuller et al., 1998), and as

high gravel and silt-covered platforms that border the flood plains of major rivers such as the

Thames (Bridgland et al., 2004), Seine (Antoine
2004). Terraces can represent multiple interglacials throughout the Quaternary (e.g.

Bridgland et al., 2004; 2006; Antoine et al., 2015, et al., Ruszkiczay-Ridiger 2018), providing

ideal stratigraphic sequences to investigate how both climates, and the fauna and flora of a

given region has changed over time.

1.3.3.2 Magnetic stratigraphy

The magnetic field of the Earth varies constantly in both the direction of polarity and field
strength. Field reversals through 180°, where the relative positions of the geomagnetic poles
switch position, are captured within the formation of some rocks and sediments, and
preserved throughout the geological record (van Montfrans, 1971). The direction of the
Earthdéds magnetic field is captured during the fog
ferromagnetic properties, and the field is retained once rocks cool below a specific
temperature known as the Curie Point (Desains and Curie, 1880; Mould, 2007). In
sediments, the direction of the field is captured in ferromagnetic sedimentary particles as
they settle within a water column, or form water-saturated sediments. Finally, the
crystallisation of ferromagnetic oxides in sediments can also encapsulate the strength and

direction of the magnetic field upon formation (Torsvik, 2005).

The present-d ay magnetic field of the Earth is conside

opposing direction is known as O6reverseb6 polarit
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the direction of the Earthdés polarity remained s
epochsodo and | asted between ~100 ka to 10 Ma. Sho
polarity are referred to as A p-d0O&a andocanoecure nt s 0, I
throughout a polarity epoch. These events occur globally, allowing calibration across a

variety of terrestrial and marine sequences. K-Ar dating has been used in volcanic rocks to

date both polarity epochs and events, which are used throughout the geological record as

strategic horizons for dating (Lowe and Walker, 2005).

The start of the Quaternary period is commonly defined as the transition between the Gauss

to the Matuyama epoch, where the Earthdés magnet.
reversed (2.58 Ma, correlated with MIS 103). A return to normal polarity occurs at the

Matuyma-Brunhes boundary (~0.77 Ma, correlated to MIS 19; Head, 2019). Significant

polarity events within the Quaternary are the Ol
Emilia and Heinrichs, 1972), and t h#®aDoglmarill o 0
and Dalrymple, 1966), both within the Matuyama epoch. For the Brunhes epoch, the Blake
Aireversalo (~0.12 Ma) and Emperor fireversal 0 eve

are commonly used as geological markers (see Section 1.2.4; Fig. 1.3).

1.3.3.3 Biostratigraphy

Strata can also be defined by the genera of fossils present, with evolutionary differences in

fauna enabling separation into Abiozonesd in a n
Tzedakis et al., 2001; van der Made, 2018). The earliest use of this technique was by

William Smith, who recognised that strata possessing similar lithology contained different

fossils that enabled strata identification (Smith, 1815; reviewed in Torrens, 2015). Within the

Quaternary, biostratigraphy is largely dependent on changes in assemblages of fauna in

response to the highly volatile climate throughout this period. High climate variability within

the Quaternary has led to significant origination and extinction of certain species (e.g. Meijer,

1989; Koenigswald and Kolfschoten, 1996; Khomchenko and Yanina, 2012; Mayhew, 2015;

Tesakov et al., 2020). This rapid turnover of species in certain regions can make

biostratigraphy a powerful tool to isolate significant changes in climate in addition to building

a chronology within the geological record (reviewed i n Schreve, 2001). ABIi 02z
commonly used to correlate continental sequences, and it is one of the few dating methods

that cover the whole Quaternary time period (e.g. Mayhew, 2015; Tesakov et al., 2020).

However, movement of populations in response to climate change can result in the same
faunal and floral assemblages occurring more than once. For example, this can occur due to
species moving to warmer environments elsewhere and then returning to the same location

when more temperate conditions have been re-established (reviewed in Schreve and
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Thomas, 2001). If this is not recognised, this can lead to errors in assigning specific

biozones to the correct time period.

The three most commonly used fossil groups within European Quaternary biostratigraphy
are pollen (e.g. Zagwijn, 1996a; Tzedakis et al., 2001; Bertini et al., 2015), molluscs (e.g.
Krolopp, 1970; Meijer, 1989; Khomchenko and Yanina, 2012; Preece et al., 2020) and
mammals (e.g. Mayhew, 2015; Flynn and Wu, 2017; van der Made, 2018; Tesakov et al.,
2020). Regional schemes for different regions have been used to constrain the age of
Quaternary deposits (e.g. Zagwijn and de Jong, 1983; Zagwijn, 1996b; Zagwijn and Menke,
1971; Meijer et al., 1989; Kolfschoten, 2000; Tesakov et al., 2007; 2020).

1.3.3.3.1 Pollen

Fossil remains of pollen are commonly found in Quaternary deposits in the European record,
with sequences of tree pollen being used primarily as a way to discriminate interglacial
stages (e.g. Follieri et al., 1989; de Beaulieu and Reille, 1992; Zagwign, 1996; Turner, 2000;
Roe, 2001; Urban et al., 2007; Ko n d r aand rannau ¢, 00% Milano and Szymanek,
2019; Gegg et al., 2024). Interglacial sequences follow a similar pattern with climate
amelioration at the start of the interglacial represented by a transition from grass/ herb pollen
to pioneer tree species such as pine (Pinus) and birch (Betula). The climate warms until
temperate conditionsoraso-cal | ed Acl i mate optimumd is reached
proportions of pollen from mixed deciduous woodland, such as oak (Quercus), elm (Ulmus)
and hornbeam (Carpinus). The climate then deteriorates as it moves into the next cold
phase, resulting in a return to boreal tree species and a greater proportion of grasses and
herbs (e.g. Erd, 1970; Turner, 2000; 2002; Milano and Szymanek, 2018). These individual
substages can provide the environmental context for associated archaeological and

palaeontological finds (e.g Roe et al., 2009; Farjon et al. 2020; Urban et al., 2023).

Middle Pleistocene pollen sequences in North-West continental Europe and Britain have
been used to define interglacial stages in type-localities where the full pollen sequence is
present. Prior to the discovery of the MIS record, the initial model for the Middle Pleistocene
identified only three interglacial episodes: the Cromerian-Hoxnian-Ipswichian progression
within Britain (Mitchell et al., 1973), the Cromerian-Holsteinian-Eemian progression within
North-West Europe (e.g. Erd, 1970). Interglacials can be identified by unique differences
within the pollen sequence. For instance, the Holsteinian differs from the Eemian interglacial
due to its uniform and relatively rapid succession of temperate tree pollen, with a late
expansion of Carpinus in the temperate phase of the interglacial (e.g. Turner, 2000;
Tzedakis, 2007). The Holsteinian, has an early expansion of Taxus (yew) in the early

temperate phase, followed by a dominance of Abies (fir) and Buxus (box tree), with Fagus

49



and Pterocarya also present in final phases of the interglacial sequence (Erd, 1970; Turner
and West, 1968), which are absent from the Eemian. Strato-types for these interglacials are
recognised throughout Europe, including the Eemian from Amersfoort 1 (The Netherlands,
Zagwijn, 1961), the Holsteinian from Schleswig-Holstein (Sommeé et al., 1978) and Cromer
interglacials I-1V (The Netherlands, Zagwijn et al., 1971; Zagwijn, 1996b) for the North-West
European chronostratigraphic stages. Reference pollen sequences for the British Quaternary
record come from Bobbitshole (I pswichian,
1970), and the type-site of the Cromerian at West Runton (West, 1980).

Continued investigations of interglacial deposits following the discovery of the MIS, this has
led to the concern that more than one warm stage can be represented by similar pollen
sequences (e.g. Sarnthein et al., 1986; Bridgland et al., 1994; Scourse et al., 1999; Schreve
and Thomas, 2001; Roe et al., 2009; 2011). For example, the development of river terrace
sequences for the British Middle Pleistocene record has enabled the correlation of deposits
from the Thames River valley with MIS 5e, MIS 7, MIS 9 and MIS 11. This has demonstrated
that Ipswichian pollen sequences are present in both MIS 5e and 7 deposits (Bridgland et
al., 1994), and Hoxnian pollen is present in both MIS 9 and MIS 11 deposits (et al. Roe et
al., 2009). This demonstrates that although pollen stratigraphy is a useful tool to help
constrain the age of warm stages within the Pleistocene, it should be reviewed in

combination with other pieces of evidence to avoid misinterpretation of an interglacial stage.

1.3.3.3.2 Molluscs

The molluscs present in Quaternary deposits can provide evidence of both the
environmental context and be representative of certain chronological stages within the
Quaternary. Agquatic and terrestrial taxa are indicative of the habitats favoured by each
species (e.g. Wedel, 2009; Szymanek, 2012; Preece et al., 2020; Alcicek et al., 2023;
Alexandrowicz et al., 2024; Thew et al., 2024). Warm-loving species like Belgrandia
marginata are indicative of peak interglacial conditions in northern Europe (e.g. Preece,
2001; Alexandrowicz and Alexandrowicz, 2010; Sanko et al., 2011), whereas Gyraulus
laevis (a cold-loving, pioneer taxon) occurs during the pre-temperate phase of an interglacial
(e.g. Alexandrowicz and Alexandrowicz, 2010). The appearance of marine molluscs in
terrestrial records provides evidence of marine transgressions (e.g. Knudsen, 1988; Hamblin
et al., 1997; Meng et al., 2022; Gibbard and Knudsen, 2024).

Certain taxa of molluscs can have biostratigraphic significance in specific areas, due to
climate changes throughout the Quaternary, resulting in a change of the geographic ranges
of climate-sensitive species (e.g. White et al., 2013). In addition, the speciation or extinction

of taxa can also provide a biostratigraphic marker, defined by the first and last appearance
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dates of these taxa (e.g. Krolopp, 1970; 1995; Rahle, 2005; Gaudenyi et al., 2013; Thew et
al., 2024). Investigations of the molluscs present Cromerian and Early Pleistocene deposits
along the Norfolk coast in Britain and the Netherlands have helped to elucidate the evolution

of this stage of the Quaternary, and cross-correlate these two records.

Molluscan biostratigraphy is a useful tool to constrain the age of deposits within the
Quaternary record, especially when used in conjunction with biostratigraphic markers and
chronostratigraphic techniques. However, knowledge of the first and last appearance dates
of certain taxa is limited by what has been uncovered in the fossil record to date. Rare taxa
can be indicative of a certain chronostratigraphic stage, purely because there is limited
evidence of their presence in the fossil record (see the discussion of Gastrocopta moravica
oligodonata; Krolopp (1979) in Chapter 3). New discoveries may reveal that certain species
were present for a longer period of time than previously thought. However, key
biostratigraphic transitions of molluscan taxa represented in multiple sites across Europe
provide more robust constraints for dating (e.g. Meijer and Preece, 2000; Limondin-Lozouet
and Preece, 2014; Thew et al., 2024).

1.3.3.3.3 Mammalian

Mammalian biostratigraphy takes advantage of the relatively high turnover of both small and
large mammal species throughout the Quaternary (e.g. Gromov et al., 1948; Koenigswald
and Kolfscoten, 1996; Schreve, 2001; Tesakov, 2004; Tesakov et al., 2007; 2020; Mayhew,
2015) to discern chronological stages and cross-correlate deposits throughout Europe.
Significant changes in mammalian assemblages as a result of dispersal events and
evolutionary changes occur in response to significant climate or environmental changes. Key
climate events, like the Middle Pleistocene Transition, result in significant faunal transitions.
For example, a well-established mammalian biostratigraphic marker is the evolutionary
change between water voles with rooted teeth (genus: Mimomys) and those with whose
teeth continuously grow (genus: Arvicola). This transition is believed to have occurred within

the Cromerian Complex (~MIS 15/13; Koenigswald and Kolfscoten, 1996).

Several zonation schemes of mammalian assemblages have been proposed, including the
European Large Mammal Ages and Neogene MN zonation (Mein, 1989), the East European
Mammalian Zones (Vangengeim et al., 2001; Tesakov, 2004; Tesakov et al., 2007), key
stages of arvicoline rodents (e.g. Kolfschoten, 1993; Koenigswald and Kolfscoten, 1996;
Maul et al., 2000; 2013), and independent mammal assemblages in western and central
Europe (e.g. Bromme, 1885; Kolfschoten and Turner, 1996; Kolfschoten, 2000; Pavia et al.,
2016).
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These zones can be used to cross-correlate mammalian assemblages within a given area,
but due to the diachronic nature of species dispersal, broader cross-correlations may not
take into account the time required for these transitions to take place throughout Europe
(reviewed in Rook and Martinez-Navarro, 2010). As with other biostratigraphic tools
discussed in this section, the first and last appearances of mammalian taxa are based on
current knowledge and the availability of fossil material. With new discoveries, these
schemes need to change and evolve to continue to provide a useful resource for dating the

Quaternary.

1.3.3.4 Tephrochronology

Significant volcanic activity throughout the Ear
material or tephra accumulating in the geological record within the locality of the eruption.

Tephra deposits from specific eruptions are characterised by their mineralogy and

geochemical signatures (Lowe, 2011). Tephra layers have been found in deep-sea

sediments as well as terrestrial records, and if found to be from the same eruption can be

used to correlate the two (Riede and Thastrup, 2013). They often stand out compared to

other sedimentary layers due to their light colour, granulometric characteristics, mineral

properties, and geochemical signatures (McNamara et al., 2019).

More recent tephra deposits are often dated using associated organic material by
radiocarbon dating. Kr-Ar and Ar-Ar dating on the tephra shards (if large enough) are used to
provide age estimates for older deposits (Lowe and Walker, 2005). Tephrochronologies are
highly useful in regions where there are successive phases of volcanic activity. For instance,
multiple Icelandic eruptions have been used to provide a tephrochronology throughout
Scandinavia (Thorarinsson, 2017) and the United Kingdom (e.g. Dugmore, 1989). Late
Pleistocene eruptions of the Laacher See Volcano provide a strategic marker for the Allergd
interstadial in much of central and northern Europe (Bogaard and Schmincke, 1985). 300
small eruptions of the now extinct Eiffel volcanic field (Germany) have been used to correlate

the age of nearby sites from ~700 ka to 11 ka (Schmincke et al., 1983).

The strength of tephrochronology is the high temporal precision in correlation of the time
scales of separate sequences, due to the relatively short duration of eruptions and
deposition of pyroclastic material in relation to geological timescales (reviewed in Davies,
2015). If the age of a specific tephra deposit is well known, then this enables a precise date
to be transferred to any sequence where the tephra material from the same eruption is found
(reviewed in Lane et al., 2014). Challenges to successful dating and correlation occur when
tephra deposits have been misidentified, incorrectly dated, layers have been reworked,

eruptions that differ in time but produce similar geochemistry, or there has been expansive
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dispersal of material making it difficult to identify (e.g. Lowe, 2011). For example, eruptions
from the same volcano that occurred at different times can produce very similar tephra,

which can lead to correlation issues (reviewed in Davies, 2015).

1.3.4 Combining independent chronology

In any given deposit, ensuring a robust chronology requires multiple pieces of evidence that
support one another. With older deposits beyond the range of numerical dating approaches
such as radiocarbon and OSL, constraining the age of material becomes more and more
challenging. Often defining a precise age for a site is not possible, and the goal of
chronostratigraphers is to narrow down the window of time represented by a particular site to
chronostratigraphic stage (e.g. Parfitt et al., 2005; Preece et al., 2020; Tesakov et al., 2020;
Gegg et al., 2024; Penkman et al., 2024) or correlate it with warm or cold stages of the MIS
record (e.g. Maul et al., 2013; Sier et al., 2015). Multiple methods can help constrain the age
of material to a much narrower time period than one singular approach (e.g. Puspdki, 2016;
2020; 2021a 2021b; 2023; Ruszkiczay-Rudiger et al., 2018; Rizal et al., 2020). The
continuous development of multi methods for dating the Quaternary can also expand the

areas we can date as well as refine the resolution achieved by individual techniques.

In this thesis, recent advances in amino acid geochronology will be used to expand the
geographic range and types of deposits this method can be applied to. This approach will be
used in combination with other dating approaches discussed in this section to constrain the
age of a variety of Quaternary depaosits within the European record. A discussion of the

history, theory, and applications of this method is included in the next section of this review.

1.4 Amino acid geochronology

Amino acid geochronology (or aminostratigraphy; AAG) is a technique that uses the
breakdown of proteins in biominerals to build relative chronologies in geological and
archaeological settings. Proteins play an important role in precipitation of biominerals (e.g.
Weiner and Traub, 1984; Addadi and Weiner, 1985; Boskey and Villarreal-Ramirez, 2016;
Duman et al., 2019; reviewed in Sharma et al., 2021) and are likely trapped within the
mineral 6s crystal structure dur i nThetechrsqguef or mat i on
allows for dating throughout much of the Quaternary, as it can yield dates from 3 Ma
(Demarchi et al., 2016) to Holocene aged samples (Kosnik et al., 2017). The technique
utilises both marine and terrestrial calcium carbonate and calcium phosphate organisms that
are prevalent within the fossil record, making it applicable to many settings where other
techniques are unavailable (reviewed in Demarchi and Collins, 2014). A more detailed

overview of this technique will be the focus of the final section of this chapter.
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1.4.1 Proteins and amino acids in living organisms

Proteins are an essential part of all living organisms, taking part in many biological processes
including the production of biominerals such as bone, enamel and shell (reviewed in Penkman,
2010a). Proteins are formed of repeating units of amino acids, bonded together by peptide
bonds. There are 20 naturally-occurring amino acids (Fig. 1.7). These comprise of the
hydrophobic amino acids (glycine, alanine, proline, valine, leucine, isoleucine, and
phenylalanine), the hydrophilic amino acids (aspartic acid, asparagine, glutamic acid,
glutamine, serine, threonine, arginine and histidine), and the amphiphilic amino acids (lysine,
methionine, tyrosine, cysteine and tryptophan). Amino acids are organic molecules composed
of an amino and carboxylic acid functional group, a hydrogen, and with a side chain that may
be nucleophilic, hydrophobic, acidic or basic in nature. Except for glycine, all amino acids
containac hi r al ¢ e rarboepositibn. Thik means that amino acids exist in (at least)
two chemically identical forms which are non-superimposable mirror images of one another,
known as enantiomers. There are some amino acids (such as isoleucine or threonine) which
contain a second chiral centre at the b carbon.
carbon centres and can exist as two diastereomers (i.e. same molecular formula, same
connectivity between atoms, but different arrangement of atoms in space). They are defined

based on their configuration in comparison with glyceraldehyde, with the dextro ( ) enantiomer

having the location of the amino group on the right side of the alpha carbon, whereas the laevo

(M enanti omer 6s amino deft sidep Whilesthede cenaatipreets aren  t h e
chemically identical, the direction in which, when dissolved, they can rotate polarised light will

differ. They also demonstrate different physiological and biological activities (reviewed in

Grishin et al., 2020). In most living organisms, the “Fenantiomer is nearly always favoured over

the -enantiomer for protein synthesis. However there are some exceptions. -amino acids

can naturally occur in peptidoglycans (Lam et al., 2009; reviewed in Grishin et al., 2020;

Miyamoto and Homma, 2021), antibiotics (Lins and Ferreira, 2006), hepatotoxins (Wang et

al., 1999), hormones (Kiriyama and Nochi, 2016), opioid peptides (Dooley et al., 1994), and
neuropeptides (reviewed in Grishin et al., 2020; Abdulbagi et al., 2021).

The amino acid isomer that is incorporated into protein is biologically controlled while the
organism is alive and/ or there is continuous turnover of tissue. When this ceases, this control
is lost, and as part of protein decomposition amino acids can spontaneous convert between
the "Hand - forms. The process and its importance to amino acid geochronology is explained

in the next few sections.
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Figure 1. 5: 20 commonly occurring amino acids. Amino acids shown are the [-isomers.

1.4.2 Protein degradation

The degradation of proteins at ambient temperatures within biominerals is a slow process,
which can take millions of years (e.g. Demarchi et al., 2016). There are three known
dominant reactions that are important to protein degradation: hydrolysis of the peptide bond;

racemisation; and the decomposition of amino acids into smaller organic molecules.
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1.4.2.1 Hydrolysis
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Figure 1. 6: a) the mechanisms for base catalysed hydrolysis (Bodanszky, 2012), and b) the
mechanism for acid catalysed hydrolysis (Johnson, 2018).
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Hydrolysis involves the fission of a peptide bond by water (Fig. 1.8). Hydrolysis of the
peptide chain produces both free and terminal amino acids (Kriausakul and Mitterer, 1978).

Different amino acids are more susceptible to peptide bond hydrolysis than others, with
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valine, isoleucine and leucine possessing the most stable peptide bonds (Moore and Stein,

1963). As such, it is likely that these amino acids will preserve longest into deep time.

1.4.2.2 Racemisation
Y, PR % P

R1\ - R —_ R1\
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Figure 1. 7: Interconversion between the [- and enantiomers of the same amino acid.

Stereoselective control for the "Famino acid is lost upon cessation of tissue turnover. This
results in the spontaneous racemisation (Fig. 1.9) of amino acids until eventually an
equilibrium is reached, which for most amino acids occurs when there is a 1:1 ratio of both
enantiomers (the /"Hsalue). This is known as a racemic mixture. The ["Hralue is therefore
al most zero upon an organismbés death and
equilibrium is reached (Hare and Abelson, 1968; Wehmiller and Hare, 1971; Penkman et al.,
2011; 2013).

For most amino acids, those in the terminal position are more readily able to racemise than
their in-chain counterparts (Fig. 1.10; Kriausakul and Mitterer, 1978) due to their ability to
form diketopiperazine intermediates (Mitterer and Kriausakul, 1983). Free amino acids are

also able to racemise, but at a slower rate than those in the terminal position.
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Figure 1. 8: Reversible reaction of the conversion of a terminal amino acid to a diketopiperazine
intermediate (Kriausakul and Mitterer, 1978; Steinberg and Bada, 1981).
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Figure 1. 9: Racemisation of in-chain aspartyl amino acid residues via succinimide intermediate
(Stephenson and Clarke, 1989).

The amino acids serine and aspartic acid/ asparagine have been found to racemise whilst
still bound within the protein chain (Geiger and Clarke, 1987; Stephenson and Clarke, 1989;
Brennan and Clarke, 1993; Demarchi et al., 2013). For aspartic acid and asparagine,
spontaneous racemisation is thought to be facilitated by the formation of a succinimide
intermediate. This is formed via a condensation reaction between the in-chain amide group

and the side-chain carboxylic acid or amide (Fig. 1.11; Stephenson and Clarke, 1989).

The mechanism for in-chain racemisation of serine has yet to be clarified, although it has
been suggested t hat -prdioaeis mvnlget in themechansm (DEmatchi e
et al., 2013). A suggested mechanism for in vivo by Takahashi et al. (2017) proposed that

the reaction is facilitated by the formation of an enol intermediate, catalysed by a hydrogen
phosphate ion (H.PO.', Fig. 1.12). The H,PO, mediates proton transfer by acting as both

an acid and base.
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Figure 1.1 0: Formation of enol intermediate via phosphate catalyst adapted from Takahashi et al.
(2017).
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The rate of racemisation is not the same for each amino acid. This is due to a number of
factors including the relative electron-withdrawing capacity of the side chain (Bada, 1972;
Kvenvolden et al., 1973, Bada and Schroeder, 1975), and position in the protein sequence
(i.e. interior, terminal; Mitterer and Kriausakul, 1983, Bada, 1985). In general, the order of
racemisation in free amino acids in agueous solution is serine, threonine, aspartic acid,
phenylalanine, alanine, glutamine, leucine, isoleucine and valine (Smith et al., 1978). All /"H
values increase over time, with the exception of serine, which increases initially but then
decreases due to decomposition of free serine to alanine (see section 3.2.3; Bada et al.,
1978).

1.4.2.3 Decomposition

Decomposition of amino acids can occur due to loss or change of side chains or functional
groups, resulting in one amino acid transforming into another, or a different degradation
product. For example, amino acids such as glutamine and asparagine can decompose to
form glutamic acid and aspartic acid via the conversion of their amide side-chains to
carboxylic acids (Kossiakoff, 1988). It has been proposed that the deamidation of glutamine
could be used as a molecular clock to assist in the ageing of fossilised samples (van Doorn
et al., 2012). However, high variability in the rates of glutamine deamidation was found in
samples of similar age and taxonomic affinity, making it unsuitable as a dating technique
(Simpson, 2015 (thesis); Schroeter and Cleland, 2016; Simpson et al., 2016).

The ratio of alanine to serine increases with the age of a sample, providing another
parameter in closed systems suitable for building geochronologies from protein degradation.
However, this ratio does not account for all serine lost, as serine also decomposes to
ammonia, glycine, formaldehyde and propanolamine (Bada et al., 1978). The decomposition
to alanine increases the proportion of this amino acid in the bulk amino acid composition
over time (Penkman, 2005; Penkman et al., 2008), providing an indication of age. In
addition, loss of side chains can result in decomposition of amino acids to glycine, again
increasing the proportion of this amino acid with age of the biominerals studied (Sato et al.,
2004). Finally, the amino acid structure can decompose to form smaller organic productions,
for example: carbon dioxide, ammonia and various other hydrocarbon compounds (Boyer et
al., 1959).

1.4.3 History of amino acid geochronology

1.4.3.1 Discovery of amino acid racemisation as a dating method
Fossilised amino acids within shells were first isolated in the mid-20" century by Abelson
(1954). Over a decade later, it was observed that the ratio of -amino acids to "Famino acids

increased with the increasing age of fossilised samples from modern-day to the Middle
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Miocene (Hare and Mitterer, 1967). In 1969, Hare and Mitterer proposed that this could be

the basis of a new dating tool.

Initial observations of the increasein -ami no aci ds as a fossil 6s age
observing the change in the ratio of "Hsoleucine to -alloisoleucine, often referred to as the

All value of a fossil (Hare and Mitterer, 1969). Limitations in chromatographic methods at

this time meant that enantiomers of amino acids with a single chiral centre were unable to be

resolved. Isoleucine is one of four amino acids that has two asymmetric centres which

results in four optical isomers: "Hsoleucine, -isoleucine, “Falloisoleucine, and -

alloisoleucine. Only "Hsoleucine and -alloisoleucine occur in nature, with a proportion of "H

isoleucine changing over time to its diastereomer, -alloisoleucine, in a process known as

epimerisation (Miller et al., 1979).

1.4.3.2 Improvements in separation methods

Initial analytical methods employed high performance ion-exchange liquid chromatography
(Piez, 1954; HP-IELC). This method employs a post-column derivatisation step prior to using
the photometric ninhydrin method developed by Moore and Stein (1948). The advantage to
this method is that it required minimal sample preparation and easy automation. However,
only one pair of amino acids could be resolved using this technique: "Hsoleucine (lle) and -
alloisoleucine (Alle; Wehmiller, 1984). Isoleucine is a relatively slow racemising amino acid,
as such it can be used to date samples from ~10,000 to greater than 1 million years in age.
It can also be used to date material from warmer regions that have experienced higher
ambient temperatures. However, it can be challenging to achieve good temporal resolution
for relatively young samples, or samples that have experienced low ambient temperatures

using this technique (e.g. Miller and Brigham-Grette, 1989).

Another analytical approach that can be employed to measure amino acid racemisation is
gas chromatography (GC). It is possible to resolve the ["Halues of all 19 optically active
amino acids (Gehrke et al., 1968), however, no single GC stationary phase is able to
separate all amino acids. However, valine, alanine, leucine, proline, aspartic acid,
phenylalanine and glutamic acid can often be adequately resolved (e.g. Wehmiller, 1977,
reviewed in Rutter, 1979, Wehmiller, 1982, Rutter and Blackwell, 1995; Wehmiller and Miller,
2000). This means that amino acids that racemise at different speeds are available, which
allows for better temporal resolution for different time ranges (Kvenvolden et al., 1973). In
addition, the use of multiple amino acid /"Halues can be used to cross check for samples
that provide unreliable results. This can decrease variability in the relative ages assigned by
this method. GC can also be combined with mass spectrometry relatively simply, allowing for

identification of unknown substances (Horai et al., 2010). Preparation of samples for GC is
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much more time-consuming than for high performance liquid chromatography (HPLC),
meaning that fewer samples can be analysed under time and budget constraints (Kaufman
and Manley, 1998). GC analysis requires much larger samples (~20 mg; Powell et al., 2013)

compared to ~1 mg needed for HPLC samples.

Kaufman and Manley (1998) devised a method for amino acid enantiomer separation using
reversed-phase high performance liquid chromatography (RP-HPLC). This method involves
pre-column derivatisation of the amino acids, enabling greater sensitivity, which results in the
separation of eleven [“Hbairs of commonly occurring amino acids. These include: aspartic
acid/ asparagine (Asx), glutamic acid/ glutamine (GIx), serine (Ser), arginine (Arg), alanine
(Ala), tyrosine (Tyr), valine (Val), methionine (Met), phenylalanine (Phe), isoleucine (lle) and
leucine (Leu). Asparagine and glutamine readily degrade to aspartic acid and glutamic acid

respectively, so are considered to elute at the same time (Hill, 1965).

Expanding the number of amino acids used for amino acid geochronology (either by GC or
RP-HPLC analysis) allows for a greater effective range for this technique, as well as
enabling cross-checking of the samples for anomalous results (Goodfriend and Meyer, 1991,
Kosnik and Kaufman, 2008).

Sample preparation for RP-HPLC is relatively quick compared to gas chromatography, with
improved reproducibility of /"Hralues compared to A/l values from ion-exchange
chromatography on the same samples (Kaufman and Manley, 1998). This method for RP-
HPLC is now regularly used for amino acid geochronological studies (e.g. Oches and
McCoy, 2001; Hearty et al., 2004; Penkman et al., 2007; 2008; 2011; 2013; Kosnik et al.,
2008; Crisp et al., 2013; Tomiak et al., 2013; Dexter et al., 2014; Demarchi et al., 2016; Ortiz
et al., 2017; Dickinson et al., 2019; West et al., 2019; Wheeler et al., 2021; Millman et al.,
2022).

Unfortunately, due to the non-polar nature of isoleucine and alloisoleucine, these amino
acids are not well separated in RP-HPLC for many biominerals, as they elute at the same
time as many other hydrophobic compounds within the sample (Powell et al., 2013). This
makes it challenging to compare A/l values with /"Halues (Wehmiller, 2013). Work by
Whitacre et al. (2017) has attempted to overcome this issue by developing mathematical
models to predict /"Hralues from A/l values for each of the commonly used amino acids in
the Kaufman and Manley (1998) method for RP-HPLC. The model was developed by
analysing the same sample solution with the two methods. A regression model was
developed by correlation of the /"Halues from each amino acid with the A/l from the same
sample. Multiple samples from commonly used biominerals for AAG were included (bivalves,

gastropods, eggshell and whole rock). This model could be applied in future to compare
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previous analysis of samples from a site of interest using the ion-chromatography approach

with present day analysis using RP-HPLC.

Amino acid dating has been employed for over 50 years, and there is now a wealth of data
available for use. Amino acid dating outputs have been compiled by the University of
Delaware from laboratories throughout the world to ensure data preservation and ease of
access (Wehmiller, 2013; 2016 Wehmiller and Pellerito, 2015).

1433 Discovery -ofyshal Aii nepbaprotein

A closed system is defined as one where neither reactants or products can enter or escape,
but exchange of energy (such as heat) is still possible. In such systems the degradation of
proteins is dependent on time and the temperature history experiencedsinc e t he or gani sn
death. In open systems, proteins are vulnerable to other changes in conditions that will affect
the rate of degradation. These include changes in pH, water availability and metal ions
(Sykes et al., 1995). Open systems will also be vulnerable to contamination from non-
endogenous proteins (Torres et al., 2014). An example of an open system biomineral is
bone, which has been shown to be porous and easily subject to leaching and contamination
(Bada, 1985), making it a poor candidate for amino acid racemisation dating (Marshall,
1990).

It was discovered by Crenshaw (1972) that extensive bleach (sodium hypochlorite; NaOCI)
treatment of shell powders resulted in a stable residual fraction of amino acids remaining
within the biomineral cryst alcrystalirhe ¢ @ rroateeii m.n lirst
crystalline material has since been found in other calcitic biominerals such as the opercula of
certain freshwater snails (Penkman et al., 2008), brachiopods (Collins et al., 1991; Curry et
al., 1991), sea urchins (Herman et al., 1988) and foraminifera (Stathoplos and Hare, 1993;
Wheeler et al., 2021; Millman and Wheeler, 2022), as well as aragonitic mollusc shells
(Sykes et al., 1995; Penkman et al., 2008; Conti et al., 2024). In addition, the fast
biomineralization (can form within 20 hours; e.g. Buss et al., 2023) of eggshell results in the
protein within these structures being almost entirely within the intra-crystalline fraction (e.g.
Demarchi et al., 2016).

Sykes et al. (1995} rogoitradd itnlee ptreortme i miontarsa an op
describe the residual amino acids left behind after strong oxidation, as at the time it was

unclear how the proteins were protected within the crystal structure. Since then, work by

Gries et al. (2009) has observed voids within the structure of the nacreous aragonite

platelets of the mollusc shell Haliotis laevigata, visualised using conventional transmission

electron microscopy, Z-contrast, electron tomography, energy-dispersive X-ray analysis and

electron energy-loss spectroscopy. The organic content within these voids was much greater
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than the surrounding crystal, suggesting that it is highly likely that organic molecules such as

proteins and amino acids were located within them.

It is likely that the protein may act as a catalysis for crystal nucleation, becoming trapped
inside the mineral once it had initiated its construction. Work by Freeman et al. (2010) found
that the protein ovocleidin-17 in eggshell initiated the transformation of calcium carbonate
into calcite, only releasing the crystal when it had reached a size where the crystal could
continue to grow on its own. It has also been proposed that the inclusion of intra-crystalline
proteins within the crystal structure can improve resistance to fracture (Kim et al., 2016;
Risan et al., 2018).

1.4.4 Understanding the rate of protein decomposition

Due to the long timescales required for degradation to occur at ambient temperatures, high
temperature experiments have been used to simulate reactions within timeframes that

changes in degradation can be observed. Initially, isothermal heating experiments at
heightened temperatures ranging from 90 to 185
energies and rate constants for protein decomposition reactions (e.g. Hare and Mitterer,

1968). Typically, at high temperatures, the initial rate of racemisation is rapid, and then

declines until an equilibrium between - and "Fenantiomers is met. This rate varies between

different amino acids (Mitterer and Kriausakul, 1984); (Goodfriend and Meyer, 1991).

It was hoped that isothermal experiments could incorporate the temperature sensitivity of
racemisation, which would then demonstrate how the temperatures experienced by fossils
affect the rate of racemisation in fossils of similar age (Johnson and Miller, 1997). Based on
these high temperature experiments, the calculated Arrhenius parameters (e.g. activation
energies and frequency of collisions) are then extrapolated to the low temperatures

experienced by fossilised samples (Bada et al., 1978; Miller et al., 1999).

Theoretically racemisation should conform to a first-order reversible kinetics when amino
acids are unbound in solution (Bada and Schroeder, 1972). The integrated rate equation of a

first order reversible reaction for "Hsoleucine / -alloisoleucine is shown in Eq. 3.2.

ki

D-alloisoleucine

ky (1.2)

L-isoleucine

p 0 Qo (Miller and Clarke, 2006) (1.2)
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Where ki is the rate constant of the forward reaction, K @& equal to ki/k> (where k; is the rate
constant for the reverse reaction), t is time in years, and c is a constant derived from

laboratory-induced epimerization experiments (Miller and Clarke, 2006).

A lack of conformity to first order rate kinetics in fossilised biominerals has been observed by
many (Goodfriend and Meyer, 1991; Clarke and Murray-Wallace, 2006; Penkman et al.,
2008; Demarchi et al., 2013; Tomiak et al., 2013). There are many reasons for this, but a key
consideration is that protein decomposition is a process that involves multiple reactions, all
with different temperature sensitivities. In addition, peptide bond hydrolysis drives
racemisation for the majority of amino acids. Therefore, factors that directly impact this

reaction pathway will indirectly affect racemisation (Demarchi, 2020).

Alternative models have been used to describe the observed rate of protein degradation
under experimental conditions. Examples of such transformations include power
transformations (Crisp, 2013) and parabolic curves (Mitterer and Kriausakul, 1989), and
Bayesian analysis (Allen et al., 2013) with the choice of model used dependent on the /*H
values yielded from the specimens being analysed. Such models lack chemical rationale but
aim to calculate a single activation energy for racemisation. These models compound the
rate of reaction observed into one effective rate constant (ker), when in reality it is likely that
there are multiple reactions occurring with various activation energies that correspond to
each (Crisp et al., 2013). However, all are still reliant on the assumption that high
temperature experiments follow similar reaction pathways as those that occur at ambient

conditions.

Another issue with replicating burial conditions with high temperature experiments is that
their isothermal nature does not mimic the variable conditions that a fossil has experienced
throughout its burial history. Due to the likelihood that reaction pathways may vary at
different temperatures, this has led to questions of the validity of extrapolating protein
diagenesis undergone in isothermal experiments under controlled conditions to diagenesis

that has occurred over thousands to millions of years (Clarke and Murray-Wallace, 2006).

In order for high temperature experiments to effectively simulate the reactions involved in
protein degradation it is necessary that the temperature sensitivity of the underlying
reactions that contribute to the ket do not differ significantly. In addition, that the temperature
sensitivity of these reactions is inconsequential in determining the rate of racemisation. If the
temperature sensitivity does affect k, then this will result in a change of this constant at

different temperatures (Tomiak et al., 2013).

Tomiak et al. (2013) were able to test the influence of temperature on k for both

experimental and fAnaturally agedoPostesnipelstl-s
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living massive aragonite skeletons of the Porites colonies were deposited over five centuries
under relatively stable sea-water temperatures of just above 26 °C (Hendy et al., 2002) and
were accurately dated through annual banding (Hendy et al., 2003). They found that
extrapolating the kinetics observed under experimental conditions overestimated the
activation energy of hydrolysis for the fAnatur al
proteins being denatured during the high temperature experiments, but under low
temperatures the quaternary/tertiary/secondary protein structures persist for longer, and
therefore the rate of hydrolysis must be slower. In addition, they found that racemisation had
a greater temperature sensitivity compared to hydrolysis for Asx, GlIx and Ala. This would
result in more rapid generation of -amino acids when compared to lower temperatures.
Thus, the ability of high temperature experiments to reliably replicate the rate of each
reaction at lower temperatures is limited. Further investigation into the relationship between
hydrolysis and racemisation at lower temperatures is required to understand how these

change under different burial conditions.

1.4.5 Real world influences on temperature

1.4.5.1 Variations in temperature due to geographical location

In reality, there are many factors that can change the temperature a biomineral is subject to
during burial. The rate of protein decomposition increases exponentially with rises in
temperature (e.g. Miller et al., 1999). Bada and Protsch (1973) recognised a need for an
accurate evaluation of temperature when building amino acid geochronologies, stating that

an uncertainty of ~+2 °C could potentially yield an age error of ~ + 50%.

Previous work has noted that changes in integrated temperature due to geographical
location can lead to systematic differences in the extent of racemisation (or epimerisation)
observed for samples attributed to the same age (Wehmiller, 1982, Wehmiller and Stecher,
2000; Penkman et al., 2011; 2013). Wehmiller and Stecher (2000) stated that the integrated
temperature of the site was likely the controlling factor for the variation in rate of protein

decomposition over time.

Wehmiller (1982; 1984; 1989) compared the extent of racemisation for leucine for equivalent
aged sites (dated to ~120 ka by U/ Th dating of corals; Kennedy et al, 1982) from across the
Pacific Coast of the United States and Mexico against mean annual temperature (°C; MAT).
These sites ranged in latitude from 28° - 38° N, and MAT between ~13.5 to 22°C. The range
of leucine /"H observed was ~ 0.4-0.7, rising in correlation with MAT. Wehmiller (1982)
proposed that this variation in temperature could be used to estimate late Pleistocene

temperature reduction during the last glacial maximum and the latitudinal gradient of
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effective temperature. However, due to the issues with estimating ket discussed in section

1.4.4 these estimates will likely be highly uncertain.

As the Quaternary period has been a time of large oscillations in climate (see section 1), the
geographical location of the sample will also affect the magnitude at which global changes in
climate will affect local changes in ambient temperature. This means that the rate in protein
degradation will vary over time, and will be significantly faster in warm stages of the
Quaternary, and will slow (or pause completely) in cold stages (Bates, 1993; Miller et al.,
1999; Penkman et al., 2013). This was demonstrated by Miller et al. (1999), which used
amino acid racemisation in radiocarbon-dated emu eggshell to demonstrate that
temperatures between 45 to 16 ka were at least 9°C on average lower than post-16 ka in the

continental exterior of Australia.

The effects of temperature due to geography and time will be an important consideration
when attempting to build an aminostratigraphy for Europe. Currently, Europe spans a variety
of climates from Arctic ice and tundra in the far north to arid steppe and warm temperate
environments in the south. From west to east, climates vary from marine to continental
(Kottek et al., 2006). MATSs vary from 3°C in Norway to 17°C in Portugal (1991-2020; Harris
et al, 2018). This means that an overview of the effect temperature has on
aminostratigraphies from different regions of Europe will need to be investigated and
understood before cross-correlations between these regions can be achieved, and a pan-

European aminostratigraphic framework can be built.

1.4.5.2 Variations in temperature due to burial depth

The depth at which a biomineral is buried can also affect the integrated temperature
experienced by a sample. This is of particular importance for material suitable for amino acid
dating collected within boreholes that collect sediments from deep underground. These
drillings in areas where Quaternary sediments (both terrestrial and marine) extend to
hundreds of metres below the surface, can help provide evidence of past tectonic activity,
erosional processes, environmental and ecosytem changes (e.g. Bada & Luyendyk, 1971,
Gabriel et al., 2013; Cooke 1979; Nador et al., 2003; Puspoki et al., 2016). Material from
boreholes have the potential to cover multiple glacial cycles within the Quaternary, making
them useful targets for amino acid geochronology as they have the potential to produce a

reference aminostratigraphic framework for given region.

Previous authors have recognised the influence of the geothermal heating on protein
decomposition in fossilised biominerals. The first observation of this effect was in

foraminifera recovered from long cores extracted by the Deep-Sea Drilling Project (Bada &
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Luyendyk, 1971; Katz, 1979; Bada et al., 1974). Foraminifera recovered from depths up to
~500 m were used to date sediments by amino acid geochronology throughout the 1970s
and 80s (Katz et al., 1983). Through the use of high temperature experiments it was
determined that the extent of racemisation in amino acids extracted from these samples
were found to be greater than expected if thermal equilibrium with bottom waters had been
retained throughout the length of the core (Bada & Luyendyk, 1971; Bada et al., 1974). This
increase in racemisation was believed to be due to geothermal heating in the deeper
portions of the core. It was estimatedthat10-15 e C of war ming had occurre
compared to the temperature of the ocean floor (Bada and Man, 1975). However, as
discussed, the experiments used to identify the increase in racemisation may not accurately
predict the expected level of racemisation at these temperatures. Other authors have dated
material without any notable increase in the extent of IcPD with depth beyond that which
would be expected by samples of greater age. Chauhan et al. (2022) has used foraminifera
for amino acid dating from as deep as 767 metres below sea level (m.b.s.l.), where
downcore temperature measurements suggest a consistent temperature has been retained
throughout the sediment column. Demonstrating that geothermal heating of deeply buried

material will not be an issue in all regions.

Therefore, as material moves deeper, the dominating influence on burial temperature will
change from being largely controlled by climate to being determined by subsurface factors
such as the geothermal gradient and subsurface geology. Understanding at what depth this
occurs, and what length of time substantial differences in temperature is required before the
extent of protein decomposition is affected is not yet known. This is one of the key questions

the research undertaken in this thesis hopes to address.

1.4.5.3 Identifying heated samples

Works by Brooks et al. (1991); Miller et al. (1992) & Crisp (thesis, 2013) have aimed to
determine if ostrich eggshell has been artificially heated (either by hominin use of fire or
wildfire activity), with identification ensuring that they were not used for age estimates. Many
sites important to understanding hominin evolution contain hearths or evidence of fire use
(Clark and Harris, 1985; Brown et al., 2009; Wrangham and Carmody, 2010; Roebroeks and
Villa, 2011; Berna et al., 2012; MacDonald, 2017). Heating above 80 °C was shown to
accelerate the rates of racemisation of the intra-crystalline protein, which can result in
samples appearing to be greater in age (e.g. Demarchi et al., 2013; Tomiak et al., 2013;
Ortiz et al., 2017). Isolating such samples can result in more accurate age attributions and

less variability in  /"Hvalues for samples from the same deposit.
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Crisp (thesis, 2013) performed an analysis of artificially heated modern samples, and
discovered that there is not a single test that correctly identifies all artificially heated
samples, but that a combination of parameters with increasing sensitivity did (Crisp, thesis,
2013). These included visual inspection for signs of colour alteration due to burning, and it
was also noted that samples that had been subject to extreme heat emitted a particular
odour. The following results were found useful for identifying heated samples:

heightened GIx /"Halues when plotted against the corresponding A/l value
heightened GIx /"Halues when plotted against corresponding Asx ["Halue
increased percentage composition of GIx when plotted against the corresponding
GIx ["Halue

1 decreased percentage composition of Ala, Ser and Asx when plotted against the
corresponding /"Hralue (Crisp, thesis, 2013)

Identification of such specimens increases the reliability of age estimates from AAR in
ostrich eggshells and prevents older ages being attributed to younger samples. Identification
of heated samples within the European archaeological record will be of utmost importance,
as many sites are associated with hominin fire-use. Expanding this method to biominerals
more commonly found in this region will help to build a more robust chronology throughout

the Quaternary period.

1.4.6 Application to different biominerals

At present there are now many species that have demonstrated an intra-crystalline protein
fraction (which behaves effectively as a closed system) and are therefore available for amino
acid geochronology. However, due to the variation in protein structures present in these
different species, degradation rates between taxa can vary significantly, so it is important to
build geochronologies using mono-generic samples. The most commonly used materials are

eggshell, foraminifera, mollusc shells and opercula, ostracods, corals and tooth enamel.

1.4.6.1 Mollusc shells and opercula

Fossilised mollusc shells and opercula are abundant, and often well preserved, in many
marine and terrestrial deposits. Mollusc shells are complex structures, with varying
compositions of amino acids in different parts of the shell (Mitterer, 1974). As such, sample
location in the shell must be kept consistent when building aminostratigraphic frameworks
from this biomineral. Most mollusc shells are made of aragonite, which is more prone to
mineral diagenesis than those formed of calcite, which is the stable calcium carbonate
polymorph (Plummer and Mackenzie, 1974; Plummer and Busenberg, 1982). This mineral

diagenesis can result in more variable /"Halues (Penkman et al., 2007).
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To overcome this variability, an intra-crystalline fraction (e.g. Sykes et al., 1995) has been
discovered in many species that precipitate both calcitic and aragonitic shells. Shells and
also opercula (a structure which seals the opening to the shell in prosobranch gastropods),
both made of calcite, have been the focus of recent aminostratigraphic work (reviewed in
Penkman et al., 2010). The opercula of Bithynia and Parafossarulus, in particular, have
shown consistent /“Halues from within the same horizon, and age correlations across
independently dated sites (Penkman et al., 2011; 2013; reviewed in 2022; Preece et al.,
2020; Tesakov et al., 2020). In addition, some aragonitic shells have also been found to
possess an intra-crystalline protein fraction (e.g. Demarchi et al., 2013; Baldreki et al., 2024;
Conti et al., 2024)

Such studies have provided valuable insight into the complexities of glacial and interglacial
deposits throughout the terrestrial record (e.g. Penkman et al., 2013; Preece et al., 2020),
along with applications in understanding the geological age in marine deposits (Demarchi et
al., 2014; Ortiz et al., 2015; 2019). Showing that mollusc shell is a versatile substrate for

amino acid geochronology.

1.4.6.2 Other calcium carbonate-based minerals

A number of different taxa that are known to precipitate calcium carbonate have been shown
to be viable substrates for amino acid geochronologies. These include foraminifera, corals,
eggshell and ostracods. Foraminifera have been used to successfully date Quaternary
marine deposits (Wehmiller and Hare, 1971; Sejrup & Haugen 1992; Harada et al., 1996;
West et al., 2019). More recent work by Wheeler et al. (2021) has successfully isolated the
intra-crystalline fraction of foraminifera, which demonstrated the viability of the IcPD method
to use foraminifera in future geochronological studies. Coral is another substrate that has
been demonstrated to produce a time signal from the intra-crystalline protein fraction (Hendy
et al., 2012).

Ostracods are small crustaceans that live in both marine and fluvial systems, as such they
can provide valuable links between the terrestrial and marine record. They were proposed as
a candidate for AAR-dating in the 1980s, but it was not until the introduction of RP-HPLC by
Kaufman and Manley (1998) that the routine separation of the "Hand -amino acids
facilitated sample sizes small enough to utilise ostracods as a material for amino acid dating
(Kaufman, 2005). However, /"Halues from ostracods can be highly variable, and for
samples greater than 1 ka in age bleaching does not reduce the variability. This appears to
be due a residual protein fraction that is essentially immune to bleaching (Bright and
Kaufman, 2011).
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Studies of calcitic eggshell have shown that it is an ideal candidate for amino acid
geochronology due to a large proportion of the protein content being contained within the
crystal structure. This reduces the need for bleaching in order to isolate the protein fraction
retained wishshemofnehosednment (Brooks et
been proposed that certain portions of biomineral proteins bind to the mineral surface,
allowing for their preservation for at least 3.8 Ma (Demarchi et al., 2016). The eggshells of
ratite species of birds have been used to interpret paleoenvironmental changes that resulted
in faunal extinction in Australia (Miller et al., 2016) and the evolution of modern-day humans
in Southern Africa (Miller et al., 1999).

1.4.6.3 Calcium phosphate-based biominerals

Calcium phosphate based biominerals include bone, dentine, and enamel. Collagen based
biominerals, such as bone and dentine, have been shown to degrade in a non-linear fashion
due to the open-system nature of these biominerals (Hare, 1974), combined with the
intricacies of collagen breakdown (e.g. Griffin et al., 2009). This has led to limited success
when utilising amino acid geochronological methods on these materials (e.g. Bada and
Helfman, 1975). As such, these materials are rarely employed in current day amino acid

geochronology work.

Mammalian teeth are common within paleontological deposits, providing an excellent
opportunity for direct dating of material. Samples younger than ~50 ka can be dated using
radiocarbon analysis. Older samples have traditionally used U-series or ESR dating
techniques, but this can be challenging due to teeth being an open system to uranium (Grin
and McDermott, 1994). Enamel within teeth was thought to contain intra-crystalline proteins
within the crystal structure, but the high concentrations of phosphate salts produced upon
demineralisation has previously prevented accurate quantification of the intra-crystalline
amino acid content (Griffin et al., 2008). A new biphasic separation method for removing the
phosphate from the intracrystalline amino acids was developed by Dickinson et al. (2019).
Dating of Elephantid teeth has yielded increasing /"Halues with age, and interestingly,
amino acids within enamel appear to racemise slower than those in Bithynia opercula from
the same horizon. The oldest elephantid material was from the Norwich Crag (~ 2 Ma),
which had not reached racemic equilibrium in the three amino acids reported (Asx, Ala, GIx).
This suggests the technique could be employed to date samples from before the onset of the

Quaternary.

1.4.6.4 Exploratory biominerals: slug plates and worm granules
Common biominerals within terrestrial deposits are slug plates and worm granules. Slug

plates are the internal shells of arionid slugs and are hidden under the mantle (Kerney, 1971,
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Canti, 1998); these are formed of calcite (Montroni et al., 2021) and have been found in both
cold and warm terrestrial deposits throughout the Quaternary (e.g. Canti et al., 1998;
Limondin-Lozouet and Preece, 2014; Penkman et al., 2024; Thew et al., 2024). In addition,
certain earthworms secrete calcium carbonate granules that have been shown to contain
amino acids. These granules are amino acid rich but the concentration of amino acids can
vary greatly between granules from the same earthworm (Hodson et al., 2015), which may
affect the reproducibility of /"Hralues over time for this biomineral. Both have been
demonstrated to potentially yield a closed system protein fraction, and to provide age

discrimination between Quaternary deposits (Penkman et al., 2024).

1.4.6.5 The intra-crystalline protein degradation method

The intra-crystalline protein degradation (IcPD) method for amino acid geochronology was
developed by Penkman et al. (2008) and it is the approach which will be employed in this
thesis. This approach takes advantage of advances in the development of amino acid
geochronology: this includes the discovery and extraction of the intra-crystalline protein
fraction (Sykes et al., 1995; Penkman et al., 2008), and the Kaufman and Manley (1998)
method for RP-HPLC separation of "Hand -amino acids. The method is described in full in

the methods section of all three results chapters (Chapters 2-4).

1.4.7 Applications of amino acid geochronology

1.4.7.1 Chronological stratigraphic frameworks

There have been various attempts to correlate and order Pleistocene-age sites across
Europe to improve our understanding of how this period of time unfolded. Previous attempts
to build such chronologies have been developed using biostratigraphy, with rodents,
molluscs and other faunal remains (Tzedakis et al., 2001; Bridgland et al., 2004; Tesakov et
al., 2007; 2020; Khomchenko and Yanina, 2012; Mayhew, 2015; Preece et al., 2020). Others
have used pollen assemblages and palaeomagnetism to correlate sites with the MIS record,
and place sites in chronological order (Mitchell et al., 1973; Guiot et al., 1989; Schreve,
2001; Preece and Parfitt, 2012; Szymanek, 2017).

A robust chronological sequence of the Pleistocene is essential to track the progression of
hominins and to utilise terrestrial climate proxies to successfully reconstruct the Quaternary
climate through models. Amino acid geochronology can be employed to build such dating
frameworks due to the abundance of the required biominerals available in European

Pleistocene sediments.

Chronological frameworks using this method have already been developed for the British
Quaternary (Fig. 1.11). Penkman et al. (2011, 2013) extracted and analysed the intra-

crystalline amino acids from 470 opercula from the freshwater gastropod genus Bithynia
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from 71 sites across Britain (and 3 from continental Europe: Bavel, Tegelen & Frechen),

which were from horizons that were either independently aged or type sites for particular

geological stages in the Quaternary. By using a range of amino acids that racemise at

different rates, age estimates from relatively young sites (<130 ka) to older sites (>1 Ma)

were produced and correlated with the MIS record. This generated an aminostratigraphic

framework for southern Britain from the Early Pleistocene to present. Rather than defining
flami nozones o f or "Healoes ofibdthithe fred Bn8no acid iFAA) and total

hydrolysable amino acid (THAA) fractions from each sample were plotted against one

another for a specific amino acid. The relative positions of the different samples in the plot

signify their relative ages. Samples that are from independently aged horizons are used as

anchor points for the chronology. Older samples from the type sites for the Tiglian and the

Reuverian from Europe were also introduced into the framework, extending it back to

approximately 2.5 Ma. From this framework the earliest human occupation of the British Isles

is confirmed to have occurred within at least two pre-Anglian interglacials. This framework

also supports the conclusion that at present no British site containing archaeology can be

correlated with MIS 5e, consistent with the current hypothesis that Britain was not occupied

by humans in the Last Interglacial.

i ] .
Regional Framework—

Britain

Denmark

East European Plain
Lower Rhine

O@e@eo0o0O06e

Figure 1.1 1: Previously published IcPD opercula datasets, including: the British aminostratigraphy
(Penkman et al., 2013; red), Early Pleistocene material from the Lower Rhine embayment (Penkman
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et al., 2013; Preece et al., 2020; pink), Swiss plateau aminostratigraphy (Penkman et al., 2024;
purple), the type site of the Paludinenbank (North-East Germany, Huston et al., 2025, dark blue),
Triangelen (Denmark, Hutson et al., 2025, light blue), East European Plain aminostratigraphy
(Tesakov et al., 2020) and the Thuringian Basin sites of Neumark Nord | (Penkman, 2010b) and I
(Sier et al., 2011), Voigtstedt (Maul et al., 2013) and Bilzingsleben (Lauer et al., 2021; Hutson et al.,
2025).

Due to the temperature sensitivity of the decomposition reactions that occur within proteins
over time, aminostratigraphic frameworks will only be suitable for sites who have
experienced similar temperature histories (Wehmiller, 1984). For this technique to be
expanded across the whole Europe, similar regional frameworks will need to be created for
each region. Regions will need to be distinguished on the basis that they have experienced
a similar temperature throughout the Quaternary. It is likely that this has varied significantly

throughout the continent. It is this task that this project will attempt to achieve.

1.4.7.2 Using amino acid geochronologies to constrain the age of other chronostratigraphic
methods

In addition to building chronological frameworks, AAG can also help to provide independent

support for other stratigraphic frameworks, or can be used in conjunction with other

techniques to build more secure dating frameworks (e.g. Ortiz et al., 2004a; Preece et al.,

2020; Tesakov et al., 2020; Chauhan et al., 2022).

An example of this is where amino acid stratigraphy has been used to test the robustness of
the Eastern European Mammalian Zonation (EEMZ; Tesakov et al, 2020). The
biostratigraphic scheme was developed from sediments that rarely yielded mammalian
fossils attributable to different mammalian zones in stratigraphic superposition, which is why
independent testing by IcPD using opercula provides valuable time constraints. This work
highlights the ability of amino acid dating to test the fidelity of different stratigraphy schemes,
and enables stratigraphic extension where other records are incomplete. This was the first
large-scale use of IcPD methods of opercula within continental Europe, and provides the

possibility to correlate future European sites to this record.

In the British record, work by Preece et al. (2020) has used amino acid stratigraphy to
correlate appearance of the marine bivalve species Macoma balthica & Mya arenaria from
the Weybourne Crag deposit with MNR1 from the EEMZ. This horizon has also been shown
to correlate with the 61-65 m depth in the Zuurland-2 borehole (the Netherlands) and shows
similarity to the type site for the Dutch Tiglian at Tegelen. This work suggests a new age for
the Weybourne Crag deposit, dating it to the late Tiglian. In addition, it proposes that mollusc
assemblages that include Macoma balthica are younger than those without it. This further

demonstrates the ability of amino acid dating to extend biostratigraphic chronologies.
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Ortiz et al. (2004) used amino acid dating in combination with magnetic stratigraphy to build
a chronology for the Guadix-Baza Basin (Spain) that spans the entire Pleistocene. Chauhan
et al. (2022) have used both amino acid racemisation and strontium isotopic analysis of
benthic foraminifera species to produce a chronology of glacial and interglacial deposits in
the North Sea basin. That work tentatively assigns MIS to glacial and interglacial deposits,
and puts forward a new age on when the first grounded ice on the central North Sea

occurred, thus demonstrating the versatility of this technique for different contexts.

Amino acid geochronologies have been shown to be a valuable tool when correlating sites
across various regions. They can help to increase the robustness of existing chronological
frameworks, as well as being used in conjunction with other dating techniques to build new
chronologies. This shows their value when correlating many sites over a large region, such

as Europe.

1.5 Conclusions

Over the last 60 years, innovations in AAG have resulted in it becoming a valuable tool for
dating the entire Quaternary period, especially within the European record where key
deposits are often challenging to date. The IcPD method of amino acid geochronology has
been successfully used to build an aminostratigraphy for the UK and Dutch record (Penkman
et al., 2011; 2013; Preece et al., 2020), where clear clusters of /[‘Halues have been created
to define the extent of racemisation of all warm MIS stages from the present day interglacial
to MIS 11, and older chronostratigraphic stages of the UK Cromerian and Dutch Early
Pleistocene. This has enabled the age of other UK and Dutch sites to be better constrained.
The success of this approach means that it can now be extended to build reference

aminostratigraphies for other regions of Europe, which will be the primary aim of this thesis.

1.6 Project aims and objectives:

The overall aim of this thesis is to expand the use of opercula IcPD to date the Quaternary
period in a wider area of northern and central Europe by establishing aminostratigraphic
frameworks validated by independent chronology. To produce these new
aminostratigraphies, the effects of varying real-world integrated burial temperatures on the
extent of IcPD will need to be assessed. This will determine whether individual regional
frameworks can be cross-correlated and ensure misinterperation of the time signal due to
temperature effects are avoided. Once the effects of temperature are understood, these
chronologies will then be available to use IcPD to assess chronostratigraphy within a wider

area of northern and central Europe. Therefore, the objectives of this thesis are as follows:
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1. To explore the different influences of varying burial temperatures on IcPD with age
across Europe. This includes differences due to:
a. subsurface factors such as the geothermal gradient and depth below surface
for deeply buried material (Chapters 2 & 3), and
b. climate in near-surface deposits (Chapter 4)
2. To take advantage of the multi-variant nature of IcPD data by using novel statistical
approaches to determine sedimentary horizons that are similar in age (Chapter 3).
3. To build new aminostratigraphic frameworks based in opercula IcPD for new regions
of northern and continental Europe:
a. The Pannonian Basin (Hungary) i Chapter 2
b. The northern Upper Rhine Graben (Germany) i Chapter 3
c. North-East European Plain i Chapter 4
d. Thuringian Basini Chapter 4
e. Polandi Chapter 4
4. To use IcPD to test or further constrain previous age attributions/age models for
Quaternary deposits in these new regions that have previously proved challenging to
date (Chapters 2, 3 and 4).

1.7 Thesis structure

The three main chapters (chapters 2-4) are journal manuscripts, one of which has been
published prior to the submission of this thesis, a second which was under review at the time
of submission (and has subsequently been accepted for publication), and the third which is
to be submitted once co-authors have had a chance to respond and contribute to a final

draft. The content of each chapter is outlined below:

1 Chapter2:iA Quaternary aminostratigraphy for
influences of time, burial depth and temperature in deep-c o r e manasepubiishdd
Quaternary Science Reviews in December 2024 (Nelson et al., 2024). The main
objective of this chapter in the context of this thesis is, firstly, to expand the use of the
opercula IcPD approach to deep-core material (deeper than 70 m) in regions with a
steep geothermal gradient (Hungary; 45-50°C). Secondly, to use IcPD to test the validity
of the previous age model developed for these cores using palaeomagnetic boundaries
and cycles of magnetic susceptibility. Finally, this study has shown the sensitivity of IcPD
to small temperature differences in burial environments between 15-20°C and has
revealed the length of time required for significant differences in the level of IcPD to be

observed; therefore, further understanding of the mechanisms of protein decomposition
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at low burial temperatures is needed. This will inform the comparability of borehole
material to near-surface deposits in Chapter 3.

Chapter3:A An ami nostratigraphy of the nomishern Upp
submitted to the Journal of Quaternary Science in February 2025. A revised version of
the manuscript was subsequently accepted in June 2025 and published online in July
2024 (Nelson et al. 2025). This chapter expands the use of opercula IcPD to date deep-
core material in another part of Europe. As the chronology of the lithological units in this
graben is poorly understood, this chapter takes advantage of the multi-variant nature of
IcPD data to employ novel machine learning techniques to define similarly aged clusters
for the sedimentary horizons containing opercula. This allowed for cross-correlation of
independent chronostratigraphic evidence associated with some of the horizons
analysed to further constrain the age of sediments. The IcPD framework is used to
assess the age of nearby archaeological and palaeontological sites.

Chaptera:i The influence of Quaternary temperature
the North-Ea st Eur o pigiatende® forasubmission to Open Research Europe. In
this chapter, aminostratigraphic frameworks are developed for four new areas of
northern Europe, which are within the limits of the north-eastern European lowlands (the
North-East German Plain, the Thuringian Basin, Central and East Poland). This chapter
focuses on the sensitivity of IcPD to differences in temperature due to variation in climate
across this part of continental Europe because of increasing continentality from west to
east. Opercula IcPD results are compared to the British IcPD framework to observe the
differences in IcPD caused by different temperature histories throughout the Quaternary.
Quaternary temperature reconstructions from model simulations and proxy data are used
to examine the real-world influence of temperature on IcPD, providing the first steps for
modelling this relationship, and continuing to improve our understanding of the
mechanisms of protein decomposition at low burial temperatures.

Chapter5: Cdincl usi ons a ngsynthesisésuhe work\Wieserktead in previous
chapters and links the work back to the aims and objectives outlined in Section 1.6.
Suggestions are made for the direction of future work following the research described in

this thesis.
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2 A Quaternary aminostratigraphy for the Pannonian Basin:
The competing influences of time, burial depth and

temperature in deep-core material
This chapter has been published in full in Quaternary Science Reviews under the citation:

Nelson, E., Puspdki, Z., White, D., Pogacsés, G., Mcintosh, R.W., Szappanos, B., Wheeler,
L., Fancsik, T., Penkman, K., 2024. A Quaternary aminostratigraphy for the Pannonian
Basin: The competing influences of time, burial depth and temperature in deep-core
material. Quaternary Science Reviews 346, 109044.
https://doi.org/10.1016/j.quascirev.2024.109044

IcPD and data analysis of all samples, interpretation and writing was carried out by EN, with
the guidance of KP and DW. Text describing the pre-existing age model was written in
collaboration with ZP; ZP also produced Figure 2.1. Text describing the method used to take
downcore temperature measurements was written in collaboration with GP. ZP, RWM, BS,
TF and DW provided the opercula to carry out this analysis. All co-authors helped in the
reviewing and editing of the published manuscript. Supplementary information for this article
can be found online.

2.1 Introduction

Terrestrial deposits of Quaternary climate change are critical to show how global changes
influence regional climates. However, most terrestrial 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 multiple glacial
cycles do occur (e.g. Follieri et al., 1989; Beaulieu and Reille, 1992; Tzedakis, 1994,
Tzedakis, 1999, Tzedakis et al., 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 deposits of the
Pannonian Basin, Hungary. The Pannonian Basin (Fig. 2.1) is a large sedimentary basin
enclosed by the Carpathian mountain range, 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 D600 m in depth in the
deepest part of the basin (Rénai, 1985; Plspdki 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 (Rénai, 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 capacity of the rivers that flowed
into it, which are preserved within the subsiding basin. Conversely, interglacials are
characterised by coarser sediments, as conditions became warmer and wetter (Nador et al.,

2003). Therefore, this area provides an excellent long-term archive to investigate regional

82


https://doi.org/10.1016/j.quascirev.2024.109044
https://ars.els-cdn.com/content/image/1-s2.0-S0277379124005468-mmc1.docx

changes in climate. However, to do this a robust chronology of these sequences needs to be

achieved.
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Figure 2.1: 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.).

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
investigations (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
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relevant palaeomagnetic epochs of the Quaternary determined (e.g. Brunhes, Matayuma
with the Jaramillo, Olduvai and Reunion). This was later supported by the observations 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 reversals were also identified and confirmed with the Geomagnetic
Instability Time Scale (Singer, 2014), corroborating that the Quaternary section of the Kérés
Basin is complete for all identifiable palacomagnetic reversals (PUspoki 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 Kéroés Basin to the long-term loess sequences of the
Chinese Loess Plateau (Ding et al., 2005; Puspdki et al., 2016) and to the MIS record
(Lisiecki and Raymo, 2005; Puspoki 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 Jaszsag
Basin (Plspdki et al., 2020), Mako Trough (Plspdki et al., 2021b), and Békés Basin
(Puspdoki et al., 2023). The correlation between the Kérds Basin and the other sub-basins
was supported 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 developed 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; Penkman 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
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to examine the chronology developed by Puspoki 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 material 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 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 subsurface factors, such as the geothermal
gradient (Fig. 2.2); 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.
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Figure 2.2: 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 [ 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.

Previous authors have recognised the potential influence of geothermal heating on protein
decomposition in fossilised biominerals located 2007 500 m.b.s.l. in deep sea cores (e.g.

Bada and Luyendyk, 1971; Bada et al., 1974; Bada and Man, 1975; Blunt et al., 1981; Katz
et al., 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 (Bada and Man, 1975; Katz et al., 1983).
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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; Horvéth 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 /["Halues 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 sediments 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 aminostratigraphy developed for these
cores was compared to other parts of Europe to evaluate the differences between IcPD in

deep-core and shallow material.

2.2 Materials and method

2.2.1 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 10.57 11.5
°C, with low annual precipitation (5001 600 mm per year; 19911 2020; Hungarian
Meteorological 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 floodplains 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), isopach data of the Quaternary complex in the Hungarian Plain
ranges from 150 to 700 m (Franyd, 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 Kords Basin, Jaszsag Basin, Békés Basin and Maké Trough (Fig. 2.1).

The Kords Basin was predominantly filled up by the Palaeo-Tisza and tributaries from the
north and north-east, together with the Koros and Sebes-Korés 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 (Thamé-Bozso et al., 2002; Tham6-Bozsé and Kovacs,
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2007). The450i500 m thick fluvial succession at the D®:
represent distal sources of continuous fluvial conditions manifested in 57 10 m thick sand
bodies representing channel complexes, associated with thick series of sandy silt, silt and

clayey silt materials settled on extended floodplains.

The central part of the Jaszsag 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
21 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 (Rénai,
1985; Plspoki 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 (PUspoki et al., 2023 Fig. 2.1). In the Kevermes and Pusztaottlaka

boreholes it is represented by a 4301 500 m thick upward coarsening succession of channel

sands and overbank fines, with upwards increasing number and thickness of sand bodies.

The Makd 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 (Pispdki et al.,
2021b). Due to the frequent occurrence of different but large rivers, the 630 m thick
Quaternary fluvial succession is mostly characterised by 10 m thick sand bodies embedded

into successions of overbank fines.

The Quaternary succession of the cores studied (Fig. 2.1) had previously been divided into

magnetically identified sedimentary cycles (MS cycles; Table 2.1; Pispdoki et al., 2013, 20186,

2020, 2021a, 2021b, 2023). These cycles are capped by their most significant diagnostic

magnetic susceptibility peak (MP; Table 2.1), and sometimes contain characteristic

secondary peaks. The tops of MPs are termed 6&ésus
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 (PUspoki et al., 2016).
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Figure 2.3: Interpolated age for each MP vs. depth (described in Plspoki et al. (2021b, 2023)). This
demonstrates how the rate of sedimentation varies between the cores. Dotted lines represent cores
from the Kords 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).

Table 2.1: Description of the magnetic susceptibility (MS) cycles and magnetic susceptibility peaks
(MP) found across the three sub-basins (Koros, Jaszsag, Makoé Trough and Békés Basin) defined by
P¢speki et al (2016, 2020, 2 0 2 1 sceptidlity ferinlmgtion MS
surfaceso followed by the most significant
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
2005). The first (FAD) and last (LAD) appearance of the freshwater gastropod Viviparus boeckhi has

been used to constrain the age correlations of MS Il and VIl (Krolopp, 1970). Depths of the master

t

peak for each core can be found in the supplementary information.

Magnetic Susceptibility Cycle Master Peak Correlated MIS Age assignment/ka
0 0 2 20
| 1 6 140
1] 2 8 252
2a 10 343
Il (LAD: 550 ka) 3 12 436
3a 16 632
v 4 20 802
4da 22 880
\Y, 5 26 964
\ 6 341 36 1200
6a 40 1290
6d 48 1456
VI 7 52 1535
VIII (FAD: 1.8 Ma) 8 60 1707
8a 68 1865
IX 9 82 2155
9a 86 2240
X 10 98 2488
10a 104 2600
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MPs i dentified in the K°r°s Basin (D®vavg8§nya, VG
stages of the MIS records (Lisiecki and Raymo, 2005). MS cycles VI-X are correlated with

the significant Early Pleistocene glaciations, and MS cycles I-V with the substantial Middle

and Late Pleistocene European glaciation events (Table 2.1, data derived from Pispdki et

al., 2021b Fig. 2.6).

Palaeomagnetic boundaries have not been established across the sub-basins of the Maké
Trough and Jaszsag Basin, so biostratigraphy provided 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, D550 ka) occurs within the MS cycle I, while the first
appearance datum (FAD Vb, D1.75 Ma) coincides with the magnetic susceptibility cycle VIII
(Puspoki 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, suggesting that

the age model of the section is accurate (Plspdki et al., 2020, 2021a).

The age of each horizon containing opercula that was sampled for this study was estimated
via linear interpolation (Puspoki et al., 2021a&b). In the present study, the uncertainty in
those ages was estimated using a Monte Carlo approach (Kalos and Whitlock, 2009),
carried 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 2.1, 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 deviation 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. TheMonte Car | o met hod was performed us

package from Google Colab with Python (3.10).

2.2.2 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,
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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 2.2). 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 observed in the data. The extent of protein decomposition varies
between 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 congeneric species will be compared directly in this study.
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Table 2.2: 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 Puspoki et al. (2013, 2016, 2020, 2021a, 2021b,

2023). The O6NEaar no. 6 is the identification number f orB.le=BihyniafleachisB.te.=sampl e an:
Bithynia tentaculata; B. sp. = Bithynia species.

Site/ Core Depth below Palaeo- Magnetic Master Interpolated Number Speci Lithology Texture NEaar No.
surface magnetic Susceptibility peak Ages in ka of es
Orientation Cycle directly (Puspoki et opercula
(Cooke et (Puspoki et al., 2016; above al., 2021b) analysed
al., 1979) 2020; 20214a; 2021b) sample
depth
(Puspoki et
al., 2021b)
Dévavanya 5.38-5.54 m Normal Before | Above 1 49 3| B.L clayey silt massive 14329-14331
L . 29.41-30.37 m Normal | (near I / Il boundary) 1 229 3| B.L sandy silt laminated 14332-14334
(Koros Basin)
36.66-37.13 m Normal Il 2 278 2| B.L sandy silt laminated 14335-14336
75.23-75.37 m Normal ] 2a 436 3 (Bl silty sand massive 14337-14339
129.60-131.05 m Reversed v 4a 914 2| B.L clayey silt massive 14340-14341
194.90-195.28 m Reversed Vi 6a 1358 2| Bl clayey silt massive 14342-14343
V®szt R 25.20-25.89 m Normal | 1 155 3| B.L sandy silt massive 14344-14346
L . 81.26-81.68 m Normal Il (near 11 /111 2 404 3 | B.te. clayey silt massive 15871-15873
(Koros Basin) boundary)
82.00-83.16 m Normal ] 2 411 3 | B.te. sandy silt massive 15874-15876
94.25-97.00 m Normal I 3a 633 5| B.l sand laminated 14347-14349,
15006-15007
98.10-98.85 m Normal 11} 3a 644 3 | B.te. silty sand non-documented | 15877-15879
137.43-138.00 m Normal \ 4 802 3| B.l silty sand laminated 14350-14352
159.98-160.48 m Reversed v 4 856 B. . sandy silt laminated 14353-14355,
15004-15005
231.03-231.78 m Reversed \i 6 1289 4 | B. I sandy silt laminated 14655-14658
431.16-432.00 m Reversed IX 9 2294 2| B.l clayey silt laminated 14356-14357
Szarvas 10.65-11.00 m N/A | 0 92 3| B.L silty sand non-documented | 15122-15124
19.46-19.68 m N/A | 1 168 3| B.L sandy silt massive 15125-15127
(Koros Basin)
52.62-54.00 m N/A Il 2a 378 2| B.l clayey silt massive 15128-15130
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Site/ Core Depth below Palaeomag Magnetic Master Interpolated Number Speci Lithology Texture NEaar No.
surface netic Susceptibility peak Ages in ka of es
Orientation Cycle directly (Puspoki et | opercula
(Cooke et (Puspoki et al., 2016; above al., 2021b) analysed
al., 1979) 2020; 2021a; 2021b) sample
depth
(Puspoki et
al., 2021b)
Szarvas 84.40-84.82 m N/A 11} 3 629 2 | B.L sandy silt laminated 15131-15132
97.39-97.56 m N/A 1] 3a 691 3| B.L silty sand non-documented | 15133-15134
(Koros Basin)
117.90-118.69 m N/A ] 3a 789 3| B.L clayey silt massive 15135-15137
125.13-126.06 m N/A v 4 824 3| B.L clayey silt massive 15138-15140
140.10-140.61 m N/A \Y 4a 910 3| B.L clayey silt massive 15141-15143
270.85-271.51' m N/A Vil 7 1696 2 | B.L sandy silt massive 15144-15145
319.84-320.62 m N/A VIl 8 1966 3| B.L clayey silt laminated 15146-15148
393.75-393.88 m N/A IX 9a 2366 2 | B.L silty sand ripple laminated 15149-15150
442.34-442.49 m N/A X 10 2600 2 | B.L silty sand massive 15151-15152
Mindszent 17.56-18.64 m N/A | 1 159 3| B.L silty clay massive 15603-15605
(Maks 109.63-109.68 m N/A Il 1 369 3| B.L sandy silt massive 15606-15608
aké
Trough) 136.22-136.55 m N/A 1] 1 431 3| B.l sandy silt massive 15609-15611
177.60-180.00 m N/A 11} 3 700 3| B.L silty sand non-documented | 15612-15614
206.53-206.61 m N/A \ 4 832 3| B.L silty sand ripple laminated 15615-15617
275.35-276.10 m N/A 5 1102 3| B.L silty clay massive 15618-15620
287.69-288.26 m N/A 5 1204 3| B.L sandy silt laminated 15621-15623
329.80-330.28 m N/A \ 6d 1459 3| B.lL silty clay massive 15624-15626
422.61-422.99 m N/A Vil 7 1616 1Bl silt massive 15627
431.26-431.54 m N/A VI 7 1641 2| B.l clayey silt massive 15628-15629
468.14-469.39 m N/A VI 8 1769 3| B.lL silt massive 15630-15632
Jaszladany 43.47-44.00 m N/A | 0 212 3| B.L silty clay massive 15771-15773
55.90-56.64 m N/A Il 2 273 3| B.L silty clay massive 15774-15776
(Jaszsag
Basin)
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Site/ Core Depth below Palaeomag Magnetic Master Interpolated Number Speci Lithology Texture NEaar No.
surface netic Susceptibility peak Ages in ka of es
Orientation Cycle directly (Puspoki et | opercula
(Cooke et (Puspoki et al., 2016; above al., 2021b) analysed
al., 1979) 2020; 2021a; 2021b) sample
depth
(Puspoki et
al., 2021b)
Jaszladany 102.55-102.80 m N/A Il 2a 401 3| B.L silty clay massive 16511-16514
114.53-114.71 m N/A Il 2a 424 5| B.L silty clay massive 15777-15779
(Jaszsag
Basin) 118.70-118.86 m N/A ] 2 432 5| B.L silty clay massive 15780-15782
125.52-125.77 m N/A 11} 3 523 3| B.L sandy silt massive 16515-16517
149.15-149.19 m N/A ] 3a 676 5| B.l sandy silt massive 15783-15785
149.15-149.19 m N/A 11} 3a 713 4 | B.te. sandy silt massive 16521-16524
165.66-165.87 m N/A v 4 791 2 | B.te. sandy silt massive 16525-16526
208.85-209.03 m N/A \ 5 1121 4 | B.te. silty clay massive 16529-16532
Kevermes 74.50-75.00 m N/A Il 2 297 5| B.l silty sand laminated 16931-16934
. 116.00-116.20 m N/A Il 2 417 4 | B. I silty sand massive 16929-16930,
(Békés Basin) 16935
133.00-133.50 m N/A ] 2a 570 3| B.L silty clay massive 16927-16928
174.00-174.50 m N/A I 3 746 4| B.I sand non-documented | 16923-16926
310.00-311.50 m N/A Vil 3a 1576 3| B.L silty sand massive 16922-16923
Pusztaottlaka 61.50-62.50 m N/A Il 2 256 4| B.I silty clay massive 16919-16921
o . 79.00-79.50 m N/A I 3 536 3| B.lL sand non-documented | 16916-16918
(Békés Basin)
114.50-115.00 m N/A ] 3a 723 5| B.l silty clay massive 16911-16915
338.00-338.30 m N/A VIl 8a 2023 4 | B. I silty sand laminated 16907-16910
432.80-438.20 m N/A Pliocene 10a 0260 4 | B.sp. silty sand ripple laminated 16903-16906

* 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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2.2.3 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 2.2). In brief, following
oxidation by sodium hypochlorite for 48 h (NaOCI) of the powdered samples (crushed to
MO0.425 mm; Penkman et al., 2008), two fractions were taken from each operculum. The first
fraction was demineralised using 2 M hydrochloric acid (HCI) 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 performed for both the FAA and THAA fractions from
each individual operculum (unless specified otherwise in Sl) alongside standards 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 /"Halue of all opercula samples from the same horizon are presented +1 ( .This
method separates the "Hand -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 (lle) and leucine (Leu). The
extent of racemisation is quantified by calculating the ratio of to “IHwhich is described by
the ["Halue. Asparagine and glutamine irreversibly degrade to aspartic acid and glutamic
acid, respectively, due to deamination during the hydrolysis step (Hill, 1965) and are

therefore reported as Asx and GIXx.

In a closed system, the FAA and THAA /"Halues should be highly correlated for each
amino acid, and lack of correlation helps to identify compromised samples (Preece and
Penkman, 2005). The /"Halue 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, GIx,
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
molecules (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 estimate of the overall IcPD in this study.

Data analysis was performed using Google Colab with Python (3.10) (Nelson, 2025). The /'H

values for both FAA and THAA samples are reported as the mean /["Halue for a given
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horizon, and incorporates all the specimens analysed for that horizon. The uncertainty was
presented as 1 0 for each horizon. For clarity,
have been colour coded as foll ows DéVavaoya:get,out t he
Szarvas = orange, Mindszent = green, Jaszladany = blue, Pusztaottlaka = pale purple and

Kevermes = pink.

2.3 Results & discussion

2.3.1 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 hydrolysis of peptide bonds to yield short peptide
chains and ultimately free amino acids, increasing %FAA. Secondly, amino acids
decompose to 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 "Hand  forms. During
biomineralisation only the "Hamino acid is incorporated into the protein structure, but when
tissue turnover ceases, the proportion of -amino acids will increase due to racemisation,
eventually resulting in a racemic equilibrium. The /"Halues 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 5.38i 5.54 m, D50 ka; Puspoki et
al., 2021a) was D42%, compared to D 95% in the oldest samples (432.8i 438.2 m, Pliocene;

Pilspoki 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. 2.4). Conversely, the proportion of more stable amino acids such as Ala
and Val increase over time (Fig. 2.4). The change in amino acid composition supports the
conclusion that the proteins in the opercula tested here become more degraded with age
and depth.
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Figure 2.4: Mean intra-crystalline amino acid compositions for opercula from all seven cores of each
MS cycle THAA fractions. Younger samples possess higher proportions of the polar amino acids (red,
orange and blue); samples of greater antiquity possess higher proportions of non-polar amino acids
(green and grey).

If a closed system has been retained within the samples analysed, the ["Halue of both the
THAA and FAA fractions should be highly correlated 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. 2.5; 96% of samples, Fig. 2.5), with a few interesting exceptions. These
were extreme visual outliers from the expected trend, highlighted in Fig. 2.5. 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 reported in the Sl. 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 fractions, this has been included in the

mean calculation for that fraction.
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Figure 2.5: Bithynia opercula IcPD from horizons analysed throughout the seven cores. The FAA and
THAA [l values are plotted against one another; if a closed system has been retained these two
fractions should be strongly correlated. The [{[ 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.

2.3.2 Extent of IcPD with depth

The ["Halues for all amino acids rise with increasing depth; Ala reaches equilibrium for the

deepest samples (Fig. 2.6b), while GIx & Val approach equilibrium (Fig. 2.6¢c and d). Asx

racemises rapidly but also starts to degrade in the oldest samples (Fig. 2.4), resulting in an

apparent decrease in Asx ["HFig. 2.6a) in the deepest horizons of the Putztaottlaka,
Mi

wer e

ndszent

attri

& V®sztR

than expected Asx ["Hralues came from opercula located greater than 330 m in depth and

but ed

t o

cores

98

(al so

cycles 7 to

10

oOobserved

for

Penkn

V®s zt R



came from Pliocene age sediments with a minimum age of 2.6 Ma. As shown in Fig. 2.4, 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 [‘Halues in Eocene aged opercula from the Isle of Wight. Loss of both "H
and -isomers of Asx due to chemical breakdown means that the Asx /["Halues 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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Figure 2.6: The mean THAA [ value + 1 ( for each horizon analysed for Asx (a), Ala (b), GIx (c),
and Val (d). IcPD increases with depth; in some of the cores and amino acids equilibrium is reached,
the depth for which varies between each amino acid (racemising at different rates), and each
borehole (differing rates of sedimentation). The different sub-basins have been defined by the
following shapes: Koéros Basin (KB) = circle, Maké Trough (MT) = triangle, Jaszsag Basin (JB) = star,
Békés Basin (BB) = square.
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The relationship between age and depth of sediments was described in Figure 2.3. Here it
was demonstrated that sediments within the Mako Trough of equivalent age to those in the
Koros Basin were buried more deeply. In general, /"Halues from Mindszent (Maké Trough)
opercula are lower than those from the Korés Basin at similar depths, which is consistent

with sedimentation rate in these two sub-basins.

2.3.3 Extent of IcPD with age

To determine how IcPD increases with age, the magnetic susceptibility stratigraphy
correlated with the MIS record developed by Plispdki et al. (2021a) was used to define age
boundaries throughout each core. The extent of racemisation in both the FAA and THAA

fractions increases with the age of the sample (Fig. 2.7, Fig. 2.8).

Different amino acids degrade at different rates, so the multiple parameters 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 levels of temporal resolution
for the youngest material (Fig. 2.6; MS 0 to MS 3; D401 430 ka). In subsequent MS cycles,
the extent of racemisation reaches equilibrium and discrimination between older horizons is
no longer possible (Fig. 2.8; SI, Figs. S2.1 & S2.5).

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 et al., 2020). In this dataset Ala provides the best resolution
from MS 07 4 (D407 950 ka), where the amino acid nears racemic equilibrium (SI, Figs. S2.2
& S2.6).

Glx and Val are both slow racemising amino acids, extending the resolution in older age
material and therefore improving age discrimination within the Early Pleistocene. In this
dataset, both amino acids are able to provide age discrimination up to MS 10 (D40 kai 2.5
Ma). However, due to the slow rates of racemisation, discrimination between samples from
horizons correlated to MS 071 2 is poorer compared to the faster racemising amino acids (Val:
Sl: Figs. S2.3 & S2.4, Figs. 2.7 & 2.8; GIx: SI, Figs. S2.7 & S2.8).
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Valine is particularly informative for this sample set because the majority of samples
analysed have been attributed to the Middle Pleistocene or Early Pleistocene; therefore, this
slower racemising amino acid provides the best temporal resolution for the majority of
samples (Fig. 2.7, Fig. 2.8).

In the Korés Basin, the most complete record of the Quaternary comes from the Szarvas

core. THAA Val reaches racemic equilibrium in Szarvas at 393.75 m (D2366 ka). As there

are a greater number of horizons 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 depositsbyD2 . 3 Ma. I n V®szt R,
oldest samples from 431.16 m (interpolated age D2294 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 (D1358 ka; 194.901 195.28 m), with a mean THAA

valine /'t6f0.87+£0.01(n=4).The ' al ue for the same DI389cycl e fr
ka, 231.3i 231.78 m) is 0.84 + 0.03 (n = 4); this suggests that a similar extent of valine

racemisation occurs for material of similar age in the Kéros Basin cores. In general, THAA

Val provides age discrimination for most of the Quaternary in the Korgs Basin. Due to the
sparsity of samples greater than 1.2 Ma from V®s

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 racemisation is
greater than in the Korés 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
D1290 ka; at this point temporal resolution between samples begins to decrease. The
deepest material is from 468.14 to 469.39 m (interpolated age: D1769 ka), where valine has
become completely racemised in the FAA fraction (1.03 £ 0.01; Sl Fig. S2.3) and is close to
racemic equilibrium in the THAA fraction (0.94 = 0.03). Samples from MS VI in this core
(287.69 m, D1204 ka) have an average /"Halue of 0.91 £+ 0.01 (n = 4), which is higher than
that observed for this MS cycle in the K6rds Basin cores. This suggests that IcPD is higher in

Mindszent than for equivalent aged samples in the Kérds Basin cores.
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In the Jaszladany core (Jaszsag Basin), both Val FAA and THAA start to reach equilibrium

by D800 ka (MS IV). The mean THAA Val from B. leachii from 165.66 to 165.87 m (MIS 1lI),

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 THAAVal /' al ues: in V®szt R THAA
0.01 (n=6) at 137.431 138.00 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 Kords Basin cores.
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In the Békés Basin, the oldest opercula analysed from the Kevermes core are correlated
with MS cycle VII (interpolated age: D1621 ka; 310.001 311.50 m). In these samples, Val is
nearing racemic equilibrium, with a /"Hralue 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 /["Halue is 0.96 £ 0.0 (n = 2) at 431.66 m (D1.6 Ma). In a similarly
aged sample from Szarvas (D1.7 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 Pannonian 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
decomposition appears to have occurred in Mindszent, Jaszladany, and Kevermes when
compared to the Kords Basin cores. Similar variation in IcPD with age can be observed in all
amino acids analysed. For example, THAA Ala (Figs. 2.8, Sl 2.1 Fig. S2.6) starts to
equilibrate around D800 ka in the Koros Basin cores, before D700 ka in the Maké trough,
and before D450 ka in the Jaszladany and Kevermes core. There is insufficient data from

Pusztaottlaka to establish at which point this amino acid starts to equilibrate.

The greatest variation in IcPD occurs between the end of MS cycle Il and the end of MS lIl.

Samples located between MS peaks 2a and 3 (estimated age 340i 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 /"Halues compared to

samples from the other cores. There are also samples from each core, with the exception of
Dévavéanya, between MS peak 3a and 4 (D632i 802 ka). The most racemised samples are

those from Jaszladany in both instances, followed by Kevermes, and then Mindszent. The

|l east racemised samples attributed to this age
Szarvas (the Kords Basin). In samples older than D1.2 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
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aged deeply-buried opercula samples from different core localities within the Pannonian

Basin have not experienced a similar temperature history.

If the original age attribution in the Mindszent, Jaszladany, and Kevermes cores is incorrect,
the sections of the cores with heightened /"Halues have been attributed D100 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 hiatus 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 /"Halues in comparison to the
Kdrés 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.

To assess whether the age assignments are incorrect, all evidence constraining the age of
this material has been investigated. MS cycle Il is a key stratigraphical unit that has multiple
lines of evidence to corroborate its assignment to 42071 710 ka. Firstly, assessment of

pal aeomagnetic reversal events within the
al. (2021a) revealed a number of short-lived polarity reversals 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 Il 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. magnetic minerals becoming concentrated in sediments due to their higher density, or
loss of magnetic susceptibility due to weathering), but evidence 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 (Puspoki 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 1l (Puspoki 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
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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 et al., 2013). The first appearance datum (FADVb) of this
species is D1.1 Ma and last appearance (LADVD) is D550 ka (Krolopp, 1995, 2014). LADVb

has been defined in all cores analysed.

In the Békés Basin, Puspoki 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 planorbis 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 sediments. 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 biozone. 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 (D436 ka), and the MP that lies beneath is MP 4 (D802 ka).
This therefore suggests that the differences in IcPD between these cores result from
differences in their integrated temperature history i 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.

2.4 Competing influences on burial temperatures

2.4.1 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 107 15 °C of warming
by 200 m.b.s.l. (Bada and Man, 1975). However, more recent work has questioned the
applicability of experimental (high) temperature reaction 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
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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 material, 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. 2.9). 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 AC/ km for D®vavsgnya; 49.4 AC/ km for V®sztR;
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 31 5 km of normal continental crust is 25
°C/km (DiPietro, 2013).

70 = Dévavanya:y=0.0464x + 14.936
R?=0.9958

Vészt6s: y = 0.0494x + 9.9506

R? =0.9966

60
Mindszent: y = 0.0405 + 9.1975
R? =0.9993
Jaszladany: y = 0.0574x + 11.394
50 - rR2=02077
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Figure 2.9: Geothermal gradient based on bottom temperatures measured in the sampled boreholes
and their close vicinity. Each point represents the temperature at the depth it was measured. The
calculated gradient has been used to determine the geothermal effect on the temperature at the
depths at which the samples were taken. The different sub-basins have been defined by the following
shapes: Kéros Basin (KB) = circle, Mako Trough (MT) = triangle, JAszsag Basin (JB) = star, Békés
Basin (BB) = square.
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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 (607 80 km) of the lithosphere underlying
the Miocene-Quaternary basin. In contrast, under the neighbouring Carpathian Mountains
and Dinarides the lithosphere is 1007 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 lithosphere of the Pannonian region
has been cooling, and different degrees of thermal subsidence has taken place in each sub-
basin. However, 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. 2.8) occurs
within the Jaszladany, Kevermes, and Mindszent cores when compared to the Kérds Basin
cores. Therefore, the geothermal gradient alone does not explain the increase in IcPD within
these cores. However, the observed /["Halue is not just due to the current temperature each
sample is subject to, but its integrated temperature history. Over time samples will be
exposed to different temperatures 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 temperature against the age of

the sample. To do this, the geothermal effect (o0
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. 2.10).

Table2.3: A comparison of the depth and geother mal ef fect
from each borehole along with an interpolated mean THAA Val [{[. Deeper sediments experience a
greater geothermic effect and this results in higher IcPD. The warmer layers are highlighted in bold.

Borehole Depthim |Geot her mal ef f| Est. mean THAA Val [H
V®s zt R 90 4.4 0.37 N 0.001
Dévavanya 77 3.6 0.38 N 0.004
Szarvas 73 4.2 0.36 N 0.0009
Mindszent 148 6.0 0.52+0.020
Jaszladany 124 7.1 0.69+0.011
Pusztaottlaka | 75 3.6 0.40 N 0.0009
Kevermes 127 7.0 0.61+0.009
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sediments equivalent in age are at different depths in the sediment columns in different

localities, and therefore have been exposed to different temperatures 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
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Figure 2.11: The estimated geothermal effect (giT/°C) vs. the interpolated THAA Val [ 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: Kords Basin = circle, Makoé Trough = triangle, Jaszsag Basin = star, Békés
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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 IcCPD against interpolated age

(Fig. 2.8).
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This systematic difference in THAA Val ["Halues 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. 2.2). 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 temperature
history. Those >450 ka are deeply buried enough for differences in geothermal conditions to

affect the extent of IcPD.

Here we have demonstrated that in Ageothermally
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 conditions 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 ¢dl to directly compare /["Hralues 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 accurately

described by high temperature experiments; future work should explore this.

2.4.2 Surface climate vs. geothermal influence on IcPD

The other parameter that can affect the integrated temperature history 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, 19917 2020; Harris et al., 2020). Regional climate and temperature have varied
throughout the 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
aminostratigraphy developed for the Pannonian Basin has been compared to datasets

developed using shallow bithyniid opercula material for other regions.
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Figure 2.12: The Pannonian Basin aminostratigraphy compared to aminostratigraphies for the UK
(Penkman et al., 2011, 2013), Netherlands (Preece et al., 2020), and East European Plain (Tesakov
et al., 2020). Estimated ages are plotted with their mid-point and potential age range as x-axis error
bars; for the Pannonian Basin these are estimated using the Monte Carlo approach, whereas for the
other regions they encompass the potential age range given current understanding. For example,
sites attributed to the Cromerian are centred at 650 ka, with x-error bars extending the whole range of
the Cromerian interval. The different sub-basins in Hungary have been defined by the following
shapes: Kords Basin = circle, Maké Trough = triangle, Jaszsag Basin = star, Békés Basin = square.
Previously published aminostratigraphies (Fig. 2.12) 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 conditions 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 2.4 to provide an indication

of the temperature difference between these regions.
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Table 2.4: The modern-day temperatures between the European regions compared in this study are
presented in the table below. This includes the mean surface temperature between 1991 and 2020;
mean winter temperature (Decemberi February), and mean summer temperature (Junei July; Harris

et al., 2020).

Region Mean surface Mean winter (DJF) Mean summer
temperature surface (JJA) surface
(19911 2020)/° C temperature (1991 7 | temperature (1991 i

2020)/° C 2020)/° C

Hungary 11.5 0.9 21.5

England 9.1 4.7 15.8

The 10.5 3.9 17.4

Netherlands

EEP 7111 -3-[+]1 201 23

The extent of racemisation in samples younger than D500 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 D500 ka from Hungary were also found at depths of less than 707 100
m, so the integrated temperature experienced will likely be strongly influenced by the climate
as well. The data from the Pannonian Basin starts to deviate from the other regions D600 ka,
with significantly higher /"Halues 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 Alais reached by 1.8 Ma, while THAA Val is not fully racemised by D2.6 Ma. Based
on modern day temperatures (Table 2.4) 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  /"Hvalues could be expected between the two regions. In
comparison, valine has become fully racemised by D2.3 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 between Hungary and the rest of Europe.
This therefore supports the systematic increase in protein decomposition due to geothermal
heating in deeper samples from the Pannonian Basin in comparison to other European

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. Itis likely that a combination 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
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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.

2.5 Conclusions

Bithyniid opercula from seven fully-cored boreholes from the Pannonian 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 D5 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 amino acids until the deepest part of the cores, up to D2.3
Ma. The IcPD results support the cross-correlations made between these boreholes by
Plspoki et al. (2016, 2020, 2021a, 2021b, 2023) using cycles of magnetic susceptibility in
most instances. In addition, this work demonstrates 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 Il and MS cycle V for material from the
Jaszladany, Kevermes and Mindszent boreholes, compared to the palaeomagnetically dated
boreholes from the Koérés Basin. This difference was not observed in younger material, or in
material approaching racemic equilibrium, where the ability to discriminate between different
ages and levels of protein decomposition becomes challenging. This indicated that either the
original age attribution for the cores with systematically higher /‘Halues 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 Koroés Basin and the

Pusztaottlaka core.

Hungarian samples older than around D600 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
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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 Pannonian Basin region, but also help with correlations of IcPD results
between regions which have experienced different temperature histories. This work
highlights the importance in understanding the temperature environment of the material used
when creating a regional aminostratigraphy to correlate different horizons in deeply buried
material. 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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All amino acid data from this study will be made available through the NOAA repository upon

final publication: https://www.ncei.noaa.gov/pub/data/paleo/aar/. The code is available at:

https://github.com/efnelson12/EQuaTe_Scripts/tree/main.
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difference in [ values can be observed in different cores between occurs after ~450 ka until the
amino acid starts to reach racemic equilibrium. The different sub-basins have been defined by the
following shapes: Koros Basin (KB) = circle, Maké Trough (MT) = triangle, Jaszsag Basin (JB) = star,

Maros Fan (MF) = square.
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2.9 Summary

In this chapter | have produced the first aminostratigraphy for the Pannonian Basin (Hungry).
This chapter also demonstrates the first time IcPD has been used in deep-core material
(burial depths > 70 m) and reveals the complications temperature can pose when cross-
correlat i ng opercula from borehol es, eslpshowsthat | ' y i n
as opercula become more deeply buried the most significant influence on burial temperature
changes from the climate at the surface to sub-surface factors, such as geothermal warming
and burial depth. This data also indicates the length of time required for significant
differences in extent of IcPD to occur when opercula are exposed to small differences in
temperature (between ~15-20 °C). Therefore, this chapter demonstrates that equivalently
aged material from surface deposits cannot be directly compared to opercula buried > 80 m
before the surface. This is an important finding, which informed the interpretation of IcPD
analysis of borehole material from the northern Upper Rhine Graben in Chapter 3 and has
demonstrated the need to have down-core temperature measurements for IcPD analysis of

borehole specimens moving forward.
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3.1 Introduction

North and Central Europe have a rich Quaternary archaeological and geological record (e.g.
de Geer, 1908; Schoetensack, 1908; Roberts et al., 1994; Zagwijn, 1996a; Dennell, 1997;
Turner, 1999; Zolitschka et al., 2000; Szymanek and Julien, 2018), but surviving deposits
are often sporadic and lack continuity. This makes correlation of terrestrial stratigraphic
sequences with long-term marine and ice records challenging, limiting our understanding of
how global climatic trends affect regional conditions (e.g. Schliichter, 1992; Hughes et al.,
2020; Gibbard and Hughes, 2021) and any animal and plant responses (e.g. Comes and
Kadereit, 1998; Bradshaw, 1999; Jackson and Overpeck, 2000; Davies et al., 2009; Kadereit
and Abbott, 2021).

In Europe, more complete Quaternary successions can be found in subsiding basins (e.qg.
Horvéath and Cloetingh, 1996; Wenau and Alves, 2020). Such archives can contain records
of glacial cycles from the entire duration of the Quaternary, making them ideal targets to
investigate long-term regional climate change and their responses to global trends. One

such archive is the Upper Rhine Graben (URG; e.g. Bartz, 1974; Ellwanger et al., 2005;
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Gabriel et al., 2008; 2013; Przyrowski and Schéfer, 2015). Situated in southwest Central
Europe, the URG is a failed rift valley stretching >350 km from NNW to SSE (Fig. 3.1). It is
part of the European Cenozoic Rift System, which began its formation in the Oligocene;
since then, the graben has been episodically subsiding, acting as a sediment trap (Ziegler,
1992; Dézes et al., 2004; Berger et al., 2005). The northern URG (nURG) has been explored
through a number of boreholes, resulting in a well-characterised archive of regional climate
and ecosystem changes (Ellwanger et al., 2005; Gabriel et al., 2008; 2013; Preusser et al.,
2021; Gegg et al., 2024; Uhl et al., 2024). The nURG (and surrounding areas) also contain a
rich record of Early Middle Pleistocene archaeology, including stone tools found alongside
mammalian fauna in a number of sites (e.g. Schmidtgen, 1932; Boenigk, 1977; Kolfschoten
and Turner, 1990; Turner, 1996; Boenigk and Frechen, 1998; Maul et al., 2000; Koenigswald
et al., 2007; Wagner et al., 2010; 2011, Fiedler et al., 2019).

A robust chronology is needed to enable cross-correlation between cores across the nURG
and build a broader picture of Quaternary development by correlating key deposits
throughout the region. A variety of dating approaches have been explored, but constraining
the age of these sediments has been challenging; biostratigraphic material only occurs
sporadically within the sediments, and many of the stratigraphic units are beyond the
chronological limit of viable radiometric dating methods (Li et al., 2018; Preusser et al.,
2021). However, bithyniid snail opercula have been found in horizons throughout parts of the
individual borehole sequences (Sl); there is therefore potential for amino acid geochronology
(AAG) to be used. Bithynia tentaculata (Linnaeus 1758) is known throughout the Quaternary
within Europe (e.g. Meijer, 1988; 1989; Szymanek, 2012; 2013; Penkman et al., 2013),
whereas Parafossarulus crassitesta (Bromme 1883) is known from the late Tiglian to the
Holsteinian (Meijer, 1989). Both are ideal substrates for the intra-crystalline protein
decomposition (IcPD) approach of AAG (Penkman et al., 2008; 2013). Previous work has
used the IcPD approach in bithyniid opercula to construct regional aminostratigraphies within
North, Central and Eastern Europe (e.g. Penkman et al., 2011; 2013; 2024; Tesakov et al.,
2020) and for Quaternary sediments within a tectonically induced subsiding basin
(Pannonian Basin, Hungary; Nelson et al., 2024/ Chapter 2).

128



Europe digital

elevation map

Elevation m.a.s.|
-432-105m

106
226 -
385 -
493 -
I s+ -
B a5 -

B 1,003 -

1,193 -
N 1402 -
N 1644 -

| BB

. 2205 -
. 251 -
. 25 -
I 3289 -

I 3,798

4,285 -
4,752 -

5,233

Site type

=225

354
49

6

818
1,002
1,192
1,401
1,643
1913
-2,204
2514
2,85
3,288
3,794
-4284
4,751
5232
-8,263m

4 Archaeologicalsite
W Referencesite
® nURG borehole

Figure 3.1: The location of all boreholes and sites where opercula IcPD analysis was undertaken in
this study. All abbreviations are described in Table 3.1. Black pentagons indicate the location of the
NURG cores included in this study; red triangles indicate the location of nearby archaeological and
palaeontological sites, and blue squares indicate the nearby Quaternary deposits referenced in this
work. Map created in ArcGIS Pro 3.1.0 using a 30-arcsecond DEM of Europe (GTOPO30; U.S.
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Quaternary archive. We have therefore used IcPD to establish a new aminostratigraphy for
the nURG. Novel statistical approaches have been used to combine multiple parameters
from IcPD data to group horizons containing opercula into clusters of equivalent age. This
aminostratigraphic framework was then combined with other independent evidence of age to
establish correlations between clusters with the northwestern European chronostratigraphic
stages (Cohen and Gibbard, 2022). The impact of potential differences in burial
temperatures due to depth was assessed to confirm the validity of this framework as a
regional reference dataset. Finally, this framework was used to evaluate the age of nearby

archaeological deposits.

3.2 Materials and methods

3.2.1 Stratigraphy of the nURG

The Quaternary record in the nURG consists of alternating sequences of fine and coarse
sediments (Weidenfeller and Knipping, 2009). It is hypothesised that the coarse-grained
sediments are deposited rapidly by rivers during times of glacial melt, interspersed with fine-
grained suspensions deposited in interglacial periods by lakes spread throughout the fluvial
plain (Przyrowski and Schafer, 2015). The main depocentre is the Heidelberg Basin in the
northeastern part of the graben. Throughout the Quaternary, alpine sediments have been
deposited in the northern part of the URG by the Rhine, Neckar and Main Rivers. Unlike
other sediment traps along the Rhine, sedimentation in this region has been near continuous

(Gabriel et al., 2013), although erosion may have resulted in short hiatuses.

In this study, the terminology of Gabriel et al. (2013; Fig. 3.2) is used to describe the four key
lithostratigraphic units for the nURG: the Mannheim, Ludwigshafen, Viernheim and Iffezheim
Formations. This scheme was created to provide a stratigraphic reference profile for the
Heidelberg Basin region and a consensus for the terminology used in this area between the
three German states (Baden-Wiurttemberg, Hesse, and Rhineland-Palatinate) that border

this basin.
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Figure 3.2: Summary of the terminology used to describe the lithostratigraphic units defined in the
URG by Gabriel et al., 2013. The approximate age of the key lithostratigraphic units is shown on the
right.
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