[bookmark: _Toc510517290][bookmark: _Ref511637042][bookmark: _GoBack]A new method for enamel amino acid racemization dating: a closed system approach

Dickinson, Marc R.1
Lister, Adrian M.,2
Penkman, Kirsty E. H.,1
1 Department of Chemistry, University of York, York, YO10 5DD, UK
2 Natural History Museum, Cromwell Road, London, SW7 5BD, UK





Abstract
Analysis of the predictable breakdown of proteins and amino acids in ancient biominerals enables age estimation over the Quaternary. We postulate that enamel is a suitable biomineral for the long-term survival of endogenous amino acids. Analysis of multiple amino acids for geochronological studies is typically achieved using a RP-HPLC method. However, the low concentrations of amino acids coupled with high concentrations of inorganic species make accurate determination of amino concentrations challenging. We have developed a method for the routine preparation of multiple enamel samples using biphasic separation. Furthermore, we have shown that amino acids that exhibit effectively closed system behaviour can be isolated from enamel through an exposure time of 72 h to bleach. Elevated temperature experiments investigating the processes of intra-crystalline protein degradation (IcPD) do not appear to match the patterns from fossil samples, reinforcing the need for a comprehensive understanding of the underlying mechanisms of protein degradation.  This novel preparative method isolates intra-crystalline amino acids suitable for the development of mammalian geochronologies based on enamel protein degradation. The lower rates of racemisation in enamel (cf. Bithynia opercula) suggest that the enamel AAR may be able to be used as a relative dating technique over time scales > 2.8 Ma.  Enamel AAR has the potential to directly date mammalian remains past the limit of all other current direct dating methods, providing an invaluable tool for geochronological studies.   
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Highlights:
· Development of a biphasic separation method for the extraction of amino acids from enamel
· Isolation of intra-crystalline amino acids in enamel
· Testing of the closed system behaviour of the enamel intra-crystalline amino acids 
· Modelling the kinetic behaviour of enamel amino acids
· Comparison of enamel and Bithynia opercula fossil data and elevated temperature experiments 
· We demonstrate promising results for the analysis of AAR in enamel for geochronology
Introduction
Mammalian teeth are often found in palaeontological deposits, providing an excellent target for direct dating. However, mammalian remains older than the limits of radiocarbon analysis (~50 ka, MacPhee et al., 2002; Jacobi, 2006) are challenging to date and therefore frequently rely on chronological analysis of associated material (e.g. Frouin et al., 2017). Currently, electron spin resonance (ESR) and U-series (which can be used together or separately) are the only commonplace direct dating techniques available for skeletal remains older than ~50 ka and spanning the Middle to Late Pleistocene (Dirks et al., 2017; Hershkovitz, et al., 2018). Both these techniques require an accurate reconstruction of the U-uptake history, but as teeth (and bones) are open systems for uranium, modelling this uptake is challenging. U-uptake modelling (such as diffusive-absorption models) can, however, provide an age estimation up to ~500 ka on small samples on the order of ~ 10-50 mg (Dirks et al., 2017; Hershkovitz, et al., 2018), which can be pushed further back (~750 ka) using combined Pa/U and Th/U data. Critically, at present this is restricted by the requirement for significantly larger sample masses of up to ~1 g (Grün et al., 2010; Duval, 2015). Moreover, it is thought that the best source of material is often from the centre of the sample, thereby requiring relatively destructive sampling methods (Grün et al., 2010).

Amino acid racemization (AAR) analysis has proven a valuable technique for age estimation over Quaternary timescales (~2.5 Ma) for a variety of calcium carbonate-based biominerals (Wehmiller et al., 2012; Hendy et al., 2012; Refsnider et al., 2013) and it requires comparatively small sample mass (~10 mg). AAR dating of mammalian collagen-based biominerals (e.g. bone and dentine) has had more limited success (Taylor 1983; Bischoff & Rosenbauer, 1981; Bada 1985; Blackwell et al., 1990; Marshall, 1990). Amino acid kinetic studies conducted on dentine have shown a good adherence between the temperature-induced models and fossil data for some amino acids, but importantly not all (Canoira et al., 2003) and these issues are compounded by the non-linear degradation of collagen (Collins et al., 2009). However, critically the concerns associated with leaching and contamination of such open systems preclude accurate dates (Towe, 1980; Hare, 1988; Bravenec et al., 2018). 
Early studies postulated that amino acids can become trapped during the formation of certain biominerals (Towe and Thompson, 1972); recent research has shown mineral facets ranging in size from ~2.5-38.4 nm can be found in molluscan nacre, with elemental analysis indicating a higher carbon content in these voids (Gries et al., 2009). This suggests that organic material is likely to be trapped within these voids, and therefore could be isolated from the external chemical environment. Prolonged exposure of powdered mollusc shells to bleach (Sykes, 1995; Penkman et al., 2008; Demarchi et al., 2013a), opercula (Penkman et al., 2011) and coral (Hendy et al., 2012, Tomiak et al., 2013) has been shown to isolate a fraction of organic matter that is resistant to oxidative treatment ; Defined as the ”intra-crystalline” fraction, this has the potential to act as a closed system for protein degradation. 
These voids imaged in nacre may also be present in tooth enamel, and expansion of AAR analysis to the routine dating of mammalian remains would be highly valuable, for example in helping to elucidate the migration and evolution of fauna in response to Pleistocene climate change. Enamel is composed of a form of hydroxyapatite (HA; calcium phosphate) which is heavily mineralised. The determination of L- and D- amino acids for geochronological purposes is typically achieved by analysis by HPLC with fluorescence detection (Kaufman & Manley, 1998). However, the application of AAR analysis on enamel is not without challenges, as high concentrations of inorganic salts originating from demineralisation of the enamel crystal structure (calcium phosphate) result in peak response suppression, and unstable and raised baselines limiting accurate quantification (Griffin, 2006).
We therefore present a new method for the preparation of enamel for AAR analysis. Through RP-HPLC, FTIR and TEM analyses, we evaluate whether intra-crystalline amino acids and proteins are present in enamel and if they exhibit closed system behaviour. Long term degradation of enamel is simulated through elevated temperatures and compared to results from fossil material to gain a better understanding of the reaction kinetics of racemization. 
To this end, a series of experiments was performed on enamel:
1) Optimisation of the biphasic separation of inorganic species from amino acids (Section 3)
2) [bookmark: _Ref513734134]Optimisation of the oxidation method for the isolation of any intra-crystalline amino acids from the enamel (Section 42).
3) Elevated-temperature experiments designed to investigate potential leaching (diffusive loss) of amino acids from both the intra- and inter-crystalline fractions, as well as to study the kinetics of intra-crystalline protein degradation (IcPD; Section 5). 
4) Analysis of racemization in fossil proboscidean enamel from the UK, providing a pilot relative geochronology (Section 5.5.2 - 5.5.3).
1 [bookmark: _Toc483164447][bookmark: _Toc504661791][bookmark: _Toc505612813][bookmark: _Toc510517291]Materials and optimised methods
As some of the methods were optimised over the course of the study (Sections 3 - 4), the final optimised methods are detailed in this section. 
[bookmark: _Toc505612814][bookmark: _Ref510451580][bookmark: _Toc510517292]Enamel samples
Twelve teeth were sampled from a range of contexts varying in age from modern to ~2.2 Ma (Table 1 and SI); fossil material was selected from sites which had independent evidence of age.

[bookmark: _Ref514929135]Table 1. List of samples analysed in this study: E. = Elephas, P. =Palaeoloxodon, M. = Mammuthus, A. = Anancus.   Sample information for the fossil enamel and comparative Bithynia opercula, taken from Penkman et al. (2013).
	Locality
	UK 
grid ref
	Species
	Samples
	Mammal bed
	Bithynia opercula IcPD*
	Other previous dating
of site
	Estimated age of sampled fossil(s)
	n 

	Asia
	-
	E. maximus
	A. Lister coll.
	-
	-
	-
	modern
	3

	North Sea
	-
	M. primigenius
	A. Lister coll.
	Brown Bank
	-
	Radiocarbon: ca 34-49 ka (Mol et al., 2006)
	MIS 4-3
	3

	Tattershall Thorpe, Lincs.
	TF 228605
	M. primigenius
	J. Rackham coll. [TTb3]
	Cold-stage sands and Gravels (Girling, 1974; Rackham, 1978; Holyoak & Preece, 1985)
	-
	Mollusc fauna (Meijer & Preece 2000); terrace stratigraphy (Bridgland et al 2015): MIS 6.
	MIS 6
	3

	Crayford, Kent
	TQ 517758
	M. sp.
	BGS [117009] & [5123]
	Lower Brickearth (Chandler, 1914; King & Oakley, 1936)
	From the Norris Pit deposits.
Late MIS 7 / early MIS 6

	Mammal fauna (Schreve, 2001), terrace stratigraphy (Bridgland et al., 2014): late MIS 7
	Late MIS 7 
	2

	Ilford, Uphall Pit, Essex
	TQ 437860
	M. cf. trogontherii & P. antiquus
	BGS [114884] & [114892] (M. t.); [114881] (P.a.)
	Brickearths within Taplow/Mucking Formation (Sutcliffe, 1975; Schreve, 2001)
	From the Taplow/Mucking formation at Ilford, Uphall Pit 

	Terrace stratigraphy (Bridgland, 1994), fauna (Preece, 1999; Coope 2001; Schreve, 2001): MIS 7.
	MIS 7
	2

	Barnfield Pit, Swanscombe, Kent  
	TQ 598745
	P. antiquus 
	BGS [50340] & [50341]
	Silts, sands & gravels of Boyn Hill Terrace. BGS [50340] & [50341] from Lower gravel
	From Barnfield Pit, Swanscombe
	Boyn Hill Gravel above Anglian boulder clay at Hornchurch; terrace stratigraphy & U-series (Bridgland, 1994); thermoluminescence (Bridgland et al., 1985), fauna (Schreve, 2001): MIS 11.
	MIS 11. Lower Gravel specimen [50341]: MIS 11c (Ashton et al 2018). 
	2

	Sidestrand, Norfolk
	TG 255405
	P. antiquus
	BGS [6574]
	Unknown
	From Sidestrand Hall Member (Preece et al., 2009) older than MIS 11 of Hoxne & Clacton but younger than MIS 15/17 of West Runton
	Ex situ mammal fauna encompasses Early & early Middle Pleistocene but P. antiquus limited to mid-late part of early Middle Pleistocene (Lister, 1993; 1996)
	 MIS 15-13
	2

	Easton Bavents, Suffolk
	TM 518787
	A. arvernensis
	BGS [5988]
	Norwich Crag Formation 
	From Norwich Crag Formation at Aldringham, Suffolk Pit

	Biostratigraphic correlation based on mammals, molluscs, foraminifera and dinoflagellates (Stuart, 1982; Zalasiewicz et al., 1991; Hamblin et al., 1997; Lister, 1998): ca. 2.0-1.8 Ma
	Antian/Bramertionian to Baventian/Pre-Pastonian; ca. 2.0-1.8 Ma
	2

	Holton, Suffolk
	Approx.TM 405773
	A. arvernensis
	BGS [1385]
	
	
	
	
	

	Whittingham, Suffolk
	Approx.TL 720989
	M. meridionalis
	BGS [7971]
	
	
	
	
	




[bookmark: _Toc510517302]Hydroxyapatite with amino acid reference solutions
To mimic an enamel fossil sample with a known relative concentration of amino acids and D/L values, 1:1 and 1:4 D:L amino acid reference solutions (10 μL) were added to reagent grade hydroxyapatite (~2 mg; <200 nm particle size; Sigma Aldrich) and dried by centrifugal evaporation. The 1:1 amino acid reference solution mimics an older sample in which the amino acids have reached equilibrium, while the 1:4 amino acid reference solution mimics a younger sample. The reference solutions contain the free amino acids: Arg, Asp, Glu, Gly, His, Ile (D-isomer D-alle), Leu, Lys, Met, Phe, Ser, Thr, Tyr and Val with a D to L-isomer ratio of ~1 (1:1) or 0.2 (1:4) and the internal standard (L-homo-arginine). 
  Table 2. Samples used in each series of experiments. Optimisation and testing of the biphasic separation of inorganic species from amino acids method (OBS); Isolation of the intra-crystalline fraction (IIcF); Elevated temperature experiments to test for closed system behaviour (ET); fossil comparison to Bithynia opercula (F)
	Sample code
	BGS number
	Species
	Site
	Experiment

	MoE1
	-
	E. maximus
	-
	ET

	NSM1
	-
	M. primigenius 
	North Sea
	ET

	TaM1
	-
	M. primigenius
	Tattershall Thorpe
	IIcF & OBS

	CrM1
	117009
	M. sp.
	Crayford
	F

	CrM2
	5123
	M. sp.
	Crayford
	F

	IlP1
	114881
	P. antiquus
	Ilford
	F

	IlM1
	114884
	M. trogontherii
	Ilford
	F

	IlM2
	114892
	M. trogontherii
	Ilford
	F

	SwP1
	50340
	P. antiquus
	Swanscombe
	F

	SwP2
	50341
	P. antiquus
	Swanscombe
	F

	SiP1
	6574
	P. antiquus
	Sidestrand
	F

	NCA1
	5988
	A. arvernensis
	Easton Bavents
	F

	NCA2
	7971
	A. arvernensis 
	Whittingham
	F

	NCM1
	1385
	M. meridionalis
	Holton
	F

	
	
	
	
	


[bookmark: _Toc483164448][bookmark: _Toc504661792][bookmark: _Ref505244654][bookmark: _Toc505612816][bookmark: _Ref505867162][bookmark: _Ref505868408][bookmark: _Ref505873991][bookmark: _Ref505938849][bookmark: _Toc510517303][bookmark: _Ref510790873][bookmark: _Ref510966599][bookmark: _Ref511300652][bookmark: _Ref511300865][bookmark: _Ref511301056]Enamel sampling
[bookmark: _Ref509837604][bookmark: _Ref510451594][bookmark: _Toc510517304]An enamel chip was removed from each tooth with a Dremel drill and the exposed outside layer removed using an abrasive rotary burr drill bit. Care was taken to remove any visible dark discolouration that was probably due to iron or manganese staining (Turner-Walker, 2007; Garot et al., 2017). To eliminate powder resulting from the initial drilling, chips were sonicated for 3 min in HPLC-grade water (Sigma-Aldrich) and then ethanol (VWR, analytical-grade), and air-dried before being finely powdered using an agate pestle and mortar.
[bookmark: _Ref510966726]Optimised NaOCl procedure
[bookmark: _Ref510966634]Approximately 30 mg of powdered enamel was weighed into a 2 mL microcentrifuge tube (Eppendorf), and NaOCl (12%, Fisher Scientific, analytical grade, 50 µL mg-1 of enamel) was added. Samples were exposed to NaOCl for 72 h and were continuously agitated to ensure complete exposure. The NaOCl was removed and the powdered enamel was washed five times with HPLC-grade water. A final wash with methanol (Sigma-Aldrich, HPLC-grade) was used to remove remaining NaOCl, before the sample was left to air dry overnight. 
[bookmark: _Ref510966772]Preparation of FAA and THAA fractions
Powdered enamel samples were accurately weighed into two fractions. One sample was treated for their free amino acid (FAA) content and the other their total hydrolysable amino acid (THAA) content.
0. [bookmark: _Ref510455259][bookmark: _Toc510517305]Hydrolysis
THAA samples were dissolved in HCl (7 M, 20 μL mg-1) and heated in a sterile sealed glass vial at 110 ̊C for 24 h, whilst the vials were purged with N2 to prevent oxidation. The acid was removed by centrifugal evaporation.
0. [bookmark: _Toc510517306][bookmark: _Ref510517802][bookmark: _Ref511637032][bookmark: _Ref511637058]Biphasic phosphate ion removal
THAA samples were re-dissolved in HCl (1 M, 20 μL mg-1) and FAA samples were demineralised in HCl (1 M, 25 μL mg-1) in a sterile 0.5 mL microcentrifuge tube (Eppendorf) and sonicated for 10 min or until all visible signs of undissolved material had disappeared. To remove the high concentrations of phosphate ions (thought to impact on the accuracy of the RP-HPLC analysis), an additional protocol to those outlined for the standard analysis of amino acids in calcium carbonate-based biominerals (Kaufman & Manley, 1998; Penkman et al., 2008) was developed. The optimised method is as follows: KOH (1 M, 28 μL mg-1, Fisher Scientific, analytical grade) was added to the acidified solutions, whereupon a mono-phasic cloudy solution formed. The samples were then briefly agitated to homogenise the solution. The sample was centrifuged at 13000 rpm for 10 min causing a clear supernatant to form above a gel; the biphasic separation (Figure 1).  The supernatant was extracted and dried by centrifugal evaporation. 

[image: ]
[bookmark: _Ref505251095]Figure 1 Schematic of the biphasic extraction of amino acids, designed to reduce phosphate ion concentration in the samples undergoing RP-HPLC analysis. 
1. [bookmark: _Toc483164452][bookmark: _Toc504661797][bookmark: _Toc505612824][bookmark: _Ref505936653][bookmark: _Ref505938604][bookmark: _Ref506214312][bookmark: _Ref509836526][bookmark: _Toc510517307][bookmark: _Ref510517562][bookmark: _Ref510517804][bookmark: _Ref510690316][bookmark: _Ref510790879][bookmark: _Ref511033142]RP-HPLC Analysis
Samples were rehydrated with a solution containing an internal standard (L-homo-arginine; 0.01 mM), sodium azide (1.5 mM) and HCl (0.01 M), to enable quantification of the amino acids. Analysis of chiral amino acid pairs was achieved using an Agilent 1100 Series HPLC fitted with a HyperSil C18 base deactivated silica column (5 μm, 250 x 3 mm) and fluorescence detector, using a modified method outlined by Kaufman and Manley (1998). The column temperature was controlled at 25 oC and a tertiary system containing sodium buffer (23 mM sodium acetate trihydrate, sodium azide, 1.3 μM EDTA, adjusted to pH 6.00 ±0.01 with 10 % acetic acid and sodium hydroxide), acetonitrile and methanol was used as a solvent.
1. [bookmark: _Ref514330406][bookmark: _Toc510517309][bookmark: _Ref513734218]Optimisation and testing of the biphasic separation of inorganic species from amino acids 
To remove the amino acids from the phosphate species to enable RP-HPLC analysis, the biphasic separation approach was optimised.
2. [bookmark: _Toc510517310]Biphasic separation optimisation methods
To develop an optimised method for the biphasic separation, two aspects were tested in detail:
a. the impact of the volume of KOH solution used in the preparation
b. the impact of the optimised method on the relative concentration of amino acids and their D/L values
To test the impact of KOH volume (part a); fossil enamel from the sand and gravel deposits at Tattershall was powdered and the intra-crystalline amino acids were isolated. THAAs were prepared (Section 2.4.1) and re-dissolved in the minimum volume of HCl (1 M, 20 μL mg-1) and FAA samples were demineralised in HCl (1 M, 25 μL mg-1). Different volumes of KOH (1 M, Fisher-Scientific) were added to these sub-samples prepared for their THAA (12 - 65 μL) and FAA (12 - 180 μL) contents to test for the optimum volumes required. A monophasic cloudy solution formed upon addition of KOH. The solution was centrifuged at 13000 rpm for 10 min and a clear supernatant formed above a gel (Figure 1). The presence of inorganic phosphate species in the gel and its absence from the supernatant was confirmed by FT-IR (Supplementary information Figure 1). The supernatant was extracted and dried by centrifugal evaporation. Most samples were analysed in triplicate by RP-HPLC (Section 2.5). However, upon addition of the rehydration fluid, some samples were insoluble due to the presence of high concentrations of calcium phosphate; in these cases, only one replicate was analysed by RP-HPLC to prevent damage to the HPLC system.
[bookmark: _Toc510517312]To quantify the impact of the method on amino acid composition (part b); 1:1 and 1:4 amino acid reference solutions were added to powdered hydroxyapatite.  Samples followed the optimised protocol outlined for FAA samples post bleaching (Sections 2.4.2 and 2.5).

2. [bookmark: _Toc505612828][bookmark: _Toc510517313]Optimising the volume of KOH added during the biphasic separation of phosphate species and amino acids: results and discussion
A biphasic method for separation of phosphate species from amino acids has been developed to eliminate the chromatographic issues caused by high concentrations of inorganic species during RP-HPLC analysis. 
1. [bookmark: _Toc510517315]Changes in FAA and THAA concentration with increasing KOH volume
For the samples analysed for their FAAs, the measured concentration of Asx, Glx and Ala initially drops with increasing KOH volume (12-20 μL; Figure 2); this is most likely due to an increasing HPLC response to the internal standard, as the inorganic phosphates are more effectively removed and peak suppression was reduced. Above 16 µL mg-1 of KOH, the internal standard peak response lies within the expected range (i.e. of the rehydration solution alone), but peak area reduces again as excess KOH (> 40 µL mg-1) start to cause peak suppression. The measured concentration of Asx when 180 μL of KOH solution was added is higher than at lower volumes of KOH, but this is not replicated in the other amino acids (Figure 2, indicating that Asx has a different response to the higher levels of KOH than the other amino acids (including LhArg). Additionally, the samples analysed at the highest and lowest volumes of KOH solution (12, 120 and 180 µL mg-1) induced cloudy solutions prior to HPLC injection, suggesting higher concentrations of inorganic salts. Volumes of 20-65 µL mg-1 of KOH used to induce gel formation are therefore most likely to yield reliable amino acid data, and a value of 28 µL mg-1 is recommended. 
[image: ]
[bookmark: _Ref487197812]Figure 2. FAA (Left) and THAA (right) biphasic separation optimisation: Change in concentration of amino acids when changing the volume of KOH added (top four rows), the change in the HPLC response to the internal standard when changing the volume of KOH (bottom panel).  Error bars depict one standard deviation about the mean (n = 3). Samples that were cloudy prior to HPLC injection have been plotted as crosses, only one sample of each of these volumes were analysed.
Generally, a higher precision (cf. 1σ error bars Figure 2) was observed for the THAA measured concentrations than for comparable FAA fractions (Figure 2), most likely due to the higher amounts of amino acids in the THAA fractions, making quantification of integrated HPLC peak areas more precise. The measured concentration for Glx, Ala, and Phe are relatively stable with increasing KOH volume (Figure 2), with a similar divergence observed for Asx as that seen in the FAA , indicating either a bias in the peak suppression when compared to other amino acids (including the internal standard), or that the concentration of Asx could be biased by gel formation (see Section 3.3). 
1. [bookmark: _Toc505612831][bookmark: _Toc510517317]Changes in D/L value with increasing KOH volume
The D/L value for most amino acids is unaffected by changes in KOH volume, except for Ala prepared with 12 μL KOH and the THAA Glx and Phe prepared with 70 μL KOH (Figure 3). This suggests the biphasic gel formation does not bias the D/L values at the intermediate volumes (FAA: 16 – 120 μL; THAA: 20 – 65 μL). Whilst a range of volumes of KOH may be appropriate, a standard volume of 28 μL mg-1 has therefore been selected for the biphasic separation of amino acids from phosphate species, as this volume is unaffected by peak suppression.
[image: ]
[bookmark: _Ref505335297][bookmark: _Ref505335290]Figure 3. FAA (Left) and THAA (right) biphasic separation impact on D/L value of amino acids when changing the volume of KOH added).  Error bars depict one standard deviation about the mean. Samples that were cloudy prior to HPLC injection have been plotted as crosses, only one sample of each of these volumes was analysed.
2. [bookmark: _Toc504661804][bookmark: _Toc505612832][bookmark: _Toc510517318][bookmark: _Ref511301879]Impact of the biphasic separation on amino acid composition and D/L value
The biphasic separation of amino acids and phosphate species involves the formation of a gel, most likely containing a network of inorganic phosphate and calcium ions cross-linked with molecules of water (Gash et al., 2001). It is therefore possible that a proportion of the amino acid content in solution will be retained by the gel and subsequently unanalysed. As each amino acid is chemically unique, they may be retained by the gel to different extents. To test this, a solution with known amino acid composition but different D:L values (1:1 & 4:1) was added to pure hydroxyapatite (principal mineral component of enamel) and the amino acid composition was analysed after the optimised biphasic separation. 
The amino acid composition of the spiked hydroxyapatite is broadly unchanged by the biphasic separation procedure (Glx, Ser, L-Thr, Ala, Tyr are biased by <6 %; Figure 4). However, the percentage contribution of Asx to the total amino acid content is slightly reduced and the contribution of the more apolar amino acids (Leu & Ile) is slightly increased, indicating a slight preferential retention of the more polar amino acids into the gel complex. This may result in slightly inaccurate amino acid compositional data, but it is consistent between analyses and the magnitude of this is unlikely to impact on the estimation of IcPD in fossil samples.   
Quantification of the HPLC peak areas of Leu and Ile have been shown to be vulnerable to co-eluting peaks in samples from calcium carbonate-based biominerals (Kaufman & Manley 1998; Powell et al., 2013; Wehmiller, 2013), and this susceptibility also appears to be true for enamel derived samples (Figure 4; Figure 5). Conclusions drawn from these amino acids therefore require caution. 
[image: ]
[bookmark: _Ref505070662]Figure 4. Fractional concentration of a 1:1 amino acid reference solution with hydroxyapatite that has undergone the biphasic separation of the amino acids from inorganic phosphates (solid bars). The starting composition has been shown for comparison (hollow bars). Error bars depict one standard deviation about the mean. Data was slightly skewed by the higher than expected concentration of Leu. 
2. [bookmark: _Toc504661805][bookmark: _Toc505612833][bookmark: _Toc510517319]Changes in amino acid D/L value induced by biphasic separation
The biphasic separation of amino acids from phosphate species does not alter the D/L value of most amino acids at both low (~0.2) and high (~1) D/L values (Figure 5). Statistical testing of replicate analyses indicates relatively high precision (CV < 7%) for FAA and THAAs: Asx, Glx, Ala and Phe (Supplementary information Table 1). This, in conjunction with the FT-IR analysis (Supplementary information Section 1), indicates that this method for preparation of enamel, is suitable for evaluating amino acids by RP-HPLC. 
[image: ]
[bookmark: _Ref505610136]Figure 5. Amino acid D/L values for hydroxyapatite with amino acid reference solutions. Two different D/L values reference solutions were used to mimic both old (1:1 D/L value; top) and young (1:4 D/L value; bottom) fossil samples. Error bars depict one standard deviation about the mean.
1. [bookmark: _Ref504639388][bookmark: _Toc504661807][bookmark: _Toc505612835][bookmark: _Toc510517321]Isolation of the intra-crystalline fraction
3. [bookmark: _Toc483164459][bookmark: _Toc504661808][bookmark: _Toc505612836][bookmark: _Toc510517322]Prolonged oxidative treatment
Previous studies have reported that prolonged oxidative treatment of calcium carbonate based biominerals greatly reduces the amino acid content but leaves a small fraction that is chemically inaccessible (Crenshaw, 1972; Brooks et al., 1990; Sykes et al., 1995; Penkman et al., 2008; Crisp et al., 2013). NaOCl is predicted to oxidise all amino acids and proteins it encounters but will be ineffective on material that is inaccessible. Oxidative pre-treatment of mollusc shell has been shown to improve the accuracy and precision of AAR data, which is vitally important for its application as a tool for geochronology (Penkman et al., 2008; Demarchi et al., 2013a; Ortiz et al., 2018). Powdered enamel was therefore exposed to bleach for increasing lengths of time to test if a similar fraction can be isolated from enamel, and if so, to calculate the optimum length of time to isolate this closed system material.
[bookmark: _Toc505612837][bookmark: _Toc510517323]Optimising the oxidation procedure
0. [bookmark: _Toc505612818][bookmark: _Ref505867457][bookmark: _Toc510517324]Optimisation of the oxidation method
Powdered enamel (~30 mg) from Tattershall Thorpe was weighed into sterile 2 mL microcentrifuge tubes (Eppendorf), and samples were submerged in NaOCl (12 %, 50 µL mg-1) for 0, 6, 15, 25, 48, 72 and 238 h. The NaOCl was removed and the powdered enamel washed five times with HPLC-grade water. A final wash with methanol was performed before the samples were left to air dry overnight. Samples were then purified using the optimised biphasic procedure (section 2.4.2) and analysed by RP-HPLC (Section 2.5). Samples were prepared with 4 replicates.
0. [bookmark: _Toc504661809][bookmark: _Toc505612838][bookmark: _Toc510517325]Changes in amino acid concentration with prolonged oxidative treatment
The FAA concentration remains constant up to 6 h, increases by 15 h, before returning to approximately the initial concentrations (Figure 6). The concentration of the FAA does not decrease when exposed to NaOCl which indicates that the FAAs are inaccessible to the NaOCl and potentially retained in a closed system. The enamel used in this set of experiments was ~191 ka in age, so it is likely that most of the open system FAAs would have leached out whilst in the depositional environment, thus leaving a mostly closed system fraction of FAA resistant to oxidative treatment.
[bookmark: _Ref506198292][image: ]
[bookmark: _Ref510968678]Figure 6. FAA concentrations from powdered M. primigenius enamel of Asx (left) and Glx (right) after prolonged exposure to a strong oxidant (NaOCl). Error bars depict one standard deviation about the mean (n=4 or 5). 
[bookmark: _Hlk527487709]The concentration of THAA in enamel decreased rapidly by ~25 % during the initial 6 h of exposure to NaOCl (Figure 7). This rapid loss of organic matter has been reported for other biominerals (Bright & Kaufman, 2011; Hendy et al., 2012; Crisp et al., 2013) and has been attributed to the oxidation of easily accessible organic matter, believed to be present in an open system found between crystallites (Towe and Thomson, 1972). After this point a more gradual decrease in concentration was observed; it is likely that a fraction of organic matter present between crystallites is resistant to the initial exposure of strong oxidant and therefore enamel requires further exposure to fully remove this material. After 72 h of exposure to bleach there is only minimal additional loss of the THAAs.   
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[bookmark: _Ref490403549]Figure 7. THAA concentrations from powdered M. primigenius enamel of Asx (top left), Glx (top right), Val (bottom left) and Phe (bottom right) after prolonged exposure to a strong oxidant (NaOCl). Error bars depict one standard deviation about the mean (n=4 or 5). 
0. [bookmark: _Toc504661810][bookmark: _Toc505612839][bookmark: _Toc510517326]Effect of increased oxidation time on D/L values 
The FAA D/L values for Asx, Glx, Ala and Phe remain relatively constant with increasing exposure time (Figure 8), which is consistent with the trends observed for the FAA concentrations (Figure 6) and indicate the FAA fraction is in a stable, inaccessible environment.
The THAA D/L values for some of the amino acids does not change (Glx and Phe), indicating that the organic material removed by the prolonged oxidation is at a similar level of degradation to that which has been isolated. However, this will most likely not always be the case (e.g. Penkman et al 2007, Ortiz et al., 2018). 
The THAA D/L values for Asx decline gradually to 72 h and then only minimal further reduction is observed. The extent of bound Asx racemization is initially greater than for free Asx (Figure 8). The Asx THAA concentration decreases and the FAA concentration is stable with exposure to NaOCl up until 72 h (Figure 6 and 3) and thus NaOCl is removing the more racemised bound Asx, causing the gradual decrease in Asx THAA racemization.
Studies of molluscan shells and ostrich eggshell have reported that after the intra-crystalline fraction has been isolated, a gradual increase in D/L value is observed with increasing exposure time (Penkman et al., 2008; Crisp et al., 2013), thought to be caused by gradual etching of the calcium carbonate matrix. This D/L pattern is not observed in the sample of enamel, but the gradual loss of amino acids might be caused by the same slow etching of the mineral matrix.
The extent of Asx and Glx racemization in the FAA fraction is less than in the THAA fraction (Figure 8), opposite to that observed in other biominerals (e.g. Penkman et al., 2008; Tomiak et al., 2013) and indicates that the bound amino acids are more racemised than the FAAs. FAAs are expected to be more racemised than THAAs, because with the exceptions of Asx and Ser, most amino acids are unable to racemise in-chain (Stephenson & Clarke, 1989; Takahashi, et al., 2010; Demarchi et al., 2013b) but terminal amino racemise rapidly (Kriausakul & Mitterer, 1978; Stephenson & Clarke, 1989). Free amino acids form as a result of hydrolysis of these more highly racemised amino acids and thus are expected to have a greater extent of racemization. In enamel, in-chain racemization may account for the reversal of trend for Asx but not for Glx, so this is a very interesting observation that may indicate enamel peptides are breaking down in a different way to other biominerals, possibly due to the maturation process in vivo (Robinson et al., 1995; 1998).
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[bookmark: _Ref510968705]Figure 8. Effects of oxidative treatment on the extent of racemization in powdered M. primigenius enamel for FAA (Top) and THAA (bottom) fractions. Error bars depict one standard deviation about the mean (n= 4 or 5).
0. [bookmark: _Toc504661811][bookmark: _Toc505612840][bookmark: _Toc510517327]Intra-crystalline enamel composition
The composition and role of protein in immature dental enamel have been widely studied (Margolis et al., 2006), but little is known about the proteinaceous material that can be recovered from mature/fossil enamel. Mature enamel is acellular and contains a complex mixture of peptides, amino acids and proteins originating from a variety of different dental developmental processes (Robinson et al., 1995). Collagen contamination from the surrounding dentine and cementum poses a risk to enamel AAR dating. Collagen has a characteristically high proportion of Gly (~33%), proline (~12%) and hydroxyproline (10 %; Poinar & Stankiewicz, 1999). The method of analysis used in this study cannot detect proline or hydroxyproline, but the relatively low levels of Gly (< 33 %) observed in the bleached THAA fraction of mammoth enamel (Figure 9) indicates that the amino acids analysed by this procedure have likely originated from mature enamel proteins rather than collagen. The enamel profile also matches that of previously reported fossil enamel from a closely related taxon, Mammut sp. (mastodon; Figure 9).
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[bookmark: _Ref510973982]Figure 9. FAA (Right) and THAA (left) composition of M. primigenius enamel from the Thorpe sand and gravel at Tattershall, from both whole-enamel (top), intra-crystalline (middle), and previously reported mastodon enamel (bottom; Doberenz et al., 1969). Amino acids are coloured differently based on their side-chain properties: Ionisable side-chains with a negative charge (red), ionisable side-chains with a positive charge (blue), non-ionisable side-chains that are polar (yellow) and non-ionisable side-chains that are non-polar (green)
[bookmark: _Hlk527383155]The THAA composition of the unbleached enamel is similar to that of the bleached (intra-crystalline; Figure 9), suggesting that they are made up of an analogous set of proteins. However, there is an increase in the relative contribution of Gly in the intra-crystalline fraction. The concentration of the Gly rich FAA fraction has been shown to be stable upon increased exposure time to bleach (Figure 8), whilst the THAA concentration decreases likely to be due to the loss of the more Gly-poor bound amino acids upon bleaching.
The similar amino acid composition pre- and post-bleaching has been observed in ostrich eggshell (Crisp et al., 2013) but not for other biominerals (Ingalls et al, 2003; Penkman et al., 2008; Demarchi et al., 2013c), where acid-rich proteins are generally enhanced, possibly due to their preferential binding to calcite (Marin et al., 2008). The difference in enamel is potentially a result of different pathways for the structural formation of enamel. 
1. [bookmark: _Toc483164460][bookmark: _Toc504661812][bookmark: _Toc505612841][bookmark: _Toc510517328][bookmark: _Ref513734171]Elevated temperature experiments and fossil analyses to test for closed system behaviour
The process of racemization at ambient diagenetic temperatures occurs over geological timescales, in some cases taking millions of years to equilibrate (Hare & Mitterer, 1967). To study the reaction kinetics of IcPD/racemization in a laboratory, this process needs to be accelerated and all the amino acids in the system need to be accounted for (Collins & Riley, 2000). Bleached and unbleached samples have been analysed to compare the behaviour of the inter- and intra-crystalline fractions of amino acids in enamel (section 4).  
Previous studies of the long-term diagenesis of proteins in other biominerals (e.g. mollusc shells, Penkman et al., 2008; OES, Crisp et al., 2013; corals, Tomiak et al., 2012) have heated samples isothermally in sealed vials containing water; analysis of both the biomineral and the supernatant water thus accounts for all amino acid degradation products. However, bleaching treatment may not isolate a purely closed system of amino acids, as bleached biominerals may also contain quantities of highly resilient proteins from the inter-crystalline fraction (Bright & Kaufman, 2011).  High temperature kinetic and leaching experiments have therefore been undertaken on both modern and fossil enamel to examine their degradation behaviours.
4. Methods for testing for a closed system
Approximately 10 mg of bleached and unbleached powdered tooth enamel from both M. primigenius from the North Sea and a modern E. maximus was weighed into sterile glass ampoules. 500 μL of HPLC grade water was added and the glass vials were sealed. The ampoules were placed in an oven and heated isothermally at 80, 110 or 140 °C for varying times (Table 3). Triplicate samples were analysed for each time-point. 
[bookmark: _Ref506212319]Table 3. Conditions for the heating of powdered enamel. Triplicate samples were prepared for each time point. Bleached samples were agitated in NaOCl for 72 h according to section 4.2.1.
	Sample
	Bleached
	T / °C
	Heating time / h

	Modern Elephant 
	Yes
	140
	0
	1
	2
	4
	6
	8
	24
	48
	72
	96
	120
	

	Modern Elephant
	No
	140
	0
	1
	2
	4
	48
	
	
	
	
	
	
	

	Modern Elephant
	Yes
	110
	0
	24
	48
	148
	240
	384
	480
	720
	840
	963
	1200
	2688

	Modern Elephant
	Yes
	80
	0
	24
	96
	148
	480
	720
	963
	1442
	2160
	3600
	4560
	5760

	North Sea
	Yes
	140
	0
	1
	4
	6
	8
	24
	48
	
	
	
	
	

	North Sea
	No
	140
	0
	1
	6
	48
	
	
	
	
	
	
	
	



After the allotted time, the glass ampoules were unsealed and the supernatant water analysed to detect leaching (section 5.3.1). The water was split into two aliquots (100 μL): One fraction was analysed for the free amino acids present in the water (FAAw) and the other was analysed for the total hydrolysable amino acid content in the water (THAAw). To THAAw samples, HCl (6 M, 20 μL per maximum theoretical mg equivalent of enamel) was added and placed in an oven for 24 h at 110 °C in N2 purged vials. To remove the HCl, samples were placed in a centrifugal evaporator. FAAw samples were dried in a centrifugal evaporator with no further sample preparation. 
Powder samples were weighed out into two fractions for the analysis of the free and total hydrolysable amino acid content in the powders (FAAp and THAAp respectively) according to the optimised procedure outlined in sections 2.4.1-2.5. All sub-samples were analysed by RP-HPLC (section 2.5).
The supernatant water of bleached modern elephant enamel powder isothermally heated at 140 °C for 48 h was concentrated 10-fold and the resultant residue imaged by transmission electron microscopy (TEM). Formvar/Carbon 200 mesh Copper grids were plasma cleaned for 10 seconds in a Harrick Plasma PDC-32G-2. A 3 μL volume of sample was applied to the grid and either removed by blotting after 1 min and left to air dry, or left to dry for 30 min without blotting to increase the sample deposited on the grid. Grids were imaged using a Tecnai G2 12 BioTWIN microscope operating at 120 kV with a Tungsten filament. Some of the TEM plates were overloaded with crystals and thus damaged.
4. [bookmark: _Toc483164462][bookmark: _Toc504661814][bookmark: _Toc505612845][bookmark: _Toc510517333]Leaching of amino acids into the supernatant water
It is expected that during an accelerated degradation experiment, open system amino acids will leach out of the enamel powder; this diffusive loss would also be relevant in the depositional environment (Collins & Riley, 2000). Previous studies have shown that bleaching can significantly reduce the quantity of leached amino acids in similar IcPD experiments (Penkman et al., 2008; Crisp et al., 2013; Ortiz et al., 2018). The concentration of leached amino acids in the supernatant water of bleached enamel is notably lower than observed in the waters of unbleached enamel (Figure 10). This implies that most of the amino acids removed by bleaching are open system and thus can leach out of the enamel during these degradation experiments (Penkman et al., 2008). 
[image: ]
[bookmark: _Ref490416058][bookmark: _Ref528701397]Figure 10. Concentration of FAA (a-d) and THAA (e-h) in supernatant water from heating experiments conducted at 140 °C for both bleached (blue) and unbleached (orange) modern elephant enamel (left) and M. primigenius enamel from the North Sea enamel (right). Error bars show one standard deviation about the mean (modern enamel: n = 2-6; North Sea enamel: n = 2-3).
Mean percentage concentration of Asx, Glx, Ser, Ala, Arg, Ala Tyr, Val & Phe in the supernatant waters of enamel after 72 h were ~5 % of the total starting concentration, which is similar to those recorded for the gastropod Phorcus lineatus (ca. 5%; Ortiz et al., 2018). 
[bookmark: _Hlk527461748]However, the enamel powder used in these elevated heating experiments is very fine and thus small particles can be readily disturbed into the supernatant waters, thereby potentially accounting for some of the amino acids in the water fractions. To combat this, the vials were centrifuged prior to extraction, but this may have not been sufficient. The dried supernatant water of a modern elephant sample was imaged by TEM, which indicated the presence of a crystalline material in the supernatant waters of these experiments (Supplementary information Figure 2). The concentrations of amino acids in the supernatant water are therefore upper estimates of leaching and the actual percentages of leached amino acids is likely to be lower. The results of these leaching experiments indicate that bleaching does significantly minimise leaching during high temperature diagenesis in both fossil and modern material.
4. Intra-crystalline vs whole-enamel D/L values
As expected, in modern elephant enamel, THAA D/L values for intra-crystalline Asx, Glx, Ala and Phe increase over time when heated isothermally at 140 °C (Figure 11). However, the D/L values for the modern elephant whole-enamel (unbleached) proteins initially increased and then plateaued, deviating greatly from the trend observed for the intra-crystalline fraction. Comparable experiments of other biominerals that simulate protein degradation have shown similar patterns, which have been attributed to the early leaching of the more highly racemised FAAs from the whole-shell fraction of gastropod, and ostrich eggshell (Crisp et al., 2013; Ortiz et al., 2018). In contrast, this process does not occur in the intra-crystalline fraction because it exhibits effectively closed system behaviour. The precision of the intra-crystalline D/L values are higher than for the whole-enamel data (cf. error bars, Figure 11), with the higher variability for the whole-enamel data likely to be a consequence of differential leaching of open system material. 
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[bookmark: _Ref528765377][bookmark: _Ref528866886]Figure 11. THAA D/L value of Asx (top) and Phe (bottom) for bleached (intra-crystalline) and unbleached (whole-enamel) modern E. maximus enamel (i and ii) and North Sea M. primigenius enamel (ii and iv) with increasing time when isothermally heated at 140 °C. Error bars depict one standard deviation about the mean (Modern enamel n = 2-6, North Sea enamel n = 2-3). 
In contrast to the modern enamel, there is no significant difference in extent of THAA racemization between bleached and unbleached North Sea enamel heated at 140 °C (Figure 11).  It is likely that the fossil enamel has already lost most of the leachable organics (Figure 10) and thus the whole-enamel protein composition is likely to be instead dominated by the intra-crystalline amino acids. 
[bookmark: _Toc510517339]Elevated temperature FAA vs THAA D/L 
In a closed system, all the diagenetic products of protein degradation are retained within the biomineral up until analysis (Collins & Riley, 2000), the implication of which is that FAA and THAA D/L values should be highly correlated, if enamel is a closed system. 
The FAA and THAA D/L values of Asx, Glx, Ala and Phe are highly correlated at all the temperatures studied (Figure 12). The D/L values for some of the least racemised FAAs could not be determined due to very low concentrations of the D isomer and have therefore been plotted along the axis. The high degree of correlation indicates that the FAA are retained by the biomineral and that leaching is not occurring. This supports the assertion that the enamel proteins isolated via bleaching are effectively operating as a closed system.
[bookmark: _Hlk527462884]In calcium carbonate-based biominerals, the extent of FAA racemization is greater than for the THAA, because most amino acids (except Asx and Ser; Stephenson & Clarke, 1989; Demarchi et al., 2013b) are unable to racemise when bound in chain (Mitterer & Kriausakul, 1984). Except for Phe, this trend has generally not been observed to be true for enamel during these degradation experiments (Figure 12). The extent of racemisation observed for the FAA and THAA fractions of Glx and Ala are very similar and increase in a roughly 1:1 ratio (Figure 12). Mature enamel contains shorter chain peptides than most biominerals due to its maturation processes (Robinson et al., 1995), so the lower average chain length peptides in enamel might explain the similar rates of racemisation between the THAA and FAA fractions. The Asx THAA D/L values are greater than the corresponding FAA values (Figure 12), likely to be due to in-chain racemization (Stephenson & Clarke, 1989).
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[bookmark: _Ref490418786][bookmark: _Ref506382008]Figure 12. FAA D/L vs THAA D/L values for bleached enamel in 140 °C, 110 °C and 80 °C heating experiments for Asx (top left), Glx (top right), Ala (bottom left) and Phe (bottom right). Points plotted on the y-axis are due to concentration of the D isomer being below the limits of detection.
4. [bookmark: _Toc510517334]Intra-crystalline enamel amino acids: kinetic behaviour
Except for Ser, a predictable increase in the extent of racemization was observed in all the amino acids studied (Asx, Glx, Ala, Val and Phe) across the range of temperatures (80, 110 and 140 °C; Figure 13). The racemization of Ser increases rapidly and then falls to lower levels of racemization, which is linked to in-chain racemization and chemical instability of Ser respectively (Akiyama, 1980; Takahashi et al., 2010). This trend of Ser racemization in the intra-crystalline fraction has been observed in elevated temperature studies of other biominerals (Kaufman, 2000; Penkman, et al., 2008; Demarchi, et al., 2013c; Orem & Kaufman, 2011) and is supported by observations in the fossil record (Penkman et al., 2013). 
The mechanism for the racemization of FAAs is thought to predominantly proceed by a carbanion intermediate. The electron-withdrawing and resonance stabilisation capabilities of the substituents attached to the α-carbon are the principal factors in determining the relative order of rates of racemization (Shou & Bada, 1980). However, in a biomineral, the complexity of peptide-bound amino acid diagenesis means that the primary sequence and the chemical environment can also influence relative rates of racemization (Collins et al., 1999). The observed relative order of the rates of racemization of FAAs in solution  has been reported to be Asp > Phe > Ala > Glu > Val (Smith & Evans, 1980);  the heated experiments conducted on enamel in this study show broadly similar trends (Figure 13). 
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[bookmark: _Ref490425140]Figure 13. Extent of racemization of FAAs and THAAs in the intra-crystalline fraction of enamel during 140 (i & ii), 110 (iii & iv) and 80 (v & vi) °C elevated temperature experiments.
[bookmark: _Hlk528904313]Calculation of reaction parameters using elevated-temperature data
The use of AAR as a tool for absolute age estimation requires the relationship between the age and extent of racemization to be described. This can be achieved through mathematically modelling accelerated degradation experiments, or by calibration using direct dating (e.g. radiometric dating) and/or indirect geochronological evidence from the same geographic region (Miller et al, 1983; Murray-Wallace & Bournman, 1990; Wehmiller, 2013). Methods using high temperature experimental data assume that the mechanisms for racemization in situ are synonymous with the process occurring at elevated temperatures, which is not the case for all biominerals (Tomiak et al., 2013). To mathematically describe the kinetic behaviour of enamel proteins, two models have been tested (see supplementary information for full description): reversible first order rate kinetics (RFOK) and constrained power law kinetics (CPK; Clarke and Murray-Wallace, 2006).  The difficulty of fitting the experimental data to these models (see supplementary information section 4) is due to the complexity of the inter- and intra- molecular interactions involved in the degradation of peptide-bound amino acids.  However, Glx can be used to illustrate the consequences of these models.  The activation energy for racemisation for Glx calculated using a CPK method for ostrich eggshell was 147 kJ mol-1 (Crisp et al., 2013) and 141 kJ mol-1 for Patella vulgata (Demarchi et al., 2013c), compared to 123 kJ mol-1 using RFOK and 143 kJ mol-1 using CPK for enamel. The activation energies for different biominerals are likely to be diverse, so it is not surprising that the value calculated for enamel would be different to those of ostrich eggshell and Patella vulgata. The divergence in the values between the models for enamel are significant however; it is therefore difficult to determine the true value for the activation energy.
[bookmark: _Ref513734291]Palaeothermometry using Glx
The relationship between rate of racemization and ambient temperature of the reaction medium (Teff) can be extrapolated to the burial environment provided the kinetics of the racemization reaction and temperature sensitivity of the rate constants are known (Wehmiller et al., 1976; Miller et al., 1983; Oches et al., 1996). To highlight the sensitivity and importance of the choice of mathematical model for estimating kinetic parameters, 13 proboscidean enamel samples with well constrained temporal assignments from the UK, plus a modern Asian elephant tooth (E. maximus), have been used to estimate the effective diagenetic temperature of the fossil samples (Teff) in the UK over the last 2 Ma using RFOK (Figure 14) and CPK. Using RFOK, Teff is calculated to be -10 °C and using a CPK model Teff is 1 °C (Figure 15).  These predicted temperatures are unlikely; comparable experimental data and palaeoclimatic data indicate ranges of 8-10 °C are more realistic (BGS report, 2011) for interglacial periods, with glacial temperatures likely to be 1.1 ±2.5 °C (Kaufman, 2003).  Not only is there a significant discrepancy between the temperatures obtained using the different models, the absolute values indicate that the assumption of similar kinetics over these temperature ranges may not be valid. 
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[bookmark: _Ref506985722]Figure 14. Linearised relationship between age of fossil enamel from UK sites and transformed D/L value assuming RFOK (left) and CPK (right).
[image: ]
[bookmark: _Ref506970577]Figure 15. Arrhenius plot used to calculate the activation energies using RFOK and CPK. Effective temperatures of the fossil UK samples have been calculated using each of the models using the rate of reaction of enamel fossil material. 
3. [bookmark: _Toc510517338][bookmark: _Ref513734293]Enamel fossil data and comparison to Bithynia opercula heated experiments
[bookmark: _Hlk527464404]To understand the kinetics in more detail, the patterns of racemization in enamel were compared to those obtained from Bithynia opercula, using both fossil samples and elevated temperature experimental data.  The extent of racemization in fossil proboscidean enamel increases with independent evidence of age, but is considerably lower than in Bithynia opercula when compared to samples from the same deposits (Figure 16). The lower rates of racemisation in enamel (cf. Bithynia) suggest that the enamel AAR may be able to be used as a relative dating technique over longer time scales than Bithynia. However, this will likely be balanced by a lower temporal resolution due to the slower rates yielding smaller incremental changes over time.  
The rates of racemization are very similar between the two biominerals in the elevated-temperature experiments (Figure 17). This indicates that the patterns of racemization in enamel and opercula are not consistent between elevated temperatures and in the depositional environment. The lack of concordance between the two data sets shows that these elevated temperature experiments do not fully describe the degradation mechanisms in the depositional environment for enamel. If the rates of reaction calculated in elevated temperatures are not appropriate for extrapolation to the burial environment, then irrespective of how accurately a mathematical model is describing those rates, derivation of absolute age estimates using the kinetic parameters calculated in this manuscript is therefore inappropriate. 
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[bookmark: _Ref511647730]Figure 16. Extent of racemization in fossil enamel (orange) and Bithynia opercula (blue) IcPD from a range of UK sites. Sites have been selected to give a broad range of ages spanning the Quaternary. 
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[bookmark: _Ref509313608]Figure 17. Extents of THAA racemization in proboscidean enamel plotted against Bithynia opercula values for both elevated temperature experiments at 140, 110 and 80 °C (blue, orange and grey respectively), and for fossil data from sites where both opercula and enamel could be compared. Opercula elevated temperature data points have been plotted against their equivalent time point from the enamel study (at the same temperature).
1. [bookmark: _Toc510517340]Conclusions
A simple protocol for amino acid analysis of enamel has been developed, involving a biphasic separation of the inorganic species (originating from the mineral matrix) from the amino acids. This enables the routine analysis of fossil enamel proteins via a RP-HPLC method. Crucially the method does not greatly influence the amino acid composition and does not alter the amino acid D/L values.
A fraction of amino acids, stable to prolonged exposure to a strong oxidant has been isolated (ca. 72 h exposure to NaOCl) and has been shown to exhibit effectively closed system behaviour during simulated degradation experiments. Only minimal leaching of amino acids into the supernatant water was observed during diagenetic experiments (ca. 5%), and at least part of that total is due to the presence of small crystals of enamel suspended in solution. 
[bookmark: _Hlk527464726]Elevated temperature studies have shown that enamel intra-crystalline amino acids follow predictable trends of racemization and breakdown, but the divergence with patterns observed in fossil enamel indicate that different mechanisms are prevailing at lower diagenetic temperatures. This therefore limits the ability to use high temperature experiments to calculate relevant kinetic parameters. However, the predictability of the diagenetic behaviour of enamel amino acids in both the fossil and elevated temperature experiments indicate that analysis of the intra-crystalline protein fraction of enamel is suitable for relative amino acid geochronology over Quaternary timescales. 
In conclusion, we present here a new preparative method for the routine analysis of closed system amino acids from fossil enamel. This technique has the potential to build geochronologies for time scales on the order of millions of years, and therefore to directly estimate the age of mammalian material for time periods where previously has not been an applicable technique. 
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