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Abstract 
 

Sea-level records of past interglacials are important archives for understanding long term 

mechanisms of sea-level change, and for informing predictions of future sea-level rise. Linking sea-

level records to the global climate record is essential for assessing processes, leads and lags in the 

climate system. However, these fragmentary deposits are often challenging to date. Amino acid 

racemisation dating (AAR, also known as amino acid geochronology) is a technique commonly used 

to date Pleistocene deposits. Recently, improvements in AAR have been made by isolating an 

ΨƛƴǘǊŀ-ŎǊȅǎǘŀƭƭƛƴŜΩ ŦǊŀŎǘƛƻƴ ƻŦ ǇǊƻǘŜƛƴǎ, which in certain biominerals acts a closed system, reducing 

the variability of AAR results. This thesis aimed to assess whether the intra-crystalline approach 

improves the reliability of AAR in calcareous foraminifera, and whether this class of biomineral can 

be used to inform the chronology of Pleistocene sea-level deposits. A combination of oxidative pre-

treatment experiments and high-temperature decomposition experiments were therefore carried 

out on several species of foraminifera commonly preserved in Pleistocene sea-level records. 

These experiments found that biomineral protein in the foraminifer species investigated undergoes 

predictable patterns of breakdown, making these species suitable substrates for AAR. Contrary to 

observations in several other calcareous biominerals, this work found no substantial differences in 

performance between the whole-shell and intra-crystalline approaches to AAR. A weak oxidation 

pre-treatment using H2O2, common in the preparation of foraminifera for AAR, was therefore used 

in the development of a pilot aminostratigraphy of UK Pleistocene sea-level records. The majority 

of the AAR results from this pilot study were consistent with the known chronology of the sites, 

with the exception of samples which showed indications of contamination. These results 

demonstrate the importance of analysing a large number (җ 10) of replicate samples where 

possible, to enable identification of outliers and estimation of reliable mean D/L values for 

foraminifera from Pleistocene sea-level records. 
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point. Where data are absent, this is because experiments of this duration were not carried out, 

with the exception of 360 hours at 500 cm, where none of the samples had resolved A-Ile peaks. 

An increase in A/I is observed between 24-48 hours at 250 cm, while bleaching has no clear effect 

on A/I at 500 cm and 1450 cm. ......................................................................................................... 83 

Fig. 3.6 ς Down core trends in total hydrolysable amino acid concentration of bleached and 

unbleached Nps tests (analysed using RP-HPLC). .............................................................................. 84 

Fig. 3.7 ς Down-core compositions of unbleached and bleached (48 h) Nps tests analysed by IEC, 

showing a relatively stable composition of both the whole and intra-crystalline fractions of amino 
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acids. Due to poor separation of Ser from Thr using IEC, these amino acids are reported together.
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Fig. 3.8 ς Downcore trends in A/I for Nps analysed by IEC: a) A/I against depth showing samples 

taken between 10-2951.5 cm (corrected depth); b) A/I against age for samples taken between 120-

1863 cm, the range of the age model for the core (see Fig. 3.2). Horizontal lines show 1̀ age error 

from age model. Bleached samples were subjected to 48 h NaOCl exposure. A locally weighted 

smoothing (loess) function has been applied (solid line) to highlight the differences between the 

racemisation trends for bleached and unbleached Nps. ................................................................... 86 

Fig. 3.9 ς Trends in racemisation for four amino acids (i) Asx, ii) Glx, iii) Ser, iv) Ile) analysed by RP-

HPLC. a) D/L against depth showing samples taken between 10-2951.5 cm (corrected depth); b) 

D/L against age for samples taken between 120-1863 cm, the range of the age model for the core 

(see Fig. 3.2). Horizontal lines show 1̀ age error from age model. All four amino acids have higher 

D/L values for bleached than unbleached Nps in older samples. Bleached samples were subjected 

to 48 h NaOCl exposure. A locally weighted smoothing (loess) function has been applied to 

highlight the differences between the racemisation trends for bleached and unbleached Nps. ...... 88 

Fig. 3.10 ς Trends in racemisation for four amino acids (i) Asx, ii) Glx, iii) Ser, iv) Ile) analysed by RP-

HPLC for the youngest part (10-60 ka, 10-1500 cm) of the core: a) D/L against depth; b) D/L against 

age. Horizontal lines show 1̀ age error from age model. During this early stage of racemisation D/L 

values are similar between bleached and unbleached Nps for Asx, Glx and Ala. Bleached samples 

were subjected to 48 h bleach exposure. A locally weighted smoothing (loess) function has been 

applied to highlight the differences between the racemisation trends for bleached and unbleached 

Nps. ................................................................................................................................................... 89 

Fig. 3.11 ς Covariance of Asx and Glx D/L for bleached and unbleached Nps analysed by RP-HPLC, 

showing decreased variability of D/L values on bleaching for young material (Asx D/L < 0.2). A 

locally weighted smoothing (loess) function has been applied to show the general trends of the 

data. .................................................................................................................................................. 90 

Fig. 3.12 ς Relationship between IEC Ile A/I and RP-HPLC amino acid D/L values, modelled by log2-

transformed linear regressions. Lines represent the Nps-specific and pooled linear regressions; 

shaded envelopes are 2̀ prediction uncertainǘƛŜǎ ǳǎƛƴƎ ŀ ΨŘǳƳƳȅΩ Řŀǘŀ ǎŜǘ ŦƻǊ ǘƘŜ bǇǎ-specific 

regressions (as used by Whitacre et al. (2017)) and the Nps data set for the pooled regressions. ... 92 

Fig. 4.1 ς Concentration of total hydrolysable amino acids ([THAA]) in unbleached (H2O sonication 

only) and oxidized (H2O2 or NaOCl) samples of sub-modern Ammonia spp., H. germanica and E. 

williamsoni. Weak oxidation (H2O2) experiments were not carried out for E. williamsoni. Dots show 

individual replicates; bars show means of all replicates. ................................................................... 99 

Fig. 4.2 ς Relative proportion of well-resolved amino acids (% [THAA]) in sub-modern Ammonia 

spp., H. germanica and E. williamsoni over the course of extended exposure to 12% w/v NaOCl. 

Amino acids are shown in order of elution. The E. williamsoni samples were analysed using UHPLC, 

which resolves amino acids somewhat differently to RP-HPLC (see Section 2.4); therefore its 
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composition is not directly comparable to Ammonia spp. or H. germanica. Poorly resolved amino 

acids (Thr, His, Arg and Met) have been excluded. ......................................................................... 100 

Fig. 4.3 ς Proportion of Asx and Gly in unbleached (H2O sonication only) and oxidized (H2O2 or 

NaOCl) samples of sub-modern Ammonia spp., H. germanica and E. williamsoni. Weak oxidation 

(H2O2) experiments were not carried out for E. williamsoni. Error bars show ± 1 standard deviation 

( )̀. Dots show individual replicates; bars show means of all replicates. The corresponding 

proportion of Glx, Ser, Phe and Ile is given in Appendix 2. .............................................................. 101 

Fig. 4.4 ς Relative proportion of amino acids (% [THAA]) in sub-modern Ammonia spp. and H. 

germanica treated with an oxidising agent for 4 hours. Four different pre-treatments were used: 

Sonication only (unbleached, U), 4 h 3% H2O2 (3H), 4 h 30% H2O2 (30H), and 4 h 12% NaOCl (12N).

 ........................................................................................................................................................ 102 

Fig. 4.5 ς Asx, Glx, Ser, Phe and Ile THAA D/L in Ammonia spp., H. germanica and E. williamsoni 

treated with various oxidising agents. Weak oxidation (H2O2) experiments were not carried out for 

E. williamsoni; otherwise where bars are missing, it is because the respective D-amino acid was not 

detected in any of the samples at that time point. Dots show individual replicates; bars show 

means of all replicates. .................................................................................................................... 103 

Fig. 4.6 ς Effect of pre-treatment on total hydrolysable amino acid concentration ([THAA]) in 

Pleistocene Ammonia spp. and H. germanica (n = 10 for each pre-treatment). Boxes show the 

median and the first and third quartiles; the whiskers extend to the minimum and maximum 

values, with samples beyond 1.5 times the interquartile range treated as outliers (points). U: 

unbleached (sonication only); 3H: 3% H2O2; 30H: 30% H2O2; 12N: 12% NaOCl. All oxidative pre-

treatments had a duration of 2 hours. ............................................................................................ 106 

Fig. 4.7 ς The effect of pre-treatment on the relative proportion of amino acids (% [THAA]) in 

Pleistocene Ammonia spp. and H. germanica. U: unbleached (sonication only); 3H: 3% H2O2; 30H: 

30% H2O2; 12N: 12% NaOCl. All oxidative pre-treatments had a duration of 2 hours. .................... 107 

Fig. 4.8 ς Variability of the relative proportion of amino acids (% [THAA]) for Asx, Glx, Ser, Gly, Phe 

and Ile with each pre-treatment for Pleistocene Ammonia spp. and H. germanica. Error bars 

represent ± 1 ̀  around the average % composition. U: unbleached (sonication only); 3H: 3% H2O2; 

30H: 30% H2O2; 12N: 12% NaOCl. All oxidative pre-treatments had a duration of 2 hours. ........... 107 

Fig. 4.9 ς Effect of pre-treatment on Asx, Glx, Ser, Phe and Ile D/L of Pleistocene H. germanica and 

Ammonia spp. (n = 10 for each pre-treatment). Boxes show the median and the first and third 

quartiles; the whiskers extend to the minimum and maximum values, with samples beyond 1.5 

times the interquartile range treated as outliers (points). U: unbleached (sonication only); 3H: 3% 

H2O2; 30H: 30% H2O2; 12N: 12% NaOCl. All oxidative pre-treatments had a duration of 2 hours... 109 

Fig. 4.10 ς Coefficient of variance (standard deviation / mean) of the D/L values of Asx, Glx, Ser, Phe 

and Ile of mid-Pleistocene Ammonia spp. and H. germanica, subjected to a range of pre-treatments 

(n = 10 for each pre-treatment). ..................................................................................................... 111 

Fig. 5.1 ς Relative concentrations (amino acid peak area divided by L-hArg peak area) of key amino 

acids in blank set X (blanks analysed alongside 110°C suite of experiments) and blank set Y 
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(separate suite of 10 blanks heated to 110°C for 5 days). Boxes show the median and the first and 

third quartiles; the whiskers extend to the minimum and maximum values, with samples beyond 

1.5 times the interquartile range treated as outliers (points). ........................................................ 124 

Fig. 5.2 ς Concentration of key amino acids in unbleached (whole-shell) and bleached (intra-

crystalline) samples and analytical blank set Y (set of 10 blanks heated for 5 days). Samples from 

both species (Ammonia spp. and H. germanica), and across the full range of time points at 110°C, 

have been combined in this figure to show the range of amino acid concentrations detected in this 

suite of experiments. The concentration of amino acids in the blanks is calculated using an assumed 

ΨǎŀƳǇƭŜ ǎƛȊŜΩ ƻŦ сл ǘŜǎǘǎΦ .ƻxes show the median and the first and third quartiles; the whiskers 

extend to the minimum and maximum values, with samples beyond 1.5 times the interquartile 

range treated as outliers (points). The upper Gly whisker on the THAAf graph has been truncated to 

allow easier comparison of the lower concentration amino acids. Left: free amino acids in 

foraminifer fraction (FAAf); right: total hydrolysable amino acids in foraminifer fraction (THAAf). 125 

Fig. 5.3 ς Concentration of Asx, Gly and Ser and total amino acids in unbleached (whole-shell) and 

bleached (intra-crystalline) Ammonia spp. during 110°C heating experiment. The bars show the 

average concentration of each fraction over time; the points show individual replicates. The 

average total concentration of amino acids in blank set Y (see Section 5.3.1.1), given an assumed 

sample size of 60 tests, is shown as a dark orange line; the pale orange lines are ± 1  ̀around the 

mean of the blank amino acid concentration. Note the individual y-axis range for each plot. Upper: 

free amino acid (FAA) fraction; lower: total hydrolysable amino acid (THAA) fraction. .................. 127 

Fig. 5.4 ς Concentration of Asx, Gly and Ser and total amino acids in unbleached (whole-shell) and 

bleached (intra-crystalline) H. germanica during 110°C heating experiment. The bars show the 

average concentration of each fraction over time; the points show individual replicates. The 

average total concentration of amino acids in blank set Y (see Section 5.3.1.1), given an assumed 

ΨǎŀƳǇƭŜ ǎƛȊŜΩ ƻŦ сл ǘŜǎǘǎΣ ƛǎ ǎƘƻǿƴ ŀǎ ŀ ŘŀǊƪ ƻǊŀƴƎŜ ƭƛƴŜΤ ǘƘŜ ǇŀƭŜ ƻǊŀƴƎŜ ƭƛƴŜǎ ŀǊŜ ҕ м ˋ ŀǊƻǳƴŘ ǘƘŜ 

mean of the blank amino acid concentration. Note the individual y-axis range for each plot. Upper: 

free amino acid (FAA) fraction; lower: total hydrolysable amino acid (THAA) fraction. .................. 128 

Fig. 5.5 ς Total concentration of amino acids in bleached (intra-crystalline) Ammonia spp. and H. 

germanica during 140°C heating experiment. The bars show the average concentration of each 

fraction over time; the points show individual replicates. The average total concentration of amino 

acids in blank set Y (see Section 5.3.1.1ύΣ ƎƛǾŜƴ ŀƴ ŀǎǎǳƳŜŘ ΨǎŀƳǇƭŜ ǎƛȊŜΩ ƻŦ сл ǘŜǎǘǎΣ ƛǎ ǎƘƻǿƴ ŀǎ ŀ 

dark orange line; the pale orange lines aǊŜ ҕ м ˋ ŀǊƻǳƴŘ ǘƘŜ ƳŜŀƴ ƻŦ ǘƘŜ ōƭŀƴƪ ŀƳƛƴƻ ŀŎƛŘ 

concentration. Upper: free amino acid (FAA) fraction; lower: total hydrolysable amino acid (THAA) 

fraction. ........................................................................................................................................... 129 

Fig. 5.6 ς Concentration of Asx, Gly and Ser and total amino acids in supernatant waters from 

unbleached (whole-shell) and bleached (intra-crystalline) Ammonia spp. during 110°C heating 

experiment. The bars show the average concentration of each fraction over time; the points show 

individual replicates. The average total concentration of amino acids in blank set Y (see Section 

5.3.1.1ύΣ ƎƛǾŜƴ ŀƴ ŀǎǎǳƳŜŘ ΨǎŀƳǇƭŜ ǎƛȊŜΩ ƻŦ сл ǘŜǎǘǎΣ ƛǎ ǎƘƻǿƴ ŀǎ ŀ ŘŀǊƪ ƻǊŀƴƎŜ ƭƛƴŜΤ ǘƘŜ ǇŀƭŜ ƻǊŀƴƎŜ 

ƭƛƴŜǎ ŀǊŜ ҕ м ˋ ŀǊƻǳƴŘ ǘƘŜ ƳŜŀƴ ƻŦ ǘƘŜ ōƭank amino acid concentration. Note the individual y-axis 
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range for each plot. Upper: free amino acid (FAA) fraction; lower: total hydrolysable amino acid 

(THAA) fraction. ............................................................................................................................... 131 

Fig. 5.7 ς Concentration of Asx, Gly and Ser and total amino acids in supernatant waters from 

unbleached (whole-shell) and bleached (intra-crystalline) H. germanica during 110°C heating 

experiment. The bars show the average concentration of each fraction over time; the points show 

individual replicates. The average total concentration of amino acids in blank set Y (see Section 

5.3.1.1ύΣ ƎƛǾŜƴ ŀƴ ŀǎǎǳƳŜŘ ΨǎŀƳǇƭŜ ǎƛȊŜΩ ƻŦ сл ǘŜǎǘǎΣ ƛǎ ǎƘƻǿƴ ŀǎ ŀ ŘŀǊƪ ƻǊŀƴƎŜ ƭƛƴŜΤ ǘƘŜ ǇŀƭŜ ƻǊŀƴƎŜ 

ƭƛƴŜǎ ŀǊŜ ҕ м ˋ ŀǊƻǳƴŘ ǘƘŜ ƳŜŀƴ ƻŦ ǘƘŜ ōƭŀƴƪ ŀƳƛƴƻ ŀŎƛŘ ŎƻƴŎŜƴǘǊŀǘƛƻƴΦ bƻǘŜ ǘƘŜ ƛƴŘƛǾƛdual y-axis 

range for each plot. Upper: free amino acid (FAA) fraction; lower: total hydrolysable amino acid 

(THAA) fraction. ............................................................................................................................... 132 

Fig. 5.8 ς Concentrations of a) free (FAA) Asx and b) total hydrolysable (THAA) Asx in unbleached 

(whole-shell) and bleached (intra-crystalline) Ammonia spp. and H. germanica biomineral powders 

and the supernatant water in each vial during 110°C heating experiments. The shaded areas show 

the average concentration of each fraction over time; the points show individual replicates. Note 

the different y-axis ranges used for the unbleached and bleached graphs. Corresponding figures for 

DƭȅΣ {ŜǊ ŀƴŘ ŀƭƭ ŀƳƛƴƻ ŀŎƛŘǎ όΨǘƻǘŀƭΩύ Ŏŀƴ ōŜ ŦƻǳƴŘ ƛƴ Appendix A3.1. ............................................. 133 

Fig. 5.9 ς Change in composition of free (FAA) and total hydrolysable (THAA) amino acids in 

unbleached (whole-shell) and bleached (intra-crystalline) Ammonia spp. and H. germanica during 

110°C heating experiment. X-axis labels show the time points for which data were collected. Arg, 

Tyr, Met, His and Thr are poorly resolved using RP-HPLC, and have therefore been excluded. ..... 134 

Fig. 5.10 ς Percentage of amino acids in free state (% FAA) for Asx, Glx, Gly, Ala, Leu and all amino 

ŀŎƛŘǎ όΨǘƻǘŀƭΩύ ƛƴ ǳƴōƭŜŀŎƘŜŘ όǿƘƻle-shell) and bleached (intra-crystalline) Ammonia spp., heated to 

110°C. .............................................................................................................................................. 136 

Fig. 5.11 ς Percentage of amino acids in free state (% FAA) for Asx, Glx, Gly, Ala, Leu and all amino 

ŀŎƛŘǎ όΨǘƻǘŀƭΩύ ƛƴ ōƭŜŀŎƘŜŘ όƛƴǘǊŀ-crystalline) Ammonia spp., heated to 140°C. Leu was not detected 

in any FAA samples heated for less than 1 day. .............................................................................. 136 

Fig. 5.12 ς Percentage of amino acids in free state (% FAA) for Asx, Glx, Gly, Ala, Leu and all amino 

ŀŎƛŘǎ όΨǘƻǘŀƭΩύ ƛƴ ǳƴōƭŜŀŎƘŜŘ (whole-shell) and bleached (intra-crystalline) H. germanica, heated to 

110°C. .............................................................................................................................................. 137 

Fig. 5.13 ς Percentage of amino acids in free state (% FAA) for Asx, Glx, Gly, Ala, Leu and all amino 

ŀŎƛŘǎ όΨǘƻǘŀƭΩύ ƛƴ ōƭŜŀŎƘŜŘ όƛƴǘǊŀ-crystalline) H. germanica, heated to 140°C. ................................. 137 

Fig. 5.14 ς Racemisation of Asx, Glx, Ser, Ala, Val, Phe, Leu and Ile in the free amino acid (FAA) and 

total hydrolysable amino acid (THAA) fractions of unbleached (whole-shell) and bleached (intra-

crystalline) Ammonia spp. and H. germanica at 110°C. Samples with an amino acid concentration 

ōŜƭƻǿ ǘƘŜ ŀǾŜǊŀƎŜ Ҍ м ˋ ƻŦ ǘƘŜ ōƭŀƴƪǎ ŀǊŜ ƘƛƎƘƭƛƎƘǘŜŘ ƛƴ ƻǊŀƴƎŜΦ ................................................... 140 

Fig. 5.15 ς Racemisation of Asx, Glx, Ser, Ala, Val, Phe, Leu and Ile in the free amino acid (FAA) and 

total hydrolysable amino acid (THAA) fractions of bleached (intra-crystalline) Ammonia spp. and H. 
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Fig. 5.16 ς Covariance between D/L values in the free amino acid (FAA) and total hydrolysable 

amino acid (THAA) fractions for various amino acids in unbleached (whole-shell) and bleached 

(intra-crystalline) Ammonia spp., heated to 110°C. Samples with either an FAA or THAA 

ŎƻƴŎŜƴǘǊŀǘƛƻƴ ōŜƭƻǿ ǘƘŜ ŀǾŜǊŀƎŜ Ҍ м ˋ ƻŦ ǘƘŜ ōƭŀƴƪ ŀǊŜ ƘƛƎƘƭƛƎƘǘŜŘ ƛƴ ƻǊŀƴƎŜΦ ............................. 143 

Fig. 5.17 ς Covariance between D/L values in the free amino acid (FAA) and total hydrolysable 

amino acid (THAA) fractions for various amino acids in unbleached (whole-shell) and bleached 

(intra-crystalline) H. germanica, heated to 110°C. Samples with either an FAA or THAA 

ŎƻƴŎŜƴǘǊŀǘƛƻƴ ōŜƭƻǿ ǘƘŜ ŀǾŜǊŀƎŜ Ҍ м ˋ ƻŦ ǘƘŜ ōƭŀƴƪ ŀǊŜ ƘƛƎƘƭƛƎƘǘŜŘ ƛƴ ƻǊŀƴƎŜΦ ............................. 144 

Fig. 5.18 ς Covariance between Asx D/L and other amino acids in unbleached (whole-shell) and 

bleached (intra-crystalline) Ammonia spp., heated to 110°C. Samples with either Asx or another 

ŀƳƛƴƻ ŀŎƛŘ ŎƻƴŎŜƴǘǊŀǘƛƻƴ ōŜƭƻǿ ǘƘŜ ŀǾŜǊŀƎŜ Ҍ м ˋ ƻŦ ǘƘŜ ōƭŀƴƪ ŀǊŜ ƘƛƎƘƭƛƎƘǘŜŘ ƛƴ ƻǊŀƴƎe. Upper: 

free amino acids (FAA); lower: total hydrolysable amino acids (THAA). .......................................... 145 

Fig. 5.19 ς Covariance between Asx D/L and other amino acids in unbleached (whole-shell) and 

bleached (intra-crystalline) H. germanica, heated to 110°C. Samples with either Asx or another 

ŀƳƛƴƻ ŀŎƛŘ ŎƻƴŎŜƴǘǊŀǘƛƻƴ ōŜƭƻǿ ǘƘŜ ŀǾŜǊŀƎŜ Ҍ м ˋ ƻŦ ǘƘŜ ōƭŀƴƪ ŀǊŜ ƘƛƎƘƭƛƎƘǘŜŘ ƛƴ ƻǊŀƴƎŜΦ ¦ǇǇŜǊΥ 

free amino acids (FAA); lower: total hydrolysable amino acids (THAA). .......................................... 145 

Fig. 5.20 ς Comparison between racemisation of Asx, Glx, Ala, Phe and Leu in unbleached (whole-

shell) and bleached (intra-crystalline) Ammonia spp., heated to 110°C. The solid line shows the 

average D/L over time; the points are individual replicates. Samples with amino acid concentrations 

ōŜƭƻǿ ǘƘŜ ŀǾŜǊŀƎŜ Ҍ м ˋ ƻŦ ǘƘŜ ōƭŀƴƪ ŀǊŜ ǎƘƻǿƴ ŀǎ ƻǇŜƴ ŘƛŀƳƻƴŘǎΦ [ŜŦǘΥ ŦǊŜŜ ŀƳƛƴƻ ŀŎƛŘǎ όC!!ύΤ 

right: total hydrolysable amino acids (THAA). ................................................................................. 147 

Fig. 5.21 ς Comparison between racemisation of Asx, Glx, Ala, Phe and Leu in unbleached (whole-

shell) and bleached (intra-crystalline) H. germanica, heated to 110°C. The solid line shows the 

average D/L over time; the points are individual replicates. Samples where the amino acid 

ŎƻƴŎŜƴǘǊŀǘƛƻƴ ǿŀǎ ōŜƭƻǿ ǘƘŜ ŀǾŜǊŀƎŜ Ҍ м ˋ ƻŦ ǘƘŜ ōƭŀƴƪ ŀǊŜ ǎƘƻǿƴ ŀǎ ƻǇŜƴ ŘƛŀƳƻƴŘǎΦ [ŜŦǘΥ ŦǊŜŜ 

amino acids (FAA); right: total hydrolysable amino acids (THAA). ................................................... 148 

Fig. 5.22 ς Comparison between racemisation of Asx, Glx, Ala, Phe and Leu in FAA and THAA 

unbleached (whole-shell) and bleached (intra-crystalline) Ammonia spp. and H. germanica, heated 

to 110°C. The solid (unbleached) and dashed (bleached) lines show the average D/L over time; the 

closed (unbleached) and open (bleached) circles are individual replicates. Note that samples with 

ŀƳƛƴƻ ŀŎƛŘ ŎƻƴŎŜƴǘǊŀǘƛƻƴ ōŜƭƻǿ ǘƘŜ ŀǾŜǊŀƎŜ Ҍ м  ˋ ƻŦ ǘƘŜ ōƭŀƴƪ ƘŀǾŜ ƴƻǘ ōŜŜƴ ƘƛƎƘƭƛƎƘǘŜŘ ƛƴ ǘƘƛǎ 

graph. .............................................................................................................................................. 149 

Fig. 5.23 ς Comparison between amino acids (Asx, Glx, Ala, Phe, Leu) in different fractions (FAA and 

THAA, unbleached (whole-shell) and bleached (intra-crystalline)) of Ammonia spp. and H. 

germanica, heated to 110°C. The solid (unbleached) and dashed (bleached) lines show the average 

D/L over time; the closed (unbleached) and open (bleached) circles are individual replicates. Note 

ǘƘŀǘ ǎŀƳǇƭŜǎ ǿƛǘƘ ŀƳƛƴƻ ŀŎƛŘ ŎƻƴŎŜƴǘǊŀǘƛƻƴ ōŜƭƻǿ ǘƘŜ ŀǾŜǊŀƎŜ Ҍ м  ˋ ƻŦ ǘƘŜ ōƭŀƴƪ ƘŀǾŜ ƴƻǘ ōŜŜƴ 
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Fig. 5.24 ς RFOKa of Asx, Glx, Ala, Phe and Leu for unbleached (whole-shell) and bleached (intra-

crystalline) Ammonia spp., heated to 110°C. The solid lines show the linear regression between 

time and -ln[(Xe-X)/XeϐΤ ǘƘŜ ǎƘŀŘŜŘ ǊŜƎƛƻƴǎ ǎƘƻǿ ҕ м ˋ ŀǊƻǳƴŘ ǘƘŜ ƭƛƴŜŀǊ ǊŜƎǊŜǎǎƛƻƴΦ C!! tƘŜ and 
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Chapter 1 ς Introduction  
 

1.1 Sea-level change in the Quaternary 

Sea-level rise driven by anthropogenic climate change is a major challenge facing humanity in the 

21st century; understanding the drivers of sea level are therefore critical to predicting future sea-

level rise and mitigating its effects (Oppenheimer et al., 2019). The factors affecting sea level are 

complex and operate on a wide range of timescales from daily to multi-millennial. Instrumental 

measurements and historical records provide a detailed record of sea level as far back as the 18th 

century in some regions; however, to understand longer term drivers of global and regional sea-

level change it is necessary to reconstruct past sea levels from the geological record. This is of 

particular interest to the current geological period, the Quaternary (Shennan et al., 2012; Horton et 

al., 2018; Fox-Kemper et al., 2021). 

Interpreting Quaternary sea-level records is challenging, especially with respect to timing as 

geological records are often sparse and fragmentary. A wide range of dating techniques have been 

developed, and improving dating techniques is an area of active research. Amino acid racemisation 

dating (AAR, also known as amino acid geochronology, AAG) is one such technique, which uses the 

decomposition of amino acids trapped in biominerals to estimate age. This thesis focuses on the 

application of AAR to foraminifera, a class of microfossil found in many marine and estuarine 

deposits, and widely used in Quaternary sea-level reconstructions. 

 

1.1.1 Introduction to the Quaternary 

The Quaternary period is the most recent geological period in the Cenozoic era, comprising the 

Pleistocene (2.6 - 0.012 Ma) and Holocene (0.012 Ma to present) epochs (Gibbard et al., 2010) (Fig. 

1.1). The Quaternary is characterised by repeated fluctuations in climate, with corresponding 

changes in the extent of global ice sheet coverage (Head et al., 2008). This results in significant 

changes in global sea level between lower sea level during cool glacial climates and higher sea level 

during warm interglacial climates.  
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Fig. 1.1 ς Section of the Cenozoic era, showing the Neogene and Quaternary periods (not to scale). 
Chronological boundaries taken from the International Commission on Stratigraphy (Cohen et al., 2013). 
 
 

The study of former glacial climates reaches back to the early 19th century, with one or more Ψice 

agesΩ characterised from terrestrial geological records (Agassiz, 1840; Imbrie, 1982). However, it 

was not until global temperature reconstructions from deep-sea sediment cores were carried out 

ƛƴ ǘƘŜ ŜŀǊƭȅ мфтлǎ ǘƘŀǘ ǘƘŜ Ŧǳƭƭ ǎŎŀƭŜ ƻŦ ǘƘŜ vǳŀǘŜǊƴŀǊȅΩǎ ŦƭǳŎǘǳŀǘƛƴƎ ŎƭƛƳŀǘŜ ǿŀǎ ǘǊǳƭȅ ŀǇǇǊŜŎƛŀǘŜŘ 

(e.g. Shackleton and Opdyke, 1977). Over 100 glacial and interglacial stages have now been 

identified in the Quaternary through the marine oxygen isotope record (Lisiecki and Raymo, 2005) 

(Fig. 1.2). These are referred to as marine oxygen isotope stages (MIS) and are numbered from the 

current interglacial (MIS 1) back in time, with even MIS numbers representing glacials and odd MIS 

numbers representing interglacials. Substages within glacial or interglacial stages are denoted with 

letters (Aitken and Stokes, 1997). 

 

 
Fig. 1.2 ς Pleistocene ɻ18O (oxygen isotope) record, showing fluctuations between warm interglacial and 
cool glacial climates. Select marine isotope stages are labelled. Adapted from Lisieki and Raymo (2005) 
and Raymo et al. (2018). 
 

Interstadials are periods which are too short or too cool to be considered ΨtrueΩ interglacials, 

although the precise boundary between an interstadial and an interglacial is not well defined (Past 

Interglacials Working Group of PAGES, 2016). Due to its relatively cool climate in comparison to 

other numbered stages, MIS 3 is considered an interstadial rather than an interglacial (Fig. 1.2). 

Therefore MIS 5e is the Last Interglacial (LIG), the preceding substages MIS 5a-5d being 

interstadials. 
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1.1.2 Astronomical drivers of climate change 

A key driver of climate change in the Quaternary and late Pliocene is changes in insolation (the 

amount and distribution of sunlight received by the Earth) due to long-scale variations in the 

9ŀǊǘƘΩǎ ƻǊōƛǘ ŀǊƻǳƴŘ ǘƘŜ ǎǳƴ (Berger, 1988). The foundational mathematical model of insolation 

cycles was developed by the theoretician Milankovitch and published in 1941, based on theoretical 

and geological work carried out in the late 1800s, and later validated by the collection of 

continuous high-resolution records of ǘƘŜ 9ŀǊǘƘΩǎ ŎƭƛƳŀǘŜ ǘƘǊƻǳƎƘƻǳǘ ǘƘŜ vǳŀǘŜǊƴŀǊȅ (Imbrie, 

1982).   

Long-term changes in insolation are a combination of three periodic cycles, known as Milankovitch 

cycles (Fig. 1.3). The shortest of these is the 21 ka precession or ΨwobbleΩ ƻŦ ǘƘŜ 9ŀǊǘƘΩǎ ŀȄƛǎ ƻŦ 

ǊƻǘŀǘƛƻƴΣ ǿƘƛŎƘ ŎŀǳǎŜǎ ǎƘƛŦǘǎ ƛƴ ǘƘŜ 9ŀǊǘƘΩǎ ǎŜŀǎƻƴǎ ƻǾŜǊ ǘƛƳŜ (Berger, 1988). The cycle of obliquity 

takes place over 41 ka ŀƴŘ ŎŀǳǎŜǎ ŎƘŀƴƎŜǎ ƛƴ ǘƘŜ ǎŜǾŜǊƛǘȅ ƻŦ ǘƘŜ 9ŀǊǘƘΩǎ ǎŜŀǎƻƴǎ ǘƘǊƻǳƎƘ ŎƘŀƴƎŜǎ 

to the angle of its axis relative to its plane of orbit around the sun, from 21.8° to 24.4° (Bradley, 

1999)Φ ¢ƘŜ ŜŎŎŜƴǘǊƛŎƛǘȅ ƻŦ ǘƘŜ 9ŀǊǘƘΩǎ ƻǊōit is its deviation from a perfect circle, and varies over 100 

and 400 ka cycles (Berger, 1988). The main impact of the eccentricity cycles is a modulation of the 

precession cycle. 

 

Fig. 1.3 ς A schematic representation of the three Milankovitch cycles ς ŎƘŀƴƎŜǎ ǘƻ ǘƘŜ 9ŀǊǘƘΩǎ ƻǊōƛǘ 
around the sun over geological timescales (not to scale). 
 

¢ƘŜ ǊŜǎǇƻƴǎŜ ƻŦ ǘƘŜ 9ŀǊǘƘΩǎ ŎƭƛƳŀǘŜ ǘƻ ǘƘŜ aƛƭŀƴƪƻǾƛǘŎƘ ŎȅŎƭŜǎ ƛǎ ǘƘƻǳƎƘǘ ǘƻ ǘŀƪŜ ǇƭŀŎŜ Ǉrimarily 

through changes to seasons in the Northern Hemisphere. Short, mild summers allow for the 

accumulation of widespread continental ice sheets, while long, hot summers diminish them. The 

strength, timing and duration of interglacials depend on the particular patterns of insolation 

caused by combinations of the three Milankovitch cycles (Past Interglacials Working Group of 
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PAGES, 2016). However, the relationship between orbital forcing and glaciation is not linear, as the 

climatic response to orbital forcing is strongly influenced by interactions between the components 

ƻŦ ǘƘŜ 9ŀǊǘƘΩǎ ŎƭƛƳŀǘŜ ǎȅǎǘŜƳ (Pillans et al., 1998; Tzedakis et al., 2012).  

Much work remains on relating the complex response of global and regional climates to these and 

other forcing factors, including anthropogenic activities (Fox-Kemper et al., 2021). Understanding 

ǘƘŜ ŎƻƳǇƭŜȄ ƛƴŦƭǳŜƴŎŜǎ ƎƻǾŜǊƴƛƴƎ ǘƘŜ vǳŀǘŜǊƴŀǊȅΩǎ ŎƭƛƳŀǘŜ ŎȅŎƭŜǎ ƛǎ ŎǊƛǘƛŎŀƭ ǘƻ ǳƴŘŜǊǎǘŀƴŘƛƴƎ ǘƘŜ 

ways in which anthropogenic forcing has and will continue to shape the climate of the Holocene. 

 

1.1.3 Sea-level change 

Sea level is driven by processes operating on a wide range of spatial and temporal scales; 

untangling this web of influences to understand past sea-level change and predict future changes 

therefore presents a major research challenge (Oppenheimer et al., 2019).  

Relative sea level (RSL) is the level of the sea surface relative to a given point of the solid Earth at a 

given location (normally present day mean sea level), and is the quantity measured by a tide gauge 

(Shennan et al., 2015). Global mean sea level (GMSL) is the global average of relative sea levels. 

GMSL is also referred to ŀǎ ΨŜǳǎǘŀǘƛŎ ǎŜŀ ƭŜǾŜƭΩ (Mitrovica and Milne, 2003); however, deprecation 

of this term has been advocated to avoid ambiguity (Gregory et al., 2019).  

On glacial-interglacial timescales, GMSL is driven by exchange of water mass between the land and 

oceans, primarily due to the advance and retreat of terrestrial ice sheets (Milne, 2014). During 

glacial stages, ice sheets are extensive, and the GMSL is low. During the Last Glacial Maximum 

(LGM, ~21 ka BP), for example, global mean sea level is thought to have been approximately 120-

135 m lower than today (Clark and Mix, 2002). Subsequent retreat of ice sheets during deglaciation 

causes GMSL rise. The contribution to GMSL change through changing water mass balance in the 

ocean is referred to as barystatic sea level rise. TƘŜ ǘŜǊƳ ΨōŀǊȅǎǘŀǘƛŎΩ Ƙŀǎ ǊŜŎŜƴǘƭȅ ōŜŜƴ ǇǊƻǇƻǎŜŘ ǘƻ 

ǊŜǇƭŀŎŜ ǘƘŜ ŎƻƳƳƻƴƭȅ ǳǎŜŘ ΨŜǳǎǘŀǘƛŎΩ ƛƴ ǘƘƛǎ ŎƻƴǘŜȄǘΣ ǘƻ ŀǾƻƛŘ ŎƻƴŦƭŀǘƛƻƴ ǿƛǘƘ Da{[ (Gregory et al., 

2019). Thermostatic sea-level change ς that is, the thermal expansion or contraction of the ocean ς 

also plays a significant role in GMSL change, and may be the dominant contribution to sea-level rise 

in the 21st century (Milne, 2014). 

Barystatic sea-level change is not globally uniform, due to a process of glacial isostatic adjustment 

(GIA). Isostasȅ ƛǎ ǘƘŜ ǊŜǎǇƻƴǎŜ ƻŦ ǘƘŜ 9ŀǊǘƘΩǎ ǎǳǊŦŀŎŜ ǘƻ ŎƘŀƴƎŜǎ ƛƴ Ƴŀǎǎ ƭƻŀŘ όƛƴ ǘƘŜ ŦƻǊƳ ƻŦ ǿŀǘŜǊ 

or ice). When an ice sheet advances, its weight depresses the landmass beneath it, causing a local 
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rise in RSL despite a falling GMSL. Subsequent retreat of the ice sheet during glacial termination 

causes the landmass to rebound over the course of tens of thousands of years ς resulting in a 

falling RSL in regions close to the retreating ice sheet during a period of GMSL rise (Milne, 2014). 

Gravitational attraction of the ocean to ice sheets during glacial stages also causes local variations 

in the height of the sea surface, and therefore RSL (Farrell and Clark, 1976). 

RSL is also influenced on local scales by short-term processes such as tides, storms, erosion and 

subsistence. On longer timescales, crustal motions such as lithosphere formation and subduction, 

continental collision, ŀƴŘ ŎƻƴǾŜŎǘƛǾŜ Ŧƭƻǿ ǿƛǘƘƛƴ ǘƘŜ 9ŀǊǘƘΩǎ ƳŀƴǘƭŜ ŀƭǎƻ ƛƴŦƭǳŜƴŎŜ w{[ǎ (Geophysics 

Study Committee and National Research Council, 1991; Austermann et al., 2017). Understanding 

these processes is vital for both interpreting RSL records and using them to estimate GMSL changes 

during past glacial or interglacial periods; likewise, predicting future sea-level changes in particular 

regions requires an understanding of how global sea-level trends are altered by regional processes. 

 

1.1.3.1 Past sea-level change as an analogue for the future 

Since 1901, the mean rate of GMSL rise has been 0.8-1.9 mm a-1, with the rate of GMSL rise 

accelerating to 3.2-4.2 mm a-1 during the period 2006-2018 (Fox-Kemper et al., 2021). In some 

regions, RSLs are rising at a rate of up to 20 mm a-1 (Nicholls and Cazenave, 2010). This change is 

predicted to have severe impacts on coastal regions due to increased submergence, erosion and 

flooding events, especially in developing countries with the fewest resources for risk mitigation and 

adaptation (Oppenheimer et al., 2019)Φ ²ƛǘƘ ŀǊƻǳƴŘ мл҈ ƻŦ ǘƘŜ ǿƻǊƭŘΩǎ ǇƻǇǳƭŀǘƛƻƴ ƭƛǾƛƴƎ ƛƴ ƭƻǿ 

elevation (< 10 m) coastal zones as of 2007, and coastal urban areas experiencing the greatest 

population growth (McGranahan et al., 2007), sea-level rise will be one of the major challenges 

facing humanity in the 21st century. 

Predictions about how sea levels will change in the future on a global and regional scale are based 

on models constrained by past changes in sea level. Reliable instrumental records of sea level, in 

the form of tide gauges, extend back as far as the 1700s in a few locations, with the majority of 

current tide gauge stations being established in the 1950s or later (Jevrejeva et al., 2006; Horton et 

al., 2018). High-resolution satellite altimetry data are available for most of the globe from the 

1990s onwards (Horton et al., 2018). Using these records it is possible to elucidate short-term 

(annual to centennial) influences on global and regional sea level; however to understand long 

term sea-level patterns it is necessary to infer past sea levels from the complex, often fragmentary 

archaeological and geological records available (Shennan et al., 2015). While the uncertainties 
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involved in reconstructing past sea levels limit their application to quantitative predictions of future 

sea level (Fox-Kemper et al., 2021), these records are important for understanding long-term 

drivers of sea-ƭŜǾŜƭ ŎƘŀƴƎŜΣ ŀƴŘ ǘƻ ŎƻƴǎǘǊŀƛƴ ŀƴŘ ǘŜǎǘ ƳƻŘŜƭǎ ƻŦ ǘƘŜ 9ŀǊǘƘΩǎ ŎƭƛƳŀǘŜ ŀƴŘ ƛǘǎ 

responses to anthropogenic forcing (e.g. Horton et al., 2018; Gilford et al., 2020). Particular 

attention has been paid to past interglacials as analogues of Holocene climate, to understand the 

millennial-scale sensitivƛǘȅ ƻŦ ǘƘŜ 9ŀǊǘƘΩǎ ŎƭƛƳŀǘŜΣ ƛƴ ǇŀǊǘƛŎǳƭŀǊ ƛǘǎ ƛŎŜ ǎƘŜŜǘǎΣ ǘƻ ŎƭƛƳŀǘŜ-forcing 

variables such as insolation, CO2 ŎƻƴŎŜƴǘǊŀǘƛƻƴ ŀƴŘ ŎƘŀƴƎŜǎ ǘƻ ǘƘŜ 9ŀǊǘƘΩǎ ŀǘƳƻǎǇƘŜǊƛŎ ŀƴŘ ƻŎŜŀƴ 

circulation systems (Rovere et al., 2016).  

The Last Interglacial (LIG; MIS 5e, ~128 - 116 ka, (Stirling et al., 1998)) is perhaps the most studied 

ƻŦ ǘƘŜ 9ŀǊǘƘΩǎ Ǉŀǎǘ ƛƴǘŜǊƎƭŀŎƛŀƭ ǇŜǊƛƻŘǎ, due to the relatively widespread preservation of marine and 

terrestrial records compared to older interglacials, affording the greatest resolution of climate data 

from past interglacials (Pedoja et al., 2014). During this period global mean temperatures were 

slightly warmer (0.5-1°C) than pre-industrial conditions, with stronger warming in the Arctic 

(Oppenheimer et al., 2019; Otto-Bliesner et al., 2021), a trend which is also observed in post-

industrial records due to anthropogenic warming. At the peak of the LIG at ~125 ka, GMSL was 

likely between 5-10 m above GMSL today, with the largest contribution to sea-level rise coming 

from polar ice sheets (Fox-Kemper et al., 2021). 

The reliability of the LIG to act as an analogue for modern climate change is limited by its 

difference in orbital forcing compared to the Holocene (Yin and Berger, 2012). Greater summer 

insolation in the Northern Hemisphere during the early LIG (due to its higher orbital eccentricity 

than the Holocene) may have contributed to as much as 45% of ice sheet loss (Van De Berg et al., 

2011). Nonetheless, the LIG provides a useful record of how ice sheets respond to a warming 

climate, which can be used as an analogue for anthropogenic climate forcing.  

MIS 11 (~428 - 397 ka) is generally considered to be a better analogue for the effect of orbital 

forcing on the climate of the Holocene, as its orbital geometry is closer to Holocene orbital 

geometry than any other well-characterised interglacial in the last 500,000 years (Howard, 1997; 

Loutre and Berger, 2000; Candy et al., 2014). However, MIS 11 featured an unusual Ψdouble peakΩ 

of insolation, leading to a brief lapse of interglacial climate between two insolation maxima. Having 

both low eccentricity and only one insolation peak, attention has also been given to MIS 19 (~740 

ka) as a more appropriate analogue to current insolation conditions (e.g. Yin and Berger, 2012) ς 

however records from this older interglacial are much more fragmentary, lower in resolution, and 

more difficult to obtain (Rohling et al., 2010). 
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Reconstructions of past climates are important for calibrating and validating climate models under 

climate regimes not represented by the historical record (e.g. Braconnot et al., 2012; Schmidt et 

al., 2014). Records of past sea-level change can be especially useful as an indirect proxy to estimate 

and model ice-sheet growth and retreat (e.g. Milne et al., 2002; Goelzer et al., 2016; Creveling et 

al., 2017). However, these records are often sparse and difficult to interpret, especially with 

respect to their timing, presenting a major challenge for past sea-level reconstruction (Schmidt et 

al., 2014; Marino et al., 2015). Improving chronological control of sea-level records is therefore an 

area of particular interest in Quaternary research. 

 

1.2 Dating Quaternary sea-level records 

 

1.2.1 Introduction to Quaternary geochronology 

Geochronology is the determination of the age of rocks, sediments and fossils, either by correlation 

to other records or by measuring the materiŀƭΩǎ ŀōǎƻƭǳǘŜ ŀƎŜΦ 5ŜǾŜƭƻǇƛƴƎ ŎƘǊƻƴƻƭƻƎƛŜǎ ŦƻǊ 

terrestrial sea-level records from past interglacials can be especially challenging due to their 

sparse, fragmentary nature. A range of techniques have been developed to tackle this challenge; as 

each method has its advantages and disadvantages, a variety of methods is typically used to 

constrain ages of past interglacial sea-level deposits (Lowe and Walker, 2014). The key dating 

techniques used in Quaternary geochronology are summarised below in Table 1.1; the principles 

and shortcomings of the techniques most commonly used in Quaternary sea-level reconstruction 

are discussed in further detail below. 

 
Table 1.1 ς Summary of dating methods used for the Quaternary. 

Method Substrate(s) What is being measured? Age range 

Correlative & relative techniques 

Stratigraphy Any sedimentary 
sequence 

Sequence of deposition Entire geological record, 
depending on sequence 

Biostratigraphy Fossil-bearing 
sediments 

Changes in species 
distribution 

Up to 3.5 Ga, depending 
on sequence 

Tephrochronology Tephra Volcanic eruptions Distinct isochronic 
markers throughout the 
Quaternary and beyond 

Palaeomagnetism Minerals with 
residual 
magnetism 

Variations in the polarity of 
ǘƘŜ 9ŀǊǘƘΩǎ ƳŀƎƴŜǘƛŎ ŦƛŜƭŘ 

Up to 50 ka for secular 
variation; several global 
polarity reversals during 
Quaternarya 
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Method Substrate(s) What is being measured? Age range 

Oxygen isotopes Ocean 
sediments 
(foraminifera) 

Ocean temperature and 
global ice coverage 

Up to 5.3 Maa 

Annual banding 
records 

Wood, corals, 
speleothems, 
annually banded 
sediments, ice, 
etc. 

Annual growth/deposition, 
typically forming Ψfloating 
chronologiesΩ which can be 
cross-matched to form 
continuous chronologies 

Continuous 
chronologies: 
Corals: 0.4 kab 
Molluscs: 1.4 kac 
Tree rings: 12 kad 
Ice cores: 110 kab 

Amino acid 
racemisation 

Fossil 
biominerals 

Time since cessation of 
tissue turnover 

Up to 2.5 Ma depending 
on latitude, typically up 
to ~1 Mae 

Numerical radiometric techniques 

Radiocarbon Organic material Time since cessation of 
tissue turnover 

Up to ~45 ka, ~60 ka in 
some casesd 

Uranium series Carbonate 
materials 
(biominerals and 
speleothems) 

Time since mineral formation 
or U uptake 

230Th/234U 0.1 to 500 kaa 
231Pa/235U: 5-200 kaa 
231Pa/230Th: 5-250 kaa 
4He/U: 100 ka to 10 Maa 
U-Pb: 1 Ma up to ~4 Gaf 

Potassium-argon 
dating 

Volcanic rocks Time since crystallisation 100 ka up to ~4 Gaa 

Cosmogenic nuclides  Rock surfaces Duration of exposure to 
cosmic rays 

Up to between 0.2 kaa 
and 10 Mab depending 
on nuclide 

Numerical trapped charge techniques 

Thermoluminescence 
(TL) 

Quartz- and 
feldspar-rich 
materials, 
biominerals 

Time since exposure to heat 
(or biomineral formation) 

0.1 to between 100-300 
ka depending on 
materiala 

Optically stimulated 
luminescence (OSL)  

Quartz- and 
feldspar-rich 
materials 

Time since exposure to light 0.2-0.3 to 100-150 kad 

Electron spin 
resonance (ESR) 

Biominerals, 
speleothem 
calcite 

Time since exposure to heat 
or light 

A few ka up to 2 Ma for 
certain materialsd 

Fission track dating Volcanic 
minerals 

Number of damage trails 
caused by spontaneous 
fission reactions 

0.1 ka up to > 2.5 Mad 

a Lowe and Walker (2014) 
b Walker (2005) 
c Butler et al. (2013) 
d Walker and Lowe (2007) 
e Wehmiller and Miller (2000) 
f Rasbury and Cole (2009) 
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1.2.2 Correlative dating methods 

Correlative methods used in Quaternary geochronology include stratigraphy, biostratigraphy, 

tephrochronology, palaeomagnetism and stable isotopes (Table 1.1). The basic principle of time-

stratigraphic correlation is that if a depositional event can be reliably identified in a range of 

locations, then a date range obtained for the event in one location applies to all locations (Walker, 

2005). Tephrochronology, for example, is used throughout the Quaternary to correlate regional 

stratigraphic sequences, as volcanic eruptions provide an essentially instantaneous time marker in 

the stratigraphic record (e.g. Tzedakis et al., 2001). Biostratigraphy is the use of fossil assemblages 

to make stratigraphic correlations. In the Quaternary, this technique enables glacial and interglacial 

horizons to be distinguished through the different ecological makeup of warmer and cooler 

environments, although differentiating successive interglacials from each other can be a challenge 

(Schreve and Thomas, 2001; Thomas, 2001). Pollen, molluscs and mammals are the most 

commonly used fossils in Quaternary biostratigraphy (Schreve and Thomas, 2001). Oxygen isotope 

stratigraphy has a resolution of only a few thousand years, but enables deposits to be correlated to 

the global MIS framework (e.g. Bleil and Gard, 1989; Tzedakis et al., 2001).  

The major challenge of correlative dating methods is determining the synchroneity of depositional 

events. This is especially important for terrestrial deposits, which are often dominated by local and 

regional patterns not present in global ice-core or marine records (Gibbard and Hughes, 2020). A 

range of correlative techniques is usually applied to a single site or region to reduce uncertainties 

arising from limitations of any single technique (Walker, 2005). 

 

1.2.3 Radiometric dating methods 

 

1.2.3.1 Principles of radiometric dating 

Radiometric dating methods use the decay of radioisotopes as a ΨclockΩ for measuring the passage 

of time. As radioactive decay is exponential, the age of a sample relates directly to its radioactivity 

or radioisotopic ratio through the half-life of the radioisotope under study. 

Early emission-counting techniques measured the radioactivity of a sample by counting the alpha 

(He2+) or beta (e- or e+) particle emissions of the sample over a given length of time. This method 

requires large sample sizes and long analysis times, especially in ancient samples where 

radioactivity is low (Smart and Frances, 1991). By contrast, the newer techniques of accelerator 
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mass spectrometry (AMS) and inductively coupled plasma mass spectrometry (ICPMS) measure the 

ratios of individual isotopes. AMS and ICPMS are quickly gaining dominance in the field of 

radioanalytics due to their smaller sample size requirements and shorter analytical times compared 

to emission-counting techniques (Povinec, 2018). 

Depending on the radioisotopes used, the suite of radiometric dating methods covers almost the 

ŜƴǘƛǊŜ ǎǇŀƴ ƻŦ ǘƘŜ 9ŀǊǘƘΩǎ ƘƛǎǘƻǊȅΦ 40K has a half-life of 1.3 x 109 years (Smart and Frances, 1991), so 

its decay series can be used to date igneous rocks as old as four billion years. On the other end of 

the scale, 137Cs (half-life of 30 years) is routinely used to date samples from the last century 

(Shennan et al., 2015). The most commonly used radiometric dating methods for Quaternary sea-

level studies are radiocarbon and U-series (Milne, 2014; Shennan et al., 2015); these are discussed 

in more detail below. 

 

1.2.3.2 Radiocarbon dating 

Radiocarbon dating relies on the decay of radiocarbon (14C) in organic materials. 14C is generated 

from 14N in the atmosphere by cosmic radiation. It is incorporated into living material during 

growth, where it remains in equilibrium with atmospheric 14C during the lifetime of the tissue. 14C 

undergoes exponential radioactive decay with a half-life of 5,730 ± 40 years (Godwin, 1962); once 

tissue turnover ceases and no additional 14C is incorporated into the organic material, the 

concentration of 14C in the material decreases at this rate of decay. Beyond ~45 ka, the 

concentration of 14C in a sample is generally too low to be accurately determined, with even very 

small amounts of contamination leading to large age errors, although in a few limited cases the 

range of the technique has been extended to ~60 ka (Walker and Lowe, 2007).  

Several factors complicate the derivation of numerical ages from radiocarbon measurements, 

including contamination, isotopic fractionation, variations over time in the generation of 

atmospheric 14C, and marine reservoir effects. Efforts to reduce the impact of contamination are 

largely focused on careful sampling and preparation techniques such as acid or alkaline pre-

treatments (Walker, 2005). Conversion of radiocarbon measurements into calendar ages requires 

the use of calibration curves which account for changes in atmospheric 14C over time. Calibration 

curves have been developed using materials dated by both radiocarbon dating and other methods, 

principally dendrochronology and U-series dating (Walker, 2005). The most widely used calibration 

curves are those developed by the IntCal Working Group (Lowe and Walker, 2014). The most 
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recent iterations of these curves are IntCal20 (for the Northern Hemisphere), SHCal20 (for the 

Southern Hemisphere) and Marine20 (for marine samples) (Reimer et al., 2020). 

CƻǊ ƳŀǊƛƴŜ ǎŀƳǇƭŜǎΣ ŀƴ ŀŘŘƛǘƛƻƴŀƭ ŎƻƳǇƭƛŎŀǘƛƻƴ ƛǎ ǘƘŜ ǊŜǎƛŘŜƴŎŜ ǘƛƳŜ ƻŦ ŎŀǊōƻƴ ƛƴ ǘƘŜ ǿƻǊƭŘΩǎ 

oceans. At the sea surface, dissolved carbon is in equilibrium with the atmosphere; however once 

this carbon is transported into intermediate and deep waters, it undergoes radioactive decay 

without immediate replenishment from the atmosphere. This results in a Ψmarine reservoir effectΩ 

which may vary from less than 30 years in shallow waters to thousands of years in the deep oceans 

(Walker, 2005). A database of marine reservoir ages can be found at calib.org/marine; new local 

reservoir ages are added to the database regularly (Reimer and Reimer, 2001). 

The ~50 ka age limit of radiocarbon dating limits its application to sea-level records from the last 

deglaciation and younger. Radiocarbon dating is the primary technique used to date sea-level 

deposits during this period and is found extensively in Holocene (Hibbert et al., 2018) and post-

LGM sea-level databases (Khan et al., 2019).  

 

1.2.3.3 U-series dating 

U-series dating encompasses a range of techniques, based on different parts of the 238U, 235U and 

232Th decay chains (Lowe and Walker, 2014). The most commonly applied method of U-series 

dating to sea-level research is the daughter decay technique. Uranium is highly soluble, while 

several of its decay products, such as 230Th and 231Pa, are insoluble. In the precipitation of certain 

minerals, U is taken up into the mineral matrix from the surrounding water, while its insoluble 

decay products are not. Following formation of the mineral, the decay of U leads to an 

accumulation of its daughter products within the mineral matrix, enabling a calculation of the time 

since its formation, usually by measuring the ratio of 230Th to 234U (Lowe and Walker, 2014). This 

technique is applicable to a range of materials including corals, mollusc shells, bone, speleothems, 

tufa and phosphates, and has an age range of 0.1 to 500 ka (Lowe and Walker, 2014).  

As they can provide an indication of past sea levels and can be dated using U-series dating, corals 

are widely used in Quaternary sea-level reconstructions where they occur at tropical and 

subtropical latitudes (Hibbert et al., 2016). While it is theoretically possible to date corals up to 

~500 ka using U-series dating, most reliably dated fossil corals are from the last glacial cycle due to 

a paucity of well-preserved specimens older than MIS 5 (Andersen et al., 2010). U-series dated 

speleothems have also been used to a lesser extent to reconstruct Quaternary sea levels (Dutton et 

al., 2009; Onac et al., 2012), through the identification of sea-level rise due to cessation of 
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speleothem growth, encrustation by aquatic organisms, or sub-aquatic overgrowths from mineral-

rich groundwaters.   

Conventional U-series dating assumes that the sample has behaved throughout diagenesis as a 

closed system ς that is, that there has been no loss or gain of parent or daughter isotopes. 

Therefore the major challenge of U-series dating is identifying open-system behaviour caused by 

geochemical alteration of the mineral. This is a particular problem in older samples, as the extent 

of open-system mobilisation increases with age (Stirling and Andersen, 2009). Two main 

approaches are used to address this issue: screening and open-system modelling (Hibbert et al., 

2016). Screening aims to identify and remove samples which do not conform to closed-system 

behaviour; however, the choice of screening criteria may have a large effect on which samples are 

excluded (Hibbert et al., 2016), and with very old material it is often necessary to reject the 

majority of samples due to the mobilisation of isotopes (Stirling and Andersen, 2009).  

In an alternative approach, various models of open-system redistribution of Th and U in corals have 

been developed (e.g. Gallup et al., 1994; Thompson et al., 2003; Villemant and Feuillet, 2003). The 

performance of these models is variable (Chutcharavan and Dutton, 2021), especially for samples 

older than ~200 ka (Frank et al., 2006). An additional complication is the challenge of verifying 

models without closed-system samples from the same coral or reef terrace, which become 

increasingly rare in older samples (Stirling and Andersen, 2009). Overall there is no community 

consensus about which screening criteria or open-system models are best for accommodating 

diagenetically altered coral U-series dates (Stirling and Andersen, 2009; Hibbert et al., 2018; 

Chutcharavan and Dutton, 2021). 

U-series dating is widely used in the sea-level research community, especially beyond the limits of 

radiocarbon dating. In recent years, several databases of sea-level records dated using U-series and 

radiocarbon methods have been collated (e.g. Hibbert et al., 2018; Chutcharavan and Dutton, 

2021), focusing mainly on material from the LIG and younger. 

 

1.2.4 Trapped charge dating methods 

Trapped charge methods ς thermoluminescence (TL), optically stimulated luminescence (OSL) and 

electron spin resonance (ESR) ς are a subset of radiometric techniques which measure the number 

of electrons accumulated in crystal defects by radiative exposure (Walker, 2005). The longer the 

mineral is subjected to radiation, the greater the number of trapped charges; thus the technique 

measures the time elapsed since some ΨzeroingΩ event which frees the electrons from the crystal 
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defects (Walker, 2005). This zeroing event may be exposure to sunlight, heating, biomineralisation 

or recrystallisation ς therefore, one major advantage of trapped charge techniques is that they can 

date erosional, depositional or reworking events for which radiometric dating would give 

erroneously old ages (Fuchs and Owen, 2008). 

The techniques differ in the method used to detect the trapped electrons. In TL and OSL, heat and 

light respectively are used to liberate electrons, while ESR excites trapped electrons (which are 

paramagnetic) using a magnetic field. The age limit of luminescence dating depends on the 

saturation of the luminescence signal, which depends on the mineral studied and the 

environmental supply of radiation (Fuchs and Owen, 2008).  

Measured luminescence signal intensity of a sample is converted into age using its environmental 

dose rate. This is the rate of radiation absorbed by the mineral both from its endogenous 

radioactive isotopes and from surrounding material. The dose rate is typically determined either by 

direct counting of emissions (in or ex situ) or measuring the concentration of radioactive elements 

(U, Th and K) in the surrounding sediment (Duller, 2008). Determination of the dose rate may be 

complicated by heterogeneity of the surrounding sediment, radioactive element concentrations 

ǿƘƛŎƘ ŀǇǇǊƻŀŎƘ ǘƘŜ ƭƛƳƛǘǎ ƻŦ ŀƴŀƭȅǘƛŎŀƭ ŘŜǘŜŎǘƛƻƴΣ ƻǊ ŎƘŀƴƎŜǎ ƛƴ ǘƘŜ ŘƻǎŜ ǊŀǘŜ ƻǾŜǊ ǘƘŜ ǎŀƳǇƭŜΩǎ 

burial history (Duller, 2008). 

Incomplete zeroing of the luminescence signal is another major challenge in determining reliable 

age estimates using luminescence dating, especially in fluvial and marine sediments (Preusser et 

al., 2008). Advances in the technique have enabled more rigorous identification of incomplete 

zeroing events, in particular the single aliquot regeneration (SAR) method which enables 

luminescence measurements of single mineral grains, which can then be checked against other 

grains in the sample for internal consistency (Rhodes, 2011). 

One of the largest sources of uncertainty in OSL/TL dating is the water content of a sample and its 

surroundings (Duller, 2008). Water between mineral grains absorbs some of the radiation, so the 

higher the water content of a sample the less radiation is absorbed by the luminescent mineral. 

Typically a 1% increase in water content results in a 1% increase in calculated age (Duller, 2008). 

Modern-day water content is usually used as a guideline for the average water content during 

burial, but potential changes in hydrological conditions must also be taken into account (Preusser 

et al., 2008). Beyond ~300 ka, there are additional challenges validating OSL/TL ages due to a lack 

of independent dating (Wallinga, 2002). 
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Trapped charge dating methods are frequently used alongside other dating methods in late 

Quaternary sea-level reconstructions around the world (e.g. Britain (Briant et al., 2004, 2012), 

continental Europe (Marks et al., 2014), Russia (Gualtieri et al., 2003), Australia (Murray-Wallace et 

al., 2010) and North America (Owen et al., 2007)).  

 

1.2.5 Amino acid racemisation dating 

Amino acid racemisation dating (AAR) is a dating method based on the decomposition of proteins 

in biomineral sub-fossils, and is applicable to timescales spanning from 150 ka to 2.5 Ma depending 

on the diagenetic temperature and properties of the biomineral (Wehmiller and Miller, 2000). A 

key application of AAR is Quaternary sea-level records from temperate latitudes, which are critical 

for reconstructing ice-sheet contributions to past GMSL change (Dutton et al., 2015). Temperate 

latitude estuarine deposits have been widely used to reconstruct Holocene sea-levels (see Barlow 

et al., 2013); however, past interglacial estuarine deposits are more challenging to date as they fall 

beyond the limits of radiocarbon dating. U-series dating is less reliable for molluscs than for corals, 

which are not commonly found at high latitudes (Shennan et al., 2015), and incomplete bleaching 

or variable water contents often complicate trapped charge measurements, especially in estuarine 

and fluvial environments (Duller, 2008; Preusser et al., 2008). While biostratigraphy of pollen, 

molluscs and vertebrates can provide both palaeoenvironmental and chronological information, 

differentiating between successive interglacial periods can be challenging (e.g. Schreve and 

Thomas, 2001; Thomas, 2001). AAR of biomineral sub-fossils from these locations therefore 

provides additional chronological control for these challenging-to-date environments.  

AAR has been used to date Quaternary sea-level deposits around the world, including in Britain 

(e.g. Bates et al., 2010; Penkman et al., 2013; Barlow et al., 2017), Australia (e.g. Cann et al., 1988; 

Nash et al., 2018), North America (e.g. Wehmiller et al., 2010) and Europe (e.g. Pierini et al., 2016; 

Torres et al., 2016), typically focusing on differentiating between sea-level highstands from 

different interglacials. The principles of AAR are discussed in detail below. 

  

1.3 Principles of amino acid racemisation dating 

This section covers the principles of AAR and its history as a Quaternary dating technique. The 

mechanisms of protein decomposition are discussed in Section 1.4; an discussion of the application 

of AAR to foraminifera and sea-level reconstructions is in Section 1.5.2.  
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1.3.1.1 A note on naming conventions 

¢ƘŜ ƴŀƳŜ ΨŀƳƛƴƻ ŀŎƛŘ ǊŀŎŜƳƛǎŀǘƛƻƴ ŘŀǘƛƴƎΩ ƛǎ ƴƻǘ ǘŜŎƘƴƛŎŀƭƭȅ ŀŎŎǳǊŀǘŜΣ ŀǎ ŀ range of other reactions 

besides racemisation inform the estimation of age in this technique (see Section 1.4). Amino acid 

geochronology (AAG) has been proposed as a more accurate alternative, and has gained some use 

in recent years; however, as AAR remains the most widely used acronym in the wider Quaternary 

community, this thesis will use AAR to refer to this technique (with the exception of Chapter 3 

ǿƘŜǊŜ Ψ!! ƎŜƻŎƘǊƻƴƻƭƻƎȅΩ was chosen for editorial reasons). 

 

1.3.2 Amino acids in biominerals 

Amino acids are an important class of molecule ubiquitous in biology as the building blocks of 

ǇǊƻǘŜƛƴǎΦ !Ƴƛƴƻ ŀŎƛŘǎ ŀǊŜ ŎƻƳǇǊƛǎŜŘ ƻŦ ŀƴ ʰ-carbon bonded to an NH2 (amino) group, a COOH 

(carboxylic acid) group, a hydrogen atom, and a fourth substituent R (Fig. 1.4a). There are twenty 

commonly occurring amino acids in nature (Table 1.2), each with a different R-group. Peptides are 

formed from chains of two or more amino acids linked by peptide bonds (Fig. 1.4b); amino acids in 

a peptide are referred to as residues. Large chains of amino acids are referred to as proteins; the 

division between a peptide and a protein is not strictly defined, but is typically considered to be 

around 50 amino acid residues (Gold, 2019). The sequence of amino acids in a protein determines 

its secondary structure and functionality. 

 

 

Fig. 1.4 ς Structure of a) an amino acid and b) a peptide formed from three amino acid residues. The 
peptide bonds are indicated by dotted rectangles. 
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Table 1.2 ς Naturally occurring amino acids and their quantification and chiral separation by ion 
exchange chromatography (IEC), high performance liquid chromatography (RP-HPLC) and ultra high 
performance liquid chromatography (UHPLC) (see Section 1.3.4.2). 

Amino acid 
R-group Structure 

(the far left carbon in each 
ǎǘǊǳŎǘǳǊŜ ƛǎ ǘƘŜ ʰ-carbon) 

1-
letter 
code 

3-
letter 
code 

Quantification (V); Chiral 
separation (Ċ) 

IEC 
RP-

HPLC 
UHPLC 

Aspartic acid 

 

D Asp a V Ċ Ċ 

Asparagine 

 

N Asn a 

Glutamic acid 

 

E Glu b V Ċ Ċ 

Glutamine 

 

Q Gln b 

Serine 
 

S Ser V Ċ Ċ 

Glycine 
 

G Gly V V V 

Arginine 

 

R Arg  V Ċ 

Alanine 
 

A Ala V Ċ Ċ 

Histidine 

 

H His  V Ċ 

Valine 

 

V Val V Ċ Ċ 

Phenylalanine 

 

F Phe  Ċ Ċ 

Isoleucine 

 

I Ile Ċ Ċ Ċ 
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Amino acid 
R-group Structure 

(the far left carbon in each 
ǎǘǊǳŎǘǳǊŜ ƛǎ ǘƘŜ ʰ-carbon) 

1-
letter 
code 

3-
letter 
code 

Quantification (V); Chiral 
separation (Ċ) 

IEC 
RP-

HPLC 
UHPLC 

Leucine 

 

L Leu V Ċ Ċ 

Threonine 

 

T Thr V V Ċ 

Methionine 
 

M Met  Ċ Ċ 

Tyrosine 

 

Y Tyr  Ċ Ċ 

Lysine 
 

K Lys    

Proline c 

 

P Pro    

Cysteine and 
Selenocysteine  

C, U Cys, 
Sec 

   

Tryptophan 

 

W Trp    

a Asp and Asn are analytically indistinguishable (Section 1.3.4.2), so are referred to jointly as Asx. 
b Glu and Gln are analytically indistinguishable (Section 1.3.4.2), so are referred to jointly as Glx. 
c The R-ƎǊƻǳǇ ƻŦ ǇǊƻƭƛƴŜ ƛǎ ōƻƴŘŜŘ ǘƻ ōƻǘƘ ǘƘŜ ʰ-carbon and the nitrogen of the amino group (shown in 
blue). 
 
 

Biomineral-secreting organisms use proteins to direct mineral precipitation and control both the 

shape (Albeck et al., 1993) and mechanical properties (Gries et al., 2012) of the biomineral. 

Biomineral proteins were first identified in fossil material in 1954 by Abelson et al., and their 

decomposition over geologic time was soon proposed as a potential dating method (Abelson, 

1955). 
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The preservation of proteins and amino acids in the fossil record is highly dependent on the 

biomineral structure and depositional environment. The limits of protein and amino acid 

preservation is a subject of intense interest and debate, with issues such as contamination 

presenting a significant challenge when identifying very small amounts of highly degraded proteins 

or amino acids in fossil material (e.g. Saitta et al., 2019; Liang et al., 2020). At present the oldest 

well-substantiated intact peptides come from ~3.8 Ma ostrich eggshell (equivalent to ~16 Ma at 

10°C) (Demarchi et al., 2016); claims of surviving peptides from older material are controversial 

(e.g. Buckley et al., 2008, 2017). 

Amino acids can persist for longer in the fossil record as products of peptide hydrolysis. The oldest 

well-substantiated amino acids have been found in ~80 Ma dinosaur eggshell (Saitta et al., 2020). 

There is some evidence that amino acids can be preserved over even longer timescales in amber, 

but more work is required (McCoy et al., 2019). 

 

1.3.3 Amino acid racemisation 

Of the twenty commonly occurring amino acids in nature, all except glycine (Gly) are chiral ς that 

is, they are asymmetric and therefore non-superimposable on their mirror forms (Steiner, 1968). 

aƻǎǘ ŎƘƛǊŀƭ ŀƳƛƴƻ ŀŎƛŘǎ ƘŀǾŜ ƻƴƭȅ ƻƴŜ ǎǘŜǊŜƻƎŜƴƛŎ ŎŜƴǘǊŜΣ ŀǘ ǘƘŜ ʰ-carbon, so exist as one of two 

enantiomers (Fig. 1.5a), mirrored forms with chemically identical properties (Schroeder and Bada, 

1976). Isoleucine (Ile) and threonine (Thr) have two stereogenic centres, so have four 

stereoisomers (two enantiomers, and two epimers, which are not mirrored forms and therefore do 

not have identical chemical properties (Fig. 1.5b)). 

Lƴ ōƛƻƭƻƎȅΣ ǘƘŜ ƻǊƛŜƴǘŀǘƛƻƴ ƻŦ ǘƘŜ ʰ-carbon stereocentre is denoted by the prefix L- or D-, 

depending on its stereochemistry relative to glyceraldehyde. With the exception of some bacteria 

(Bhattacharyya and Banerjee, 1974), and rare cases of D-amino acids in some plant and animal 

proteins (see Miyamoto and Homma, 2018), all proteins in living cells are synthesised using L-

amino acids.  
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Fig. 1.5 ς Chirality of amino acids: a) amino acids with one stereogenic centre at the -hcarbon, forming 
two enantiomers (mirror images with identical physical properties); b) isoleucine, an amino acid with 
two stereogenic centres (at the h - and ̡ -carbon positions), which has four stereoisomers. 

 

The preference in biology for one stereoisomer over the other is thermodynamically unfavourable, 

and conversion from one stereoisomer to a mixture of isomers is spontaneous. This process is 

called racemisation and in amino acids can take place at the -hcarbon stereocentre (h-inversion, 

Fig. 1.5a) or at the ̡ -carbon stereocentre for amino acids with two stereocentres ( -̡inversion, Fig. 

1.5b). In living tissue, enzymes preserve the enantiomeric excess of L- over D- amino acids; 

however once these functions cease (i.e. when tissue turnover stops, in most cases on death of the 

organism) the degree of racemisation increases until equilibrium is reached (Murray-Wallace, 

1995).  

For amino acids with more than one stereogenic centre, or amino acids within peptide chains, this 

process is technically called epimerisation as only one stereogenic centre is inverted; however, for 

simplicity ΨracemisationΩ is frequently used to refer to both racemisation and epimerisation (Bada, 
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1972a). For epimerisation, as rates of conversion between epimers are different, the equilibrium 

mixture of epimers is not necessarily equal (Murray-Wallace, 1995). 

 

1.3.4 Amino acid racemisation as a dating method 

If the constituent amino acids of a protein are not lost from a system, then the ratio of L- to D- 

amino acids in a sample should, for a given temperature regime and set of environmental 

parameters, correspond to the amount of time that has passed since the cessation of tissue 

turnover (Hare and Mitterer, 1968).  

In 1967 Hare and Abelson used enzyme digestion to quantify the D/L value of various amino acids 

in proteins from recent (Pleistocene) and ancient (Miocene) shells, finding that racemisation 

ƻŎŎǳǊǊŜŘ άώƻƴϐ ǘƘŜ ƻǊŘŜǊ ƻŦ мл5 ȅŜŀǊǎέΦ The first application of amino acid racemisation to 

geochronology was carried out by Hare and Mitterer (1968) to estimate the age of Mercenaria 

fossils. The field rapidly expanded in the following decades to include analyses of a range of other 

substrates, including other molluscs (Miller and Hare, 1975; Andrews et al., 1979; Wehmiller, 

1980), marine sediments (e.g. Bada et al., 1970), foraminifera (e.g. King and Neville (1977), see also 

Section 1.5.2.2), wood (e.g. Lee et al., 1976), corals (e.g. Wehmiller et al., 1976), bones (e.g. 

Dungworth, 1976; Bada and Shou, 1980) and teeth (e.g. Bada, 1981). 

The requirement for analysing a closed system of proteins to prevent external influences on the 

rate of racemisation was recognised early in the development of AAR as a dating technique 

(Schroeder and Bada, 1976). During early work, the physical integrity of samples, concordance of 

results with expected diagenetic trends, and agreement between AAR results and other dating 

methods were generally taken as sufficient evidence that these biomineral matrices were closed 

system with respect to amino acids (Miller and Hare, 1980; Towe, 1980). However, controversy 

surrounding spurious ages for North American human bones (Bada et al., 1974) drew attention to 

the importance of demonstrating closed-system behaviour in substrates dated by AAR (Bada, 

1985). Recent work has focused on calcareous biominerals such as mollusc shells, eggshell, corals 

and foraminifera, with an increasing focus on the well-protected intra-crystalline fraction of 

proteins in these biominerals (Penkman, 2017). 

 



43 
 
 

1.3.4.1 Intra-crystalline protein diagenesis (IcPD) 

The majority of proteins in a biomineral matrix form an inter-crystalline ΨmeshΩ between crystallites 

(Towe, 1980), which may be susceptible to leaching, contamination or changes in chemical 

environment. This inter-crystalline fraction may therefore be an unreliable source of amino acids 

for dating (Sykes et al., 1995). However, in some species a small fraction of biomineral protein has 

been identified which is highly resistant to chemical oxidation (see discussion below). These 

proteins are thought to be intra-crystalline ς that is, totally occluded by the biomineral structure 

(Fig. 1.6), although the exact relationship between the biomineral and so-called intra-crystalline 

protein has been a subject of debate (see Wehmiller and Miller, 2000).  

 

 
Fig. 1.6 ς Schematic representation of inter- and intra-crystalline biomineral proteins (adapted from 
Sykes et al. (1995). 

 

Organic material protected by an encapsulating crystal matrix was observed in biominerals using 

electron microscopy and diffraction as early as the 1970s (Towe and Thompson, 1972; Towe, 

1980). The question of whether intra-crystalline proteins lie within single crystals or are simply 

ΨsandwichedΩ between parallel crystal faces in a multi-crystal structure (or both) has been the 

subject of a large body of research, especially in the field of bioinspired material design (Li et al., 

2011). Experiments where calcite precipitates in the presence of biomineral-directing 

macromolecules have found that single crystals can incorporate macromolecules during growth, 

without disrupting their long-range lattice structure (Li et al., 2009; Cho et al., 2016). Additionally, 

organic-rich voids in single crystals in nacre, an aragonitic biomineral, have been observed using 

electron microscopy (Gries et al., 2009; Li et al., 2011), which may be representative of a ΨtrueΩ 

intra-crystalline protein. For the purposes of AAR, the intra-crystalline fraction of proteins can be 

operationally defined as Ψthe organic matter within biominerals which is resistant to strong 

chemical oxidationΩ (Sykes et al., 1995), which may also include well-protected inter-crystalline 

proteins (Bright and Kaufman, 2011a).  
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Due to their better-protected nature, it has been hypothesised that analysing only intra-crystalline 

proteins, by using a strong oxidising pre-treatment to remove inter-crystalline proteins, may 

improve the reliability of AAR by minimising the effects of leaching, contamination, and external 

influences on the rate of racemisation (Sykes et al., 1995). This is the intra-crystalline protein 

diagenesis, or intra-crystalline protein decomposition (IcPD) approach to AAR. Assessments of the 

IcPD approach have been carried out on a range of biominerals, including bivalves (e.g. Penkman et 

al., 2008; Demarchi et al., 2015; Pierini et al., 2016; Ortiz et al., 2017), gastropods (e.g. Penkman et 

al., 2008; Demarchi et al., 2013c; Ortiz et al., 2018), sand dollars (Kosnik et al., 2017), ostracodes 

(Bright and Kaufman, 2011a), avian eggshell (Crisp et al., 2013), coral (Ingalls et al., 2003; Hendy et 

al., 2012) and proboscidean tooth enamel (Dickinson et al., 2019). Sodium hypochlorite (NaOCl, 

bleach) is the standard oxidising agent used; weaker oxidising agents such as hydrogen peroxide 

(H2O2) were found to be less effective in mollusc shells (Penkman et al., 2008), while in ostracodes 

strong and weak oxidising pre-treatments had similar effects (Bright and Kaufman, 2011a). The 

effect of oxidation varies substantially between substrates ς a plateau of total amino acid 

concentration, indicating that the intra-crystalline fraction has been isolated, may occur in as little 

as 18 (Penkman et al., 2008) or as much as 72 hours (Crisp et al., 2013). The isolated intra-

crystalline fraction typically comprises ~10% of the total amino acid content (Penkman et al., 2008; 

Demarchi et al., 2013c) but may be as much as 70% (Demarchi et al., 2015), with the proportion of 

intra-crystalline protein typically being higher in ancient material (e.g. Penkman et al., 2008; Bright 

and Kaufman, 2011a; Kosnik et al., 2017; Ortiz et al., 2017, 2018; Dickinson et al., 2019), 

presumably due to the loss of open system inter-crystalline protein during diagenesis. 

Analysis of only the intra-crystalline protein fraction reduces leaching of endogenous amino acids 

during decomposition and between-sample D/L variability for various biominerals, for example 

some gastropods and bivalves (Penkman et al., 2008; Demarchi et al., 2013b; Pierini et al., 2016; 

Ortiz et al., 2018), coral (Hendy et al., 2012), ostrich eggshell (Crisp et al., 2013), and enamel 

(Dickinson et al., 2019). However, some biominerals do not show lower variability in the intra-

crystalline fraction compared to the whole-shell protein fraction. In ostracodes, this behaviour is 

thought to result from the presence of well-protected inter-crystalline proteins in the oxidation-

resistant fraction (Bright and Kaufman, 2011a), while open-system behaviour in aragonitic 

biominerals such as Margaritifera falcata and Glycymeris spp. may arise from remineralisation to 

the more stable calcite structure of CaCO3 (Orem and Kaufman, 2011; Demarchi et al., 2015; Ortiz 

et al., 2017). In the bivalve Corbicula fluminalis, the high variability of D/L values in the intra-

ŎǊȅǎǘŀƭƭƛƴŜ ŦǊŀŎǘƛƻƴ ƛǎ ǘƘƻǳƎƘǘ ǘƻ ōŜ ŘǳŜ ǘƻ ǘƘƛǎ ǎǇŜŎƛŜǎΩ ŎƻƳǇƭŜȄ ōƛƻƳƛƴŜǊŀƭ ǎǘǊǳŎǘǳǊŜ ǊŀǘƘŜǊ ǘƘŀƴ 
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open-system behaviour (Penkman et al., 2008).  Finally, some biominerals have been found to have 

a closed-system intra-crystalline fraction with similar variability of D/L values to the whole-shell 

fraction, proposed to be due to the rapid loss of inter-crystalline proteins in the early stages of 

diagenesis (e.g. sand dollars (Kosnik et al., 2017), the marine gastropod Phorcus lineatus (Ortiz et 

al., 2018)). 

 

1.3.4.2 Analytical methods for quantifying amino acid enantiomers 

Early uses of amino acid racemisation as a geochronometer focused on the decomposition of L-

isoleucine to its epimer D-alloisoleucine, as these two epimers could be separated using ion 

exchange chromatography (IEC) without requiring chiral derivatisation (Schroeder and Bada, 1976). 

However, the development of gas chromatography (GC) (Schroeder and Bada, 1976) and, more 

recently, reverse-phase high performance liquid chromatography (RP-HPLC) techniques (Kaufman 

and Manley, 1998; Kaufman, 2000) have allowed for the enantiomeric separation of a wider range 

of amino acids (Table 1.2) by conversion of enantiomeric amino acids into epimers using a chiral 

compound such as N-isobutyryl-L-cysteine (see Fig. 1.7). RP-HPLC is now the analytical method 

most commonly used for AAR (Bravenec et al., 2018), with ten or more amino acids routinely 

analysed (Powell et al., 2013). While a method of separating amino acids using ultra high 

performance liquid chromatography (UHPLC) has been developed which allows chiral separation of 

a higher number of amino acids in a shorter time than RP-HPLC (Crisp, 2013), it has yet to be fully 

published and is not used routinely.  

 

 
Fig. 1.7 ς Derivatisation of an amino acid with N-isobutyryl-L-cysteine (IBLC, a chiral compound which 
converts the amino acid epimer into an enantiomer) and o-phthaldialdehyde (OPA, a fluorescent tag 
enabling detection), used by Kaufman and Manley (1998). 
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Which amino acid D/L values are reported depends on the substrate analysed and the laboratory 

carrying out the analysis. Isoleucine remains a key amino acid due to its historic use, but poor 

resolution using RP-HPLC has somewhat limited its application to AAR in recent years (Wehmiller, 

2013a). Aspartic (Asp) and glutamic acid (Glu) are now the most widely reported amino acids due 

to their early elution and good chiral resolution using RP-HPLC, and differing racemisation rates 

providing coverage of a wide range of timescales (Kaufman, 2006). While some studies focus on 

aspartic and glutamic acid (e.g. Kaufman et al., 2013; Grimley and Oches, 2015; West et al., 2019; 

Ryan et al., 2020), other amino acids are often reported to provide complimentary chronological 

information ς most frequently alanine (Ala), valine (Val), phenylalanine (Phe) and/or leucine (Leu) 

(e.g. Murray-Wallace et al., 2010; Penkman et al., 2013; Kosnik et al., 2017; Ortiz et al., 2018; 

Dickinson et al., 2019; Nicholas et al., 2019). While its complicated racemisation kinetics preclude 

its use as a chronometer, serine (Ser) D/L can be used to screen for compromised samples (Bright 

et al., 2010).  

 

1.4 Mechanisms of protein decomposition 

Protein decomposition takes places as a complex network of interrelated reactions. The peptide 

bonds that form proteins hydrolyse over time to generate peptides and eventually free amino 

acids; simultaneously, amino acids undergo decomposition through racemisation and other 

ǊŜŀŎǘƛƻƴǎΣ ǘƘŜ ƪƛƴŜǘƛŎǎ ƻŦ ǿƘƛŎƘ ŀǊŜ ŘŜǘŜǊƳƛƴŜŘ ōȅ ǘƘŜ ŀƳƛƴƻ ŀŎƛŘΩǎ Ǉƻǎƛǘƛƻƴ ǿƛǘƘƛƴ ŀ ǇŜǇǘƛŘŜ ŎƘŀƛƴΣ 

its neighbouring amino acid residues, and other external factors.  

Due to the complexity of proteins, studying the kinetics of their decomposition is a major 

challenge. A combination of high-temperature decomposition experiments on modern material 

(e.g. Bada and Schroeder, 1972; Wehmiller, 1980; Mitterer and Kriausakul, 1989; Kaufman, 2000; 

Allen et al., 2013; Tomiak et al., 2013), analysis of naturally-aged material (e.g. Bada and Man, 

1980; Goodfriend et al., 1992; Kaufman, 2003a; Ortiz et al., 2017), studies of free amino acids or 

model peptides (e.g. Bada, 1970; Hare, 1976; Kriausakul and Mitterer, 1978; Smith and Reddy, 

1989; Kuge et al., 2004), and theoretical models (e.g. Takahashi et al., 2010; Nakayoshi et al., 2020) 

have been used to investigate the mechanisms of protein decomposition. For ease of reference, a 

detailed discussion of the mathematical approaches to modelling amino acid decomposition is 

presented in Chapter 5 alongside the high-temperature kinetic experiments carried out in this 

thesis.  
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1.4.1 Free, terminal and in-chain amino acid racemisation 

In aqueous solution, the racemisation of any given free (non-peptide bound) amino acid follows 

reversible first order kinetics (RFOK, see Chapter 5 for further discussion) (Bada, 1970, 1984). 

However, in calcareous biominerals the racemisation of amino acids is up to an order of magnitude 

faster than in free solution, particularly during initial stages of racemisation (Wehmiller and Hare, 

1971), and deviates from RFOK as racemisation proceeds to equilibrium (Bada and Schroeder, 

1975). The principal explanation for this deviation is that in biominerals, amino acids exist in bound 

proteinaceous, peptide, terminal and free forms (Fig. 1.8), all with unique rates of racemisation 

(Bada and Man, 1980; Bada, 1982). 

 

 

Fig. 1.8 ς Different positions of amino acids in a peptide chain and as a free amino acid. 

 

1.4.1.1 Free amino acids 

In the free state, racemisation of amino acids takes place primarily via -hproton abstraction to form 

a planar carbanion; the carbanion subsequently receives a proton from a nearby water molecule, 

either regenerating the original amino acid or producing its enantiomer (Neuberger, 1948; Bada 

and Schroeder, 1975) (Fig. 1.9). 

 

 
Fig. 1.9 ς wŀŎŜƳƛǎŀǘƛƻƴ ƻŦ ŀ ŦǊŜŜ ŀƳƛƴƻ ŀŎƛŘ όȊǿƛǘǘŜǊƛƻƴƛŎ ŦƻǊƳύ Ǿƛŀ ʰ-proton abstraction, forming a 
planar carbanion intermediate (adapted from Bada and Schroeder (1975)). 
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The rate of racemisation of an amino acid depends on the stability of its carbanion, which is 

strongly influenced by the ionic form of the amino acid (Bada, 1984) (Fig. 1.10). NH3
+ has a greater 

electron-withdrawing capacity (and therefore carbanion stabilisation effect) than the neutral NH2, 

resulting in a faster rate of racemisation. Conversely, COO- destabilises the carbanion relative to 

COOH, therefore reducing the rate of racemisation (Smith and Evans, 1980). At moderate pH, 

amino acids are predominantly present in their zwitterionic form (the amino group protonated and 

carboxylic acid deprotonated). Zwitterions have higher racemisation rates than neutral amino 

acids, as the stabilising effect of NH3+ outweighs the destabilising effect of COO-. Different ionic 

species are present at high or low pH, altering the racemisation rate of an amino acid (see Section 

1.4.4.2.2).  

 

 
Fig. 1.10 ς Ionic forms of an amino acid; in solution these forms are present in equilibrium, with the 
proportions of each form depending on the properties of the amino acid and the pH of the solution. 

 

!ǘ ŀ ƎƛǾŜƴ ǇIΣ ŀƴ ŀƳƛƴƻ ŀŎƛŘΩǎ ǊŀǘŜ ƻŦ ǊŀŎŜƳƛǎŀǘƛƻƴ ŘŜǇŜƴŘǎ ƻƴ the nature of its R-group (Sato et 

al., 1970). The R-group influences racemisation firstly by direct stabilisation of the carbanion 

through the R-ƎǊƻǳǇΩǎ ŜƭŜŎǘǊƻƴ-withdrawing effects. Secondly, the R-group influences the pKa of 

the amino and carboxylic acid groups, which determines which ionic species are present in 

solution. Therefore, amino acids with highly electron withdrawing R-groups, such as Ser and Asp, 

have the greatest rates of racemisation in the free form, while amino acids with electron-donating 

R-groups, such as Leu and Ile, racemise more slowly (Smith and Evans, 1980; Bada, 1984). Steric 

effects also play a role in determining racemisation rates, particularly for the aliphatic amino acids 

(Ala, Val, Leu and Ile) where electronic factors play a more minimal role (Smith and Evans, 1980).  

In a peptide chain, the position of an amino acid and the nature of its neighbours dramatically 

influences its racemisation rate (Smith and Evans, 1980), complicating this relationship in 

biomineral proteins. 
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1.4.1.2 Peptide-bound amino acids 

In general, when an amino acid residue is in an interior position, its racemisation rate is relatively 

slow ς similar to or slightly faster than the racemisation rate of free amino acids (Smith and Evans, 

1980; Mitterer and Kriausakul, 1984; Kimber and Griffin, 1987; Kaufman and Sejrup, 1995). 

However, when a residue is exposed by hydrolysis to a terminal position, the rate of racemisation 

rapidly increases. The relative rates of racemisation at the N- and C-termini depend on the nature 

of the amino acid R-group and, to a lesser extent, the R-groups of its interior neighbours (Moir and 

Crawford, 1988). 

Electrostatic theory predicts that racemisation will be fastest in the presence of a positively 

charged amino group and slowest in the presence of a negatively charged carboxylate group. Thus 

when a peptide is in its zwitterionic form, N-terminus amino acid residues should racemise more 

quickly than C-terminus residues, and for small, non-sterically hindered amino acids (e.g. Ile, Val, 

Ser) this proves to be the case (Kriausakul and Mitterer, 1978; Smith and Evans, 1980; e.g. Bada, 

1984). However, for bulky amino acids (e.g. Ala, Phe, Asp, methionine (Met)) the reverse is true: 

the rate of C-terminus racemisation is of similar magnitude or in some cases greater than N-

terminus racemisation (Smith and Evans, 1980). This may in part be due to the intramolecular 

stabilisation of the carbanion at the C-terminus through the formation of a five-membered ring, 

which is disrupted by bulky R-groups (Fig. 1.11). The nature of neighbouring amino acids also 

influences the rate of racemisation through steric effects (Smith and Evans, 1980).  

 

 

Fig. 1.11 ς C-terminus carbanion intermediate stabilisation by formation of a five-membered ring 
(adapted from Smith and Evans (1980)). 

 

Conversely, other research has suggested that the relative racemisation rates of the N- and C-

termini depend primarily on the ability of a pair of terminal amino acids to form a diketopiperazine 

(DKPs) through internal aminolysis (loss of NH3) at the N-terminus of a peptide, which generates a 

six-membered ring (Steinberg and Bada, 1983) (Fig. 1.12). At neutral pH, the rate of racemisation of 

residues in the DKP ring exceed both terminal and internal racemisation rates (Mitterer and 

Kriausakul, 1984; Gaines and Jeffrey, 1988). Therefore, the tendency of a pair of residues at the N-

terminus to form a DKP strongly influences their racemisation rates. DKP formation also accelerates 
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hydrolysis of the pair of residues, forming a rapidly racemising dipeptide (Steinberg and Bada, 

1981). 

 

Fig. 1.12 ς Diketopiperazine formation and decomposition (adapted from Steinberg and Bada (1983)). 

 

While the majority of amino acids undergo very slow racemisation at internal positions, asparagine, 

aspartic acid and serine have been found to undergo rapid in-chain racemisation, which may 

explain their rapid racemisation rates, as amino acids spend most of their time as bound residues 

during early stages of diagenesis (Demarchi et al., 2013a). Asparagine and its hydroxy derivative 

aspartic acid can undergo in-chain formation of a five-membered succinimide via the loss of either 

ammonia or water (Fig. 1.13). Rehydration of the succinimide intermediate generates either an 

aspartyl residue (Fig. 1.13a) or an isoaspartyl residue (Fig. 1.13b); due to the relative abundance of 

water in the system compared to ammonia, asparagine is virtually never regenerated (Radkiewicz 

et al., 1996; Conrad et al., 2010). 

 

 

Fig. 1.13 ς Succinimide formation and decomposition, where X is OH (aspartic acid) or NH2 (asparagine); 
a) reformation of the aspartyl residue, b) generation of an isoaspartyl residue. 
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wŀŎŜƳƛǎŀǘƛƻƴ ŀǘ ǘƘŜ ʰ-carbon is highly accelerated in the succinimide due to the increased acidity 

ƻŦ ǘƘŜ ʰ-proton (Conrad et al., 2010). This enables rapid racemisation of aspartic acid to take place 

in the bound state (Geiger and Clarke, 1987; Kuge et al., 2004). Indeed, racemisation at the 

succinimide could account for the bulk of total aspartic acid racemisation observed (Radkiewicz et 

al., 1996). A proposed mechanism of in-chain serine racemisation involves enolisation of carbonyl 

neighbouring the serine residue (Takahashi et al., 2010), but has yet to be experimentally verified. 

It is possible that threonine, the other proteinogenic hydroxy-amino acid, may undergo a similar in-

chain racemisation reaction (Demarchi et al., 2013a). 

 

1.4.2 Hydrolysis 

Hydrolysis is the cleavage of a C-N peptide bond to regenerate the C- and N-termini of the 

constituent amino acids by the addition of a water molecule (Fig. 1.14). Hydrolysis takes place 

throughout the diagenetic history of a fossil protein, and typically slows over time as weaker 

peptide bonds are preferentially cleaved (Miller et al., 1992). In dipeptides, hydrolysis follows 

irreversible first order kinetics (IFOK, Equation 1.1).  

 

 

Fig. 1.14 ς Hydrolysis of a peptide bond to generate a C- and N-terminus. 
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Equation 1.1 ς Irreversible first order kinetics (IFOK) 

Hydrolysis is an important factor in the rate of racemisation, as it provides the mechanism through 

which amino acids are exposed to faster-racemising terminal positions, before being released into 

the slower-racemising free state. Therefore, the overall racemisation rate of an amino acid in a 

biomineral depends not only on its racemisation rates in each state (interior, terminal and free), 

but also on the time it spends in the terminal positions ς that is, the relative rates of hydrolysis of 
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its peptide bonds. For example, the rapid racemisation rate of aspartic acid during early stages of 

diagenesis is partially attributed to the relative weakness of Asp-X peptide bonds (Goodfriend et al., 

1992; Goodfriend and Hare, 1995). The racemisation rate follows a parabolic curve as aspartic acid 

residues are first converted to rapidly-racemising terminal states, then the slowly-racemising free 

state. 

Like racemisation through h-proton abstraction, hydrolysis requires available water molecules to 

proceed. Therefore, the availability of water will influence the rate and extent of hydrolysis during 

the latter stages of diagenesis. The observation that hydrolysis rarely proceeds to completion in 

fossil shells has been suggested to be due to limitations of water availability in the intra-crystalline 

environment (Walton, 1998). Stabilisation of peptides by mineral-peptide interaction, limiting the 

ability of water molecules to approach the peptide bond, may also contribute to the persistence of 

peptides over geological time (Demarchi et al., 2016). 

 

1.4.3 Decomposition reactions 

Decomposition of amino acids can take place while the amino acid is in the bound, terminal or free 

state, with characteristic rates of decomposition for each state. Due to the complexity of natural 

systems and the wide range of possible decomposition reactions and products, the majority of 

studies exploring amino acid decomposition have focused on model systems (Walton, 1998) such 

as aqueous free amino acids (e.g. Bada, 1972b; Smith et al., 1978) or short synthetic peptides (e.g. 

Kriausakul and Mitterer, 1978; Moir and Crawford, 1988; Demarchi et al., 2013a); the 

decomposition of amino acids within longer peptides or proteins is less well studied. The rate of 

amino acid decomposition may influence its observed racemisation rate, especially through 

decomposition of highly racemised free amino acids. Amino acids with especially high 

decomposition rates may exhibit steady state behaviour for part of their diagenesis, where 

continual loss of highly racemised free amino acids inhibits racemic equilibrium (Schroeder and 

Bada, 1977). 

The key decomposition pathways of amino acids are deamination, decarboxylation and 

condensation (Fig. 1.15). The R-groups of amino acids can also undergo decomposition; a selection 

of key R-group decomposition reactions are discussed below. 
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Fig. 1.15 ς Amino acid decomposition pathways: a) reductive deamination; b) decarboxylation; c) 
oxidative deamination; d) condensation. 

 

1.4.3.1 Deamination and decarboxylation 

The two main pathways of decomposition for free amino acids are deamination and 

decarboxylation (Vallentyne, 1964; Bada et al., 1995; Sato et al., 2004). Deamination is the loss of 

ammonia from an amino acid. It may take place through a reductive pathway to produce an 

unsaturated carboxylic acid (Fig. 1.15a), or through an oxidative pathway to produce an h-keto acid 

(Fig. 1.15c). In aerobic aqueous solutions, oxidative deamination dominates (Bada and Miller, 

1970), but in an oxygen-restricted intra-crystalline environment, reductive deamination may be the 

dominant deamination pathway. Deamination is catalysed by metal ions through chelation by the 

carbanion intermediate (Bada and Miller, 1970). The carboxylic acid product of deamination may 

subsequently undergo decarboxylation to generate an aldehyde (Bada and Miller, 1970). 

Decarboxylation is the loss of carbon dioxide from an amino acid to produce an amine (Fig. 1.15b). 

Amine decomposition takes place at a slower rate than the parent amino acid decarboxylation 

(Bada et al., 1995), so it is probable that amines are a predominant decomposition product present 

in fossils. 

As with racemisation, the susceptibility of an amino acid to deamination and decarboxylation at a 

given pH depends on the nature of the R-group of the amino acid (Sato et al., 2004). In peptides, 

decarboxylation may take place at the C-terminus and deamination at the N-terminus; in this case 

both the nature of the terminal amino acid and its neighbours influence the relative rate of 
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decomposition. In general, hydrophilic amino acids are more susceptible to decomposition than 

hydrophobic amino acids (Sato et al., 2004). 

 

1.4.3.2 Condensation 

Free amino acids may also undergo condensation reactions to form insoluble heterogeneous 

polymeric structures (Vallentyne, 1964; Bada et al., 1999) (Fig. 1.15). In the presence of other 

molecules such as sugars, melanoidins may be formed through condensation (Rafalska et al., 

1991). Although this does not count for substantial losses of amino acids in aqueous solution, 

amino acid residues in condensed structures were found to have slower rates of racemisation than 

free amino acids, possibly due to steric hindrance (Rafalska et al., 1991). Therefore, condensation 

in the intra-crystalline environment may represent an additional ΨsinkΩ of highly racemised, but 

slowly racemising, amino acids. 

 

1.4.3.3 R-group decomposition 

Decomposition of amino acid R-groups may take place in both bound and free states, resulting in 

the formation of either other proteinogenic amino acids, or non-proteinogenic amino acids. 

Asparagine (Asn) and glutamine (Gln) undergo deamination to produce aspartic acid and glutamic 

acid respectively (Hill, 1965); lysine (Lys) is also susceptible to deamination (Bada, 1970; Walton, 

1998). The deamination reaction proceeds more quickly for asparagine than glutamine, due to its 

ability to generate succinimide intermediates with neighbouring residues (Geiger and Clarke, 1987) 

(Fig. 1.13). The deamination of asparagine to aspartic acid may be a significant contributing factor 

to the atypical pattern of racemisation observed for aspartic acid (Goodfriend et al., 1992, 1995; 

Brinton and Bada, 1995). Due to the rapid rate of deamination it is considered unlikely that either 

asparagine or glutamine persist in the fossil record (Walton, 1998); therefore the effect of the 

racemisation rate of asparagine on the observed kinetics of aspartic acid is likely to be limited to 

the early stages of diagenesis. 

!ǎǇŀǊǘƛŎ ŀŎƛŘ Ƴŀȅ ŀƭǎƻ ǳƴŘŜǊƎƻ ʲ-decarboxylation to produce alanine (Fig. 1.16ύΦ .ƻǘƘ ʰ- ŀƴŘ ʲ-

decarboxylation of aspartic acid were found to take place at extremely slow rates in high 

temperature decomposition experiments (Bada and Miller, 1970). However, in a study of fossil 

molluscs, ŀƴ ƛƴŎǊŜŀǎŜ ƛƴ ʲ-ŀƭŀƴƛƴŜ ƻǾŜǊ ǘƛƳŜ ǿŀǎ ŀǘǘǊƛōǳǘŜŘ ǘƻ ʰ-decarboxylation of aspartic acid; 
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ǘƘŜ ŀǳǘƘƻǊ ǊŜŀǎƻƴŜŘ ǘƘŀǘ ʲ-decarboxylation could also take place, and could in part explain and 

observed increase in alanine over the diagenetic sequence (Walton, 1998). 

 
 

 
Fig. 1.16 ς Decarboxylation reactions of aspartic acid. 

 

The Ƴŀƛƴ ŘŜŎƻƳǇƻǎƛǘƛƻƴ ǇŀǘƘǿŀȅ ƻŦ ƎƭǳǘŀƳƛŎ ŀŎƛŘ ƛǎ ǘƘǊƻǳƎƘ ǘƘŜ ŦƻǊƳŀǘƛƻƴ ƻŦ ŀ ʴ-lactam (Fig. 

1.17). Glutamic acid undergoes dehydration to form pyroglutamic acid, which may then 

decarboxylate to generate pyrrolidone (Bada and Miller, 1970). The low proportion of free glutamic 

acid observed in fossil samples is attributed to this process (Walton, 1998). Glutamic acid may also 

ǳƴŘŜǊƎƻ ʲ-decarboxylation (decarboxylation of the R-ƎǊƻǳǇύ ǘƻ ǇǊƻŘǳŎŜ ʰ-aminobutyric acid (Bada 

et al., 1978).  

 

 

Fig. 1.17 ς Decomposition of glutamic acid via -ɹlactam formation. 

 

The hydroxy amino acids serine and threonine can undergo dehydration of their hydroxy group to 

generate an unsaturated amino acid (Vallentyne, 1964; Bada and Man, 1980). Following this 

dehydration, serine can also decompose to generate alanine (Fig. 1.18). The conversion of serine to 

alanine is thought to be the main cause of the increase in alanine concentrations observed in 

diagenetic sequences; as such it has been proposed as a dating tool to complement AAR 

measurements (Westaway, 2009). In the free state, serine and threonine may also undergo aldol 

cleavage to generate glycine and formaldehyde or acetaldehyde, respectively. 

 



56 
 
 

 

Fig. 1.18 ς Decomposition of the hydroxy amino acids serine and threonine by dehydration (top) and 
aldol cleavage (bottom) (from Bada et al. (1978)). 

 

1.4.4 Environmental influences on racemisation rates  

As racemisation is a chemical reaction, its rate is influenced by a range of environmental factors 

ǿƘƛŎƘ ŎƻƳǇƭƛŎŀǘŜ ǘƘŜ ǊŜƭŀǘƛƻƴǎƘƛǇ ōŜǘǿŜŜƴ ŀ ǎŀƳǇƭŜΩǎ ŀƎŜ ŀƴd its D/L values. The effect of some 

environmental factors, such as pH, water availability and contamination, can be minimised by 

analysing only a closed system of biominerals, while other factors such as temperature and the 

species effect must be controlled for by careful sample choice.  

 

1.4.4.1 Protein structure and matrix effects  

While the racemisation rate of an amino acid strongly depends on the nature of its R-group and 

that of its nearest neighbours, it may also be influenced by the secondary (local folding) and 

tertiary (overall three-dimensional) structure of the protein. Because ŀƴ ŀƳƛƴƻ ŀŎƛŘΩǎ ǊŀŎŜƳƛǎŀǘƛƻƴ 

rate via the carbanion mechanism is dependent on the approach of a base to abstract the -h

proton, the molecular environment surrounding the amino acid can potentially radically influence 

the racemisation rate (Smith and Evans, 1980; Moir and Crawford, 1988). For example, aspartic 

acid racemises very slowly in collagen at diagenetic temperatures; this is thought to be due to the 

rigid helical structure of collagen, which prevents the aspartic acid from adopting the conformation 

necessary to generate a succinimide (Collins et al., 1999). Unfortunately, protein structures 

denature at the high temperatures required for kinetic experiments, making dedicated studies of 

the effect of protein structure on racemisation rates challenging (Smith and Evans, 1980; Collins et 

al., 1999). 
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The effect of protein structure on racemisation rate may be a driving factor of the widely observed 

Ψspecies effecǘΩ on amino acid racemisation in biominerals. The species effect has been observed in 

a range of biomineral classes, including foraminifera (e.g. King and Hare, 1972a), ostracodes (e.g. 

Ortiz et al., 2013), and at the genus level in molluscs (e.g. Lajoie et al., 1980; Wehmiller, 1980). 

Differences in racemisation rates have also been observed between different biomineral structures 

within the same shell (Goodfriend and Hare, 1995). The biomineral itself may also influence the 

rate of amino acid racemisation, for example through conformational changes caused by bonding 

interactions between the biomineral and the protein (Weiner, 1979). The effect of protein and 

biomineral structure on amino acid racemisation rates can be controlled by analysing monospecific 

samples, or samples of the same genus where species-level identification is not possible. 

 

1.4.4.2 External influences on racemisation rates  

Besides the nature of the biomineral and the biomineral protein, amino acid racemisation rates are 

influenced by temperature, pH, and the presence of other compounds in the surrounding 

environment. The rate of racemisation in bound amino acids appears to be less influenced by 

environmental factors compared to free amino acids (Smith and Evans, 1980). 

 

1.4.4.2.1 Temperature 

As a chemical reaction, racemisation is strongly dependent on temperature; the rate of 

racemisation approximately doubles with every 5°C temperature increase (Schroeder and Bada, 

1976). Some environments, such as caves and deep-sea sediments, have relatively stable 

temperature histories (e.g. Sejrup et al., 1984b); however in most cases potential fluctuations in 

burial temperature must be taken into account. For example, it is important to identify potentially 

spurious results arising from changes in either burial depth (Murray-Wallace et al., 1988) or 

artificial heating (Crisp, 2013; Ortiz et al., 2020). Latitude and glacial-interglacial climate cycles also 

impact racemisation rates; therefore AAR dates can only be calibrated across a region with a 

shared climate history (e.g. Miller and Mangerud, 1985; Penkman et al., 2013).   

  

1.4.4.2.2 pH 

The racemisation rate ƻŦ ŀ ŦǊŜŜ ŀƳƛƴƻ ŀŎƛŘ ŘŜǇŜƴŘǎ ƻƴ ǘƘŜ ŘƛǎǘǊƛōǳǘƛƻƴ ƻŦ ǘƘŜ ŀƳƛƴƻ ŀŎƛŘΩǎ ƛƻƴƛŎ 

forms in solution, as each ionic form has its own distinct rate of racemisation. Therefore, the rate 

of racemisation for an amino acid is strongly pH dependent. At pH between 5-8, the pH has 
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relatively little effect on the racemisation rate of free amino acids (Bada, 1972b). At high pH (> 8) 

high concentrations of hydroxide ions increase the rate of carbanion formation, leading to an 

increase in racemisation rate; at lower pH (< 5), racemisation rates are faster due to the 

protonation of amino and carboxylic acid groups (Bada, 1970) (Fig. 1.19). However, at very low pH 

(< 2), low concentrations of hydroxide ions inhibit racemisation (Bada, 1972b). 

 

 

Fig. 1.19 ς Schematic representation of the pH dependence of amino acid racemisation in solution 
(adapted from Bada (1970)). 

 

While the biomineral matrix buffers pore waters to a pH of around 8 (Miller et al., 2013), the rate 

of amino acid racemisation has found to be pH dependent at high pH in some biominerals (Bright 

and Kaufman, 2011b; Orem and Kaufman, 2011). In the case of the bivalve Margaritifera falcata, 

even intra-crystalline amino acids racemised faster at high pH (Orem and Kaufman, 2011); 

conversely, the rate of racemisation of intra-crystalline amino acids in ostrich eggshell was found to 

be independent of pH (Crisp, 2013). pH dependence of racemisation in biominerals may therefore 

be indicative of open-system behaviour.  

 

1.4.4.2.3 Presence or absence of water 

For racemisation of the h-carbon to occur through the proton abstraction mechanism, water must 

be present. Total desiccation radically reduces racemisation rates (Hare and Mitterer, 1968), but 

this is virtually impossible to achieve in the natural environment (Bada and Schroeder, 1975; Hare, 

1976; Bada, 1982). However, variations in the availability of water in the biomineral matrix may 

have a substantial impact on the rate of hydrolysis and racemisation (Wehmiller et al., 1976), which 

could contribute to observed species-specific variations in racemisation rates. The binding of both 

proteins and water molecules to the calcite surface has been suggested to further reduce the 

availability of water for hydrolysis and racemisation in biominerals (Demarchi et al., 2016). 
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1.4.4.2.4 Other external influences 

The presence of exogenous compounds can influence the rate of amino acid racemisation in 

samples which do not behave as a closed system. For example, metal ions can catalyse 

racemisation by stabilising the intermediate carbanion (Gillard and Phipps, 1970; Smith and Evans, 

1980), resulting in racemisation rates orders of magnitude faster for free amino acids in open-

system biominerals in some cases (Bada and Schroeder, 1975). Microbial action can also increase 

the rates of racemisation in a biomineral via racemising enzymes, which have been found in open-

system biominerals such as bone (Child et al., 1993).  

 

1.4.5 Summary 

The complexity of protein decomposition presents a major challenge to amino acid racemisation 

dating, as it is not possible to directly model the complex, interdependent reactions which 

ŎƻƴǘǊƛōǳǘŜ ǘƻ ŀƴ ŀƳƛƴƻ ŀŎƛŘΩǎ ƻǾŜǊŀƭƭ ǊŀŎŜƳƛǎŀǘƛƻƴ ǊŀǘŜ ƛƴ ŀƴȅ ƎƛǾŜƴ ōƛƻƳƛƴŜǊŀƭΦ ²ƘƛƭŜ ƳƻŘŜƭǎ 

based on the decomposition of different pools of amino acids within a protein have been 

developed (e.g. Collins and Riley, 2000)Σ ŀ ΨōƭŀŎƪ ōƻȄΩ ŀǇǇǊƻŀŎƘ ǊŜƳŀƛƴǎ ǘȅǇƛŎŀƭ ƛƴ !!wΣ ǿƛǘƘ ŜŦŦƻǊǘǎ 

made to limit internal and external influences on racemisation rates. Therefore it is important to 

assess each substrate to determine its suitability for AAR and the particular diagenetic behaviour of 

its biomineral protein.  

 

1.5 Foraminifera 

Foraminifera are a phylum of single-celled protists found in marine and estuarine ecosystems 

around the world. Foraminifera appear in the fossil record in the early Cambrian, but are thought 

to have first evolved during the Neoproterozoic era, between 900 and 650 million years ago 

(Pawlowski et al., 2003). The phylum Foraminifera is extremely diverse and abundant, comprising 

nearly 9,000 formally described extant species and over 30,000 fossil species (Boudagher-Fadel, 

2015a). The majority of extant species of foraminifera are benthic (i.e. they live on, in or near 

sediments), although around 90 extant species are planktonic (i.e. they live in the water column) 

(Boudagher-Fadel, 2015b). 

Foraminifera are characterised by chambered shells or ΨtestsΩ made of secreted calcium carbonate 

(calcareous), organic material, or scavenged mineral particles (agglutinated), which protect the cell. 

Surrounding the test is a layer of protoplasm from which extends a variety of appendages used for 
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anchorage, movement, predation, scavenging and waste disposal (Brasier and Armstrong, 1980). 

Foraminifer tests are usually less than 0.5 mm wide, although the largest known tests can grow up 

to 20 cm (Boudagher-Fadel, 2015a).  

 

1.5.1 Foraminifera as a tool for palaeoenvironmental reconstruction 

The ubiquity of diverse, well preserved tests in marine sediments (sometimes making up the bulk 

of calcareous sediments (Brasier and Armstrong, 1980)), and the sensitivity of individual species to 

ecological conditions, mean that foraminifera have been extensively utilised for biostratigraphy and 

palaeoenvironmental reconstruction (Murray, 1979). 

Planktonic foraminifera play an important role in reconstructing global mean sea-level changes 

throughout the Quaternary and beyond, via oxygen isotope measurements reflecting the global 

ice-mass balance (e.g. Rohling et al., 2008, 2014). In Holocene salt-marsh sediments, foraminiferal 

assemblages provide a high-resolution record of sea-level change, as the distribution of species is 

highly dependent on ecological conditions, which can be related to salinity and therefore tidal 

inundation (e.g. Scott and Medioli, 1978; Gehrels, 1994). This level of stratigraphic detail is rarely 

preserved in Pleistocene deposits; nevertheless, foraminiferal assemblages can support the 

identification of interglacial sea-level deposits (Cann et al., 1988; Sejrup et al., 1991; Scourse et al., 

1999; Read et al., 2007; Bates et al., 2010; Roe and Preece, 2011). This presents an opportunity for 

foraminifera to provide chronological control for interglacial sea-level deposits using AAR. 

  

1.5.2 Foraminifer tests as a substrate for AAR 

Calcareous foraminifera (those which secrete calcium carbonate tests) have been found to retain 

endogenous protein over geological timescales, making them a suitable target for AAR. This section 

discusses the mechanisms of biomineralisation in calcareous foraminifera, followed by a brief 

history of applications of AAR to this class of biomineral. 

 

1.5.2.1 Biomineralisation in calcareous foraminifera 

The process of biomineralisation in calcareous foraminifera is poorly understood compared to 

other marine biominerals (De Nooijer et al., 2014). Proteins rich in acidic amino acids and glycine 

have been found to play a role in the biomineralisation of calcareous foraminifera (Weiner and 

Erez, 1984; Sabbatini et al., 2014; Tyszka et al., 2019), as has been observed in other 

biomineralising invertebrates (Weiner, 1979; Berman et al., 1990; Kobayashi and Samata, 2006). In 
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general, calcification is directed by a primary organic membrane (POM) which forms a scaffold in 

the shape of a new chamber, and provides the site of nucleation for biomineral growth on either 

side of the POM (Bé et al., 1979; De Nooijer et al., 2014) (Fig. 1.20). Chamber walls are comprised 

of micro-crystallites enclosed by organic films. Successive chamber formation leads to a lamellar 

structure of alternating crystalline and organic layers (Debenay et al., 2000). Evidence suggests that 

the organic fraction observed in sub-fossil foraminifera consists of these scaffold proteins 

entrapped in the mineral matrix during biomineralisation (Robbins and Brew, 1990). 

 
Fig. 1.20 ς Formation and structure of test chambers in calcareous foraminifera (adapted from Tyszka et 
al. (2019)). 

 

Following death, a range of diagenetic processes may take place which can affect the integrity of 

the biomineral. Mechanical breakage is typically the most common taphonomic feature, especially 

in high-energy depositional environments (Barbieri, 1996). Although this would not impact the 

integrity of the biomineral, the susceptibility of a test to breakage may reflect shell weakening by 

other taphonomic processes (Barbieri, 2001). Chemical alteration such as iron staining or pyrite 

growth (e.g. Wang and Chappell, 2001), and bioerosion or encrustation by bacteria (Barbieri, 

2001), can also affect the preservation of foraminifera. 

A key loss of biomineral integrity is dissolution, which can take place on timescales ranging from 

days (Kotler et al., 1992) to millions of years (Pearson and Burgess, 2008), depending on the 

sedimentary environment. For planktonic species, dissolution may take place as the test travels 

through the water column, especially in deep, cold waters where the solubility of calcium 

carbonate increases dramatically (Ben-Yaakov et al., 1974). Taphonomic alteration of calcareous 

foraminifer tests in intertidal flats is dominated by etching or roughening of the outer test surface 

due to dissolution (Berkeley et al., 2009), especially in organic-rich sediments (Berkeley et al., 
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2007). In some cases dissolution can lead to the total loss of calcareous species from the fossil 

record (Murray and Alve, 1999). The susceptibility of a test to dissolution depends on its carbonate 

mineralogy, grain size, wall thickness and skeletal micro-architecture. For example, outer test 

chambers are typically the first to dissolve as they are thinner than internal chambers  (Berkeley et 

al., 2009) (see Fig. 1.20). Partial dissolution may be visible under light microscopy, with tests taking 

on a dull, opaque appearance (e.g. Barbieri, 1996; Wang and Chappell, 2001)Σ ƻǊ ŀ ΨǎǘŀǊ-ƭƛƪŜΩ 

morphology where outer chambers are destroyed, leaving the thicker interlocular walls behind 

(Berkeley et al., 2009). To what extent, if any, dissolution affects the preservation of biomineral 

proteins in foraminifera has not been investigated. 

Over longer timescales (hundreds of thousands to millions of years), overgrowth (where inorganic 

calcite is deposited onto the test surface), and recrystallisation from biogenic microcrystals to 

larger crystals with a lower surface energy, may take place (Sexton et al., 2006). Overgrowth and 

recrystallisation may result in an opaque, ΨfrostyΩ appearance, but alterations are not always visible 

under light microscopy (Edgar et al., 2013). These alterations to the integrity of the biomineral 

raise the potential for the occlusion of exogenous proteins, or the loss of previously closed-system 

endogenous proteins; some studies of foraminifer AAR have therefore targeted only tests with no 

visible signs of alteration (e.g. Sejrup and Haugen, 1992; Blakemore et al., 2015), although this does 

not necessarily guarantee that the effects of overgrowth and recrystallisation are avoided. 

 

1.5.2.2 Applications of AAR to foraminifera 

Foraminifera have been targeted for AAR since the 1970s, with several studies analysing amino 

acids in foraminifer-rich sediments (e.g. Wehmiller and Hare, 1971; Bada and Schroeder, 1972; 

Bada et al., 1973). Following work demonstrating the species-specificity of racemisation rates (King 

and Neville, 1977), more focus has been put on analysing single-species or single-genus samples, 

although the whole-sediment approach is still occasionally employed (e.g. Hearty et al., 2010; 

Nicholas, 2012), and may still be reliable when calcareous sediments are dominated by one taxon 

of foraminifera.  

The stable depositional environment of deep-sea sediments has made planktonic foraminifera an 

ideal substrate for investigating the patterns of amino acid decomposition at diagenetic 

temperatures (e.g. King and Neville, 1977; Sejrup et al., 1984b; Harada and Handa, 1995; Kaufman 

et al., 2013). AAR of foraminifera has also been used to estimate thermal histories (Sejrup and 

Haugen, 1992; Kaufman, 2006) and sedimentation rates (Cann and Murray-Wallace, 1986; Macko 
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and Aksu, 1986) for independently dated materials in these environments. AAR has been applied to 

foraminifera from interglacial deposits to help reconstruct past sea-level changes in the United 

Kingdom and Ireland (Dowling et al., 1998; Scourse et al., 1999), the North Sea (e.g. Kristensen et 

al., 1998; Reinardy et al., 2017), Australia (Nicholas, 2012; Blakemore et al., 2015; Ryan et al., 2020) 

and Hawaii (Hearty et al., 2010). 

One challenge of using foraminifera for AAR is the potential variability introduced by pooling many 

individuals in each species; therefore work has been carried out to develop single test methods 

(Hearty et al., 2004; Blakemore et al., 2015; Ryan et al., 2020). Analysing single tests enables the 

identification of reworked fossils (Ryan et al., 2020); however Blakemore et al. (2015) found that 

pooling multiple individuals improved the reliability of AAR results. An additional challenge is the 

high surface-to-mass ratio of foraminifer tests, which increases the possibility for contamination 

(Hearty et al., 2004). In bivalves, for example, smaller shells have higher variability in D/L values and 

higher Ser/Asx values, which are indicative of contamination (Simonson et al., 2013). 

 

1.5.2.3 Intra-crystalline approaches to AAR of foraminifera 

While chemical pre-treatments of foraminifera designed to minimise contamination are often used 

(e.g. 2 hour 3% H2O2 (e.g. Hearty et al., 2004; Kaufman, 2006; Kaufman et al., 2013), etching with 

dilute HCl (Murray-Wallace and Belperio, 1994; Harada et al., 1996, 1997), 1 hour 12.5% NaOCl 

(Nicholas, 2012)), dedicated comparisons between different protein fractions in foraminifera are 

limited. Stathoplos and Hare (1993) applied NaOCl treatments to various planktonic species, finding 

that 23-42% of the total amino acid pool represented labile material, which the study attributed to 

a combination of chemically accessible biomineral proteins and exogenous particles adhered to the 

foraminifer test. Likewise, treatment of a small number of Elphidium samples with 12.5% NaOCl for 

48 hours by Nicholas (2012) suggested that an oxidation-resistant intra-crystalline fraction of 

amino acids is present in foraminifer tests. In a comparison between short (1-2 hour) ethanol, 

methanol, NaOCl and H2O2 treatments, Hearty et al. (2004) found that a 2 hour 3% H2O2 pre-

treatment produced the lowest variability of Asx, Glx and Ser D/L in Pulleniatina obliquiloculata.  

A detailed assessment of the behaviour of the intra-crystalline fraction of proteins in foraminifera 

has not yet been carried out. The aim of this thesis is therefore to investigate the behaviour of the 

intra-crystalline fraction of proteins in several species of calcareous foraminifera, to determine 

whether the IcPD approach to AAR provides benefits in reliability and precision for this class of 

biomineral. 
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1.6 Project aims 

In order to investigate the behaviour of the intra-crystalline fraction of amino acids in foraminifera 

and their application to the geochronology of Pleistocene sea-level records, the objectives of this 

project are as follows: 

1. Investigate the performance of different oxidising agents in sub-modern and naturally-

aged foraminifera (Neogloboquadrina pachyderma (sinistral), Chapter 3; Ammonia spp., 

Haynesina germanica and Elphidium williamsoni, Chapter 4); 

2. Explore the patterns of decomposition at high temperatures of the whole-shell and intra-

crystalline fraction of foraminifera (Ammonia spp. and Haynesina germanica, Chapter 5); 

3. Apply the methods developed in Chapters 3-5 to naturally-aged material from Pleistocene 

sea-level deposits around the United Kingdom to develop a pilot aminostratigraphic 

framework for foraminifera in this region (Chapter 6). 
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Chapter 2 ς Routine Experimental 
Procedures 
 

This chapter details, unless otherwise specified, the experimental procedures followed in Chapters 

4, Chapter 5 and Chapter 6. Chapter 3 contains its own experimental methods. 

 

2.1 Picking of foraminifera and species identification 

Sediment samples were sieved at either 65-500 ˃ m or 90-500 ˃ m, and the most abundant species 

of foraminifera were wet picked using a paintbrush. Foraminifera were cleaned in bulk by repeated 

rinsing with му Ƴʍ I2O until the water was clear, followed by 3 x 1 minute sonication treatments 

with rinsing between each sonication according to Miller et al. (1983), then stored at room 

temperature in му Ƴʍ I2O or dry until required for analysis.  

The benthic species analysed in this thesis (Ammonia spp., Haynesina germanica and Elphidium 

williamsoni) were identified using the identification keys in British Nearshore Foraminiferids 

(Murray, 1979). Considerable uncertainty surrounds the species-level identification of Ammonia; 

the species operationally defined as Ammonia beccarii contains several morphologies, and 

therefore potentially up to 25-30 genetically distinct species (Hayward et al., 2004). Due to 

difficulties separating these species based on morphology, some workers continue to use A. 

beccarii as a blanket classification of any otherwise unidentified Ammonia specimen. In this thesis, 

Ammonia specimens have not been identified to species level, and are referred to as Ammonia 

spp.Τ ǘƘƛǎ ƛǎ ƭƛƪŜƭȅ ΨŜǉǳƛǾŀƭŜƴǘΩ ǘƻ ǎǇŜŎƛƳŜƴǎ ƛŘŜƴǘƛŦƛŜŘ ŀǎ A. beccarii in existing literature (e.g. 

Scourse et al., 1999). 

 

2.2 Oxidative pre-treatments 

Pre-treatments were carried out on samples of 30-120 monospecific foraminifer tests in sterilised 

0.1 mL Reactivials (Thermo Scientific) and crushed with a clean needle prior to addition of the 

oxidising agent. нл ˃[ ƻŦ ƻȄƛŘƛǎƛƴƎ ŀƎŜƴǘ όо ƻǊ ол҈ H2O2 w/v (VWR), or 12% NaOCl w/v (VWR)) was 

added to each Reactivial, with agitation after 10 minutes (for samples oxidised for 2 hours) or 1 

hour (for samples oxidised for more than 2 hours), to ensure total penetration of the oxidising 

agent. Following removal of the oxidising agent, the samples were rinsed with 6 x 2л ˃[ 18 Ƴʍ I2O 

ŀƴŘ м Ȅ нл ˃[ It[/-grade methanol (MeOH, Sigma), and allowed to air dry.  
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2.3 Demineralisation and hydrolysis 

CƻǊ ǘƘŜ ŦǊŜŜ ŀƳƛƴƻ ŀŎƛŘ όC!!ύ ŦǊŀŎǘƛƻƴΣ ǎŀƳǇƭŜǎ ǿŜǊŜ ŘŜƳƛƴŜǊŀƭƛǎŜŘ ǿƛǘƘ р ˃[ н M HCl (Aristar), 

with an additional 5-мл ˃[ н a I/ƭ ŀŘŘŜŘ ƛŦ ƴŜŎŜǎǎŀǊȅ ǘƻ ŎƻƳǇƭŜǘŜ ŘŜƳƛƴŜǊŀƭƛǎŀǘƛƻƴ. For the total 

hydrolysable amino acid (THAA) fraction, samples were demineralised with 8 ˃ ƭ т a I/ƭ (Aristar), 

ǿƛǘƘ ŀƴ ŀŘŘƛǘƛƻƴŀƭ у ˃[ т a I/ƭ ŀŘŘŜŘ ƛŦ ƴŜŎessary to complete demineralisation. The vials were 

then flushed with nitrogen and heated at 110°C for 24 h. Both THAA and FAA samples were dried in 

vacuo using a centrifugal evaporator and stored at room temperature prior to rehydration for 

analysis. 

During hydrolysis, asparagine and glutamine are irreversibly hydrolysed to aspartic acid and 

glutamic acid respectively; therefore these amino acids are analytically indistinguishable and 

reported as Asx and Glx (Hill, 1965). Additionally, some small degree of racemisation and amino 

acid decomposition is induced by this hydrolysis step; the temperature and duration of hydrolysis is 

therefore chosen to minimise hydrolysis-induced racemisation and decomposition while 

maximising the recovery of amino acids (Kaufman and Manley, 1998). 

 

2.4 Chiral separation of amino acids 

{ŀƳǇƭŜǎ ǿŜǊŜ ǊŜƘȅŘǊŀǘŜŘ ǿƛǘƘ у ˃[ rehydration fluid (0.01 M HCl (Fisher), 1.5 mM sodium azide 

(NaN3, VWR), 9.97 mM internal standard L-homo-arginine (Sigma)) and separated via an Agilent 

1100 Series HPLC (Section 2.4.1) or an Agilent 1200 Series UHPLC (Section 2.4.2). The rehydrated 

samples underwent pre-column derivatisation with o-phthaldialdehyde (OPA, Sigma-Aldritch) and 

the chiral thiol N-isobutyryl-L-cysteine (IBLC, Sigma-Aldritch) according to Kaufman and Manley 

(1998). Fluorometric detection was carried out using a Xenon-arc flash lamp at a frequency of 55 

Hz, with a 280 nm cut-off filter, and an excitation wavelength of 230 nm and emission wavelength 

of 445 nm. Standard amino acid solutions and preparative blanks were run routinely to monitor 

machine performance and identify potential sources of contamination. 

The fluorescent derivatising agent OPA, used in both methods, does not allow for the detection of 

proline or hydroxyproline (Miller and Brigham-Grette, 1989), while the OPA derivative of lysine is 

prone to degradation during separation (Brückner et al., 1994); therefore these amino acids are 

not reported. A full list of amino acids which can be identified using the RP-HPLC or UHPLC 

methods is given in Table 1.2. 
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2.4.1 RP-HPLC method 

Samples were analysed using the method developed by Kaufman and Manley (1998) with 

modifications by Penkman (2005) using an Agilent 1100 Series HPLC fitted with a C18 HyperSil BDS 

column (р ˃ƳΣ нрл Ȅ о ƳƳύ. This method is carried out at 25°C and uses a ternary gradient of 

sodium acetate buffer (23 mM sodium acetate trihydrate (Fisher), 1.5 mM NaN3 (VWR), 1.3 ˃ a 

ethylenediaminetetraacetic acid (EDTA, VWR), adjusted to pH 6.00 ± 0.01 with 10 M sodium 

hydroxide (Fisher) and 10% acetic acid (VWR)), MeOH (Sigma) and acetonitrile (ACN, Sigma). The 

run time of the RP-HPLC method is 115 minutes, including flush time, and follows the solvent 

gradient program in Table 2.1. 

The D-Arg peak co-elutes with another compound in all RP-HPLC chromatograms; therefore Arg 

D/L values are not reported and D-Arg has been excluded from total amino acid concentrations as 

in other studies using RP-HPLC (Powell et al., 2013). 

Table 2.1 ς Solvent gradient program for RP-HPLC (Penkman, 2005). 

Run time 
(minutes) 

%A  
(NaAc buffer) 

%C  
(MeOH) 

%D  
(ACN) 

Flow rate 
(ml/min) 

Temperature 
(°C) 

0 95.0 5.0 0.0 0.56 25 

31 76.6 23.0 0.4 0.60 25 

95 46.2 48.8 5.0 0.60 25 

95.9 0.0 95.0 5.0 0.60 25 

99 0.0 95.0 5.0 0.60 25 

100 95.0 5.0 0.0 0.60 25 

115 95.0 5.0 0.0 0.56 25 
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Fig. 2.1 ς Typical RP-HPLC chromatogram of a 0.5 D/L standard amino acid solution with quantified 
amino acids labelled. L-hArg (L-homo-arginine) is the internal standard. 
 

2.4.2 UHPLC method 

Samples were analysed using a method modified from Crisp (2013) using an Agilent 1200 series 

Rapid Resolution UHPLC fitted with a ZORBAX Eclipse C18 Plus column (мΦу ˃Ƴ, 100 x 4.6 mm), and 

a binary gradient of sodium acetate buffer (Section 2.4.1) and a mobile phase B (7.5% ACN, 92.5% 

MeOH v/v). The solvent gradient program was modified from Crisp (2013) to enable better 

separation of late-eluting amino acids for foraminifera (Table 2.2). The run time of the UHPLC 

method is 57 minutes, including flush time.  

Table 2.2 ς Solvent gradient program for UHPLC, adapted from Crisp (2013). 

Run time 
(minutes) 

%A  
(NaAc buffer) 

%B 
(MeOH/ACN) 

Flow rate 
(ml/min) 

Temperature 
(°C) 

0 90 10 1.25 28 

8.8 82 18 1.25  

10   1.25 30 

11 82 18 1.25  

18   1.25 28 

23 78.3 21.7 1.25  

25 78.3 21.7 1.25  

27 75.2 24.8 1.25  

28.5 75.2 26 1.25  
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Run time 
(minutes) 

%A  
(NaAc buffer) 

%B 
(MeOH/ACN) 

Flow rate 
(ml/min) 

Temperature 
(°C) 

30 65 35 1.25  

40   1.25 28 

46 50 50 1.30  

50   1.30 25 

52 2 98 1.30  

57 95 5 1.30  

 

 
Fig. 2.2 ς Typical UHPLC chromatogram of a 0.5 D/L standard amino acid solution with quantified amino 
acids labelled. L-hArg (L-homo-arginine) is the internal standard. 

 

In the UHPLC method, L-Ala is more poorly resolved than in the RP-HPLC method, sometimes co-

eluting with D-Arg. Further modifications to the UHPLC solvent gradient program may be able to 

improve the separation between these two amino acids. 

 

2.5 Data analysis 

All data analysis was carried out using the programming language R, version 4.1.1 unless otherwise 

specified. 
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Chapter 3 ς Assessing the intra-crystalline 
approach to amino acid geochronology of 
Neogloboquadrina pachyderma (sinistral) 
 

This chapter has been published in full in Quaternary Geochronology under the citation: 

Wheeler, L. J., Penkman, K. E. H., & Sejrup, H. P. (2021). Assessing the intra-crystalline 

approach to amino acid geochronology of Neogloboquadrina pachyderma (sinistral). 

Quaternary Geochronology, 61, 101131. https://doi.org/10.1016/j.quageo.2020.101131 

Analysis of samples was carried out by KP; LW carried out data analysis, interpretation and writing 

with guidance from KP and HPS. Supplementary information for this article can be found online. 

 

Abstract 

While amino acid (AA) geochronology has been widely applied to foraminiferal biomineral proteins, 

there has been limited assessment of ǘƘŜ ǇƻǘŜƴǘƛŀƭ ƻŦ ƛǎƻƭŀǘƛƴƎ ŀƴ ΨƛƴǘǊŀ-crystalliƴŜΩ ŦǊŀŎǘƛƻƴ ƻŦ 

proteins to improve the reliability of AA geochronology for foraminifera. In this study, bleaching 

experiments were carried out on the foraminifer Neogloboquadrina pachyderma (sinistral) from an 

independently dated core from the south eastern Norwegian Sea spanning the last 120 ka. Results 

show that this species contains a bleach-resistant fraction of biomineral proteins, and that this 

intra-crystalline fraction may behave as a closed system. Racemisation in both the intra-crystalline 

and whole-protein fractions was found to systematically increase with time.  

Isoleucine epimerisation showed reliable trends with depth when analysed by ion exchange 

chromatography (IEC); analysis by reverse-phase liquid chromatography (RP-HPLC) resulted in 

reliable age-D/L relationships for aspartic acid, glutamic acid and alanine. 

Isolating the intra-crystalline fraction with a 48 hour bleach treatment reduces the influence of 

contamination in younger material. Therefore this paper recommends that the intra-crystalline 

approach is used when analysing Neogloboquadrina pachyderma (sinistral) for AA geochronology, 

especially for younger samples. Material-specific regression equations developed in this study 

successfully convert IEC A/I to RP-HPLC D/L values for aspartic acid, glutamic acid and alanine, 

enabling integration of geochronologies developed using different methods for this class of 

biomineral. 

https://doi.org/10.1016/j.quageo.2020.101131
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3.1 Introduction 

Amino acid (AA) geochronology relies on the retention of biomineral proteins in a closed system for 

the duration of diagenesis (Brooks et al., 1990; Collins and Riley, 2000). In certain biominerals, the 

majority of biomineral protein exists as an inter-crystalline ΨmeshΩ between inorganic crystallites 

(Towe, 1980; Gries et al., 2009). As this inter-crystalline protein is exposed to the external 

environment, it is susceptible to leaching, contamination or fluctuating environmental conditions, 

which can influence the rate of protein diagenesis and confound the interpretation of AA 

geochronology (Sykes et al., 1995).  

These inter-crystalline proteins are vulnerable to oxidation, which can be exploited experimentally 

by exposure to an oxidising agent such as NaOCl (bleaching) (Sykes et al., 1995; Penkman et al., 

2008). Conversely, intra-crystalline proteins form part of the crystal matrix (Towe, 1980; Berman et 

al., 1988; Miller et al., 2000) and therefore may be better protected from external influences than 

inter-crystalline protein. Any residual protein remaining after oxidation is operationally defined as 

intra-crystalline (Sykes et al., 1995), although depending on the biomineral structure this fraction 

may also contain well-protected inter-crystalline protein (e.g. chitin in ostracodes (Bright and 

Kaufman, 2011a)). ¢ƘŜ ŀŘƘŜǊŜƴŎŜ ƻŦ ŀ ōƛƻƳƛƴŜǊŀƭΩǎ ƛƴǘǊŀ-crystalline protein to a closed system 

ŘŜǇŜƴŘǎ ƻƴ ǘƘŜ ōƛƻƳƛƴŜǊŀƭΩǎ ǎǘǊǳŎǘǳǊŜ ŀƴŘ ǊŜƭŀǘƛƻƴǎƘƛǇ ǘƻ ǘƘŜ ƻǊƎŀƴƛŎ ŦǊŀŎǘƛƻƴΦ LƴǾŜǎǘƛƎŀǘƛƻƴǎ ƻŦ ŀ 

range of biominerals have found that this intra-crystalline protein diagenesis (IcPD) approach 

provides more reliable chronological information than the whole-shell approach in various mollusc 

shells (Penkman et al., 2008; Demarchi et al., 2013c; Ortiz et al., 2015, 2019) coral (Hendy et al., 

2012; Tomiak et al., 2013), ostrich eggshell (Brooks et al., 1990; Crisp et al., 2013) and enamel 

(Dickinson et al., 2019)), while some other biominerals have shown little or no improvement with 

the IcPD approach (Penkman et al., 2008; Bright and Kaufman, 2011b; Ortiz et al., 2017).   

Foraminifera are single-celled organisms found worldwide mainly in marine and estuarine 

sediments, with widespread applications in Quaternary palaeoenvironmental reconstructions 

(Boudagher-Fadel, 2015a). Due to the abundance of foraminiferal shells (tests) in marine 

environments, amino acid racemisation of foraminifera has been identified as a technique 

potentially well suited to dating marine sediments (Sejrup et al., 1984a; Kaufman, 2006). AA 

geochronology was first applied to foraminifera in the early 1970s (Wehmiller and Hare, 1971; 

Bada and Schroeder, 1972; Bada et al., 1973), and has since been applied to a wide range of 

species of foraminifera (see Kaufman et al., 2013). 
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While targeted bleaching treatments have been used to remove suspected contamination during 

preparation of foraminifer tests for AAR (Hearty et al., 2004; Nicholas, 2012; Kaufman et al., 2013), 

in-depth studies of the IcPD approach are limited (Stathoplos and Hare, 1993; Watson, 2019). In 

this study we compare the whole-protein and IcPD approaches to AAR on Neogloboquadrina 

pachyderma (sinistral) (hereafter Nps), a species of planktonic foraminifer ubiquitous in the polar 

waters of both hemispheres (Spindler, 1996). Nps has been the subject of detailed investigations of 

its racemisation properties (Sejrup et al., 1984a; Macko and Aksu, 1986; Sejrup and Haugen, 1992; 

Kaufman et al., 2008, 2013; Adler et al., 2009; Kosnik et al., 2013; West et al., 2019). Early work on 

Nps used only sonication to clean tests (Sejrup et al., 1984a; Macko and Aksu, 1986; Sejrup and 

Haugen, 1992), while more recent protocols have added a pre-treatment with a weak oxidising 

agent to remove labile and/or exogenous amino acids (Kaufman et al., 2008, 2013; Adler et al., 

2009; West et al., 2019). However the IcPD approach has not yet been fully applied to this species 

of foraminifer. This study therefore aims to test whether an intra-crystalline protein fraction can be 

isolated from Nps through bleaching, and whether the IcPD approach provides more a reliable 

chronology than the whole-shell approach for this biomineral.  

Early AA geochronology carried out on Nps focused on isoleucine epimerisation (Sejrup et al., 

1984a; Macko and Aksu, 1986; Sejrup and Haugen, 1992) as the two epimers, L-Ile and D-Aile, can 

be separated using ion-exchange liquid chromatography (IEC) without the use of chiral columns or 

derivatising agents (Schroeder and Bada, 1976). However, the development of reverse-phase liquid 

chromatographic (RP-HPLC) techniques have enabled the enantiomeric separation of a wider range 

of amino acids (Kaufman and Manley, 1998; Powell et al., 2013); more recent studies on Nps using 

RP-HPLC have focused on the racemisation of Asx and Glx (e.g. Kaufman et al., 2008, 2013). For 

simplicity the term ΨracemisationΩ will be used to refer collectively to racemisation or epimerisation 

of amino acids in this paper, as both involve inter-conversion at the h-C of an amino acid. 

Whitacre et al. (2017) developed regression equations to convert isoleucine epimerisation (A/I) 

results from IEC to equivalent RP-HPLC D/L values for five amino acids (Asx, Glx, Ala, Val, Ile) for 

bivalve, eggshell, gastropod and whole-rock samples. This enables IEC data to be compared with 

data obtained by RP-HPLC for these biominerals. Pooled equations were developed for application 

to biominerals not included in the original study. As both separation techniques were used in the 

analysis of material in this study, in addition we evaluate the methods developed by Whitacre et al. 

to extend them to these foraminifer tests. 

This study therefore seeks to answer three key research questions:  
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1. Does Nps have an intra-crystalline fraction of biomineral protein that can be isolated by 

exposure to NaOCl, and if so, what is the ideal duration of this treatment (Section 3.3.1)?  

2. Does analysis of the intra-crystalline fraction of amino acids show an improvement in the 

dating performance of these amino acids, compared with the whole-protein fraction of 

amino acids (Section 3.3.2)?  

3. Can A/I values measured by IEC be confidently converted to D/L values for other amino 

acids for Nps (Section 3.3.3)? 

 

3.2 Materials and Methods 

 

3.2.1 Location 

MD99-2288 and MD99-2289 are two giant piston cores taken from the same location (64°39 N 

04°12 E) in the Nyegga region of the Vøring Plateau, in the mid-Norwegian continental margin (Fig. 

3.1), raised during the 1999 IMAGES V cruise (Hjelstuen et al., 2010). The cores are 32.21 m and 

23.69 m long respectively. They were taken at a water depth of 1262 m on the northern 

escarpment of the Storegga Slide, a site of semi-regular submarine landslides taking place over the 

last 2.5 Ma (Bryn et al., 2005). Sedimentation on the Vøring Plateau is largely controlled by the 

advance and retreat of the Scandinavian Ice Sheet and its impact on regional ocean currents 

(Dahlgren and Vorren, 2003). Current bottom-water temperatures in the Norwegian Sea measure 

approximately -0.5°C to -1°C (Hovland et al., 2005). Palaeotemperature estimates for the 

Norwegian Sea suggest that bottom-water temperatures have fluctuated by up to 2-4°C between 

glacial and interglacial periods (Sejrup and Haugen, 1992; Bauch et al., 2000; Dwyer et al., 2000) 

due to changes in North Atlantic deep water formation in the northern Norwegian Sea (Sarnthein 

and Altenbach, 1995). In general there is a reduction in  racemisation rates in glacial as compared 

to interglacial periods (e.g. Miller et al., 1997; Penkman et al., 2011; Ortiz et al., 2015), but as the 

purpose of this study is to compare protein fractions and amino acids between samples with the 

same diagenetic history, these temperature fluctuations will not impact the interpretation of these 

results. 
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Fig. 3.1 ς Location of MD99-2288 and MD99-2289 IMAGES cores in the Norwegian Sea. Isobath depths 
in metres; bathymetry data from NOAA. 
 
 

3.2.2 Age model 

MD99-2288 and MD99-2289 were matched by magnetic susceptibility and spliced at 2303.5 cm 

(MD99-2288)/2270.0 cm (MD99-2289) (Brendryen, 2011); therefore the established chronology 

for MD99-2289 was applied to MD99-2288 with a 33.5 cm correction. Chronological control for the 

core MD99-2289 is provided by AMS radiocarbon dating between 120 and 1300 cm (Berstad, 2003; 

Becker et al., 2018), correlation between the NGRIP ʵ18O record and XRF core scanning results for 

Ca and Ti/K from 1441 to 1863 cm (Brendryen et al., 2010; Brendryen, personal communication 

2019), and one identified tephra zone, the Faroe Marine Ash Zone II, at 1064 cm and 26.69 ± 0.39 

ka BP (Nilsen, 2014). An age depth model was constructed for the 120-1863 cm range of the 

spliced core using the Bayesian age modelling R package ΨBaconΩ (v. 2.3.7) (Blaauw and Christeny, 

2011) using the Marine13 calibration curve (Reimer et al., 2013) and a 405 year reservoir 

correction for the 14C ages as used by Becker et al. (2018). As no uncertainties were provided for 

the NGRIP tie points, a 1.2 ka uncertainty was applied to the model based on calculated 

uncertainties for NGRIP chronology (Svensson et al., 2008). While this may result in an 

underestimation of the age uncertainty in the latter half of the core, it is sufficient to explore the 

racemisation trends for Nps protein in this study. The output of the model (Fig. 3.2) shows a 
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dramatic increase in sedimentation rate at ca. 1250 cm (~30 ka). The radiocarbon ages used and 

modelled ages for each sampling depth can be found in the supplementary information. 

 
Fig. 3.2 ς Bayesian age depth model (Blaauw and Christeny, 2011) for 120-1863 cm of core MD99-2289. 
Radiocarbon ages are shown in blue; NGRIP tie points and tephra zones are shown in teal. The dark blue 
ƭƛƴŜ ǎƘƻǿǎ ǘƘŜ ƳƻŘŜƭΩǎ ǿŜƛƎƘǘŜŘ ƳŜŀƴ ŀƎŜΦ 5ŀǎƘŜŘ ƭƛƴŜǎ ǊŜǇǊŜǎŜƴǘ ǘƘŜ ƳƻŘŜƭΩǎ фр҈ ǇǊƻōŀōƛƭƛǘȅ 
intervals.  

 

3.2.3 Preparation of foraminifera 

Foraminifera were collected at regular intervals from the >150 ˃m fraction of both cores. While 

records of the core from which each sample was collected have unfortunately been lost, it is 

assumed for this study that samples between 10-2200 cm were taken from MD99-2289 and 

samples between 2300-2985 cm were from MD99-2288 (Brendryen, personal communication 

2019). A full record of samples taken can be found in the supplementary information. For IEC 

analysis, 100 to 150 individuals were pooled for each analytical sample, while 30 to 50 individuals 

were pooled for RP-HPLC. All samples were cleaned by sonication according to Miller et al., (1983).  
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3.2.3.1 Isolation of the intra-crystalline fraction 

To initially determine the stability of the intra-crystalline fraction of Nps biomineral proteins during 

prolonged oxidation, foraminiferal samples were taken from three depths (250 cm, 500 cm and 

1450 cm) for extended bleaching experiments. Oxidation treatments using NaOCl (bleach) were 

carried out on Nps between 24 hours and 336 hours (1450 cm) or 360 hours (250 cm and 500 cm). 

30-рл ˃[ bŀh/ƭ όмн҈ ǿκǾύ  was added to each sample; samples were shaken every 24 hours to aid 

penetration of the bleach into the biomineral. At the end of the bleaching period the bleach was 

pipetted off, the sample rinsed six times with ultrapure water and once with HPLC-grade methanol, 

then air dried prior to demineralisation. Samples analysed by IEC were dried for 15 minutes at 

60°C; samples analysed by RP-HPLC were dried for 5-10 minutes at 110°C.  This difference in 

procedure reflects the standard protocols of the different laboratories in which the analyses were 

carried out: IEC at the University of Bergen and RP-HPLC at the University of York. 

 

3.2.3.2 Analysis of racemisation trends in Nps 

Based on the results of the extended oxidation experiments (Section 3.3.1), a 48 hour NaOCl 

exposure was chosen to prepare the rest of the ΨbleachedΩ samples in this study. To assess 

differences between the diagenesis of the whole-protein and intra-crystalline protein fractions of 

Nps, unbleached and bleached samples from a range of depths throughout the cores were 

analysed. Depending on the amount of material available at each depth, 1-3 replicate samples 

were prepared for each treatment.  

Procedural blanks were collected and analysed for each experiment to quantify background levels 

of amino acid contamination; due to the sample sizes used, corrections for contaminants identified 

in the blanks were not necessary. 

 

3.2.4 Amino acid analysis 

Only the total hydrolysable amino acid (free and bound amino acids; THAA) fraction was analysed 

to conserve material. Samples were demineralised with 8 L˃ 7 M HCl, with addition of a further 8 

L˃ HCl if necessary to complete demineralisation. Samples were hydrolysed by heating at 110°C for 

22 hours in nitrogen-flushed vials, then dried at 80°C for 15 minutes prior to rehydration for 

analysis by IEC, or dried overnight under vacuum prior to rehydration for analysis by RP-HPLC. 
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Separation of the hydrolysed amino acids was carried out either using IEC (at the University of 

Bergen) or RP-HPLC (at the University of York). During hydrolysis asparagine and glutamine are 

irreversibly hydrolysed to aspartic acid and glutamic acid respectively; therefore these amino acids 

are analytically indistinguishable and reported as Asx and Glx (Hill, 1965). The fluorescent 

derivatising agent o-phthaldialdehyde (OPA), used in both methods, does not allow for the 

detection of proline or hydroxyproline (Miller and Brigham-Grette, 1989), while the OPA derivative 

of lysine is prone to degradation during separation (Brückner et al., 1994); therefore these amino 

acids are not reported for either method.  

 

3.2.4.1 Separation by ion exchange liquid chromatography (IEC) 

For analysis using IEC, the internal standard norleucine was added with the 7 M HCl used for 

demineralisation. Samples were rehydrated with 100 L˃ pH 2 buffer before being separated on an 

automatic amino acid analyser with post-column OPA derivatisation and fluorometric detection 

according to the methods of Sejrup and Haugen (1992). Due to the poor separation of Ser and Thr 

by IEC, these two amino acids are reported together for this technique. The only amino acid for 

which chiral information is available using IEC is Ile; this is reported as A/I. 

 

3.2.4.2 Separation by reverse-phase high performance liquid chromatography 

(RP-HPLC) 

For analysis using RP-HPLC, samples were rehydrated with 8-10 ˃ L rehydration fluid (2.38 M HCl, 

0.171 mM NaN3, 9.97 mM internal standard L-homo-arginine). The rehydrated samples underwent 

pre-column derivatisation with OPA and the chiral thiol N-isobutyryl-L-cysteine (IBLC), followed by 

chiral separation and fluorometric detection following a modified method of Kaufman and Manley 

(1998) using an Agilent 1100 Series HPLC fitted with a C18 HyperSil BDS column. The D-Arg peak co-

eluted with another compound in all RP-HPLC chromatograms; therefore Arg D/L values are not 

reported and D-Arg has been excluded from total amino acid concentrations as in other studies 

using RP-HPLC (Powell et al., 2013). 

 

3.2.4.3 Data screening 

A range of diagnostic criteria can be used to assess the integrity of AAR data, such as Ser, Thr or Gly 

abundance (e.g. Miller and Brigham-Grette, 1989; Sejrup and Haugen, 1992; Kaufman, 2000), 
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expected depth or age trajectories (Wehmiller et al., 1976; Kosnik and Kaufman, 2008), covariance 

between concentrations or D/L values for different amino acids (e.g. Kaufman, 2000; Preece and 

Penkman, 2005), and the variability of replicate samples (Kosnik and Kaufman, 2008). Cut-offs for 

sample exclusion are determined empirically, and are therefore potentially somewhat subjective, 

but it is important that exclusion criteria, once determined, are applied uniformly to the data set to 

minimise systematic bias (Kaufman, 2006). D/L values lying far above or below the general trend 

could be indicative of a compromised sample, but as some natural variability due to reworking or 

intrusion is inevitable (McCarroll, 2002) only extreme outliers were excluded from this study.  

The following screening criteria were chosen: 

1. High concentrations of Gly (> 50%), which indicate contamination resulting from human 

handling (Sejrup and Haugen, 1992). High Ser and Thr concentrations were also 

considered, but poor separation of Ser and Thr using IEC precluded using these amino 

acids as criteria. 

2. Deviation of increasing trend of A/I values for IEC, and D/L values of Asx, Glx and Ala (the 

three amino acids with the best chromatographic separation) for RP-HPLC.  

Outliers were identified and excluded from the dataset according to the criteria listed in Table 3.1. 

On average, 6.0% of samples were excluded from the data set using these criteria. A full list of the 

samples excluded and the criteria used to exclude each sample is available in the supplementary 

information. 

 
Table 3.1 ς Screening criteria used to identify outliers and total number of samples excluded by each 
criterion for each analytical method.  

 IEC RP-HPLC 

Unbleached (U) or bleached (B): U B U B 

1. > 50% Gly 0 0 2* 2* 

2. Deviation of D/L from depth trend 5 4 3 3 

Total samples analysed 69 75 53 51 

% Removed 7.2 5.1 5.7 5.9 

*Only one of two analytical replicates found to have > 50% Gly, indicating issues with chromatographic 
separation rather than contamination. 

 

3.2.5 IEC A/I to RP-HPLC D/L conversion 

Whitacre et al. (2017) developed linear regressions to convert IEC A/I data into D/L values for five 

amino acids (Asx, Glx, Ala, Val, Ile) equivalent to those measured by RP-HPLC. Biomineral-specific 

equations were found to minimise errors associated with the conversion by accounting for 
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variations in diagenetic patterns and chromatographic separation between biominerals; however 

ΨpooledΩ regressions were also developed for use with sample types not represented in the original 

study:  

ὰέὫὃίὼ ὈȾὒ  πȢσφ ὰέὫὃȾὍ πȢσ 

ὰέὫὋὰὼ ὈȾὒ  πȢφτ ὰέὫὃȾὍ πȢυ 

ὰέὫὃὰὥ ὈȾὒ  πȢφς ὰέὫὃȾὍ πȢςς 

ὰέὫὠὥὰ ὈȾὒ  πȢωτ ὰέὫὃȾὍ πȢςς 

ὰέὫᴂὙὖᴂ ὍὰὩ ὃȾὍ  πȢωωφ ὰέὫὃȾὍ πȢπστ 

As foraminifera were not included in the original study, the pooled regressions were used to 

convert IEC A/I values into predicted Asx, Glx, Ala, Val D/L and RP-HPLC equivalent Ile A/I values, 

and compared with the values actually measured by RP-HPLC, in order to test the efficacy of the 

pooled equations for Nps.  

New linear regressions were then carried out on log2-transformed Nps data. Unlike the data used 

by Whitacre et al. (2017), analyses carried out in this study were not paired, as this comparison had 

not been the original intention of the study.  Therefore average D/L values for each depth and 

bleaching treatment were used to develop the regressions. This means that the errors associated 

with the derived conversions are likely to be higher in this study. No significant differences 

between separate regressions run on bleached and unbleached material were found, so pairs of 

IEC and RP-HPLC data where the depth and bleaching treatment were the same were combined to 

increase the sample size for the models. Between 30 and 32 averaged D/L values were used for 

each regression. Following Whitacre et al. (2017) the following criteria were used to assess the 

quality of each model: the adjusted R2 value, 1 and 2̀ prediction uncertainties, and the Akaike 

information criterion (AICc), a measure of model quality which penalises for overparameterisation. 

All statistical analysis was carried out using the statistical programming language ΨRΩ version 3.6.2. 

Analytical scripts are included as supplementary information. 
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3.3 Results and discussion 

 

3.3.1 Testing oxidation times 

 

3.3.1.1 The effect of bleaching on amino acid concentration 

If Nps biomineral contains an intra-crystalline protein fraction resistant to oxidation, then bleaching 

via exposure to NaOCl should cause an initial decrease in the total hydrolysable amino acid 

concentration ([THAA]), followed by a plateau once the intra-crystalline fraction has been isolated.  

The presence of amino acids after the longest bleaching duration shows that Nps contains a 

bleach-resistant intra-crystalline protein fraction (Fig. 3.3), as has been observed in other species of 

foraminifera (Watson, 2019). While the variability of [THAA] in the extended Nps bleaching 

experiments is high, the similarity between unbleached and bleached [THAA] suggests that the 

majority of the inter-crystalline protein fraction has been lost by 18 ka, as has been observed in 

other biominerals (Sykes et al., 1995; Penkman et al., 2008; Ortiz et al., 2015, 2017). 

The samples with much higher than average [THAA] (> 0.9 nmol / foram) at 250 cm (and seen in 

some unbleached samples at other depths, see Section 3.3.2) may be due to some between-shell 

variability in the survival of inter-crystalline protein (as seen in gastropods (Penkman et al., 2008), 

although given that each sample in this study consists of 100 individual tests this interpretation is 

unlikely. An alternate explanation may be due to modern laboratory contamination; however if this 

was the case these samples would have a correspondingly low A/I value, which is not seen (Fig. 

3.5). This variability is therefore most likely due to the challenges in accurately measuring amino 

acid concentration, especially at very small sample sizes (Powell, 2012). 
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Fig. 3.3 ς Trends in concentration of total hydrolysable amino acids ([THAA]) with increasing bleach time 
for Nps at three core depths: a) 250 cm, b) 500 cm and c) 1450 cm. Dots show individual replicates; bars 
show means of all replicates at each time and depth point. Where data are absent, this is because 
experiments of this duration were not carried out.   
 

3.3.1.2 The effect of bleaching on amino acid composition 

The biomineral protein of Nps is dominated by Asx and Gly, with smaller contributions from Ser + 

Thr, Ala, Glx, Val, Leu and Ile (Fig. 3.4). Phe, His, Arg and Tyr were not resolved using IEC, but 

observed in small amounts (total contribution from all four amino acids 11 ± 3 %) in samples 

analysed by RP-HPLC (see supplementary information). This composition is consistent with other 

foraminifera (King and Hare, 1972a; Weiner and Erez, 1984; Robbins and Brew, 1990). The high 

abundance of Asx indicates the presence of acidic proteins involved in biomineral formation 

(Weiner, 1979), while Gly and Ala likely represent silk-like proteins found in other biominerals 

(Pereira-Mouriès et al., 2002; Gotliv et al., 2003). 

Differences in the composition of amino acids between the whole-shell and intra-crystalline 

fractions have been found in some mollusc shells (Penkman et al., 2008; Demarchi et al., 2013c; 

Ortiz et al., 2015; Pierini et al., 2016), indicating the presence of different proteins in different 

fractions of those biominerals. Other biominerals do not have significant differences between the 

two fractions (e.g. ostracodes (Ortiz et al., 2013), ostrich eggshell (Crisp et al., 2013)). The 

composition of amino acids is quite variable for Nps, especially for Ser + Thr and Gly, confounding a 

clear assessment of the effect of bleaching on composition, with no clear patterns emerging from 

the extended bleaching treatment (Fig. 3.4). The apparent stability of both the concentration and 
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composition of the intra-crystalline amino acid pool over extended exposure to bleach suggests 

that this fraction is oxidation resistant. 

 
Fig. 3.4 ς The effect of increasing exposure to bleach on total hydrolysable amino acid (THAA) 
composition of Nps tests at three core depths (analysed using IEC). While there is some variability in the 
THAA composition in the first 48 hours of bleach exposure, no clear compositional changes are caused 
by oxidation. Due to poor separation of Ser from Thr using IEC, these amino acids are reported 
together. 
 

3.3.1.3 The effect of bleaching on A/I values 

Differences in A/I or D/L values between the inter- and intra-crystalline fractions of biominerals 

may be due to the loss of more highly racemised short-chain peptides and free amino acids from 

an open-system inter-crystalline fraction (Penkman et al., 2008). Free amino acids in a biomineral 

are more highly racemised than peptide-bound amino acids due to the accelerated rate of 

racemisation at the terminal positions of peptides (Crisp et al., 2013; Tomiak et al., 2013). 

Therefore, if this fraction is more susceptible to leaching (diffusive loss) from inter-crystalline sites 

than intra-crystalline sites, unbleached material will show ΨsuppressedΩ A/I or D/L values compared 

with bleached material. This pattern has also been observed in some molluscs (e.g. Penkman et al., 

2008; Demarchi et al., 2013c; Ortiz et al., 2015; Pierini et al., 2016) and ostrich eggshell (Crisp et al., 

2013).  

As the extended bleaching experiments for Nps were analysed by IEC only, the only amino acid for 

which racemisation data are available is Ile. At 250 cm the A/I value increases slightly between 24 

and 48 hours and then plateaus (Fig. 3.5a), indicating that bleach-induced racemisation is not 

taking place. Due to the variability of the data there is no clear effect of bleaching on A/I at 500 and 
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1450 cm (Fig. 3.5b, c); however, lower A/I values in unbleached Nps are also seen in the down-core 

trend for ages greater than ~60 ka (Fig. 3.8). This suggests that the remaining inter-crystalline 

protein may behave as an open system even after the initial loss of protein during early stages of 

diagenesis; this may be due to the progressive generation of highly racemised free amino acids via 

hydrolysis.  

 
Fig. 3.5 ς Trends in A/I value with increasing bleach time for Nps at a) 250 cm, b) 500 cm and c) 1450 
cm. Dots show individual replicates; bars show means of all replicates at each time and depth point. 
Where data are absent, this is because experiments of this duration were not carried out, with the 
exception of 360 hours at 500 cm, where none of the samples had resolved A-Ile peaks. An increase in 
A/I is observed between 24-48 hours at 250 cm, while bleaching has no clear effect on A/I at 500 cm 
and 1450 cm. 

 

Based on the results of these extended bleaching experiments, a 48 hour NaOCl exposure was 

chosen for the rest of the samples in the study, as this treatment is sufficient to isolate the intra-

crystalline fraction of amino acids in Nps. 

 

3.3.2 Comparison of down-core diagenetic trends in racemisation 
between unbleached and bleached Nps 

Samples of Nps were taken for analysis by IEC and RP-HPLC at regular intervals down the cores to 

enable a more detailed investigation of any amino acid trends and to compare the behaviour of the 

whole-protein and intra-crystalline fractions for this class of biomineral. A full list of intervals 

sampled can be found in the supplementary information. 
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3.3.2.1 Trends in concentration and composition  

There is substantial variability in both the [THAA] and composition of amino acids for both 

unbleached and bleached samples through the cores (Fig. 3.6, Fig. 3.7). In general, the 

concentration of bleached samples is slightly lower than concentration of unbleached samples (Fig. 

3.6), indicating that the majority of protein in naturally-aged Nps is in the intra-crystalline fraction. 

With the exception of a few relatively young samples having higher than average [THAA], the 

concentration of amino acids appears to be relatively stable over the timescale represented by this 

core.  

 

 
Fig. 3.6 ς Down core trends in total hydrolysable amino acid concentration of bleached and unbleached 
Nps tests (analysed using RP-HPLC). 

 

As was seen in the extended bleaching experiments, there is no clear difference between the 

composition of whole-protein and intra-crystalline protein fractions of Nps (Fig. 3.7). Neither 

fraction shows a systematic change in amino acid composition down core. This indicates that both 

the whole-shell and intra-crystalline fractions remain relatively stable during diagenesis. While 

some work has found differential loss of acidic proteins from a range of planktonic species within 

~300 ka (Robbins and Brew, 1990), this trend is not seen here over the 120 ka studied.   
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Fig. 3.7 ς Down-core compositions of unbleached and bleached (48 h) Nps tests analysed by IEC, 
showing a relatively stable composition of both the whole and intra-crystalline fractions of amino acids. 
Due to poor separation of Ser from Thr using IEC, these amino acids are reported together.  
 
 

3.3.2.2 Trends in racemisation  

As determined by IEC, the A/I value of Nps increases with age, with the rate of racemisation 

slowing over time in both bleached and unbleached samples (Fig. 3.8). Due to the change in 

sedimentation rate at ~30 ka in the cores (see Fig. 3.2), plots of D/L against age and depth are 

included to show more clearly the trends in racemisation during the younger section of the core 

(Fig. 3.8, Fig. 3.9, Fig. 3.10). In the first ~60 ka (1550 cm) of the core, the extent of racemisation for 

bleached and unbleached Nps are similar, with bleached Nps having a slightly higher degree of 

racemisation (Fig. 3.10, presented separately for clarity). Older than ~60 ka, the levels of  

racemisation are lower for unbleached Nps than bleached Nps. This may be due to the loss of free 

amino acids from the unbleached biomineral, effectively ΨsuppressingΩ the rate of racemisation (see 

Section 3.3.1.3). 
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Fig. 3.8 ς Downcore trends in A/I for Nps analysed by IEC: a) A/I against depth showing samples taken 
between 10-2951.5 cm (corrected depth); b) A/I against age for samples taken between 120-1863 cm, 
the range of the age model for the core (see Fig. 3.2). Horizontal lines show 1̀ age error from age 
model. Bleached samples were subjected to 48 h NaOCl exposure. A locally weighted smoothing (loess) 
function has been applied (solid line) to highlight the differences between the racemisation trends for 
bleached and unbleached Nps. 
 

Of the amino acids analysed using RP-HPLC, Asx and Glx showed the clearest racemisation trends 

(Fig. 3.9i, ii). While previous studies of amino acid racemisation in Nps using RP-HPLC have focused 

on Asx and Glx only (Kaufman et al., 2008, 2013), Ala also showed clear trends in racemisation in 

this core after ~25 ka (Fig. 3.9iv), suggesting that Ala could be used to provide additional 

chronological control for Nps in older material. 

For most amino acids separated by RP-HPLC, the D/L values were similar between bleached and 

unbleached Nps, with bleached material having slightly higher D/L values in older (> 60 ka) 

samples, suggesting some loss of highly-racemised free amino acids from the inter-crystalline 

fraction (Fig. 3.9). Ser has substantially higher D/L values (Fig. 3.9, Fig. 3.10iii) in the bleached 

samples. This may be due a result of Ser having a higher abundance in the free amino acid pool as a 

result of the lability of Ser-X peptide bonds (Hill, 1965) results in a greater ΨsuppressionΩ of Ser 

racemisation than other amino acids in the whole-protein fraction. As L-Ser is a common laboratory 

contaminant, the increase in Ser D/L on bleaching may also be in part due to the removal of 

exogenous amino acids.  
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As also seen in studies of the kinetics of amino acid racemisation in other biominerals (Penkman et 

al., 2008; Demarchi et al., 2011, 2015), Ser racemises the most quickly of all the amino acids due to 

its ability to racemise in-chain (Demarchi et al., 2013a), plateauing at ~30 ka at a D/L of around 0.3 

for bleached samples (Fig. 3.9 and Fig. 3.10iii). This plateau may be due to the comparative 

instability of Ser (Bada et al., 1978) resulting in apparent Ψsteady-stateΩ behaviour of racemisation 

as the rates of Ser racemisation and decomposition converge (Schroeder and Bada, 1977). Asx, Glx 

and Ala show a similar trend to Ile, with rapid initial racemisation in the first ~30 ka followed by a 

slowing of the observed rate of racemisation (Fig. 3.9 and Fig. 3.10i, ii, iii). This Ψtwo-stageΩ 

racemisation pattern is consistent with observations of racemisation kinetics in foraminifera 

(Wehmiller and Hare, 1971; Harada and Handa, 1995; Kaufman, 2006), and with other biominerals 

(see Clarke and Murray-Wallace, 2006). 
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Fig. 3.9 ς Trends in racemisation for four amino acids (i) Asx, ii) Glx, iii) Ser, iv) Ile) analysed by RP-HPLC. 
a) D/L against depth showing samples taken between 10-2951.5 cm (corrected depth); b) D/L against 
age for samples taken between 120-1863 cm, the range of the age model for the core (see Fig. 3.2). 
Horizontal lines show 1̀ age error from age model. All four amino acids have higher D/L values for 
bleached than unbleached Nps in older samples. Bleached samples were subjected to 48 h NaOCl 
exposure. A locally weighted smoothing (loess) function has been applied to highlight the differences 
between the racemisation trends for bleached and unbleached Nps. 
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Fig. 3.10 ς Trends in racemisation for four amino acids (i) Asx, ii) Glx, iii) Ser, iv) Ile) analysed by RP-HPLC 
for the youngest part (10-60 ka, 10-1500 cm) of the core: a) D/L against depth; b) D/L against age. 
Horizontal lines show 1̀ age error from age model. During this early stage of racemisation D/L values 
are similar between bleached and unbleached Nps for Asx, Glx and Ala. Bleached samples were 
subjected to 48 h bleach exposure. A locally weighted smoothing (loess) function has been applied to 
highlight the differences between the racemisation trends for bleached and unbleached Nps. 

 

 

Of these three amino acids, Asx racemises the most quickly in Nps, reaching a D/L of ~0.3 by 120 

ka, while Glx racemises more slowly, reaching a D/L of ~0.15 over the same period. The apparent 

racemisation rate of Ala is intermediate, reaching a D/L of ~0.2 by 120 ka. This order of apparent 
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racemisation rate (Ser > Asx > Ala > Glx ~ Ile) is consistent with the results of high-temperature 

decomposition experiments carried out on other biominerals (e.g. Kimber and Griffin, 1987; Ortiz 

et al., 2017; Dickinson et al., 2019). Studies of Asx and Glx racemisation trends in heated and 

naturally-aged planktonic foraminifera have found that Asx racemises more quickly than Glx 

(Hearty et al., 2004; Kaufman, 2006; Kaufman et al., 2013); however a study of P. obliquiloculata 

investigating a wider range of amino acids found that Ile racemised more quickly than Glx, in 

contrast to the results of this study, which observed similar apparent racemisation rates between 

Ile and Glx (Harada and Handa, 1995). 

If the intra-crystalline fraction better approximates a closed system than the whole-protein 

fraction, then there should be fewer environmental influences on racemisation in the intra-

crystalline fraction, resulting in lower variability between D/L values at any given horizon for 

bleached samples (Penkman et al., 2008). For Nps, bleaching results in a decrease in variability 

between similar-age samples during early stages of diagenesis (Fig. 3.11). This result is consistent 

with the reduced effect of bleaching on total amino acid concentration in older material (Section 

3.3.1.1), suggesting that the majority of the inter-crystalline protein is leached from the biomineral 

during early stages of diagenesis. While these reductions in variability on bleaching are not seen in 

older material, the observed increase in D/L values in the intra-crystalline fraction suggest that the 

IcPD approach also limits the effects of leaching and contamination in older samples. 

 
Fig. 3.11 ς Covariance of Asx and Glx D/L for bleached and unbleached Nps analysed by RP-HPLC, 
showing decreased variability of D/L values on bleaching for young material (Asx D/L < 0.2). A locally 
weighted smoothing (loess) function has been applied to show the general trends of the data. 
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3.3.3 IEC A/I to RP-HPLC D/L conversions 

Conversion from IEC Ile A/I and equivalent RP-HPLC amino acid D/L was carried out using the 

pooled regressions developed by Whitacre et al. (2017), as well as Nps-specific regressions derived 

using the Nps data set. Due to the poor separation of L-Ile and D-Aile using RP-HPLC (Powell et al., 

2013; Wehmiller, 2013a), direct comparison between IEC Ile A/I and RP-HPLC Ile A/I was not 

possible using this data set. 

When applied to the Nps data set, the 2 ̀prediction uncertainty for the pooled regressions were 

±23 to 42% depending on the amino acid, similar to the ranges found by Whitacre et al. for other 

biominerals (Table 3.2). While Whitacre et al. (2017) found that creating material-specific models 

reduced the 2̀ prediction uncertainty compared with pooled regressions, this has not been 

observed for Nps ς perhaps due to the use of averaged rather than paired analyses. For Asx, Glx 

and Ala the 2̀ prediction uncertainty was ± 24-35% when using the Nps-specific regression. 

Conversely, Val and Ile had much higher 2 ̀prediction uncertainties for the Nps-specific regression, 

highlighting the poorer chiral separation of both Val and Ile by RP-HPLC for this biomineral (Fig. 

3.12, Table 3.2). The pooled regressions did, however, slightly overestimate Asx, Glx and Ala D/L 

values (Fig. 3.12). 
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Fig. 3.12 ς Relationship between IEC Ile A/I and RP-HPLC amino acid D/L values, modelled by log2-
transformed linear regressions. Lines represent the Nps-specific and pooled linear regressions; shaded 
envelopes are 2̀ prediction uncertainties using a ΨdummyΩ data set for the Nps-specific regressions (as 
used by Whitacre et al. (2017)) and the Nps data set for the pooled regressions.  
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Table 3.2 ς Results of linear regressions using log2 transformed A/I and D/L values. PU refers to the 
prediction uncertainty calculated using the Nps data set for the pooled regression, and a ΨdummyΩ data 
set for the Nps-specific regression (as used by Whitacre et al. (2017)). Success rate refers to the 
proportion of predicted ranges which included the D/L value measured by RP-HPLC. 

 Pooled regression Nps-specific regression 
 

мˋ 
PU 

нˋ 
PU 

AICc Success 
rate (%) 

Slope Intercept R2 м ̀
PU 

н ̀
PU 

AICc 

Asx 0.24 0.24 -239 69 0.41 ± 0.03 -0.35 ± 0.14 0.83 0.23 0.24 -24 

Glx 0.41 0.42 126 94 0.51 ± 0.05 -1.22 ± 0.2 0.76 0.36 0.38 3 

Ala 0.33 0.33 -16 78 0.59 ± 0.05 -0.21 ± 0.2 0.84 0.33 0.35 -2 

Val 0.39 0.40 43 31 0.51 ± 0.10 -1.13 ± 0.4 0.44 0.77 0.82 48 

Ile 0.41 0.42 59 27 0.49 ± 0.13 -0.82 ± 0.6 0.31 0.98 1.05 57 

 

 

The results of this analysis show that the Nps-specific regressions can confidently convert Nps IEC 

A/I values into equivalent D/L values for Asx, Glx and Ala over the ranges tested, with similar 

prediction uncertainty ranges as for the pooled regressions developed by Whitacre et al. (2017). 

Due to the poor separation of Val and Ile for Nps it was not possible to validate the regressions for 

these amino acids. Due to the overestimation of Asx, Glx and Ala D/L values using the pooled 

regressions and the similar prediction uncertainties between the Nps-specific and pooled 

regressions, we recommend that the Nps-specific regressions developed in this paper are used to 

convert Nps A/I values to D/L Asx, Glx and Ala values. 

 

3.4 Conclusions 

Bleaching experiments show that Nps tests contain an intra-crystalline fraction of amino acids 

which is resistant to extended exposure to bleach. A 48 hour treatment with 12% w/v NaOCl 

isolates the intra-crystalline fraction in Nps, with a greater proportion of amino acids being 

removed by bleaching in younger samples. Bleaching results in slightly increased Ile, Asx, Glx and 

Ala D/L values in older samples, indicating that the inter-crystalline fraction of amino acids behaves 

as an open system during diagenesis. Additionally the variability of D/L values is lower for bleached 

Nps than unbleached Nps in samples where Asx D/L < ca. 0.2. This suggests that the IcPD approach 

limits the influences of leaching on racemisation trends for younger Nps, while older material may 

also benefit from bleaching by minimising the potential impact of contamination.  

Given this dataset, it is therefore recommended that a bleaching step is included during the 

preparation of Nps foraminifera for amino acid dating, if sufficient sample mass is present to 
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compensate for the reduction in concentrations caused by oxidation of the inter-crystalline 

fraction. 

IEC A/I values were successfully converted to RP-HPLC D/L values for Asx, Glx and Ala in Nps using 

material-specific regression equations with a ±24-38% 2̀  prediction uncertainty depending on the 

amino acid.  
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Chapter 4 ς Testing the effect of oxidising 
pre-treatments on amino acids in sub-
modern and Pleistocene foraminifera 
 

The oxidation experiments carried out on sub-modern Ammonia spp. and H. germanica in Section 

4.3 of this chapter form part of the following paper: 

Millman, E., Wheeler, L. J., Billups, K., Kaufman. D., Penkman, K. E. H. (2022). Testing the 

effect of oxidizing pre-treatments on amino acids in benthic and planktic foraminifera tests. 

Quaternary Geochronology, 73, 101401, https://doi.org/10.1016/j.quageo.2022.101401  

The full manuscript can be found in Appendix 1. Experiments related to benthic species (Ammonia 

spp. and H. germanica), and associated data analysis and interpretation, were carried out by LW. 

Experiments related to planktic species (G. truncatulinoides, G. tumida and P. obliquiloculata), and 

associated data analysis and interpretation, were carried out by EM. The manuscript was co-

written by EM and LW, with guidance and insight from KB, DK and KP.  

 

4.1 Introduction 

Pre-treatments with NaOCl have successfully isolated an intra-crystalline fraction of amino acids in 

a range of biominerals (e.g. various molluscs (Penkman et al., 2008, 2011; Demarchi et al., 2013c, 

2013b; Ortiz et al., 2015, 2018), corals (Hendy et al., 2012), ostrich eggshell (Crisp et al., 2013) and 

tooth enamel (Dickinson et al., 2019)), including the planktonic foraminifer Neogloboquadrina 

pachyderma (sinistral) (Chapter 3). H2O2 is a weaker oxidising agent than NaOCl, and is routinely 

used in the pre-treatment of foraminifera for AAR to remove contaminant amino acids (Hearty et 

al., 2004, 2010; Kaufman et al., 2008, 2013; West et al., 2019; Ryan et al., 2020). In experiments 

carried out on various mollusc species, H2O2 was found to be less effective at isolating the intra-

crystalline fraction of amino acids than NaOCl (Penkman et al., 2008), while no systematic 

differences between H2O2 or NaOCl pre-treatments were found for sub-fossil ostracodes (Bright 

and Kaufman, 2011a). Comparisons between H2O2 and NaOCl pre-treatments in foraminifera are 

limited to one preliminary investigation of pre-treatments in P. obliquiloculata, which found that a 

short H2O2 pre-treatment reduced D/L variability compared to sonication or short exposures (1-2 

hours) to ethanol, methanol or NaOCl (Hearty et al., 2004).  

https://doi.org/10.1016/j.quageo.2022.101401


96 
 
 

In this chapter, oxidation experiments using NaOCl and H2O2 were carried out on three species of 

foraminifera commonly preserved in Pleistocene sea-level deposits (Ammonia spp., H. germanica 

and E. williamsoni), to determine whether an intra-crystalline fraction of amino acids can be 

isolated in these species. Extended oxidation experiments using NaOCl were carried out on 

Ammonia spp., H. germanica and E. williamsoni taken from surficial salt marsh deposits in the UK; 

these were carried out alongside high-temperature decomposition experiments on Ammonia spp. 

and H. germanica (reported in Chapter 5).  

The effect of bleaching is less pronounced in older N. pachyderma (s) (Section 3.3.2), a pattern 

which is also seen in other biominerals (Penkman et al., 2008; Bright and Kaufman, 2011a; 

Dickinson et al., 2019). Oxidation experiments were therefore carried out on Ammonia spp. and H. 

germanica taken from a mid-Pleistocene sea-level deposit, in order to investigate the effect of 

different oxidative pre-treatments in naturally-aged foraminifera. In particular, this suite of 

experiments focused on whether an oxidative pre-treatment reduced the variability of D/L values 

between replicates, a pattern which has been observed in many biominerals (e.g. some mollusc 

species (Sykes et al., 1995; Penkman et al., 2008), ostrich eggshell (Crisp et al., 2013) and enamel 

(Dickinson et al., 2019)), but not all (e.g. some other mollusc species (Penkman et al., 2008; Ortiz et 

al., 2017)) and ostracodes (Bright and Kaufman, 2011a)). 

 

4.2 Materials and Methods 

 

4.2.1 Sample collection 

Surficial sediment samples (0-5 cm) were collected from tidal flats at the Humber Estuary, Hull, UK 

(Lat: 53.642, Long: -0.183) and the Ythan Estuary, Aberdeen, UK (Lat: 57.313, Long: -1.995). Large 

numbers of Ammonia spp. and Haynesina germanica were found in the Humber Estuary sample, 

which were used for the oxidation experiments carried out in Section 4.3 (see Table 4.1), as well as 

the high-temperature experiments detailed in Chapter 5. Sufficient numbers of Elphidium 

williamsoni for a shorter suite of oxidation experiments were present in the Ythan Estuary samples, 

which are also presented in Section 4.3. Although these samples were not independently dated, 

they most likely represent a modern assemblage of foraminifera. However, reworking of the salt-

marsh sediment is a possibility (Figueira and Hayward, 2014). Radiocarbon dating of basal peats 

gives a maximum age of a few thousand years for each site (Long et al., 1998; Smith et al., 1999); 

therefore the foraminifera are no older than Holocene in age. To reflect the degree of uncertainty 

ƛƴ ǘƘŜƛǊ ŀƎŜΣ ǘƘŜǎŜ ǎŀƳǇƭŜǎ ŀǊŜ ǊŜŦŜǊǊŜŘ ǘƻ ŀǎ Ψǎǳō-ƳƻŘŜǊƴΩΦ  
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Samples were collected from various horizons from mid-Pleistocene deposits at Northam Pit, Eye 

Green, Peterborough, UK (Lat: 52.617, Long: -0.184). One sample (NP-1, at 1.9 m OD) was found to 

have large numbers of Ammonia spp. and H. germanica, so material from this sample was used for 

all pre-treatment experiments; E. williamsoni was represented only in small numbers at Northam 

Pit. OSL dating of overlying sediments gives a minimum age of MIS 7 (243-191 ka (Lisiecki and 

Raymo, 2005)) for these foraminifera (Bateman et al., 2020, p. 15). Additional geological context 

for this site and the application of AAR to its chronology can be found in Section 6.2.1.  

 

4.2.2 Preparation and analysis 

30-50 foraminifer tests from the 90-500 ˃ m fraction (Humber Estuary and Ythan Estuary) or 212-

500 ˃ m fraction (Northam Pit) were used for each sample. For the sub-modern material, pre-

ǘǊŜŀǘƳŜƴǘǎ ǿŜǊŜ ŎŀǊǊƛŜŘ ƻǳǘ ǳǎƛƴƎ ǎƻƴƛŎŀǘƛƻƴ ƻƴƭȅ όΨuƴōƭŜŀŎƘŜŘΩύΣ о҈ ƻǊ ол҈ ǿκǾ H2O2 (weak 

oxidising agent) or 12% w/v NaOCl (strong oxidising agent), for a range of durations (Table 4.1). 

Due to limitations in the number of E. williamsoni tests, only pre-treatments with NaOCl were 

carried out. 2 hour pre-treatments with 3% or 30% H2O2 or 12% NaOCl were carried out on the 

Pleistocene material in addition to a sonication-only treatment. 

Table 4.1 ς Oxidising pre-treatments carried out on sub-modern and Pleistocene Ammonia spp., H. 
germanica and E. williamsoni. See Section 4.2.1 above for additional site information. 

Species Location Age 

Treatment duration (hours) 

Unbleached 3% H2O2 30% H2O2 12% NaOCl 

Ammonia spp. Humber 
Estuary 

Sub-modern 0 2, 4 4 4, 24, 48, 
96, 192 

Northam Pit Pleistocene 0 2 2 2 
H. germanica Humber 

Estuary 
Sub-modern 0 2, 4 4 4, 24, 48, 

96, 192 

Northam Pit Pleistocene 0 2 2 2 

E. williamsoni  Ythan 
Estuary 

Sub-modern 0 - - 24, 48, 96, 
192 

 

Pre-treatment, demineralisation and hydrolysis were carried out according to Section 2.2 using 20 

˃[ ƻŦ ǘƘŜ ŎƘƻǎŜƴ ƻȄƛŘƛǎƛƴƎ ŀƎŜƴǘΦ Unbleached samples were subjected to a second round of 

sonication (3 x 1 minute, rinsing with му Ƴʍ I2O between each sonication) following crushing of 

the foraminifer tests, then allowed to air dry overnight before demineralisation. To conserve 

material, only the total hydrolysable amino acid (THAA) fraction was analysed, as this fraction has 

higher amino acid concentrations than the free amino acid (FAA) fraction.  
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Analysis of sub-modern Ammonia spp. and H. germanica was carried out via RP-HPLC according to 

Section 2.4.1. Analysis of sub-modern E. williamsoni, and Pleistocene Ammonia spp. and H. 

germanica, was carried out via UHPLC according to Section 2.4.2. 

 

4.3 Results of sequential oxidation of sub-modern foraminifera 

 

4.3.1 Amino acid concentration 

For all three species studied, treatment with 12% NaOCl results in an up to 90% decrease in the 

total concentration of amino acids ([THAA]) within at least 4 hours for sub-modern Ammonia spp. 

and H. germanica, and at least 24 hours (the first bleaching timepoint used) for E. williamsoni (Fig. 

4.1). This suggests that the residual fraction of amino acids represents intra-crystalline material. 

The rapid oxidation of inter-crystalline proteins from these species (compared to 48-72 h typically 

required for other biominerals (e.g. Penkman et al., 2008; Crisp et al., 2013)) likely reflects the thin 

shell structure of foraminifer tests, as well as their large surface-to-mass ratio enabling rapid 

penetration of the oxidising agent (e.g. Hearty et al., 2004). The concentration of THAA in Ammonia 

spp. and E. williamsoni remains stable up to 192 h, while there appears to be further gradual loss of 

amino acids after prolonged bleaching (> 96 h) in H. germanica, indicating possible etching of the 

mineral matrix (Penkman et al., 2008; Hendy et al., 2012; Dickinson et al., 2019).  

The effect of H2O2 on [THAA] (for Ammonia spp. and H. germanica) depends on the species. In 

Ammonia spp., the variability of [THAA] in the unbleached samples precludes a quantitative 

comparison of the proportion of amino acids removed by each oxidation pre-treatment. A smaller 

proportion of amino acids is removed by the 4 h 3% H2O2 and 30% H2O2 treatments than the 4 h 

12% NaOCl treatment. This suggests that H2O2 is not a strong enough oxidizing agent to isolate the 

bleach-resistant intra-crystalline fraction in Ammonia spp. within 4 h; longer H2O2 pre-treatments 

were not carried out. Conversely, the 4 h treatments with 3% H2O2, 30% H2O2 and 12% NaOCl all 

remove a similar proportion of amino acids in H. germanica. This is similar to the behaviour of 

ostracodes (Bright and Kaufman, 2011a); by comparison, H2O2 is unable to isolate the intra-

crystalline fraction, even after extended exposure, in various species of mollusc shells (Penkman et 

al., 2008).  
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Fig. 4.1 ς Concentration of total hydrolysable amino acids ([THAA]) in unbleached (H2O sonication only) 
and oxidized (H2O2 or NaOCl) samples of sub-modern Ammonia spp., H. germanica and E. williamsoni. 
Weak oxidation (H2O2) experiments were not carried out for E. williamsoni. Dots show individual 
replicates; bars show means of all replicates. 

 

4.3.2 Amino acid composition 

The relative proportion of nine amino acids best resolved by RP-HPLC and UHPLC is shown for sub-

modern Ammonia spp., H. germanica and E. williamsoni over the course of prolonged exposure to 

NaOCl (Fig. 4.2). The composition of the three species is dominated by Asx and Gly, with lesser 

contributions from Glx, Ser, Val, Leu and Ile. Ala contributes a similar proportion of amino acids to 

this second group in Ammonia spp. and H. germanica; the apparently lower proportion of Ala in E. 

williamsoni is due to its poorer separation using UHPLC (see Section 2.4.2). Overall, the 

composition of all three species is similar to N. pachyderma (s) (Section 3.3.1.2) and some other 

species of foraminifera (King and Hare, 1972b; Weiner and Erez, 1984; Robbins and Brew, 1990), 

although for the species investigated by Millman et al. (2022) (G. truncatulinoides, G. tumida and P. 

obliquiloculata) the proportion of Gly is much lower and Ala much higher than Ammonia spp., H. 

germanica and E. williamsoni.  
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Fig. 4.2 ς Relative proportion of well-resolved amino acids (% [THAA]) in sub-modern Ammonia spp., H. 
germanica and E. williamsoni over the course of extended exposure to 12% w/v NaOCl. Amino acids are 
shown in order of elution. The E. williamsoni samples were analysed using UHPLC, which resolves amino 
acids somewhat differently to RP-HPLC (see Section 2.4); therefore its composition is not directly 
comparable to Ammonia spp. or H. germanica. Poorly resolved amino acids (Thr, His, Arg and Met) have 
been excluded. 

 

The effect of oxidation time on the composition of the three species is somewhat inconsistent. For 

Ammonia spp., after a rapid decrease in % Gly between 0-4 h of NaOCl exposure, % Asx decreases 

and % Gly increases between 4-96 h, followed by a slight reversal of this trend between 96 and 192 

h. H. germanica shows a general trend of increasing % Gly over time, with % Asx, Glx and Ser 

decreasing somewhat, and the hydrophobic (later-eluting) amino acids Ala, Val, Phe, Leu and Ile 

having little change in % [THAA] over time. With the exception of a higher % Val and lower %Asx at 

24 h, there is little change in composition over time for E. williamsoni. These results are likely due, 

at least in part, to the between-replicate variability of composition, illustrated for Asx and Gly in 

Fig. 4.3 (see Appendix 2 for the % contribution of Glx, Ser, Phe and Ile to [THAA]). To understand 

whether the differences in composition change with NaOCl exposure genuinely differ between the 

species, a larger number of replicates for each time point would be required. 
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Fig. 4.3 ς Proportion of Asx and Gly in unbleached (H2O sonication only) and oxidized (H2O2 or NaOCl) 
samples of sub-modern Ammonia spp., H. germanica and E. williamsoni. Weak oxidation (H2O2) 
experiments were not carried out for E. williamsoni. Error bars show ± 1 standard deviation ( )̀. Dots 
show individual replicates; bars show means of all replicates. The corresponding proportion of Glx, Ser, 
Phe and Ile is given in Appendix 2. 

 

Fig. 4.4 shows the effect of oxidising agent strength on Ammonia spp. and H. germanica samples 

subjected to a 4 h pre-treatment (these experiments were not carried out on E. williamsoni due to 

limited material). For Ammonia spp., increasing the strength of the oxidising agent increases % Asx, 

Glx and Ala, and decreases % Gly; when treated with 12% NaOCl, the composition is more similar 

to naturally-aged (sub-fossil) material compared to weaker oxidative pre-treatments (see Section 

4.4.2). By contrast, there is relatively little difference between pre-treatments in naturally-aged 

Ammonia spp. and H. germanica, N. pachyderma (s) (Section 3.3.1.2), or various species of planktic 

foraminifera (Millman et al., 2022). The pattern for H. germanica differs to Ammonia spp. Samples 

treated with 3% and 30% H2O2 have a lower % Ala and higher % Asx than the unbleached samples, 

but the samples treated with 12% NaOCl have a more similar composition to the unbleached 

samples. This may be due to the large inter-replicate variability of composition, especially for Asx 

and Gly (Fig. 4.3).  
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Fig. 4.4 ς Relative proportion of amino acids (% [THAA]) in sub-modern Ammonia spp. and H. germanica 
treated with an oxidising agent for 4 hours. Four different pre-treatments were used: Sonication only 
(unbleached, U), 4 h 3% H2O2 (3H), 4 h 30% H2O2 (30H), and 4 h 12% NaOCl (12N). 
 
 

4.3.3 Effect of oxidation on D/L values 

Fig. 4.5 shows the D/L values of Asx, Glx, Ser, Phe and Ile for Ammonia spp., H. germanica and E. 

williamsoni, with increasing strength or duration of oxidising pre-treatment. For all three species, 

relatively few samples had measurable Phe or Ile D/L values, especially in the oxidised samples; this 

is likely due to low concentrations of D-Phe and D-Ile, which are more challenging to quantify than 

earlier-eluting D-Asx and D-Glx (see Section 2.4). 

For Ammonia spp., there are no clear trends in Asx or Glx D/L values with increasing pre-treatment 

strength or duration. Ser D/L is higher in samples treated with NaOCl than unbleached or H2O2-

treated samples. Higher Ser D/L values in bleached samples are also seen in H. germanica, and may 

indicate removal of exogenous L-Ser by NaOCl, which is not removed by weaker oxidising pre-

treatments. 



103 
 
 

 
Fig. 4.5 ς Asx, Glx, Ser, Phe and Ile THAA D/L in Ammonia spp., H. germanica and E. williamsoni treated 
with various oxidising agents. Weak oxidation (H2O2) experiments were not carried out for E. 
williamsoni; otherwise where bars are missing, it is because the respective D-amino acid was not 
detected in any of the samples at that time point. Dots show individual replicates; bars show means of 
all replicates. 

 

In H. germanica, there may be a slight decrease in Asx and Glx D/L values between the sonication-

only samples and samples subjected to short oxidation times (2-4 h), followed by a slight trend of 

increasing D/L between 4 and 192 h of bleach exposure. This pattern has been observed in other 

biominerals (various mollusc shells (Penkman et al., 2008), ostracodes (Bright and Kaufman, 2011a) 

and corals (Hendy et al., 2012)), and could indicate a catalytic effect of NaOCl on racemization 

following the initial removal of inter-crystalline amino acids. This, combined with the slight 

decrease in amino acid concentration in H. germanica after 92 h, suggests that the fraction of 
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amino acids isolated by the initial bleach exposure may not be completely resistant to chemical 

influences. However, given the small number of replicate analyses (n = 3-4), and relatively large 

overall variability in D/L values, this observation should be treated with caution.  

Treatment of E. williamsoni with NaOCl results in an initial increase in Asx, Glx and Ser D/L, with the 

D/L values of Glx and Ser continuing to increase with increasing duration of NaOCl exposure. This 

suggests that the intra-crystalline fraction of E. williamsoni may not be oxidation resistant over 

extended timescales, with NaOCl penetrating the biomineral structure to catalyse racemisation of 

intra-crystalline amino acids.  

 

4.3.4 Discussion 

The oxidation experiments on sub-modern foraminifera show that NaOCl effectively removes inter-

crystalline proteins for all three species (Ammonia spp., H. germanica and E. williamsoni), with 

extended exposure to NaOCl resulting in slight further reductions in [THAA] for H. germanica. In 

comparison, H2O2 moderately reduces [THAA] in Ammonia spp. and H. germanica, depending on 

the concentration of H2O2 used and the length of the oxidative pre-treatment. The effect of 

increasing pre-treatment strength and duration on composition are somewhat inconsistent, with 

no clear patterns across the three species investigated. 

The effect of pre-treatment strength and duration on D/L values was also species dependent. 

Samples treated with NaOCl had higher Ser D/L values than than unbleached or H2O2-treated 

samples for both Ammonia spp. and H. germanica, while extended NaOCl exposure resulted in 

increasing D/L values for some amino acids in H. germanica and E. williamsoni. These results 

suggest that weak oxidising pre-treatments (3% or 30% H2O2) are somewhat less effective at 

removing exogenous or inter-crystalline amino acids than strong oxidising pre-treatments (12% 

NaOCl), and that at least some species of foraminifera may not have an intra-crystalline fraction 

which is resistant to prolonged exposure to NaOCl. 

 

4.4 Results of oxidation experiments carried out on mid-Pleistocene 
foraminifera 

Bleaching experiments carried out on N. pachyderma (s) (Section 3.3.1) and P. obliquiloculata, G. 

truncatulinoides, and G. tumida (Millman et al., 2022) have found that the effects of oxidation with 

NaOCl were more pronounced in younger material, a pattern that has also been observed in other 

biominerals (e.g. various molluscs (Penkman et al., 2008; Ortiz et al., 2015, 2017, 2019), ostracodes 
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(Bright and Kaufman, 2011a) and enamel (Dickinson et al., 2019)). A range of oxidising pre-

treatments were therefore carried out on mid-Pleistocene Ammonia spp. and H. germanica to 

investigate whether the patterns seen in sub-modern foraminifera are also seen in naturally-aged 

material. 

Between-replicate variability was a key issue with the results of the sub-modern experiments. A 

larger number of replicates was therefore analysed in this suite of experiments (10 per pre-

treatment) to enable statistical analysis (ANOVA (analysis of variance) and two-way Tukey post-hoc 

analysis) of the effects of oxidative pre-treatments on naturally-aged foraminifera. Four pre-

treatments were investigated: ǎƻƴƛŎŀǘƛƻƴ ƻƴƭȅ όΨuƴōƭŜŀŎƘŜŘΩύ ŀƴŘ ƻȄƛŘŀǘƛǾŜ ǇǊŜ-treatment with 

either 3% H2O2, 30% H2O2, or 12% NaOCl (Table 4.1). To limit the number of independent variables, 

and for comparison with oxidative pre-treatments commonly used for foraminifer AAR (Hearty et 

al., 2004, 2010; Kaufman et al., 2008, 2013; West et al., 2019; Ryan et al., 2020), a 2 hour duration 

was chosen for all oxidative pre-treatments in this suite of experiments. 

 

4.4.1 Amino acid concentration 

The [THAA] of naturally-aged Ammonia spp. and H. germanica for each of the four pre-treatments 

is shown in Fig. 4.6. The unbleached (sonication only) samples have substantially lower [THAA] than 

unbleached sub-modern samples, consistent with a loss of inter-crystalline protein during 

diagenesis. The lower [THAA] in H. germanica compared to Ammonia spp. is most likely due to the 

smaller (on average) size of H. germanica tests in the Northam Pit sample (note that as the samples 

were too small to be weighed accurately, concentration is reported in pmol / foram). Every 

oxidative pre-treatment decreased [THAA] in Ammonia spp. compared to the unbleached samples; 

increasing the strength of the oxidising agent (from 3% H2O2 to 12% NaOCl) did not lead to a 

further decrease in concentration, in contrast to sub-modern material (Section 4.3.1). The 

concentrations of H. germanica subjected to oxidative pre-treatment are essentially the same as 

the unbleached samples. This suggests that the majority of the inter-crystalline proteins are lost 

during diagenesis, as has been observed in other biominerals (e.g. Bright and Kaufman, 2011a; 

Kosnik et al., 2017; Ortiz et al., 2017, 2018; Dickinson et al., 2019), although not in the foraminifer 

P. obliquiloculata, which showed little change in concentration between ca. 2-300 ka (Hearty et al., 

2004). This may indicate differences in behaviour between different foraminifer species, or that 

inter-crystalline protein loss occurs very rapidly (within the first few ka of diagenesis) in this 

biomineral class. In contrast to the sub-modern Ammonia spp. and H. germanica, a weak oxidative 
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pre-treatment (3% H2O2) was sufficient to remove the remaining inter-crystalline amino acids in 

this naturally-aged material. 

 

 
Fig. 4.6 ς Effect of pre-treatment on total hydrolysable amino acid concentration ([THAA]) in Pleistocene 
Ammonia spp. and H. germanica (n = 10 for each pre-treatment). Boxes show the median and the first 
and third quartiles; the whiskers extend to the minimum and maximum values, with samples beyond 
1.5 times the interquartile range treated as outliers (points). U: unbleached (sonication only); 3H: 3% 
H2O2; 30H: 30% H2O2; 12N: 12% NaOCl. All oxidative pre-treatments had a duration of 2 hours. 

 

4.4.2 Amino acid composition 

The average composition of mid-Pleistocene Ammonia spp. and H. germanica subjected to each 

pre-treatment is shown in Fig. 4.7; the inter-sample variability in the proportion of several key 

amino acids is shown in Fig. 4.8. The proportion of Ser is lower in the Pleistocene than sub-modern 

samples, due to its relative instability (Vallentyne, 1964; Sato et al., 2004). A decrease in % Ser has 

also been observed in high-temperature decomposition experiments of some biominerals (e.g. 

Demarchi et al., 2013b; Ortiz et al., 2017, 2019). The proportion of Gly is also substantially lower in 

the Pleistocene material, around 20% of [THAA] compared to around 40% in the sub-modern 

material. This is similar to a loss of Ser and Gly over ka timescales observed in the foraminiferal 

fraction of marine sediments, while other amino acids remain stable (Bada and Man, 1980). 
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Fig. 4.7 ς The effect of pre-treatment on the relative proportion of amino acids (% [THAA]) in 
Pleistocene Ammonia spp. and H. germanica. U: unbleached (sonication only); 3H: 3% H2O2; 30H: 30% 
H2O2; 12N: 12% NaOCl. All oxidative pre-treatments had a duration of 2 hours. 

 

 
Fig. 4.8 ς Variability of the relative proportion of amino acids (% [THAA]) for Asx, Glx, Ser, Gly, Phe and 
Ile with each pre-treatment for Pleistocene Ammonia spp. and H. germanica. Error bars represent ± 1 ̀  
around the average % composition. U: unbleached (sonication only); 3H: 3% H2O2; 30H: 30% H2O2; 12N: 
12% NaOCl. All oxidative pre-treatments had a duration of 2 hours. 
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Increasing the strength of the oxidising agent does not substantially affect the composition of 

Pleistocene Ammonia spp. and H. germanica, at least within the 2 hour pre-treatment time used in 

this suite of experiments. Although the results of the sub-modern and Pleistocene oxidation 

experiments are not directly comparable due to differences in the pre-treatment duration, this, 

along with the smaller differences in concentration between unbleached and oxidised samples in 

the Pleistocene material (Section 4.4.1), suggests that the majority of inter-crystalline amino acids 

are lost from Ammonia spp. and H. germanica during burial diagenesis. This corroborates the 

patterns observed in planktonic foraminifera (Chapter 3, Millman et al., 2022) and other 

biominerals (e.g. Sykes et al., 1995; Penkman et al., 2008; Ortiz et al., 2015). 

 

4.4.3 Effect of oxidative pre-treatments on D/L values 

A key advantage of analysing only the intra-crystalline protein fraction for AAR is the lower inter-

sample variability of D/L values in comparison to the whole-shell fraction, which is observed in 

many biominerals (e.g. Sykes et al., 1995; Penkman et al., 2008; Crisp et al., 2013; Dickinson et al., 

2019), but not all (e.g. Penkman et al., 2008; Bright and Kaufman, 2011a; Ortiz et al., 2017). 

Experiments on naturally-aged N. pachyderma (s) showed modest reductions in variability between 

unbleached samples and samples treated with NaOCl for younger material (Section 3.3.2); likewise 

comparisons between H2O2 and NaOCl pre-treatments gave equivocal results for mid-Pleistocene 

to late-Holocene G. truncatulinoides, G. tumida, and P. obliquiloculata (Millman et al., 2022).  

The effect of pre-treatment on the D/L values of Asx, Glx, Ser, Phe and Ile are shown in Fig. 4.9. For 

all five amino acids, an oxidative pre-treatment resulted in an increase in D/L values, with the effect 

being most pronounced for Ser. This is similar to the patterns seen in sub-modern material (Section 

4.3). This indicates that an oxidising agent removes exogenous amino acids which are not removed 

by the sonication-only (unbleached) treatment. The substantial increase in Ser D/L, especially for 

Ammonia spp., may be due to L-{ŜǊΩǎ ƘƛƎƘ ŀōǳƴŘŀƴŎŜ ƛƴ ƳƻŘŜǊƴ όƭŀōƻǊŀǘƻǊȅύ ŎƻƴǘŀƳƛƴŀǘƛƻƴ όǎŜŜ 

Section 5.3.1.1). 
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Fig. 4.9 ς Effect of pre-treatment on Asx, Glx, Ser, Phe and Ile D/L of Pleistocene H. germanica and 
Ammonia spp. (n = 10 for each pre-treatment). Boxes show the median and the first and third quartiles; 
the whiskers extend to the minimum and maximum values, with samples beyond 1.5 times the 
interquartile range treated as outliers (points). U: unbleached (sonication only); 3H: 3% H2O2; 30H: 30% 
H2O2; 12N: 12% NaOCl. All oxidative pre-treatments had a duration of 2 hours. 

 

To determine whether the differences in D/L values between each pre-treatment are statistically 

significant, a two-way ANOVA (analysis of variance) was carried out for each species using the D/L 

values of Asx, Glx, Ser, Phe and Ile. This technique compares the means of sample groups where 

there are two independent variables (in this case amino acid and pre-treatment). A statistically 

significant (p < 0.05) effect of treatment on D/L value was found for both species (Table 4.2). 

Following this result, a two-way Tukey post-hoc analysis was used to determine the significance of 

differences between each pair of pre-treatments (Table 4.3). A positive difference between means 

indicates that the lefthand treatment in the comparison (see table) has a significantly higher mean 

value than the righthand treatment; a negative difference indicates that the lefthand treatment 

has a significantly lower mean value than the righthand treatment. If the difference between 

means passes through 0, the difference between the groups is not statistically significant.  
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Table 4.2 ς Results of two-way ANOVA for Pleistocene Ammonia spp. and H. germanica. A p-value of < 
0.05 indicates a statistically significant result (highlighted in green). A statistically significant interaction 
(between pre-treatment and amino acid) shows that the effect of the pre-treatment differs between 
amino acids. 

 Degrees of 
freedom 

Ammonia spp. H. germanica 

F value p-value F value p-value 

Pre-treatment 3 56.5 < 0.001 7.4 < 0.001 

Amino acid 4 309 < 0.001 229 < 0.001 

Interaction 12 6.7 < 0.001 0.6 0.78 

 

Table 4.3 ς Results of two-way Tukey post-hoc analysis for Pleistocene Ammonia spp. and H. germanica. 
An adjusted p-value of < 0.05 indicates a statistically significant difference between the two pre-
treatments (highlighted in green). U: unbleached (sonication only); 3H: 3% H2O2; 30H: 30% H2O2; 12N: 
12% NaOCl.   

Comparison between 
treatments 

Ammonia spp. H. germanica 

Difference 
between means 

Adjusted 
p-value 

Difference between 
means 

Adjusted 
p-value Lefthand Righthand 

3H U 0.04 to 0.02 < 0.001 0.01 to -0.02 0.72 

30H U 0.01 to -0.01 0.45 -0.04 to 0.01 0.39 

12N U 0.10 to 0.07 < 0.001 0.02 to 0.00 0.10 

12N 3H 0.05 to 0.03 < 0.001 0.01 to -0.01 0.050 

12N 30H 0.08 to 0.06 < 0.001 0.04 to 0.02 < 0.001 

30H 3H -0.03 to -0.05 < 0.001 -0.03 to -0.05 0.016 

 

The results of this analysis show that for Ammonia spp., increasing the strength of the oxidising 

agent generally speaking increases the D/L value (with the exception of 30% H2O2, which is not 

significantly different from unbleached and has lower D/L values than the 3% H2O2 treatment).  

For H. germanica, there is less of a difference between the oxidative pre-treatments ς the 12% 

NaOCl pre-treatment results in higher D/L values only when compared to the 30% H2O2 pre-

treatment, while the 30% H2O2 pre-treatment results in lower D/L values than the 3% H2O2 pre-

treatment. This is in contrast to a general trend of increasing D/L values with increasing oxidation 

strength and/or duration, in both sub-modern Ammonia spp. and H. germanica (Section 4.3.3), and 

other biominerals (Penkman et al., 2008; Bright and Kaufman, 2011a; Hendy et al., 2012; Crisp et 

al., 2013; Ortiz et al., 2017). A slight decrease in D/L followed by a subsequent increase over 

prolonged NaOCl exposure has been observed in some mollusc species (Penkman et al., 2008), 

thought to be due to the initial removal of highly racemised inter-crystalline FAA, followed by an 

increase in D/L due to the removal of inter-crystalline THAA (thus increasing the proportional effect 

of intra-crystalline FAA on the D/L value of the THAA fraction). It is possible that a similar 

mechanism is taking place here, with the initial increase in D/L between the sonication-only and 3% 

H2O2 treatments perhaps being a result of removal of exogenous amino acids, but given that this 
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pattern is only significant in Ammonia spp. and not observed in the sub-modern material, and that 

the differences in D/L are very small  (~0.03 units), this should be treated as speculative only, and 

may simply be due to chance.  

An oxidising pre-treatment reduces the coefficient of variance (standard deviation divided by 

mean, CoV) for all five amino acids compared to the sonication-only pre-treatment (Fig. 4.10). This 

is consistent with comparisons between unbleached samples and samples treated with 3% H2O2 in 

P. obliquiloculata (Hearty et al., 2004). The difference between weak and strong oxidation pre-

treatments is limited, with the 12% NaOCl pre-treatment having a higher CoV than the H2O2 

treatments for several amino acids, a pattern also seen in comparisons between NaOCl and H2O2-

treated foraminifera (Millman et al., 2022). 

 
Fig. 4.10 ς Coefficient of variance (standard deviation / mean) of the D/L values of Asx, Glx, Ser, Phe and 
Ile of mid-Pleistocene Ammonia spp. and H. germanica, subjected to a range of pre-treatments (n = 10 
for each pre-treatment). 
 
 

4.4.4 Discussion 

In contrast to the pre-treatment experiments carried out on sub-modern material, the difference in 

amino acid concentration between unbleached and oxidised material was limited in Pleistocene 

Ammonia spp. and H. germanica, with all three oxidising pre-treatments (3% H2O2, 30% H2O2 and 

12% NaOCl) removing a similar, small, proportion of amino acids from the whole-shell fraction. This 

is consistent with a loss of inter-crystalline proteins during natural diagenesis, and likely also 

explains the similar compositions between the four pre-treatments. The loss of intra-crystalline 
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proteins during diagenesis has been observed in other species of foraminifera (Chapter 3, Millman 

et al., 2022), as well as other biominerals (e.g. Penkman et al., 2008; Bright and Kaufman, 2011a; 

Dickinson et al., 2019). 

Increasing the strength of oxidising agent increased D/L values slightly for both species, with Ser 

D/L showing the largest effect, perhaps due to the removal of L-Ser, a common modern 

contaminant, by the oxidative pre-treatment. The effect of oxidation on Ammonia spp. was more 

pronounced than for H. germanica. The variability of D/L values was also reduced by an oxidative 

pre-treatment for all amino acids investigated (Asx, Glx, Ser, Phe and Ile), with the 3% H2O2 

treatment having the lowest coefficient of variance for both species. The modest differences 

between the pre-treatments in Pleistocene material demonstrate that the behaviour of 

unbleached (whole-shell) modern and naturally-aged material can differ substantially due to the 

loss of inter-crystalline amino acids during diagenesis. The use of a stronger oxidising agent does 

not result in consistent reductions in D/L variability for either species, a result also found in 

comparisons between H2O2 and NaOCl pre-treatments of naturally-aged P. obliquiloculata, G. 

truncatulinoides, and G. tumida (Millman et al., 2022).  

 

4.5 Conclusions 

Overall, these results show that a large proportion of amino acids in sub-modern Ammonia spp., H. 

germanica and E. williamsoni are inter-crystalline, most of which are, at least for Ammonia spp. and 

H. germanica, lost during natural diagenesis. The remaining intra-crystalline fraction appears to be 

somewhat susceptible to prolonged exposure to NaOCl in H. germanica and E. williamsoni, and 

may not represent a closed system for these species. Increasing oxidation strength or duration 

increases D/L values for both sub-modern and naturally-aged material; in naturally-aged Ammonia 

spp. and H. germanica an oxidative pre-treatment also reduces the variability of D/L values for both 

species when compared to a sonication-only pre-treatment.  

Unlike in molluscs (Penkman et al., 2008), the differences between weak and strong oxidising 

agents are limited. The 3% H2O2 pre-treatment has the lowest coefficient of variance of the three 

oxidative pre-treatments investigated here. This is consistent with findings for various planktonic 

species of foraminifera, which found that 3% H2O2 either reduced D/L variability compared to other 

pre-treatments (Hearty et al., 2004), or minimal differences in D/L values and variability between 

3% H2O2 and stronger oxidising pre-treatments (Millman et al., 2022). As the use of a stronger 

oxidising agent (30% H2O2 or 12% NaOCl) does not result in consistent improvements in variability 



113 
 
 

for any of the species investigated, this suite of experiments corroborates the recommendation of 

a 2 hour 3% H2O2 pre-treatment, which additionally has the benefit of already being the most 

widely used oxidative pre-treatment for foraminifera (e.g. Hearty et al., 2004, 2010; Kaufman et al., 

2008, 2013; Ryan et al., 2020).  

  



114 
 
 

Chapter 5 ς Patterns of decomposition in 
Ammonia spp. and H. germanica at high 
temperatures 
 

5.1 Introduction 

In the absence of well-dated sequences of naturally-aged fossil material, high-temperature 

decomposition experiments have been used extensively in AAR studies to approximate the natural 

diagenesis of proteins in various fossil biominerals, including foraminifera (e.g. Wehmiller and Hare, 

1971; Bada and Schroeder, 1972; Mitterer and Kriausakul, 1989; Sejrup and Haugen, 1992; 

Kaufman, 2006). This enables direct comparisons of the patterns of decomposition between 

different amino acids and species (e.g. Sejrup and Haugen, 1992; Kaufman et al., 2013). High-

temperature experiments can also be used to assess the closed-system behaviour of the 

biomineral during decomposition, or to estimate kinetic parameters for racemisation and other 

reactions. The use of high-temperature experiments to investigate the patterns of biomineral 

protein decomposition, and the limitations of this approach, are summarised below in Sections 

5.1.1 and 5.1.2.   

In this chapter, the patterns of decomposition of sub-modern Ammonia spp. and H. germanica are 

investigated with the aim of answering the following questions: 

1. Does isolating the intra-crystalline fraction of proteins reduce leaching (diffusive loss) of 

amino acids from the biomineral compared to the whole-shell fraction? 

2. Do amino acids in Ammonia spp. and H. germanica undergo consistent patterns of 

decomposition, and if so which amino acids show the most reliable trends in racemisation, 

and would therefore provide the best chronological information in naturally-aged samples? 

3. Does isolating the intra-crystalline fraction of proteins improve the reliability of 

racemisation trends for these amino acids compared to the whole-shell fraction? 

4. Can kinetic models be used to determine the rates of racemisation for the species studied, 

and if so which models perform best? 
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5.1.1 Assessing the integrity of a biomineral system using high-
temperature experiments 

A key requirement for reliable AAR is the closed-system behaviour of a biomineral during its burial 

history ς that is, no products of diagenesis should be lost and no contaminants should enter the 

system. In a closed system, the patterns of racemisation should be systematic and highly correlated 

between different amino acids, and free (FAA) and total hydrolysable (free and peptide-bound, 

THAA) amino acids; therefore covariance between amino acids or fractions can be used as a 

measure of system integrity (Penkman, 2005; Kosnik et al., 2008; Penkman et al., 2008; Hendy et 

al., 2012). Loss of amino acids from the biomineral may be measured directly by carrying out 

heating experiments in water, then analysing the amino acid content of the water (Brooks et al., 

1990). This approach has been used widely in studies of intra-crystalline protein diagenesis (IcPD), 

to compare the whole-protein and intra-crystalline protein fractions of biominerals, and thus 

determine whether the intra-crystalline fraction behaves more reliably as a closed system than the 

whole-protein fraction, at least at high temperatures (e.g. ostrich eggshell (Crisp et al., 2013), 

various molluscs (Penkman et al., 2008; Demarchi et al., 2013b; Pierini et al., 2016; Ortiz et al., 

2018), and enamel (Dickinson et al., 2019)). However, measuring the proportion of leached amino 

acids may be complicated by the presence of suspended fragments of biomineral in the 

supernatant water (Dickinson et al., 2019). Additionally, a biomineral which behaves as a closed 

system at high temperatures under controlled conditions may not show the same behaviour in the 

diagenetic environment (and vice versa). Nevertheless high-temperature experiments allow 

decomposition reactions to be observed over laboratory timescales. 

 

5.1.2 Modelling amino acid racemisation 

Kinetic models can be used to determine the kinetic parameters (e.g. rate constants and activation 

energies) of various amino acid decomposition reactions, most commonly racemisation. Use of 

these kinetic parameters to calculate the age or temperature history of a sample was proposed 

early in the history of AAR research (e.g. Hare, 1976). However, some discrepancies have been 

found between the kinetics of protein decomposition at high and ambient temperatures in some 

biominerals (see Section 5.1.2.3), confounding direct extrapolation of parameters determined at 

high temperature to sub-fossil samples. 

Free amino acids and simple peptides in aqueous solution follow patterns of decomposition which 

can be modelled mechanistically, for example using irreversible first order kinetics for hydrolysis 

(Hill, 1965), or reversible first order kinetics for free amino acid racemisation (Bada et al., 1970). 
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These simple models have been applied to protein diagenesis to determine the kinetic parameters 

of hydrolysis and racemisation in a range of biominerals and model peptides (Clarke and Murray-

Wallace, 2006). However, protein diagenesis takes place as a suite of complex, interrelated 

reactions which tend to deviate from first order kinetics, depending on the protein structure, 

biomineral matrix and other material-specific factors, especially at advanced stages of protein 

decomposition (e.g. Kriausakul and Mitterer, 1978; Miller et al., 1992; Walton, 1998). Various 

empirical models which take into account this deviation from first order kinetics have been 

developed (see Clarke and Murray-Wallace (2006) for an in-depth review of empirical models); a 

selection of key models are discussed below.  

 

5.1.2.1 Reversible first order kinetics 

Free amino acids in solution racemise according to reversible first order kinetics (RFOK), where the 

rate of racemisation is the difference between the forward rate, k1, and the reverse rate, k2. For 

amino acids with a single chiral centre, k1 = k2, which results in the integrated rate equation 

Equation 5.1 where ὑ  ὯȾὯ ( ρ for amino acids with one chiral centre), t is time, and c is a 

constant accounting for laboratory-induced racemisation. 

[πŀƳƛƴƻ ŀŎƛŘ  
Ὧ
ᵶ
Ὧ
  5πŀƳƛƴƻ ŀŎƛŘ 
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Equation 5.1 ς Reversible first order kinetics (RFOK) 

At low D/L values (< 0.1), the expression (1 - D/L) can be approximated to 1, resulting in a simplified 

model (Equation 5.2, Bada et al., 1970). 

ὰὲρ  Ὀὒ Ὧὸ ὧ 

Equation 5.2 ς Simplified reversible first order kinetics 

The RFOK model assumes that only one pair of reactions is taking place during decomposition: the 

interconversion between a single form of the L-amino acid and a single form of the D-amino acid, 

for which the forward and reverse rates are equal. In proteins, not only does racemisation take 

place when the amino acids are in a range of states, but numerous other diagenetic reactions are 

taking place at the same time. Conformity to RFOK in fossil biominerals is therefore more 

accurately described as apparent reversible first order kinetics (RFOKa) (Clarke and Murray-Wallace, 
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2006). Racemisation in proteins typically only conforms to RFOKa during the early stages of 

diagenesis (e.g. Wehmiller and Hare, 1971); this is because RFOKa fails to account for the observed 

slowing of the racemisation rate over time in proteins. Stepped models with different racemisation 

rates for these ΨfastΩ and ΨslowΩ phases have been applied to combat this issue (e.g. Schroeder and 

Bada, 1976; Kriausakul and Mitterer, 1978; Harada and Handa, 1995); however, concerns have 

been raised about the subjectivity of assigning a point of inflection between these ΨfastΩ and ΨslowΩ 

rates (Tomiak et al., 2013). 

 

5.1.2.2 Empirical non-linear functions 

A range of non-linear functions have been proposed to model the racemisation curve in proteins 

more reliably than RFOKa (see Clarke and Murray-Wallace (2006)). Rather than being based solely 

on chemical rationale, these functions incorporate empirical variables ς typically power functions ς 

that allow the model to be adjusted to best fit the data. The simplest of these is simple power law 

kinetics (SPK), where the D/L-time trend is linearised using an empirically derived exponent n 

(Equation 5.3), where k is the rate constant of the model. 

Ὀ
ὒ Ὧὸὧ 

Equation 5.3 ς Simple power law kinetics (SPK) 

A special case of SPK is apparent power law kinetics (APK), where n = 2 (Mitterer and Kriausakul, 

1989). However, improved fits can be found by optimising n for the substrate and amino acid 

under study (Goodfriend et al., 1995, 1996; Kaufman, 2006). A further modification to SPK is 

constrained power law kinetics (CPK, Equation 5.4) (Manley et al., 2000), which approaches an 

asymptote of 1 to take into account the racemisation reaction reaching equilibrium over time. In 

some cases, the natural log of the D/L term is used (Equation 5.5) (Clarke and Murray-Wallace, 

2006; Crisp et al., 2013; Dickinson, 2018). 

ρ Ὀ
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Ὧὸὧ 

Equation 5.4 ς Constrained power law kinetics (CPK) 

ὰὲ
ρ Ὀ

ὒ

ρ  Ὀὒ

Ὧὸὧ 

Equation 5.5 ς Modified form of constrained power law kinetics (CPK) 
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While further modifications allow D/L0, the degree of initial racemisation (either in situ or 

hydrolysis-induced), to be taken into account (Allen et al., 2013), the simpler models given above ς 

where D/L0 is assumed to be 0 ς are more commonly applied (e.g. Kaufman, 2000, 2006; Manley et 

al., 2000; Crisp et al., 2013; Dickinson, 2018).  

Power-function transformations tend to overestimate racemisation rates at low D/L values, while 

linear transformations tend to overestimate racemisation rates at high D/L values (Tomiak et al., 

2013). The sampling range used for a transformation can therefore significantly influence 

calculated reaction rates (Allen et al., 2013; Crisp, 2013). In a comparison between a range of 

power-function transformations on various substrates, APK generally showed the weakest 

performance, while the performance of other models depended on the substrate, amino acid and 

D/L range used (Allen et al., 2013).  

Due to the limitations of empirical models, model-free scaling approaches have also been applied 

to linearise D/L-time trends in gastropods (Demarchi et al., 2013b), corals (Tomiak et al., 2013) and 

ostrich eggshell (Crisp, 2013). In a comparison between a range of models, the scaling approach 

was found to best predict the patterns of racemisation in naturally-aged material using kinetic 

parameters derived from high-temperature experiments in some, but not all, biominerals (Allen et 

al., 2013). 

 

5.1.2.3 Application of kinetic parameters to naturally-aged samples 

ά²ƘŜƴ ƪƛƴŜǘƛŎ Řŀǘŀ ŀǊŜ ǳǎŜŘ ŦƻǊ ŘŀǘƛƴƎ ŎŀƭŎǳƭŀǘƛƻƴǎ ƛǘ ǎƘƻǳƭŘ ōŜ ŜƳǇƘŀǎƛȊŜŘ ǘƘŀǘ ŀ 

small error of 1% made in the determination of activation energies will produce an 

ŜǊǊƻǊ ƻŦ нл҈ ƛƴ ŀ ŎŀƭŎǳƭŀǘŜŘ ŘŀǘŜΦέ  

 Dungworth (1976), p. 146 

If high-temperature experiments are carried out at three or more different temperatures, the 

relationship between rate and temperature can be used to estimate the activation energy of 

racemisation using the Arrhenius law (Equation 5.6) (e.g. Bada and Schroeder, 1975; Brooks et al., 

1990), where k is the rate constant, A is the pre-exponential factor, R is the real gas constant (8.314 

J mol-1), T is the temperature and Ea is the activation energy. 

Ὧ ὃὩ  

ÌÎ Ὧ ὉȾὙὝ ÌÎ ὃ 

Equation 5.6 ς Arrhenius equation 
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While the Arrhenius law technically relates only to simple reactions in the gas phase, it is assumed 

that the law applies sufficiently to the complex reaction kinetics of protein decomposition to allow 

an estimation of Ea (e.g. Crisp et al., 2013). 

In theory, activation energies derived from high-temperature decomposition experiments can be 

used to calculate the age of sub-fossil samples with known thermal histories. However, the results 

of comparisons between decomposition in high-temperature experiments and naturally-aged 

material have been mixed. Some studies have found good agreement between decomposition 

patterns at high and ambient temperatures (e.g. ostrich eggshell (Brooks et al., 1990) and P. 

obliquiloculata (Kaufman, 2006)), while others have observed a marked deviation from ages of 

fossil material extrapolated from high-temperature kinetics and their measured ages (e.g. ostrich 

eggshell (Crisp, 2013), corals (Tomiak et al., 2013) and some molluscs (Allen et al., 2013; Demarchi 

et al., 2013b)), or mixed results depending on the amino acid modelled (e.g. the land snail 

Trochoidea (Goodfriend and Meyer, 1991) and enamel (Dickinson et al., 2019)). This deviation may 

be due to differing temperature sensitivities of the different decomposition reactions which take 

place during protein degradation, resulting in temperature-dependent activation energies. For 

example, the failure of high-temperature kinetic parameters to conform to the decomposition 

patterns of naturally-aged bone is thought to be partially due to the denaturation of collagen at 

high temperatures, dramatically altering its susceptibility to hydrolysis (Collins et al., 1999). Given 

the differences in decomposition trends at high and low temperatures, constraining high-

temperature experiments with naturally-aged material can improve the reliability of derived kinetic 

parameters (e.g. Tomiak et al., 2013). However, independently-dated fossil material with a known 

temperature history is rarely available.  

High-temperature experiments have been carried out on various species of foraminifera. Apparent 

power law kinetics were found to reliably model Ile epimerisation at high temperatures in a range 

of foraminifer species (Mitterer and Kriausakul, 1989), while subsequent investigations into other 

models have found that SPK is generally the most reliable for foraminifera (Kaufman, 2006). 

Attempts to derive kinetic parameters of racemisation applicable to fossil foraminifera have, as 

with other biominerals, generated mixed results. Studies of P. obliquiloculata found good 

concordance between the rates of racemisation derived from high-temperature experiments and 

independently-dated fossil material (Kaufman, 2006; Allen et al., 2013), while the kinetics of Ile 

epimerisation in C. wuellerstorfi and N. pachyderma at high temperatures did not extrapolate to 

ambient temperatures (Sejrup and Haugen, 1992). Overall, there is no Ψone size fits allΩ model 
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which can be used to reliably predict racemisation in all materials, with each model having its own 

strengths and limitations. Therefore it is necessary to test various modelling approaches on each 

biomineral system to determine which, if any, of the models perform best. 

Despite the issues with concordance between high- and low-temperature protein decomposition 

for many biominerals, high-temperature experiments are a useful tool to assess the integrity of 

biomineral systems, and compare the patterns of amino acid decomposition within them. High-

temperature decomposition experiments were therefore carried out on Ammonia spp. and H. 

germanica at 110°C and 140°C. 

 

5.2 Materials and methods 

 

5.2.1 Oxidation and heating experiments 

Ammonia spp. and H. germanica tests were taken from surface samples from the Humber Estuary 

(see Section 4.2.1 for additional site details). 120 monospecific individuals were picked per sample 

and crushed with a needle, which was cleaned with 7 M HCl between samples. As these 

experiments were carried out simultaneously with the oxidation experiments discussed in Chapter 

4, a 24 hour pre-treatment with 12% NaOCl was used to isolate the intra-crystalline fraction, 

termed ΨbleachedΩ samples. Bleaching was carried out according to Section 2.2. 

Samples were placed ƛƴ лΦм Ƴ[ ǎǘŜǊƛƭŜ wŜŀŎǘƛǾƛŀƭǎ ǿƛǘƘ млл ˃[ му Ƴʍ I2O and heated at 110°C for 

0-50 days or at 140°C for 1-48 hours (Table 5.1). The supernatant water was then removed and 

ǎŜǇŀǊŀǘŜŘ ƛƴǘƻ ǘǿƻ пл ˃[ ŀƭƛǉǳƻǘǎ ς one for analysis of free amino acids (FAAw) and one for analysis 

of total hydrolysable amino acids (THAAw). Due to the poor seal formed by the Reactivial caps, a 

significant proportion of the samples dried out either partially or fully (see Table 5.1), especially 

when heated at 140°C. For samples which had dried out completely only the biomineral amino 

ŀŎƛŘǎ ǿŜǊŜ ŀƴŀƭȅǎŜŘΦ ²ƘŜǊŜ ǎŀƳǇƭŜǎ ƘŀŘ ǇŀǊǘƛŀƭƭȅ ŘǊƛŜŘ ƻǳǘΣ ƻƴƭȅ ƻƴŜ пл ˃[ ŀƭƛǉǳƻǘ ǿŀǎ ǘŀƪŜƴΤ ǘƘƛǎ 

aliquot was used to analyse THAAw.  
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Table 5.1 ς High-temperature experiment time points for Ammonia spp. and H. germanica. Numbers in 
brackets refer to samples which dried out during heating; numbers in italics refer to samples which 
partially dried out. U = unbleached, B = 24 h 12% NaOCl. 

Species 
U/B 

Temp-
erature 

Time points (days) 

0 0.04 0.17 1 2 5 10 31 50 

Ammonia spp. 
U 110°C    3 (1)  3 3 (1) 3 3 

B 110°C    3 (1)  3 3 (2) 3 3 

H. germanica 
U 110°C    3 (1)  3 (1) 3 (1) 3 3 

B 110°C    3 (1)  3 (1,1) 3 (1) 3 3 

Ammonia spp. B 140°C  3 (1) 3 (2) 3 (3) 3     

H. germanica B 140°C  3 (1) 3 (1,2) 3 (1) 3 (1)     

Ammonia spp. U, B NA 3         

H. germanica U, B NA 3         

Blanks 
 

B 110°C    1 1 1, 10* 1 1 1 

B 140°C  1 1 1 1     

B NA 1         

*Suite of blanks carried out independently to the rest of the high-temperature experiments. 

No HCl was ŀŘŘŜŘ ǘƻ ǘƘŜ C!!ǿ ŀƭƛǉǳƻǘΤ ǘƘŜ ¢I!!ǿ ŀƭƛǉǳƻǘ ǿŀǎ ŘŜƳƛƴŜǊŀƭƛǎŜŘ ǿƛǘƘ п ˃[ т a I/l 

and hydrolysed according to Section 2.3. Both supernatant water aliquots were dried in vacuo 

using a centrifugal evaporator prior to rehydration for analysis. 

!ŦǘŜǊ ǊŜƳƻǾŀƭ ƻŦ ǘƘŜ ǎǳǇŜǊƴŀǘŀƴǘΣ ǘƘŜ ǎŀƳǇƭŜǎ ǿŜǊŜ ǊƛƴǎŜŘ ǿƛǘƘ о Ȅ сл ˃[ му Ƴʍ I2O and air dried, 

ǘƘŜƴ ŘŜƳƛƴŜǊŀƭƛǎŜŘ ǿƛǘƘ мл ˃[ н a I/ƭΣ ǿƛǘƘ ŀ ŦǳǊǘƘŜǊ р ˃[ н a I/ƭ ŀŘŘŜŘ ƛŦ ƴŜŎŜǎǎŀǊȅ ǘƻ ŎƻƳǇƭŜǘŜ 

demineralisation. Half of the demineralised sample was taken for analysis of the free amino acids 

(FAAf), and dried in vacuo prior to rehydration for analysis. Hydrolysis of the remainder was then 

carried out according to Section 2.3 for analysis of the total hydrolysable amino acid (THAAf) 

fraction. 

During this suite of experiments, analytical blanks were carried out at each time point following the 

full bleaching and heating protocol detailed above. All blanks were bleached for 24 hours using 

1н҈ bŀh/ƭΤ млл ˃[ му Ƴʍ I2O was added to each blank before heating, as for the samples, and 

demineralised and hydrolysed as above. Due to the variability of these blanks, and the low 

concentration of some samples, especially in the free amino acid (FAA) fraction, an additional set of 

10 analytical blanks was later analysed to better quantify the level of background contamination 

contributing to the samples. This second set of analytical blanks was treated the same as the first 

set of blanks (see above) and heated to 110°C for 5 days. 
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For samples heated to 110°C, all aliquots were analysed by RP-HPLC according to Section 2.4.1. The 

140°C, and unheated suite of experiments, were carried out later, using the UHPLC method 

outlined in Section 2.4.2. 

 

5.2.2 Data screening 

All sample data were screened using the following three criteria (see Section 3.2.4.3 for a 

discussion of data screening in AAR): 

1. Visual inspection of chromatogram for baseline issues or column overloading, indicating a 

poor run or large amounts of contamination; 

2. > 80% Gly, indicating large amounts of contamination, or loss of sample when combined 

with very low concentrations; 

3. A combination of high concentration and low D/L values compared to other replicates, 

indicating modern contamination. 

To preserve the natural variability of the data, only extreme outliers were excluded from the data 

set. Five subsamples in total (of 344, 0.01%) were excluded according to these screening criteria 

(Table 5.2). 

Table 5.2 ς Subsamples from high-temperature experiments excluded according to screening criteria. 

Sample Chromatography Gly > 80% High Concentration & Low D/L 

110uABh09-THAAf 
Column 

overloaded 
  

110bHGh58-FAAw Baseline issues 84% Gly High concentration (~3x other replicates) 

110uABh11-THAAw  92% Gly High concentration (~3x other replicates) 

110uABh01-THAAf 
  High concentration (~10x other replicates), 

low D/L (Asx D/L = 0.18 compared to ~0.8 
for other replicates) 

110bABh27-THAAf 
  High concentration (~10x other replicates), 

low D/L (Asx D/L = 0.15 compared to ~0.4 
for other replicates) 

 

Partial or full drying out of the supernatant did not significantly impact the concentration or D/L 

values of the samples at 110°C (ANOVA, p > 0.05). At 140°C, a significant effect of partial or full 

drying was found by ANOVA (p = 0.015), but a two-way Tukey post-hoc analysis did not identify any 

significant differences (p > 0.05) between no, partial or full drying of samples. Samples which had 

dried out were therefore not screened from the data set at either temperature. 
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A blank correction was not carried out for any samples, as the level of background contamination 

was only well quantified at the 5 day time point at 110°C. Instead, the average concentration of the 

blanks is reported in Section 5.3.1.1, to give an estimate of the contribution of background 

contamination to the samples. 

 

5.2.3 Approach for modelling kinetic parameters 

Apparent reversible first order kinetics (RFOKa, Equation 5.1) simple power law kinetics (SPK, 

Equation 5.3) and constrained power law kinetics (CPK, Equation 5.4) were applied to FAA and 

THAA Asx, Glx and Ala, and THAA Phe and Leu, to compare rates of racemisation between amino 

acids and protein fractions at 110°C. As the transformation for RFOKa mathematically excludes any 

D/L values > 1 for the amino acids used, samples with D/L values > 1 were excluded from all three 

models (Table 5.3). Optimisation of n in SPK and CPK was carried out by determining which value of 

n resulted in the highest R2 value (i.e. the best linearisation) when applied to each data set. A range 

of n from 1 to 10 in increments of 0.1 was tested. 

 
Table 5.3 ς Number of samples from each fraction of the 110°C experiment with D/L values > 1, which 
have been excluded from the kinetic models. U = unbleached, B = 24 h 12% NaOCl.  

Species U/B Fraction Temperature Asx Glx Ala Phe Leu 

Ammonia spp. 
 

B THAA 110°C    2 1 

B FAA NA (0 hours)  2 
   

H. germanica 
 

U FAA 110°C     1 

B FAA NA (0 hours)  2 
   

B THAA NA (0 hours)  
 

1 
  

 

5.3 Results 

 

5.3.1 Amino acid concentration 

 

5.3.1.1 Contribution of laboratory contamination to amino acid concentration 

Due to the small sample sizes used in foraminifer AAR, quantifying and minimising the amount of 

contamination from laboratory sources is important. While an analytical blank was originally 

analysed for each time point (set X), these results were more variable than expected, so a further 

10 blanks (set Y) were later analysed to quantify the baseline level of modern contamination 

present in the samples.  
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In the standard protocol used for the high-temperature decomposition experiments, the needle 

was dipped in 7 M HCl and ǘƘŜƴ ǊƛƴǎŜŘ ǿƛǘƘ му Ƴʍ I2O to remove any fragments of crushed 

biomineral between each sample. This needle was also placed into the blank vials of set X, which 

may have caused some cross-contamination into the blanks from fragments of biomineral not 

removed by this cleaning step. To test this hypothesis, placement of the needle into the blank vials 

was therefore omitted from set Y.  

The concentration of amino acids in set Y is lower than the concentration of amino acids in set X, 

ǇŀǊǘƛŎǳƭŀǊƭȅ ƛƴ ǘƘŜ Ψ¢I!!ŦΩ aliquots (Fig. 5.1), indicating that cross-contamination from the needle 

was a source of some of the amino acids observed in set X. This could also result in some cross-

contamination of samples; therefore the standard protocol has been modified to specify that a 

freshly sterilised needle should be used to crush each sample to avoid cross-contamination; 

however note that the data obtained within this chapter did not use sterilised needles for each 

sample. 

 

 
Fig. 5.1 ς Relative concentrations (amino acid peak area divided by L-hArg peak area) of key amino acids 
in blank set X (blanks analysed alongside 110°C suite of experiments) and blank set Y (separate suite of 
10 blanks heated to 110°C for 5 days). Boxes show the median and the first and third quartiles; the 
whiskers extend to the minimum and maximum values, with samples beyond 1.5 times the interquartile 
range treated as outliers (points).  

 

The contribution of laboratory contamination to the total concentration measured in the samples 

varies by amino acid, with L-Ser and Gly generally having the highest proportion of laboratory 

contamination, particularly in the FAA fraction (Fig. 5.1). L-Ser is an unstable amino acid which 

hydrolyses and decomposes quickly; therefore high concentrations of Ser in naturally-aged samples 
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can be used to screen for contamination (Kosnik and Kaufman, 2008). Gly tends to be abundant in 

biomineral proteins (proteins with a high Gly content are thought to play a key role in the 

biomineralisation process (Sabbatini et al., 2014)), but as it is not a chiral molecule any contribution 

to its total concentration from laboratory sources is less of an issue than for amino acids used for 

AAR.  

 

 
Fig. 5.2 ς Concentration of key amino acids in unbleached (whole-shell) and bleached (intra-crystalline) 
samples and analytical blank set Y (set of 10 blanks heated for 5 days). Samples from both species 
(Ammonia spp. and H. germanica), and across the full range of time points at 110°C, have been 
combined in this figure to show the range of amino acid concentrations detected in this suite of 
experiments. The concentration of amino acids in the blanks is calculated using an assumed Ψsample 
sizeΩ of 60 tests. Boxes show the median and the first and third quartiles; the whiskers extend to the 
minimum and maximum values, with samples beyond 1.5 times the interquartile range treated as 
outliers (points). The upper Gly whisker on the THAAf graph has been truncated to allow easier 
comparison of the lower concentration amino acids. Left: free amino acids in foraminifer fraction 
(FAAf); right: total hydrolysable amino acids in foraminifer fraction (THAAf). 

 

With the exception of Gly and Ser, the blanks typically make up a small proportion of the amino 

acids in the foraminifer fractions, with laboratory contamination having less of an impact on the 

unbleached samples due to their larger concentrations (Fig. 5.2). While the data are variable, this 

shows that the amino acids useful for dating (Asx, Glx, Ala, Phe and Leu) are less affected by 

laboratory contamination than Ser and Gly. Due to the lower concentration of the intra-crystalline 

fraction, bleached material is more affected by laboratory contamination than unbleached 

material, which may explain some of the greater variability observed in the racemisation trends of 



126 
 
 

the bleached material compared to the unbleached material. To overcome this, increasing sample 

sizes where possible is advised, especially if carrying out an oxidation pre-treatment, and for 

naturally-aged samples which may have lost a large proportion of their inter-crystalline protein (see 

Chapter 4). The contribution of laboratory contamination to these small samples also highlights the 

importance of quantifying and reporting the background concentration of amino acids in the pre-

treatment method. 

 

5.3.1.2 Trends in amino acid concentration  

In a closed-system biomineral, the concentration of free amino acids ([FAA]) should increase as 

hydrolysis takes place, with an overall decrease in total hydrolysable amino acids ([THAA]) 

occurring due to amino acid decomposition (e.g. Penkman et al., 2008; Bright and Kaufman, 2011b; 

Orem and Kaufman, 2011; Demarchi et al., 2013b). A decrease in the proportion of FAA has also 

been observed after extended heating due to decomposition of FAA in some biominerals (Penkman 

et al., 2008; Orem and Kaufman, 2011; Pierini et al., 2016). Conversely, an open-system biomineral 

will result in the leaching (diffusive loss) of some amino acids over time. FAA are smaller, and may 

therefore be more susceptible to leaching (Penkman et al., 2008), but leaching of peptides from 

biominerals has also been observed (Orem and Kaufman, 2011). The trends in amino acid 

concentration during heating can therefore provide a measure of the closed-system behaviour of a 

biomineral. 

Fig. 5.3 ǎƘƻǿǎ ǘƘŜ ŎƻƴŎŜƴǘǊŀǘƛƻƴ ƻŦ !ǎȄΣ DƭȄΣ {ŜǊ ŀƴŘ ŀƭƭ ŀƳƛƴƻ ŀŎƛŘǎ όΨtƻǘŀƭΩύ ƛƴ C!! ŀƴŘ ¢I!! 

Ammonia spp. over the course of the 110°C heating experiment. The orange lines show the mean 

(dark) and ± 1 standard deviation όˋύ (pale) of the concentration of blank set Y (Section 5.3.1.1), 

while the bars show the mean concentration of the subsamples at each time point. A substantial 

proportion of amino acids in the total FAA fraction, and the bleached total THAA fraction, is 

laboratory contamination. The contribution of modern contamination to [FAA] is possibly 

underestimated in the later time points as the blanks were heated only for 5 days. The pattern of 

laboratory contamination is different for different amino acids ς the [FAA] of Ser in the samples 

falls almost entirely within ± 1 ̀ of the laboratory contamination [FAA], and a large proportion of 

[FAA] and unbleached [THAA] of Gly is also accounted for in the blanks. For Asx, however, the 

contribution of laboratory contamination is negligible. A similar pattern to Asx is observed for Glx, 

Ala, Phe and Leu. H. germanica also shows a larger proportional contribution of laboratory 

contamination to Gly and Ser compared to other amino acids (Fig. 5.4). 
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Fig. 5.3 ς Concentration of Asx, Gly and Ser and total amino acids in unbleached (whole-shell) and 
bleached (intra-crystalline) Ammonia spp. during 110°C heating experiment. The bars show the average 
concentration of each fraction over time; the points show individual replicates. The average total 
concentration of amino acids in blank set Y (see Section 5.3.1.1), given an assumed sample size of 60 
tests, is shown as a dark orange line; the pale orange lines are ± 1 ̀ around the mean of the blank 
amino acid concentration. Note the individual y-axis range for each plot. Upper: free amino acid (FAA) 
fraction; lower: total hydrolysable amino acid (THAA) fraction. 
 

Although the variability of the data and contribution from laboratory contamination precludes an 

accurate quantification of total amino acid concentrations for Ammonia spp., qualitative trends can 

be seen. [FAA] increases over time for all amino acids except Ser, which remains within the level of 

modern contamination for the duration of the experiment, likely due to its relative instability 

(Smith and Evans, 1980). [FAA] is similar for both the whole-shell and intra-crystalline fractions of 

both species; this suggests that any FAA being generated from the inter-crystalline fraction is 

leaching out of the biomineral. If the inter-crystalline fraction behaved as a closed system then the 

whole-shell (unbleached) [FAA] should be higher than the intra-crystalline [FAA], as the whole-shell 

[THAA] is higher than the intra-crystalline [THAA]. A similar pattern has been observed in various 

mollusc shells, where the proportion of FAA was higher in the intra-crystalline fraction than the 

inter-crystalline fraction (Penkman et al., 2008), indicating that in these mollusc shells and 

foraminifer tests, FAA are readily leached from the inter-crystalline fraction. 
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The trends in [FAA] for H. germanica follow a similar pattern to Ammonia spp. (Fig. 5.4). However, 

the pattern of [THAA] differs between species. The [THAA] of the whole-shell fraction of Ammonia 

spp. decreases over the course of the experiment from a few hundreds of pmol / foram to a few 

tens of pmol / foram (Fig. 5.3). This loss of amino acids from the unbleached material indicates that 

the inter-crystalline fraction behaves as an open system, in contrast to the intra-crystalline 

(bleached) fraction, which has a consistent concentration in the tens of pmol / foram for the 

duration of the experiment. Conversely, in H. germanica both the whole-shell and intra-crystalline 

[THAA] remain relatively stable over the duration of the 110°C experiment (Fig. 5.4).  

 

 
Fig. 5.4 ς Concentration of Asx, Gly and Ser and total amino acids in unbleached (whole-shell) and 
bleached (intra-crystalline) H. germanica during 110°C heating experiment. The bars show the average 
concentration of each fraction over time; the points show individual replicates. The average total 
concentration of amino acids in blank set Y (see Section 5.3.1.1), given an assumed Ψsample sizeΩ of 60 
tests, is shown as a dark orange line; the pale orange lines are ± 1 ˋ around the mean of the blank 
amino acid concentration. Note the individual y-axis range for each plot. Upper: free amino acid (FAA) 
fraction; lower: total hydrolysable amino acid (THAA) fraction. 

 

A decrease in [THAA] over time has been observed in a range of foraminifer and mollusc species 

(e.g. Wehmiller, 1980; Penkman et al., 2008; Bright and Kaufman, 2011a; Ortiz et al., 2019), with 

bleached material typically having more stable amino acid concentrations (Penkman et al., 2008; 

Ortiz et al., 2019). This pattern is followed in Ammonia spp., but not H. germanica. The higher 

initial [THAA] of Ammonia spp. compared to H. germanica suggests that in H. germanica the most 
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labile amino acids in the inter-crystalline fraction have already been lost from H. germanica prior to 

heating, either before sample collection or during pre-treatment. As the two species were 

collected from the same sediment sample, it is unlikely that the H. germanica tests were older than 

the Ammonia spp. tests, so this difference in behaviour may result from differences in each 

ǎǇŜŎƛŜǎΩ ǘŜǎǘ ǎǘǊǳŎǘǳǊŜΦ 

At 140°C, the intra-crystalline fraction of Ammonia spp. shows a decrease in [THAA] over time (Fig. 

5.5), likely due to the more rapid rate of protein decomposition at this higher temperature. H. 

germanica has a stable [THAA] following a drop in concentration between 0 and 1 hour of heating. 

 
Fig. 5.5 ς Total concentration of amino acids in bleached (intra-crystalline) Ammonia spp. and H. 
germanica during 140°C heating experiment. The bars show the average concentration of each fraction 
over time; the points show individual replicates. The average total concentration of amino acids in blank 
set Y (see Section 5.3.1.1), given an assumed Ψsample sizeΩ of 60 tests, is shown as a dark orange line; 
the pale orange lines are ± 1  ̀around the mean of the blank amino acid concentration. Upper: free 
amino acid (FAA) fraction; lower: total hydrolysable amino acid (THAA) fraction. 

 

Overall, the patterns of amino acid concentration over heating time are the same for the intra-

crystalline fractions of both Ammonia spp. and H. germanica, with relatively stable [THAA] at 110°C 

and a decreasing [THAA] at 140°C, and increasing [FAA] at both temperatures due to hydrolysis. 

However, at 110°C the unbleached Ammonia spp. shows a substantial decrease in [THAA] over 

time, which is not observed in H. germanica. For both species, [FAA] is similar in the whole-shell 

and intra-crystalline fractions, which is likely due to leaching of inter-crystalline FAA as they are 

hydrolysed (reducing their apparent concentration), while intra-crystalline FAA are retained within 

the biomineral structure.  
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5.3.1.3 Leaching of amino acids from the biomineral fraction 

In addition to analysing the biomineral amino acids, the amino acid content of the supernatant 

water was analysed to measure the extent of leaching (diffusive loss) of amino acids from the 

whole-shell and intra-crystalline fractions of Ammonia spp. and H. germanica. However, this was 

hampered by several issues. Firstly, some sample vials dried out either partially or fully during 

heating (see Table 5.1), so it was not always possible to analyse the amino acid content of the 

supernatant water. This was a particular issue in the 140°C suite of experiments, so only the results 

of the 110°C suite are presented here. Secondly, the usual approach of centrifuging samples to 

separate the biomineral powder and supernatant (Penkman et al., 2008) proved ineffective at the 

small sample sizes required for foraminifera, as pipetting off the supernatant was often enough to 

disturb the biomineral powder. As fragments of biomineral have been observed in supernatant 

waters via SEM even with centrifugation to separate the supernatant (Dickinson et al., 2019), it is 

likely that the concentrations of leached amino acids presented here are overestimates of the true 

extent of leaching. However, qualitative comparisons are still useful. 

Fig. 5.6 shows the concentration of Asx, Gly, Ser and all amino acids (ΨtotalΩ) in the FAA and THAA 

fractions of the supernatant waters taken from Ammonia spp. over the course of the 110°C heating 

experiment. In the whole-shell fraction of Ammonia spp., [FAA] increases steadily in the 

supernatant waters (with the exception of {ŜǊΣ ǿƘƛŎƘ ŘƻŜǎƴΩǘ ǎƘƻǿ ŀ ŎƭŜŀǊ ǘǊŜƴŘ ƻŦ ƛƴŎǊŜŀǎƛƴƎ 

[FAA], likely due to its rapid decomposition (e.g. Hare and Mitterer, 1968; Orem and Kaufman, 

2011; Demarchi et al., 2013b)). By 50 days, free amino acids represent the majority of the THAA 

content of the unbleached supernatant waters. Interestingly, Ser [FAA] is substantially higher than 

blank Ser [FAA] in the unbleached supernatant waters, in contrast to the pattern seen in the 

foraminifer tests. H. germanica follows a similar pattern (Fig. 5.7). This, along with the similar 

whole-shell and intra-crystalline [FAA] in the biomineral for both species, suggests that the majority 

of free amino acids are leached from the inter-crystalline fraction during heating.  
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Fig. 5.6 ς Concentration of Asx, Gly and Ser and total amino acids in supernatant waters from 
unbleached (whole-shell) and bleached (intra-crystalline) Ammonia spp. during 110°C heating 
experiment. The bars show the average concentration of each fraction over time; the points show 
individual replicates. The average total concentration of amino acids in blank set Y (see Section 5.3.1.1), 
given an assumed Ψsample sizeΩ of 60 tests, is shown as a dark orange line; the pale orange lines are ± 1 
 ̀around the mean of the blank amino acid concentration. Note the individual y-axis range for each 

plot. Upper: free amino acid (FAA) fraction; lower: total hydrolysable amino acid (THAA) fraction. 

 

The pattern for whole-shell [THAA] in the supernatant waters is less clear beyond a rapid increase 

between 0-1 day of heating for Ammonia spp. (Fig. 5.6) and possibly also H. germanica (Fig. 5.7), 

due to the variability of concentrations between replicates.  

In biominerals with a closed-system intra-crystalline fraction, the proportion of amino acids 

detected in the supernatant water of bleached material is typically less than 5% of the intra-

crystalline amino acid concentration (e.g. some gastropods and bivalves (Penkman et al., 2008; 

Demarchi et al., 2013c; Pierini et al., 2016; Ortiz et al., 2018), coral (Hendy et al., 2012), enamel 

(Dickinson et al., 2019) and ostrich eggshell (Crisp et al., 2013)). In both species, [FAA] and [THAA] 

is much lower in the bleached supernatant waters than in the unbleached supernatant waters, 

with the concentrations of most samples close to (or below) the range of modern contamination 

(Fig. 5.6, Fig. 5.7).  
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Fig. 5.7 ς Concentration of Asx, Gly and Ser and total amino acids in supernatant waters from 
unbleached (whole-shell) and bleached (intra-crystalline) H. germanica during 110°C heating 
experiment. The bars show the average concentration of each fraction over time; the points show 
individual replicates. The average total concentration of amino acids in blank set Y (see Section 5.3.1.1), 
given an assumed Ψsample sizeΩ of 60 tests, is shown as a dark orange line; the pale orange lines are ± 1 
 ̀around the mean of the blank amino acid concentration. Note the individual y-axis range for each 

plot. Upper: free amino acid (FAA) fraction; lower: total hydrolysable amino acid (THAA) fraction. 

 

Fig. 5.8 shows the concentration of FAA and THAA Asx in the biomineral and supernatant waters of 

Ammonia spp. and H. germanica over the course of the 110°C experiment. Focusing on Asx reduces 

the effect of modern contamination on estimations of leaching, as this amino acid is present at 

very low concentrations in the blanks; the proportion of amino acids in the supernatant water is 

higher for Ser and Gly (Appendix A3.1). Isolating the intra-crystalline fraction of amino acids 

reduces the proportion of Asx in the supernatant water, especially in the FAA fraction, although the 

variability of the data precludes a quantitative comparison. The Asx observed in the supernatant 

waters of the bleached samples may be from leaching of free or peptide bound Asx, from 

biomineral fragments suspended in the supernatant water (Dickinson et al., 2019), or from a 

combination of these two sources.  
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Fig. 5.8 ς Concentrations of a) free (FAA) Asx and b) total hydrolysable (THAA) Asx in unbleached 
(whole-shell) and bleached (intra-crystalline) Ammonia spp. and H. germanica biomineral powders and 
the supernatant water in each vial during 110°C heating experiments. The shaded areas show the 
average concentration of each fraction over time; the points show individual replicates. Note the 
different y-axis ranges used for the unbleached and bleached graphs. Corresponding figures for Gly, Ser 
and all amino acids (ΨtotalΩ) can be found in Appendix A3.1. 

 

If all the Asx observed in the supernatant waters is leached from the biomineral, then in both the 

whole-shell and intra-crystalline fractions, the majority of the leaching of THAA appears to take 

place during the early stages of heating, with the increase in [FAA] in the supernatant water 

resulting from the hydrolysis of leached peptides or proteins. The leached amino acids observed in 

the bleached Ammonia spp. and H. germanica may represent a small fraction of the intra-

crystalline protein which is labile; if this is the case, then in naturally-aged material these labile 

intra-crystalline amino acids may be lost during the early stages of diagenesis, as has been 

observed in some other biominerals (e.g. Kosnik et al., 2017; Ortiz et al., 2017, 2019).  

 

5.3.2 Amino acid composition  

The differences in amino acid composition between the whole-shell and intra-crystalline fractions 

of amino acids are discussed in the extended bleaching experiments of Chapter 4; therefore this 

section focuses on changes in amino acid composition over time for Ammonia spp. and H. 

germanica at 110°C.  

Fig. 5.9 shows the changes in the composition of Ammonia spp. and H. germanica over time during 

the 110°C heating experiment. For both species, the composition of the FAA fraction initially 
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closely resembles the composition of the blanks, with a high % Gly and small contributions from 

Asx, Ala and Leu. As hydrolysis of the biomineral protein proceeds, % Asx, Ala and Leu increase, 

while % Gly and Ser decrease. The change in FAA composition plateaus around 30 days at a similar 

composition to the THAA fraction, although % Ser continues to decrease over the duration of the 

experiment, likely due to the rapid decomposition of this unstable amino acid (Bada et al., 1978; 

Demarchi et al., 2013b). 

 

 
Fig. 5.9 ς Change in composition of free (FAA) and total hydrolysable (THAA) amino acids in unbleached 
(whole-shell) and bleached (intra-crystalline) Ammonia spp. and H. germanica during 110°C heating 
experiment. X-axis labels show the time points for which data were collected. Arg, Tyr, Met, His and Thr 
are poorly resolved using RP-HPLC, and have therefore been excluded. 

 

There is relatively little change in composition in the THAA fraction for either species (Fig. 5.9), 

although the trends for H. germanica are complicated by anomalous compositions at 5 days of 

heating in both the unbleached and bleached samples, with higher proportions of Asx (and in the 

bleached samples Gly) than H. germanica heated for 1 or 10 days. % Ser decreases in both the 

whole-shell and intra-crystalline fractions of Ammonia spp., and in the whole-shell fraction of H. 

germanica (any trend in % Ser in the intra-crystalline fraction is unclear for H. germanica), while % 

Ala increases somewhat for both species during the early stages of heating. This increase in % Ala 

may be due to its being a decomposition product of Ser (Bada et al., 1978). Similar patterns have 

been observed in high-temperature experiments of various molluscs: decreasing % Ser and 

increasing % Ala, decreasing or stable % Asx, and stable or slightly increasing % Glx, Gly and Leu 

(Demarchi et al., 2013b; Ortiz et al., 2017, 2019). The trends in composition are similar at 140°C, 
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with a more pronounced decrease in % Asx (for Ammonia spp.) and % Ser (for both species) in the 

THAA fraction, due to the more rapid decomposition of these relatively unstable amino acids at 

higher temperatures (Appendix A3.2). 

 

5.3.3 Peptide bond hydrolysis 

The percentage of free amino acids (FAA) in the total hydrolysable amino acid (THAA) pool was 

used to estimate the patterns of peptide bond hydrolysis in Ammonia spp. and H. germanica. 

Although this approach underestimates the rate of hydrolysis (as some proportion of free amino 

acids will be removed from the FAA pool through decomposition), it enables a comparison 

between different amino acids and fractions in each species. 

¢ƘŜ ƘȅŘǊƻƭȅǎƛǎ ƻŦ !ǎȄΣ DƭȄΣ DƭȅΣ !ƭŀΣ [Ŝǳ ŀƴŘ ŀƭƭ ŀƳƛƴƻ ŀŎƛŘǎ όΨtƻǘŀƭΩύ ŀǊŜ ǇǊŜǎŜƴǘed in this section. Of 

the late-eluting amino acids, Leu has the lowest variability between replicates; the others (Phe, Val 

and Ile) have similar trends, but the concentration data for them is more variable, so they are not 

included. Free Ser is dominated by laboratory contamination (Section 5.3.1.1), therefore Ser is not 

presented in this section. As the [FAA] of Ser remained very low throughout the heating 

experiment, this suggests its rapid decomposition in the free state (Orem and Kaufman, 2011; 

Demarchi et al., 2013b). 

Fig. 5.10 shows the percentage of amino acids in the free state in Ammonia spp. over the course of 

the 110°C experiment. Although the concentration data are quite variable, especially for the 

bleached material (likely due to the low amino acid concentrations in the intra-crystalline fraction, 

see Section 5.3.1.2), there is a clear trend of increasing % FAA over time as the biomineral proteins 

undergo hydrolysis. The rate of hydrolysis varies between amino acids, with similar patterns at 

110°C as at 140°C (Fig. 5.11). Asx has the highest hydrolysis rate, followed by Ala and Gly, while Glx 

and Leu hydrolyse more slowly, a pattern seen in both coral (Tomiak et al., 2013) and the bivalve 

Pecten (Pierini et al., 2016). Conversely, in the gastropod Patella vulgata, Ala and Gly have higher 

hydrolysis rates than Asx (Demarchi et al., 2013b).  

At the end of the heating experiment, % FAA is higher in the bleached than unbleached material 

(~50% for all amino acids at 50 days in bleached samples, compared to ~20% in unbleached 

samples). This suggests that free amino acids, and possibly also small peptides, are leached from 

the inter-crystalline fraction over time, while they are better retained in the intra-crystalline 

fraction.  
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Fig. 5.10 ς Percentage of amino acids in free state (% FAA) for Asx, Glx, Gly, Ala, Leu and all amino acids 
όΨtƻǘŀƭΩύ ƛƴ unbleached (whole-shell) and bleached (intra-crystalline) Ammonia spp., heated to 110°C. 
 

 
Fig. 5.11 ς Percentage of amino acids in free state (% FAA) for Asx, Glx, Gly, Ala, Leu and all amino acids 
όΨtƻǘŀƭΩύ ƛƴ ōƭŜŀŎƘŜŘ όƛƴǘǊŀ-crystalline) Ammonia spp., heated to 140°C. Leu was not detected in any FAA 
samples heated for less than 1 day. 
 

The trends in hydrolysis for H. germanica are less clear due to the higher variability in 

concentrations for this species, especially for the bleached fraction, where several samples have an 

unexpectedly high % FAA at 5 days of heating in the 110°C suite of experiments (Fig. 5.12). As in 

Ammonia spp., % FAA is higher in the bleached samples (~25% at 50 days for all amino acids) than 

the unbleached samples (~10% at 50 days). At both 110°C (Fig. 5.12) and 140°C (Fig. 5.13) there is 

an apparent plateauing of hydrolysis in the bleached samples. This plateau has been observed in 

high-temperature decomposition experiments of various mollusc species (Penkman et al., 2008; 

Orem and Kaufman, 2011) and may be due to the preferential hydrolysis of weak peptide bonds 

during early stages of decomposition. 
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Fig. 5.12 ς Percentage of amino acids in free state (% FAA) for Asx, Glx, Gly, Ala, Leu and all amino acids 
όΨtƻǘŀƭΩύ ƛƴ unbleached (whole-shell) and bleached (intra-crystalline) H. germanica, heated to 110°C. 
 

 
Fig. 5.13 ς Percentage of amino acids in free state (% FAA) for Asx, Glx, Gly, Ala, Leu and all amino acids 
όΨtƻǘŀƭΩύ ƛƴ ōƭŜŀŎƘŜŘ όƛƴǘǊŀ-crystalline) H. germanica, heated to 140°C. 

 

In general, the patterns of hydrolysis in Ammonia spp. and H. germanica are similar to other 

biominerals, with Asx, Gly and Ala hydrolysing more quickly than Gly and Leu. The slower observed 

rate of hydrolysis in the whole-shell fraction reflects the leaching of FAA from the inter-crystalline 

fraction of both species, as can be seen in the patterns of [FAA] in each fraction (Section 5.3.1.2). 

 

5.3.4 Racemisation  

 

5.3.4.1 General trends 

FAA and THAA D/L values are presented for Asx, Glx, Ser, Ala, Val, Phe, Leu and Ile in Ammonia spp. 

and H. germanica heated to 110°C (Fig. 5.14) and 140°C (Fig. 5.15). Thr and His are not shown, as it 

is only possible to separate their D- and L-isomers using UHPLC. While L- and D-Tyr and Met can be 
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separated using RP-HPLC, very few samples produced D/L values for these amino acids due to their 

low concentrations, so they are not shown; similarly Arg is excluded as D-Arg is typically 

compromised by a co-eluting compound (Powell et al., 2013). Rather than applying a blank 

correction, samples with an amino acid concentration below the average + 1 standard deviation (̀) 

of the independently analysed blanks (Section 5.3.1.1) are flagged as likely to be compromised. 

Additionally, D/L values above 1.0 (or 1.3 for Ile) are excluded (see Section 5.2.3). As RFOKa does 

not allow D/L values above the equilibrium value, this exclusion criterion ensures that the models 

applied in Section 5.3.4.4 are compared using the same data. 

Between replicates, D/L values are generally less variable than concentration values, as the ratio of 

D- to L-amino acids cancels out errors associated with calculating concentration, which are the 

same for every amino acid in a sample (Powell et al., 2013). At 110°C, Asx, Glx and Ala are well 

resolved by RP-HPLC for both bleached and unbleached Ammonia spp. (Fig. 5.14); the later-eluting 

amino acids (Val, Phe, Leu and Ile) are more poorly resolved, especially in the FAA fraction, and in 

bleached material. This is likely due to an increasingly noisy baseline towards the latter end of the 

chromatogram, as well as more non-amino acid peaks which can interfere with accurate 

determination of peak areas at very low concentrations (see Section 2.4). The unbleached THAA 

fraction (the fraction with the highest concentrations) has lower between-replicate variability than 

the other fractions, suggesting that the variability seen in the unbleached FAA and bleached FAA 

and THAA fractions predominantly arises from difficulties quantifying D/L accurately at very low 

concentrations. The same pattern of variability is seen for H. germanica (Fig. 5.14), although in 

general the results are more variable for H. germanica than for Ammonia spp. 

D/L increases with time for all amino acids, with the exception of Ser. FAA Ser is dominated by 

laboratory contamination, so the extent of racemisation in this fraction likely represents the 

decomposition of contaminant amino acids introduced prior to heating. THAA Ser increases 

sharply, then reverses after about 10 days in both the whole-shell and intra-crystalline fractions of 

both species. This pattern has been widely observed in other biominerals, including ostracodes 

(Bright and Kaufman, 2011b), tooth enamel (Dickinson et al., 2019) and various mollusc species 

(Penkman et al., 2008; Demarchi et al., 2013b, 2015). The rapid initial rate of Ser racemisation is 

due to its ability to racemise in-chain (Demarchi et al., 2013a); its subsequent D/L reversal is 

thought to be caused by the dehydration of Ser to Ala (Bada and Man, 1980; Demarchi et al., 

2013b; Pierini et al., 2016).  
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The 140°C suite follows the same general patterns of racemisation as the 110°C suite, with the 

exception of Ala which was poorly resolved using the UHPLC method (Fig. 5.15, see also Section 

2.4.2). As expected, racemisation proceeds much more quickly at 140°C than 110°C: Asx, the 

fastest racemising amino acid, reaches a D/L value of ~0.9 in the FAA fraction after around 1 day of 

heating at 140°C, compared to around 30 days at 110°C. During the early stages of heating at 

140°C (< 1 day) few samples have detectable D-amino acids in the FAA fraction, particularly for 

Ammonia spp., due to the limited extent of hydrolysis. After around 4 hours, the majority of the Ser 

in the THAA fraction is dominated by laboratory contamination, suggesting that Ser decomposes 

rapidly at this higher temperature. 

As there is a more complete dataset for the 110°C suite of experiments, the patterns of D/L 

covariance, both between the FAA and THAA fractions, and between different amino acids, are 

discussed for 110°C in detail below (Section 5.3.4.2). This is followed by a comparison of the 

relative racemisation rates of each amino acid at 110°C (Section 5.3.4.3). The 140°C suite showed 

similar trends of covariance and relative rates. Due to its smaller number of time points, and as the 

110°C suite is sufficient to investigate the patterns of racemisation in each species and biomineral 

fraction, the 140°C suite is not discussed here in detail.  Additional results of the 140°C suite of 

experiments can be found in Appendix A3.3. 



140 
 
 

 
Fig. 5.14 ς Racemisation of Asx, Glx, Ser, Ala, Val, Phe, Leu and Ile in the free amino acid (FAA) and total 
hydrolysable amino acid (THAA) fractions of unbleached (whole-shell) and bleached (intra-crystalline) 
Ammonia spp. and H. germanica at 110°C. Samples with an amino acid concentration below the 
average + 1 ̀ of the blanks are highlighted in orange. 
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Fig. 5.15 ς Racemisation of Asx, Glx, Ser, Ala, Val, Phe, Leu and Ile in the free amino acid (FAA) and total 
hydrolysable amino acid (THAA) fractions of bleached (intra-crystalline) Ammonia spp. and H. 
germanica, heated to 140°C. Samples with an amino acid concentration below the average + 1 ̀ of the 
blanks are highlighted in orange. 
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5.3.4.2 D/L Covariance 

In a closed system, the trends in racemisation in the free and total hydrolysable fractions of amino 

acids should be highly correlated (Kaufman and Manley, 1998; Collins and Riley, 2000). FAA D/L 

values are generally higher than THAA D/L values at any given point, due to the rapid racemisation 

of amino acids while in terminal positions before being hydrolysed into the free state (this pattern 

is not seen in enamel, however (Dickinson, 2018)). The covariance of FAA and THAA D/L values can 

be used as a test for closed-system behaviour in biominerals (Penkman et al., 2008), and a closer 

correlation between FAA D/L and THAA D/L in the intra-crystalline fraction can indicate that it 

behaves as a more reliable closed system than the whole-shell fraction. 

The covariance of FAA and THAA D/L values for Asx, Glx, Ser, Ala, Val, Phe, Leu and Ile in the 110°C 

suite of experiments are shown in Fig. 5.16 and Fig. 5.17 for Ammonia spp. and H. germanica 

respectively. In Ammonia spp., Asx and Ala show good FAA/THAA D/L covariance in both the 

unbleached and bleached material (Fig. 5.16). The relationship is poorer for the other amino acids, 

which is at least partly due to lower concentrations for these amino acids. The very low Ser [FAA] 

compared to the blanks compromises the FAA Ser D/L measurements (note the orange points in 

Fig. 5.16), resulting in a poor FAA/THAA D/L correlation for Ser. The poorer correlation for Glx is 

most likely due to the difficulty analysing free Glx (Demarchi et al., 2013b), although poor Glx 

FAA/THAA D/L covariance is not observed in all biominerals (Crisp et al., 2013; Dickinson et al., 

2019). For the later-eluting amino acids (Val, Phe, Leu and Ile), insufficient FAA was present during 

early stages of heating for a FAA D/L measurement, limiting the usefulness of FAA/THAA D/L 

covariance as a test of predictable racemisation patterns for these amino acids over the time 

period measured here.   
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Fig. 5.16 ς Covariance between D/L values in the free amino acid (FAA) and total hydrolysable amino 
acid (THAA) fractions for various amino acids in unbleached (whole-shell) and bleached (intra-
crystalline) Ammonia spp., heated to 110°C. Samples with either an FAA or THAA concentration below 
the average + 1 ̀  of the blank are highlighted in orange. 

 

The FAA/THAA D/L covariance for H. germanica is much poorer than for Ammonia spp. (Fig. 5.17), 

especially in the unbleached material, although generally similar behaviour is seen with Asx and Ala 

having better FAA/THAA D/L covariance than the other amino acids, particularly the later-eluting 

amino acids (Val, Phe, Leu and Ile), where fewer samples have FAA D/L values to enable 

comparison. This pattern may be due to the lower concentrations of amino acids in H. germanica 

(Section 5.3.1). For Asx, FAA and THAA D/L are more closely correlated in the intra-crystalline 

fraction than the whole-shell fraction (there is possibly also a slight improvement for Ala and Phe), 

which suggests that the intra-crystalline fraction may behave as a more reliable closed system than 

the whole-shell fraction in H. germanica.  

 



144 
 
 

 
Fig. 5.17 ς Covariance between D/L values in the free amino acid (FAA) and total hydrolysable amino 
acid (THAA) fractions for various amino acids in unbleached (whole-shell) and bleached (intra-
crystalline) H. germanica, heated to 110°C. Samples with either an FAA or THAA concentration below 
the average + 1 ̀ of the blank are highlighted in orange. 

 

The covariance between D/L values of different amino acids can also be used to assess the integrity 

of biominerals (e.g. Kaufman, 2006; Kosnik and Kaufman, 2008; Hendy et al., 2012), especially 

during early time points where [FAA] is too low to provide reliable D/L values (Penkman et al., 

2008). Fig. 5.18 and Fig. 5.19 show the covariance of Asx D/L against Glx, Ala, Phe, Leu and Ile for 

Ammonia spp. and H. germanica respectively. Both species show good covariance between Asx 

D/L, and Glx and Ala D/L, particularly in the FAA fraction; in the THAA fraction Asx D/L is well 

correlated with Glx, Ala, Phe, Leu and Ile for both species. In the THAA fraction of the whole-shell 

Ammonia spp., an inflection point of the Asx D/L trajectory is visible at ~0.6, demonstrating how 

the racemisation rate of Asx slows dramatically in comparison to the other amino acids. This Ψtwo-

stageΩ racemisation of Asx has also been observed in the foraminifer P. obliquiloculata (Harada and 

Handa, 1995).  
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Fig. 5.18 ς Covariance between Asx D/L and other amino acids in unbleached (whole-shell) and 
bleached (intra-crystalline) Ammonia spp., heated to 110°C. Samples with either Asx or another amino 
acid concentration below the average + 1  ̀of the blank are highlighted in orange. Upper: free amino 
acids (FAA); lower: total hydrolysable amino acids (THAA). 

 

 
Fig. 5.19 ς Covariance between Asx D/L and other amino acids in unbleached (whole-shell) and 
bleached (intra-crystalline) H. germanica, heated to 110°C. Samples with either Asx or another amino 
acid concentration below the average + 1  ̀of the blank are highlighted in orange. Upper: free amino 
acids (FAA); lower: total hydrolysable amino acids (THAA). 
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Interestingly, the amino acid covariance plots show a clear deviation in the racemisation trajectory 

between the unbleached and bleached samples in the THAA fraction, but not the FAA fraction. 

This, along with the patterns of [FAA] (Section 5.3.1.3), suggests that FAA are readily leached from 

the inter-crystalline fraction of the biomineral, resulting in a Ψwhole-shellΩ FAA fraction comprised 

predominantly of intra-crystalline amino acids. For Ala, the amino acid with the best correlation 

with Asx, the FAA fraction shows less variance than the THAA fraction, despite the lower 

concentrations of FAA. 

The patterns of D/L covariance between the FAA and THAA fractions, and between amino acids, of 

Ammonia spp. and H. germanica show that Asx, Glx and Ala, and THAA Phe, Leu and Ile, have well-

correlated, systematic patterns of racemisation. The lack of early FAA Phe, Leu and Ile D/L values 

hindered the use of FAA/THAA D/L covariance for these amino acids; however all three amino acids 

showed good covariance with Asx D/L in the THAA fraction. The patterns of covariance were similar 

for the whole-shell and intra-crystalline FAA fractions in both species; however, in the THAA 

fraction the racemisation trajectory of the whole-shell and intra-crystalline fractions differed, 

particularly for H. germanica.  

 

5.3.4.3 Relative racemisation trends 

Fig. 5.20 and Fig. 5.21 show the racemisation trends of Asx, Glx, Ala, Leu and Phe for Ammonia spp. 

and H. germanica respectively, heated to 110°C. Ser has been excluded from this comparison due 

to its low concentrations in the FAA fraction and D/L reversal during this experiment in the THAA 

fraction (see Section 5.3.4.1).  

In the FAA fraction of Ammonia spp. (Fig. 5.20), Asx and Ala are the fastest racemising amino acids; 

Asx has a higher racemisation rate than Ala during the initial stages of decomposition, but is 

overtaken by Ala in both the unbleached and bleached fractions, a pattern which has been 

observed in other biominerals (Penkman et al., 2008; Bright and Kaufman, 2011b; Ortiz et al., 2017, 

2019). A lack of D/L values for FAA Phe and Leu at early stages of heating make comparison difficult 

for these amino acids; nevertheless Phe and Glx appear to have the lowest racemisation rates, 

while Leu has a racemisation rate intermediate between Asx and Ala, and Phe and Glx.  

The patterns are slightly different in the THAA fraction of Ammonia spp. (Fig. 5.20); in the whole-

shell material Asx has a much higher racemisation rate than the other amino acids, which follow 

the relative order of Ala > Glx > Phe > Leu. In the intra-crystalline fraction, the behaviour of Asx and 

Ala is more similar to the whole-shell and intra-crystalline FAA fractions. This makes sense given 
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that the intra-crystalline fraction has a higher proportion of FAA than the whole-shell fraction (see 

Section 5.3.1), presumably due to leaching of inter-crystalline FAA from the whole-shell fraction 

during decomposition. As Ala has been found to racemise much more slowly than Asx in free amino 

acid studies (e.g. Bada, 1970; Smith and Evans, 1980), the relatively fast observed rate of Ala 

racemisation in Ammonia spp. and H. germanica may result from a contribution of racemic Ala 

from the rapid dehydration of free Ser (Demarchi et al., 2013b; Pierini et al., 2016). If a significant 

proportion of this pool of free Ala is leached from the inter-crystalline fraction of the biomineral, 

ǘƘƛǎ Ƴŀȅ ŜȄǇƭŀƛƴ ǿƘȅ ǘƘŜ ŀǇǇŀǊŜƴǘ ǊŀǘŜ ƻŦ !ƭŀ ǊŀŎŜƳƛǎŀǘƛƻƴ ƛǎ ΨǎǳǇǇǊŜǎǎŜŘΩ ƛƴ ǘƘŜ ǿƘƻƭŜ-shell THAA 

fraction. Conversely to Ala, intra-crystalline THAA Leu, Phe and Glx have similar patterns to the FAA 

fraction, following the order Leu > Glx ~ Phe. 

 

 
Fig. 5.20 ς Comparison between racemisation of Asx, Glx, Ala, Phe and Leu in unbleached (whole-shell) 
and bleached (intra-crystalline) Ammonia spp., heated to 110°C. The solid line shows the average D/L 
over time; the points are individual replicates. Samples with amino acid concentrations below the 
average + 1 ̀ of the blank are shown as open diamonds. Left: free amino acids (FAA); right: total 
hydrolysable amino acids (THAA). 
 
 

Although the D/L values are generally more variable for H. germanica, similar patterns in relative 

racemisation rates can be seen (Fig. 5.21). In the FAA fraction, Asx and Ala have the fastest 

racemisation rates, with Ala Ψcatching upΩ (whole-shell) or overtaking (intra-crystalline) Asx over the 
















































































