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ABSTRACT

Estimates on the extent of time-averaging and age-mixing in sediments from semi-enclosed
shallow marine systems (deltas, aggrading clastic shelves, and carbonate platforms) are
sparse. Yet, semi-enclosed basins are particularly important for palaeoclimatic studies,
because they commonly retain proxy evidence related to oscillations in the level of the sea, at
both local (relative) and global (eustatic) scales. However, an accurate and realistic
chronology of semi-enclosed basins can be especially difficult to formulate due to the
repeated oscillation of sea level, the consequent inundation by and regression of the sea, and
the invariably repetitive and alternating cycles of prompt growth and death of populations of
marine, brackish and non-marine assemblages upon which dating techniques are commonly
applied. Thus, this may result in punctuated stratigraphies, significant hiatuses in the
chronological record, particularly because of the mixing of non-, marginal- and fully marine
sediments during transitions from one hydrodynamic regime to another.

This project investigates the extent of time-averaging in three semi-enclosed basins, the
Gulf of Carpentaria, and Gulf St Vincent, Australia; and the Black Sea. These basins vary in
scale and depth, climate, and the extent to which they are open to the ocean, the latter being
particularly influenced by the depth of the entrance or sill. Amino acid racemization,
accelerator mass spectrometry '*C and uranium-series dating were utilised to estimate the
degree to which mixed-age fossil assemblages contribute to the sedimentary record in Gulf St
Vincent basin, at Kingscote, Kangaroo Island, South Australia, at Karumba, Queensland, and
the central Gulf of Carpentaria, Northern Australia, and at Kerch Strait, Northeastern Black
Sea, the Danube Delta coast, and the Northwest shelf of the Black Sea.

The extent of time-averaging in Holocene sediments from these basins was determined to
be: Gulf St Vincent — 30-40 ka; Gulf of Carpentaria, ~ 10-12 ka; the Black Sea shelves, 5-6
ka. Broadly speaking, these results indicate that in large shallow basins moderately open to
the influence of the global ocean (here, the Gulf of Carpentaria), reworking of sediment is an
issue for chronology, and perhaps to a greater extent for defining palaeo-environments,
because sediments and fossils from several different niches may regularly contribute to each
sedimentary stratum, and thus though the extent of time-averaging may not be significant in
numbers of years, the presence of mixed-source sediments can be problematic for defining a
reliable chronology. Small fluctuations in water-level about the level of the enclosing sill can
result in the inundation and/or exposure and subsequent reworking of material for dating from
unrelated environments.

In smaller shallow estuarine basins (here Gulf St Vincent), where the sill has less influence

on the volume of water held within the basin, the ingress and regress of marine water results



in stratigraphies that are punctuated. In contrast, large semi-enclosed basins whose interaction
with the marine realm is strongly controlled by the sill or entrance (the Black Sea) typically
contain punctuated stratigraphies that are easily discernable in broad shelf settings, similar to
Gulf St Vincent, but also commonly have on their coastal margins strata that are mixed.

The scale of time-averaging in these and similar basins is a function of the availability, and
preservation of fossils as source material. In the samples examined, the scale of time-
averaging for the Gulf of Carpentaria may be up to 12 ka and indicated by the presence of
early Holocene non-marine shells in surface sediments from the central basin; in Gulf St
Vincent, the extent of time-averaging in sediments recovered from the central basin is up to
30-40 ka, indicated by the presence of individually dated MIS 3 age Elphidium in Holocene
sediments; whereas in the Black Sea the extent of time-averaging in Holocene shelf
environments is comparatively small, being only 5-6 ka. The principal difference in the
sedimentary record among these basins is that little sediment is removed from the two shallow
Australian marginal marine basins, whereas in contrast, a large proportion of sediment
originating from coastal environments and deposited on the shelves of the Black Sea is
transported ultimately from the shelves to the continental slopes and distal deep basin.

These results indicate that the chronological recognition of reworked fossils at high
resolution is a requisite for determining accurate palaeoenvironments and ages, especially
over Holocene time. Given the capability of modern analytical instruments, it is insufficient,
especially in young marginal marine sediments which may be statigraphically and
chronologically mixed, to estimate an age for a population of fossils based on the assemblage
alone, or on bulk samples from an assemblage. Modern dating methods must be utilised in
determining the age of individual bioclasts in sediments prior to associating an environment to
the sediments being studied because chronological and palaeoenvironmental estimates based

on bulk samples or assemblages have a large likelihood of being unreliable.
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Chapter 1

Aminostratigraphy in semi-enclosed basins: Introduction to the

thesis, and outline of the project

1.1 Semi-enclosed basins

Semi-enclosed basins and their associated marine systems are marginal seas bounded by land
along more than half of their periphery, and separated from the global ocean by either one or
more of the following: a strait, a sill, or a front, that separates the enclosed water from the
open ocean (Einsle, 1992; Urban et al., 2009). Examples include large basins such as the Gulf
of California, the Black Sea, and the Baltic Sea (Fig. 1). Smaller estuaries including for
example, Sydney Harbour are semi-enclosed, yet because they lack a defined strait, or sill,
they are not formally classified as semi-enclosed. The term ‘sea’ refers to a subdivision of an
ocean, and each marginal semi-enclosed sea will have several or many estuaries.

These basins commonly have restricted circulation, and are found on both continental and
oceanic crust (Einsle,1992). Semi-enclosed and restricted basins act as effective amplifiers of
global and regional palaeoenvironmental events. The nature of these basins is principally
determined by mechanisms that vary their connection with the global ocean, the extent to
which freshwater and associated sediments impact on the basin, and the nature of exchange of
water-masses between the restricted sea and the open ocean. Semi-enclosed basins commonly
become partially, to completely isolated from the world’s oceans during glacio-eustatic
lowstands of sea-level (Oxburgh et al., 2007). Isolation may result in stranded shorelines,
lowered water-levels, and mixing of geochemical and faunal elements during reconnection
(transgressions). This may result in stratigraphic records that are difficult to unravel, and
incorrect palaeo-environmental interpretations may ensue. However, varved sedimentary
records tend to be preserved during low-stand and lacustrine phases in these basins. These are
important databases for palaeo-climatic studies (Hendy et al., 2002). Large human
populations inhabit many of these areas and recently the environmental consequences of
anthropogenic forcing on these modern ecosystems has become a topic of interest (e.g. Urban
et al., 2009). Many of these modern studies rely however, on a palaeo-environmental context

to build models for modern and future impacts of environment and climate change.
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Figure 1.1. Some present semi-enclosed seas and basins (Middelburg et al. 1991; Desrosiers et al.
2000; Otsmann et al. 2001; Keigwin, 2002; Oguz and Su, 2004; Robert, 2004; Urban et al., 2009; Van
Daele et al. 2011)

A limited number of studies using amino acid racemization methods have been undertaken on
semi-enclosed basins, employing gas and ion-exchange chromatography to create
aminostratigraphic frameworks for the timing of environmental change in those regions.
Basins investigated include the North Sea (Sejrup et al., 1989,1999), Delaware Bay, New
Jersey (O’Neal et al., 2000). Studies in Australia include several focusing on the central gulfs
of southern Australia (e.g. Cann et al., 1988; Murray-Wallace et al., 1993; Murray-Wallace
1995, 2000), and on the Gulf of Carpentaria (Chivas et al., 2001).

1.2. Aims and Study locations

Uncertainties exist in the differences in the timing of environmental change within restricted
and semi-enclosed basins when compared with the global marine sedimentary record during
regressive, low-stand phases when isolation of these basins from the world’s ocean has
commonly occurred. Many temporal scales and processes may be recorded within individual
sedimentary units, and any attempt at understanding these records at fine scales of resolution
requires an attention to the individual elements of such assemblages. Understanding the
differences in depositional and chronological histories between semi-enclosed basins and the

global marine record requires an attention to detail.



This thesis examines Late Quaternary sea-level and associated environmental change in three
semi-enclosed basins using the amino acid racemization (AAR) geochronological method as
the prime investigative tool (Kaufman and Manley, 1998). The study locations are Gulf St
Vincent, the Gulf of Carpentaria and the Black Sea (Fig. 1.2). The objectives for each basin
(detailed in each chapter) were principally achieved through the application of
aminostratigraphic methods to refine previous chronologies where they exist (Gulf St Vincent
and Gulf of Carpentaria), and where they did not exist to build an aminostratigraphic
framework for further studies (the Black Sea).

The presence of reworked fossils and time-averaged sediments can be an underlying
problem when attempting to construct temporal frameworks and refine previous chronologies.
This is because relevant chronologies depend on the recognition of the stratigraphic disorder
and mixing of fossil material where it exists. The basins targeted for study are representative
of depositional environments and regions in which few studies have quantified the extent to
which reworked fossils are present. These include perched lake, estuarine, raised beach,
near-shore and off-shore shallow marine sediments. The attempt to recognise mixed-age
populations and obtain numeric estimates of the duration of time-averaging in these
siliciclastic (Gulf of Carpentaria and Black Sea) and carbonate rich (Gulf St Vincent) settings,
is a further development of recent studies in quantitative estimates of reworking which have
focused on Late Pleistocene and Holocene strata (Murray-Wallace and Belperio, 1994;
Goodfriend and Stanley, 1996; Martin et al., 1996).

Amino acid racemization dating using reverse-phase high performance liquid
chromatography (RP-HPLC) on single microfossils is a relatively new technique, and because
of the possiblility of using smaller samples, the extent to which this method can be applied to
Quaternary investigations is, by comparison with for example AAR studies using gas
chromatography, less well understood. This thesis stretches these boundaries by applying,
where possible, AAR methods to single microfossils from the basins in question and by doing

S0 may assist in the further development of this relative and chronostratigraphic tool.

1.3. Thesis design

This thesis is designed as a compilation of research articles focusing on a common theme, that
of aminostratigraphy in Late Quaternary semi-enclosed basins, and the recognition of
reworked fossils where they exist, with the intended purpose of publication. Much of the
literature is reviewed on a ‘per chapter’ basis because each of the research chapters (i.e.
Chapters 4-9) focuses on the specific question (or questions) to be resolved.

Subsequent chapters also individually include a methods section because of variation in the

objectives of the particular studies.
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Figure 1.2.  The semi-enclosed regions of interest. Coolwater temperate carbonate Gulf St Vincent
and tropical Gulf of Carpentaria are shallow basins. The Gulf of Carpentaria has a very shallow slope
when compared either to Gulf St Vincent, or the warm temperate Black Sea which has shelves down to
in places -150 m depth, and a basin depth of over 3 km. In comparison, Gulf St Vincent is the
shallowest at 40 m depth, and the Gulf of Carpentaria has a maximum depth of 70 m. These three
basins have differing sedimentary environments, stratigraphies and fauna. The principal question of
interest was how much reworking of shelly material occurs during transgressions within these basins.
Despite a number of recent studies (Murray-Wallace and Belperio, 1994; Goodfriend and Stanley,
1996; Martin et al., 1996: Cann et al., 2006) little is known about this question, and this becomes an
issue when samples are used consisting of bulk material, used for example, for chronology based on
radiocarbon methods.

1.4 . Outline of this report

The basis of the amino acid racemization geochronological method is outlined in Chapter 2,
and the methods used in this study are presented in Chapter 3. These include the
chromatographic method, reverse-phase high performance liquid chromatography, and
supporting methods of taphonomic analysis, radiocarbon dating, and uranium-series dating.

The results of the investigation into the age of a raised shoreline deposit at Kingscote,
Kangaroo Island are presented in Chapter 4. The presence of last interglacial (MIS 5e) aged
coral at this location has significant implications for palaeo-environmental studies within this
basin, and for the broader southern Australian setting during that previous highstand of sea-
level.

An aminostratigraphy for Late Quaternary sediments in Gulf St Vincent, South Australia is
described Chapter 5. This assessment of the extent of reworking within this basin was
undertaken by using single tests of the foraminifer Elphidium for dating by AAR methods,

and a discussion on sea level during MIS 3 is presented based on these results.



Chapter 6 describes sea-level change in the post-glacial Black Sea. Radiocarbon and amino
acid racemization dating indicate a prompt transgression of the early Holocene Black Sea by
Mediterranean-sourced marine water following drawdown of the pre-existing lake during and
after the Younger Dryas.

The Late Pleistocene, aminostratigraphic age of the clastic cliffs at Eltigen and adjacent
locations in Kerch Strait, northeastern Black Sea are presented in Chapter 7. These
predominantly marine sedimentary sequences are dated here to between MIS 5e and MIS 5c.
Overlying loess is of MIS4 and 3 age.

Chapter 8 describes an aminostratigraphy of the Gulf of Carpentaria. Bivalve molluscs and
foraminifers were the subject matter. This study focused on dating shells in core MD32 from
the central part of the basin, on the most recent (MIS 2 and 3 age) lacustrine phase using bulk
samples of the foraminfer Ammonia beccarrii.

Chapter 9 presents a summary of this research into time-averaging and mixed-age
assemblages within the sedimentary environments of semi-enclosed basins, and presents some
recommendations for future research.

Conference abstracts (A-F) and publications (Nicholas et al., 2011) arising from this thesis

are in the Appendices.



Chapter Two

From Amino Acids to Aminostratigraphy

2.1. Introduction and outline

The focus of this study is the application of the amino acid racemization (AAR)
geochronological method to assess the extent of reworking and mixed-age sediments in
marginal semi-enclosed basins (Chapter 1). In doing so, this chapter follows a broadly similar
route to that of Abelson (1956) by investigating protein in ‘shell’, by discussing the method of
separating amino acids by chromatography, and by describing how amino acids are useful for
chronology. However, this chapter develops these topics a little further by discussing how
reworked fossils are problematic for chronology, and how the AAR method is especially
useful in attempts to understand and recognise this phenomenon where it exists.

Reviews of the principles, methods and applications of amino acid racemization dating
include those of Kvenvolden (1975), Schroeder and Bada (1976), Williams and Smith (1977),
Miller and Brigham-Grette (1989), Rutter and Blackwell (1995) and Johnson and Miller
(1997). Reviews by Wehmiller (1984) and, Wehmiller and Miller (2000) focus on
aminostratigraphy. Two volumes dedicated to amino acid and protein geochemistry were
compiled from their related conference papers. These are, Biogeochemistry of Amino Acids
(Hare et al., 1980), and Perspectives in Amino Acid and Protein Geochemistry (Goodfriend et
al., 2000).

The subject of amino acid racemization and its application to geological problems in
coastal/marginal marine environments can be categorised into five principal topics. These
are: biomineralisation, the racemization reaction, methods for determining amino acid D- and
L- values in carbonate fossils, aminostratigraphy, and factors affecting results. This chapter
therefore first reviews concepts of biogeochemistry using amino acids, proteins and
biominerals as the subject matter. The process of racemization, and factors that affect it are
subsequently discussed, followed by measurement of D/L values. An overview of the concept
of aminostratigraphy is presented. Taphonomic and diagenetic factors that affect the results
and interpretation of D/L values are discussed. The final section outlines the approach used in

this thesis.



2.2 Amino acids and biomineralisation
2.2.1. Amino acids.

Protein-synthesising amino acids are crystalline organic molecules (carboxylic acids) that
exist as one of two non-superimposable forms — L- and D-sterecisomers, or enantiomers. In
modern environments, amino acids exist primarily in the L-enantiomeric form.  L-amino
acids reversibly interconvert to their corresponding D- form by way of the racemization
reaction, and may eventually form equilibrium mixtures of D- and L-enantiomers
(Kvenvolden et al., 1973). In short-lived organisms such as molluscs and foraminifers,
enzymatic cessation of suppression of D-amino acid formation generally corresponds with the
time of death. In Quaternary studies, the ratio of D- to L-enantiomers allows the time since
death to be estimated.

Each amino acid is identified by its side chain. The genetic code specifies twenty
individual side chains for protein synthesis. Nineteen of these amino acids are L-a-amino
acids (James & Schrek, 1982) and, seventeen have one central asymmetric carbon atom — the
a-carbon (Kvenvolden et al., 1973). The a-carbon has a valency of four, and in amino acids a
hydrogen atom, a functional amino group (NH), and a functional carboxyl group (COOH) are
covalently attached. The side chain (the R group) is attached by the fourth covalent bond
(Brandon and Tooze, 1999). For glycine the side chain is a single hydrogen atom (R = H).

The direction of rotation of light about the tetrahedral carbon atom is a chiral property.
Therefore a-amino acids are optically active (Hart, 1991). Using a polarimeter, the rotation
direction of light passing through chiral molecules can be observed. If the polarimeter prism
must be rotated to the right in order to allow light through, the chiral molecule is termed
dextrorotatory (+), and levorotatory (-) if the prism must be rotated to the left. Chiral
molecules with one central asymmetric carbon atom may exist as one of two stereoisomeric
forms — as enantiomers. Compounds with more than one chiral centre are diastereomers.
These molecules may be interconverted from their L- to D- form by rotation about a single
bond, or, interconverted by breaking and remaking covalent bonds. If the groups attached to
the a-carbon display a clockwise arrangement of higher to lower atomic numbers, the
configuration is designated R (from rectus (latin) = right, correct), while the anticlockwise
configuration is designated S (latin, sinister = left). This convention is known as the Cahn-
Ingold-Prelog (CIP) system (Hart, 1991). There is no direct relationship between rotation
direction (+ or -), and molecular configuration (R or S), however, the specific rotation of
amino acids vary with temperature, concentration, and solvent used (Neuberger, 1948). In the

geological literature the term D- and L- are consistently used instead of R and S.



A 50:50 ratio of enantiomers (D = L) is optically inactive because the optical rotations of
the two enantiomers cancel out — this is the racemic mixture that Pasteur originally described.
The interconversion of L- to D-amino acids can (but may not necessarily) continue until an
equilibrium is reached. This equilibrium ratio of D- to L-amino acids is 1 for enantiomers,
and approximately 1.3 for diastereomers. Isoleucine and threonine, having two carbon atoms
may exist as four stereoisomers: a set of mirror image isomers (optical enantiomers) and a set
of non-mirror image isomers (diastereomers). Intermediate-racemising L-isoleucine has two
carbon atoms, and interconverts to its non-protein synthesising diastereomer D-alloisoleucine
(Wehmiller and Hare, 1971; Bada, 1972). This reaction is termed epimerisation, and is
analgous to racemization (Clarke et al., 2007). The term racemization is used here to express
both concepts.

Amino acids are primarily composed of carbon, hydrogen, oxygen, and nitrogen. The
amino acids cysteine and methionine also contain sulfur. Protein-synthesising amino acids
form peptide chains when the carboxyl (COOH) group (C-terminal) of one amino acid
condenses with the amino (NH,) group (N-terminal) of the next, forming the peptide bond
through an amide linkage (Brandon and Tooze, 1999). This condensation reaction results in
the expulsion of H,0O. Hydrolysis, the opposite reaction, results in the production of monomer
units — the amino acids. In the living organisms these reactions occur at neutral pH, and the
amino acids in this environment exist as zwitterions (Fig. 2.1). Zwitterions are electrically
neutral molecules with a positive and negative charge on different sites (i.e. they exist as
dipolar ions). In strongly acidic media the amino group exists as a cation, while in strongly
alkaline conditions the carboxyl group is anionic (Jakubke and Jeschkeit, 1977). Amino acids
tend to be more soluble in water than in non-polar solvents, and this allows their separation by

reverse-phase liquid chromatography.

Figure 2.1. Zwitterion form of an amino acid. R is a side-chain at the a-carbon that determines the
identity of the amino acid.



2.2.2. Proteins

Amino acids exist in proteins as catenated molecules covalently attached by way of the
peptide bond (Fig. 2.2). Proteins are folded structures composed of polypeptide chains and
exist with a specific conformation or direction of folding. The primary three-dimensional
structure and functionality of protein is determined by the sequence of amino acid residues in
the polypeptide. Hydrophobic interactions between amino acids and hydrogen bonds
determine the orientation of the secondary structure, i.e. the way in which the polypeptide
strand has coiled. The major secondary structure is the a-helix, commonly a dextrally coiling
structure. A second major secondary structure, a B-pleated sheet is a side-by-side array of
polypeptide units, and is the dominant feature of fibroin, a silk-like protein typical of
molluscs. Further folding of the secondary structures gives rise to the tertiary structure of
proteins. Quaternary structures are the result of the aggregation of two or more polypeptides,
forming the native protein structure. The native protein is the biological functional unit
required for that protein to work in the cell, and the protein properties depend on the
interaction of, and between, their side chains. These are typically folded so that hydrophilic
amino acid residues Aspartic (Asp), Glutamic (Glu), Lysine (Lys), Arginine (Arg) and
Histidine (His) are exposed on the outside of the protein, and the hydrophobic amino acids
Phenylalanine (Phe), Tyrosine (Tyr), Tryptophan (Trp), Leucine (Leu), Isoleucine (lle), and
Valine(Val) are enclosed in the interior of the structure (Reubsaet et al., 1998). The route
from simple peptide to native protein is one of increasing molecular weight. In contrast,

during diagenesis the opposite pathway, occurs in fossils.

o R,
‘ C - terminal
NH,
N - terminal )
peptide bond
Amino acid 1 Amino acid 2

Figure 2.2. Covalent catenation of two generic amino acids to form a dipeptide by way of an amide
bond - the peptide bond.



Genetically determined variations in protein composition are preserved in biomineralised
skeletons and lead to differences in racemization rates in fossils (Hare and Abelson, 1965;
Pietrzak et al., 1973; Wehmiller, 1984; Walton and Curry, 1994). Biominerals are the
predominant source of proteinaceous amino acids preserved in situ in the geological record
(Endo et al., 1995). Several aspects of biominerals have a significant impact on the utility of
AAR studies for geochronological applications. This is because variations in amino acid
content and concentration in samples are principally dependent on the biomineral involved,
the type and size of proteins, and post-mortem environmental conditions. These issues are

discussed below.

2.2.3. Amino acids in biominerals

Amino acids and proteins are incorporated into invertebrate ‘shell’ (e.g. mollusc shell,
foraminifera tests, and ostracod valves) at inter- and intra-crystalline (occluded) locations
through the process of biomineralisation (Crenshaw, 1972; Aizenberg et al., 1997; Bédouet et
al., 2006; Penkman et al., 2008). For example, soluble proteins, SM 50 and SM 30, of a sea
urchin have both been found to be both inter-crystalline and intra-crystalline (Seto et al.,
2004). Similarly, the soluble protein caspartin, found within the inter-crystalline prismatic
calcitic lamellae of the Mediterranean fan mussel Pinna nobilis was also found to exist as an
intra-crystalline molecule (Marin et al., 2007). The mineral phase in molluscs and similar
invertebrates accounts for 95 to 99 wt % calcium carbonate, with the remaining 1 to 5 wt %
being the organic matrix, a mixture of proteins, glycoproteins and polysaccharides (Marin and
Luquet, 2004). Of this, approximately 5 wt % of the organic matrix consists of
intracrystalline amino acids. Amino acids within both the inter- and intra-crystalline organic
matrix exist as protein bound and free molecules.

Biomineralisation is organically mediated, and biologically and chemically controlled
(Wilbur, 1964; Lowenstam, 1980; Falini et al., 1996). Invertebrate ‘shells’ are similarly
constructed as a layer or layers of microcrystalline (colloidal, or hydrated) calcium carbonate
crystals separated from the next layer by an organic matrix (Weiner and Erez, 1984; Albeck et
al., 1993; Debenay et al., 1999; Addadi et al., 2006). The organic matrix is a multi-protein
assemblage (Seto et al., 2004), and includes amino acids, proteins, Ca-binding acidic
glycoproteins, and polysaccharides. Acidic amino acids in glycoproteins provide templates or
domains for binding of Ca **, principally at crystal step edges (Mann, 1993; Orme et al.,
2001). Aspartic and glutamic acids appear to be involved in stabilizing amorphous CaCO;
permanently (Aizenberg et al., 1996). By way of contrast, basic proteins are commonly rich

in the amino acids, valine and glycine (Bowen and Tang, 1996).
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Individual biominerals can exist in a range of morphologies. These include simple tabular
and prismatic aragonite, prismatic and foliated calcite, and more complex structures
(Chateigner et al., 2000; Marin and Luquet, 2004). Metastable aragonite (nacre) is the most
commonly studied biomineral (e.g. Grégoire et al., 1955; Gregoire, 1957) and consists of
uniformly thick layers of aragonite tablets delineated by interlamellar layers of organic matrix
sheets, with crystallites connected to each other by tablet bridges (Michenfelder et al., 2003;
Su et al., 2002). In contrast, calcitic crystallites do not have interconnecting structures, and
therefore the intra-crystalline amino acid pool within these individual crystals are isolated
(Sykes et al., 1995).

The solubility of protein is dependent on the solvent used (Levi-Kalisman et al., 2001).
Matrix proteins are generally described as being either water and acid soluble or water and
acid insoluble (Crenshaw, 1972; Weiner and Traub, 1984; Rousseau et al., 2003; see Section
2.6.10 below). The insoluble fraction refers to the conchiolin of Grégoire (1957). Proteins
recovered from the soluble organic matrix have been found to be either acidic residue
(aspartic acid) rich (e.g. in protein shematrin-5 from the bivalve Pinctada fucata (YYano et al.,
2006) or basic residue rich, that is, having relatively high concentrations of alanine, serine and
glycine, (e.g protein P60 from Pinctada fucata (Lao et al., 2007)). Similarly, it seems that
there is no clear relationship between calcite and aragonite, and their particular amino acid
constituents. For example, prismatic calcite may have higher concentrations of Glu, Ala and
Val while tabular aragonite typically contains greater concentrations of Asp, Ser and Gly (e.g.
Lee and Choi, 2006). Or, aspartic acid in modern shell typically constitutes between 30 and 40
mole percent of the aragonitic layer, while in calcite this value can be greater than 50 mole
percent (Gotliv et al., 2003). Of greater interest here is that amino acid concentrations reduce
significantly over the course of burial of the fossil (e.g. Whitelaw et al., 2001; Hearty et al.,
2004) (Fig. 2.3a, b). Loss of indigenous amino acids over time appears to be lowest in
foraminifers (Fig. 2.3a, b). This is possibly due to the higher degree of stability of tests in
geological conditions, because of their calcitic composition, compared to for example,

metastable aragonite in molluscs.
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Figure 2.3. Amino acid concentrations and extent of racemization. Figure 2.3a Aspartic acid
concentration variation with increasing racemization (representing time) in microfossils and gastropods
(Hearty et al., 2004). Figure 2.3b Depletion of total hydrolysable amino acid concentration of four
amino acids from the bivalve mollusc Anadara trapezia over time (drawn from data in Whitelaw et al.,
2001). See also chapter 5, where the results from bleaching of single Foraminifera, Elphidium, are
presented.

The majority of previous AAR studies on coastal sedimentary sequences have utilised the
total hydrolysable amino acid (THAA) content in molluscs (the total hydrolysable amino acid
pool, equates with the total acid soluble organic matrix) with or without the use of the free
amino acid (FAA) population (e.g. Hollin and Hearty, 1990; Goodfriend and Meyer, 1991;
Murray-Wallace, 1995). Some recent studies have used the hydrolysable intracrystalline
amino acid (HIAA) fraction, but the extent of racemization between these fractions are
different. It is not possible at present to directly compare the results between each pool for
stratigraphic or chronological purposes, principally because there is insufficient data, and it is
therefore problematic for aminostratigraphic studies. A number of studies have utilised the
free amino acid pool in geological samples to assist in determining if the results from the
THAA fraction are reliable (e.g. Murray-Wallace and Kimber, 1989). Free amino acids are
readily found in sediment and water (e.g. Terashima, 1991; Keil et al., 1998; Yamashita and
Tanoue, 2004) and are dominated by the acidic (aspartic and glutamic) amino acids. Despite
their presence, routine replicate analyses on suitably prepared molluscs have generally
demonstrated that indigenous amino acids are not normally contaminated by exogenous free
amino acids from the burial environment. Yet most of these studies have used non-acidic
amino acids for geochronological purposes (i.e. valine and alloisoleucine), and therefore the
relative proportions of exogenous (free amino acids) to indigenous populations of valine and
alloisoleucine for example, in Pleistocene molluscs are very low.

A significant worry for those using the AAR method, and perhaps more so for those who
use this type of data for comparison with other ‘dating’ results, is that the extent of
recrystallisation can affect results. The stability of acidic amino acids may be a key to

identifying the affects of recrystallisation in aragonite. This is because site-specific binding of
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D- and L-aspartic acid residues to calcite surface steps change the step-edge free energies.
This leads to chiral modification of the growing calcium carbonate biomineral by giving rise
to direction-specific binding energies unique to individual acidic amino acids (Orme et al.,
2001). It is not known if the interconversion of L- to D-amino acids (i.e. racemization) in
fossil carbonate changes the conformation of their associated biomineral molecules during or
after racemization (and thereby possibly enhancing the degradation process). But given the
above, this seems likely. If there is recrystallisation from aragonite to calcite, the Ca **
binding acidic amino acids are likely to be lost from the occluded organic matrix. This may
be evident in results as a noticeable reduction in concentration of aspartic and glutamic acids
in chromatograms in older samples, but would not be readily evident in young examples
because in young samples the THAA fraction is dominated by inter-crystalline amino acids.
Over time the intracrystalline pool becomes a larger proportion of the THAA fraction.
However, there is no work documenting the proportion of amino acids in the organic matrix
onto which the calcium carbonate binds, and therefore no data on which to evaluate relative
changes in concentrations of these molecules. This therefore requires a conservative approach

to using D/L values for chronological purposes.

2.3. Racemization, rates, and temperature dependency of the reaction
2.3.1. Racemization

Racemization refers to the interconversion of a left handed (Laevorotatory) sterecisomer of a
chiral molecule to its right handed (Dextro-rotatory), non-superimposable, mirror-image. This
occurs because L-enantiomers by themselves are thermodynamically unstable (Johnson and
Miller, 1997). There are several pathways for racemization (Van Duin and Collins, 1998; Van
Duin and Collins, 2000). These include 1) direct isomerisation by formation of carbanions, 2)
dipeptide condensation at the N-terminal of the polypeptide by way of diketopiperazine
(DKP) formation, and 3) deamidation (Fig. 2.5) of specific amino acid residues (aspartic and
asparagines) to form succinimide intermediates (Van Duin and Collins, 2000). Peptide-bound
aspartic acid racemises via the formation of a cyclic succinimide (Asu) intermediate (Van
Duin and Collins, 1998).

The racemization reaction in calcium-carbonate fossils is base-catalysed (i.e. under alkaline
conditions) — any nucleophilic species may initiate the reaction by removing the a-proton, and
in aqueous solution the nucleophile is the hydroxide ion (or H,O) (Neuberger, 1948;
Schroeder and Bada, 1976). Acid-catalysed racemization also occurs, commonly in the
presence of clay species (Kroepelin, 1968; Frenkel and Heller-Kallai, 1977) but the rate of

reaction is slow when compared to base-catalysed epimerisation.
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Figure 2.4. L and D form of a generic amino acid, k;and k, are the forward and reverse rate constants
for the racemization reaction.
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Figure 2.5. Reaction path model for racemization of L-Asp and deamidation of L-Asn and production
of D-Asx. Redrawn from Van Duin and Collins, 1998.

In fossils the basic mechanism for racemization of biomineral-bound a-amino acids is
believed to be ionisation of the a-hydrogen atom (bound to the a-carbon), to leave a carbanion
intermediate (i.e. a carbon atom which has a negative electrical charge — a carbon anion)
(Neuberger, 1948; Smith and Evans, 1980). This is followed by the readdition of a proton
with equal probability of forming a D- or L-enantiomer (Schroeder and Bada, 1976).
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In geological environments, the rate of the racemization reaction in fossils is dependent on
the a-amino acid in question, and its spatial relationship to the peptide chain — i.e. whether it
is on the surface or internally situated, but many interrelated reactions affect the
stereochemistry of amino acids (Kvenvolden, 1975; Smith and Evans, 1980) and the
racemization process within fossils is sensitive to the diagenetic environment outside the
biomineral, particularly temperature (Murray-Wallace and Kimber, 1993).

Factors influencing the rate of diagenetic racemization include the above, and also the pH,
ionic strength and buffering affects, the presence of clay surfaces, metallic cations, and the
presence of water (Smith and Evans, 1980). All these factors being equal, for individual
amino acids, the diagenetic temperature history has the greatest impact on racemization
(Murray-Wallace and Kimber, 1993). This temperature dependency of racemization is
demonstrated empirically using data from Kinetic studies with the Arrhenius equation (Figure
2.6).

2.3.2. The Arrhenius equation and temperature dependency

The Arrhenius equation is utilised to express the dependent relationship of reaction rate on
temperature. It is a mathematical model, derived from empirical evidence (i.e., laboratory
studies using isothermal conditions), as being the best fit to changes observed in reaction rates
with known changes in temperature. Isothermal conditions are employed to measure trends in
the rate of racemization, and the temperature sensitivity of the racemization reaction in

modern and fossil samples (Clarke and Murray-Wallace, 2006).

The Arrhenius equation is k = Ael EaRT) (1)
or In(k) = In(A) — E, / RT @)

where k is the rate constant of racemization, A is the pre-exponential or frequency factor,
also described as the Arrhenius factor, E, is the activation energy, R = 8.315 J mol™ K™ is the
gas constant, and T is the thermodynamic temperature measured in Kelvin.

Rate constants have been empirically obtained for foraminifera (Kaufman, 2006), ostracods
(Kaufman, 2000, Figure 2.6), molluscs (Manley et al., 2000), and individual amino acids
(Smith et al., 1978). For most amino acids the forward and reverse rate consants k; and k, are
equal and therefore K = 1 (Smith et al., 1978; Miller and Clarke, 2007). However, for
isoleucine k; > k. Thus, for the interconversion of L-ile to D-alle, kj k; = 1.0/1.3 = 0.77
(Clarke and Murray-Wallace, 2006).
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Figure 2.6. Example of an Arrhenius plot used to determine activation energies (E, ) from laboratory
heated and “C dated Candona shells (Kaufman, 2000).

2.3.3. Time-dependent racemization

The onset of the racemization reaction does not necessarily commence with death. However,
for most short lived organisms it is not possible to distinguish this event and so the event
dated is regarded as the death of the organism. The time interval over which the AAR
geochronological method is viable will vary, principally with the temperature of the burial
environment because the reaction rate is exponentially dependent on temperature (Miller and
Clarke, 2007). Over Quaternary timescales there is a strong correlation between
palaeotemperatures and modern temperature values, and modern variability in air
temperatures are reflected in burial environments (Wehmiller et al., 2000). Over these
timescales, changes in the effective burial temperature appear to follow climatic variations.
Therefore, current mean annual temperature (CMAT), and by proxy, geographic setting, are
reasonable indicators of the possible range of D/L values and ages for which AAR studies will
be viable for a given location. For example, near equilibrium D-alle/L-lle values were
obtained in molluscs of last interglacial (MIS 5e) age (125 ka BP) from the Huon Peninsula,
Papua New Guinea (CMAT 28 deg C) (Hearty and Aharon, 1988). In contrast, D-alle/L-lle
values of approximately 0.1 were reported from last interglacial (MIS 5e) deposits from the
Lower Thames Valley, southeastern England (CMAT = 10°C) (Bowen, 2000).
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Several mathematical approaches have been used to estimate ages from D/L values (Clarke
and Murray-Wallace, 2006). The method used here is parabolic curve fitting. Numeric ages
may be derived by using the equation

t=[(D/L)s / M¢]? (3)
where M is the slope of the line obtained from a plot of the square root of calibration ages
(e.g. radiocarbon) against D/L values, and (D/L); is the value for a modern sample (Mitterer
and Kriausakul,1989; Murray-Wallace and Kimber, 1993), (Figure 2.7). The value of this
approach is that it does not require a detailed knowledge of the thermal history of the fossils
concerned, yet the temperature sensitivity of the samples can be assessed using kinetic studies

undertaken with modern equivalents (e.g. Sloss et al., 2004).
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Figure 2.7. Example of a parabolic model for the calibration of numeric ages, drawn as a diagram of
square root of age versus D/L ratio for the bivalve mollusc Anadara trapezia. Redrawn from data in
Sloss et al (2004).

2.3.4. Relative rates of racemization

Rates of racemization vary according to the location of amino acids within peptide chains
(Mitterer and Kriausakul, 1984), genus (Lajoie et al., 1980), diagenetic temperature history,
pH, and moisture regime (Murray-Wallace, 1993). Because different amino acids undergo
contrasting rates of racemization their geochronological utility varies. For example, alanine
and aspartic acid undergo the fastest rates of racemization and are more suited for the dating
of Holocene materials, whereas valine and glutamic acid which racemise more slowly are

more appropriate for Pleistocene fossils (Murray-Wallace, 2008). In modern shells almost all
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amino acids are peptide-bound and exist in interior positions (Kriausakul and Mitterer, 1980).
Racemization rates are hydrolysis dependent (Goodfriend et al., 1997). This is evident in
pyrolysis studies for example, where vials dry out with the result that the rate of racemization
is substantially reduced (this study). Hydrolysis results in internal residues being exposed at
either the NH, or COOH terminal, or as free amino acids. Racemization is faster at terminal
positions (Kriausakul and Mitterer, 1980) than for interior sites, or for free amino acids. For
isoleucine, faster rates of epimerisation occur at the COOH terminal than for the NH, terminal
(Kriausakal and Mitterer, 1983).

Invertebrate skeletons such as molluscs, foraminfera and ostracods are composed of either
aragonite or calcite. These carbonate forms are typically acidic residue rich (Asp, Glu) or rich
in basic amino acids (Ala, Lys, His, Arg) (Weiner and Traub, 1984; Addadi et al., 2006;
Marin et al., 2007). In general, up to D/L values of approximately 0.5, peptide-bound aspartic
acid racemises at higher rates over other amino acids (Van Duin and Collins, 1998:
Goodfriend and Weidman, 2001; this study) and is closely followed by alanine. This is in part
because L-aspartic acid (Asp) racemises and L-asparagine (Asn) deamidates during the early
phase of racemization, both giving rise to D-Asx (Asx denotes combined Asp and Asn). At
higher values, alanine racemises faster (this study), and/or inversion of aspartic acid
racemization may occur (Kimber et al., 1986; Kimber and Griffin, 1987; this study). Slower
racemising amino acids include valine and isoleucine.

Amino acid compositions in higher molecular weight fractions are more stable than in low
molecular weight and free fractions (Kaufman and Miller, 1995). Over time hydrolysis
reactions progressively break peptide bonds. This appears to occur to a greater extent in
smaller molecules, with diagenetically-driven compositional changes affecting those lower
molecular weight molecules, including those free of the peptide chain, more than those of the
higher molecular weight molecules. These changes of increasing reactivity with decreasing
molecular size (mass) are consistent with the concept of lower weight molecules in fossils
being derived from those higher weight polypeptides (Wehmiller, 1980; Kaufman and Miller,
1995; Kaufman and Sejrup, 1995), and are affected by the position of an amino acid within a
polypeptide. These influence the observed D/L values obtained from amino acid racemization
analyses. Racemization of internally-bound amino acids has been found to occur more slowly
than for amino acids that are terminally-bound (N- or C- terminal) producing lower D/L
values, and slower than for free amino acids (Kriausakul and Mitterer, 1980a). This is
because the activation energies required for racemization vary for these locations (Kriausakul
and Mitterer, 1980b) with, for example, less energy being required for racemization at

terminal positions than at positions internal to the peptide.
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D/L values have been found to vary across shells and between shell layers (Hare, 1963;
Goodfriend et al., 1997; Goodfriend and Weidman, 2001). This variation across the shell
from umbo to growth edge has been hypothesised to reflect differences in composition of the
proteins involved in shell growth (Goodfriend and Weidman, 2001).

Relative rates of racemization among individual amino acids have been found to be similar
in different molluscan genera (Lajoie et al., 1980), such that the relative rates are; proline >
phenylalanine > leucine > glutamic acid > valine. Similar relationships were found for
Foraminifera from deep sea cores (Kvenvolden et al., 1973). Valine, glutamic acid and
leucine were found to racemise at slower rates than phenylalanine, alanine, aspartic acid and
proline. Isoleucine, the authors note, epimerises about as slowly as valine racemises. Free
amino acids were found to generally have higher D/L ratio values over those obtained for the
total hydrolysable amino acid content of a sample (Kvenvolden et al., 1973).

Comparisons of individual amino acid racemization rates are complicated by taxonomy
(Wehmiller, 1980). Differences in racemization rate exist between genera such that molluscs
have been classified as fast-racemising (e.g. Tegula, Macoma) or slow-racemising (e.g.
Chione, Saxidomus), with a 20-30% difference in rate being noticeable between these groups
(Wehmiller, 1980). These differences are likely to be in part because of differences in protein
composition among genera. Furthermore, warm-water and cold-water species of the same
genus, or other taxon, differ in their proportion of calcite to aragonite. Warm-water species
favour aragonite composition, while colder species favour calcite biomineralisation (Hudson,
1968). This implies that the amino acid composition will also differ in monogeneric samples
from sources with strong latitudinal gradients given that aragonitic species are typically rich in
acidic (e.g. Asp) amino acids. This is because, for example, higher rates of aspartic acid
racemization are associated with higher relative concentrations of acidic amino acids (Asp,
Glu and ala) (Goodfriend and Weidman, 2001). Principally for the above reasons, and those
outlined in Section 2.2, monogeneric samples are preferred subjects for aminostratigraphic

studies, and where possible this was the approach taken here.

2.4. Measurement of D/L values

The process of amino acid racemization (AAR) has allowed the development of a
geochronological and stratigraphic tool that has been studied for more than 50 years (e.g.
Abelson, 1954; Miller and Clarke, 2007). The racemization process results in the production
of a relative geo-chronometer in the form of D- and L- protein synthesising amino acids (e.g.
aspartic, glutamic, serine, alanine, valine, alloisoleucine) that are routinely used in this study,

separated with Reverse-phase High Performance Liquid Chromatography.
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The four principal chromatographic methods used in racemization studies to date are paper
chromatography (e.g. Abelson, 1954), gas chromatography (e.g. Kvenvolden et al., 1973),
ion-exchange liquid chromatography, and reverse-phase high performance liquid
chromatography (e.g. Kaufman and Manley, 1998). The most recent developments (e.g.
Bruckner et al., 1991; Kaufman and Manley, 1998; Kaufman, 2000) of enantiomeric
chromatography, allow for calibrated age estimates on individual macro- and micro-fossils,
where they are suitably preserved, and of sufficient mass.

2.5. Aminostratigraphy

2.5.1. Aminostratigraphy and aminozones

Amino acid D/L values from fossils obtained from regions with similar palaeotemperature can
be used directly as stratigraphic correlation tools (Miller et al., 1979; Miller and Hare, 1980;
Miller and Mangerud, 1986; Murray-Wallace and Kimber, 1989).  The basis of this method
lies in the premise that within a geographic region of broadly similar CMAT and having had a
similar geological history, the diagenetic temperature history of the fossils would be similar
(Wehmiller, 1982; Murray-Wallace, 1993). At mid-latitudes, CMAT for air and ground
measurements are in close agreement (Miller and Mangerud, 1986). Aminostratigraphy
involves the application of amino acid racemization reactions in ‘shell’ material to the
chronostratigraphic subdivision of the Quaternary (Murray-Wallace, 1995). It is a
chemostratigraphic method based on chronostratigraphic principles, with aminozones being
the fundamental chronostratigraphic unit (Murray-Wallace, 1995).

Aminostratigraphy can be used to correlate and differentiate between strata, and when
calibrated, can be used to provide a regional chronostratigraphy. The simplest application of
this principle is in defining aminozones (Murray-Wallace, 1993). Measurements are best
made on the same or comparable species throughout a deposit or sedimentary sequence
because of different rates of racemization among taxa (Johnson and Miller, 1997; and
discussed elsewhere in this chapter). Aminozones represent discrete time intervals, and are
characterised using scatter plots by the clustering of similar D/L values obtained on similar
fossils contained within these stratigraphic units and commonly related to isotope stages
(Keenan et al., 1987; Murray-Wallace and Kimber, 1987). It is unnecessary to assess
racemization kinetics nor palaeotemperatures in detail for this purpose when using
monogeneric samples and therefore this is a relatively unambiguous method to use (Miller and
Clarke, 2007).
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2.5.2. Amino acids used in AAR studies

Not all of the twenty protein synthesising amino acids have been used in AAR
geochronological studies. The amino acids most commonly used for geochronology include,
aspartic acid, glutamic acid, leucine, serine, valine and Alloisoleucine. These are introduced

below.

Aspartic acid

HO
OH

O NH,

C4H;NO,4, molecular weight = 133.10

Aspartic acid is a fast racemising acidic amino acid. The kinetics of Asp racemization are
typically non-linear (Goodfriend and Weidman, 2001) with the rate of racemization in
molluscs sharply decreasing with higher D/L values. Some of this may be attributed to
asparagine being converted to aspartic acid during hydrolysis (Robinson and Rudd, 1974),
much of the rest may be attributed to the high concentrations of Asp-rich proteins in molluscs
and other invertebrates.

It was suggested that aspartic acid would be of little chronological utility (Lajoie et al.,
1980), but it has been found especially useful for Holocene samples (Sloss et al., 2004) in
temperate conditions, or for older fossils from sub-arctic conditions e.g. Baffin Island,
(Goodfriend et al., 1996). Aspartic acid has been used to estimate the temperature differences
between glacial and post-glacial climatic conditions in West Africa and the Mediterranean
island of Majorca, for example (Schroeder and Bada, 1973). This is because of the rapid

racemization of aspartic acid at higher temperatures (c. 20° C).

Glutamic acid
(@] (@]

HO OH
NH»

CsHgNO,4, molecular weight = 147.13

Glutamine is converted to glutamic acid during hydrolysis (Robinson and Rudd, 1974). It

decomposes by decarboxylation, eventually forming gamma-aminobutyric acid (Vallentyne,

1964). Glutamic acid is one of the more stable amino acids, and has been recently used in
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aminostratigraphic studies using non-marine ostracods (Kaufman, 2000, 2005; Kaufman et al,
2001) and Foraminifera (Kaufman, 2006).
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Figure 2.8. Heating studies at constant temperature. Results of controlled kinetic (heating) studies
undertaken at constant temperature (110°C) on two bivalve molluscs, Anadara trapezia and
Notospisulla trigonella (Sloss et al., 2004). The rate of aspartic acid racemization for both species is
non-linear, and is modelled above using power law equations. Power law equations have also been
applied to aspartic and glutamic acids in similar studies (Kaufman, 2000, 2006) on foraminifers and
ostracods.

Serine
i
HO™ ™y “OH
NH2

C3H;NO3, molecular weight = 105.09

Serine is geochemically and thermally unstable (Lajoie et al., 1980; Bada et al., 1999). The
concentration of L-serine relative to that of L-glutamic has been used as a contaminant
indicator (e.g. Kaufman, 2006).Peptide-bound serine residues may be preferentially altered to
glycine and alanine in a polypeptide chain during diagenesis (Vallentyne, 1964; Akiyama,

1980). Serine is destroyed by acid hydrolysis, and commonly occurs as a contaminant. All
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breakdown products of serine have greater stability than the parent material (Vallentyne,
1964).

Alanine

3C\T/H\OH
NH

H

2

C3H;NO,, molecular weight = 88.09

Alanine deaminises to propionic acid (Hoering, 1980), and racemises at rates similar to
aspartic acid. Alanine is a major product of serine decomposition (Bada et al., 1999). It
appears to be useful in temperate locations for fossils of up to approximately OIS 7, but
because of its fast rate of racemization may be useful for Holocene aged samples. However, it
is a decomposition product from serine, and therefore its utility in amino acid racemization
studies has to be questioned somewhat when using the total hydrolysable amino acid pool,
which includes the bulk of amino acids in a sample.

Valine

CH, :
HaC OH
NH,

CsH11NO,, molecular weight = 117.15

Valine is one of the most stable amino acids, and has been used with success in South
Australian studies (e.g. Murray-Wallace et al., 1991), yet has not been used to a similar extent
for geochronological purposes elsewhere. Its rate of racemization is slow, and it is therefore
suitable for older Pleistocene samples, compared to the utility of aspartic acid which is more

useful for Holocene material for example.

Isoleucine

NH2
CeH13NO,, molecular weight = 131.18
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The ratio of epimers D-alloisoleucine to L-isoleucine has been used with success in bird
shells, e.g. Dromaius novaehollandiae and Genyornis newtoni (Miller et al., 2000) and
Aepyornis (Clarke et al., 2007). This amino acid has also been used successfully in
aminostratigraphic studies on molluscs (e.g. Karrow and Bada, 1980; Hearty and Aharon,
1988) in temperate regions of up to 300,000 yr old.

2.6. The impact of fossil preservation on aminostratigraphic results
2.6.1. Variations in results

An implicit assumption in studies of amino acid racemization geochronology is that, for a
given stratum, and with a known temperature history, the rate at which amino acid residues
are transferred from internal to terminal to free positions, and the extent to which diagenetic
reactions or leaching occurs are a function of time (Kaufman and Sejrup, 1995). The age-
resolving power of the method has been described as being a function of the sum of
systematic and unsystematic variables involved in obtaining D/L values (Murray-Wallace,
2000, see Figure 2.7 below). Differences in preservation between modern shells is commonly
magnified when studied in fossil examples (cf. Robbins et al., 2000), and fossil shells may not
be totally closed systems. Whilst systematic (analytical) variation can by estimated by repeat
analyses of standards, and relative rates of racemization are known for a range of amino acids
and taxa, deviations in results obtained from geological samples provide most of the
uncertainty in aminostratigraphic investigations. These issues originate because of the
combined impacts of biostratinomic (physical and biological degradation of shell material
prior to and during burial) and diagenetic processes on carbonate skeletons.

The passage of organic material from the biosphere into the lithosphere occurs as a result of
many interlaced geological and biological phenomena acting upon organic remains
(Efremov,1940). Taphonomy (Efremov, 1940; Martin 1999) refers to the totality of
processes, both biostratinomic and diagenetic, that affect pre- and post-mortem (cf. post-
depositional) change in skeletal carbonate, but principally refers to the sum of post-
depositional processes affecting fossil assemblages. Biostratinomy has been defined as
refering to the pre- and syn-burial relationships between skeletal material and their
depositional environment (Lawrence, 1968). In the shallow marine environment,
biostratinomic processes principally take place within the taphonomically active zone (TAZ)
(Table 2.1). This corresponds approximately with the sediment-water interface, but varies,
depending in part on the taxa concerned because of niche preferences, and because of
variations in depth down profile from the sediment-water interface. Diagenesis refers to the

chemical changes incurred by the both non-mineralised (i.e. proteinaceous here) and
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mineralised portions of the ‘shell’ material. Strictly, the diagenetic continuum (i.e. chemical
alteration or organic material) begins prior to death and continues through the lithification
process, though occurs at significantly reduced rates below the TAZ.
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Figure 2.9. Uncertainty in D/L values. Estimates for the variation in uncertainty of D/L values
between samples due to systematic and unsystematic analytical and preservational conditions for
shallow marine fossils (Murray-Wallace, 2000).

Taphonomic processes affect ‘shell’ principally through reworking, biological interaction and
through interaction with non-biological material, including ground-water and clays.  Pre-
mortem change refers to, for example, unsuccessful attempts by other organisms to Kill
molluscs by boring (e.g. by gastropods), nipping (by crabs in stressed environments) etc,
mechanical abrasion, and by partial dissolution of valves, particularly the umbone region, as a
result of low-pH conditions within the sediment-water interface. Dissolution of valves can
also result through release of acidic fluids from within the mollusc mantle, and etching the
inner surfaces of shells. These processes can leave shell prone to leaching and further
dissolution prior to incorporation within a sediment body. Post mortem processes include
transport of the ‘shell’ as well as physical and chemical breakdown of the skeletal structure
and of the associated organic molecules. Preservation is enhanced by rapid burial, especially
in fine-grained sediment of low turbulence (Martin, 1999). Taphonomic loss, especially
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through dissolution and bioerosion, is typically most severe in shallow-water marine
environments. Because of the intimate association of amino acids with biominerals, these
processes may result in dissolution, diffusive leaching, and/or contamination of the indigenous
amino acids (this study). For aminostratigraphic purposes, these are the principal
considerations in the analyses and interpretation of results from fossils.

Despite and the filtering affect of taphonomy on skeletal carbonate (Walker and Goldstein,
1999), and the subsequent post-mortem loss of indigenous proteins (Schroeder and Bada,
1976; Whitelaw et al., 2001), the buffering affect of the calcium carbonate biomineral allows
a high degree of preservation of organic matrix and therefore allows racemization-based

geochronological studies (Shlyukov et al., 1989).

2.6.2. Biostratinomy and Reworking

Biostratinomic processes, the physical and biological steps involved in the incorporation of
skeletal material into the fossil record, may begin prior to death of the organism, and are
relevant to AAR studies for two reasons, 1) the results from abraded, worn and/or highly
leached skeletons ‘must be viewed with caution’ (Miller and Hare, 1980, p 417; introduced
above, and discussed below), and, 2) because reworking creates mixed-age (i.e. time-
averaged), assemblages that appear to be ubiquitous in the shallow-marine fossil record:
Henderson and Frey, 1986; Goodfriend, 1989. This is because ‘shell’ material is capable of
surviving several cycles of reworking and prolonged residence time (average amount of time a
particle spends within a single environmental system) in marine environments within the
shallow marine sediment-water interface (i.e. the upper part of the TAZ) (Murray-Wallace and
Belperio, 1994; Kidwell et al., 2005; Wehmiller et al., 1995; Murray-Wallace et al., 1996;
Murray-Wallace et al., 2005). Bioturbation and physical reworking cause time-averaging
(temporal mixing) of different fossil communities with the result that temporal mixing
commonly goes unrecognised in fossil assemblages (Martin, 1999).

This is therefore problematic because the longer the period of accumulation in any one
environment, the greater the number of biological and sedimentary processes that will
influence the biomineral supply and preservation within that stratum (Kidwell and Bosence,
1991). Yet, there are also many environments in which fossils are protected and remain well-
preserved over significant geological timescales. The use of known life habits, environmental
tolerances, post-mortem shell alteration signatures, combined with AAR analyses enable the
recognition of reworked organisms, allows differential age-determinations in time-averaged
strata, and enables the estimate of temporal scales over which the changes in the depositional

environment may have occurred. But, preservational similarities and differences can

26



complicate these comparisons between fossil samples, environments, their time-averaged
assemblages, and AAR-age determinations (Powell and Davies, 1990; Kidwell and Flessa,
1996; Murray-Wallace et al., 2005). Additionally, sampling errors associated with the use of
compromised fossil material compound difficulties for obtaining accurate and refined
chronologies, and there are no estimates on the uncertainty associated with poorly preserved
material (e.g. Murray-Wallace, 2000). Yet, it is necessary to identify and quantify where
possible the extent to which age-mixing occurs in order to overcome these issues (Goodfriend
and Stanley, 1996) because neither a fossil’s stratigraphic position, nor its taphonomic state,
may be a reliable guide to its age. Therein lies the problem.

The predominant method used to chronologically investigate the reworking phenomena has
been the use of paired AAR and **C dating on bivalve molluscs (Goodfriend, 1989; Murray-
Wallace and Belperio, 1994; Wehmiller et al., 1995; Goodfriend and Stanley, 1996; Murray-
Wallace et al., 1996; Kowalweski et al., 1998; Carroll, 2001; Barbour Wood et al., 2003).
Estimates of the extent of time-averaging in coastal strata vary from 3500 yr in surface
sediments to 10,000 yr in deeper shelf settings (Flessa et al., 1993), to scales of time-
averaging of ~ 125,000 yr on high energy shallow shelves (Martin et al., 1996) and in modern
tidal-flat sediments (Murray-Wallace, 1994). Furthermore, shells including those of Pecten
fumatus having survived several full glacial cycles were reported from the New South Wales
continental shelf (Murray-Wallace et al., 2005). The results from these studies suggest that
long scales of time-averaging may be more prevalent than previously recognised for molluscs.
Apart from one example (Murray-Wallace and Belperio, 1994), reports of reworked
foraminifers that have been dated, and from similar environments, are absent in the scientific

literature.

2.6.3. Dissolution

Dissolution leads directly to loss of indigenous amino acids and protein residues. This occurs
by acid dissolution of the carbonate phase (Grégoire, 1957) and subsequent oxidation and/or
leaching of the organic matrix. Abrasion is most effective in conjunction with dissolution of
the biomineral, but by itself, abrasive processes appear to have little affect on amino acid
preservation (that is, there are no articles available in the published literature which
demonstrate that abrasion directly affects amino acid concentrations, and due to this | make
the assumption that this is because of the insignificant effect on amino acid preservation by
abrasive processes, however it is also likely due to such fossils being deliberately not used).
Calcium carbonate preservation potential is mainly a function of the saturation state of the
water with respect to calcium carbonate, biological productivity, oxygenation state and rates

of sedimentation (Barbieri et al., 1999). For example, during erosion and/or abrasion,
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foraminiferal tests are progressively fragmented, ultimately leading to the release of needle-
like calcitic or Mg-calcitic elements and of the anhedral equant crystallites (Debenay et al.,
1999). The three forms of calcium carbonate secreted by organisms vary in their solubility in
aqueous solution (in Flessa and Brown, 1983, after Chave et al., 1962). Calcitic hard parts
with a high MgCO; content (e.g. echinoderms) are most soluble: aragonitic skeletal carbonate,
typical of most molluscs are less soluble; and calcitic hard parts found for example in
brachiopods, oysters, and Foraminifera are least soluble. Calcareous invertebrate skeletons
vary significantly in their dissolution rate under experimental and geological conditions
(Flessa and Brown, 1983; Clarke 11, 1999). Large variation exists between samples having
only aragonite biominerals, and the selective dissolution of skeletal carbonate is not regulated
by mineralogy alone. The ratio of surface area to weight correlates significantly with the rate
of hard part dissolution — high surface area to weight ratio ‘shells’ dissolve more quickly than
those of low values. Hard part porosity and calcium carbonate type and structure may also
play a role in dissolution rates, as well as surface ornamentation and microstructural variation.
Surface textures developed in laboratory experiments include chalky surfaces, thinning of
distal margins, etching and hole development of bivalve muscle scars have been found. The
rate of dissolution is intimately linked to the microfabric of the shells, leading to differing
degrees of preservation between taxa in the same environmental setting (Barbieri et al., 1999).

2.6.4. Diagenesis

Diagenesis refers to the chemical transformations that ultimately give rise to the formation of
light hydrocarbons, CO,, and NH; (Collins and Riley, 2001) but also includes processes that
may culminate in lithification. As diagenesis proceeds, fossil polypeptides increasingly lose
components to for example the nitrogen cycle. Diagenetic alteration of organic matter in
mollusc shells increases with age, and is a function of biomineral structure and associated
porosity. Organic material is best preserved in environments where temperature and moisture
are moderately low (Johnson and Miller, 1997) because higher ambient temperature and
hydration states enhance diagenetic change.

In unconsolidated sediments, shell porosity and permeability increase with age and thus
fossil shells are not truly closed systems (Robbins et al., 2000). In general, biomineralised
protein and amino acids may undergo a variety of chemical post-mortem diagenetic changes
(Schroeder and Bada, 1976; Murray-Wallace and Kimber, 1993). These include: 1)
hydrolysis of the peptide bond, and release of smaller peptide units and eventually free amino
acids, 2) decomposition reactions characteristic of each amino acid, including oxidation,
decarboxylation, deamination, 3) destruction or alteration by microorganisms that use the

amino acids contained in the detrital remains as a food source, 4) condensation reactions with
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other molecules, for example sugars, to produce complex polymers such as humic acids, and,
5) racemization (epimerisation), which may eventually lead to the formation of an equilibrium

mixture of equal amounts of the D- and L-enantiomer for each amino acid.

2.6.5. Hydrolysis

Proteins hydrolyse under geochemical conditions by cleavage of an internal peptide bond.
This is an internal aminolysis reaction at the N-terminal position, which vyields a
diketopiperazine (a cyclic dipeptide), and hydrolysis occurs at the C-terminal position (Bada
et al., 1999). Diketopiperazine forms when free COOH and free a-NH, groups of a dipeptide
join to form a cyclic structure (Murray-Wallace, 1993). The rate of hydrolysis is dependent
on available water, ambient temperature, and the chemical characteristics of the molecules on
either side of the peptide bond (Walton, 1998). Taxonomic variations in polypeptide
sequence and structure would be expected to result in generic and species-level differences in
hydrolysis, thereby resulting in generic and species-level variation in D/L values. In general,
within the biomineral, proteins are nearly completely hydrolysed to smaller peptides and free
amino acids in 10° years on the ocean floor, and in 10° years or less in surface environments,
though much of this depends on the diagenetic temperature regime (Bada et al., 1999). In
comparison, Asparagine (Asn) and Glutamine (GIn) are deaminated quickly during
preparative hydrolysis to aspartic acid (Asp) and glutamic acid (Glu) respectively (Hill, 1965;
Robinson and Rudd, 1974).

2.6.6. Decomposition reactions

These include oxidation, decarboxylation, deamination, and the interconversion of amino
acids to a more stable form. Several thermodynamically unstable amino acids have half-lives
too short for geochronological applications (Miller and Clarke, 2007). For example, serine,
having the lowest thermal stability (Vallentyne, 1969) decomposes to glycine and alanine
(Kvenvolden, 1975). Decomposition of the amino acids serine, threonine and glutamic acid
yields water, which would be available for further degradation/hydrolysis reactions (Walton,
1998).

2.6.7. Destruction or alteration by microorganisms

Breakdown of skeletal carbonate generally occurs through dissolution processes, and may
involve incorporation of non-indigenous material into the biomineralised structure. This topic

is discussed in Section 2.6.3
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2.6.8. Condensation reactions

These are the opposite of hydrolysis, and typically occur during the breakdown of original
amino acid constituents and their transformation into diagenetic products. For example,
amino acids and sugars can covalently bond through non-enzymatic spontaneous glycation
condensation reactions to produce brown, partly insoluble melanoidins (Collins et al., 1992).
These are high molecular weight heterogenous polymers formed by way of Maillard reactions
(reactions favoured by alkaline conditions, and are where the carbonyl group of the sugar
reacts with the amino group of the amino acid to produce N-substituted glycosylamine and
H,0). The products of the Maillard reaction are unstable and are likely to form ketosamines

and further breakdown products.

2.6.9. Contamination

Calcium carbonate can adsorb organic matter onto its surface, in addition to incorporating
organic matter during biomineralisation (Ingalls et al., 2004). These organics may originate
from the surrounding environment, pore waters, or from organic matter associated with the
original organism that precipitated the carbonate.  Calcium carbonate has a high affinity for
organic molecules and preferentially adsorbs more acidic organic compounds when compared
with other minerals; these are usually rich in aspartic acid residues (Ingalls et al., 2004).
Processes which might introduce amino acids into the biomineral (Bada, 1972, referring to
fossil bone) include: a) microbial decomposition of the flesh and other tissues surrounding the
bone; b) percolation through the bone of ground-waters containing recent amino acids; c)
excessive handling during excavation.  Contaminated samples usually have high
concentrations of serine, and D/L values much lower than in uncontaminated samples of the

same age (Lajoie et al., 1980).

2.6.10. Diffusive leaching of indigenous amino acids

Leaching refers to the physical transport by an aqueous phase, of relatively low molecular
weight organic molecules including amino acids and peptides out of skeletal carbonate.
Leaching of amino acids from ‘shell” implies removal by an external percolating fluid (Collins
and Riley, 2000). Permeability in ‘shell’ is greater in fossils than in modern examples
(Robbins et al., 2000) and thus the possibility of transport of molecules both into and out of
the ‘shell’ is greater in fossil material than for modern examples. Leaching of free amino
acids from shells results in an apparent lower racemization rate for the shell (Goodfriend et

al.,1997). This is because smaller molecules including free amino acids with apparent higher
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extents of racemization are preferentially lost through leaching (diffusion), leaving the less
racemised and larger molecules within the carbonate matrix.

Protein leaches from powdered shell suspended in water (Pereira-Mouries et al., 2002;
Addadi et al., 2006). The most recent model of nacre formation, based on cryo-transmission
electron microscopy studies, where H,O was used as the solvent for EDTA-, HCI-, and ion-
exchange resin-demineralised shell of Atrina serrata (Levi-Kalisman et al., 2001) suggest that
all protein is soluble; that is, protein solubility is dependent on the solvent used. Therefore the
use of the term ‘insoluble proteinaceous matrix’ requires care because insolubility is
dependent on the ‘decalcifying solution” (Marin et al., 2007, p 2375). This contradicts many
previous observations, but has been quickly accepted by those working in the field of
biomineralisation. For example, amorphous calcium carbonate has been shown to be present
in larval shells (Weiss et al., 2002; Hasse et al., 2000), and EDTA-etched and critical point-
dried (CPD) aragonite tablets have been shown to exhibit a texture of colloidal particles,
typical of crystals grown from amorphous calcium carbonate precursors (Addadi et al., 2006).
Within the body of literature discussing AAR procedures and results on fossils, as elsewhere,
proteinaceous material has been differentiated on the basis of its solubility i.e. insoluble or
soluble. The above studies indicate that all of the ‘shell’ is soluble, and it may be that in an
aqueous environment the possible extent of solubility of amino acids over time is significantly
greater than previously realised.

Rapid loss in total amino acid concentration occurs during the initial phase of diagenesis.
This is concomitant with a rise in free amino acid concentrations. At later stages of diagenesis
an amino acid concentration plateau exists, and loss after this stage is slow (Wehmiller, 1980;
Collins and Riley, 2000; Whitelaw et al., 2001). Hot and alternately dry and wet

environments are most conducive to leaching (Miller and Clarke, 2007).

2.7. Chapter summary

For a specific amino acid undergoing racemization, the most important factors are time,
temperature and taxonomy (Brigham, 1983; Miller and Mangerud, 1986; Kaufman, 2003).
The principal factors affecting racemization for individual taxa, are temperature, and
taphonomy. These processes act over time. The incorporation of amino acids in the form of
protein is, in the first instance, taxonomically determined. In addition to taxonomy, the
process of biomineralisation is further influenced by environmental conditions. Both
taphonomic and environmental conditions play a significant role in the fossilisation potential
of skeletal-bound proteinaceous matter on which the AAR geochronological studies are
ultimately based. Whilst taphonomic filters such as biostratinomic processes, dissolution, and

predation will determine whether a ‘shell” enters the fossil record, these processes operate on
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a range of taxonomic variability, and over a range of timescales. Therefore, the identification
and quantification of mixed-age assemblages are necessary (Goodfriend and Stanley, 1996).

2.8. The analytical approach used in this thesis

This thesis aimed to date some strata in three important sedimentary environments in order to
solve some major questions related to sea-level change. It is an exploration into several
aspects of amino acid racemization dating methods. A conservative approach was taken in
that the total hydrolysable amino acid content in fossils was the principal subject matter used
for obtaining D/L values for aminostratigraphy and, where calibrated, for chronology. This
approach was taken because the majority of racemization based geochronological
investigations previously undertaken on molluscs, foraminifers, ostracods and marine
sediment samples have predominantly used the total organic pool as the source of amino acids
(e.g. Vallentyne, 1969; Kvenvolden et al., 1973; Wehmiller, 1980; Hearty and Aharon, 1988;
Murray-Wallace and Bourman, 1990; Goodfriend and Meyer, 1991; Goodfriend et al., 1997;
Hearty and Kaufman, 2000; Kaufman et al., 2001; Oches and McCoy, 2001; Sloss et al.,
2004; Kaufman, 2005). Therefore this project followed the approach of the majority of
studies. However, intracrystalline amino acids were also used here. The intracrystalline
amino acid fraction was used initially in a limited investigative role, but for example, in the
Gulf of Carpentaria and Kerch Strait, intracrystalline amino acids were brought into use
because they gave better results than the THAA fraction, and enabled better understanding of

the environments of interest.
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Chapter 3

Methods

3.1. QOutline

This thesis is presented as a compilation of individual research chapters forcusing on a
common theme, amionstratigraphy and the recognition of reworked fossils where they exist in
the sedimentary record in each of these locations. This chapter presents the details of the
amino acid racemization analytical methods used for this project. Subsequent chapters are
each written based on the results from a single sub-project, with accompanying methods
section detailing the particular approach used for each study.

The principal laboratory method used in this project is Reverse-Phase High Performance
Liquid Chromatography (RP-HPLC) (Chapter 2). RP-HPLC is used in this study in
conjunction with radiocarbon and uranium-series dating methods. These additional methods
allow calibration, and independent checks on the AAR data.

3.2. Field work and sample collection

Fieldwork was conducted at locations on Kangaroo Island, South Australia, in Gulf St
Vincent, South Australia, at and around Karumba, Gulf of Carpentaria, northern Australia and
at locations in the Black Sea region. These locations are tabulated in Appendix 2. Sample
collection was dictated to a large extent by the conditions unique to each study site. This was
especially so for locations in the Black Sea region.

Of concern in amino acid racemization studies is that fossils are buried throughout their
existence since the time of death. Therefore surface samples were, wherever possible
avoided, though this was not always feasible, especially at Kingscote, and at the location of
Beach Ridges on Karumba foreshore, Gulf of Carpentaria (Fig. 3.1). Samples recovered from
the beach ridge at Karumba were removed from the centre of an 10 cm® block hammered from
the lower portion of in situ stratum, about 30 cm below the top. Similarly, samples from the
indurated Kingscote cobble beach were also removed from within individual blocks that been
buried. However, the principal Kingscote study site is a protected geological monument,
therefore minimal destructive sampling was done. Three bivalve shells were recovered from
this study site. In contrast conditions at the study locations in Kerch Strait, northwestern
Black Sea, allowed in most cases shell samples to be recovered either from outcrop that is
presently eroding, or had been. At these locations there is a strong degree of confidence that

samples have been buried since initially deposited. All Holocene samples, wherever
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collected, were buried shallowly, but the comparatively short time-period since deposition is
unlikely to have led to significant extra racemization over this length of time (< 10,000 a).

Figure 3.1. Beach ridges at Karumba, Gulf of Carpentaria. North-facing, indurated and eroding
Holocene shell-rich beach ridge at low-tide, Karumba, Gulf of Carpentaria. The burial (i.e. thermal)
history of these and similar outcrops are likely to have varied to a greater extent than cores recovered
from shallow-water locations continually below water-level. Photograph by A. R. Chivas.

3.3. Sample preparation and Chromatography (RP-HPLC)
3.3.1. Chromatography

Chromatography refers to the separation of molecules by their transport in a mobile phase
through a stationary phase. A gaseous mobile phase is used in gas chromatography, while in
contrast, for liquid chromatography the mobile phase is a fluid. Reverse-Phase liquid
chromatography is one of several types of liquid chromatography. These include affinity,
adsorption, partition, ion-exchange, and size-exclusion chromatography (also called gel
filtration chromatography). Gas (Lajoie et al., 1980; Murray-Wallace, 1995; Goodfriend et
al., 1996; Sloss et al., 2004; Buch et al., 2006), ion-exchange (Hare, 1963; Bada et al., 1978),
paired gas-liquid chromatography (Dungworth, 1976; Wehmiller, 1984), and reverse-phase
liquid chromatography (Kaufman and Manley, 1998; Hearty et al., 2004) have been used for
the analysis of the extent of amino acid racemization in modern and fossil mollusc,
foraminifer and ostracod samples.

In normal phase chromatography the stationary bed is strongly polar in nature (e.g. silica)
and the mobile phase is non polar. This results in polar samples being retained on the column
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longer than those less-polar samples. During Reverse-phase liquid chromatography (RPLC)
the opposite occurs, in that the stationary phase is non-polar (e.g. carbon) and the mobile
phase is polar. These mobile phases for RPLC are commonly water or alcohol based. Solvent
strength becomes stronger with lowered polarity, and the most polar solutes elute first.

High-performance liquid chromatography (HPLC) is the most frequently used method for
the resolution of enantiomeric compounds (Bassesteros et al., 1996). It is also, and perhaps
more correctly, termed high pressure liquid chromatography. In classical column
chromatography columns were open tubes with internal diameters of perhaps 1-4 cm, and
mobile phase flow was gravity driven. In contrast, high pressure liquid chromatography is
characterized by small diameter closed columns packed tightly with very small diameter
column particles, and high pressure is needed to push eluent through the column.
Chromatographic systems, such as the Agilent 1100 used here, are automated and
standardized so that, compared with older systems, analyses are performed rapidly, and with
increased resolution of peaks. The efficiency of a packed column increases as the size of the
stationary-phase particles decreases, in part because they allow increasingly uniform (i.e. less
turbulent) flow through the column. Smaller particles result in higher resolution and shorter
run times (Harris, 2003), hence the term high-performance, but this performance is ultimately
pressure dependent (i.e. correct flow rate).

Reverse-phase liquid chromatography is a type of affinity chromatography, where
individual compounds are separated from complex mixtures because of the affinity of some
molecules for the column packing. The affinity of organic compounds for the column packing
material can be changed with changing pH conditions of the eluent and with changing the
polarity of the solvent. In this case, this allows the separation of hydrophyllic from

hydrophobic, and acidic from more basic, amino acid isomers.

3.3.2. HPLC equipment

Two Agilent 1100 HPLC (Fig. 3.2) systems with Chemstation software (Fig. 3.3, 3.4) were
used for chromatographic separation of L- and D- amino acid enantiomers during this project.
These were designated HPLC1, and HPLC2, operated respectively in the Amino Acid
Racemization Laboratory, and in the Geochemistry Laboratories, School of Earth &
Environmental Sciences, University of Wollongong. Each system consists of a series of
individual elements assembled in a stack as required (Fig. 3.1). The modules used here were a
Quaternary Pump, Column compartment, Fluorescence detector, and Autosampler and
injection modules. The early analyses were run primarily on HPLC1, before HPLC2 was

operable. HPLC 2 was first used by this author, during this study, and required transferring
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the methods and settings used on HPLC 1. All sample preparation was undertaken in the
AAR Geochronological Laboratory. Routine maintainance including all column changes and
consumable part replacement for both HPLC’s during this period of work (2005-2009) was
undertaken by this author after initial instruction from Agillent staff.

Figure 3.2. Agillent 1100 HPLC system, AAR Geochronology Laboratory, School of Earth and
Environmental Science, University of Wollongong. 1 = Eluent tray with mobile phases 2 =
Degasser module 3 = Pump module 4 = Vial tray and autosampler module 5= Column
compartment 6 = Fluorescence detector
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Figure 3.3. Screenshot of Chemstation online instrument control. This software was used to run the
HPLC’s used. The software automatically controls sample injection, eluent flow rates, column
temperature,and  fluorescence detection according to the methods initially programmed into the
computer.
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Figure 3.4. Screenshot of Offline mode. Initial data analyses were done using the Chemstation offline
software. Peak identification was undertaken by comparing peaks in chromatograms such as that above
with results from the analyses of amino acid standards obtained from Sigma Chemicals.
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3.3.3. Sample selection

Samples of individual bivalve molluscs and individual and multiple foraminifers were

selected according to the requirements of each investigation, detailed in chapters 4 to 8.

3.3.4. Sample preparation

All AAR methods used here are based on Kaufman & Manley (1998) with minor modification
by the use of bleach. Whole rock preparatory methods are based on Hearty et al., (1992;
2006), Hearty and Kaufman, (2000). Samples were prepared principally according to their
mass (size), i.e., whether they were as microfossils, macrofossils, or as whole rock samples.
The general procedure, and specific preparation techniques used, their purpose, advantages
and drawbacks are presented here. A sample preparation sheet (Appendix 3) was used to

systematically prepare samples and assist in record keeping.

3.3.5. Sample types
Whole rock samples consisting of sediment with relatively high carbonate content, whole
shells, shell fragments, individual foraminifers and ostracods, and bulk samples of

foraminifera and ostracods were used in this study.

3.3.6. Cleaning and cutting of shell samples

Abrasive cleaning and cutting of shell samples with a dental tool was performed to remove
altered shell material and encrusting sediment. Abrasion was undertaken with a dental tool set
at as low a speed as possible so as not to raise the temperature of the shell material. This is
because of the need to minimize additional racemization induced in the preparation
procedures. Abrasion was done ‘wet’, that is, shell samples were repeatedly immersed in
water to reduce the affects of heat produced. This also reduced the significant amount of dust
created during this cutting phase. These precautions were also undertaken for cutting samples
into the required mass of approximately 0.05-0.1 g for further handling. All shell samples

were weighed at this point after cutting.

3.3.7. Carbonate content in whole-rock samples

The percentage mass of carbonate was measured in all whole rock samples. This was
undertaken so that sufficient concentration of calcium carbonate (and therefore of amino
acids) was present in the pre-hydrolysate sample to ensure post hydrolysis concentrations
were high enough for RP-HPLC analysis of D and L amino acid enantiomers. Whole Rock

samples used here consisted of sieved 250-500 pm diameter shelly material and enclosing
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sediment. A single aliquot of 1 g was weighed prior to carbonate removal by acid digestion.
The ‘shell” content was digested in 8 M HCI until effervescence ceased. Samples were
flushed 5 times in double distilled and filtered water, dried in an oven overnight at 110° C, and
reweighed when dry, with no carbonate remaining. The percentage carbonate was calculated
and a multiplication factor was used for samples having less than 90% CaCQO3 to elevate those
levels to an equivalent level of concentration of calcium carbonate to those with higher

contents.

3.3.8. Ultrasonic cleaning
After initial cleaning and cutting all samples were cleaned ultrasonically in water. This
process utilizes energy released from the creation and collapse of ultrasonically produced
microscopic cavitation bubbles. These break up and lift off adhering sediment from the
skeletal surface. These bubbles are produced by electronically activated sound waves, and
relatively large amounts of energy, primarily in the form of heat, are released in the
cavitational implosion shock waves. Cavitation accelerates reactions (Buch et al., 2006) and
the ultrasonication process in water has been reported to produce H,O, (Schumb et al., 1955).
Amino acid racemization is a thermally dependent reaction, as determined by the Arrhenius
equation (Chapter 2, section 2.3.2). Sufficient energy is produced during the ultrasonication
process to reduce the amino acid content of foraminifera (Katz and Mann, 1980). Extended
periods of ultrasonic irradiation may produce deamination, decarboxylation and
interconversion of amino acids in water (Staas and Spurlock, 1975). This may be attributable
to (increased) hydrolysis (and pyrolysis) in the presence of aqueous OH radicals formed
through the ultrasonic irradiation and breakdown of H,O (Naddeo et al., 2007; Jian et al.,
2007). Ultrasonication was therefore undertaken in all cases for 10 minutes — this is much
less than that recommended by Katz & Man (1980), and a time period of 10 minutes ensured

that all samples were equally treated.

3.3.9. Etching of shell

Etching of shell material with dilute HCI is a standard procedure in AAR geochronological
studies (e.g., Kvenvolden and Blunt, 1980; Wehmiller et al., 1995; Miller et al., 2000).
Cleaning with a rotary dental tool removes most, but not all altered shell material from
samples. This is especially so where samples are shell fragments, and excess abrasion would
result in their loss. Etching is an additional step to ensure only the best preserved carbonate is
used for analysis. A 33% stochiometric 2M HCI etch (3.3 puL of 2M HCI per mg shell) was
used on all shell samples, including those subsequently bleached to isolate the intracrystalline

amino acid pool.
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3.3.10. Bleach treatment:contaminant removal

A 2 hour 3% hydrogen peroxide soak was initially used as the final pretreatment process for
microfossils because they are too small to etch and use individually, recommended by D.
Kaufman, and P. Hearty (personal comments 2005; see also Hearty et al., 2004). Routine
strong bleaching of all samples using 12.5% NaOCI for one hour was begun during this work
because using a 2 hour 3% hydrogen peroxide soak did not remove contaminating amino acids
from samples recovered from Gulf of Carpentaria cores (see Chivas et al., 2001; Chapter 8,
this study) and this procedure resulted in significent loss by dissolution, of foraminifers from
the Gulf of Carpentaria such as Ammonia sp. and Elphidium sp., and ostracods including the
large marine ostracod Paranesidea onslowensis. This is because peroxide provides an
additional acid etch (Pingitore et al., 1993) — this may not be significant for shell samples or
foraminfer and ostracods with thicker more resistant skeletons but results here indicate this
procedure can be fatal for microfossils where they are thin-walled. It was concluded that
H,0O, causes distinct dissolution of microfossils (cf. Gaffey and Bronnimann, 1993).
Thereafter strong bleach (12.5% NaOCI) was used for two purposes —to remove contaminants,
and to isolate the intracrystalline amino acid pool. The objective of this first treatment was to
remove foreign contaminating amino acids and peptides without destroying the individual
sample (test or shell piece).

In contrast to Hydrogen Peroxide, sodium hypochlorite is commonly used for the isolation
of intracrystalline amino acids in skeletal carbonate (e.g. Walton and Curry, 1994: Penkman et
al., 2007), is basic (pH ~ 11.4) and provided water is not present (Gaffey and Bronnimann,
1993), does not provide an extra unquantified acid etch. Sodium Hypochlorite neutralises
amino acids to form salt and water (Estrela et al., 2002). It quickly removes labile,
contaminating amino acids by oxidation, and ultimately removes all organic material not
incorporated within the intracrystalline-bound organic fraction. This is especially so for
microfossils and powdered shell samples. This one hour bleach procedure was adapted for
foraminifers, and subsequently employed for all samples in this thesis. This was to ensure

consistency in method throughout this project.

3.3.11. Isolation of the intracrystalline amino acid pool

This method was adapted from that of Walton and Curry (1994) and Penkman (in: Parfitt et
al., 2006; Penkman et al., 2007, 2008). After etching, rinsing five times in double distilled
and filtered water, and drying, shell samples were crushed to between 0.25 and 0.5 mm
diameter powder. Whole foraminifers, ostracods and powdered shell samples were soaked in
12.5% NaOCI for 48 hours. Upon completion of the required period of bleaching, samples

were subjected to rinsing 10 times (i.e. double that of unbleached samples).
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3.3.12. Demineralisation
Samples were then weighed for removal of the calcium carbonate by 8M HCI dissolution, and
subsequent hydrolysis, and place in sterile vials. All glassware was cleaned in a high-
temperature oven. Glassware was first rinsed clean with double distilled and filtered water to
make sure all sediment particles were removed, and placed in an oven for 6 hours or more at
450°C.

Demineralization, hydrolysis, derivatisation and injection of samples were completed using
a single clean vial per sample. 1 and 4 mL reaction vials were used for demineralization and
hydrolysis. Shell samples and bulk foraminifer samples were demineralised in 8M HCI using
a ratio of 20uL of acid per mg of skeletal carbonate. Single foraminifers and ostracods were
demineralised and rehydrated using 5uL of 8M HCI, and of rehydration solution. Following
demineralization, all samples were sealed in the reaction vials under an N, atmosphere for

hydrolysis.

3.3.13. Hydrolysis

Hydrolysis is the chemical decomposition or ionic dissociation of a chemical compound
caused by the presence of water. The process is speeded up at high temperatures, and by
variations in pH. Hydrolysis is used in amino acid racemization studies to release individual
amino acids from peptides, so that they may be derivatised prior to injection. Acid hydrolysis
is the most common method for protein disassociation to amino acids. Modification of, and
complete or partial destruction of several amino acids can occur during this process, especially
under oxidizing conditions. Asparagine and glutamine are converted to aspartic acid and
glutamic acid respectively during hydrolysis.  Acid hydrolysis destroys cysteine and
tryptophan. Serine and threonine are partially destroyed, while isoleucine and valine residues
may be only partly cleaved.

Hydrolysis was undertaken in all cases for 22 hours at 110°C in a dedicated oven.
Approximately 20 minutes after placing the sealed vials in the oven, the vial caps were
checked for tightness, and retightened as needed. Upon completion of the hydrolysis period
vials were removed from the oven and the hydrolysates vacuum dried in a dessicant drier to
which a vacuum pump was attached. HCI hydrolysis results in the production of amino acid
chlorides (Hare, 1988). Dried hydrolysates were rehydrated with 0.01M rehydration fluid
(0.01M HCI with 0.03mM L-Homo-Arginine and 0.77mM Sodium Azide) and stored in a
dedicated fridge until needed.
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3.3.14. Derivatisation

Derivatisation describes the covalent process of attaching fluorescent groups to the
(nonvolatile) amino acids to enable their detection with a fluorencence detector. O-
phthaldialdehyde is a non-chiral reagent (Hare, 1988) that reacts with amino acids in alkaline
solution giving rise to strongly fluorescent compounds (Roth, 1971).  O-phthaldialdehyde
allows a high degree of sensitivity of fluorescence, but can suffer from instability over short
time periods if not used or stored correctly (Heinrikson and Meredith, 1984; Kaufman and
Manley, 1998). The advantage of using o-phthaldialdehyde is that secondary amines are not
derivatised and therefore only primary amino acids will be detected. Derivatisation of DL
amino acids with o-phthaldialdehyde (OPA) and N-acetyl-L-cysteine (IBLC) has been shown
to yield diastereomeric isoindole derivatives including D- and L-aspartate, that are separable
by RPLC (Aswad, 1984; Bruckner et al., 1991).

During this study aliquots of each sample were derivatised using OPA and IBLC online
prior to injection onto the column. The pre-column derivatisation process is fully automated,
following a sequence programed into the sample method of Chemstation as an injector
program (see table 1), and adapted for either 2 or 4 ul sample injection volumes. The
derivatising agents (OPA and IBLC) are drawn from vial 82, into the off-line sample loop
before and after the sample solution as outlined in table 1, and mixed using a motorized
plunger. Before and after sample pickup, the needle is dipped into vials 83 and 84 containing
a water rinse. These rinsing procedures help to reduce cross contamination, but does not clean
the needle internally. However, the HPLC 1100 system is designed with a continuous solvent
flow-through process, and this ensures that all internal parts of the autosampler to column
components, (needle, capillaries, injector pump, and column) are continuously flushed. This
minimizes cross-over between samples. Prior to injection the system switches from the off-
line to the on-line loop, and the sample is injected at the beginning of this process. This
ensures that all solvents flow through the needle and injector pump. When the flush at the end
of each sample injection commences it flushes all of the system in the on-line mode, including
the needle, capillaries and column. The system only switches to the off-line mode for the
sample pickup, derivatisation and injection process.

Sample hydrolysates have been reported to be stable in vials with punctured septa at room
temperature for over one month (Kaufman and Manley, 1998). However, all samples used in
this study have only been stored in a dedicated refrigerator. Samples left out at room
temperature for more than a few hours have deliberately not been used.

OPAJ/IBLC reagent is stable for several months when frozen. It is stable for no more than
one week at room temperature, and resolution of D- and L-amino acids begins to be reduced
after two days (Kaufman and Manley, 1998). During this study fresh OPA/IBLC was
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introduced each 3-4 days. This was generally done when changing the Mobile phase A (see
below).

3.3.15. Guard column
A guard column was not employed on either HPLC because of reports of reduced reliability in
results (D. Kaufman, personal comment 2005), and because of the small sample volume used

here (i.e. 2 and 4uL injection volumes).

3.3.16. D/L Area and Height measurements

Results are reported for D/L values based on peak area measurements. These were found to
provide better consistency for results from multiple injections of a single (standard) sample
(Kaufman and Manley, 1998; this study). Peak heights vary to a greater extent than peak
areas with changing chromatographic conditions. Additionally, the amount or concentration
of a sample is directly proportional to the peak area, and therefore has more value in this
study. Manual integration of peak areas introduced greater uncertainties in measurement than
when the automated integrator was used, and therefore this was done as little as possible.

3.3.17. Gradient program

A programmed linear gradient using three mobile-phase channels was employed. Gradient
elution is used because the amino acids in each sample have different polarities, and a change
in the polarity (reducing polarity with time) of the mobile phase is required to allow and
improve the separation of later eluting compounds such as valine.

Mobile (eluent) A is 23mM sodium acetate with 1.5mM sodium azide adjusted to pH 6.00
with 10% acetic acid. Sodium azide is used to inhibit bacterial growth. Eluent B is 100%
HPLC grade methanol. Eluent C is 100% HPLC grade acetonitrile. Mobile A is stable for
approximately one week. However, samples are run on the HPLC continuously. The bottles
used for Eluents have a maximum capacity of 2L. The HPLC requires approximately 0.5 | per
day of Mobile A, and therefore fresh mobile A was generally introduced every four days.
Mobile A over five days old was not re-used.

The linear gradient is illustrated in Fig. 3.5. Gradient conditions for each sample change
with time to give less polar eluents, thereby giving an increased strength to remove the more

hydrophyllic amino acids and other organic solutes from the column.
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Figure 3.5. Screenshot of solvent gradient used in HPLC 2.
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3.3.18. Column

For most of this project, reverse-phase separation of D and L enantiomers was carried out
using a Hypersil BDS C18 column having a 3 mm internal diameter and 5 pum particle size
diameter. The present column is a Supelcosil C18 column, also of 3 mm internal diameter and
5 um particle size diameter. Column temperature during analyses was set at 30°C. This is the
temperature originally set by D. Kaufman (16/02/2005). This temperature is higher than that
of Bruckner et al., (1991) (25°C), Kaufman and Manley (1998) (~24 £1°C), or than that of the
HPLC used in the NEAAR laboratory, York, England (25°C) for the same purpose. Column
temperature was set at 30°C because of higher ambient temperatures in the Wollongong
laboratory compared to those of Arizona or England. The column in HPLC2 was also set at
this temperature so that samples would have been analysed under equivalent conditions. The
alkaline mobile phase A ultimately destroys the stationary phase within the column (Hess et
al., 2004).

3.3.19. Manipulation of chromatographic data

Results were printed from the HPLC-dedicated desktop computer, and manually transferred to
a Microsoft 2007 Access database. Initially all amino acid D/L results were put into the
database, but as work progressed and standards were analysed it became apparent that results
for phenylalanine, isoleucine and leucine were highly variable and unreliable, and therefore
not recorded any further. An initial attempt was made to include glycine results in the dataset
because glycine can be found in bacterial contaminants, but there appeared to be no advantage
to spending time doing this, and this was also discontinued. The use of a macro which
calculates D/L values from peak area and height values, developed by D. Kaufman for use
with Chemstation (Kaufman and Manley, 1998, p 999) and used routinely in other studies in
the AAR laboratory was not used for this project. Instead peak height and area data were
transferred into the database manually by using a data entry form (Fig. 3.3). A macro was

used within the database to calculate the D/L values.
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Figure 3.7. Data entry form used for data input to database (Microsoft Access). This allowed checking
of all chromatograms and data as the peak areas were inputted into the database.

3.4. Testing uncertainties and reproducibility
3.4.1. Evaluating the repeatability of amino acid D/L results

To test the reproducibility of measurements using each of the HPLC units, and between these
units, two sets of amino acid standards were used in this work. A synthetic set of DL amino
acid standards (Table 3.1) was made from individual L- and D- amino acids obtained from
Sigma-Aldrich, to give a near racemic ratio of amino acid enantiomers.  These were
supplemented by the use of a powdered modern live collected mollusc, Anadara trapezia,
obtained from shallow water at Oak Flats, Lake Illawarra (Table 3.2). The interlaboratory
comparison (ILC) standards are commonly used in laboratories undertaking amino acid
racemization studies (Wehmiller, 1984; Kaufman and Manley, 1998; Hearty et al, 2004).

The results from ILC analyses are illustrated in table 3.3 below.

3.4.2. Repeatability of results for a near-racemic amino acid mixture

Approximately 0.1 g of L and D amino acid standard powders were weighed and mixed in 0.1
L of Milli-Q water, and once dissolved the volume was increased to 1.0 litre by the addition of

0.9 litres of Milli-Q water. These samples were not hydrolysed, but were dried as though they
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were hydrolysed, and rehydrated as discussed above to include an internal standard of L-
homo-arginine. A comparison of the results for HPLC1 between injection volumes (table 4)
shows that overall there is less variation in results for the area D/L values, especially for 2l
injections. Apart from the serine 4pul injection results, these data are in accord with the
estimates of Murray-Wallace (2000) with analytical errors (CV) generally less than 3%, and
are similar to those reported by Kaufman and Manley (1998) for inter laboratory comparison

standards.

Table 3.1. 2 and 4 ul injection volumes of a synthetic racemic amino acid mixture. The mean value for
standard deviation and coefficient of variation for 4 pl injections are the estimates for analytical
uncertainties used in this thesis.

Amino Acid 4 ul injection 2 pl injection
(D/L values based on
area measurements) Mean Stdv CV (%) Mean STDV CV (%)
HPLC 1 1.064 0.003 0.312 1.066 0.009 0.828
AsxD/L  HPLC2 0.997 0.046 4.574 1.094 0.006 0.564
MEAN 1.031 0.025 2.443 1.080 0.008 0.696
HPLC 1 1.044 0.014 1.367 1.033 0.003 0.321
Glx D/L HPLC 2 1.024 0.006 1.024 1.023 0.004 0.412
MEAN 1.034 0.010 1.196 1.028 0.004 0.367
HPLC 1 1.131 0.077 6.777 1.113 0.003 0.284
SerD/L  HPLC2 1.086 0.011 1.038 1.077 0.002 0.172
MEAN 1.109 0.044 3.908 1.095 0.003 0.228
HPLC 1 1.098 0.003 0.268 1.091 0.009 0.869
AlaD/L  HPLC2 1.101 0.007 0.630 1.079 0.005 0.463
MEAN 1.100 0.005 0.449 1.085 0.007 0.666
HPLC 1 1.104 0.002 0.157 1.105 0.001 0.117
Val D/L HPLC 2 1.102 0.005 0.453 1.078 0.011 1.055
MEAN 1.103 0.004 0.305 1.092 0.006 0.586
HPLC 1 1.211 0.006 0.474 1.263 0.012 0.956
PheD/L HPLC2 1.017 0.298 29.288 0.981 0.024 2.442
MEAN 1.114 0.152 14.881 1.122 0.018 1.699
HPLC 1 1.346 0.009 0.698 1.355 0.015 1.112
AileD/L  HPLC?2 1.154 0.022 1.912 1.243 0.177 14.267
MEAN 1.250 0.016 1.310 1.299 0.096 7.690

Despite the coefficient of variation for 2uL injections being slightly better than those of 4puL
injections, 4uL injections were used for all subsequent analyses. This was because of two
issues — the first was because of the small sample size and low concentration of amino acids in
single foraminifers older than Holocene, and the second was because of the need to compare

like with like — i.e. injection volumes (and therefore analytical errors). Because the earliest
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work in this study was undertaken using 4ulL injections all subsequent work was done using

this injection volume with the intention that all data would be immediately comparable.

3.4.3. Repeatablilty of 2 and 4L injections of modern geological samples

For comparison with the synthetic amino acids, live articulated bivalves (Anadara trapezia)
were collected from the western side of the jetty at Balarang, Oak Flats, on the shoreline of
Lake Illawarra, New South Wales, in about 0.8 m water depth. These were immediately
brought to the AAR lab at the University of Wollongong where they were shucked and
cleaned with a dental tool to remove the external surfaces and adhering organic material. Of
the shells collected, none were in perfect condition. All had at least one boring, and many

umbones had slight dissolution where the shell sat in the sediment, umbo pointing down.
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Figure 3.8. Two examples of the bivalve mollusc Anadara trapezia, alive at the time of collection,
recovered from water depths of 70 cm at Oak Flats, Lake Illlawarra. Scale in centimetres. Note the
borings (bioerosion) in these examples.

Sections of shell were etched with a stoichimetric 33% 2M HCI acid bath, rinsed five times in
double distilled and filtered water and vacuum dried prior to crushing. Crushing was done
with a mortar and pestle. The powder was sieved and the 0.25 to 0.5 mm diameter fraction
used. This size fraction is the same size as the diameter of individual Elphidium foraminifers
used in this project from Gulf St Vincent (Chapters 4 and 5). Ideally the use of a
homogenised powder should eliminate the problem of inter-shell variation in D/L values
(Lajoie et al., 1980; Murray-Wallace, 2000).

Approximately 0.1 to 0.15 g of powder was weighed out and placed into 4 mL reaction
vials, and demineralised with 8M HCI using a ratio of 0.2 mL acid per mg of shell powder.
Samples were then sealed under N, and hydrolysed for 22 hours at 110°C. At the completion

of hydrolysis the samples were dried under vacuum in a combined vaccum-dessicant
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apparatus, and rehydrated at the same ratio as for hydrolysis. Analyses were undertaken on
both HPLC’s.

These results on powdered shell, and those of the near-racemic amino acid standards allow
comparison with the results from samples collected for aminostratigraphic purposes. It would
be expected that fossil geological samples with values of D- to L-amino acids greater than for
samples collected live, and not racemic, would have coefficients of variation intermediate

between the values found in these tests.

3.4.4. Repeat analysis of interlaboratory standards

Interlaboratory standards (ILC’s) are routinely reported alongside fossil D/L values to ensure
the results are comparable with those previously obtained. Four standards, ILCA, ILCB,
ILCC and ILCZ were utilized (Figure 3.8).

Several comments are necessary. First, as for the near-racemic amino acid mixture, and the
powdered shell, a visual inspection of D/L values for the individual ILC’s indicates that
aspartic and glutamic acids have the lowest coffecient of variation in D/L values. These
results indicate the ILC’s have occasional ‘odd’ amino acid D/L values, and thus anomalous
peak areas, that do not appear to affect other amino acid values in a single sample. These
occurred primarily in the amino acids serine, alanine, and valine. Retaining these D/L values
in a table of results will raise significantly the CV for each amino acid among the ILC’s.
Removing them however, results in data that does not represent the true variation in data over
the duration of time in which these samples were analysed. Table 3.3 below presents the
mean data for the ILC’s analysed during the duration of this study, and these values represent

the mean for all results.
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Table 3.2. AAR D/L values from modern Andara trapezia, Lake Illawarra, New South Wales
(Appendix 2). Results from 2 and 4 pL injections of acid hydrolysate samples from powdered (i.e.
homogenised) Anadara trapezia alive at the time of collection.

Amino Acid 4 uL injection 2 pL injection
(D/L  values based on area
measurements) MEAN STDV CV (%) MEAN STDV CV (%)
HPLC 1 0.090 0.007 7.674 0.086 0.007 7.786
Asx D/L HPLC 2 0.088 0.006 7.097 0.088 0.005 6.125
MEAN 0.089 0.007 7.386 0.087 0.006 6.956
HPLC 1 0.041 0.003 8.085 0.038 0.003 7.013
GlIx D/L HPLC 2 0.040 0.003 8.046 0.040 0.003 8.016
MEAN 0.041 0.003 8.066 0.039 0.003 7.515
HPLC 1 0.085 0.010 11.941 0.080 0.005 5.791
Ser D/L HPLC 2 0.090 0.010 11.108 0.088 0.010 11.178
MEAN 0.088 0.010 11.525 0.084 0.008 8.485
HPLC 1 0.042 0.005 11.871 0.044 0.007 15.811
Ala D/L HPLC 2 0.045 0.020 44.702 0.040 0.025 62.337
MEAN 0.044 0.013 28.287 0.042 0.016 39.074
HPLC 1 0.015 0.003 19.956 0.019 0.005 26.065
Val D/L HPLC 2 0.014 0.001 7.016 0.016 0.002 7.742
MEAN 0.015 0.002 13.486 0.018 0.004 16.904
HPLC 1 0.038 0.011 28.591 0.041 0.009 23.087
Phe D/L HPLC 2 0.034 0.002 7.038 0.032 0.002 7.742
MEAN 0.036 0.007 17.815 0.037 0.006 15.415
HPLC 1 0.035 0.018 50.544 0.047 0.039 83.093
Aile D/L HPLC 2 0.028 0.032 113.019 0.055 0.024 43.501
MEAN 0.032 0.025 81.782 0.051 0.032 63.297

Table 3.3. Mean D/L values for Interlaboratory Comparison samples. Results from the analyses of 35
ILCA, 36 ILCB, 41 ILCC, and 35 ILCZ samples for both HPLC1 and HPLC2.

Sample Aspartic Glutamic Serine Alanine Valine L-Ser/L-GIx
ILCA Mean 0.399611 0.217278 0.492861 0.422306 0.161528 0.226
ILCA Stdv 0.014141 0.010227 0.04635 0.049394 0.017335 0.015824
ILCA CV (%) 3.538729 4.706664 9.404284 11.69631 10.7321 7.001869
ILCB Mean 0.695297 0.433865 0.491081 0.770405 0.409865 0.120486
ILCB Stdv 0.016042 0.009075 0.05809 0.060614 0.029413 0.007958
ILCB CV (%) 2.307271 2.091584 11.82891 7.867762 7.17636 6.605283
ILCC Mean 0.840452 0.837548 0.266833 1.00981 0.902786 0.0885
ILCC Stdv 0.039644 0.023507 0.202791 0.065065 0.04056 0.079135
ILCC CV (%) 4.717016 2.806688 75.99904 6.443273 4.492808 89.41847
ILCZ Mean 0.213528 0.046889 0.146943 0.058629 0.024143 0.77225
ILCZ Stdv 0.035278 0.010054 0.148486 0.019943 0.009017 0.152345
ILCZ CV (%) 16.52154 21.44113 101.0499 34.01531 37.34766 19.72737
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3.5. Taphonomic analysis

3.5.1. Previous taphonomic analyses

The progressive decay of skeletal carbonate in differing marine taphonomic systems has
allowed workers to highlight the utility of taphonomic signature analysis. Semi-quantitative
scales have been used to illustrate relative changes in taphonomic attributes for molluscs
(Powell et al., 2002; Davies et al, 1989), and ostracods (Swanson & van der Lingen, 1997).
There does not appear to have been similarly structured semi-quantitative studies undertaken
on forams, though many workers have described foraminiferal taphonomy in detail (e.g.,
Martin, 1999; Barbieri, 2001). Studies of ostracod dissolution indices (Swanson & van der
Lingen, 1997) have provided evidence that semi-quantitative scales using low resolution
stereomicroscopes are comparable to those using scanning electron microscopes. Similarly,
aragonite dissolution in Pteropoda has been studied using dissolution indices compared to the
percentage of CO5> in marine water columns (Gerhardt and Henrich, 2001). Taphonomy was
utilized here in two studies — to differentiate between Holocene and older shells at Kingscote
(Chapter 5) and to investigate the extent to which D/L values from foraminifers are affected
by preservation (Chapter 6, Gulf St Vincent).

The same taphonomic indices (grades) may be found in differing depositional environments
(i.e. similar signatures of and produced from discolouration and dissolution for example, may
be found in similar aged deposits, but formed through a variety of processes. The ability to

53



discriminate between strata which show strong changes in taphonomic attributes is necessary
in order to comprehend changes in environment through time.

A general taphonomic index (Table 3.4) was developed in order to compare the
preservational state between samples whether they were ostracod, mollusc or foraminifer and
whether they were complete or fragmentary. The prime consideration was to use taphonomic
signatures which would have in the course of their imprinting on the shell etc, have affected
the preservation of peptides and amino acids within the shell matrix to any degree. In
reviewing the literature for this and the previous chapter it was found that three taphonomic
signatures in particular were critical in estimating the extent of modification of skeletal
carbonate due to biostratinomic and diagenetic processes. These were corrasion,
completeness, and discolouration. These were the headings under which observations were

made in this study.

3.5.2. Corrasion

Corrasion refers to the combined effects of corrosion, abrasion, breakage and dissolution on a
specimen. These processes are strongly dependent on the extent of dissolution of the
biomineral. For example, there are no reports of abrasion directly affecting amino acid
concentrations, whereas loss of indigenous amino acids is consistently reported as being a
product of dissolution and subsequent diffusive leaching. Grainy surfaces and chalky textures
on shell surfaces are commonly used as evidence of dissolution or leaching of shells, but a
chalky luster can have other origins (Cutler, 1995), as shell interiors, confined to the areas
inside the pallial line, often acquire a chalky luster during life due to shell dissolution by
metabolic acids during periods of shell closure. Dissolution textures are commonly
overprinted by abrasive action and by borings, or vice versa. Dissolution bands are common
on partially buried shells living in the upper few centimeters of sediment (e.g. live collected
Anadara trapezia in Lake Illawarra, New South Wales, this study; cf. Cutler, 1995). Given
that these shells are not long lived, dissolution can develop relatively quickly, and occurs
within the top of the taphonomically active zone. It is difficult to determine such pre-mortem
dissolution from post-mortem dissolution, except that post-mortem dissolution is likely to
occur also in the region outside of the pallial line in molluscs, and that was the area used here
originally for luster examination, but no longer done. Frosting and pitting of surfaces on
field-collected shells can be the work of microborers rather than the result of abrasion, while
bioerosion can round surfaces and destroy ornamentation, and these actions commonly exist
as overprints on the dissolved surface, and therefore can be difficult to differentiate.
Therefore the term corrasion was used to cover the multiple processes that collectively

remove ‘shell’ carbonate.
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Table 3.4. A general visual preservation index for molluscs, foraminifers and ostracods used in this
thesis (Chapters 4 and 5 principally).

Diagnostic feature  Grade Description

examined

Degree of completeness > 90% complete
< 90% complete, identifiable to species level

< 90% complete, identifiable to genus level

w N B O

< 90% complete, unidentifiable to genus level

o
o

Articulation Collected alive, articulated
Avrticulated, unfilled
Articulated, filled

Disarticulated

Extent of discolouration None, strong original colours present, or transparent
Slight fading of original colour, or translucent
Very strong fading of original colour, nearly totally white

White, no other colour visible anywhere

A WO DN P O N -, O

Lightly discoloured, e.g. light grey, light brown, patchily discoloured
Strongly discoloured, e.g. black, dark grey

Extent of corrasion None, may be transparent

(= dissolution, abrasion Translucent generally, beginning of dissolution

and recrystallisation) White surfaces, none to slight abrasion, retains structural strength

w N P O U

White, pores enlarged, strong abrasion of sculpture, minor delamination, and/or
minor pitting, minor loss of structural strength
Chalky, sculpture gone, strong delamination, substantial loss of structural

integrity, internal structure of foraminifers visible

Presence of bioerosion None

Single small hole (< Imm diameter)
Single large hole (> 1 mm diameter)
Multiple small holes

Multiple large holes

Preservation of luster Original pearly luster present
Slight fading yet retains gloss or oily state
Earthy, faded and no gloss

Chalky

Evidence for encrustation None
Minor, localized (< 30% of area)
Moderate (30-90% of area)

Total (> 90% of area)

W N P O W N PP O W N P O BN

3.5.3. Completeness
Completeness refers to the percentage of the original fossil remaining — and the extent to
which that fossil can be identified. This provides a semi-independent check on the scale of

corrasion given to the same sample as greater corrosion will increase the likelihood that the
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sample cannot be identified to the species level, but perhaps only to the genus level, invariably
because of chalky textures and abrasion.

3.5.4. Discolouration

Discolouration refers to the change in colour of the shell from its original state, taken as the
colour of a live example. Over time shells may lose their original colour, due primarily to
bleaching by sunlight, but this is not always the case because leaching by acids can also
produce a similar effect. Discolouration may lead to unnatural colours in the fossil, including
orange, grey and black. These result from the incorporation of, for example, microscopic

pyrite, or oxidation of incorporated iron compounds during burial processes.

3.6 *C dating

There are three isotopes of carbon found in nature (Head, 1999). These are the stable isotopes
12C and **C, and the radioactive isotope *C. The natural abundances are 98.99% *?C, 1.108 %
B¢, and 1x 10™ % ™C. Libby was the first person to measure the activity of the *C isotope
for use as a dating method (Zhou et al., 2000). ** C is produced primarily within the
atmosphere, but a minor proportion is also produced in situ on the surface of the Earth, by
radiogenic decay of uranium and thorium, and by way of nuclear weapons testing. In the
upper stratosphere and lower troposphere cosmic ray bombardment of Nitrogen with cosmic

ray generated neutrons results in the production of radiocarbon by the following reaction:
147N+Il N 146C + p

Oxidation to carbon dioxide quickly follows, with the result that radioactive CO, joins the
carbon cycle (Dickin, 2005). Dissolved carbonate in the oceans includes CO, incorporated
from the atmosphere as a result of exchange reactions between these reservoirs. Without
mixing of seawater, surface marine water is at equilibrium with the atmosphere with respect to
YC. However, where vertical and horizontal mixing occurs between oceanic masses, such as
commonly occurs in oceanic settings, carbonate-secreting organisms will incorporate different
amounts of *C depending on the concentration in the surrounding water.

Living plants and animals incorporate **C during growth, and once fixed in the relevant
tissue or in the biomineral, **C will only disappear by radioactive decay at a known rate.
Therefore the age of the organic material can be determined by measuring the amount of *C
at the present-day. Ages are normally given in years BP, generally referring to years before

1950 because of the bomb spike due to nuclear testing.

56



Two significant error sources are associated with **C dating (Drysdale & Head, 1994).
These are the incorporation of ‘dead’ carbon into the material of interest, and contamination
by modern carbon. Both of these problems are of concern when attempting to date carbonate
(molluscs and foraminifers) from shallow marine settings. The age limit for this method is
approximately 50 ka (Litherland and Beukans, 1995).

Radiocarbon dating was conducted at ANSTO, Lucas Heights, Sydney, to analyse the
extent of radioactive decay of **C using accelerator mass spectrometry (AMS). AMS methods
combine the marriage of middle energy physics with mass spectrometry (McNichol and
Aluwihare, 2007), allowing the number of *C atoms in a sample to be counted (as ions), and
thereby shortening the time required for each sample to be analysed. As for conventional beta
counting, sample size is determined in the first case by the amount of carbon in the carbonate,
and is approximately 12% for CaCOs;. The advantage of the AMS method over conventional
YC methods is that the minimum sample mass is reduced from approximately several g of
carbon for beta counting to less than 200 pg of carbon (Hua et al. 2001) for AMS.

The methods used at ANTARES for small samples routinely analysed for Quaternary
studies including sediment, peat, coral, foraminifera and shells (Hua et al., 2001), involve
sample pretreatment, CO, extraction, and graphitization. On completion of the graphitization
reaction the graphite is inserted into an aluminium cathode for C analysis using the
ANTARES accelerator mass spectrometry facility (Lawson et al., 2000; Fink et al., 2001; Hua
et al., 2001).

3.7 Uranium-series dating

Marine organisms incorporate substantial seawater uranium and negligible thorium into their
skeletons during growth (Thompson et al., 2003). 1In general, this ‘system’ remains
essentially closed since that time, and an assumption is made that the exchange of parent or
daughter isotopes with the external environment outside the coral skeleton has not occurred.
In theory, closed system behaviour is governed solely by the laws of radioactive decay (van
Calsteren and Thomas, 2006) and therefore the age of the sample can be calculated using
decay equations. However, this is unlikely to be true for every fossil because processes such
as hydrothermal alteration, diagenesis and/or weathering can produce open system behaviour
with exchange of isotopes between the external environment and the skeleton. Therefore
fossil coral and mollusc samples commonly do not reflect closed system behaviour and

differentiates from modern seawater **U/=8U
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3.7.1. Uranium-series sample preparation and measurement of isotopic activities

Thermal ionization mass spectrometry (TIMS) measurement of uranium and thorium isotopes
was undertaken at the Radiogenic Isotope Laboratory, Centre for Microscopy and
Microanalysis, University of Queensland. This method gives the time of element
fractionation associated with the incorporation of calcite into the coral skeleton (i.e. time of
growth) (van Calsteren and Thomas, 2006).

Samples were hand-picked, cleaned ultrasonically, and spiked with a **Th-**U-**U
mixed tracer. The 23U-?**U double spike with precisely known ***U/?*U ratio was used to
monitor and correct for U mass-fractionation to improve the analytical precision of U isotope
ratio measurements. After total dissolution in nitric acid, concentrated hydrogen peroxide was
added to decompose any organic matter and to ensure complete mixing between the spike and
the sample. U and Th were co-precipitated with iron hydroxide, and then redissolved in nitric
acid prior to purification using standard anion-exchange methods.

U and Th fractions were loaded onto individual pre-degassed, zone-refined rhenium
filaments and sandwiched between two graphite layers. Uranium and thorium isotopic signals
were measured on a Daly ion counter as Z?Th/**Th, **Th/?°Th, #%U/?U, *2*U/**U and
23U/**U values in peak jumping mode by thermal ionisation mass spectrometry (TIMS) at the
University of Queensland. U and Th concentrations, and *Th/?®U and **U/?**U values were
calculated based on the measured isotope values, tracer and sample weights, as well as isotope
concentrations and values of the mixed tracer. Activity values (*°Th/?°U and #*U/*?*U) were
calculated by normalizing to the corresponding values obtained from repeat analyses of the
international secular-equilibrium HU-1 uraninite standard (Ludwig et al., 1992). Conventional
and open-system **Th/***U ages were calculated using the method described in Thompson et
al. (2003). Details on analytical procedures and instrumentation at University of Queensland
are given in Zhao et al. (2001) with further modifications described in Yu et al. (2006).
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Chapter 4

Amino acid racemization dating of a raised gravel beach at

Kingscote, Kangaroo Island, South Australia

4.1. Qutline

Chapter 4 and 5 of this thesis focus on Gulf St Vincent, South Australia. This research was
initiated because of uncertainties in the age of and water-depth present during the formation of
a last interstadial carbonate unit within the central Gulf St Vincent basin, and its relationship
to the global sea-level record. The purpose of this particular work was to obtain fresh AAR
data independent of that previously published on the southern Australian margin, and then to
use that data to compare and contrast with data obtained on shells and foraminifera from cores
and surface samples recovered from central Gulf St Vincent. This latter data was to form the
main focus of the work. However, the serendipitous discovery of well preserved coral at
Kingscote led to the work on the Kingscote study site being presented here as a separate
chapter.

This chapter therefore presents the results of amino acid racemization analyses undertaken
on both intra- (THAA) and inter-crystalline (HIAA) amino acids from bivalve molluscs at
Kingscote, Kangaroo Island. A limited number of single Elphidium were analysed for the
extent of racemization in the THAA fraction. Uranium-series dating was undertaken on a
single coral specimen, Goniopora lobata recovered from Kingscote at the laboratories of the
University of Queensland. The discussion focuses on sea-level and the implications of the

presence of coral at this location.

4.2. Introduction

The presence of species common to present-day warm and tropical environments, recovered
from last interglacial (MIS 5e) (MIS 5e, 125 ka) sedimentary sequences in southern and
south-western Australia have long intrigued workers (Howchin, 1909; Ludbrook, 1984; Cann
& Clarke, 1993; Murray-Wallace et al., 2000) because they suggest that the coastal regions of
southern Australia were warmer than at present. The inference of warmer climatic conditions
during MIS 5e have been based on the presence of large concentrations of a small number of
indicator species, which include the bivalves, Anadara trapezia and Pinctada charchariarum,
and the megascopic foraminifer Marginopora vertebralis (Cann, 1978; Cann & Clarke, 1993).
In South Australia, last interglacial (MIS 5e) peritidal and backbarrier lagoonal sediments
have been termed the Glanville Formation (Firman, 1966; Ludbrook, 1976; Cann, 1978;
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Ludbrook, 1984), and have been mapped on Eyre Peninsula, the central gulfs region, on
Kangaroo Island, and in the Coorong (Fig. 1). Glanville age equivalents are found in
southwestern and western Australia, a region where last interglacial (MIS 5e) age coral reefs
have been found several hundred kilometres south of their present-day extent (Veron &
Marsh, 1988), and dated using uranium-series methods (Szabo, 1979; Stirling et al., 1995).

Hermatypic corals (e.g. Plesiastrea versipora) live today in Gulf St Vincent (Howchin,
1909; Burgess et al., 2006), yet identifiable corals from the last interglacial (MIS 5e)
sedimentary record in South Australia are scarce. As a result, sea-level studies in this region
have relied heavily on aminostratigraphic ( Kimber & Milnes, 1984; Murray-Wallace &
Kimber, 1987; Murray-Wallace, 1995) and luminescence (Huntley et al., 1993; Huntley et al.,
1994; Huntley & Prescott, 2001) methods for assigning ages to strata rather than utilising U-
series dating. Previous aminostratigraphic investigations in this region have been undertaken
with gas chromatography, and employed with success to elucidate the Quaternary stratigraphy
and general neotectonic characteristics of this region (Von Der Borch et al., 1980; Murray-
Wallace et al., 1995; Murray-Wallace, 2002). These investigations have focused on the
central gulfs region of Spencer Gulf and Gulf St Vincent, the Coorong Coastal Plain, and Eyre
Peninsula, with a limited number of studies having been undertaken on Kangaroo Island.

Kangaroo Island is situated between the high-energy southern ocean and the restricted
marine environment of semi-arid Gulf St Vincent (Fig. 1). The island exists within the
southern Australian cool-water temperate carbonate province, dividing the Lincoln from the
Lacepede Shelf, and blocking the southeasterly flowing Lincoln Shelf current (Great
Australian Bight Current; Li et al., 1998). Thick aeolianite sequences forming coastal cliffs
along the south coast have recorded the extremes of southern ocean climate during the
Quaternary. In contrast, similar sedimentary strata at Kingscote, on the northern coastline of
Kangaroo Island are situated within the southern margin to the protected, and semi-enclosed
Gulf St Vincent.

Kingscote is located between the neotectonically uplifted MIS 5e deposits at Sellicks Beach
and Normanville on Fleurieu Peninsula to the east, and the tectonically more stable Eyre
Peninsula to the west (Bourman et al., 1999; Murray-Wallace, 2002; Murray-Wallace &
Bourman, 2002; Sandiford, 2002). A shingle beach facies at Kingscote, Nepean Bay (Fig. 3,
4), with its base raised from present-day sea-level by approximately 2 m, was previously
described as last interglacial (MIS 5e) in age (Milnes et al., 1983) based on the presence of the
megascopic foraminifer, Marginopora vertebralis, and typical Glanville Formation molluscs
(Ludbrook, 1984). The faunal elements were described as a thanatocoenose, with most of the
shells having been reworked from more than one environment (Milnes et al., 1983). The

assemblage was considered to be the conglomeratic equivalent of the Glanville Formation of
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Gulf St Vincent.
therefore, the present position of the Glanville Formation at about sea-level is principally a

This region is in the far-field of glacial and ice-sheet influence and,

function of changes in elevation of these palaeo-shorelines by neotectonism (Murray-Wallace,
2002). Hydroisostatic adjustment appears not to have affected this location (Belperio et al.,
2002). Numerical dating methods have not previously been applied to these coastal deposits at
Kingscote. This study examines the aminostratigraphic and neotectonic relationship of the
raised beach deposit at Kingscote to MIS 5e sediments reported from mainland outcrops on
the present-day Gulf St Vincent coastline, and to the regional last interglacial (MIS 5e) datum
on Eyre Peninsula (+ 2 m APSL, Murray-Wallace & Belperio, 1991).

In contrast to previous work based on gas chromatography in this region (e.g., Murray-
Wallace & Kimber, 1987; Murray-Wallace, 1995) this study employs Reverse-Phase High
Performance Liquid Chromatography (RP-HPLC) to determine the extent of amino acid
racemization (AAR) on bivalve molluscs (Katelysia, Anapella and Mactra) and on single
foraminifers (Elphidium and Marginopora). Independent chronological control was obtained

by U-series dating on the coral Goniopora lobata.
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Figure 4.1. Location of Kangaroo Island, South Australia. Kingscote is positioned on the southern
margin of Gulf St Vincent, and protected from the Southern Ocean.
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4.3. Methods

Field locations were recorded using a Magellan Mobile Mapper, a GIS-enabled GPS system
(Fig. 2). Identification of fossil marine molluscs followed Ludbrook (1984), and coral was
identified using Veron (1986). Samples for AAR analyses were recovered from the northern,
northeastern and southern coastal sections of Kingscote (Fig. 2). RP-HPLC was used to
analyse the extent of AAR within bivalve molluscs following the method of Kaufman &
Manley (1998) for the total hydrolysable amino acid fraction (THAA), and following the
method of Penkman (in Parfitt et al., 2006), for the hydrolysable intracrystalline amino acid
fraction (HIAA).

A taphonomic index (Chapter 2) was employed to highlight contrasts in preservation
between fossil molluscs. These concepts were derived primarily from the work of Davies et
al. (1989) Swanson & van der Lingen (1997), Powell et al. (2002) Zuschin et al. (2003) and
from field and laboratory studies. The taphonomic index was used to assist in identifying
reworked shells, but also because of the relevance of preservation to processes of protein and
amino acid degradation, diffusion (leaching) and contamination. Taphonomic indices were
compared with contamination indices (L-Ser (peak height)/L-GIx (peak height)) and valine
D/L values. The bivalve mollusc Katelysia was the preferred subject because this genus was
common to all of this coastal succession, and because it is a robust, stout mollusc, and tends to
retain indigenous protein residues over interglacial timescales. Furthermore, previous work in
this region utilised this genus, and there is a regional dataset with which to compare results.
There is no significant species-effect for racemization in this genus (Murray-Wallace &
Kimber, 1989). There are no previous reports on AAR studies of the intertidal foraminifer
Elphidium. This genus was chosen because it is robust, and ubiquitous in last interglacial
(MIS 5e), interstadial MIS 3 and Holocene sedimentary sequences in Gulf St Vincent. A
limited number of individuals of the foraminifer Marginopora vertebralis were also analysed
for the extent of racemization.

Here, the amino acid valine is selected for molluscan aminostratigraphic purposes
because it is suited to the analysis of Pleistocene fossils, and thus allows comparison with
results from previous AAR studies in this region.

A single coral specimen was recovered from Kingscote and cut into three equal sized
pieces for U-series dating, XRD and thin-section analysis. Uranium-series dating (**° Th — 2%
U) was undertaken at the Radiogenic lIsotope Laboratory, Centre for Microscopy and
Microanalysis, University of Queensland, following the methods of Zhao et al. (2001). Age
determination was made using the open-system method of Thompson et al. (2003), and decay

constants were obtained from Cheng et al. (2000).
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4.3. Regional setting

Kingscote is situated on the western margin of Nepean Bay, a sheltered marine embayment on
the northeast coast of Kangaroo Island, forming part of the southern-most coastline of Gulf St
Vincent (Fig. 1, 2). Climate in this location is similar to that of mid Gulf St Vincent, with
evaporation greater than precipitation, and rainfall of < 500 mm a™, similar to that of Port
Gawler (420 mm a™; Burrows, 1979; Cann & Gostin, 1985). Current mean annual
temperature (CMAT), a relevant consideration for AAR analysis, is 15.4°C. These coastlines
are micro-tidal and wave-dominated, despite being sheltered from the southern ocean climate.
The Cygnet River discharges into the southwest corner of Nepean Bay, south of Kingscote.
The present-day coastal setting at Kingscote is compartmentalised into sandy and rocky
intertidal zones within shallow, low energy, coastal waters dominated by shallow seagrass
meadows of Posidonia sp. and Halophila australis to the north and south of Kingscote.
Unvegetated sand and sections of reef exist to the east (Bryars et al., 2003). Cliffs are actively
eroding, particularly on the northeast of Kingscote, south of Beatrice Point. A Holocene
intertidal rock platform is cut into the Kingscote Limestone between Rolls Point and the
coastal swimming pool (Fig. 2). Large numbers of Katelysia sp valves, some articulated,
occur on the sandy shoreline along with a number of gastropod species including Nerita that
commonly inhabit the adjacent rocky section. At Beatrice Islet, Bay of Shoals (Fig. 2),
subaerial sandy gravel sediments are present in the supratidal zone, and are suggestive of a
pre-existing shingle/gravel deposit within the Bay of Shoals (Short & Fotheringham, 1986).
A competent cobble beach calcarenite also exists at Boxing Bay, on the northern coast of
Kangaroo Island (Short & Fotheringham, 1986).

63



137°39'4"E
1

0 03 06
kilometers

© Study Sites
1 vacnt ciub
Coastal Swimming Pool

35°39'62"S

The Bluff

N
Bay of Shoals
Beatrice Islet A
S 5
Beatrice Point
© 4
&3
Kingscote
Township
Beare
S~ Point
$ 2
AN
C—
S,
Rolls Point Nepean Bay

35°39'52"S

T
137°39'4"E

Figure 4.2. Sampling locations at Kingscote. The coastline is divided for descriptive purposes into five
subdivisions. Location 1: the southern coastal section centered on Rolls Point. Location 2: Outcrop

adjacent to the northern and southern margins of the coastal swimming pool.
northeastern cliff section approximately 1.5 km south of Beatrice Point.

Location 3: the
Location 4: road cuttings

along the Bluff to Beatrice Point Road. Location 5: northern carpark. The shingle beach deposit of
Milnes et al. (1983) is at location 1. Orthophoto (inset) courtesy of the Department of Environment and

Heritage, South Australia, 2006.

Table 4.1. Assessed indicators of physical preservation

Taphonomic
indicator

Value

Description

Extent of Fragmentation

> 90% complete, identifiable to species level

< 90% complete, identifiable to species level

< 90% complete, unidentifiable to species level
< 90% complete, unidentifiable to genus

Degree of Discolouration

None, original colour present,

Slight fading of original colour,

Very strong fading of original colour, nearly totally white
White, no original colour visible anywhere,

Lightly discoloured, e.g., light brown, light orange, light grey
Strongly discoloured, e.g. black, dark grey

Extent of Corrasion
(dissolution, abrasion, and
recrystallisation)

A W NP OO A WNPEP OIWwNPEFE O

None
Beginning of dissolution, and/or slight abrasion
White surfaces, abraded yet retains structural strength

White, strong abrasion of sculpture, minor delamination and/or minor pitting,
minor loss of structural strength

Chalky, sculpture gone, strong delamination, substantial loss of structural integrity
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4.4. Field observations

4.4.1. Kingscote cobble beach

The cobble beach type section at Rolls Point (Milnes et al., 1983; Location 1, 35.660618° S,
137.633082° E) exists between the Kingscote Yacht Club and the coastal swimming pool on
the southeastern coast of Kingscote (Fig. 4.2, 4.3). It overlies gently folded Paleogene
Kingscote Limestone. his shingle beach facies consists primarily of sub-rounded to rounded,
low to moderate sphericity cobbles of Wisanger Basalt (Jurassic age) within a generally
competent, calcretised sandy carbonate matrix. This unit is 1.2 m thick, with modal clast size
of 4 — 10 cm, of which approximately 95% is basalt. Basalt clasts of up to 25 cm diameter are
present. The remaining 5% consists of limestone and quartz clasts. Limestone blocks of up to
70 cm length occur within the basal portion of this unit. The basal disconformity at this
location is approximately 2 m above present sea level, with the cobble unit directly overlying
the limestone. The more westerly portion at location 1 is clast-supported, whilst the more
easterly sections are matrix-supported.

The shingle blankets the underlying karst, the associated infilled vertical solution pipes and
horizontal solution cavities (Fig. 4.3). Flowstone is presently forming on vertical limestone
surfaces, and is commonly iron stained (Fig. 4.3, 4.4). The shingle matrix is similarily
discoloured. The infilled solution pipes have no such discolouration, indicating they are less
permeable, and have formed through different processes. These are capped by horizontal
flowstone, visible in thin section as a laminar arrangement of alternating layers of micrite and
sparite with similarly arranged quartz grains. For most of the distance between Rolls Point
and the coastal swimming pool the most seaward expression of the shingle beach facies and
underlying limestone has been removed by erosion and weathering, with the limestone having

been weakened significantly by fracture and dissolution. A large section is devoid of shingle.
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Figure 4.3. Locationl, Rolls Point, 35.660618° S, 137.633082° E. Mollusc shells including an
articulated Katelysia were recovered from the base of the overhang (line feature). The base of the
shingle unit is 2 m apsl. Hammer is 35 cm long.

The basal contact with the underlying Kingscote Limestone at the southern margin to the pool
(Location 2, 35.658352° S, 137.638093° E) is approximately +1.8 m above present sea-level,
similar to that of Rolls Point (+ 2 m apsl). In contrast, an equivalent shingle exists at between
3.5 - 5 m above present sea-level within the coastal cliffs at the northern side of the coastal
swimming pool (location 2, 35.656554° S, 137.64023° E, Figure 4.4). No post- sea-level
highstand neotectonic deformation of these cliffs is visible because in situ flowstone
associated with the shingle masks the fractured and folded Kingscote Limestone. These
variations in height at which the shingle unit has been observed must therefore be due to the
original altitude of the stranded shoreline and because of geomorphological variations in the

pre-existing and underlying limestone.
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Figure 4.4. Location 2. 35.656554° S, 137.64023° E. Kingscote Limestone (dipping 24° towards 160°)
masked by flowstone. Remnant matrix-supported pebble conglomerate occurs above + 3.6 m apsl
(marked by the line). Beneath this is calcarenite with by comparison a larger proportion of angular
material and few cobbles.

4.4.2. Location 3, northeastern Kingscote coast

To the south of Beatrice Point (location 3, 35.645061° S, 137.641606° E, Figure 5) a matrix-
supported boulder conglomerate overlies calcrete that in turn, overlies cross-bedded and
kaolinised Permian fluviatile sediments (see Milnes et al., 1985). Overlying the conglomerate
are dune sands with rhizomorphs, and basalt cobbles exist in the upper cliff section. The basal
unconformity to the conglomerate is approximately 1 m above mean sea level, and the vertical
thickness of this deposit is approximately 4 m in total. At the northernmost extent of the
Permian sediments, the highstand deposit is 0.75 m thick. This is overlain in turn by red-
brown sand and basalt cobbles. This red-brown sand is the same as that found in road cuttings
along the Bluff Road, and is similar to the dune sands overlying this boulder conglomerate.
Fossils recovered from this cliff section include a solitary hermatypic scleractinian coral
Goniopora lobata, the warm water foraminifer Marginopora vertebralis, and examples of the
foraminfer Elphidium.

The coral specimen was recovered (undamaged) from the boulder conglomerate, surprising
considering the energy required to move boulders of this size (up to 75 cm diameter). It is
unlikely therefore that the coral, nor the enclosing sediment has been transported any
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significant distance. The unsorted nature of the conglomerate, with large boulders set in a
continuum of angular and rounded grains, clasts and micritic matrix, and evidence for algae
and bryozoa in thin section, suggests that this material was deposited over a short period of
time, with onshore reworking of sediment during this period. As at locations 1 and 2, the
most seaward expression of this sedimentary sequence has not been preserved.

Figure 4.5. Location 3. 35.645061° S, 137.641606° E. Basalt cobble to boulder conglomerate present
within, and overlying, calcrete (horizontal arrow) that in turn overlies kaolinised fluviatile sands and
silts of Permian age, northeastern Kingscote shoreline, south of Beatrice Point. Dune sands with
rhizomorphs overlie the boulder conglomerate. Basalt cobbles (horizontal arrow) occur within the cliff
face up to approximately 2-3 m above the unconformity between the conglomerate and underlying
units. The coral Goniopora lobata was recovered from the circled location.

4.4.3. Bluff Road and northern carpark

At similar heights to the dune sands at location 3, thin lenses of fossils set in a clay and sandy
matrix, occur in road cuttings along the Bluff to Beatrice Point Road (Location 4, 35.640970°
S, 137.628891° E). In some places these overlie Wisanger Basalt and kaolinised Permian
glacigene sediments. The continuous nature of these fossiliferous sediments, and their relative
position with reference to the sediments at locations 3 and 5 suggest that these are in situ, and
are part of the same stratum. For most of the road’s length basalt cobbles are absent. Where

they do exist, in the vicinity of the northern the carpark (Location 5, 35.639340° S,
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137.641606° E) , the shingle is 2-3 m in height, giving a total height above sea level, in places,
of approximately 4 - 5 m. This is consistent with observations at Location 1, 2 and 3. These
roadside shell deposits have been previously described as Holocene (Ludbrook, 1984; Milnes
et al., 1983). However, the presence of typical Glanville Formation molluscs not found in
Holocene sedimentary sequences (Ludbrook, 1984), and recovered from this location points to
a last interglacial (MIS 5e) age for these strata. These molluscs include Callucina lacteola,
Cassis (Hypocassis) fimbriata, Conus (Floraconus) anemone and Sinum (Ectosinum) zonale
(Ludbrook, 1984).

Remnant unlithified mollusc- and foraminifer- rich gravel and dune sand overlie calcrete
deposited on Triassic fluvial breccia at the carpark, northern coast of Kingscote, (Location 5,
Fig. 4.6, 35.63934° S, 137.641606° E). There are no similar deposits to the west of this point.
The lower section of these sediments occur at approximately 3 m above present sea-level.
These sands have minor amounts of reworked and strongly corroded foraminifera, including

Elphidium and Marginopora vertebralis.

4.4.4. Summary of field and sedimentological evidence

The similar orientation, height above present sea level, presence of an underlying calcrete
unit, and unlithified nature of sediments overlying the shingle-conglomerate unit indicate that
the boulder conglomerate, dune sands and shingle observed at locations 3, 4 and 5 are of the
same sedimentary succession, and are a continuation of the shingle beach facies at Rolls Point.
The morphology of this unit is broadly lensoid (Fig. 4.7), with the central section now
removed from the easterly portion of the Kingscote coastline by subsequent erosion. At each
of the locations studied similar faunal assemblages have been found, and includes warm water
species not found at present in this area. The shingle beach and dune succession was the
product of onshore reworking of locally derived sediment and biologic material during a
previous sea-level highstand. Based on the present-day distribution of the coral Goniopora
lobata, the presence of the this coral at this location is suggestive of mean sea surface

temperatures of 20° C during this highstand phase (Bryant et al., 1992).
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Figure 4.6. Location 5, northern carpark, Kingscote. 35.63934° S, 137.641606° E. Shelly gravel and
overlying sand with foraminifera Marginopora vertebralis and Elphidium recovered at this point
(arrowed). Calcrete occurs underneath. Approximately 3 m apsl.
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Figure 4.7. Schematic cross section of last interglacial (MIS 5e) shoreline, Kingscote. Competent
shingle exists today between approximately 2 and 3 m above mean sea-level. This beachrock must
have been formed within the intertidal zone. Unconsolidated shingle and sand found within low-lying
cliffs represent the palaeo- supra-tidal zone. The boulder conglomerate at location 3 was emplaced at
the base of the present-day cliffs within the subtidal zone.
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4.5, Results
45.1. Amino acid racemization data

D/L ratio values were obtained from analyses of one articulated bivalve mollusc (Katelysia),
single valves of Katelysia, Mactra, and Anapella cycladea, and from single foraminifers
(Elphidium and Marginopora). Results are reported for the amino acids aspartic acid (Asx),
glutamic acid (GIx), serine (Ser), alanine (Ala), valine (Val) and for the ratio of L-Ser/L-GIx
(Tables 1, 2, 3). The latter ratio of L-Ser (peak height) to L-GIx (peak height) is used as an
indicator of modern contamination (see Kaufman, 2000, 2006). The relative extent of
racemization between amino acids in the bivalves is in general accord with previous studies
(Lajoie et al., 1980) with Asx > GIx > Val. The coefficient of variation (CV (%) =
STDV/MEAN*100) for Asx and GIx show greater consistency than the results for Ser, Ala or
Val in either the THAA or HIAA data. However, valine (THAA) has been used with success
in studies of Late Quaternary coastal sediments from South Australia (e.g. Murray-Wallace,
1995; Bourman et al., 1999) and therefore AAR age estimates for these molluscs are based on
valine D/L results.

THAA DJ/L values obtained from Katelysia recovered from locations 1, 3, 4 and 5 are
similar, and therefore suggest a common age. For example, Asx = 0.563 + 0.003 (location 1),
0.567 + 0.009 (location 3), 0.621 + 0.008 (location 4), and 0.578 + 0.002 (location 5).
Similarly, Val =0.311 £ 0.026, 0.294 + 0.001, 0.291 + 0.041, and 0.322 + 0.071, respectively,
for those same samples. Additionally the similarity in THAA D/L values (Table 1) for the
bivalve mollusc Anapella cycladea from locations 1 and 3 indicate that these shells are of the
same age, and therefore the sedimentary units are similar in age. This supports the results
from Katelysia above.

The mean THAA D/L values for Katelysia (Table 3, Val = 0.296, Asx = 0.582) suggest
that these molluscs are older than those recovered from MIS 3 sediments from marine cores in
Gulf St Vincent (Cann et al., 1988; Murray-Wallace et al., 1993). These values are similar,
but lower, than those of the last interglacial (MIS 5e) Glanville Formation samples from Port
Wakefield, Gulf St Vincent and lower than those of the “Older Pleistocene marine beds” of
Redcliff, Spencer Gulf, South Austalia (Murray-Wallace et al., 1993). This is as expected
because the higher mean annual temperature at those locations would result in higher D/L
values in similar genera (e.g. Port Wakefield CMAT = 17.0°C, Murray-Wallace et al., 1991).
Many of these samples, especially those from Location 4, were recovered from shallow (0-30
cm depth) subsurface environments. It would be expected that such samples would have
higher D/L values than those buried since their original deposition to a depth of > 1m.

Samples recovered from locations 1, 2, and 3 were recovered from cliffs that are currently
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actively eroding. These samples would likely have been buried continuously since their
original deposition. The consistency in D/L values between all of these locations indicate that
the samples recovered from along the Bluff Road and from the northern carpark have only
recently been subaerially exposed. This probably occurred during road construction.

Results from the HIAA fraction are in accord with those from the THAA fraction, but D/L
values are generally higher e. g. Val = 0.359 + 0.05 (Table 2). This is as expected for
intracrystalline amino acid values as the intracrystalline amino acid pool consists of free and
peptide-bound amino acids enclosed within single crystallites of calcium carbonate isolated
from chemical degradation such as by strong oxidation (Stathoplos & Hare, 1993: Sykes et
al., 1995). Free amino acids generally have a higher extent of racemization than peptide
bound amino acids and the D/L values obtained on the intracrystalline fraction are the
integrated results of these two components. D/L values of intra-crystalline amino acids would
therefore be expected to be higher than for the intercrystalline amino acid pool, which is open
to leaching and other modifications, and this is what was observed in this study. The general
concordance between results from the total and intracrystalline amino acid fractions for
Katelysia suggest that these results are reliable. Coefficients of variation (CV) for Asx and
GIx were higher in HIAA samples than for THAA results. Conversely, CVs for Ser, Ala Val
and contaminant index were lower in the intracrystalline data than for the THAA results.

Mean D/L values from the analyses of single Elphidium have also demonstrated the age
equivalence of the stranded shoreline sediments from the northern and northeastern outcrops
with, for example, mean glutamic acid D/L values (THAA) of 0.350 + 0.054 (Location 3) and
0.330 + 0.046 (Location 5, Table 1). Valine D/L values from the above study sites are 0.290 +
0.048 and 0.240 + 0.008 respectively. These data suggest an age equivalence for the non-
indurated sand at these two locations. Mean valine D/L values from individual Marginopora
vertebralis (n = 3) (Table 4.2) recovered from the boulder conglomerate at Location 3 are
0.245 £+ 0.194, and for glutamic these are 0.249 + 0.014.

4.5.2. Summary of AAR data

Analyses of the THAA, and HIAA fractions from bivalve molluscs and single foraminifers
indicate that the individually preserved shingle-conglomerate units are of the same
aminostratigraphic age. The mean valine D/L ratio from Katelysia of 0.296, + 0.050 (Table
3) fits the regional trend based on comparisons of CMAT with D/L ratio (Fig. 8).
Comparison of these results with the regional data comprising mean D/L values for valine
from bivalve molluscs Anadara trapezia and Katelysia (Murray-Wallace, 1995), this dataset

points to a last interglacial (MIS 5e) age for this unit. The range of uncertainty of these data is
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not significantly greater than that of the analytical errors produced from comparisons of D/L
values between shells of a single genus during laboratory studies, and indicates that there has
not been reworking of pre-existing older molluscs into this unit. Exposure of material at

locations 4 and 5 is very recent.

Table 4.2. Amino acid racemization D/L ratio results for the Hydrolysable Intracrysalline Amino Acid
pool in bivalve molluscs from Kingscote.

Asx Glx Ser Ala Val L-Ser/L-
Location Genus
D/L ratio DI/L ratio DI/L ratio DI/L ratio D/L ratio Glx
Katelysia sp 0.093 0.036 0.067 0.085 0.013 1.269
1 Live collected
n=2) +0.016 +0.002 +0.023 +0.134 +0.001 +0.098
3 Holocene Katelysia sp 0.158 0.077 0.326 0.095 0.039 0.800
Beach Ridge (n=7) +0.009 +0.015 +0.101 +0.002 +0.015 +0.050
1 Cobble beach Katelysia sp 0.563 0.375 0.596 0.736 0.311 0.106
facies (n=2) +0.003 +0.021 +0.078 +0.009 +0.026 +0.013
Annapella
1 Cobble beach 0.643 0.512 0.111 0.828 0.464 0.282
) cycladea
facies n=2) +0.009 +0.066 +0.045 +0.004 +0.011 +0.146
n=
3 Northeastern Katelysia sp 0.567 0.364 0.319 0.726 0.294 0.220
outcrop n=2) +0.009 +0.007 +0.022 +0.006 +0.001 +0.015
Annapella
3 Northeastern 0.628 0.537 0.298 0.852 0.447 0.091
cycladea
outcrop
(n=1)
outcrop (n=8) +0.064 +0.054 +0.109 +0.065 +0.048 +0.119
Marginopora
3 Northeastern ) 0.429 0.249 0.364 0.413 0.245 0.270
Vertebralis
outcrop +0.012 +0.014 +0.043 +0.121 +0.194 +0.035
(n=3)
Katelysia sp 0.621 0.406 0.258 0.611 0.291 0.251
4 Bluff Road
(n=5) +0.008 +0.030 +0.068 +0.306 +0.041 +0.119
5 Northern Katelysia sp 0.578 0.415 0.396 0.770 0.322 0.179
outcrop (n=6) +0.002 +0.054 +0.082 +0.069 +0.071 + 0.046
5 Northern Elphidium sp 0.579 0.332 0.239 0.564 0.244 0.264
outcrop n=2) +0.023 +0.046 +0.023 +0.085 +0.008 +0.073
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Table 4.3. Mean DI/L ratio results for the total hydrolysable and hydrolysable intracrystalline amino
acid fraction for all Katelysia, Kingscote, Kangaroo Island.

. Asx GlIx Ser Ala Val L-Ser/L-
Location Genus . . . . .
D/L ratio D/L ratio D/L ratio D/L ratio D/L ratio GlIx
Katelysia sp 0.113 0.061 0.181 0.088 0.050 0.727
1 Live collected
(n=3) +0.012 +0.013 + (0.006 +0.044 +0.017 +0.069
1 Cobble beach Katelysia sp 0.567 0.341 0.680 0.702 0.273 0.106
facies (n=1) +0.016 +0.007 +0.027 +0.009 +0.003 +0.062
1 Cobble beach Mactra pura 0.509 0.429 0.383 0.770 0.462 0.128
facies (n=3) +0.018 +0.054 +0.015 +0.039 +0.053 +0.028
Mactra
2 Cobble beach 0.578 0.424 0.379 0.765 0.456 0.160
i rufescens
facies =2 +0.015 +0.008 +0.048 +0.028 +0.076 +0.001
n=
3 Northeastern Katelysia sp 0.595 0.397 0.444 0.743 0.354 0.122
outcrop (n=8) +0.031 +0.037 +0.117 +0.025 +0.037 +0.027
Mactra
3 Northeastern notospisula 0.624 0.567 0.333 0.873 0.489 0.128
outcrop trigonella + 0016 +0.007 +0.027 +0.009 +0.003 +0.062
(n=1)
Katelysia sp 0.782 0.515 0.264 0.388 0.415 0.212
4 Bluff Road
(n=1) +0.016 +0.007 +0.027 +0.009 +0.003 +0.062
5 Northern Katelysia sp 0.591 0.403 0.555 0.758 0.366 0.109
outcrop (n=9) +0.021 +0.032 +0.044 +0.048 +0.038 +0.019
Table 4.4. Mean D/L values for all Katelysia, using the total hydrolysable, and hydrolysable

intracrystalline amino acids.

Asx Glx Ser Ala Val
L-Ser/L-Glx

D/L ratio D/L ratio D/L ratio D/L ratio D/L ratio

All Katelysia sp

THAA (n = 15) 0.582 0.387 0.385 0711 0.296 0.191
+0.044 +0.041 +0.120 +0.140 +0.050 +0.072

All Katelysia sp

HIAA (n =21) 0.600 0.403 0503 0.735 0.359 0121
+0.048 +0.042 +0.113 +0.088 +0.040 +0.031
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4.6. Uranium series dating

The single small (10 cm diameter) coral specimen, Goniopora lobata (Fig. 4.8a), recovered
from the boulder conglomerate at Location 3 (Fig. 4.5) was relatively well preserved, though
minor discolouration was evident. Alteration of the exposed surface, probably by meteoric
water, was visible. Calcite content was 1.6%, evaluated by XRD. An open-system age of 111
+ 1 ka was obtained, using an initial 8***U value of 147 %o. (Table 4.5). A corresponding
conventional *U/*Th age of 122 + 1 ka was obtained. Because of the close agreement of
the open and closed system ages, differing by only 11 ka, and good preservation, these ages
are regarded as an acceptable guide to the real age. However, the initial §***U value of 174 +
2 is significantly higher than that of modern coral from the Huon Peninsula (148-149 + 2) and
Great Barrier Reef (149 + 1; Stirling et al., 1998), though within the upper range of values
reported by Stirling et al. (1998) from the Carnarvon and Perth Basins. Furthermore, the
22Th value of 109.4 ppb for this coral is high, violating the assumption (i.e. model) of
Thompson et al. (2003), and therefore invalidates the open-system age of 111 + 1 ka. The

real age of the specimen may be nearer to 122 = 1 ka. This is the age used here.

Table 4.5. Results from U-series analyses of the coral Goniopora lobata

Open-

22Th U (opri *Th/ (Ul *Th/ . Conventional Initial
m system
(ppb) pp 232Th) 238U) 238U) ZZ) 230Th Age (ka) 6234U
Th age
109.4 3.7167 7955 1.1233 0.7701 111 122 174
+12 +0.0031 ' +0.0017 +0.0025 +*1 +1 +2

4.7. Fossil preservation

Based on preservation of the sampled shells, three groups of shells are distinguishable. These
are; 1) very well preserved shells without encrusting carbonate, and include articulated shells
live at the time of collection (Katelysia), and valves from modern (Holocene) shoreface
environments, 2) carbonate encrusted shells that have slight fading of original colour and
occasionally display moderate abrasion of umbone regions (Fig.4.8d, €), and 3) fragments of
strongly abraded shells that have no original colour and are almost white, commonly with
remnant sedimentary encrustation. These encrusted and abraded shells were all associated
with the raised shingle and associated sediments of Locations 1, 2, 3, 4 and 5. The latter
group, being strongly abraded, were not analysed for AAR because their degradation may
have led to diffusive loss of indigenous amino acids, and thus have resulted in substantially

lowered D/L values than those better preserved of similar age.
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Many of the Elphidium foraminifers, recovered from unconsolidated sand and gravel, were
incomplete (Fig. 4.8b, c), discoloured grey and black, and several had single root holes. Most
of the discolouration occurred at the location of these holes. Samples of Marginopora (Fig.
4.8f) whether recovered from unconsolidated sand at Location 5 or from the boulder
conglomerate at Location 3 were on the other hand, generally in good condition, though had
very rounded margins.

Contaminant indices (Table 4.1, 4.2, Fig. 4.9) were used to assess the extent to which non-
indigenous amino acids may have been incorporated into the biomineralised structure during
diagenetic processes. L-serine (peak height) is used as the contaminant indicator species. Its
concentration is compared with L-glutamic acid (peak height), because during diagenesis
serine quickly breaks down and may be preferentially altered to glycine and alanine during
diagenesis (Akiyama, 1980). Katelysia shells live at the time of collection had the highest
contamination values (L-Ser/L-GIx = 1.4, THAA), whilst the lowest contamination values
were those of the Katelysia samples recovered from location 1 (L-Ser/L-Glx = 0.1, THAA).
This is as expected for the total amino acid pool because modern shells tend to have much
greater concentrations of serine over that of older examples, having not undergone significant
diagenetic alteration, or leaching. One last interglacial (MIS 5e) age Katelysia valve from
location 3 had an anomalously high contaminant index of 0.725, a low valine D/L ratio of
0.198 (THAA), and corresponding low serine D/L of 0.18 (THAA), - substantially lower than
the mean obtained for the other last interglacial (MIS 5e) Katelysia samples (approximately
0.5). This shell had a moderately high mean taphomonic value of 0.5. In contrast,
contaminant indices for the samples analysed for the HIAA fraction were lower in all cases
(Fig. 4.9) and no aberrant D/L ratio values were noted. There is a tighter grouping of valine
D/L values in results from the intra-crystalline amino acids over that of the total hydrolysable

amino acid pool.

4.8. Discussion
4.8.1. AAR results

Aragonitic molluscs have been the most common subject for AAR investigations utilising the
THAA fraction in southern Australian studies. There is no previous work detailing results
from the analyses of intracrystalline molluscan D/L values from these locations, therefore the
results from this study are discussed using the THAA data presented here. However, lower
contamination indices and generally higher D/L values in the HIAA fractions from the genera

utilised here are in accord with previous claims for the intra-crystalline amino acid pool (e.g.
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Penkman et al., 2007). The concordance between the results from the intra- and inter-
crystalline amino acid fractions in Katelysia point to their reliablilty.

A mean THAA valine D/L value of 0.303 + 0.02 (n = 15) from Katelysia sp indicates a
correlation with marine isotopic substage 5e age for the stranded cobble beach facies at
Kingscote, Kangaroo Island, based on comparison with results from previous studies
southern Australia (e.g. Belperio et al., 1995). This ratio is slightly high for this CMAT
(15.4°C; Fig. 10), but is likely related to shallow burial depth and the warmer temperatures
experienced at Kingscote when compared with other locations on Kangaroo Island. The
uranium-series dating of the coral Goniopora lobata, and the presence of typical Glanville
Formation fauna including Marginopora vertebralis, recovered from the stranded shoreline at
Kingscote, provide unambiguous evidence for a previous sea level highstand associated with
the last intergla