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Summary

This report documents the attempts to conduct amino acid racemization
analysis for age estimation on the intra-crystalline protein fraction of Bithynia
tentaculata opercula as part of the Medway Valley Palaeolithic project. It is
concluded that the East Mersea Restaurant site is of Ipswichian (MIS 5e) age.
All the other sites in the study are consistent with ages in MIS 9 and MIS 11.
The pattern of protein decomposition, resulting in low levels of degradation
within cold stages, along with the natural variability of the samples, precludes
any further definitive age attributions to be made. Further data from the other
geological investigations at the sites themselves may help resolve this.
However, it is likely that the samples from the Barling Gravel and Apton Hall
Farm are the youngest and those from Bradwell Hall are the oldest within this
MIS 9/11 cluster.

Keywords

Amino acid racemization
Geochronology

Authors’ Address

NEaar

BioArch

Biology S Block
Department of Biology
University of York

PO Box 373

York

YO10 5YW

ii



Introduction

The Medway Valley Palaeolithic Project (MVPP) is focused on areas of Kent
and Essex either side of the Thames Estuary in order to aid the management
of the important Palaolithic resource contained within this region. As part of
this project a regional Palaeolithic Research Framework was developed,
including an integrated chronological and stratigraphic framework for
sand/gravel aggregate deposits. This research included amino acid
geochronology as part of the chronostratigraphic scheme.

Amino acid analyses were undertaken at the York Laboratory (NEaar) from
key sites (Apton Hall Farm, Barling Gravel, Bradwell Hall, East Hyde, East
Mersea Restaurant site and Shoeburyness). This involves isolating the intra-
crystalline protein fraction of gastropod shells and, in particular, the calcitic
opercula from the fluvial gastropod Bithynia tentaculata, for which an excellent
and growing database of protein degradation data has recently been
assembled (Penkman, 2005).

This report details attempts to obtain age estimates on the Medway Valley
material using amino acid racemization (AAR).

Amino Acid Racemization Geochronology

A new technique of amino acid analysis has been developed for
geochronological purposes (Penkman, 2005), combining a new Reverse-
Phase High Pressure Liquid Chromatography method of analysis (Kaufman &
Manley, 1998) with the isolation of an “intra-crystalline” fraction of amino acids
by bleach treatment (Sykes et al., 1995). This combination of techniques
results in the analysis of D/L values of multiple amino acids from the
chemically-protected protein within the biomineral; enabling both decreased
sample sizes and increased reliability of the analysis. Amino acid data
obtained from the intra-crystalline fraction of the calcitic Bithynia opercula has
been found to be a particularly robust repository for the original protein. This
has enabled an increased level of resolution and therefore this material has
been focused on in this study.

Theory

Amino acids, the building blocks of proteins, occur as two isomers that are
chemically identical, but optically different. These isomers were designated
as either D (dextro-rotary) or L (laevo-rotary) depending upon whether they
rotate plane polarised light to the right or left respectively (Fig. 1). In living
organisms the amino acids in protein are almost exclusively L and the D/L
value approaches zero'. The potential application to geochronology arises

' D-amino acids are synthesised by some organisms; they are found free in invertebrate body
fluids where they play a role in osmoregulation and can occur peptide bound in bacterial
peptidoglycan, where part of their function is resistance to proteases.



from the fact that after death amino acid isomers start to interconvert. This
process is commonly termed racemization. In time the D/L value approaches
one. The proportion of D to L amino acids is therefore an estimate of the
extent of protein degradation, and if this is assumed to be predictable over
time can be used to estimate age. Other indications of protein decomposition,
such as the degradation of unstable amino acids, can also be used to
estimate the age of a sample.
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Figure 1: L- and D- amino acid structure

Mechanisms of racemization

The rate of racemization is governed by a variety of factors, most of which
have been studied in detail only for free amino acids. North East amino acid
racemization (NEaar) analyse the intra-crystalline amino acid fraction and in
this way, within a closed environment in which other factors (water content,
concentration of cations, pH) are constant, the extent of racemization is a
function of time and temperature. Over a small geographical area, such as
that represented in this study, it can be assumed that the integrated
temperature histories are effectively the same. Any differences in the extent
of decomposition of protein within the sample are therefore age-dependent.

Intra-crystalline protein decomposition

The organic matter existing within individual crystals (intra-crystalline fraction)
is believed to be a more reliable substrate for analysis than the whole shell
(Sykes et al., 1995; Penkman, 2005). The initial bleaching step in the
recovery of the intra-crystalline fraction removes both secondary
contamination and the organic matrix of the shell. This organic matrix
degrades and leaches at an unpredictable rate over time, leading to variation
in the concentration and D/L of the amino acids. Thus, as appears to be the
case in ostrich eggshell (Miller et al., 2000), the D/L values of amino acids in
the intra-crystalline fraction of shells have been analysed; in the case of
ostrich eggshell no bleaching step was used. The molluscan racemisation



data reported therefore contrasts with previous work that examined D/L
values from whole mollusc shells containing both intra- and inter-crystalline
material.

This isolation of the intra-crystalline fraction is believed to provide a closed
system repository for the amino acids during the burial history of the shell.
Only the amino acids within this fraction are protected from the action of
external rate-affecting factors (except temperature), contamination by
exogenous amino acids and leaching. Amino acids within the whole shell are
not protected and can be leached out into the environment. Figure 2 shows a
schematic of the intra-crystalline fraction with respect to the whole shell. The
low level of Free amino acids observed in the inter-crystalline fraction of
unbleached samples (Penkman, 2005) indicates that these have been lost
through diagenesis, and as these tend to be more highly racemised than the
Total fraction, this loss would lead to a lower than expected D/L for the Total
fraction of the whole shell.

[y -
Whole shell 2 Intracrystalline
3
]
D —
o @G . s o LL®
E (o) 2 (o)
(1) g (1)
O\ LLEJMH! 0 — Bleach i oroteie —
, bleach removes matrix proteins_
A j\» / \
2 () (1)
[
s LU0 @ i® @
[=
S (1) (1)
g
?&’,’ Total DL =0.25 Free DL = 0.50 Total DL =0.50 Free D/L =0.50
o
-

Inter-crystalline matrix amino acids Whole shell D/Lvalues (Inter- + Intra-)
peptide bound L D) free L Total D+d=4, L+1=16, D/L=0.25

B peptide bound D@ free D Freed =2, 1=4, D/L=0.50
Intra-crystalline D/L values

Total D+d=4, 1+1=8, D/L =0.50
Freed =2, 1=4, D/L=0.50

Intra-crystalline amino acids
(D peptide bound L D) free L

® peptide bound D@ free D

Figure 2: Schematic of intra-crystalline amino acids entrapped within carbonate
crystallites. Unlike the proteins of the organic matrix between the crystallites, which
leach from the shell with time, in a closed “intra-crystalline” system the amino acids are
entrapped. Thus the relationship between the DL ratios of different amino acids and
between free (non-protein bound) and total (both free and originally protein-bound
amino acids, released by acid hydrolysis) amino acids is predictable. Analysis of the
whole shell would result in lower than expected D/L for the total fraction, due to the loss
of the more highly racemised frees.

Once a closed system inside mollusc shells has been isolated, then the
kinetics of protein decomposition are much simpler to predict. In this
laboratory the concept of age estimation using the extent of overall Intra-
crystalline Protein Degradation (IcPD) has been devised, which links the



hydrolysis, racemisation and decomposition of all the amino acids isolated by
this method. The concept behind the IcPD is to combine multiple information
from a single sample to derive an overall measure of the extent of diagenesis
of the protein in that fossil. Similar ideas have been used before, although not
in such a comprehensive way. Divergence from the normal in a plot of A/l vs
Gly/Ala is thought to indicate leaching in molluscs (Murray-Wallace and
Kimber, 1987). Kaufman (2000) used ratios of Asx to Glx to screen out
samples with any unusual values.

Traditionally AAR studies targeted a single amino acid racemisation reaction,
that of L-isoleucine to D-alloisoleucine (A/l), due to the technical ease of
separation and its slow rate of racemisation. The approach used in this study
diverges from this, as dates are derived from the analysis of multiple amino
acids. Whilst racemisation rates differ between individual amino acids, they
should be highly correlated in a closed system. By linking together different
amino acids, and then linking this to a temperature driven model of decay,
which includes hydrolysis, racemisation and degradation, the extent of protein
degradation can be derived. The pattern of decomposition appears to be
different between mollusc genera, requiring separate models for each genus
or species studied.

If a closed system is isolated, it should be possible to predict the relationship
between geological time and IcPD increase, using not just racemisation but
other measures of protein decomposition, such as total and relative
concentrations. It follows from the innovations above that, assuming sampling
is from an idealised closed system, the pattern of protein decomposition
governs the observed racemisation of (a) free amino acids and (b) the total
system, (c) the percentage of free amino acids and (d) the total concentration
of amino acids.

This model can also be used as a method of assessing the internal reliability
of each biomineral used and to determine how closely these substrates
approximate to a closed system. Subsequently palaeotemperature
information can be included and estimates made of the link between
degradation and absolute age in environments with fluctuating temperatures.
If an accurate temperature model is used, then age estimates can be derived
directly from the IcPD data, although the results presented here do not
incorporate any palaeotemperature information and are presented simply as a
relative dating tool.

Materials and Method

Materials

Molluscan samples were collected and supplied by David Keen and Richard
Preece from 37 samples consisting of eight sites. Amino acid racemization
(AAR) analyses were undertaken on 33 individual Bithynia tentaculata



opercula and 4 individual Bithynia troschelii opercula. Bithynia tentaculata
opercula were analysed from 8 horizons:

5 from Apton Hall Farm borehole, APHF 05 <3A> (NEaar 3737-3739, 3826-
3827);

5 from Barling Gravel, 05 <5> (18) (NEaar 3740-3742, 3828-1829);

5 from Bradwell Hall, JCB bulk 13, MIS 11 (NEaar 3731-3733, 3822-2823);
5 from East Mersea Restaurant Site, Sample 3, MIS 5e (NEaar 3728-3730,
3820-3821);

4 from Shoeburyness borehole S1, 13.9 m (NEaar 3746-3748, 3831);

1 from Shoeburyness borehole S1, 14.42-14.44 m (labelled Shoeburyness
Channel; NEaar 3132);

3 from East Hyde borehole EH1, 7.55 m (NEaar 3101-3103) and

5 from East Hyde borehole EH1, 9.2 m, MIS 11 (NEaar 3734-3736, 3824-
2835).

4 Bithynia troschelii opercula (NEaar 3743-3745, 3830) were also analysed
individually from Barling Gravel, 05 <5> (18).

Apton Hall Farm borehole, APHF 05 <3A>
TQ 888 931

A borehole was drilled as part of the MVPP project at Apton Hall Farm,
designated BH1. This provided a similar sedimentary sequence to that
obtained by Roe (1994, 1999) at Canewdon, but no pollen assessment was
undertaken so the two sequences cannot be correlated in detail. The
opercula were obtained from the silty clay, above the sands and gravels,
which rested on bedrock. Sample 3a is an amalgamation from samples taken
between 5 and 5.5 m. Ostracods were most abundant at 4 and 5 m depths,
all brackish. Opercula found at c. 5m depth. An OSL sample was also taken
from the base of this sequence, but has not been dated as part of the current
round of post-excavation analysis.

Barling Gravel, 05 <5> (18)
TQ 938 906

The samples taken from the Barling Gravel were obtained from a new section
(S1) described during the MVPP project, from sample 5, near the base of the
sequence. The gravel is believed to overlie the Barling Channel (Bridgland et
al., 2001), although the relationship was not seen in this exposure. The
sediment consisted of horizontally bedded very sandy gravel with an organic
clay matrix and frequent silty clay drapes, designated as Context 18. The
sediments are characteristic of deposition in a cold environment. It is possible
that some of the molluscan material found may have been reworked into the
cold stage deposits from the interglacial channel deposits at the site. The
opercula samples directly underlie OSL sample BLNG05-05, which provided
an age estimate of MIS 6. However, the OSL dates in this sequence are
inverted.



Bradwell Hall, JCB bulk 13, MIS 11
TL 988 054

Samples from Bradwell Hall were obtained from a new test pit (TP7), context
72. No pollen assessment has been undertaken. The molluscan assemblage
included the characteristic “Rhenish fauna”. It is thought that this channel can
be correlated with the Tillingham Channel at East Hyde (Roe, 2001). OSL
samples have also been taken from this site, but from a different unit (fine-
grained gravel) whose stratigraphic relationship to the channel deposits is
unclear (TP5, context 55). Gibbard et al. (1996) believed the fine-grained
gravel to overlie the channel deposits, but evidence of this was not seen in the
MVPP investigations.

East Mersea Restaurant Site, Sample 3, MIS 5e
TM 053 136

The second of the two channel deposits at Cudmore Grove has less extensive
exposures, and is essentially a fossiliferous gravel, buried by modern beach
sand (Bridgland et al, 1995). The deposits are probably of Ipswichian age,
since they contain the remains of Hippopotamus.

The samples from this site were archive material obtained from Richard
Preece, University of Cambridge, identified as Sample 3 (from Unit 2 [sandy
silt with bones and shells]).

Shoeburyness borehole S1, 13.9m and 14.42-14.44 m
TQ 93375-85483

Opercula from Shoeburyness were obtained as archive material from
borehole S1 (Roe, 1994; 1999) from Richard Preece, University of
Cambridge. This borehole material is stored in archives managed by the
Department of Geography, University of Cambridge. One operculum was
obtained from 14.42-14.44 m (labelled ‘Shoeburyness Channel’) with further
samples from a depth of 13.9 m. Ostracod analysis suggests that these
samples come from a freshwater depositional environment, with brackish
influence coming above c. 10m depth. Detailed pollen analysis has also been
undertaken on this borehole (Roe, 1999) and the samples come from within a
birch-pine phase which is postdated by the development of mixed-oak
woodland.

East Hyde borehole EH1, 7.55 and 9.2m MIS 11
TL 9804 0408

The archive borehole EH1 from the Asheldham/Tilingham Channel (Roe,
1994; 2001) was sampled at two depths for opercula, 7.55 m and 9.2 m (this
latter is right at the base of the sequence). This borehole material is stored in
archives managed by the Department of Geography, University of Cambridge.
Ostracod analysis suggests freshwater influence most notable below 8.5m,



with more brackish conditions indicated above this. Thus, the 9.2 m sample
definitely came from the freshwater phase, with the 7.55 m sample from the
transition zone between freshwater and estuarine conditions. The Rhenish
molluscan fauna was reported at a depth of 7.53m (Roe, 1994). Pollen
assemblages from the East Hyde sequence were assigned by Roe (1994) to
the late temperate substage of an interglacial (mixed-oak replaced by
coniferous forest) and contained ‘Type X'. An Azolla plant macrofossil was
also reported from the sequence (Roe, 2001).

Sample Preparation

Shells were examined under a low powered microscope and any adhering
sediment removed. The shell samples were then sonicated and rinsed
several times in HPLC-grade water. The shells were then crushed to
<100um. Only bleached samples were analysed.

Bleaching

50 pl of 12% solution of sodium hypochlorite at room temperature was added
to each milligram of powdered sample and the caps retightened. The powders
were bleached for 48 hours with a shake at 24 hours. The bleach was
pipetted off and the powders were then rinsed five times in HPLC-grade water
and a final rinse in HPLC-grade methanol (MeOH) to destroy any residual
oxidant by reaction with the MeOH. The bulk of the MeOH was pippetted off
and the remainder left to evaporate to dryness.

Hydrolysis

Protein bound amino acids are released by adding an excess of 7 M HCI to
the bleached powder and hydrolysing at 110°C for 24 hours (H*).

20 pl per milligram of sample of 7 M Hydrochloric Acid (HCI) was added to
each Hydrolysis (“Hyd”, H*) sample in sterile 2 ml glass vials, were flushed
with nitrogen for 20 seconds to prevent oxidation of the amino acids, and were
then placed in an oven at 110°C for 24 hours. After 10 minutes in the oven,
the caps of the 2 ml vials were re-tightened to prevent the samples drying out.

After 24 hours, the samples were dried in a centrifugal evaporator overnight.
Demineralisation
Free amino-acid samples (“Free”, F) were demineralised in cold 2 M HCI,

which dissolves the carbonate but minimises the hydrolysis of peptide bonds,
and then dried in the centrifugal evaporator overnight.

Rehydration

When completely dry, samples were rehydrated with 10 uyl per mg of
Rehydration Fluid: a solution containing 0.01 mM HCI, 0.01 mM L-homo



arginine internal standard, and 0.77 mM sodium azide at a pH of 2. Each vial
was vortexed for 20 seconds to ensure complete dissolution, and checked
visually for undissolved particles.

Approximately 20 ul of rehydrated sample was then placed in a sterile,
labelled 2 ml autosampler vial containing a glass insert, capped and then
placed on the autosampler tray of the HPLC.

For each set of sub-samples a blank vial was included at each stage to
account for any background interference from the bleach, acid, or rehydration
fluid added to the samples.

Analysis of Free and Hydrolysed Amino Acids

Amino acid enantiomers were separated by Reverse Phase High Pressure
Liquid Chromatography (RP-HPLC). NEaar uses the method of Kaufman and
Manley (1998) using an automated RP-HPLC system. This method achieves
separation and detection of L and D isomers in the sub- picomole range.

Samples (2 pl) were derivitised with 2.2 pl o-phthaldialdehyde and thiol N-
isobutyryl-L-cysteine automatically prior to injection. The resulting
diastereomeric derivatives were then separated on Hypersil C1g BDS column
(sphere d. 5 ym; 250 x 3 mm) using a linear gradient of a sodium acetate
buffer (23 mM sodium acetate, 1.3 mM NayEDTA; pH6), methanol, and
acetonitrile on an integrated HP1100 liquid chromatograph (Hewlett-Packard,
USA).

Individual amino-acids are separated on a non-polar stationary phase
according to their varied retention times: a function of their mass, structure,
and hydrophobicity. A fluorescence detector is used to determine the
concentrations of each amino-acid and record them as separate peaks on a
chromatogram. A gradient elution programme was used to keep the retention
time to below 120 minutes.

The fluorescence intensity of derivitised amino acids was measured (Ex = 230
nm, Em = 445 nm) in each sample and normalised to the internal standard. All
samples and blank extracts that had been subjected to identical preparation
procedures were run in triplicate. Quantification of individual amino acids was
achieved by comparison with the standard amino acid mixture.

External standards containing a variety of D- and L- amino acids, allowing
calibration with the analyte samples, were analyzed at the beginning and end
of every run, and one standard was analyzed every ten samples. Blanks
were randomly interspersed amongst the standards.

The L and D isomers of 10 amino acids were routinely analysed. During
preparative hydrolysis both asparagine and glutamine undergo rapid
irreversible deamination to aspartic acid and glutamic acid respectively (Hill,



1965). Itis therefore not possible to distinguish between the acidic amino
acids and their derivatives and they are reported together as Asx and GIx.

Results and Discussion

In total we conducted 148 analyses, all of which were on bleached samples.
As previously observed, bleaching reduced the yields of amino acids and also
increased reproducibility.

The extent of racemization in five amino acids (D/L of Asx, Glx, Ser, Ala and
Val), along with the ratio of the concentration of Ser to Ala ([Ser]/[Ala]), are
reported for both the Free and Hyd fractions (Appendix 4). These indicators
of protein decomposition have been selected as their peaks are cleanly eluted
with baseline separation and they cover a wide range of rates of reaction. Itis
expected that with increasing age, the extent of racemization (D/L) will
increase whilst the [Ser]/[Ala] value will decrease, due to the decomposition of
the unstable serine.

On the basis of the relative D/L values and concentrations (Appendix 4) the
amino acid data from the opercula from the East Mersea Restaurant site were
consistent with a correlation with MIS 5e. The data from all the other sites
analysed indicated an age assignment within MIS 9 or MIS 11. Data from
other MIS 9 and MIS 11 sites are also presented for comparison. Discussion
of data from opercula from Clacton and Cudmore Grove are also discussed.
Channels of different ages are present at Clacton (Warren, 1955) but the
material from Clacton analysed in the present study comes from samples
correlated with the Lower Freshwater Bed at West CIiff, attributed to MIS 11
(Bridgland et al., 1999). The Cudmore Grove channel deposits are exposed
on the foreshore of Mersea Island at Cudmore Grove. The main deposit,
containing Middle Pleistocene sediments, was originally associated with the
main Thames-Medway system and therefore correlated with the Clacton
Channel deposits of the Hoxnian, but are now thought to represent a tributary
of the river and likely to be of the interglacial following this (Roe et al., in
prep). These two sites represent intra-crystalline protein degradation values
from an early MIS 11 site (Clacton) and a late MIS 9 site (Cudmore Grove),
which may aid interpretation of the Medway dataset.

The data obtained from Asx, Glx, serine (Ser), alanine (Ala) and valine (Val) is
discussed in detail below. Sample EH9.2Bto1bF (NEaar 3734) from East
Hyde borehole, 9.2m, has abnormally low levels of protein degradation in the
Hyd fraction compared to that of the Free fraction, indicative of a
compromised system. If the amino acids were contained within a closed
system, the relationship between the Free and the Hyd fractions should be
highly correlated, with non-concordance enabling the recognition of
compromised samples (Preece & Penkman, 2005). This operculum from East
Hyde showed this non-concordance and so was rejected from the dataset.

The pattern of protein degradation with time is slightly different for the
opercula of Bithynia troschelii compared to that of the B. tentaculata opercula.



Amino acid racemisation is governed by the original protein sequence and
conformation. Whilst developing the research into closed-system protein
degradation it became clear that the reaction rates were species-specific,
even in the intra-crystalline fraction. This necessitates the comparison of
amino acid data only within a single species, meaning that the Bithynia
troschelii data cannot be directly compared to the B. tentaculata data. Whilst
analyses at NEaar have shown that the differences in amino acid composition
and protein decay patterns between the B. tentaculata and B. troschelii
opercula are negligible (Penkman et al., submitted 2006), direct comparison
of the data between these two species should not yet be undertaken. As B.
troschelii opercula were analysed only from the Barling Gravel, all the age
interpretation made in this study is based on the B. tentaculata dataset.

Aspartic acid / Asparagine (Asx)

Asx is one of the fastest racemizing of the amino acids discussed here (due to
the fact that it can racemize whilst still peptide bound; Collins et al., 1999).
This enables good levels of resolution at younger age sites, but decreased
resolution beyond MIS 7.

The values of Asx D/L for the Free and Hyd samples for East Mersea
Restaurant Site are the lowest in this set of samples, consistent with a
correlation with the Ipswichian.

The D/L values for the other sites fall within the range of that expected from
MIS 9 and MIS 11 material (Fig. 3).

There is overlap between the Asx D/L data from MIS 9 and MIS 11 sites (Fig.
3, first two columns in each graph), due to the plateauing of the increase in
D/L at these timescales. This therefore makes discrimination to an interglacial
level difficult using this amino acid. However, the data from Apton Hall Farm
and the Barling Gravel fall at lower values, with Bradwell Hall tending to yield
higher ratios. The spread of data from Barling Gravel is quite high, with one
sample (BaGBto4, NEaar 3822) falling at higher values than the rest of the
cluster from that site.

0.85 0.80

0801 o 0.75

AT ILIRC R B,

D/L

0.70
0.60

0.65

0.55
0.60 Asx bH
Asx bF i 0507 &

0.55 0.45

MI‘S MI‘S A}‘-IF B;G B;G B‘H El(ﬂ 3'13 S"IA EI‘—I? EI—;9 M;S MiS A‘HF B‘aG B‘aG éH E;\/I 3'13 S‘14 E‘H7 E}-‘IQ
9 1 tr 9 1" tr

Figure 3: D/L values of Asx for the Free amino acid (FAA; bF; left) and Total
Hydrolysable amino acid (THAA; bH*; right) fraction of bleached (intra-crystalline)
Bithynia opercula from Apton Hall Farm (AHF), Barling Gravel (BaG), Bradwell Hall
(BH), East Mersea Restaurant site (EM), Shoeburyness borehole 13.9m (S13),
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Shoeburyness borehole 14.42 m (S14), East Hyde borehole, 7.55 m(EH7) and East Hyde
borehole, 9.2m (EH9). The species of Bithynia analysed from all sites is B. tentaculata,
but B. troschelii is also analysed from Barling Gravel (BaG tr). The data for other MIS
9 sites (including Purfleet, Cudmore Grove and Grays) and MIS 11 sites (including
Swanscombe, Ebbsfleet, Woodston, Clacton, Elveden, Beeches Pit and Hoxne) have also
been plotted for comparison. For each site, the base of the box indicates the 25th
percentile. Within the box, the solid line plots the median and the dashed line shows the
mean. The top of the box indicates the 75th percentile. Where more than 9 data points
are available, the 10" and 90" percentiles can be calculated (shown by lines below and
above the boxes respectively). The results of each duplicate analysis are included in
order to provide a statistically significant sample size. Note different scales on the y-
axes.

The plot of Free to Hyd data from each sample can also be used as a relative
timescale, with younger samples falling towards the bottom left corner of the
graph and older samples falling towards the upper right corner, along the line
of expected decomposition. The data from the Medway samples have been
plotted in this way (Fig. 4), along with data from two relevant sites (enclosed
symbols), that of Clacton (MIS 11) and Cudmore Grove (MIS 9). ltis clear
from this plot that the natural variability within the data does not allow a clear
distinction of any of the sites except the East Mersea Restaurant site.

The Free Asx values for EH9.2Bto1 (NEaar 3734) are similar to that from the
other samples from this site. However, the values obtained from the Hyd
fraction are much lower than expected. When the Free to Hyd graph is
plotted (Fig. 4), this sample falls significantly off the expected line. This
suggests that this operculum’s closed system had been compromised.
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Figure 4: D/L Hyd vs D/L Free for Asx in Medway Bithynia opercula, compared to
Clacton and Cudmore Grove samples and the trendline observed for fossil samples (in
blue). Note the abnormal DL ratios for one of the East Hyde borehole 9.2m samples.

Glutamic Acid/Glutamine (Glix)

Glx is one of the slower racemizing amino acids discussed here and so the
level of resolution from young sites is less than that seen with faster
racemizing amino acids such as Asx. However, the low levels of racemization
do help discriminate between material of MIS 9 and MIS 11 age. It is
noteworthy that GIx has a slightly unusual pattern of racemization in the free
form, due to the formation of a lactam (see Walton, 1998). This results in
difficulties in measuring GIx in the Free form, as the lactam cannot be
derivitized and is therefore unavailable for analysis.

The values of Glx D/L in the Hyd fraction for East Mersea Restaurant site are
significantly lower than those observed for the other samples in this study,
and are consistent with a correlation with the Ipswichian.

The 90% confidence limits of the data presented for the MIS 9 and MIS 11
sites in Fig. 5 do not overlap, therefore it should be possible to discriminate
between sites of these ages with enough samples. However, for the Hyd
fraction much of the Medway dataset falls between these two intervals,
indicating that the samples fall either late within MIS 11, or early within MIS 9.
The extremes of these interglacials can be demonstrated by comparison with
two sites in particular, that of Clacton, which is believed to have been
deposited early within MIS 11, and that of Cudmore Grove, which is proposed
to represent sediments laid down late within MIS 9 (Fig. 6).

Bradwell Hall seems to have the highest values in both the Free and the Hyd
fractions, and so is likely to correlate with MIS 11.
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Figure 5: D/L values of Glx for the Free amino acid (FAA; bF; left) and Total
Hydrolysable amino acid (THAA; bH*; right) fraction of bleached (intra-crystalline)
Bithynia opercula from the Medway sites and for the database of MIS 9 and MIS 11

material. For a full description of this figure see the legend for Figure 3.
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Both the Free and Hyd GIx values for sample EH9.2Bto1 are abnormally low
and fall off the expected line, indicative of compromised material (Fig. 6).
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Figure 6: D/L Hyd vs D/L Free for Glx in Medway Bithynia opercula, compared to
Clacton and Cudmore Grove samples and the trendline observed for fossil samples (in
blue). Note the abnormal DL ratios for one of the East Hyde borehole 9.2m samples.

Serine (Ser)

Serine is one of the most unstable amino acids, with fast rates of racemisation
and decomposition. This results in highly variable data and limits its
usefulness in discriminating between sites at the timescales in this study.
However, whilst the degree of racemization observed in the samples from MIS
9 and MIS 11 sites is uninformative in separating them, they do tend to fall at
higher values than that of the East Mersea Restaurant Site (Fig. 7). One of
the Bradwell Hall samples (BHBto3, NEaar 3733) has very low values but
variable replicates, so the Ser data from this sample needs to be treated with
caution.
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Figure 7: D/L values of Ser for the Free amino acid (FAA; bF; left) and Total
Hydrolysable amino acid (THAA; bH*; right) fraction of bleached (intra-crystalline)
Bithynia opercula from the Medway sites and for the database of MIS 9 and MIS 11
material. For a full description of this figure see the legend for Figure 3.

Alanine

Alanine (Ala) is a hydrophobic amino acid, whose concentration is partly
contributed from the decomposition of other amino acids (notably Serine).
Ala racemises at an intermediate rate, so is one of the amino acids that may
help distinguish samples at these timescales.

Again, the East Mersea Restaurant Site is easily separable from all the other
sites (Fig. 8), with ratios consistent with a MIS 5e correlation.

The highest Ala D/Ls are obtained from the Bradwell Hall site, making this site
again likely to be of MIS 11 age. The Barling Gravel samples yield some of
the younger ratios within this group, which may be interpreted as likely to be
of MIS 9 age. Apton Hall Farm also appears to have ratios consistent with
MIS 9. The intermediate values of the other sites make it difficult to determine
whether they fall late within MIS 11 or early within MIS 9.
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Figure 8: D/L values of Ala for the Free amino acid (FAA; bF; left) and Total
Hydrolysable amino acid (THAA; bH*; right) fraction of bleached (intra-crystalline)
Bithynia opercula from the Medway sites and for the database of MIS 9 and MIS 11
material. For a full description of this figure see the legend for Figure 3.
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When the Free to Hyd graph is plotted (Fig. 9), the EH9.2Bto1 sample falls at
lower values than expected. The Bradwell Hall samples have the highest
values within the MIS 9/11 group, with the Barling Gravel samples falling
lowest.
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Figure 9: D/L Hyd vs D/L Free for Ala in Medway Bithynia opercula, compared to
Clacton and Cudmore Grove samples.

Valine (Val)

Valine has extremely low rates of racemisation, and so is one of the more
useful amino acids for age discrimination within material of this age.

The East Mersea Restaurant site yields the lowest Val D/L values in both the
Free and the Hyd fraction (Fig. 10), consistent with a correlation with MIS 5e.
The other sites again fall within the range of MIS 9 and MIS 11 sites (Fig. 10).
The Apton Hall Farm and Barling material have the lowest ratios, indicating a
MIS 9 age. Bradwell Hall has the highest ratios, which make it more likely
that these represent MIS 11 samples. The Shoeburyness and East Hyde
samples again have intermediate ratios, at the lower end of the MIS 11 values
and the higher end of the range of MIS 9 values. This therefore indicates that
they either fall towards the end of the MIS 11 interglacial or at the beginning of
the MIS 9 interglacial.
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Figure 10: D/L values of Val for the Free amino acid (FAA; bF; left) and Total
Hydrolysable amino acid (THAA; bH*; right) fraction of bleached (intra-crystalline)
Bithynia opercula from the Medway sites and for the database of MIS 9 and MIS 11
material. For a full description of this figure see the legend for Figure 3.

The Free to Hyd plot of Val D/L separates out the sites of Clacton and
Cudmore Grove distinctly (Fig. 11). Whilst the East Mersea restaurant site
plots at significantly lower values, consistent with an Ipswichian age, the other
Medway sites fall between Cudmore Grove (MIS 9) and Clacton (MIS 11).
The Barling and Apton Hall Farm samples tend to fall closer to Cudmore
Grove, indicating a MIS 9 age. The Bradwell Hall data has the highest values
within the Medway dataset and fall closest to the Clacton data, indicating that
this site is likely to be of MIS 11 age.
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Figure 11: D/L Hyd vs D/L Free for Val in Medway Bithynia opercula, compared to
Clacton and Cudmore Grove samples and the trendline observed for fossil samples (in
blue).

The same problematic sample from East Hyde borehole 9.2m, identified for
Asx, Glx and Ala, is also seen to a lesser extent with divergence in the DL
ratios of Val, further confirming that this sample is compromised.

[Serine]/[Alanine]

The ratio of the concentrations of Serine and Alanine provides a useful tool for
age estimation. Serine is a very unstable amino acid, and it can degrade via
dehydration into alanine (Bada et al., 1978). As the protein within a sample
breaks down, the concentration of serine will decrease with an increase in the
concentration of alanine, thus the [Ser]/[Ala] value will decrease with
increasing time. In order to ease the interpretation, the y-axes in Fig. 12 are
plotted in reverse, so that the direction of increase in protein degradation is
the same as for the racemisation graphs.

The samples from the East Mersea Restaurant site fall at higher (and
therefore less degraded) values than for the other sites. The second replicate
analysis of one of the East Mersea Hyd samples (EMR3Bto5, NEaar 3821)
has lower Ser concentrations than the first replicate, and therefore falls at
lower values than the other samples; it is likely that this is due to an analytical
problem and the first analysis is probably correct.

Interestingly the B. troschelii data from Barling falls at lower values, although
this is likely to be due to the slight differences in protein composition between
the two species analysed here.

On the basis of the [Ser]/[Ala], it is very difficult to separate these sites out on
basis of age, other than to say that they are all likely to be of MIS 9 or MIS 11
age.
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Figure 12: [Ser]/[Ala] for the Free amino acid (FAA; bF; left) and Total Hydrolysable
amino acid (THAA; bH*; right) fraction of bleached (intra-crystalline) Bithynia
opercula from the Medway sites and for the database of MIS 9 (represented by
Cudmore Grove) and MIS 11 (represented by Clacton) material. For a full description
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of this figure see the legend for Figure 3. The y-axes for the [Ser]/[Ala] data are plotted
in reverse, so that the direction of increased protein degradation for each of the
indicators remains the same.

In the Free vs Hyd plot (Fig. 13) the large spread of data in the Barling
samples is evident — the two outliers being sample BaGBto2 (NEaar 3741)
lying at younger values and BaGBto4 (NEaar 3828) lying at older values. The
Apton Hall Farm samples plot close to the Cudmore Grove samples,
indicating a MIS 9 age. The compromised sample EH9.2Bto1bF plots clearly
away from the other samples at much higher [Ser]/[Ala] values than expected.
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Figure 13: [Ser]/[Ala] Hyd vs D/L Free in Medway Bithynia opercula, compared to
Clacton and Cudmore Grove samples. As the [Ser]/[Ala] value decreases with
increasing protein decomposition, the axes of this plot has been reversed so that the
direction of protein decomposition is the same as that for the D/L graphs, with younger
samples falling to the bottom left corner and older samples falling to the top right corner
of the graph.

Discussion

East Hyde borehole compromised sample

Sample EH9.2Bto1bF (NEaar 3734) from East Hyde borehole, 9.2m, has
abnormally low levels of protein degradation in the Hyd fraction compared to
that of the Free fraction, indicative of a compromised system. The data from
this sample has therefore been rejected from the analyses. There are
significant indications that the integrity of the closed system of intra-crystalline
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protein has been compromised in some way. Therefore no age estimation
can be made from this sample.

If the sample had been contaminated by microbial action or undergone
recrystallisation during its burial history, then the Free to Hyd values of one or
more of the amino acids will not match. When the Hyd ratios are compared to
the Free ratios from the same sample, they fall clearly well out of the range of
any operculum or shell yet analysed (Figs. 4, 6 & 13). If the amino acids are
contained within a closed system the relationship between the Free and the
Hyd would be highly correlated, as evidenced by the tight clustering of Free to
Hyd ratios observed for the other opercula (Penkman, 2005; Preece &
Penkman, 2005). That these samples plot well away from these general
trends is an indication that post-mortem protein contamination or leaching has
occurred.

In the case of the single Bithynia tentaculata opercula from East Hyde
borehole, 9.2m, the original amino acid composition has clearly been
compromised and no age assignment is possible for these samples. The tight
correlation of the Free to Hyd ratios allows this alteration to be recognised,
and therefore data from the opercula to be rejected. Analysis of just one of
these fractions could lead to an erroneous age assignment, without
recognition of the composition discrepancies. It is therefore essential that any
amino acid analysis is conducted on both the Free and the Hyd fractions from
the same sample, and that age correlations using amino acids are not made
on the basis of single samples.

The Free amino acid levels from this sample indicate far more protein
decomposition than the Hyd amino acids from the SAME shell. One possible
explanation for high Free and low Hyd values is corrosion. If dissolution was
the cause then the Free values would be as high or higher than in a reliable
sample, whilst the Hyd values would be depressed, as observed in this
material.

Comparison with other sites

The analysis of the closed system of protein within shells allows a new
concept of age estimation to be developed, which incorporates multiple amino
acid data to give a single measure of the overall extent of protein breakdown
within a sample. This measurement, the Intra-crystalline Protein Degradation
value (IcPD, formerly DMK) simplifies the presentation of the data to two
compound values for each sample, one for the Free and one for the
Hydrolysed amino acids. As these should be highly correlated, they can be
cross-plotted, giving an aminostratigraphic framework with younger samples
lying at low values and older samples with higher values, given a similar
temperature history for all the sites. A study has been undertaken of
interglacial sites within the UK which has allowed the tentative correlation of
the aminostratigraphic framework to the Marine oxygen Isotope stage (MIS)
record (Penkman, 2005).
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On the basis of the relative D/L values and concentrations (Appendix 4; Fig
14) the amino acid data from the opercula from East Mersea Restaurant site,
when compared with unpublished values from Quaternary sites within the UK
(Penkman, 2005) are consistent with an age assignment within MIS 5e. The
amino acid data from the opercula from the other Medway sites are all
consistent with an age assignment between MIS 9 and MIS 11. ltis likely that
the material from Barling and Apton Hall Farm is of MIS 9 age, and that
Bradwell Hall is of MIS 11 age. The samples from Shoeburyness and East
Hyde fall between the ranges of these two interglacials, and so are likey to
correspond to either an early part of MIS 9 or a late part of MIS 11.
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Figure 14: Hyd vs Free for DMKv2.0GIx in Bithynia tentaculata opercula from the
Medway, along with data from Cudmore Grove and Clacton. The error bars represent
the range of data observed in UK sites correlated with MIS Sa-11 and within the
Cromerian.

Temperature effects on protein degradation

Using modelled protein degradation, it is possible to use estimates of
temperature variation in the UK (based here on a combination of long marine
and ice core data and terrestrial palaeoclimatic estimates) to produce a curve
which illustrates the increase in the IcPD value (i.e. extent of intra-crystalline
protein degradation) with time. For example, in Fig. 15, a temperature model
for a particular site is estimated by interpreting the evidence from two global
climate records, at different offset temperatures. @ Models of protein
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decomposition, based upon those presented in Collins and Riley (2000), is
run with this temperature estimation. A stepwise increase in the predicted
IcPD is observed (Fig. 15): the rate plateaus in the glacials and rises rapidly in
the interglacials, as the activation energies of all the key reactions are in the
region of 100-130 kJ mol™. In the Quaternary it is predicted that during the
cold stages little or no racemisation will have occurred in pleniglacial
sediments as found in the UK, whereas in warm stages the increase in

temperatures will have had a significant impact on the rate of racemisation.
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Figure 15: Example of the output from the IcPD model. The upper diagram shows two
different temperature records: a benthic stack (a: Karner, 2001) and an Antarctic ice
core (b: Augustin et al., 2004). The lower diagram illustrates the effect of the two
temperature records on the predicted IcPD. The stepped nature of the increase in
racemisation with age is caused by the much faster rates of racemisation in warm than
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in cold stages. Also observe that the ability to discriminate between isotope stages
declines with time, because of the tendency for the reaction to slow (believed to be due to
a restriction in available water for hydrolysis). As can be seen, the selection of both the
temperature record and the offset temperature can have a significant effect on the
extent of the IcPD, and hence any absolute age predictions. It is for this reason that the
amino acid results presented are purely in an aminostratigraphic form.

Using the thermal models leads to a greater understanding of the sensitivity of
the IcPD to subtle changes in temperature and also to the range of values that
can plausibly be considered to belong to a single isotope stage. However, the
determination of absolute dates is highly dependent on the accuracy of the
temperature record, and at this stage is not good enough to be used to
determine absolute age estimates from amino acid racemisation data. The
models are presented here in order to demonstrate the difficulties of
distinguishing samples from the end of one interglacial from the beginning of
the following interglacial.

The mechanism of the protein breakdown reactions means that increased
degradation occurs during warm stages and there is a slowing in the rates of
degradation in cold stages. As so little decomposition occurs in the cold
stages, and there is a degree of natural variability in biological samples, it can
be difficult to discriminate the end of one warm stage from the beginning of
the next. Additional information from these sites would be extremely useful in
narrowing down the range of ages possible from the amino acid data alone.
In several cases environmental or other data from sites have constrained the
time period of a site to early or late within an interglacial, enabling the amino
acid data to then pin it to a specific MIS.

Conclusions

Out of the 37 Bithynia tentaculata opercula samples analysed in this study,
only 1 did not enable relative age estimations to be determined. The one
operculum sample analysed from East Hyde borehole 9.2m (EH9.2Bto1,
NEaar 3734) showed that the intra-crystalline fraction of protein had been
compromised at some point during the burial history of the sample. This is an
extremely unusual occurrence with this material, which has been found to be
a particularly robust repository for the original protein, with a normal success
rate of recovery of ~97%.

Age of the sites

In this study the amino acid data has been used as a relative dating technique
to present an aminostratigraphy for the area in question. The conversion of
relative sequences into absolute dates and accurate correlation between
different areas is currently being undertaken, but preliminary correlations have
been made to the MIS record.

In order of youngest to oldest we would place the sites as follows:
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East Mersea Restaurant site: has significantly lower protein decomposition
that any of the other sites analysed in this study. The amino acid data from
this site is similar to that obtained from other Ipswichian (MIS 5e) sites
(including Bobbitshole, Trafalgar Square, Coston, Shropham, Tattershall
Castle, Cropthorne New Inn, Eckington and Itteringham).

Data from all the other sites fall within the range of MIS 9 sites (such as
Grays, Cudmore Grove, Hackney and Purfleet) and MIS 11 sites (including
Hoxne, Swanscombe, Ebbsfleet, Elveden, Woodston, Barnham and Beeches
Pit). The levels of natural variability within the samples and the low level of
protein breakdown observed in cold stages limits the interpretation of the
data. However, tentative conclusions can be drawn to attempt to separate out
these sites.

It appears that Apton Hall Farm and Barling form the youngest samples of
this group and are therefore likely to correlate with MIS 9. The pollen
correlation of the Apton Hall site indicates that these sediments were
deposited in an early phase of an interglacial, which makes a MIS 9 age far
more likely than an early MIS 11 age.

It is noted that the Barling dataset had a greater variability than observed in
the other sites.

The opercula from Shoeburyness and East Hyde have intermediate values,
and therefore are likely to derive from interglacial sediments that were formed
either late within MIS 11 or early within MIS 9. The opercula from
Shoeburyness were taken from a pre-oak pollen zone, correlated with the
beginning of an interglacial, with birch and pine pollen dominant (Roe, 1999).
In conjunction with this, the amino acid results would therefore suggest a
correlation with early MIS 9 rather than early MIS 11. However, the levels
sampled at East Hyde contain pollen correlated with a later temperate zone 3
(Roe, 2001). The amino acid data would therefore support an age for this
deposit late within MIS 11.

The samples from Bradwell Hall seem to have the greatest extent of protein
degradation within the sample set. It is likely that these samples correlate
with MIS 11, confirming the suggested geological correlation with the
Tillingham Channel at East Hyde.

Further information on the sites under study may help resolve the amino acid
age determinations further.
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Appendix 1: Glossary

18MQ water: The water has a resistivity of 18MQ/cm, indicating a lack of
ions.

HPLC grade water: In addition to low ion content, HPLC grade water has a
low organic content (typically < 2 ppb).

Amino acids: the building blocks of proteins and consist of an alpha carbon
atom (C,) which has four different groups bonded to it: an amino group (-NHy),
a carboxyl group (-COOH), a hydrogen atom (-H), and a side chain, (often
called an R group). About 20 amino acids normally occur in nature and some
of these can undergo further modification (eg the hydroxylation of proline to
hydroxyproline). The amino acids are commonly known by three letter codes
(see Appendix 3: Abbreviations). They exist free in the cell, but are more
commonly linked together by peptide bonds to form proteins, peptides, and
sub-components of some other macromolecules (eg bacterial peptidoglycan).

Amino acid isomers: amino acids occur as two stereoisomers that are
chemically identical, but optically different. These isomers are designated as
either D (dextro-rotary) or L (laevo-rotary) depending upon whether they
rotate plane polarised light to the right or left respectively (Fig 6). In living
organisms the amino acids in protein are almost exclusively L and the D/L
ratio approaches zero. Two amino acids, isoleucine and threonine, have two
chiral carbon atoms and therefore have four stereoisomers each. As well as
racemization, these two amino acids can undergo a process known as
epimerization. The detection of the L-alloisoleucine epimer (derived from L-
isoleucine) is possible by conventional ion-exchange chromatography, and
was thus the most commonly used reaction pathway in geochronology.

Asx: Measurements of aspartic acid following hydrolysis also include
asparagines, which decomposes to Asx. This combined signal of aspartic acid
plus asparagine (Asp +Asn) is referred to as Asx (Hill, 1965).

D-amino acid: dextrorotary amino acid, formed following synthesis of the
protein as it degrades over time (remember as “dead amino acid”).

IcPD: Intra-crystalline Protein Degradation. This is the measure of the overall
extent of protein breakdown in the closed system of the intra-crystalline
fraction of a shell. Conventional racemization analysis tends to report an
allosioleucine / isoleucine (A/l or D/L ratio). This amino acid ratio has the
advantage of being relative easy to measure and also sufficiently slow to be
used to “date” sediments in the European Quaternary.

Our IcPD approach utilises multiple amino acids. However we have avoided
trying to give a whole series of D/L values for each amino acid in each
sample. Instead we are using a theoretical model of protein degradation. The
model outputs are then used to compare observed D/L values of any amino
acid against the A/l value at the same stage of protein decomposition. The
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relative rate of racemization of any amino acid (its DL ratio) is then reported
as an A/l equivalent - which as a working title we have named the Intra-
crystalline Protein Degradation value (or IcPD) (Collins Penkman and
Kaufman in prep).

Instead of getting a single A/l ratio we obtain a series of (IcPD) values,
currently IcPD asx, ICPD g, ICPD phe, ICPD aja, ICPD va. Other ratios, notably
IcPD ser, are not currently of implemented in the model — ie we don’t have a
good degradation model for this amino acid yet.

Because each amino acid has its own particular characteristics, only in a well
behaved system will IcPD Asx — |CPD(3|U = |CPDphe = |CPDA|a = |cPD Val- If an
amino acid has an unusually low ratio (due to modern contamination) or
unusually high racemization (due to inclusion of bacterial cell wall
contaminants) either some or all of the amino acids will no longer fit to the
idealized degradation model. Indeed we can use elevation of IcPDasx = IcPD
cu and = IcPD aja to provide a bacterial contamination index. We have not
done so in this case as there was no evidence of contamination.

IcPD values: Intra-crystalline Protein Degradation value, a summary value
obtained from multiple amino acid D/L values from a single sample all
normalised to a common model of protein degradation and racemization.

Enantiomers / optical isomers: mirror image forms of the same compound
that cannot be superimposed on one another.

Epimerisation: the inversion of the chiral a-carbon atom.
Free amino acid fraction: The fraction of amino acids directly amenable to
racemization analysis. Only amino acids which have already been naturally

hydrolysed (over time) are measured. These are the most highly racemized
amino acids.

mineral

‘ Free amino acids

mineral

Total amino acids

Hydrolysis: A chemical reaction involving water leading to the breaking apart
of a compound (in this case the breaking of peptide bonds to release amino
acids).
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L-amino acid: laevorotary amino acid, the constituent form of proteins
(remember as “living amino acid”).

Peptide bond: an amide linkage between the carboxyl group of one amino
acid and the amino group of another.

Racemization: the inversion of all chiral carbon atoms, leading to the
decrease in specific optical rotation. When the optical rotation is reduced to
zero, the mixture is said to be racemized.

Stereoisomers: molecules of the same compound that have their atoms
arranged differently in space.

Total amino acid fraction: The extent of racemization of all amino acids in a
sample, determined following aggressive high temperature hydrolysis with
strong mineral acid, which has the effect of breaking apart all peptide bonds
so that the total extent of racemization in all amino acids both free and peptide
bound are measured.

Zwitterion: A dipolar ion containing ionic groups of opposite charge. At
neutral pH the ionic form of amino acids which predominates is the zwitterions

What does the date estimated from IcPD mean?

The date is our best estimate based upon the temperature history of the site.
If we wanted to constrain this further we would need reliable independent
dates. There are considerable differences in racemization rates between
different molluscs. This reflects differences in rates of decomposition of
proteins within the shell — the so-called species effects (Lajoie et al, 1980).
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Appendix 2

Past Use of Amino Acid Racemization Dating.

The presence of proteins in archaeological remains has been known for some
time. Nearly fifty years ago Abelson (1954) separated amino acids from
subfossil shell. He suggested the possibility of using the kinetics of the
degradation of amino acids as the basis for a dating method (Abelson, 1955).
In 1967 Hare and Abelson measured the extent of racemization of amino
acids extracted from modern and sub-fossil Mercenaria mercenaria shells
(edible clam). They found that the total amount of amino acids present in shell
decreased with the age of the shell. The amino acids in recent shell were all in
the L configuration and over time the amount of D configuration amino acid
increased (Hare and Abelson, 1967). However, even after 35 years this
method of dating is still subject to vigorous debate, with the application of
AAR to date bone being particularly controversial (Bada 1990; Marshall 1990).
Maijor reviews of AAR include: Johnson and Miller (1997), Hare, von Endt,
and Kokis (1997), Rutter and Blackwell (1995), Murray-Wallace (1993), Bada
(1991) and Schroeder and Bada (1976). Racemization is a chemical reaction
and a number of factors influence its rate (Rutter and Blackwell, 1995). These
include: amino acid structure, the sequence of amino acids in peptides, pH,
buffering effects, metallic cations, the presence of water and temperature. To
establish a dating method the kinetics and mechanisms of the racemization
(and epimerization) reaction of free and peptide bound amino acids need to
be established. To this end various workers in the late 1960s and the 1970s
studied free amino acids in solution and carried out laboratory simulations of
post mortem changes in the amino acids in bone (Bada, 1972) and shell
(Hare and Abelson, 1967; Hare and Mitterer, 1969). Attempts have also been
made to relate the kinetics of free amino acids, with those in short
polypeptides and the proteins in various archaeological samples (Bada, 1982;
Smith and Evans, 1980).

The ability of this technique to be used as a geochronological and
geothermometry tool has led to its use in many environmental studies, with
research into AAR in terrestrial gastropods (Goodfriend, 1991; 1992), bivalves
(Goodfriend and Stanley, 1996), foraminifera (Harada et al, 1996), ostrich egg
shells (Miller et al, 1992; 1997) and speleothems (Lauritzen, 1994). Studies
within UK deposits have been based on early methods of chemical
separation, using lon-Exchange liquid chromatography, able to separate the
enantiomers of one amino acid found in proteins, L-isoleucine (L-lle, I), from
its most stable diastereoisomer alloisoleucine (D-aile, A). By analysing the
total protein content within marine (Bowen & Sykes, 1988) and non-marine
mollusc shells (Bowen et al., 1989) from UK interglacial sites, an amino acid
geochronology was developed using the increase in A/l, correlating with the
marine oxygen isotope warm stages.
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Appendix 3

Abbreviations used in this report

Abbrev
Ala
Arg
Acn
AA
Asn
Asp
Asx
Asu
Cys
DCM
GABA
GIn
Glu
Gly
His
HPLC
Hyp
IBD(L)C
lle
Leu
Lys
MeOH
Met
Nle
OPA
Orn
Phe
Pro
Ser
Thr
Trp
Tyr
Val

1-letter code number of chiral centres

A
R

(@)

ToOMmMmPO

= R

<<s-HwnTm

1
1

PR o S GREN

A AN

Alanine

Arginine

acetonitrile

Amino acid(n)
Asparagine

Aspartic acid
Asparagine + Aspartic acid + succinimide
Succinimide

Cysteine
Dichlormethane
y-Aminobutyric acid
Glutamine

Glutamic acid

Glycine

Histidine
High-Performance Liquid Chromatography
Hydroxyproline
N-Isobutyryl-D(L)-Cysteine
Isoleucine

Leucine

Lysine

Methanol

Methionine

Norleucine
ortho-Phthaldialdehyde
Ornithine
Phenylalanine

Proline

Serine

Threonine

Tryptophan

Tyrosine

Valine

29



vevl
cavl
0081
.61
€LEl
€9€1
00ce
L0cc
1991
vSLL
108l
091
891
9691
28l¢
a8le
68Y1L
[4ci4%
€0€c
oLle
1991
6991
1681
6881
l6cl
Locl

9101
€9€L
7961
6.¥¢
l6L1
2019
¢s8¢
Lice
8GlL1
g6yl
GaSe
19€e
9gcl
129l
¢599¢
08¢¢
1901
8€G1
6lce
¥S0€
v6lL
L09)
(45214
clve
LGel
Lvcl

169
€09
929
801
0¢s
vES
c08
188
8L/
68/
G29
S6S
619
129
680}
/88
969
1G9
G.6
816
S0.
80/
9E9
99
[%%%
4474

YAZ4
[AT4
ovsl
9€8|
vee
6€¢
68¢¢
08ce
96¢
88¢
7181
6291
YAZ4
89¢
1191
€¢0¢
9¢6¢
cle
1881
06lc
G6¢
v6¢
Lel)
891
6lc
6lc

8161
G961
¥65¢
0S6¢
1291
1891
98¢
€68¢
aeve
99¢
GG/l¢
9€G¢e
12974
cece
LOvE
9EYe
6€le
lLcle
€09¢€
6v9€
9lee
G0€C
6v9¢
169¢
€961
oSl

E|
E|
%I
%I
4
4
%I
«H
E|
E|
«H
«H
E|
E|
«H
«H
E|
E|
«H
*I
E|
E|
«H
«H
E|
E|

Bw/jowd PHwjowd HBwy/owd Bwjowd BHwy/owd adA]

2U0D Bl 0UO0D A| OUOD JBG DUOD X|S) DUOD XSY

(81) <G> G0 ‘[oAelD Buieg

(81) <G> G0 ‘[oAelD Buieg

(81) <G> G0 ‘[onei Buieg

(81) <G> G0 ‘[onei Buieg

(81) <G> G0 ‘[oAelo Buipeg

(81) <G> G0 ‘[onelo Buieg

<V€> G0 dHdV ‘eloyaioq w.ed |leH uoydy
<V€> G0 dHdV ‘e|0ysi0q w.ed |leH uoydy
<VE> G0 dHdV ‘ejoyaioq w.ed |leH uoydy
<VE> G0 dHdV ‘e|0yai0q w.ed |leH uoydy
<V€> G0 dHdV ‘e|0ysi0q w.ed |leH uoydy
<V€> G0 dHdV ‘@|0yai0q w.ied |leH uoydy
<V€> G0 dHJV ‘8|0ysi0q w.ed |leH uoydy
<V€> G0 4HdV ‘@loysi0q w.ed |leH uoydy
<V€> G0 4HJV ‘@j0ysi0q w.ed |leH uoydy
<V€> G0 4HdV ‘@|0ysi0q w.ed |leH uoydy
<V€> G0 4HdV ‘@joysioq w.ed |jeH uoydy
<VE> G0 dHdV ‘@|oysioq w.ied |leH uoydy
<V€> G0 4HdV ‘@joysioq w.ied |leH uoydy
<V€> G0 dHdV ‘eloyaioq w.ed |leH uoydy
<V€> G0 dHdV ‘eloyaioq w.ed |leH uoydy
<V€> G0 dHdV ‘ejoyaioq w.ed |leH uoydy
<V€> G0 dHdV ‘ejoyaioq w.ed |leH uoydy
<V€> G0 4HdV ‘ejoysioq w.ed |leH uoydy
<V€> G0 dHdV ‘e|oyaioq w.ed |leH uoydy
<V€> G0 4HdV ‘e|0ya.0q w.eH |leH uoydy
uoleoo|

wnnoJado
wnnoJado
wnjnaJado
wnjnaJado
wnjnaJado
wnjnaJado
wnnoJado
wninoJado
wnnoJado
wnnoJado
wninoJado
wnnoJado
wnnoJado
wnnoJado
wnnoJado
wnnoJado
wnnoJado
wnnoJado
wnnoJado
wnjnalado
wnjnalado
wnnoJado
wnnoJado
wnnoJado
wninoJado
wninoJado

s|euslew

eje|noejus)
e)e|noejus)
eje|noejus)}
eje|noejus)}
eje|noejus)}
eje|norus)}
eje|norjus)}
eje|noejus]}
eje|noejus]}
eje|noejus]}
eje|noejus]
eje|noejus]}
eje|noejus]
eje|noejus]
eje|noejus]
eje|noejus]
eje|noejus)
e)e|noejus)
e)e|noejus)
eje|noejus)
eje|noejus)
eje|norjus]}
eje|norjus]}
eje|norjus]}
eje|noejus]}
eje|norjus]}

sal0adg

eluAyg
eluAyig
eAyng
eAyng
eAyng
eAyng
elwhyug
ewhlyng
ewhyng
ewhyng
ewhyng
ehyng
eluAyg
eluAyg
eluAyg
eluAyg
eluAyng
eluAyg
eluAyg
eluAyng
eluAyng
ewhyug
ewhyug
ewhyug
ewhyng
ewhyug
snua9

9991-8€¢9
0€91-8€¢O
¥G9¢-8€2¢O
Y¥92-8€2¢O
£1G0-8€¢9
8060-8€¢O
968€-7¥2¢O
888€-7¥CO
¥9G¢-¥¥2¢O
9GGC-¥¥2¢O
S6.E-VVCO
181€-¥¥2O
€9VC-v¥CO
SGYC-vv2O
¥0€0-0¥2¢O
G0€0-6€CO
G9G1-8€2O
6251-8€¢O
€0¢0-0¥¢9
¥020-6€2¢9
Y9¥1-8€2O
8¢¥1-8€¢O
€GG¢-8€¢O
€1¥G¢-8€¢O
G1¥0-8€CO
90¥0-8€¢O

SlE|

491v.€
491v.€
«HA0V.E
«HA0V.E
490¥.€
490¥.€
«HA.28¢€
«*HA.28€
49.2¢28¢€
49.2¢28¢€
«HA9¢8¢€
«HA9¢8¢€
499¢28¢
499¢28¢
+HA6ELE
+HA6ELE
496€.€
496€.€
«HA8ELE
«HA8ELE
498€.€
498€.€
«HALELE
«HALELE
49.2€.€

49.€/¢
JeeaN

Aempaj\ wou} sjeays ejeq
¥ Xipuaddy

30



8¢le
091€
€651
0/S1
Sovl
16G|
LLLL
¢601
08¢
Lv8¢
9G€EL
vSEL
68¢€
492
99€¢
€lee
06¢c
9vee
ocrl
18€l
2c9€e
¥0€C
8611
125192
6€CC
2°1%4
344"
611
veee
8.1¢

6119
€99
C1a74%
9€0¢
6€91
G00¢C
119

€€8

L26v
19€G
€86

c6eL
0Ly
0809
6lce
c06¢
Lvly
L1GY
66€1
981
AVA4
6/8%
Yorl
6¢vl
0¢6e
1G9€
6.0}
€esl
0461
700€

111
898
0cy
ey
Sly
LvS
06€
16€
€89
X4
6v¢
14°1%
€6/
€9/
8¢9
0€9
€29
€19
Sov
G6€
019
18S
ove
ove
€08
8.
1€S
Gas
986
€66

96v¢
86V¢
861
10C
eovl
699}
041
L2
€gle
8€le
€61
S61
6170¢
89€¢
18¢
16¢
L1781
1681
L)
661
ce9l
9891
LG
ol
8091
100C
6v¢
09¢
vyl
€90¢

900¢€
040¢€
S/cl
09¢1
vvee
€vic
86171
G051
YNAT4
1€9¢
LLLL
9/01
16/¢
9¢6e
VL,
8.1
v0€C
68¢¢
SLLL
Gell
Gv0C
90¢
198

608

8G/¢
L10€
128l
Ga8l
¥9.¢
695¢

«H
«H
E|
E|
«H
«H
E|
E|
«H
«H
4
k|
%I
%I
4
E|
«H
«H
E|
E|
«H
«H
E|
E|
«H
%I
E|
4
%I
%I

fwy/owd Hw/owd Bw/owd Bwy/owd HBuwy/owd adA)

2U0D Bl 0UO0D A|© DUOD J8S DUOD X|S) DUOD XSY

1) <G> G0 ‘[eneln Buleg
L) <G> GO ‘[ene.s Buieg
L) <G> G0 ‘|eAein) Buieg
L) <G> G0 ‘|eAein) Buieg
L) <G> GO ‘[ene.9 Buieg
L) <G> GO ‘[ene.9 Buieg
1) <G> G0 ‘|eAeiD) Buieg
L) <G> G0 ‘|eAeiD) Buieg
L) <G> GO ‘[eAe.9 Buieg
L) <G> GO ‘[ene.9 Buieg
1) <G> GO ‘[eAein Buieg
1) <G> S0 ‘|eAe.s Buieg
1) <G> G0 ‘|enels) Buiueg
1) <G> G0 ‘[enels) Buiueg
) <G> G0 ‘[enels) Buieg
) <G> G0 ‘[erels) Bujeg
) <G> G0 ‘[eAels) Bulieg
) <G> G0 ‘[erels) Bulieg
) <G> G0 ‘[erels) Bulieg
) <G> G0 ‘[erels) Bulieg
) <G> GO ‘[ene.9 Buieg
) <G> GO ‘[eAe.9 Buieg
) <G> GO ‘|eAels) Buleg
) <G> GO ‘[ene.9 Buieg
) <G> GO ‘|eneln Buiieg
1) <G> GO ‘[oAelS) Builleg
L) <G> GO ‘|oAels) Bulueg
1) <G> G0 ‘|eAels Bujieg
1) <G> G0 ‘[oAels) Buipeg
81) <G> GO ‘[oAeID) Buieg
uoneso|

8
8
8
8
8
8
8
8
8
8
8
8l
8
8
8l
8l
8l
8l
8l
8l
8l
8l
8l
8l
8l
8l
8l
8
8

(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(

wnnoJado
wnnoJado
wnnoJado
wnnoJado
wnnoJado
wnnoJado
wnnoJado
wnnoJado
wnnoJado
wnnoJado
wnjnaJado
wnnoJado
wnnoJado
wnnoJado
wnnoJado
wninoJado
wnnoJado
wnnoJado
wnnoJado
wnnoJado
wnnoJado
wnnoJado
wnnoJado
wnnoJado
wnjnoJado
wnjnaJado
wnjnaJado
wnjnaJado
wnjnaJado
wnjnaJado

s|eusjew

118Yy2s0.)
118Yy2s0.)
118Y2s04)
118Yy2s0.}
e]e|noe)us]
eje|noejus)
eje|noejus)
eje|noejus)
eje|noejus]
eje|noejus]
eje|noejus]
e)e|noejus)
118Yy2s04)
118Yy2s04)
118Yy2s04)
118Yy2s04)
118Yy2s0.)
118Yy2s0.)
118Yy2s04)
118Yy2s04)
118Yy2s0.}
118Y2s04}
118Y2s04}
118Yaso.}
eje|noejus]
eje|noejus)}
eje|noejus)
e}e|noejus)
e)e|noejus]
eje|noejus)
sal0adg

efyyg
efyug
eufyug
efyug
eluAyg
eluAyg
eluAyyg
eluAyyg
eluAyng
eluAyg
eAyng
ewhyng
ewhyug
ewhyug
ewhyug
ehyyg
ehyug
efyug
ehyug
ehyyg
eluAyig
eluAyg
eluAyg
eluAyg
eluAyyg
eluAyng
eluAyng
eluAyng
euAyng
eAyng
snua9

over-vvco
c6ey-vveoO
896¢-7v2CO
096Z-¥v2O
66LY-¥v2O
L6LY-¥¥CO
1982-¥¥2O
698C-¥2O
1L66E-Y¥2CO
686€-7¥2CO
G99C-v¥ZO
L89C-¥¥2O
60.0-0¥¢9
0120-6€2¢9
0/61-8€¢9
Y€61-8€CO
8090-0%¢9
6090-6€2¢9O
6981-8€2¢O
€€81-8€C¢O
GG/12-8€2CO
G¥.2-8€CO
8190-8€2¢9
6090-8€29O
90S0-0v29O
£0S0-6€¢9
19/1-8€¢9O
L€L1-8€CO
G0¥0-0¥2O
90¥0-6€¢9

a4

+HA0EBE
+xHA0EBE
490€8¢€
490€8¢€
+HA628€
+HA628¢€
49628¢€
49628¢€
+HA82Z8¢E
+HA82Z8¢E
498¢8¢€
498¢8¢€
«HASY.LE
«HASY.LE
49G6¥.€
49G6¥.€
«HAYY.LE
«HAvY.LE
H49vv.€
H49vv.€
+HAEYLE
*HAEYLE
49€v.€
49€v.€
«HACY.LE
«HACY.LE
49¢v.€
49¢v.€
«HALY.LE

«HALY.LE
JeesN

31



628 09 L/G €91 Gc6 E| € 9|dwes ‘e}g Jueinejsay eosIo|y }seq wnjnosado  ejenoejus) eluAyig  8560-8629  4d0E.LE

116 26 29 08l 966 4 ¢ o|dwes ‘e)g jueineisey easIo|\ Jse3 wnnosedo  ejenoeus) elUAYlg  2260-8€29 490E.LE
G8GlL c081 19/ €86 G091l xH ¢ o|dwes ‘e)g jueineisey easIo|\ Jse3 wnnosedo  ejenogus) elUAYlg  080€-8€29 «HA6Z.E
992G 092¢ g9/ 0sel 7¥81 xH ¢ o|dwes ‘e)g jueineisey easio|\ Jse3 wnnosedo  ejenogus) eluAylg  ¥10€-8529 «HA6Z.E
698 816 6€9 891 288 4 ¢ o|dweg ‘e)g Jueinejsay essis|\ jseq wninosedo  ejenoejus) eluAyllg  8€80-8€29  4462.€
088 666 felefe) eic] G98 4 ¢ o|dwes ‘e)IS jueineisay esesis| jseq wninosedo  ejenoeus) eluAyig  1280-8€29 4462.€
6..L1 lcle 9¢6 9cel 0¥ce xH ¢ e|dwes ‘e)iS Jueineisay esslis| jseg wninosedo  ejenoeus) eluAyllg  6%22-8€29 «HASZLE
7991 16G¢ 0¢Z6 6961 veve xH ¢ e|dwes ‘e)ig Jueineisay esslis|\ jseq wninosedo ejenoeus) eluAyllg  6£22-8€29 «HASZLE
166 001} 999 081 ¥6 E| ¢ o|dwes ‘e)Ig Jueineisay essis|\ jseq wninosedo ejenoeus) eluAyig  ZLL0-8€29 4482.€
£66 9801 679 181 1€6 E| ¢ e|dwes ‘e)Ig Jueinejsay esslis|\ jseq wninosedo ejenoeus) eluAyig  €0L0-8€29 4482.€
eell 79¢Cl 0. 898 vevl xH LL SIN ‘€L MINg gOr ‘lleH (lempelg wninosedo  ejeinoejus) eluAyyg  €8¥e-vv29 «HAEZ8E
6cll 1€91 98¢ €16 62G1 xH LL SIN ‘€L MINg gOF ‘lleH lempelg wninosedo  ejeinoejus) eluAyyg  G.ye-vv29 «HAEZ8E
€61l Glcl €Ly 0ce 1681 4 LL SIN ‘€L MINg gOF ‘lleH (lempelg wninosedo  ejejnoejus) euAyyg  LG0Z-¥#29  49€28€
6.€1 661 997 €cc 1981 4 LL SIN ‘Sl MINg gOF ‘lleH (lempelg wninosedo  ejeinoejus) euAyyg  Zy0Z-¥¥29 44€28¢
8/81 7902 799 €8/ 29S| xH LL SIN ‘€L MINg gOF ‘lleH lempelg wninosedo  ejejnoejus) ejuAyyg  L8Ee-vv29 «HAZZ8E
0681 qave Ga89g 4y 8evl «H LL SIN ‘Sl MINg gOr ‘lleH Ilempelg wninosedo  ejejnoejus) euAyyg  €1£€-v929 «HAZZ8E
Levl 2801 9cvy €91 8¢9l 4 LL SIN ‘€L YMING gOr ‘lleH Ilempelg wninosedo  ejejnoejus) euAyyg  6¥6L-¥¥29  44228¢
661l lccl 8Ly /191 28S1 4 LL SIN ‘EL MINg gOr ‘lleH Ilempelg wninosedo  ejejnoejus) euAyyg  Ov6L-¥29  44228€
A4 9052 8L 12974" ccee «H LL SIN ‘€L YMINg gOr ‘lleH Ilempelg wininosedo  ejejnoejus) ejuAyyg  €8€€-8€29 «HAELELE
9961 81L0¢ 88/ L9l cove «H LL SIN ‘EL MINg gOr ‘lleH llempelg wininosedo  ejejnoejus) euyyg  //£€-8€29 «HAEELE
€0.LL 78yl 8¢9 162 ¥¥ee 4 LL SIN ‘L MINg gOr ‘lieH |1empelg wninosado  ejenoejus) eluAyig  091L1L-8€29 44EE/E
ovLl 2981 @b/l 90¢€ 00¢c 4 LL SIN ‘L MINg gOr ‘lieH |1empelg wninosado  ejenoejus) eluAyilg  $ZLL-8€29 44EElE
19G1 1981 (014°} €6El /861 «H LL SIN ‘L YMINg gOr ‘lieH |1empelg wninosado  ejenoejus) eluAyilg  Z82e-8€29 «HAZELE
2091 €vee €28 v.€1 606} «H LL SIN ‘L YMINg gOr ‘lieH |1empelg wninosado  ejenoejus) eluAyilg  9/2¢-8€29 «HAZELE
(945 115 68% 8¢€¢ 7G81 4 LL SIN ‘L YMINg gOr ‘lieH |1empelg wninosado  ejenoejus) eluAyilg  650L-8€29 442€.€
6161 0€9l 061 e 0081 E| LL SIN ‘€L MINg gOr ‘lleH (lempelg wninosado  ejejnoejus) eluAyyg  €Z0L-8€29  4d2E.€
Vil 6.8l (S14% 6., 8011 xH LL SIN ‘€L MINg gOr ‘lleH (lempelg wninosado  ejejnoejus) ejuAyyg  0G€Z-8€29 «HALELE
(si14% yAWA% 4174 696 76El xH LL SIN ‘€L MINg gOF ‘lleH (lempelg wninosado  ejeinoejus) euAyyg  0¥€Z-8€29 «HALELE
06lL1 9v0lL 76€ 9G1L 9¢eclh 4 LL SIN ‘€L MINg gOr ‘lleH (lempelg wninosado  ejejnoejus) euAyyg  €120-8€29  ddLEle
g6l 6801 €6¢ 9G1L LeCl 4 LL SIN ‘€L MING gOr ‘lleH (lempelg wninosado  ejejnoejus) euAyyg  $0Z0-8€29  ddLELE
fwy/owd Hw/owd Bw/owd Bwy/owd HBuwy/owd adA) uoledo|  sjeusyew sal0adg  snusao a4 JeeaN

2U0D Bl 0UO0D A|© DUOD J8S DUOD X|S) DUOD XSY

32



28el
€8¢
819¢
8661
o6l
99r¢e
06v¢
L161
L0le
0¥8¢
8¢le
G60¢C
080¢
bvee
0Sle
(01% 4%
Q9L
0081
€51
Slvl
%44
Gl
06G1
G68
G88
1472
6191
ovel
AY4%
1181
LE6L

6071
¢l8¢€
(474744
14974
ovie
660€
C99¢
9661
6v.Ll
ovie
080¥
8191
122174
Svlc
96€€
Lacl
0491
€€0¢
oeve
09l
816Gl
16G1
(X414
0.8

016

0861
299¢
LeCh
(42443
G.€C
168¢

Sly
168
106
129
899
S8
006
¢99
069
048
8178
999
1G9
€08
€L
9¢s
¥8S
Sl9
€09
908
€6V
49174
€88
9GS
G9G
127
06
8.8
098
[449%
290}

€61
€381
06¢¢
¥9¢
99¢
68¢€¢C
geve
G/¢
L6¢
GG0¢
(1474
€€e
9ge
60.1
vole
€ve
19¢
LGel
4513
6¢c
€¢c
L9l
8291
(945
A
0891
LELL
161
60¢
€681
8661

6¢.L1
191€
G.G€
(4544
0€ce
68.€
996¢€
cvee
€8¢€¢
6¢G€
6v.€
81G¢
€6ve
412
orve
0€8L
9681
¥8l¢
8lve
9G.1
6891
16774
16€¢C
818

0€8

96G¢
125¢
clel
€0cl
19¢€
0s€e

«H
«H
E|
E|
«H
«H

Bwy/owd Hw/owd Bwjowd Bwy/owd HBuwy/owd adA)

2U0D Bl 0UO0D A|© DUOD J8S DUOD X|S) DUOD XSY

GG’/ ‘opAH iseg
|Jouuey) ssaukingaoys
|jouueyD ssauAkingaoys
|ouuey) ssauAingaoys
|Jouuey) ssauAingaoys

we'gl ‘ejoyalog ssaukingaoys

we'gl ‘ejoyalog ssaukingaoys

we'gl ‘ejoyalog ssaukingaoys

we'gl ‘ejoyalog ssaukingaoys

we'gl ‘ejoyalog ssaukingaoys

we'gl ‘ejoyalog ssaukingaoys

we'gl ‘ejoyalog ssaukingaoys

we'gl ‘ejoyalog ssaukingaoys

we'gl ‘ejoyalog ssaukingaoys

we'gl ‘ejoyalog ssaukingaoys

we'gl ‘ejoyalog ssaukingaoys

we'gl ‘ejoyalog ssauhingaoys

we'gl ‘ejoyalog ssaukingaoys

we'gl ‘ejoyaloqg ssauhingaoys

we'gl ‘ejoyalog ssaukingeoys

we'gl ‘ejoyalog ssauhingeoys

¢ a|dweg ‘a)iS ueINe)SaY BasI9|\ }se]
¢ ajdweg ‘a)iS ueINe)SaY BasIs|\ }se]
¢ ojdweg ‘a)iS JueINe)SaY BOSI9|\ }se]
¢ ojdweg ‘a)iS JueINe)SaY BOSIS|\ }se]
¢ ajdweg ‘a)iS ueIne)SaY BasIs| Jse]
¢ 9|dweg ‘alig Juelne)say easIal) 1se]
¢ a|dweg ‘a})iS Jueine)say easIs|\ }se]
¢ a|dweg ‘a)iS JueIne)say easIs|\ }se]
¢ a|dweg ‘a)iS JueIne)say easIs|\ }se]
¢ a|dweg ‘a}iS JueIne)say easIs|\ }se]
uoneoo|

wnnoJado
wnnoJado
wnnaJado
wnnaJado
wnnaJado
wninoJado
wnnoJado
wnnoJado
wnnoJado
wnnoJado
wnnoJado
wnnoJado
wnnoJado
wnnoJado
wnnoJado
wnnoJado
wnnoJado
wnnoJado
wnnoJado
wnnoJado
wnnoJado
wnnoJado
wnnoJado
wnnoJado
wnnoJado
wnnoJado
wnnoJado
wnnoJado
wnnoJado
wnnoJado
wnnoJado

s|eusyew

e]e|noejus)
eje|noejus)
eje|noejus)
eje|noejus)
e]e|noejus)
e]e|noe)us]
e]e|noejus]
eje|noejus]
e]e|noe)us]
e]e|noe)uUs)]
eje|noejus)
eje|noejus)
eje|noejus]
eje|noejus)}
eje|noejus)}
eje|noejus]
eje|noejus)
eje|noejus]
e)e|noejus)
e)e|noejus)
eje|noejus)
eje|noejus)
e]e|noejus)
e]e|noejus]
e]e|noe)us]
e]e|noejus]
eje|norjue]
eje|noejus]
eje|noejus]
eje|noejus]
eje|noejus]

sal0adg

ewhyug
ewhyug
ewhyng
ewhyng
ewhyng
eluAyg
eluAyg
eluAyg
eluAyg
eluAyyg
eluAyg
eluAyig
eluAyig
eluAyg
eluAyg
eluAyng
ewhyng
ewhyng
ewhyng
ewhyng
ewhyng
efyng
efyng
ewhfyng
ehyng
efyng
eluAyg
eluAyg
eluAyg
eluAyg
eluAyg
snua9

0190-50¢9
G€12C-L029
811¢-202¢9
G190-9029
8090-90¢9
WWEYV-¥1¥CO
€6EV-YYCO
690€-¥¥2O
190€-¥1CO
1160-0¥CO
¢160-6€¢9
¢L12-8€CO
9€1¢2-8€¢O
0180-0¥¢9
1180-6€CO
1202-8€CO
G€0C-8€CO
968¢-8€¢O
9178¢-8€¢O
6120-8€¢O
0120-8€¢9
08¢E-¥vZO
[AXA AL
Ly8L-¥¥2CO
6€81-¥vCO
6L1LE-¥¥2CO
LLLE-YYCO
LL-¥¥CO
8€LL-¥¥CO
181€-8€CO
G/1€-8€CO

Sl

49i0L€
«HACELE
+*HACELE
49cele
49cele
*HALEBE
+*HALEBE
491€8¢€
491€8¢€
+HA8YLE
xHA8YLE
498¥.€
498v.€
«HALYLE
«HALYLE
49.v.€
49.v.€
«HA9Y.LE
«HA9Y.LE
499¥.€
499¥.€
+*HA128€
+*HA128€
491¢28¢€
491¢28¢€
+*HA0Z8€
+HA0Z8€E
49028¢€
49028¢€
+HA0ELE

xHA0E€LE
JeesN

33



6L1€
L¥0€
€8yl
Llv)
8651
129l
c0S1
98yl
YA 4%
S0G1
1601
1801
¢l6l
9/8|
1451
€061
Ll6¥
€E8y
S¥9l
6191
G8¢el
clel
6511
1747
6011
191
LLEL
6vEL
€L¢)
cacl
9/€1

YARS4
Siiv
6€G1
029l
96¢1
£G€¢C
6191
1011
clce
S6ve
ce0l
98¢L
09le
L/1C
€0l
e€crl
GL€01
08611
6101
L0€L
6¢G¢
(43214
LOLL
€611
610¢
443
86171
[AAc]"
8881
¢l0¢
6071

166
501
[A%°]
869
8¢¢
1cS
00S
14214
029
S19
€5¢
GGe
G8S
€15
98y
Slv
929¢€
¢S9¢
Ly
cey
62y
€y
e8¢
€8¢
2%¢]
06¥
(VA4
o
805G
805
6.¥

G881
G10¢
0cc
(444
9961
€¢sl
8lc
(454
ceel
8LEL
LLL
99|
GG9l
oLl
114
8G¢
4134
9861
98
60}
clch
6¢cl
cll
LLL
9.
cll
9/l
0Ll
9LL)
1611
961

€cle
L2/¢
861
c8LL
€9re
c8le
8€L1
8691
(3] %4
€l0¢
€lcl
Svel
60.¢
vvlc
900¢
8€61
€6
81¢S
16S

¢l9

€81
GG/l
(013 4%
vivl
1G11
LLL)
0891
€91
L€Le
1L01¢
474"

«H
«H
E|

Bwy/owd Hw/owd Bwjowd Bwy/owd HBuwy/owd adA)

2U0D Bl 0UO0D A|© DUOD J8S DUOD X|S) DUOD XSY

LI SIN ‘wg'6 ‘8joyaloq opAH ise3
LI SIN ‘Wg'6 ‘8joysloq epAH ise3
Ll SIN ‘Wg'6 ‘ejoysloq epAH ise3
Ll SIN ‘Wg'6 ‘ejoyaloq epAH ise3
LL SIN ‘Wg'6 ‘8joysloq epAH ise3
LL SIN ‘Wg'6 ‘ejoyaloq epAH ise3
LL SIN ‘Wg'6 ‘ejoyaloq epAH ise3
LL SIN ‘Wg'6 ‘ejoyaloq epAH ise3
LL SIN ‘Wg'6 ‘ejoyaloq apAH ise3
LL SIN ‘WZ'6 ‘ejoyaloq apAH ise3
LL SIN ‘Wg'6 ‘ejoyaloq apAH ise3
LL SIN ‘Wg6 ‘ejoyaloq apAH ise3
LL SIN ‘Wg'6 ‘ejoyaloq apAH ise3
LL SIN ‘wg6 ‘ejoyaloq apAH ise3
LL SIN ‘Wg'6 ‘ejoyaloq apAH ise3
LL SIN ‘Wg'6 ‘ejoyaloq apAH ise3
LL SIN ‘Wg'6 ‘ejoyalog opAH ise3
LL SIN ‘wg'6 ‘ejoyaloq opAH ise3
LI SIN ‘Wg'6 ‘ejoyaloq opAH ise3
LI SIN ‘wg'6 ‘ejoyaloq opAH iseq
GG/ ‘epAH 1se3

GG/ ‘OpAH 1se3

GG’/ ‘OpAH Ise3

GG’/ ‘OpAH 1se3

GG/ ‘OpAH 1se3

GG’/ ‘OpAH 1se3

GG/ ‘apAH 1se3

GG/ ‘apAH 1se3

GG/ ‘apAH 1se3

GG/ ‘apAH 1se3

GG/ ‘apAH 1se3

uoieoo|

wninoJado
wninoJado
wninoJado
wninoJado
wninoJado
wnnoJado
wnjnoJado
wnnoJado
wnnoJado
wnnoJado
wnnoJado
wnnoJado
wnnoJado
wnnoJado
wnnoJado
wnnoJado
wnnoJado
wnnoJado
wnnoJado
wnnoJado
wnnoJado
wninoJado
wnnoJado
wnnoJado
wninoJado
wnnoJado
wnnoJado
wnnoJado
wnnoJado
wnnoJado
wnnoJado

s|eusyew

e]e|noejus)
eje|noejus)
eje|noejus)
eje|noejus)
e]e|noejus)
e]e|noe)us]
e]e|noejus]
eje|noejus]
e]e|noe)us]
e]e|noe)uUs)]
eje|noejus)
eje|noejus)
eje|noejus]
eje|noejus)}
eje|noejus)}
eje|noejus]
eje|noejus)
eje|noejus]
e)e|noejus)
e)e|noejus)
eje|noejus)
eje|noejus)
e]e|noejus)
e]e|noejus]
e]e|noe)us]
e]e|noejus]
eje|norjue]
eje|noejus]
eje|noejus]
eje|noejus]
eje|noejus]

sal0adg

ewhyug
ewhyug
ewhyng
ewhyng
ewhyng
eluAyg
eluAyg
eluAyg
eluAyg
eluAyyg
eluAyg
eluAyig
eluAyig
eluAyg
eluAyg
eluAyng
ewhyng
ewhyng
ewhyng
ewhyng
ewhyng
efyng
efyng
ewhfyng
ehyng
efyng
eluAyg
eluAyg
eluAyg
eluAyg
eluAyg
snua9

G89E-VVCO
L19€-¥¥2O
€GEC-YYCO
Yve€C-vv2CO
¥8S€-¥¥CO
9/G€-¥¥2O
¢SCe-vveO
EVCe-vveO
9110-6€¢O
€010-6€¢O
€9€1-8€¢O
L2€1L-8ECO
¥8¥€-8€2¢O
8.¥€-8€CO
192C1-8€CO
GZCl-8€¢O
LG¥C-8€CO
L¥2-8€CO
¥1€0-8€2¢O
G0€0-8€CO
1291-60CO
¥191-60¢9
286¢-90¢9
116¢-G0CO
£080-602¢9
188¢-902¢9
188¢-G0CO
04/8¢-G0¢9
L2¥1-1029
Lv1-202O
G290-G0¢9O

Sl

+*HAGZ8E
+*HAGZ8E
496¢8¢€
49G6¢8¢€
+*HAYZ8E
+*HAYZ8E
49y28¢
49y28¢
*HA9€ELE
+*HA9ELE
499¢€.€
499€.€
«HAGELE
«HAGELE
496€.€
496€.€
«HAVELE
«HAVELE
49v€.L€
49v€.L€
+*HAE0LE
+*HAEOLE
49€01€
49€01€
+*HAC0L€
49¢01€
492¢01€
492¢01€
«HALO0LE
«HAL0LE
49101€
JeeaN

34



8¢'0
8¢°0
Gco
Gco
6€°0
6€°0
620
620
340
00
0€0
620
440
240
820
8¢°0
8¢€°0
6€°0
0€0
0€0
6€°0
00
0€0
0€0
L0
240

¢MING

A4\
440
geo
9€0
8¢0
6€°0
9€'0
00
€v'0
Sv'0
geo
9€0
€0
00
6€0
L0
0
Sv'o
A4\
€v'0
€v'0
€v0
€0
€0
0
€0

lev]| /@ eATTIdEN, ates 1/a x19 RIEESY bw/owd bw/owd Bwjowd Bwyjowd

/l4es] OUOD N8T JU0D 8Yd 2U09D |BA

¥Z0
¥Z0
G0
G0
¥Z0
Gco
810
610
120
Gco
610
810
9¢'0
Gc'o
810
810
€C0
20
0c'o
0co
¥Z0
Gco
0co
0co
9¢'0
120

€v'0
€v'0
ce0
ce0
140
0
9€'0
9€'0
S0
0
L€°0
L€°0
S0
S0
9€'0
9€°0
440
€v'0
L€°0
€0
S0
0
8¢'0
8¢°0
9’0
S0

86°0
00°1L
290
90
96°0
86°0
89°0
69°0
66°0
00°L
99°0
89°0
86°0
00°L
690
69°0
¥6°0
16°0
890
89°0
2¢6°0
€6°0
89°0
690
G6°0
06°0

9€°0
9€°0
€C0
20
1€°0
9€°0
9¢'0
9¢'0
€0
LE°0
8¢°0
9¢'0
6€°0
8¢€°0
9¢'0
9¢'0
Geo
9€°0
8¢°0
120
9€°0
LE°0
8¢°0
120
8¢€°0
8¢€°0

120
cl0
8G°0
6G°0
€L°0
€L°0
€90
€90
1ZA0)
[ZA0
G890
G690
9.0
G20
€90
€90
€L°0
€L°0
€90
€90
€L°0
€L°0
€90
G9°0
1ZA0)
¥.°0

e
0cc
¥99
109
S0¢
10¢
€8y
14174
9/¢
19¢
[4%%
1014
1€€
Lce
YA%]
ey
6¢¢
80¢
90¥
cle
6€¢
Lie
1174
3744
314
5144

2U00 9|

AES
16S
clel
0€sl
029
1€9
el
GGel
S
€6/
L6l
9601
608
6€8
9lG|
6vcl
€€9
209
ceLL
LELL
699
059
1424’
/8L1
089
209

¥0¢
90¢
Loy
985
€0¢
8l¢
1%
oy
861
1474
S6€
8G¢
vee
8¢
1SV
497
01
061
19€
Llc
00¢
80¢
c15%
Gev
V.l
12°1%

6€9
G29
1579
veel
998
8GG
8Gcl
Lvel
999
769
Lcol
9¢6
099
119
8¢Sl
6111
Ge9
109
68l
8/01
299
£99
1601}
0601
699
9GS

|onel) Bulueg

|oAelS) Buleg

|oneI) Bulueg

|oAelS) Bulieg

|aAeI9) Buiueg

|oAels) Bulieg
wied |leH uoydy
wJed ||eH uoydy
wied |eH uoidy
wJed ||eH uoydy
wied |leH uoydy
wied ||eH uoydy
wied |eH uoidy
wJed ||eH uoydy
wied |eH uoydy
wied |eH uoydy
wied |eH uoidy
wied ||eH uoydy
wied |eH uoydy
wued ||eH uoydy
wied |eH uoydy
wJed ||eH uoydy
wied ||eH uoydy
wied ||eH uoydy
wied |eH uoydy
wJed ||eH uoydy

UOI}B0| pauUsLIoYS

dojue) -
do ey -
dojue) -
dojuey -
douey -
do ey -
dojue) -
do ey -
douey -
do ey -
dojue) -
do ey -
douey -
do ey -
dojue) -
do ey -
douey -
do ey -
dojue) -
do ey -
douey -
do ey -
dojue) -
do ey -
douey -
do ey -

|eusiew

[aalanlaalyaayanlaniyaalyaayanlanlyaa s Ryanaalyaalyaa Raa R aalyoalyaalyan Ry aalyaalyaa Raniaa}

9991-8€¢O
0€91-8€CO
¥G9¢-8€CO
Y¥9¢-8€CO
£1G0-8€29O
80G0-8€CO
968€-71CO
888E-7¥CO
Y9S¢-v¥CO
9GGC-v¥CO
S6.LE-¥1CO
18LE-v¥CO
€9VC-vvCO
SGYC-vvCO
¥0€0-0¥7CO
G0€0-6€CO
G9G1-8€CO
62G1-8€CO
€020-0¥¢O
¥020-6€2O
Y9¥1-8€CO
8¢¥1-8€CO
€GG¢-8€¢O
€vGC-8€CO
GL¥0-8€CO
90%0-8€CO

a4

49iv.€
49iv.€
+*HA0V.LE
«HA0V.LE
490¥.€
490¥.€
xHA.28¢
«HA4.28¢
49.¢28¢€
49/228€
xHA928¢
«HA9¢8¢
499¢8¢€
499¢8¢€
*HA6ELE
«HA6E.LE
496€.€
496€.€
+*HA8ELE
«HA8E.LE
498€.€
498€.€
*HALELE
«HALELE
49.€.€

49.€.€
leesN

35



0€'0
0€0
6€°0
6€°0
820
820
€0
8¢€°0
ce0
€€°0
0v'0
00
L€0
L€0
010
340
620
620
8¢°0
6€°0
L€0
L€0
6€°0
(020
620
620
L€°0
8¢°0
620
620

¢MING

Gco
120
920
820
A0
€0
ge0
9€0
20
Gco
920
920
20
Gco
120
120
120
120
620
620
920
Gco
820
620
9€0
9€0
L€°0
€0
440
0

lev]| /@ eATTIA BN, aes 1/a x19 RIEESY bw/owd Bw/owd Bwjowd Huwyjowd

/[4e8] JUO0J N9T OUOD BYd 9U09 |BA

610
6L°0
¥2'0
¥Z0
810
AN
€20
¥Z0
0co
120
9¢'0
Gc'o
0co
0co
¥Z0
¥Z0
810
810
€C0
¥Z0
610
610
cco
820
610
610
cco
€20
810
0c'0

Ggeo
Geo
L¥'0
240
€0
9¢€°0
{44
€v'0
1€°0
L€°0
L¥'0
(040
8¢°0
L€°0
0
0
€0
€0
0’0
00
9¢€'0
9¢€°0
00
00
9€'0
9€°0
440
4740
9€'0
9€°0

640
6.0
86°0
00°}b
990
99°0
96°0
96°0
6.0
€80
S6°0
66°0
120
1.0
66°0
10"
28’0
¢80
16°0
66°0
¢80
080
080
G8°0
¢L0
1270
66°0
00°1L
cL0
€L°0

¢co
¢co
L€0
1€0
9¢'0
9¢'0
8¢€°0
L€°0
9¢'0
9¢'0
€0
9€°0
9¢'0
Gco
€0
Ge0
[4Al)
(Al
1€°0
1€0
Gc'o
Gco
Ge0
€€°0
9¢'0
9¢'0
€€°0
€€0
120
120

020
690
9.0
120
€90
€90
040
L0
120
cL0
9.0
G0
690
690
120
8.°0
190
190
9.0
1270
120
L0
9.0
9.0
90
90
cL0
€L°0
¥9°0
€9°0

€19
709
€9¢
YX4>
08¢
607
lce
S0c
81§
6¢S
6l€
10€
299
(9941
0€e
Le
629
6lS
L€C
9¢c
€ey
L0V
€le
6¢c
[4%1%
8¢cY
(474
(444
62V
Sly

2U00 9|

801
vell
6¢8
S..
296
v.0L
¢6S
099
LEv
vivl
c0.
1272
€851
vesh
€16
G68
yra4”
vovl
cs9
1G9
r4%%
1201
¥8€
1€
S8l
L6l
99
8€9
0LL1
8vll

8lL.
0€.
042
69¢
€8¢
X4
orl
vl
€€9
G€9
(474
1€¢
6.9
Scl
¥9€
c8¢
geg
695
lce
8¢
VA%
161
€9l
Sle
[44%
69v
YA
(01574
0s€
olv

129l
0€91
Gcl
§69
166
¢e0l
81§
90S
[4°i4"
6911
049
919
6€S|
eIi4%
/88
G98
89¢L
8¢cl
929
S09
14%%
LLLL
L9
0Ly
8Ll
443
619
929
€L¢l
LGL1

|oAeIS) Bulueg
|oAelS) Buieg
|oAeI) Bulueg
|oAelS) Buiteg
|oAeIS) Bulueg
|oAel) Buiteg
|oneI) Bulueg
oAl Bulteg
|oAeI) Buiueg
|oAelS) Buleg
|oneI) Bulueg
|oAelS) Buleg
|oAeI) Bulueg
|oAelS) Buiteg
|aneIs) Buiueg
|oAelS) Bulteg
|oneIS) Bulueg
|oAelS) Buleg
|oneI) Buiueg
|oAelS) Bulieg
|oneI) Bulueg
|oAelS) Buiteg
|oneI) Buiueg
oAl Bulteg
|oAeIS) Bulueg
|1oAelS) Bulteg
|oneI) Bulueg
|oAelS) Bulieg
|onel) Bulueg
|oAelS) Buleg

UOI}B0| pauUsLIoYS

do souqy -
do sony -
do souq -
do son -
dojuey -
dojuey -
dojue} -
do jua)
dojuey -
dojuey -
dojue) -
do ey -
do sony -
do sou
do sony -
do son -
do son -
do son -
do sony -
do soun
do son -
do son -
do son -
do son -
dojue) -
do jua)
douey -
do ey -
dojue) -
do ey -

|eusiew

[salsalsaliealsaloaliealisa s lNaalieaqsa Raalealiaa iaaloalieaaa s lNealeaRaa oo aos oo lealeaas]

over-vveO
A TAM474S)]
896C-71CO
096¢-7¥CO
66LY-v¥CO
L6LYy-v¥2O
198C-v¥CO
6G8C-71CO
166€E-v1¥CO
686E-71CO
G99C-v¥CO
1G9¢-v¥CO
60.0-0¥¢O
01£0-6€29
0.61-8€CO
¥€61-8€CO
8090-0¥¢O
6090-6€2O
6981-8€CO
€€81-8€CO
GG/C-8€CO
Sv/C-8€CO
8190-8€¢O
6090-8€CO
9050-0¥7¢O
£0G0-6€2O
19/1-8€2¢O
L€L1-8€CO
G0¥0-0¥7¢O
90%0-6€CO

34

+*HA0E8E
+*HA0E8E
490€8¢€
490€8¢€
+*HA628¢
+*HA628¢
496¢28¢€
496¢28€
xHA8¢8¢E
+*HA8¢8E
498¢8¢€
498¢8¢€
«*HAGY.E
«HAGY.LE
498¥.€
49G6¥.€
«HAYV.LE
«HAvv.LE
49vv.L€
H4avv.L€
*HAEV.LE
*HAEV.LE
49€v.€
49€v.L€
«HACY.LE
«HACv.LE
49¢v.€
49¢v.€
«HALY.LE
«HALY.E
leesN

36



(40
o
910
910
¥2'0
Gco
910
910
€20
€20
€e0
€e0
12740
70
9€'0
9€'0
yA4l0)
o0
ce0
ce0
A4
00
€€0
€0
440
240
€0
Geo
€v'0
€v'0

¢MING

690
690
810
0G0
290
€90
€360
GG'0
990
G9°0
€e0
€0
€0
€0
0€0
L€0
0€0
0€0
6€0
00
L€°0
L0
€e0
€0
€e0
ce0
0€0
L€0
€0
€0

lev]| /@ eATTIA BN, aes 1/a x19 RIEESY bw/owd Bw/owd Bwjowd Huwyjowd

/[4e8] JUO0J N9T OUOD BYd 9U09 |BA

[4%0)
¢l’o
80°0
60°0
€10
10
60°0
80°0
€10
€10
L¢0
120
6¢°0
0€0
¥Z0
¥Z0
6¢°0
820
120
cco
120
9¢'0
cco
cco
120
9¢'0
¥Z0
€20
9¢'0
120

€20
(440
8L°0
610
G¢o
Gco
610
10
€2C0
€20
440
€v'0
670
810
YAl
Lv'0
160
[4)0)
L0
240
YAl
0
340
(4740
9’0
Lv'0
€v'0
€v'0
9’0
o0

180
980
0S°0
1670
88°0
06°0
¢s0
G0
980
980
190
S9°0
96°0
€6°0
040
1270
16°0
86°0
G0
€G°0
€6°0
8.0
190
S9°0
16°0
96°0
1.0
6.0
86°0
86°0

€20
¥Z'0
SL°0
G0
20
20
710
10
€C0
€20
L€0
L€0
ov'0
6€°0
€€°0
€€0
Sv°0
74"
6¢°0
620
8¢€°0
9€°0
6¢°0
620
€0
€0
ce0
¢e0
€v'0
4l

8G°0
8G°0
¢so
1670
€9°0
€9°0
670
050
090
090
99°0
99°0
9.0
9.0
89°0
89°0
8.0
8.°0
G890
G9°0
G20
[ZA0
89°0
99°0
G20
G0
89°0
69°0
G20
G20

(01592
Sel
Loy
1947
€cl
gel
0S¥y
LEV
67l
ovl
66¢
1453
80v
cse
€€
19€
€/¢
¢se
(01974
oey
€8¢
G8¢
¥8¢€
VA,
G/¢
174
0ce
00¢
80¢
€0¢

2U00 9|

89¢
88¢
650}
c801}
(VA
c8¢e
9611
SOoLL
80v
Sov
47
372
¢/8
€.
LIV
L0l
cs.
373
oLl
(14%%
19/
092
626
c€6
00.
619
898
€8
€89
€85

0l
Ll
Oly
csy
o€l
6el
Siy
cly
GGl
191l
(474
ore
60¢
Lle
1€
69¢
161
c6l
28¢
€6¢
8€¢
€9¢
€ve
325
(474
877¢
¢6¢
€6¢
81
1£°1%

G9¢
16€
7001
Y16
0s€
12°1%
[4=0)
20l
90v
0oy
S69
199
€69
119
796
8¢6
619
885
1601}
901
127
€5/
118
088
€19
679
clLl
19/
A7)
989

Sy eesial 1seq
Sy easlal) 1seg
QY eesial 1seq
Sy easla|) 1seq
Sy eesial) 1seq
Sy easlal) 1seg
QY eesiol) 1seq
Sy easlal) 1seg
Sy eesiol 1seq
Sy eeslal) 1seq
lleH llempelg
leH llempe.g
lleH llempe.g
lleH llempe.g
lleH llempe.g
leH llempelg
lleH llempe.g
lIeH llempe.g
lleH llempe.g
lleH llempe.g
lleH llempe.g
lleH llempe.g
lleH llempe.g
lleH llempe.g
lleH llempe.g
lleH llempe.g
lleH llempe.g
lleH llempelg
lleH llempe.g
lIeH llempe.g

UOI}B0| pauUsLIoYS

douey -
do ey -
douey -
do ey -
douay -
do ey -
dojue) -
do ey -
douey -
do ey -
dojue) -
do ey -
douey -
do ey -
dojue) -
do ey -
douey -
do ey -
dojue) -
do ey -
douey -
do ey -
dojue) -
do ey -
douey -
do ey -
dojue) -
do ey -
douey -
do ey -

|eusiew

[aalanlaalyaaanlaniaalyaaiyanlaniyaalyaa Ryaayaalyaalyaa Ryaa iy aalyaalyaa Qo aalyaalyaa iyanRyaalyaa fyaa anlaa}

8560-8€CO
¢¢60-8€CO
080€-8€CO
¥.0€-8€CO
8€80-8€¢O
1280-8€¢O
6¥¢C-8€CO
6€2¢-8€CO
¢L10-8€¢O
€010-8€CO
€8YE-¥1CO
SLYE-v¥CO
LG0C-¥¥2O
¢v0C-vvCO
18EC-VVCO
€LEE-YVCO
6Y¥61-v¥CO
0v6L-v¥CcO
€8€€-8€CO
11€€-8€CO
0911-8€CO
Y21 1-8€CO
28¢€-8€CO
9/¢€-8€CO
6501-8€CO
€201-8€¢O
0G€2-8€CO
0v€C-8€CO
€120-8€¢9O
¥020-8€2O

34

490€.€
490€.€
xHA6C.LE
«HA62.€
496¢.€
496¢.€
xHA8C.LE
«HA8¢.LE
498¢.€
498¢.€
xHAECZ8E
«HAECBE
49€¢8¢€
49€¢8¢€
xHACZ8¢E
«HACZ8E
49¢¢8¢
49¢¢8¢€
*HAEELE
«HAEELE
49€€.€
49€€.€
«HACELE
«HACELE
49¢€.€
49¢€.€
«HALELE
«HALELE
491€.€

d91€.€
leesN

37



00
0€0
620
00
00
0€0
620
€v'0
4740
L€0
L€0
A4
4740
L€0
L€0
A4
(4740
620
620
12740
€v'0
910
910
20
€20
910
910
Gco
€20
G0
10
ZMING

€0
ce0
€0
€0
€0
€0
9€'0
Ggeo
€e0
L€0
L€0
ce0
L€0
9¢'0
9€'0
L€°0
0’0
€0
€0
€0
Ge0
(A0
9¢'0
290
¥9°0
90
12544
L0
120
960
G660

levl /@ leAT/@eN vases 1/a xio IREESY bw/owd bw/jowd 6Hw/jowd Bw/owd

/eg] JU0D N8 2UOD BUd 9UOD [BA

8¢°0
L¢0
020
620
620
0c¢0
61°0
0€0
0€0
L¢0
120
9¢'0
9¢'0
L¢0
120
9¢'0
8¢°0
610
610
120
8¢°0
80°0
60°0
G0
€10
80°0
600
10
10
80°0
100

Lv°0
€0
8¢€°0
810
610
6€°0
6€°0
870
050
0v'0
o0
67°0
6170
L¥'0
o0
0s'0
6170
6€°0
6€°0
0S50
0s'0
10
YA
€20
¢co
10
YA
20
€20
910
910

4%
290
S9°0
10}
00°L
G9°0
99°0
96°0
G6°0
€0
iZA
¥6°0
96°0
690
690
G8'0
¢L0
19°0
€90
06°0
68°0
9G°0
67°0
280
¥8°0
G0
€60
680
180
€G°0
€60

120
2’0
¢ 0
20
¥Z0
9¢'0
9¢'0
Ggeo
Geo
120
120
9€°0
1€°0
120
120
9€°0
ce0
9¢'0
9¢'0
8¢€°0
9€°0
G0
GL0
Gco
€20
G0
SL0
Gc'o
€20
10
710

12°0
¥9°0
€90
120
120
¥9°0
€90
9.0
G0
990
990
120
L1270
G9°0
G9°0
9.0
920
€90
€90
120
120
160
¢so
6G°0
8G°0
LG°0
1G0
190
650
610
050

8€¢
699
€19
89¢
042
(0)7¢]
8€S
4%
[4%94
19G
LES
1c¢g
L6¢
(VA4
vy
6¢¢
ole
6Ly
(0%
0€ee
cle
2SS
609
18¢
9/¢
Gcs
L€
E€ve
(0) 74
699
8.G

2U09 9|

9lL
9/61
Ge8l
G176
096
G2l
6291
616
996
9661
2651
106
048
807
{0143
169
169
VLY
e€ell
€19
865
125145
Siel
¢lS
(VA%
Lecl
09¢l
SlS
615
80¥1
1944

10¢
9.9
189
€6¢
96¢
S17¢]
6vS
¥9¢
08¢
09¢
189
00¢€
142
8GY
88¥%
Le
9¢¢
6.€
X474
Gie
3%4
12%4
6EY
el
orl
yA44
3517
G61l
AV
[4°14
08¥

L9
Ly9l
141
0S.
127
69¢|
¢Gel
G0.
669
657l
€8¢€1
0l8
[474
Liclh
LGLL
G.S
V.S
6€0l
086
SvS
0€s
9911
1801
18€
¥6€
[4°1%%
6511
09
1Sy
96¢1
LLEL

GG’/ ‘opAH iseq
|[auuey) ssaukingeoys
[uueyn sssuhingooys
|[puuey) ssaukingaoys
[uueyn sssuhingooys
aloyaloq ssaukingaoys
s|oyaloq ssaukingaoys
aloyaloq ssaukingaoys
s|oyaloq ssaukingaoys
8loyaloq ssaukingaoys
s|oyaloq ssaukingaoys
aloyaloq ssaukingaoys
s|oyaloq ssaukingaoys
aloyaloq ssaukingaoys
s|oyaloq ssaukingaoys
aloyaloq ssaukingaoys
s|oyaloq ssaukingaoys
aloyaloq ssaukingaoys
8|oyaloq ssaukingaoys
s|oyaloq ssaukingaoys
8|oyaloq ssaukingaoys

QY easlol 1se]

SY eoslal ise]

QY esslol 1se]

Sy eoslal) ise]

QY easlol 1se]

SY easlal ise]

QY esslol 1se]

Sy easlal jse]

QY easlol) 1se]

Sy easlal ise]

Uo[}eQ0| pPaUBMOYS

do ey -
do ey -
dojuay -
douey -
douey -
dojuey -
dojuay -
dojuey -
do ey -
douey -
dojuay -
douey -
do ey -
douey -
do ey -
douay -
do ey -
douey -
do ey -
douey -
do ey -
dojua) -
do ey -
douey -
dojuey -
dojuay -
douey -
douey -
douey -
dojuay -
douey -

|leusiew

[aalyanlanlaalaajyanlanlyaalaalyaalyaniyaalyaajyaaiyaaiyaalyaalaayanlyaalyaalyaalyaaRyaalyaalyaa [yaalyaa s Jaa s}

0190-50¢9
G€1¢-20¢9
811¢-2029
G190-90¢9
8090-90¢9
WEV-¥17CO
€6EY-Y¥CO
690€-7¥C¢O
190€-¥¥2ZO
1160-0¥2O
¢160-6€CO
¢L12-8€CO
9€12-8€CO
0180-0v¢O
1180-6€¢9O
1£02-8€2¢9O
G€0C-8€CO
9G68¢-8€¢O
9178¢-8€CO
61.0-8€CO
01£0-8€¢9
082E-v¥CO
[AX4 54 4AS)
Ly8L-v¥CO
6€8L-7vC¢O
6.1E-v¥CO
LLLE-VPZO
v LL-v¥CO
8ELL-¥¥CO
181€-8€CO
GL1€-8€CO

a4

4910L€
«HACELE
+HACELE
d9¢€lLe
49¢€L€
«HALESE
+*HA1€8€
491€8¢
491€8¢€
«HA8Y.E
«HA8Y.E
498v.¢
498v.€
«HALV.E
«HALVLE
49.v.€
E VAR
«*HA9Y.E
«HA9V.LE
499¥.€
499v.¢
+HALZ8¢
«HA1L28¢
491¢8¢€
49128¢
+HA0Z8¢
«HA0Z8¢
490¢8¢€
490¢8¢
+«HA0€.LE

«HA0€.LE
JeesN

38



6¢°0
620
6€°0
L0
8¢°0
620
L0
L0
L€0
L€0
cr'o
L¥0
0€°0
0€0
L0
L¥0
1¢0
XA
870
9’0
1€0
L€0
or'0
o0
820
6€°0
8¢°0
6€°0
0€0
0€0
010

ZMING

ce0
Ggeo
L€°0
9¢'0
G0
ce0
€0
ceo
24
340
ce0
€e0
L€0
L0
ce0
A0
G0
90
920
120
L0
ce0
€e0
€0
810
0€0
¥€'0
€0
0v'0
L0
Ggeo

leiv] /a leA /@ ey vases 1/a xio ReEET 6w/owd Hw/owd Hw/owd Bwyowd

/eg] JU0D N8 2UOD BUd 9UOD [BA

6L°0
60
Gc'o
620
8L°0
8L°0
8¢°0
L€0
020
L¢0
120
Gco
0¢'0
0c0
XAl
120
9L°0
910
0€0
A0
L¢0
120
620
620
L¢0
8¢°0
120
8¢°0
0c0
0co
120

8¢€°0
6€°0
90
917’0
L€°0
8¢'0
90
<140
6€°0
6€°0
Lv'0
yA4l0)
ov'0
L¥0
160
1G°0
€0
€0
¢s0
g0
6€'0
00
yA4l0)
Lv'0
8¢0
050
9’0
Ly'0
6€°0
6€°0
yA40)

290
990
1670
¢6'0
S0
650
€80
G8'0
Sv'0
140
€6°0
¥6°0
G9°0
€90
1670
68°0
€L0
€10
060
06°0
690
690
€0’}
€0’
8¢°0
¥6°0
860
G6°0
890
690
40

Gc'o
Gco
€0
€0
20
Gco
€0
€0
120
120
9€°0
€0
Gco
Gco
€€0
Geo
AN
yAN)
S50
670
2’0
¢ 0
120
9¢'0
¢co
¢co
€20
€20
2’0
¥Z0
120

790
¥9°0
€L°0
¥.°0
€90
G9°0
G0
v.°0
G690
S9°0
9.0
920
€90
€90
G0
€0
810
yA4]
120
.0
99'0
990
90
G20
290
9.°0
920
9.0
99°0
99°0
120

1G6
192
6617
1€G
44
708
Gcl
¢Sl
6.€
1G€
€le
Vil
661
L6V
vee
60¢
8811
269l
ove
0G€
86¢
Gle
90¢
10C
14
€ee
10¢
10¢
oLe
G6¢
1444

2U09 9|

10G¢
€6l¢
€vol
L€0L
LLEL
€acl
L6
€€6
786
/86
1GS
6¢S
8lEL
A
879
G29
LGey
Evly
€06
0¢6
L6
1€6
1G9
/19
799
819
(37
¢09
€e8
€98
1G/

G06
G6.
6¥¢
28¢
09
0cy
10€
1GE
Eve
e
/81
Vil
€cy
€ey
90¢
19%4
8L
9L/}
6v7¢
16¢
€le
G€
091
651
(4744
6l¢
vie
60¢
LG¢
9G¢
60¢

€Gle
Ly9l
029
629
9/L1
820l
689
619
298
168
€LY
(S14%
€oLl
Sl
65
78S
88.¢
€c¢le
el
069
269
69
{9974¢]
3%°]
045
109
699
oS
11/
[4°7A
819

wz'6 ‘Hg opAH 1se3
wz'6 ‘Hg opAH 1se3
wz'6 ‘Hg opAH 1se3
wz'6 ‘Hg opAH 1se3
wz'6 ‘Hg opAH 1se3
wz'6 ‘Hg opAH 1se3
wz'6 ‘Hg opAH 1se3
wz'6 ‘Hg opAH 1se3
wz'6 ‘Hg opAH 1se3
wz'6 ‘Hg opAH 1se3
wz'6 ‘Hg opAH 1se3
wz'6 ‘HY opAH 1se3
wz'6 ‘Hg opAH 1se3
wz'6 ‘HY opAH 1se3
wz'6 ‘Hg opAH 1se3
wz'6 ‘HY opAH 1se3
wz'6 ‘Hg opAH 1se3
wz'6 ‘HY opAH 1se3
wz'6 ‘Hg opAH 1se3
wz'6 ‘Hg opAH 1se3
GG/ ‘epAH ise3
GG/ ‘opAH 183
GG/ ‘opAH ise3
GG/ ‘epAH 1se3
GG/ ‘opAH ise3
GG/ ‘epAH 1se3
GG/ ‘opAH 1se3
GG’/ ‘epAH 1se3
GG/ ‘opAH ise3
GG’/ ‘epAH 1se3
GG/ ‘apAH 1se3
uol}ed0| paualioys

dojua} -
dojusy -
dojuey -
dojusy -
dojuey -
dojusy -
dojuay -
dojusy -
do jua)
do jus}
dojuay -
dojuey -
dojuey -
dojus} -
do jua)
dojue -
dojuey -
dojuey -
dojusy -
dojua)
do jus}
dojue} -
dojusy -
dojuey -
dojusy -
dojua)
dojue)
douey -
douey -
dojuey -
douey -

|leusiew

falsalealisaRaalealieasaloaliealsa oalealealoa o aliease aalealieaioaaalieaise sl alieaRaa [aalliee)

G89E-¥1CO
L19€-Y¥CO
€GEC-Y¥CO
YreC-vveO
¥8GE-¥1¥CO
9/G€-Y¥CO
[A 1A 4743
E€VCC-vveO
9110-6€2O
€010-6€C9
€9€1-8€CO
12€1-8€CO
¥8¥€-8€CO
8.¥€-8€CO
19C1-8€2CO
G2cCl-8¢CO
1G¥2-8€CO
L¥y2C-8€CO
71€0-8€CO
G0€0-8€CO
1291-6029
¥191-602O
¢86¢-50¢9
}162-G029
£,080-60C9
188¢-50¢9
188¢-G0¢9
0482-50¢9
12y1-2029
LIvL-2029
G290-50¢9

a4

+*HAGZ8E
+HAGZ8¢E
49G6¢28¢€
49628¢
+*HAYZ8¢
«*HAYZ8E
49v¢8¢€
49v28¢
*HA9€E.LE
«HA9€.E
499€.€
499¢€.¢
*HAGELE
«HASELE
49G6€.€
49G6€.€
*HAYELE
«*HAYELE
4av€L€
49v€.L€
+HAE0LE
+xHAE0LE
49¢€01¢€
49€01€
«HA20LE
492¢01€
49¢01¢
49¢01€
«HAL0LE
+HAL0LE

4910L¢€
JeesN

39



Works Cited in Text

Abelson, P H, 1954 Amino acids in fossils, Science, 119, 576

Abelson, P H, 1955 Organic constituents of fossils, Carnegie Institution of
Washington Year Book, 54, 107-9

Augustin L, et al, 2004 Eight glacial cycles from an Antarctic ice core, Nature
429 (6992), 623-628

Bada, J L, 1972 The dating of fossil bones using the racemization of
isoleucine, Earth and Planetary Science Letters, 15, 223-31

Bada, J L, 1982 Racemization of amino acids in nature, Interdisciplinary
Science Reviews, 7(1), 30-46

Bada, J L, 1990 Racemization dating, Science, 248, 539-40

Bada, J L, 1991 Amino acid cosmogeochemistry, Philosophical Transactions
of the Royal Society, London, Series B, 333, 349-58

Bada J L, Shou M-Y, Man E H and Schroeder R A, 1978 Decomposition of
hydroxy amino acids in foraminiferal tests: Kinetics, mechanism and
geochronological implications, Earth and Planetary Science Letters 41, 67-76.

Bowen, D Q, and Sykes G A, 1988 Correlation of marine events and
glaciations on the Northeast Atlantic Margin, Philosophical Transactions of the
Royal Society, London, Series B, 318, 619-35

Bowen, D Q, Hughes, S, Sykes, G A and Miller, G H, 1989 Land-sea
correlations in the Pleistocene based on isoleucine epimerization in non-
marine mollusks, Nature 340, 49-51

| Bridgland, D R, Currant, A P and Preece, R C, 1995 East Mersea Restaurant - { Formatted: Font: Ara, 12 1,
Site, In The Quaternary of the Lower Reaches of the Thames: Field Guide Not Highlight

(Ed. Bridgland, D R, Allen, P A & Haggart, B A) Quaternary Research
Association, London, 271-274

Bridgland, D R, Field, M H, Holmes, J A, McNabb, J, Preece, R C, Selby, I,
Wymer, J J, Boreham, S, Irving, B G, Parfitt, S A & Stuart, A J, 1999 Middle
Pleistocene interglacial Thames-Medway deposits at Clacton-on-Sea,
England: Reconsideration of the biostratigraphical and environmental context
of the type Clactonian Palaeolithic industry, Quaternary Science Reviews 18,
109-146.

Bridgland, D R, Preece, R C, Roe, H M, Tipping, R M, Coope, G R, Field, M

H, Robinson, J E, Schreve, D C and Crowe, K, 2001 Middle Pleistocene
interglacial deposits at Barling, Essex, England: evidence for a longer

40



chronology for the Thames terrace sequence, Journal of Quaternary Science,
16, 813-840.

Collins M J and Riley M S, 2000 Amino acid racemization in biominerals, the
impact of protein degradation and loss. In Perspectives in Amino Acid and
Protein Geochemistry (ed. Goodfriend, G A, Collins, M J, Fogel, M L, Macko,
S A and Wehmiiller, J F), pp. 120-142. Oxford University Press

Collins, M J, Waite, E R, and van Duin, E C T, 1999 Predicting protein
decomposition: the case of aspartic-acid racemization kinetics, Philosophical
Transactions of the Royal Society, London, Series B, 354(1379), 51-64

Gibbard, P L, Boreham, S, Burger, AW and Roe, H M, 1996 Middle
Pleistocene lacustrine deposits in eastern Essex, England and their
palaeogeographical implications, Journal of Quaternary Science, 11, 281—
298.

Goodfriend, G A, 1991 Patterns of racemization and epimerization of amino
acids in land snail shells over the course of the Holocene, Geochimica et
Cosmochimica Acta, 55, 293-302

Goodfriend, G A, 1992 Rapid racemization of aspartic acid in mollusc shells
and potential for dating over recent centuries, Nature, 357, 399-401.

Goodfriend, G A, and Stanley, D J, 1996 Reworking and discontinuities in
Holocene sedimentation in the Nile Delta - documentation from amino-acid
racemization and stable isotopes in mollusk shells, Marine Geology, 129, 271-
83.

Harada, N, Handa, N, Ito, M, Oba, T, and Matsumoto, E, 1996 Chronology of
marine sediments by the racemization reaction of aspartic acid in planktonic
foraminifera, Organic Geochemistry, 24, 921-30.

Hare, P E, and Abelson, P H, 1967 Racemization of amino acids in fossil
shells, Carnegie Institution of Washington Year Book, 66, 526-8

Hare, P E, and Mitterer, R M, 1969 Laboratory simulation of amino-acid
diagenesis in fossils, Carnegie Institution of Washington Year Book, 67, 205-8

Hare, P E, von Endt, D W, and Kokis, J E, 1997 Protein and amino acid
diagenesis dating, in Chronometric Dating in Archaeology (eds R E Taylor and
M J Aitken), 1st edn, Advances in Archaeological and Museum Science, 2,
261-96, New York (Plenum Press)

Hill, R L, 1965 Hydrolysis of proteins, Advances in Protein Chemistry, 20, 37-
107

Johnson, B J, and Miller, G H, 1997 Archaeological applications of amino acid
racemization, Archaecometry, 39(2), 265-87

41



Karner, D B, Levine, J, Medeiros, B P and Muller, R A, 2002 Constructing a
Stacked Benthic 8'0 Record, Paleoceanography, 17 (3), 1030

Kaufman D S and Manley W F, 1998 A new procedure for determining DL
amino acid ratios in fossils using Reverse Phase Liquid Chromatography,
Quaternary Science Reviews 17 987-1000

Kaufman, D S, 2000 Amino Acid Racemization in Ostracodes, In Perspectives
in Amino Acid and Protein Geochemistry (Ed. Goodfriend, G.A., Collins, M.J.,
Fogel, M.L., Macko, S.A. & Wehmiiller, J.F.), Oxford University Press 145-160

Lauritzen, S E, Haugen, J E, Lovlie, R, and Giljenielsen, H, 1994
Geochronological Potential of Isoleucine Epimerization in Calcite
Speleothems, Quaternary Research, 41(1), 52-8

Lajoie, KR, Peterson, E, and Gerow, B A, 1980 Amino acid bone dating: a
feasibility study, South San Francisco Bay region, California. In
Biogeochemistry of amino acids (ed. P E Hare, T C Hoering, and K J King),
477-89, New York (John Wiley and Sons)

Marshall, E, 1990 Racemization dating: great expectations, Science, 247, 799

Miller, G H, Beaumont, P B, Jull, A J T, and Johnson, B, 1992 Pleistocene
geochronology and palaeothermometry from protein diagenesis in ostrich
eggshells: implications for the evolution of modern humans, Philosophical
Transactions of the Royal Society, London, Series B

Miller, G H, Magee, J W, and Jull, A J T, 1997 Low-latitude glacial cooling in
the Southern Hemisphere from amino acid racemization in emu eggshells,
Nature, 385, 241-4

Miller, G H, Hart, C P, Roark, E B, and Johnson, B J, 2000 Isoleucine
epimerization in eggshells of the flightless Australian birds Genyornis and
Dromaius, Perspectives in Amino Acid and Protein Geochemistry (Ed.
Goodfriend, G. A, Collins, M.J., Fogel, M.L., Macko, S.A. & Wehmiiller, J.F.),
Oxford University Press 161-181

Murray-Wallace, C V, 1993 A review of the application of the amino acid
racemisation reaction to archaeological dating, The Artefact, 16, 19-26

Murray-Wallace, C V and Kimber, R W L, 1987 Evaluation of the amino acid
racemization reaction in studies of Quaternary marine sediments in South
Australia, Australian Journal of Earth Sciences, 34, 279-292

Penkman K E H, 2005 Amino acid geochronology: a closed system approach
to test and refine the UK model, Unpublished PhD thesis, University of
Newcastle.

Penkman, K E H, Keen, D H, Preece, R C & Collins, M J, submitted 2006 An
improved chronology of British aggregates using amino acid racemization and

42



degradation of intra-crystalline amino acids, English Heritage Centre for
Archaeology Report XX/2006

Preece, R C and Penkman, K E H, 2005 Molluscan assemblages and amino
acid dating of the Lower Palaeolithic site at East Farm, Barnham, Suffolk,
Proceedings of the Geologists’ Association 116, 363-377

Roe, H M, 1994 Pleistocene buried channels in eastern Essex, Unpublished
PhD thesis, University of Cambridge

Roe, H M, 1999 Late Middle Pleistocene sea-level change in the southern
North Sea: the record from eastern Essex, UK, Quaternary International, 55,
115-128

Roe, H M, 2001 The late Middle Pleistocene biostratigraphy of the Thames
valley, England: new data from eastern Essex, Quaternary Science Reviews,
20, 1603-1619

Rutter, N W, and Blackwell, B, 1995 Amino acid racemization dating, in Dating
methods for Quaternary deposits (eds N W Rutter and N R Catto), 125-64, St
John's, Newfoundland (Geological Association of Canada)

Schroeder, R A, and Bada, J L, 1976 A review of the geochemical
applications of the amino acid racemization reaction, Earth-Science Reviews,
12, 347-91

Smith, G G, and Evans, R C, 1980 The effect of structure and conditions on
the rate of racemization of free and bound amino acids. In Biogeochemistry of
amino acids (eds P E Hare, T C Hoering, and J King), 257-82, New York
(John Wiley and Sons)

Sykes, G A, Collins, M J & Walton, D I, 1995. The significance of a
geochemically isolated intracrystalline organic fraction within biominerals,
Organic Geochemistry 23 (11/12) 1039-1065

Walton D, 1998 Degradation of intracrystalline proteins and amino acids in
fossil brachiopods, Organic Geochemistry, 28, 389-410

Warren, S H, 1955 The Clacton (Essex) Channel deposits, Quarterly Journal
of the Geological Society of London 111 283-387

43



