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ABSTRACT   1 

Over 500 Free Amino Acid (FAA) and corresponding Total Hydrolysed Amino Acid 2 

(THAA) analyses were completed from 8 independently-dated, multi-century coral 3 

cores of massive Porites sp. colonies.   This dataset allows us to re-evaluate the 4 

application of amino acid racemization (AAR) for dating late Holocene coral material, 5 

twenty years after Goodfriend et al. (GCA 56 (1992), 3847) first showed AAR had 6 

promise for developing chronologies in coral cores.   This re-assessment incorporates 7 

recent method improvements, including measurement by RP-HPLC, new quality 8 

control approaches (e.g. sampling and sub-sampling protocols, statistically-based data 9 

screening criteria), and cleaning steps to isolate the intra-crystalline skeletal protein. 10 

We show that the removal of the extra-crystalline contaminants and matrix protein is 11 

the most critical step for reproducible results and recommend a protocol of bleaching 12 

samples in NaOCl for 48 hours to maximise removal of open system proteins while 13 

minimising the induced racemization. We demonstrate that AAR follows closed 14 

system behaviour in the intra-crystalline fraction of the coral skeletal proteins. Our 15 

study is the first to assess the natural variability in intra-crystalline AAR between 16 

colonies, and we use coral cores taken from the Great Barrier Reef, Australia, and 17 

Jarvis Island in the equatorial Pacific to explore variability associated with different 18 

environmental conditions and thermal histories.  Chronologies were developed from 19 

THAA Asx D/L, Ala D/L, Glx D/L and FAA Asx D/L for each core and least squares 20 

Monte Carlo modelling applied in order to quantify uncertainty of AAR age 21 

determinations and assess the level of dating resolution possible over the last 5 22 

centuries.   AAR within colonies follow consistent stratigraphic aging.  However, 23 

there are systematic differences in rates between the colonies, which would preclude 24 

direct comparison from one colony to another for accurate age estimation. When 25 

AAR age models are developed from a combined dataset to include this natural inter-26 

colony variability THAA Asx D/L, Glx D/L and Ala D/L give a 2σ age uncertainty of 27 
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±19, ±38 and ±29 yr, for the 20thC respectively; in comparison 2σ age uncertainties 28 

from a single colony are ±12, ±12 and ±14 yr.  This is the first demonstration of FAA 29 

D/L for dating coral and following strict protocols 2σ precisions of ±24 years can be 30 

achieved across different colonies in samples from the last 150 years, and can be ±10 31 

years within a core from a single colony.  Despite these relatively large error 32 

estimates, AAR would be a valuable tool in situations where a large number of 33 

samples need to be screened rapidly and cheaply (e.g. identifying material from mixed 34 

populations in beach or uplift deposits), prior to and complementing the more time-35 

consuming geochronological tools of U/Th or seasonal isotopic timeseries. 36 
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1.  INTRODUCTION 1 

Climate reconstructions from corals are an important tool for documenting tropical 2 

climate on timescales from individual river flood events to centennial and millennial 3 

variability (e.g. Tudhope et al., 2001; Hendy et al., 2002; Cobb et al., 2003; Abram et 4 

al., 2008; Abram et al., 2009; Lough, 2011).  The aragonitic skeletons of massive 5 

Porites colonies can archive continuous high-resolution proxy records over a multi-6 

century lifespan.  Understanding the spatial patterns and mechanisms of climate 7 

variability requires absolute age control of these records.  Current approaches to 8 

dating recent coral-climate records collected from living colonies (i.e. within the last 9 

500 years) include counting annual markers. For example, skeletal density banding 10 

visible in x-radiographs (first demonstrated by Knutson et al., 1972), luminescence 11 

banding visible under UV light with the application of cross-dating techniques 12 

adapted from dendrochronology (Hendy et al., 2003), and seasonal cycles in high 13 

resolution sampled trace element and δ18O records (e.g. Tudhope et al., 1995).  14 

However, in locations with low-amplitude seasonality in temperature and/or rainfall 15 

these band-counting techniques are considerably more challenging.  In addition, 16 

recently dead coral colonies may provide important palaeoenvironmental records 17 

providing their age is known.  The best radiometric dating technique on this timescale 18 

is U/Th (Gale, 2009).  However, providing a U-series chronology for recent coral 19 

records is a particular challenge (e.g. Cobb et al., 2003; Yu et al., 2006) due to the 20 

limited radioactive decay of 234U to 230Th over such a short time frame and the 21 

proportionally larger correction required for site-specific non-radiogenic 230Th (Shen 22 

et al., 2008; Zhao et al., 2009).   23 

In this paper we evaluate the application of amino acid racemization (AAR) of intra-24 

crystalline protein as an alternative supplementary technique for dating recent coral 25 

records.  AAR is the slow inter-conversion (racemization) of L-amino acids, the basic 26 

building blocks of protein, into an equilibrium mixture of L- and D-amino acids with 27 
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time (reviewed in Goodfriend et al., 2000).  Consistent racemization trends have been 28 

observed in two coral-based AAR studies, each performed on the whole protein 29 

fraction of a single living scleractinian coral colony (Goodfriend et al., 1992; Nyberg 30 

et al., 2001).  However, Husseini (1973) and Wehmiller (1976) found significant 31 

variations in racemization data between multiple older (Pleistocene) corals which 32 

resulted in non-concordant ages, with leaching, recrystallisation and/or contamination 33 

suggested as the cause.  It has been argued that isolating the intra-crystalline fraction 34 

of protein from biominerals would provide a more coherent fraction for the study of 35 

protein breakdown (i.e. a closed system with predictable kinetics unaffected by 36 

external factors in the burial environment) (Towe, 1980; Sykes et al., 1995; Collins 37 

and Riley, 2000; Ingalls et al., 2003; Penkman et al., 2008). A new technique of 38 

amino acid analysis has been developed for geochronological purposes (Penkman, 39 

2005; Penkman et al., 2008) that combines reverse-phase high-pressure liquid 40 

chromatography (RP-HPLC) analysis (Kaufman and Manley, 1998) with the isolation 41 

of the 'intra-crystalline' fraction of amino acids by bleach treatment (Sykes et al., 42 

1995).  This approach, termed intra-crystalline protein decomposition (IcPD), 43 

provides D/L values of multiple amino acids from the chemically-protected protein 44 

within the biomineral, reduces the amount of sample needed and increases analytical 45 

reliability.  The method is also cost-effective for analysis of a large number of 46 

specimens.   47 

Here we investigate the potential of intra-crystalline AAR as a dating technique in 48 

eight independently-dated, multi-century coral cores of massive Porites sp.  By 49 

focusing on the intra-crystalline fraction (operationally defined as the organic matter 50 

that is resistant to strong chemical oxidation, e.g. Towe and Thompson, 1972), we 51 

avoid including any ‘open system’ material or external sources of contamination in 52 

our analyses.  Our study is the first to assess the natural variability in intra-crystalline 53 

AAR between colonies and hence the level of dating resolution possible in coral for 54 

the last 5 centuries.  AAR was also examined in both the Free Amino Acid (FAA) and 55 
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corresponding Total Hydrolysable Amino Acid (THAA) fractions.  Using this large 56 

dataset, we are also able to review methods of assessing AAR data quality and to 57 

further develop screening criteria for excluding outlier measurements or samples 58 

(Kosnik and Kaufman, 2008; Kosnik et al., 2008).  In addition, we assess the utility of 59 

a least squares Monte Carlo approach that uses the internal stratigraphy of the coral to 60 

constrain the age estimates from AAR.     61 

 62 

(Note: Section 2 could be set in small type from Pg 6, Line 60 to Pg14, Line 301) 63 

2. MATERIALS AND METHODS 64 

2.1. Coral core samples 65 
 66 

Seven multi-century long cores were taken from massive Porites coral colonies at six 67 

inshore and mid-shelf reefs in the central Great Barrier Reef (GBR), Australia, and 68 

one core from a colony at Jarvis Island in the central equatorial Pacific (Table 1; Fig. 69 

1). The cores span 134 to 422 years of colony growth.   The GBR cores were 70 

independently dated in a previous study (Hendy et al., 2003) using a combination of 71 

annual density banding from X-radiographs of the 7 mm thick coral slices and cross-72 

dating using characteristic patterns of luminescent lines seen when the corals were 73 

placed under UV light.  The luminescent lines are associated with the Australian 74 

summer monsoon rains and thereby provide a strong seasonal marker with 75 

characteristic patterns between years (Isdale, 1984).  Typical errors found for coral 76 

core age estimates from annual banding are 1–2 yrs/century (Hendy et al., 2003).  For 77 

the seven GBR coral cores a ‘master’ chronology was developed using cross-dating 78 

techniques to strengthen the dating control between individual cores (Hendy, 2003).  79 

For the Jarvis coral, a chronology was established using a combination of seasonal 80 

and ENSO-related variations in monthly-resolved skeletal δ18O records, and annual 81 
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skeletal density banding. Any differences in AAR between coral cores are therefore 82 

unlikely to be caused by incorrect assignment of sample age.  83 

Core slices were subjected to repeated and focused ultrasonic cleaning in high-purity 84 

18Ω cm water (Milli-Q) water and dried at <40°C for a maximum of 48 hours.  85 

Skeletal material was milled from along the centre of a growth axis to produce a fine 86 

powder. Duplicates for the same time period were collected from adjacent growth 87 

axes.  The majority of samples contain a 5-year increment of skeletal growth, but a 88 

series of high resolution (sub-annual) analyses were taken at the base, middle and 89 

coral top of the Jarvis core.  Since five species of massive Porites are known to occur 90 

within the regions covered in this study (P. lutea and P. lobata are the most common, 91 

but P. australiensis, P. mayeri and P. solida are also recorded), a number of species 92 

were potentially collected within this sample set.  Massive Porites sp. are notoriously 93 

difficult to identify accurately to species level, especially in archived core material, 94 

and so we do not have access to this level of detail.  It should be noted, however, that 95 

skeletal properties have been examined between massive Porites species and results 96 

rarely support any species-based differences (e.g. Lough and Barnes 1992, 2000), and 97 

so it is usual practice to treat massive Porites sp. as one population (e.g. Lough and 98 

Barnes, 2000).    99 

 100 

2.2. Isolation of intra-crystalline fraction 101 

Protein degradation must occur within a 'closed system' for AAR to provide 102 

geochronological information (see discussion in Collins and Riley, 2000). Ingalls et 103 

al. (2003) found good preservation of the intra-crystalline organic matter in corals 104 

after treatment with 5% NaOCl and postulated that this could be a reliable source of 105 

‘closed system’ material for coral-based studies. Since the variability identified in 106 

earlier coral AAR studies was proposed to have been caused by contamination and 107 

leaching, we undertook a preliminary study to establish a protocol for isolating the 108 



  

 8

intra-crystalline fraction.  A stable intra-crystalline fraction of protein has been 109 

isolated in mollusc shells and eggshells by oxidation with 12% NaOCl (Penkman et 110 

al., 2008; Demarchi et al., accepted; Crisp et al., submitted).  We therefore determined 111 

the optimum treatment time for Porites coral by oxidizing exposed organics in 112 

powdered skeletal samples (<100 µm) with 12% NaOCl (50µL / mg of sample) for 113 

varying times up to 10 days.  After ~ 24 hours of bleaching AA concentrations 114 

decreased to a relatively stable plateau (Fig. 2a).  However, an increase in the extent 115 

of racemization was also observed as bleaching time increased (Fig. 2b), possibly due 116 

to sequential etching of the biomineral by the NaOCl.  Therefore, the optimum sample 117 

protocol selected (and applied in all further analyses) was to bleach samples in 12% 118 

NaOCl (50 µL / mg of sample) for 48 hours, maximizing removal of the inter-119 

crystalline proteins but minimising induced racemization.   120 

 121 

2.3. Amino acid analysis  122 

Proteins must be broken down into their constituent amino acids prior to analysis by 123 

RP-HPLC.  This occurs spontaneously over time by a process of peptide bond 124 

hydrolysis and, as a result, it is possible to analyse the naturally hydrolysed (free) 125 

amino acids in degraded samples, although residual peptides will remain undetected.  126 

Concentrated mineral acid at high temperature is typically used to hydrolyse all 127 

residual peptide bonds within a sample.  Analysis of intra-crystalline samples both 128 

with and without this complete hydrolysis step gives two alternative composition 129 

measures of the amino acid stereoisomers: the Free Amino Acid (FAA) fraction and 130 

the Total Hydrolysable Amino Acid (THAA) fraction.  Undertaking both analyses 131 

reveals further aspects of protein degradation and potentially useful indicators of age, 132 

for example, the extent of peptide bond hydrolysis and decomposition of the free 133 

amino acids, in addition to the extent of racemization.    134 
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All samples were prepared following the optimised bleaching protocol established 135 

above (Section 2.2) and the methods of Penkman et al. (2008). In brief, each sample 136 

(~ 3 mg) was powdered and bleached for 48 h with 12% NaOCl. Two subsamples 137 

were taken: one fraction was directly demineralised and the free amino acids (FAA) 138 

analysed, and the second was treated with 7 M HCl under N2 at 110°C for 24 h (H*) 139 

to release the peptide-bound amino acids, thus yielding the 'total hydrolysable' amino 140 

acid concentration (THAA).  Samples were then dried by centrifugal evaporator and 141 

rehydrated for RP-HPLC analysis with 0.01 mM L-homo-arginine as an internal 142 

standard. 143 

The amino acid compositions of the samples were analysed in duplicate by RP-HPLC 144 

using fluorescence detection following a modified method of Kaufman and Manley 145 

(1998).  Two µl of sample was injected and mixed online with 2.2 µl of derivitising 146 

reagent (260 mM n-Iso-L-butyryl L-cysteine (IBLC), 170 mM o-phthaldialdehyde 147 

(OPA) in 1 M potassium borate buffer, adjusted to pH 10.4 with KOH pellets). The 148 

amino acids were separated on a C18 HyperSil BDS column (5 mm × 250 mm) at 149 

25°C using a gradient elution of three solvents: sodium acetate buffer (solvent A; 23 150 

mM sodium acetate tri-hydrate, 1.5 mM sodium azide, 1.3 µM EDTA, adjusted to pH 151 

6.00 ± 0.01 with 10% acetic acid and sodium hydroxide), methanol (solvent C) and 152 

acetonitrile (solvent D). The L and D isomers of 10 amino acids were analysed 153 

routinely. It is not possible to distinguish between the acidic amino acids and their 154 

amine derivatives because both asparagine and glutamine undergo rapid irreversible 155 

deamination during preparative hydrolysis to aspartic acid and glutamic acid, 156 

respectively (Hill, 1965).  Aspartic acid and asparagine are therefore reported together 157 

as Asx, and glutamic acid and glutamine as Glx. 158 

 159 
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2.4. Amino acid data screening 160 

The relative stability of different amino acids varies, but both concentration and 161 

extent of racemization of two different amino acids should covary in a systematic 162 

manner.  Any deviation from covariance provides a means of identifying 163 

compromised samples (e.g. Kaufman, 2003; Laabs and Kaufman, 2003; Kaufman, 164 

2006; Kosnik and Kaufman, 2008).  D/L values of the FAA and THAA fractions for 165 

individual amino acids should also covary in a consistent manner if racemization is 166 

occurring within a closed system.  Deviation in these cases indicate samples have 167 

been compromised, for example, by bacterial contamination or recrystallisation (e.g. 168 

Miller and Brigham-Grette, 1989; Preece and Penkman, 2005).    169 

A series of data quality tests were applied to exclude data points that clearly indicate 170 

compromised samples, while retaining the natural variability in the dataset.  171 

Covariance was examined between (i) the D/L values of the FAA and the THAA 172 

fraction of Asx (Fig. 3), (ii) the concentration of Asx and Glx, (Fig. 4) and (iii) the 173 

D/L values of Asx and Glx (Fig. 5).  Outliers were identified following the guidelines 174 

devised by Kosnik and Kaufman (2008); regression analysis was performed (using 175 

Matlab version 7.10.0), and data-points with residuals above or below a specified cut-176 

off point were regarded as outliers. However, because simple regression analysis 177 

involves minimizing the sum of the squared vertical distances between the fitted line 178 

and y-values, this test assumes that error is exclusive to the variable plotted on the y-179 

axis (i.e. ‘dependent variable’).   All variables used in the data-screening tests have 180 

some associated uncertainty and, as a result, different data-points can be identified as 181 

outliers, depending on which of the two variables under examination is (arbitrarily) 182 

assigned to either the x or y-axis. Therefore, we applied orthogonal-distance 183 

regression (ODR) in place of linear regression.  ODR minimises the perpendicular 184 

distances (rather than the vertical) between y-values and the fitted line, thereby taking 185 

into account uncertainty associated with both variables. Due to the complexity of 186 

using ODR for non-linear functions, where the data were non-linear, regression 187 
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analysis was performed twice, switching the variable assigned to the y-axis (i.e. 188 

dependent variable) between tests, with only those data-points designated as outliers 189 

on both occasions excluded from the data set.  190 

Function selection for each regression analysis was based on a set of criteria 191 

including: optimal adjusted R2 values, comparisons using the F-test or Akaike’s 192 

information criterion (using GraphPad Prism, version 5.0), and whether the shape of 193 

the regression-line conformed with a priori knowledge regarding the reaction taking 194 

place.  Data points with residuals outside the specified cut-off values (2.5 and 2 stdev) 195 

are highlighted in the data screening plots (Fig. 3-5).  Close examination of the raw 196 

D/L and concentration data for these individual points demonstrated that a cut-off 197 

value of 2.5 stdev was most appropriate for identifying “anomalous” measurements 198 

(i.e. possessed THAA concentrations that were visibly outside of the remaining data-199 

set).   The data screening tests described in sections 2.4.1-3, with the application of a 200 

2.5 stdev cut-off value, resulted in the exclusion of 28 data points from the total AAR 201 

data set (in which analytical replicates were counted as individual data-points) of 202 

>500 (5%).  Using the 2.0 stdev cut-off value, the number of data-points regarded as 203 

outliers increased to 35.  In addition, evidence of poor replication between analytical 204 

duplicates, and extreme THAA concentrations, were also used to screen data (section 205 

2.4.4; Electronic Annex, EA).  The exclusion rate was slightly lower than previous 206 

studies using different screening criteria (e.g. Kaufman, 2003; 2006).    207 

2.4.1. FAA Asx D/L vs THAA Asx D/L 208 

Predicting the pattern of covariance between the D/L values in the free and total 209 

hydrolysable amino acid fractions is not simple because of the combination of 210 

different rate constants and activation energies for the AAR reactions.  Although 211 

racemization of FAA appears to follow reverse first-order kinetics in aqueous 212 

solutions (Bada, 1971), this is not the case in fossil samples (e.g. Kriausakul and 213 

Mitterer, 1980) because as protein diagenesis proceeds, peptide bond hydrolysis 214 

introduces additional amino acids to the FAA pool, which may have already 215 
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undergone racemization whilst in-chain or terminal.   The THAA fraction represents 216 

an even more complex situation, as bound amino acids can racemize at either the N- 217 

or C- termini of the protein chain, or, if existing as dipeptides, can undergo rapid 218 

racemization via the formation of diketopiperazines (DKPs; Steinberg and Bada, 219 

1981).  In addition, some amino acids, such as aspartic acid, can racemize within-220 

chain via the formation of cyclic succinimide molecules (Geiger and Clarke, 1987; 221 

Radkiewicz et al., 1996; Collins et al., 1999).  Despite such complications, 222 

racemization should progress with D/L values increasing with time.  Therefore, if a 223 

function produced a best-fit regression line possessing a negative gradient at any 224 

point, it was rejected. The power function gave the best “fit” to the FAA and THAA 225 

Asx D/L data (adjusted R2; Fig.3a and 3c). 226 

2.4.2. THAA Asx concentration vs THAA Glx concentration 227 

The concentration of THAA Asx and Glx declined linearly over the time period 228 

considered (Fig. 4a, b), as also found by Kosnik and Kaufman (2008) in late Holocene 229 

shells of four molluscan taxa.  Four data-points deviated considerably (Fig. 4a) and 230 

were excluded prior to the statistical-tests because they severely compromised the 231 

application of the regression-based outlier-detection method. 232 

2.4.3. THAA Asx D/L vs THAA Glx D/L  233 

These two variables follow complex racemization kinetics (Section 2.4.1). Both non-234 

linear and linear functions were examined, with the non-linear power function 235 

providing the best fit (adjusted R2 values; Fig. 5a and 5c).  236 

2.4.4. Analytical replicates  237 

FAA and THAA analyses were duplicated for all samples and measurements were run 238 

on different days (following standard protocol; Penkman, 2005).  Analytical 239 

duplicates with differences greater than the 4 stdev of differences recorded for the 240 

whole population of >500 samples were investigated further.  If the duplicates of only 241 

one amino acid were identified in this manner, then just the values for that amino acid 242 

of both duplicates were removed.  If, however, duplicates of more than one amino 243 
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acid measurement were different by >4 stdev, then all values were excluded from the 244 

data set.  The exclusion of anomalous analytical duplicates resulted in the removal of 245 

55 values, of which 8 involved complete removal of all data for the analytical sample.   246 

An additional 4 samples were excluded as outliers due to their extreme high/low 247 

concentrations (>2 stdev from the average THAA for the full data set; see EA for 248 

details).  249 

 250 

2.5. Treatment of data from previous study to enable direct comparison 251 

Massive Porites coral skeleton has been studied for amino acid geochronology in one 252 

previous study (Goodfriend et al., 1992).  This single core from Abraham Reef, a site 253 

~200 miles further south of our study area (Fig. 1), is likely to have experienced 254 

similar relative SST seasonality and seawater pH conditions to the 7 other GBR cores, 255 

although slightly cooler SSTs on average (Table 1).  In order to directly compare the 256 

data obtained from our samples with the Goodfriend et al. study, there are three 257 

factors which need to be examined: (a) the differences in chromatographic method 258 

used; (b) the time between collection and analysis and (c) the difference in hydrolysis 259 

methods.   260 

2.5.1. Chromatographic method differences  261 

Asx was measured by gas chromatography in the Abraham core (Goodfriend et al., 262 

1992) and RP-HPLC in this study.  An inter-laboratory comparison to test the 263 

detection of D and L aspartic acid between GC and RP-HPLC analyses was 264 

undertaken with the Institut für Rechtsmedizin laboratory in Kiel (Penkman, 2005; 265 

GC data from R. Dobberstein & S. Ritz-Timme).  The D/L Asx obtained ranged from 266 

0.016 to 0.956, thus accounting for almost the full range of natural samples from 267 

living tissue to amino acids at equilibrium.  A correlation coefficient of 0.9998 (n=16) 268 

was obtained on cross-comparison of the data. The relationship was not exactly 1:1, 269 

instead the RP-HPLC method yielded slightly higher D/L Asx at values <0.34 relative 270 
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to the GC method, but the difference was not significant and, therefore, no correction 271 

was applied.  272 

2.5.2. Time between collection and analysis 273 

The Abraham coral was collected in December 1985, the Pandora core on 24th March 274 

1984 and Havannah on 8th June 1988.  The cores analysed in this study were kept in 275 

controlled temperature conditions at about 20ºC from 1997.  Although it is not known 276 

exactly when the Goodfriend analyses were undertaken, it must have been before May 277 

1992, so the maximum time that the samples were kept before analysis was 7 years.  278 

In contrast, the Pandora and Havannah cores were not analysed until 21 and 17 years 279 

after collection respectively.  As a result, the minimum time between our analyses and 280 

those of Goodfriend was 13 years. The initial rates of Asx racemization are very 281 

rapid, so we have offset the Goodfriend dataset by 13 years to take account of the 282 

minimum level of protein breakdown that would have been observed in the Abraham 283 

coral sample if it had been analysed at the same time as the coral cores in this study.    284 

2.5.3. Hydrolysis method differences 285 

For the amino acids to be detected using these analytical methods, they must be in the 286 

free form, achieved by the preparative hydrolysis step.  The increase in the extent of 287 

hydrolysis induced racemization between this study (7 M HCl @ 110 °C for 24 288 

hours), and that of Goodfriend et al. (1992) (6 M HCl @ 150°C for 15 minutes) was 289 

estimated to be D/L of 0.043 when D/L = 0. This was estimated assuming an 290 

activation energy of 83 kJ mol-1 derived from data supplied by Csapo et al. (1997). 291 

We made no correction for differences in molarity of HCl, which in our study is 292 

approximately 6 M after dissolution of the carbonate. 293 

In the following figures the Goodfriend et al. (1992) data have been offset to include 294 

both the corrections made for the differences in hydrolysis induced racemization and 295 

in time between collection and analysis. 296 

 297 
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2.6. Least squares Monte Carlo modelling of AAR age estimates  298 

An interpolated model of racemization with depth down core improves the practical 299 

geochronological use of AAR.  We apply a least squares Monte Carlo approach 300 

previously derived for fitting age-depth models to an analogous system of U/Th data 301 

vs depth in speleothem records (e.g. Drysdale et al., 2004; Drysdale et al., 2005). The 302 

method fits a continuous sequence of line segments between adjacent measurements, 303 

subject to the constraint that amino acid D/L must always increase with time, using an 304 

uncertainty-weighted least squares technique.  The model also seeks to minimise 305 

relative change in racemisation rate between measurements, subject to measurement 306 

uncertainty, which has the effect of smoothing its D/L vs time output.  The model is 307 

then run many thousands of times, randomising the input D/L data subject to their 308 

uncertainties at each iteration, allowing median, upper and lower 95% confidence 309 

interval curves can be calculated.  Similarly to Drysdale et al (2005), each iteration of 310 

this Monte-Carlo simulation also varies the racemisation rate between adjacent 311 

measurements, such that interpolation uncertainty is accounted for where analyses are 312 

widely spaced.  Uncertainties for individual analyses were obtained for each modelled 313 

data series by determining the standard deviation where multiple analyses were 314 

obtained for a single year of that series.  This value was then assigned to all analyses 315 

of that series for use in its Monte-Carlo model run. 316 

3. RESULTS 317 

3.1. D/L vs age 318 

The ratio of D to L amino acids in the coral skeletons displayed a strong age-319 

dependent pattern in all the Porites colonies (Figs. 6, 7, EA-1 and 2).  The extent of 320 

amino acid racemization was much higher in the intra-crystalline Free fraction (e.g. 321 

Asx FAA D/L Fig. 6b, also Glx, alanine (Ala), serine (Ser) FAA D/L plotted in Fig. 322 

EA-1), than in the Total Hydrolysable fraction (e.g. Asx THAA D/L Fig. 6a, Glx and 323 

Ala THAA D/L Fig. 7).  This is expected, and presumably due to formation of FAA 324 

via peptide bond hydrolysis of the racemized terminal amino acids, rather than 325 
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increased rates of racemization as FAA (e.g. Mitterer and Kriausakul, 1984).  The 326 

initial extent of racemization between the colonies was similar and AAR values 327 

within individual colonies followed stratigraphically consistent trajectories.  The 328 

extent of racemization through time was also very similar between colonies and sites, 329 

but there were slight differences in THAA Asx D/L and Glx D/L that became 330 

progressively more pronounced with ageing.  There was an apparent clustering with 3 331 

cores (HAV, BRO and JAR) following a trajectory of slightly higher levels of 332 

racemization than the remaining 5 cores and the record from Abraham Reef 333 

(Goodfriend et al., 1992). The significance of any trajectory differences were tested 334 

using the age-depth uncertainty envelopes developed from the Monte Carlo statistical 335 

modelling.  336 

 337 

3.2. % Free vs age 338 

The generation of FAA through protein hydrolysis was observed to increase steadily 339 

over time (Figs. 6c, EA-2).  This result demonstrates that there has been no loss of the 340 

products of protein decomposition from the intra-crystalline AA pool, and so 341 

conforms with expectations of a closed system and its successful isolation with the 342 

bleach pre-treatment.  Again, minor differences were observed in the rate of FAA 343 

generation between individual cores with those from midshelf and offshore sites 344 

(ABR, two BRT, LOD; Table 1) generating FAA at a consistently lower level than the 345 

majority of inshore GBR and equatorial (JAR) colonies (Fig. 6c). In the mid-late 19th 346 

C. a marked step in % FAA values between stratigraphically adjacent samples was 347 

also apparent for many of the individual core records, and was mirrored in THAA 348 

Asx D/L and Glx D/L trajectories (Fig. 7). 349 

 350 
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3.3. % Free vs D/L 351 

As protein degrades, progressive hydrolysis of the peptide bonds increases the number 352 

of terminal amino acids (Kriausakul and Mitterer, 1980; Mitterer and Kriausakul, 353 

1984).  Most amino acids only racemise when in a terminal position, and so AAR and 354 

protein hydrolysis are linked.  Asx is an exception and can racemise within the 355 

peptide chain (Geiger and Clarke, 1987). In addition, peptide bonds containing Asx 356 

are relatively easy to hydrolyse, thereby readily generating FAAs (Schultz, 1967; 357 

Marcus, 1985).  Porites coral intra-crystalline proteins contained a high concentration 358 

of Asx (~ 50%) that ultimately leads to relatively rapid generation of FAA. Note that 359 

the anomalous % FAA values, which also poorly replicate with full repeat analysis of 360 

the sample (Fig. 8), are associated with extreme low THAA concentrations.   361 

4. DISCUSSION 362 

The results from Goodfriend et al. (1992) showed considerable promise for the 363 

application of amino acid geochronology to dating coral material from the last few 364 

centuries.  In this study we take this foundation work further by (1) incorporating 365 

recent method improvements, isolating the intra-crystalline skeletal protein and 366 

measuring by RP-HPLC, (2) assessing the variability in AAR between coral colonies, 367 

and (3) applying new Monte Carlo statistical modelling treatment of the results in 368 

order to quantify uncertainty of AAR age determinations. 369 

 370 

4.1. Methodological advances  371 

AAR closed system behaviour has been demonstrated in the intra-crystalline fraction 372 

of proteins in eggshell (Brooks et al., 1990) and mollusc shells (Penkman et al., 2008; 373 

Demarchi, 2009). The removal of extra-crystalline contaminants by 48 hours exposure 374 

to bleach significantly reduced variability in both AAR and composition between sub-375 

samples of coral (Fig. 2).   Our results demonstrate that the extent of hydrolysis and 376 

racemization in the coral intra-crystalline fraction also follows ideal closed system 377 
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behaviour.  As a result it was possible to accurately measure Asx D/L of the intra-378 

crystalline Free fraction, and demonstrate for the first time the sensitivity of this 379 

measurement as a dating tool in coral (Fig. 6b; section 4.3.).  The analysis of multiple 380 

amino acids further extends the potential dating application of AAR in coral.  The 381 

rapidly racemizing aspartic acid (Asx) enables a high degree of resolution at short 382 

timescales (Fig. 6), particularly in the FAA fraction, with slower rates for other amino 383 

acids (e.g. Glx, Ala; Fig. 7) indicating that chronologies much longer than 500 years 384 

can be developed (as illustrated in Section 4.3).    385 

 386 

4.2. AAR variability between colonies 387 

Our study is the first to assess the natural variability in intra-crystalline AAR between 388 

colonies and hence the level of dating resolution possible in coral for the last 5 389 

centuries.  Variability observed in our late-Holocene material is small in comparison 390 

with Wehmiller et al. (1976)’s analysis of multiple Pleistocene coral specimens.  In 391 

this previous study, Wehmiller found poor reproducibility with less than half the 392 

samples (16 out of 38) demonstrating concordance with known age.   Despite the 393 

recent methodological advances, including the isolation and analysis of a more 394 

reproducible intra-crystalline protein, it is evident that the patterns of degradation 395 

from coral colonies of the same genus within the same region are not always 396 

consistent. As a result our analysis of multiple coral colonies does demonstrate some 397 

limitations for the geochronological application of AAR in corals.  Although amino 398 

acid racemization within a colony follows a stratigraphic-aging pattern, there are 399 

apparent differences in rates between the colonies (Figs. 6 & 7).  The AAR 400 

trajectories do, however, appear to group into systematic patterns. 401 

4.2.1. Thermal conditions and geographic location  402 

Even in an optimal set of samples, with closed system behaviour and identical 403 

(internal) chemical environments for degradation, aminostratigraphic correlation 404 

between sites relies on the samples sharing an equivalent temperature history (e.g. 405 
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Wehmiller and Miller, 2000).  The temperature effect should be most apparent 406 

between cores from the three regions (Table 1); Abraham Reef in the Southern GBR 407 

(22.10°S), ~200 miles south of the 7 central GBR colonies (18-19°S), and the 408 

equatorial Pacific Jarvis Island site (0.37°S).  Abraham Reef experienced annual mean 409 

sea surface temperatures ~1 to 1.5°C cooler than the central GBR colonies analysed in 410 

this study, although both share a similar seasonal range of ~5-6°C (Table 1.; Reynolds 411 

et al., 2002).  In contrast, sea surface temperatures at Jarvis Island are 1-2°C warmer 412 

than the GBR sites with almost no seasonality (1°C).  Despite this temperature 413 

difference, the extent of racemization is very similar between all core locations (Figs. 414 

6 & 7).  415 

The Jarvis Island (JAR) coral shows much greater variability than that observed in 416 

any of the other coral samples, however, this reflects sampling resolution (also see EA 417 

Fig. 3).  The JAR material was analysed at approximately monthly resolution, 418 

whereas all the GBR records are from homogenised bulk samples of 1-2 years growth 419 

for the Abraham Reef core (ABR), and 5-year increments for the central GBR cores.  420 

It is possible that the JAR data are capturing sub-annual variations that are smoothed 421 

out in the bulk samples from the GBR. Exposure to a seasonal cycle of 1°C for the 422 

JAR core is unlikely to cause the extent of variability observed, considering an annual 423 

average of +1-2°C SST does not create an equivalent offset from the other sites.   424 

Instead, sub-annual variations may be dominated by composition changes in skeletal 425 

protein over this timescale, rather than temperature-induced degradation.   A further 426 

seasonality-related temperature effect is possible across the GBR continental shelf, 427 

caused by the larger SST range observed in the near- and inshore relative to mid- and 428 

offshore reef sites, although the annual SST average is the same. However assuming 429 

an effective activation energy of -121 kJ mol-1 (Tomiak et al., submitted) the 430 

difference between the sites is only 0.15˚C, insufficient to account for the variance 431 

observed.  432 
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The extent of Asx racemization in ABR (Goodfriend et al., 1992) is consistent with a 433 

cluster of cores in our study (Fig. 6 & 7) when the date of sample analysis and the 434 

hydrolysis protocols are taken into account (calculated offset applied as prescribed in 435 

Section 2.5). When the calculated offset due to the increase in Asx D/L for the 436 

hydrolysis protocol is applied to the ABR % FAA data, the generation of Free Asx 437 

also conforms with that observed in our study (Figs. 7 & 8).    As with the warmer 438 

JAR site results, there is no apparent response to suggest that the cooler temperature 439 

history at ABR had a significant impact on the extent of racemisation.    440 

4.2.1. Significance in clustering of AAR trajectories  441 

Age-depth uncertainty envelopes were generated for each core from least square 442 

Monte Carlo modelling of the AAR age estimates (Section 2.6; Fig. 9).   This enables 443 

the apparent clustering of trajectories between coral colonies to be objectively 444 

explored and statistically demonstrated within 1 and 2σ confidence bands.  For 445 

FAA Asx D/L (Fig. 9a) all corals follow the same racemization trend within error, 446 

with the exception of the two most heavily sampled cores (PAN; yellow and HAV; 447 

dark green) where the latter shows a significantly faster rate of degradation.  On the 448 

other hand, due to greater precision on the THAA Asx D/L values, the uncertainty 449 

envelopes do not overlap all cores and instead reveal statistically significant 450 

separation between individual trajectories (Fig. 9b). Two unique trajectories can be 451 

seen with a lower cluster of cores (BRTA, BRTB, PAN, LOD and KMN) conforming 452 

strongly to the ABR results. This grouping is not collective around any obvious 453 

environmental factor and contains coral collected from nearshore to offshore, and 454 

central to southern GBR sites.  The only characteristic shared by the 3 remaining 455 

cores that we could identify is that all are from island fringing reefs, although there is 456 

no clear reasoning why such an environment should be a significant factor in THAA 457 

Asx D/L. Jarvis Island is truly oceanic, being atop a seamount well removed from any 458 

source of terrestrial runoff or other influence (core JAR).  Both Brook and Havannah 459 
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Islands are high continental islands within the inshore GBR lagoon (cores BRO and 460 

HAV).   461 

The most consistent inshore-offshore gradients in AAR are seen in %FAA and THAA 462 

Ala D/L (Figs. 6c and 7b).  The THAA Ala D/L curves spread out along an offshore 463 

environmental gradient (Fig. 9c), with the nearshore and continental fringing reef 464 

cores (PAN, HAV, KMN) consistently displaying lower initial extent of Ala 465 

racemization and the most oceanic site (JAR) the highest D/L values.  Entrapped 466 

protein may, therefore, be a useful source of additional environmental information, 467 

although further study is needed to determine the cause of this response.   468 

In contrast, the THAA Glx D/L records demonstrate a further pattern, with the two 469 

closest core sites (PAN; yellow and HAV; green) racemizing at significantly different 470 

rates for this amino acid, and PAN at significantly slower rate than all other cores.  471 

Retroflections are particularly marked in these same two cores across all AAR results, 472 

but most obviously in the acidic AAs as demonstrated in the THAA Glx D/L plot 473 

(Fig. 9d).  The rate change is slightly offset in the time domain, around 1900 in PAN 474 

(Fig. 9; yellow curves), and 1870-80 in HAV (dark green curves).  Significant 475 

changes in environmental conditions are recorded in the late 19th C in the GBR (e.g. 476 

Hendy et al., 2002; Lewis et al., 2007), but further investigation is needed to isolate 477 

what factor could be influencing AAR rates. AAR from duplicate BRT cores (central 478 

GBR) are statistically inseparable despite collection 4 years apart and, therefore, 479 

potential differences caused by subsequent storage environments and treatment.   480 

Since differences are found between cores of massive Porites sp. coral from different 481 

colonies, it is unsurprising that significant differences were observed previously in the 482 

rates and patterns of racemization from different coral genera (Wehmiller et al., 1976; 483 

Nyberg et al., 2001). The cause of the differences in protein breakdown within and 484 

between genera is an interesting question for further investigation; possible reasons 485 

include differences in protein composition and seasonality of the composition 486 
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incorporated into the skeleton, differences in the physico-chemical micro-487 

environment within the intra-crystalline pores, to physiological differences between 488 

coral colonies related to species, algal symbionts or gender.  The utility of this dating 489 

method has, however, been tested at the level of taxonomic and physiological detail 490 

possible in applications using fossil material.  491 

 492 

4.3. Application of AAR and Monte Carlo statistical modelling  493 

The uncertainty associated with each AAR age determination is formally quantified 494 

by the least square Monte Carlo statistical modelling (Section 2.6; Fig. 9).    The Free 495 

Asx D/L age estimations are clearly the most promising universal AAR dating tool 496 

(Fig. 9a), especially for previously un-analysed colonies, because of the insignificant 497 

differences observed between trajectories from different colonies irrespective of 498 

temperature histories and geographic locations.  Free Asx D/L could be used for 499 

geochronology in corals with the average 2σ precision for material laid down within 500 

the last 150 years of <10 years obtained for individual colonies (calculated for HAV).  501 

When a single curve is modelled for all the Free Asx D/L data combined an unknown 502 

sample from the last 150 years could be dated with the precision of ±24 years (2σ; 503 

Fig. 10).   504 

This study has demonstrated that internally consistent patterns of protein breakdown 505 

occur within Porites coral colonies over the timescale of the last 500 years, but 506 

differences are observed in the THAA degradation patterns between colonies (Fig. 9b, 507 

c, d) and this decreases the widespread utility of this fraction for geochronology.  508 

With the isolation of the intra-crystalline fraction and the increased sensitivity of new 509 

analytical techniques 2σ age error estimates of ±12, 12 and 14 years for THAA Asx 510 

D/L, Ala DL and Glx D/L respectively can be obtained in 20th C material (calculated 511 

using data from HAV and taking the average of modelled 2σ estimates; Fig. 9).  If the 512 

pattern of protein breakdown for a colony is not known, then the precision of this 513 
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technique as a method for dating coral samples of unknown age will be decreased 514 

because the uncertainty incorporates the AAR spread observed across the multiple 515 

colonies (Fig. 10).  In this case the 2σ uncertainty using THAA Asx D/L is on the 516 

order of ±19 years over the 20th C, increasing to ±118 years in the 17th C; for THAA 517 

Ala D/L these values are ±29 years over the 20th C, increasing to ±40 years during the 518 

17th C.  This result highlights the value of measuring a suite of AAs.  519 

The levels of precision obtained using Free Asx D/L measurements show the best 520 

dating potential over the most recent 150 years of coral growth, and may provide a 521 

useful check on other dating techniques of U/Th and annual band-counting. Zhao et 522 

al. (2009) recently reviewed the accuracy of 230Th ages for young corals in 523 

comparison with chronologies independently derived from band counting or δ18O-524 

based wiggle-matching (e.g. Cobb et al., 2003; Shen et al., 2008). Precisions of 1–10 525 

years (2σ) have been achieved in pristine coral samples with low initial 230Th dating 526 

from the last 500 years (Shen et al., 2008; Zhao et al., 2009). However, the presence 527 

of anomalous 230Th/232Th ratios can induce greater variance (e.g. up to 23 years; Shen 528 

et al., 2008).   Annual band counting has also been demonstrated to have errors on the 529 

order of a decade at this time scale (Hendy et al. 2003), and particular issues arise 530 

where there are breaks in the record, resulting in a floating chronology.  In addition, 531 

annual markers may not be present in all corals; for example, the luminescent bands 532 

in near-shore massive corals are much weaker offshore making cross-dating more 533 

difficult (Hendy et al. 2003), and are missing from slow-growing species (Burgess et 534 

al., 2009).   The precision of Free Asx D/L geochronology is, therefore, within that 535 

obtained for difficult-to-date samples using other techniques and so would be a useful 536 

complementary and independent estimate of age.  AAR could make the most valuable 537 

contribution, however, in studies that are attempting to extend coral-based climate 538 

reconstructions using recently dead and fossil coral colonies cross-dated with samples 539 

extracted from living colonies (e.g. McGregor et al., 2011).  In the field, it is often 540 

very difficult to assess likely age of such material which can contain mixed 541 
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populations of recent to centuries and millennia since death.  It would, therefore, be 542 

extremely useful to have such an efficient, cost-effective and reliable analytical 543 

method to screen potential material and optimise sample selection for further detailed 544 

dating and climate-reconstruction labwork.  AAR can also provide rapid and cheap 545 

chronologies for coral cores, as studies can be undertaken on small samples (~3 mg), 546 

enabling high-resolution records.   547 

5. CONCLUSIONS 548 

In conclusion, the extent of hydrolysis and racemization in the intra-crystalline 549 

fraction extracted from Porites coral skeletons follows ideal behaviour.  By isolating 550 

the intra-crystalline fraction through bleach treatment, and following strict data 551 

selection protocols, 2σ precision on age estimates as low as ± 6 years can be achieved 552 

from the Free Asx D/L fraction in the most recent coral material, and ± 24 years for 553 

material of up to 150 years age.  This is the first study to demonstrate that patterns of 554 

protein breakdown differ over time between massive Porites colonies of the same or 555 

closely related species of coral.  The question of why rates of decay differ, 556 

irrespective of shared temperature histories and geographic locations, raises 557 

interesting questions about what factors control the composition of the intra-558 

crystalline protein deposited by the coral.  The significant value of amino acid 559 

racemization in coral is its utility as a cheap and rapid geochronological tool for 560 

screening populations of coral samples in order to identify those for further 561 

investigation.  562 
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Table 1:  Core sample sites; 8 from this study and Abraham Reef (Goodfriend et al., 756 

1992).  The cores from the Great Barrier Reef were collected by the Australian 757 

Institute of Marine Sciences. Mean annual SST from the NOAA NCEP EMC CMB 758 

GLOBAL Ov2 climatology for 1961-1990 (Reynolds et al., 2002).    759 

Coral locality Latitude  
(°S) 

Longitude 
(°E) 

Distance from  
continental land 
mass (km) 

Core code Date 
collected 

Earliest date 
analysed in 

core  
(age in yrs)

Mean annual 
SST (°C) 

Central Equatorial Pacific  
Jarvis Is. 0.37 200.02 >1000 JAR Sept 1997 1858 (141) 27.1 

Central Great Barrier Reef  
Kurrimine Rf. 17.78 146.13 0 (inshore) KMN June 1988 1850 (138) 26.4 
Brook Is. 18.09 146.17 29 (inshore) BRO May 1987 1755 (232) 26.2 
Britomart Rf. 18.14 146.44 36 (midshelf) BRT(A) 

BRT(B) 
July 1984 
May 1987 

1740 (244)
1565 (422)

26.2 

Lodestone Rf. 18.42 147.06 70 (midshelf) LOD July 1984 1850 (134) 26.1 
Pandora Rf. 18.82 146.43 16 (inshore) PAN Mar 1984 1735 (249) 26.2 
Havannah Is. 18.85 146.55 24 (inshore) HAV June 1988 1680 (308) 26.2 

Southern Great Barrier Reef  
Abraham Reef 22.10 152.50 195 (offshore) ABR Dec 1985 1632 (353) 24.9 
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