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Abstract

Sealevel records of past interglacials are important archives for understanding long term
mechanisms of selavel changgandfor informing predictions diuture sealevel riseLinking sea

level records to the global climate record is essential for assessing processes, leads and lags in the
climate systemiHowever, these fragmentary deposits are often challenging to date. Amino acid
racemisation dating (AAR, also known as amdib geochronology) &techniquecommonlyused

to datePleistocenaleposits. Recentlymprovements in AAR have been made by isolating an

WA YONEBIA G F £ £ Ay SQ , WhKiinQértair bjomiBefaladtdMRlds&disys@medudng

the variabiliy of AAR result3his thesis aimed to assegisether the intra-crystalline approach

improves the reliability of AAR in calcareous foraminifera, and whether this class of biomineral can
be used toriformthe chronology of Pleistocene skearel depositsA combination of oxidative pre
treatment experiments and higiemperature decomposition experiments were therefore carried

out on several species of foraminifera commonly preserved in Pleistocelevsk@cords.

These experiments found that biomineral fgia in the foraminifer species investigated undergoes
predictable patterns of breakdown, making these species suitable substrates f@oh&Rry to
observations irseveral other calcareous biomineraldgstivorkfound nosubstantial differencgin
performancebetween the wholeshell and intrecrystalline approaches to AAR. A weak oxidation
pre-treatmentusingHO,, common inthe preparation of foraminifera for AARas thereforeused

in the development of a pilot aminostratigraphy of UK Pleistocenkegebrecords. The majority

of the AAR results from this pilot study were consistent with the known chronology of the sites,
with the exception of samples which showed indications of contamination. These results
demonstrate the importance of analysing ay&numbel(>x10) of replicate samples where

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

foraminifera from Pleistocene sé=vel records.
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Fig. 1.7 Derivatisation of an amino acid wikhisobutyryiL-cysteine (IBLC, a chiral compound
which converts the aminacid epimer into an enantiomer) anephthaldialdehyde (OPA, a
fluorescent tag enabling detection), used by Kaufman and Manley (1998).......................45

Fig. 1.& Different positions of amino acids in a peptide chain and as a free amino.acid...47

Fig..cwl OSYAal GA2y 2F | FTNBS |-prooy @stractoh,Rormint & A (0
planar carbanion intermediate (adapted from Bada and Schroeder (1975))................uu..c a7

Fig. 1.10; lonic forms ofin amino acid; in solution these forms are present in equilibrium, with the
proportions of each form depending on the properties of the amino acid and the pH of the
LYo ] L1 (0] o T 48

Fig. 1.1k, Gterminus carbanion intermediate stéibation by formation of a fivmmembered ring
(adapted from Smith and Evans (1980))........uuuuuuumuumiiiimmmmiiiiiiiitiiiiiniiienenesceeeseeeeeeeeneeeneeeees 49

Fig. 1.12; Diketopiperazine formation and decomposition (adapted from Steinberg and Bada
(1S5 2C ) ) USSP 50

Fig. 1.13; Siccinimide formation and decomposition, where X is OH (aspartic acid} or NH
(asparagine); a) reformation of the aspartyl residue, b) generation of an isoaspartyl.residbe

Fig. 1.14; Hydrolysis of a peptide bond to generate-a@ Nterminus...............cceevvvvvvvnceee. 51

Fig. 1.15 Amino acid decomposition pathways: a) reductive deamination; b) decarboxylation; c)
oxidative deamination; d) CONAENSALIQN...........cciiieiiiiiiiceeeee e eee e e et e e e 53
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Fig. 1.16; Decarboxylation reactions of @B[IC aCid.............ccccoiiummmmimmmmiiiiiiii e 55
Fig. 1.1¢ Decomposition of glutamic acid vidactam formation...............cccoeeeeeiiiicccceeeeeeen 55

Fig. 1.18; Decomposition of the hydroxy amino acids serine and threonine by dehydration (top)
and aldol cleavage (baiin) (from Bada et al. (1978))-......coveeeirmmiiiiie et eeee 56

Fig. 1.19; Schematic representation of the pH dependence of amino acid racemisation in solution
(adapted from Bada (L1970)) ... ... mmmmeii e mmmn bbb e 58

Fig. 1.20; Formation and structure of test chambers in calcareous foraminifera (adapted from
IS 7 4G W= 0= I 2401 K ) TS 61

Fig. 2.1¢ Typical RIMPLC chromatogram of a 0.5 D/L standard amino acid solution with quantified
amino acids labelled-HArg (kthomaarginine) is the internal standard...............ccccceei e 68

Fig. 2.2, Typical UHPLC chromatogram of a 0.5 D/L standard amino acid solution with quantified
amino acids labelled-HArg (Ehomo-arginine) is the internal standard..............cccccovvvvvmnn... 69

Fig. 3.1 Location of MD92288 and MD92289 IMAGES cores in the Norwegian Sea. Isobath
depths in metres; bathymetry data from NOAA..........oooiiii e 14

Fig. 3.2, Bayesian age depth model (Blaauw and Christeny, 2011)X¥d863 cm of core MD99

2289. Radiocarbon ages are shown in blue; NGRIP tie points and tephra zones are shown in teal.
¢KS RIN)] o0fdsS tAyS aK2ga (KS Y2RStQa ¢SA3IKGS
probability INTEIVAIS.........coo o 75

Fig. 3.3 Trends in concentration of total hydrolysable amino acids ([THAA]) with increasing bleach
time for Nps at three core depths: a) 250 cm, b) 500 cm and c¢) 1450 cm. Dots show individual
replicates; bars show means of all replicates at #awhand depth point. Where data are absent,

this is because experiments of this duration were not carried.Qut................coooicceereviinnnnnn. 81

Fig. 3.4 The effect of increasing exposure to bleach on total hydrolysable amino acid (THAA)
composition of Npgests at three core depths (analysed using IEC). While there is some variability
in the THAA composition in the first 48 hours of bleach exposure, no clear compositional changes
are caused by oxidation. Due to poor separation of Ser from Thr using HeGyrtfieo acids are
FEPOIEA TOGETNET - ... ommm e 82

Fig. 3.5 Trends in A/l value with increasing bleach timeNjesat a) 250 cm, b) 500 cm and c)
1450 cm. Dots show individual replicates; bars show means of all replicates at eacldtifaptan
point. Where data are absent, this is because experiments of this duration were not carried out,
with the exception of 360 hours at 500 cm, where none of the samples had resdlequbaks.

An increase in A/l is observed betweerd®4hours at 28 cm, while bleaching has no clear effect
on A/l at 500 €M aNd L1450 CIM.uuuuniiieiieieiiie e e et e e e e e e e e eeabmmmn e e e eeeeeeessnnn e eeesmmmmeees 83

Fig. 3.6; Down core trends in total hydrolysable amino acid concentration of bleached and
unbleached Nps tests (analysed USINGHRBC).............ooiiiiiiiiiiiiceeeceee e eee et e eeeeees 84

Fig. 3.7 Downcore compositions of unbleached and bleached (48 h) Nps tests analysed by IEC,
showing a relatively stable composition of both the whole and-oryrstalline fractions of amino
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acids. Due to poor separation of Ser from Thrquds€, these amino acids are reported together.

Fig. 3.8 Downcore trends in A/l for Nps analysed by IEC: a) A/l against depth showing samples
taken between 12951.5 cm (corrected depth); b) A/l against age for samples beteseen 120
1863 cm, the range of the age model for the core Ege3.2 Horizontal lines show Jage error
from age model. Bleached samples were subjected to 48 h NaOCI exposure. A locally weighted
smoothing (loess) function has been applied (saol@ tio highlight the differences between the
racemisation trends for bleached and unbleached NpS..........cccoooiiiiiicceeiiii e 86

Fig. 3.9; Trends in racemisation for four amino acids (i) Asx, ii) Glx, iii) Seranaljysed by RP

HPLC. a) D/L against depth showing samples taken betwe&®b1® cm (corrected depth); b)

D/L against age for samples taken betweenl283 cm, the range of the age model for the core
(seeFig. 3.2 Horizontal lines show Jhge error fom age model. All four amino acids have higher

D/L values for bleached than unbleached Nps in older samples. Bleached samples were subjected
to 48 h NaOCI exposure. A locally weighted smoothing (loess) function has been applied to
highlight the differencebetween the racemisation trends for bleached and unbleached.N&8

Fig. 3.10; Trends in racemisation for four amino acids (i) Asx, ii) Glx, iii) Ser, iv) lle) analysed by RP
HPLC for the youngest part {60 ka, 161500 cm) ofhe core: a) D/L against depth; b) D/L against
age. Horizontal lines show age error from age model. During this early stage of racemisation D/L
values are similar between bleached and unbleached Nps for Asx, GIx and Ala. Bleached samples
were subjectedo 48 h bleach exposure. A locally weighted smoothing (loess) function has been
applied to highlight the differences between the racemisation trends for bleached and unbleached

Fig. 3.1k Covariance of Asx and GIx D/Lbleached and unbleached Nps analysed BHREC,
showing decreased variability of D/L values on bleaching for young material (Asx D/L < 0.2). A
locally weighted smoothing (loess) function has been applied to show the general trends of the

Fig. 3.12; Relationship between IEC lle A/l aneHBR.C amino acid D/L values, modelled by log
transformed linear regressions. Lines represent thedgpsific and pooled linear regressions;
shaded envelopes are prediction uncertaidl A S& dzAAy 3 | WRdzYspecifc R G|
regressions (as used by Whitacre et al. (2017)) and the Nps data set for the pooled regré&Xions.

Fig. 4.1c Concentration of total hydrolysable amino acids ([THAA]) in unbleacf@ddHication
only) and oxidized%O, or NaOCI) samples of saibdernAmmoniaspp, H. germanicandE.
williamsoni Weak oxidation (#,) experiments were not carried out far wiliamsoni Dots show
individual replicates; bars show means of all replicates. ...l 99

Fig. 4.2Z; Relative proportion of wetkesolved amino acids (% [THAA]) inswddernAmmonia

spp, H. germanicandE. williamsonover the course oéxtended exposure to 12% w/v NaOCI.
Amino acids are shown in order of elution. Ehevilliamsormsamples were analysed using UHPLC,
which resolves amino acids somewhat differently t¢HRRBC (seBection 2.% therefore its
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composition is not directly oaparable tcAmmoniaspp. orH. germanicaPoorly resolved amino
acids (Thr, His, Arg and Met) have been excluded..............ccooii i e, 100

Fig. 4.3; Proportion of Asx and Gly in unbleacheg)(ldonication only) and oxidizé4Q, or
NaOCI) samples sfibmodernAmmoniaspp.,H. germanicandE. williamsoniWeak oxidation
(HO,) experiments were not carried out far williamsoniError bars show 1 standard deviation
(). Dots show individual replicates; bars show means of all replicates. The@mliegp
proportion of GIx, Ser, Phe and lle is giveRppendiX 2..............ccoeiiiiiiiicccc 101

Fig. 4.4 Relative proportion of amino acids (% [THAA]) imsodernAmmoniaspp andH.
germanicdreated with an oxidising agent for 4 hours. Four diffepettreatments were used:
Sonication only (unbleached, U), 4 h 3#,k8H), 4 h 30%48, (30H), and 4 h 12% NaOCI (12N).

Fig. 4.5 Asx, Glx, Ser, Phe and lle THAA DXmimoniaspp.,H. germanicandE. williamsoni
treated with various oxidising ageni#/eak oxidation (}0,) experiments were not carried out for
E. williamsoniotherwise where bars are missing, it is because the respectiv@rio acid was not
detected in any of the samples at that time pots show indidual replicates; bars show
MEANS Of All FEPIICALES..... ..o e e e e e e e mern e e e e eaae s 103

Fig. 4.6; Effect of pretreatment on total hydrolysable amino acid concentration ([THAA]) in
Pleistocenémmoniaspp. ancH. germanicgn = 10 for each préreatment). Boxeshow the
median and the first and third quartiles; the whiskers extend to the minimum and maximum
values, with samples beyond 1.5 times the interquartile range treated as outliers (points). U:
unbleached (sonication only); 3H: BB@;; 30H: 30%1+L0;; 12N:12% NaOCI. All oxidative pre
treatments had a duration Of 2 NOUIS.........cooiiiiiiiii e eree e 106

Fig. 4.7 The effect of prdreatment on the relative proportion of amino acids (% [THAA]) in
Pleistocenédmmonia pp. andH. germanical: unbleached (sonittan only); 3H: 3%L0,; 30H:
30%H0O,; 12N: 12% NaOCI. All oxidative-peatments had a duration of 2 hours............... 107

Fig. 4.8 Variability of the relative proportion of amino acids (% [THAA]) for Asx, GIx, Ser, Gly, Phe
and lle wih each pretreatment for Pleistocendmmoniaspp. andH. germanicaError bars

representt 1" around the average % composition. U: unbleached (sonication only); 3£H03%

30H: 30%,0;; 12N: 12% NaOCI. All oxidative-freatments had a duration of 2ohrs........... 107

Fig. 4.9; Effect of pretreatment on Asx, GlIx, Ser, Phe and lle D/L of Pleistbteyermanicand
Ammoniaspp. 6 = 10 for each préreatment). Boxes show the median and the first and third
quartiles; the whiskers extd to the minimum and maximum values, with samples beyond 1.5
times the interquartile range treated as outliers (points). U: unbleached (sonication only); 3H: 3%
HOy; 30H: 30%10,; 12N: 12% NaOCI. All oxidative-peatments had a duration of 2 hour409

Fig. 4.1Q; Coefficient of variance (standard deviation / mean) of the D/L values of Asx, GlIx, Ser, Phe
and lle of miePleistocenédmmoniaspp. andH. germanicasubjected to a range of ptesatments
(N= 10 for each PrrEatMENL). ..... ... mmme e mmen e 111

Fig. 5.1¢ Relative concentrations (amino acid peak area divideehdyd peak area) of key amino
acids in blank set X (blanks analysed alongside 110°C suite of experiments) and blank set Y
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(separate suite of 10 blanksdted to 110°C for 5 days). Boxes show the median and the first and
third quartiles; the whiskers extend to the minimum and maximum values, with samples beyond
1.5 times the interquartile range treated as outliers (POIMLS).........cccevvvirviiicceeeeeeeiiinnn. 124

Fig 5.2¢ Concentration of key amino acids in unbleached (whloél) and bleached (intra

crystalline) samples and analytical blank set Y (set of 10 blanks heated for 5 days). Samples from
both speciesAmmoniaspp. andH. germanicg and across the full mge of time points at 110°C,

have been combined in this figure to show the range of amino acid concentrations detected in this
suite of experiments. The concentration of amino acids in the blanks is calculated using an assume
WA YLIX S &aAl 8e€shéwkthe enadiar éhd thedirgt and ghird quartiles; the whiskers

extend to the minimum and maximum values, with samples beyond 1.5 times the interquartile
range treated as outliers (points). The upper Gly whisker on the THAAf graph has been truncated tc
allow easier comparison of the lower concentration amino acids. Left: free amino acids in
foraminifer fraction (FAAf); right: total hydrolysable amino acids in foraminifer fraction (TI2BAT).

Fig. 5.3 Concentration of Asx, Gdnd Ser and total amino acids in unbleached (whkbédl) and
bleached (intrecrystalline)Ammoniaspp. during 110°C heating experiment. The bars show the
average concentration of each fraction over time; the points show individual replicates. The
averageotal concentration of amino acids in blank set Y esetion 5.3.1)1 given an assumed
sample size of 60 tests, is shown as a dark orange line; the pale orange lines areund the
mean of the blank amino acid concentration. Note the individaaig/range for each plot. Upper:
free amino acid (FAA) fraction; lower: total hydrolysable amino acid (THAA) fraction......127

Fig. 5.4 Concentration of Asx, Gly and Ser and total amino acids in unbleachedg¢h&ifland
bleachedintra-crystallineH. germanicauring 110°C heating experiment. The bars show the
average concentration of each fraction over time; the points show individual replicates. The
average total concentration of amino acids in blank set YS@etion 5.3.1)1 given an assumed

WalYLXS &aAT1SQ 2F cn GSadtas Aa akKz2gy +a | RIN
mean of the blank amino acid concentratiblote the individualyaxis range for each plot. Upper:
free amino acid (FAA) fraction; lexwtotal hydrolysable amino acid (THAA) fraction.......... 128

Fig. 5.5 Total concentration of amino acids in bleached (totyestalline)Ammoniaspp. andH.
germanicaduring 140°C heating experiment. The bars show the average conicantfaeach

fraction over time; the points show individual replicates. The average total concentration of amino
acids in blank set Y (sBection5.3.14> 3IA PGSy |y | aadzySR WwWal YLX S

dark orange line; the pale orange linéé® 5 ™M = | NBRdzyR (GKS YSIy 27
concentration. Upper: free amino acid (FAA) fraction; lower: total hydrolysable amino acid (THAA)
7= Lox 1T o 129

Fig. 5.6; Concentration of Asx, Gly and Ser and total amino acids in supernatant waters from
unbleached (wholshell) and bleached (int@ystalline)Ammoniaspp. during 110°C heating
experiment. The bars show the average concentration of each fraction overhtenymints show
individual replicates. The average total concentration of amino acids in blank seS¥ctiare

5310 > 3IAGSY Iy l&dadzyYSR WwWalyYLXS arxi sSqQ 2F cn
fAySa INB 5 ™ °  lahkadiyRcidicéh&ntréatdt. Mote2h€ individukiso
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range for each plot. Upper: free amino acid (FAA) fraction; lower: total hydrolysable amino acid
[ 7Y A I = U 1o o TSRS 131

Fig. 5.7¢ Concentration of Asx, Gly and Ser and tatgéha acids in supernatant waters from
unbleached (wholshell) and bleached (int@ystalline)H. germanicaluring 110°C heating
experiment. The bars show the average concentration of each fraction over time; the points show
individual replicates. The aage total concentration of amino acids in blank set Y§eetion

53103 3IAQGSY |y |aadzYSR WalyYLX S aaxi SQ 2F cn

fAySa INB p M ° FNRdzyR GKS YSIty 27 didy@xisof I y1
range for each plot. Upper: free amino acid (FAA) fraction; lower: total hydrolysable amino acid
[ 7Y A I = T 1o ) TSRS 132

Fig. 5.& Concentrations of a) free (FAA) Asx and b) total hydrolysable (THAA) Asx in unbleached
(whole-shell) and bleached (int@ystalline)Ammonia sppandH. germanicdiomineral powders

and the supernatant water in each vial during 110°C heating experiments. The shaded areas show
the average concentration of each fraction over time; the pointasshdividual replicates. Note

the different yaxis ranges used for the unbleached and bleached graphs. Corresponding figures for
Dfex {SNJIFYyR Fff I YAYyApendkARSE...0.W.0.2.0..£.Q0.18Fy o

Fig. 5.9; Change in compdgin of free (FAA) and total hydrolysable (THAA) amino acids in
unbleached (wholshell) and bleached (int@ystalline)Ammoniaspp. andH. germanicaluring
110°C heating experimentaXis labels show the time points for which data were collected. Arg,
Tyr, Met, His and Thr are poorly resolved usinlREC, and have therefore been excluded.34

Fig. 5.10; Percentage of amino acids in free state (% FAA) for Asx, Glx, Gly, Ala, Leu and all amino
I OAR& 6Wi2il t Meshel)¢nd dvachédSint@ystaliRe Ainddaiaspp., heated to

Fig. 5.1X Percentage of amino acids in free state (% FAA) for Asx, Glx, Gly, Ala, Leu and all amino
I OARAa 6 WG20Gl {-@stallikepAmohidsppd kestdd tod 405Ci Ll was not detected
in any FAA samples heated for Iess than 1.day..............uuueviiiceeeieiiiiiiiiiiiiiiiiiieeeeeeee e 136

Fig. 5.12; Percentage of amino acids in free state (% FAA) for Asx, Glx, Gly, Ala, Leu and all amino
I OAR& 6 Wi 2 i (vih6leshel) ¥nd bisachédSinteyt&lliReH. germanicaheated to

Fig. 5.13; Percentage of amino acids in free state (% FAA) for Asx, Glx, Gly, Ala, Leu and all amino
I OARA& 6WaG20l {-dstallikgyH. gerindhlcabéatedyo 1L AO.N.................. 137

Fig. 5.14; Racemisation of Asx, Glx, Ser, Ala, Val, Phe, Leu and lle in the free amino acid (FAA) an
total hydrolysable amino acid (THAA) fractions of unbleached (shelg and bleached (ira-
crystalline)Ammoniaspp. andH. germanicat 110°C. Samples with an amino acid concentration
0St2¢ GKS I'@SNIr3IS b m ~ 27F..0KS..00.Ly].4..11408 KA

Fig. 5.1% Racemisation of Asx, Glx, Ser, Ala, Val, Phe, d¢ie amthe free amino acid (FAA) and

total hydrolysable amino acid (THAA) fractions of bleached-@nystalline)Ammoniaspp. andH.
germanic@ KSI 4GSR G2 wmnnc/ @ { YL S&a 6AGK |y | YAy?
the blanks are highlged iN Orange...........uuuii oo e 141
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Fig. 5.16; Covariance between D/L values in the free amino acid (FAA) and total hydrolysable
amino acid (THAA) fractions for various amino acids in unbleached-ghktjeand bleached
(intra-crystalline)Ammoniaspp, heated to 110°C. Samples with either an FARHAA
O2yOSYyiGNI A2y o0St2¢g GKS I gSNIF3IAS. . bh..m.. .28 (KS

Fig. 5.1% Covariance between D/L values in the free amino acid (FAA) and total hydrolysable
amino acid (THAA) fractions for various amindsaia unbleached (wholhell) and bleached
(intra-crystalline)H. germanicaheated to 110°C. Samples with either an FAA or THAA
O2yOSy iGN GA2Y 06St2¢ GKS @SN 3IS. . h..M... .. A8 (GKS

Fig. 5.18, Covarance between Asx D/L and other amino acids in unbleached (sl and

bleached (intrecrystallineAmmoniaspp., heated to 110°C. Samples with either Asx or another
FYAYy2 | OAR O2yOSY(iNYXidAzy o0St2¢ GKS ¢é.O®&l IS b
free amino acids (FAA); lower: total hydrolysable amino acids (THAA)..........ccccceiieemennns 145

Fig. 5.19; Covariance between Asx D/L and other amino acids in unbleached-ébt))eand

bleached (intrecrystallineH. germanicaheated to 10°C. Samples with either Asx or another
FYAYy2 | OAR O2yOSYidNridAzy o06Stz2¢ (GKS | dSNIF IS b
free amino acids (FAA); lower: total hydrolysable amino acids (THAA)............oooivieeeeis 145

Fig. 5.2@; Comparisn between racemisation of Asx, Glx, Ala, Phe and Leu in unbleached (whole
shell) and bleached (int@ystalline)Ammoniaspp., heated to 110°C. The solid line shows the
average D/L over time; the points are individual replicates. Samples with aminora@dtrations
0St29s GKS FTOSNIXr3asS b m ° 2F GKS o6fly]l INB aKz
right: total hydrolysable amino acids (THAA).........uuuiiiiiiiiceee i eeee e 147

Fig. 5.2k Comparison between racemisation of Asx, Glx, Ala, Phe and Leu in unbleached (whole
shell) and bleached (inti@aystallineH. germanicaheated to 110°C. The solid line shows the

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

O2y OSYyiGNI A2y 61 a& 0St2¢g GKS FGSNIXr3aIsS b m ° 27
amino acids (FAA); right: total hydrolysable amino acids (THAA).............uuvvicemeiiiiiiininns 148

Fig. 5.22 Comparison between racemisation of Adx, @la, Phe and Leu in FAA and THAA
unbleached (wholshell) and bleached (inti@ystalline)Ammoniaspp. andH. germanicaheated

to 110°C. The solid (unbleached) and dashed (bleached) lines show the average D/L over time; the
closed (unbleached) and ep (bleached) circles are individual replicates. Note that samples with
F'YAYy2 | OAR O2yOSYyuNrGA2Yy 06St2¢ GKS I @SNF3IS b

Fig. 5.23; Comparison between amino acids (Asx, 8la, Phe, Leu) in different fractions (FAA and
THAA, unbleached (whedbell) and bleached (intrerystalline)) oAmmoniaspp. andH.

germanica heated to 110°C. The solid (unbleached) and dashed (bleached) lines show the average
D/L over time; the cked (unbleached) and open (bleached) circles are individual replicates. Note
GKFG Al YLX S& 6AGK FYAy2 OAR O2yO8yGNI (GA2Yy o
highlighted in this graph....... ... e e 150
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Fig. 5.24, RFOKof Asx, &, Ala, Phe and Leu for unbleached (wstlell) and bleached (intra
crystalline)Ammoniaspp., heated to 110°C. The solid lines show the linear regression between

time and-In[(%-X)/8 T (G KS &KIFIRSR NB3IA2ya aKz2g¢g 5 amd = | NJ
Leu have been excluded due to missing FAA D/L values at early time poiSectmee5.3.42
..................................................................................................................................... 152

Fig. 5.25, RFOKof Asx, Glx, Ala, Phe and Leu for unbleached (v8hel® and bleached (intra
crystallineH. germanicaheated to 110°C. The solid lines show the linear regression between time
and-In[(-X)/%6 T GKS aKFIRSR NBXIA2yE aK2g 5 M | NBdz
have been excluded due to missing FAA D/L values at early time poil8e¢ten 5.3.2).....153

Fig. 5.26; Optimisation oh for SPK and CPK models applied to Asx in unbleached-ghbije
and bleached (intrarystalline)Ammoniaspp. andH. germanicaheated to 110°C. Orange
diamonds show the value ofwith the highest Rvalue. Optimisation was carried out with values
of nbetween 0.1 and 10, in iNCrements Of Ql.......oieniiuiiiii e mem e e e 155

Fig. 5.2°¢ SPK of Asx for unbleached (whsiell) and bleached (int@aystalline)Ammoniaspp.
andH. germanicaheatal to 110°C. Lines show linear regression between time afigvidikre

the value ohis optimised to provide the highest value é{$eeFig. 5.2 The shaded region
aK2ga4 5 M FNRdzy R...0.K.S.. .. AM.SL.NI.NBEINE.AAAAFD

Fig. 5.28; CPK bAsx for unbleached (whe#hell) and bleached (interystalline)Ammoniaspp.

andH. germanicaheated to 110°C. Lines show linear regression between timéngfid-D/L]/[:

D/L]), where the value afiis optimised to provide the highest value é{se Fig. 5.2 The

aKI RSR NB3IA2Yy aK2ga p M ° | NRPdzyR GKS-afish y S| NJ
range, so the slope of each linear regression should not be directly compared............... 156

Fig. 5.29; Comparison between lof Asx, estimated by each of three models (reversible first order
kinetics (RFQ)K simple power law kinetics (SPK), and constrained power law kinetics (CPK)), for
unbleached (wholshell) and bleached (int@ystalline)Ammoniaspp. andH. germanicaheded

to 110°C. Note the logarithmieakis SCAlE.............eeuriiiiiiiiiieeeeieiiiieeeeeeeeeee et eree e 157

Fig. 6.1c Location of UK Pleistocene dewel sites analysed in this study. Study regions inset: West
Sussex Coastal Pla8e¢tion 6.3.8 Nar ValleySection 6.3.% March Gavels Section 6.3.5....163

Fig. 6.X [L-Ser]/[-! AaE8 @& ! &EX DfE | yR { SNJ 5« [ElpHidimd | £ f
& LILJPQ A y ExdhidzR§pp. (not Biénffied to species level) @adwilliamsoniThe vertical
lines show [iSer]/[LLAsx] values of 0.8 and L.2..........ccooeviiiiiiiicccc e eeme e 167

Fig. 6.3 Covariance of Asx with GlIx, Phe, Leu and lle D/L in THAA (total hydrolysable amino acid)
fraction ofAmmoniaspp.,Elphidiunmspp. (includinde. williamsoniandH. germanicafrom UK
Pleistocene sekevel sites. Samples treated withQW(dark blue) were analysed using UHPLC;
samples treated with NaOCI (pale blue) were analysed usiHfRP. Samples with$er]/[L-Asx]

> 0.8 are SNOWN 8S OPEN CIFCIES....oeuieii et ceee e e e e e oo 169

Fig. 6.4 Asx vs GIx D/L covariance for THAA (total hydrolysable amino acid) fraétiomafia
spp. samples from various UK Pleistocene sites. Samples witBexj/[lLAsx] value > 0.8 are
highlighted as open shapes. BB: Burtle Bed8IB&kborough End Quarry; BH: Bradmoor Hill; ELY:
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{2YSNBKFYT 2{{Y 2Sa0 {INBS«2 REHNYyDST (GISNX | If dz¥
SeeTable 6.JandTabe 6.2for additional site details...........cooeeevviiiiiiiimme e 171

Fig. 6.5¢ Asx vs GIx D/L covariance for THAA (total hydrolysable amino acid) fraldtion of
germanicasamples from various UK Pleistocene sites. Samples wittsan|/[l-Asx] value > 0.8

aNB aK2gy lFa 2Ly akKlLSad ..Y .dNIftS . SRaAaT 9]
NP: Northam Pit; PP: Portfield Pit; RC: Railway Cottage; WF: West Face Quarry; WSS: West Stree
{StasSeT 19Y | dyy20RSS\NNJOM (ivokl (INSEN. BéeT affie26NEndT ablé BIHONJA &
additioNal Site AETAIIS. ... ... ii e e errn e s 172

Fig. 6.6; Asx vs GlIx D/L covariance for THAA (total hydrolysable amino acid) fraEtion of
williamsoniand Elphidiunspp. (not identified to species level) samgtesn various UK Pleistocene
sites. Samples with an-8er]/[l-Asx] value > 0.8 are shown as open shapes. BB: Burtle Beds; BE:
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NF: Norton Farm; PP: Portfielitt RC: Railway Cottage; WSS: West Street, Selsfaliied.1
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Fig. 6.7 THAA Asx vs GlIx D/L values for all foraminifer samples from UK Pleistocene sites (see
Table 6.-andTable 6.2, andB. tentaculataopercula samples (dark red) from Horse Fen (Barlow et

al., 2017), Earnley (Penkman (unpublished datajTable 6.3 Kinda 5&1 S v dzZ NNE 0t
(unpublished data); seBable 6.6 and West Face Quarry and Somersham (Penkman et al. (2013),
Presslee (unpublished data); Seable 6.6. Averagd. tentaculataopercula D/L values for UK
Pleistocene sites in Penkman et al. (904Bere GIx D/L < 0.5 are shown in pale red to

demonstrate the different racemisation trajectories of the two biomineral classes. Foraminiferal
samples with an {Ber]/[:Asx] value > 0.8 are highlighted as open circles. The dashed line shows a
1:1 relationship between Asx and GIX D/L.........cooiiiiiiiiiiicee e 174

Fig. 6.8 Asx vs GIx and lle D/L covariance for THAA (total hydrolysable amino acid) fraction of
Ammoniaspp.,H. germanicandE. williamsonirom West Sussex Coastal Plain sites. ELY: Earnley;
NF: Norton Farm; PP: Portfield Pit; WSS: West Street, Selsey. SampleSevjti-Asx] > 0.8 are
flagged as open circles. All foraminifer AAR results are shown in grey for compariSactieae
6.3.2for Asx vs GlIx D/L plots of each species witlited labelled)...................cccceeee . 177

Fig. 6.9; Asx vs GlIx and lle D/L covariance for THAA (total hydrolysable amino acid) fraction of
Ammoniaspp.,H. germanicandElphidiunspp (not identified to species level) from Nar Valley

Clay sites. BBlackborough End Quarry; BH: Bradmoor Hill; HF: Horse Fen; RC: Railway Cottage.
Samples with BSer]/[l-Asx] > 0.8 are flagged as open circles. All foraminifer AAR results are shown
in grey for comparison (s&ection 6.3.20r Asx vs Glx D/L plots of eagecies with all sites
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Fig. 6.10; Asx D/L values for THAA (total hydrolysable amino acid) frac#onnobniaspp.,H.
germanicaandElphidiunspp. (not identified to species level) from Nar Valley cores. BE:
Blackorough End Quarry; BH: Bradmoor Hill; HF4: Horse Fen Core 4; RC: Railway Cottage.
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NaOCI. Samples withfer]/[l-Asx] > 0.8 are flagged as open shapes. Hé12€¢ Fen Core 2) was
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Fig. 6.1X Asx ¢ Glx and lle D/L covariance for THAA (total hydrolysable amino acid) fraction of
Ammoniaspp.,H. germanicandE. williamsorFf N2 Y al NOK DN} @St aArAdSao
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as open shapes. All foraminifer AAR results are shown in grey for comparis®ectime6.3.20r
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Fig. 6.12Z; Simplified schematic of the aggradag  f & SljdzSy O0S 2F 0 YAy 3G
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Fig. 6.13;Asx vs GlIx and lle D/L covariance for THAA (total hydrolysable amino acid) fraction of
Ammaiaspp.,H. germanicandElphidiunspp. (not identified to species level) from Burtle Beds
Greylake 3. Samples with$er]/[l-Asx] > 0.8 are flagged as open shapes. All foraminifer AAR
results are shown in grey for comparison (Seetion 6.3.20r Asxvs GlIx D/L plots of each species
With all SiteS labellEd)......... .. eeee e mmme e 193

Fig. 6.14; Asx vs GIx D/L covariance of THAA (total hydrolysable amino acid) fra&tiomarfia

spp.,H. germanicandElphidiumspp. (includinde. williamsonifromUK Pleistocene sdavel
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PP: Portfield Pit; WSS: WesEStr Selsey). Samples from these sites withelil/[L-Asx] > 0.8 have
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Fig. 6.1 0 Wy 2 NX I f Q O E.NMiafisaniarEpie] with iiefnal stghdardHArg

peak height of ~100 LU (salemo: NF@ 2 T M|l FZ b 9F I NJ y2Y MOnHpYyOT 00
E. frigidunsample (SB Cy nl f X b9l F NJ y2Y m™n +HhAm doluthls shawiiyd G S F
AONRY 33 WLIS|E K ! aNdALILUBES 31& ARHYNQ [O [0 T O O-EFBOHNZ Y I G 2 3 NJ
renydrat(R @ A (0 K -hArg solutisr, sh¢wing a normahArg peak but peaks of other amino
acidsexcept-f SNJ Ot 2aS8S (2 (GKS fAYAG 27F RBERx&SE{NEgay T R
Y2Y MnTHOU F2ff26Ay 3 { hArgsalitiGhl sawvindlBl @& RoNdcav8yR & A
Lo = 0 11 T T T [0 £ PR 198

Fig. 6.16; Foraminifera from sample K11 from Strumpshaw Fen Sandpit, showing orange
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Chapter I¢ Introduction

1.1 Sealevel change in the Quaternary

Sealevel rise driven by anthropogenic climate change is a roagdienge facing humanity in the
21% century; understanding the driveo$ sealevel are therefore critical to predicting future sea
level rise and mitigating its effa§Oppenheimer et al., 2019)he factors affectinsedevel are
complex and operate on a wide range of timescales from daily tomillthnial.Instrumental
measurements and historical records providietailedrecord of sedevelas far back as the 18
centuryin some regionshoweverto understam longer term drivers of global and regional-sea
level change it is necessary to reconstruct past sea levels from the geological Thoisl of
particular interest to theurrent geological period, the Quaternd8hennan et al., 2012; Horton et
al., 2018; FoKemper et al., 2021)

Interpreting Quaternary selavel records is challenging, especially with resigetiming as

geological recordare often sparse and fragmentary. A wide range of dating techniques have been
developedand improving dating techniques is an area of active reseantimo acid racemisation
dating (AAR, also known as amino acid geocthogg, AAG) is one such technique, which uses the
decomposition of amino acids trapped in biominerals to estimate age. This thesis focuses on the
application of AAR to foraminifera, a class of microfossil found in many marine and estuarine

deposits andwidely used in Quaternary séavel reconstructions.

1.1.1Introduction to the Quaternary

The Quaternary period is the most recent geolaigieriod in the Cenozoic era, comprising the
Pleistocend2.6 - 0.012Ma) and Holocene (0.01ato present) epochéGibbard et al., 201@Fig.
1.1). The Quaternary is characterisedrbpeated fluctuations in climateith corresponding
changesn the extent of global ice sheet coverdifead et al., 2008 hisresultsin significant
changes iglobalsea levebetween lower sea level durimgol glaciatlimatesandhigher sea level

duringwarm interglaciallanates.
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Era Cenozoic

Eon

Fig.1.1 ¢ Section of the Cenozoic era, showing the Neogene and Quaternary periods (not to scale).
Chronological boundaries taken from the International Commission on Strati¢@xiten et al., 2013)

The study of former glacial climates reaches back to the edtlgetfiury, with one or moréée
agesrharacterised from terrestrial geologicatoeds(Agassiz, 1840; Imbrie, 198RApwever, it

was not until global temperature reconstructions from dsep sediment cores were carried out

Ay GKS SINIeé wmprtna GKFEG GKS FdzZt aoltsS 2F (K
(e.g. Shackleton and Opdyke, 19T%)er 100 glacial and interglacial stages mowebeen

identified in the Quaternary through thearineoxygen isotope recorflisiecki and Raymo, 2005)
(Fig.1.2). These are referred to as marine oxygen isotope stages @iéis)re numbered from the
current interglacial (MI$) back in time, with even MIS numbers representing glacials and odd MIS
numbers representing interglaciaBubstages within glacial or inteigjid stages are denoted with

letters (Aitken and Stokes, 1997)

warm interglacials

3.0
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Fig.1.2 ¢ Pleistocene 80 (oxygen isotope) record, showing fluctuations between warm interglacial and
cool glacial climates. Select marine isotope stages are labelled. Adapted from Lisieki an@®&ymo
andRaymcet al (2018)

Interstadials are periods which are too short or too cool to be considuvedinterglacials,
although the precise boundary between an interstadial and an interglacial is not well efised
Interglacials Working Group of PAGES, 2@ to its relatively cool climate in comparison to
other numbered stages, MIS 3 is considerethterstadial rather than an interglaci&ig.1.2).
Therefore MIS 5e is the Last Interglacial (LIG), the preceding substagesbi s ey

interstadials.
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1.1.2 Astronomical drivers of climate change

A key driver of climate change iretQuaternary and late Pliocene is changes in insolgkien

amount and distribution of sunlight received by the Eattle to longscale variations in the

91 NIl KQa&a 2 ND A(Berger,N.BS8JhR foundatnaknuatieatical model of insolation

cycles was developed by the theoretician Milankovitch and published in 1941, based on theoretical
and geological work carried out in the late 1800s, and later validated by the collection of
continuous highresolution records aff KS 9 NI KQa Of A Y I & S (InlbAeNP dz3 K 2 c
1982)

Longterm changes in insolation are a combination of three periodic cycles, known as Milankovitch
cyclegFig.1.3). The shortest of these is the Raprecession oWobble2 ¥ (1 KS 9 NI KQa
NRGFGAZ2Y S 6KAOK O dza Sa & KBeFgéral988)Yhe dy&eSof obliguityli K Q &
takes place over #dal y R Ol dzaSa OKIlI y3aSa Ay (GKS aS@SNRrGe
to the angle of its axis relative to its plane of orbit around the sun, from 21.8° tdBradfey,

19990 ¢ KS S OOSy i NA Dis its devigtion frainkKeSperidt dikiek addivarNdver 100
and 400kacycleqBerger, 1988)The main impact of the eccentricity cycles is a modulation of the

precession cycle.

precession

eccentricity - I‘
7 <. obliquity

Fig.1.3 ¢ A schematic representation of the three Milankovitchcyc®K | y3S&a G2 GKS 91t
around the surover geological timescal@sot to scale).

¢tKS NBalLkRyasS 2F GKS 9 NIKQa Of AY!Il (S riagly 6§ KS a
through changes to seasons in the Northern Hemisphere. Short, mild summers allow for the
accumulation of widespread continental ice sheets, while long, hot summers diminish them. The
strength, timing and duration of interglacials depend on théi@dar patterns of insolation

caused by combinations of the three Milankovitch cy@®est Interglacials Working Group of
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PAGES, 201&}owever, the relationship between orbital forcing and glaciation is not linear, as the
climatic response to orbital fdrg is strongly influenced by interactions between the components
2F (KS 9 NI K@ilans@f ah, Y998] Bredakds &tinlS 2012)

Much work remains orelatingthe complex response of global and regional climates to these and
other forcing factors, including anthropogenic activiflesxKemper et al., 2021)nderstanding
GKS O02YLX SE AyFtdzSy0Sa 3I20SNYyAy3a GKS vdz G§SNYy

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

1.1.3Sealevelchange
Sea level is driven by processes operating on a wide range of spatial and temporal scales;
untangling this web of influences to understand pastleeal change and predict future changes

therefore presents a major research challe(@epenheimer et al., 2019)

Relative sea level (RSL) is the level of the sea surface relative to a givehtpeisolid Earth at a
given location (normally present day mean sea leaed) is the quantity measured by a tide gauge
(Shennan et al., 2015plobal mean sea level (GMSL) is the global average of relative sea levels.
GMSL is also referredltod WS dza G | (MikraQicadril IMilne, 8300 Fhoéwaver deprecation

of this term has been advocatéa avoid ambiguityGregory et al., 2019)

On glacialnterglacial timescales, GMSL is driven by exchange of water mass between the land and
oceans, primarily due to the advance antlaat of terrestrial ice sheefMilne, 2014) During

glacial stages, ice sheets are extensive, and the GMSL &itog the Last Glacial Maximum

(LGM,~21 ka BPjor exampleglobal mean sea level is thought to have been approximatety 120

135 m lowetthan today(Clark and Mix, 2002%ubsequent retreatfdce sheets during deglaciation
causes GMSL rise. The contribution to GMSL change through changing water mass balance in the
ocean is referred to as barystatic sea level i&eS G SNY Wol NRaAGFGAOQ KI &
NBLX I OS (KS SRavivi2iyA @Q dzaayS Ri KA a 02 y (i 8kegary etlal, | O
2019) Thermostatic sekevel change that is, the thermal expansion or contraction of the ocean

also plays a significant role@MSlchange, and may be the dominant contribution to-=eel rise

in the 2F century(Milne, 2014)

Barystatic sedevel clange is not globally uniform, due to a process of glacial isostatic adjustment
(GIA)Isosta2 A a (GKS NBalLRyasS 2F GKS 91 NIKQA adzaNF I C

or ice). When an ice sheet advances, its weight depresses the landmads litenaasing a local
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rise in RSL despite a falling GMSL. Subsequent retreat of the ice sheet during glacial termination
causes the landmass to rebound over the course of tens of thousands of yesulting in a

falling RSL in regions close to theeating ice sheet during a period®MSL riséMilne, 2014)
Gravitational attraction of the ocean to ice sheets during glacial stages also causes local variations
in the height of the sea surface, and therefore alrell and Clark, 1976)

RSL is also influenced on local scales by-tdrantprocesses such as tides, storms, eroaith
subsistence. On longer timescales, crustal motions such as lithosphere formation and subduction,
continental collisionr Yy R 02y @SOGA DS Ft26 oAGKAY (Gekphysi€sl NI |
Study Committee and National Research Council, 1991; Austermani2@t a).|Understanding

these processes is vital footh interpreting RSL records and using them to estrfsISL changes
during past glacial or interglacial periods; likewpsedicting future sedevel changes in particular

regions requires an understding of how global sdavel trends are altered by regional processes.

1.1.3.1Past sedevel change as an analogue for the future

Since 1901the mean rate of GMSL rise has beer08mm &, with the rate of GMSL rise

accelerating to 3-2.2 mm a* during the period 20062018(FoxKemper et al., 2021)n some

regions, RSLs are rising at a rate of up to 20 m{Niaholls and Cazenave, 201Dhis change is
predicted to have severe impacts on coastal regions due to increased submergence, erosion and
flooding events, especially in developing countries with the fewest resources for risk onitgpeati
adaptation(Oppenheimereal., 20199 2 AGK I NRPdzyR wmmE: 2F (GKS g2 NI
elevation (<10 m) coastal zones as of 2007, and coastal urban areas experiencing the greatest
population growth(McGranahan et al., 20Q&ealevel rise will be one of the major challenges

facing humanity in the 2century.

Predictions about how sea levels will change in the future on a global and regional scale are based
on models constrained by past clygs in sea level. Reliable instrumental records of sea level, in

the form of tide gauges, exterhckas far as the 400sin a few locationsyith the majority of

current tide gauge stations being established in the 1950s ar(lEerejeva et al., 2006; Horton et

al., 2018)High-resolution satellite altimetry data are availafile most of the globérom the

1990s onwardgHorton et al., 2018)Using theseacords it is possible to elucidate shtatm

(annual to centennial) influences on global and regional sea level; however to understand long
term sealevel patterns it is necessary to infer past sea levels from the complex, often fragmentary

archaeologicadnd geological records availalhennan et al., 2018)hile the uncetinties
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involved in reconstructing past sea levels limit their application to quantitative predictions of future
sea leve(FoxKemper et al., 2021}hese records are important for understanding loeigm

driversofsed S@St OKIy3aS: yR (2 O2yadN}XAy IyR G(GSa
responses to anthropogenic forcifeyg. Horton et al., 2018; Gilford et al., 20F3rticular

attention has been paid to past interglacials as analogues of Holocene climate, to understand the
millennialscale sensitv i@ 2F G KS 9F NI KQa Of AYIl ($kinghy LI NI
variables such as insolation, @2 y OSY i N} A2y FyR OKlFy3Sa (G2 (K

circulation systemgovere et al., 2016)

The Last Interglacial (LIG; MIS 5e, ~12&ka, (Stirling et al., 1998)s perhaps the most studied

2F GKS 9 NIKQa LdugitdthekefativEyNddespréall présentaliDimNgt ideRisd
terrestrial records compared to older interglacials, affording the greatest resolution of climate data
from past interglacial§Pedoja et al., 2014)uring this period global mean temperatures were

slightly warmer (0-4°Q than preindustrial conditions, with stronger warming in the Arctic
(Oppenheimer et al., 2019; OtRliesner et al., 2021x trend which ialsoobservedn post

industrial records due tanthropogenic warmingit the pealof the LIG at-125 kaGMSlwas

likely betweerb-10 m above GMSL todawith thelargest contribution to sekevel rise coming

from polar ice sheetd~oxKemper et al., 2021)

The reliability of the LIG to act as an analogue for modern climate change is limited by its
difference in orbital forcing compared to the Holocévian and Berger, 201X}reater summer
insolatian in the Northern Hemisphere during the early (d@& to its higher orbital eccentricity
than the Holocengmay have contributed to as much as 45% of ice sheef\fassDe Berg et al.,
2011) Nonetheless, the LIG provides a useful record of how ice sheets respond to a warming

climate, which can be used ais analogue for anthropogenic climate forcing.

MIS 11 (~428397 ka) is generally considered to be a better analogue for the effect of orbital
forcing on the climate of the Holocerss its orbital geometry doserto Holocene orbital

geometry than angther wellcharacterised interglacial in the last 500,000 yédmwvard, 1997;

Loutre and Berger, 2000; Candy et al., 20déwever, NS 11 featured an unusudbuble peak

of insolation, leading to a brief lapse of interglacial climate between two insolation maxima. Having
both low eccentricity and only one insolation peak, attention has also been given to MIS 19 (~740
ka) as a more ggopriate analogue to current insolation conditigesy. Yin and Berger, 2012)
howeverrecords from this older interglacial are much more fragmentary, lower in resolution, and

more difficult to obtai(Rohling et al., 2010)
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Reconstructions of past climates are important for calibrating and validating climate models under
climate regimes not represented by the historical re¢etd. Braconnot et al., 2012; Schmidt et

al., 2014) Records of past sdevel change can be especially useful as an indirect proxy to estimate
and model icesheet growth and retregfe.g. Milne et al., 2002; Goelzer et al., 2016; Creveling et

al., 2017) However, these records are often sparse and difficult to interpret, especially with
respect to their timing, presging a major challenge for past seael reconstructioriSchmidt et

al., 2014; Marino et al., 2019)nproving chronological control of skeael records is therefore an

area of particulainterest in Quaternary research.

1.2 Dating Quaternary sdavel records

1.2.1Introduction to Quaternary geochronology

Geochronology is the determination of the age of rocks, sediments and fossils, either by correlation
to other records or by measuringthe matefi Qa F 6a2f dziS +F3Sd 5SGFSt 2 LI
terrestrial sedevel records from past interglacials can be especially challenging due to their

sparse, fragmentary nature. A range of techniques have been developed to tackle this challenge; a:
each method bs its advantages and disadvantages, a variety of methods is typically used to
constrain ages of past interglacial $e2el deposit¢Lowe and Walker, 2014)he key dating

techniques used in Quaternary geochronology are summarised belablel.1; the principles

and shortcomings of theethniques most commonly used in Quaternarylseal reconstruction

are discussed in further detail below.

Tablel.1 ¢ Summary of dating methods used for the Quaternary
Method Substrate(s) What is beingneasured? Age range
Correlative & relative techniques

Stratigraphy Any sedimentary Sequence of deposition Entire geological record
sequence depending on sequence

Biostratigraphy FossHbearing Changes in species Up to 3.5 Gajepending
sediments distribution on sequence

Tephrochronology  Tephra Volcanic eruptions Distinct isochronic

markers throughout the
Quaternary and beyond
Palaeomagnetism Minerals with Variations in the polarity of Up to 50 ka fosecular

residual G§KS 9 NI KQa  variation several global
magnetism polarity reversals during
Quaternary
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Method
Oxygen isotopes

Substrate(s)
Ocean
sediments
(foraminifera)

Annual banding Wood, corals,

records speleothems,
annually banded
sediments, ice,
etc.

Aminoacid Fossil

racemisation biominerals

What is beingneasured?

Ocean temperature and
global ice coverage

Annual growth/deposition,

typically formingfloating

chronologieSQwvhich can be

crossmatched to form
continuous chronologies

Time since cessation of
tissue turnover

Numerical radiometric techniques

Radiocarbon Organic material
Carbonate
materials
(biominerals and
speleothems)

Uranium series

Potassiurmargon Volcanic rocks
dating

Cosmogenic nuclides Rock surfaces

Time since cessation of
tissue turnover

Time since mineral formatio

or U uptake

Time since crystallisation

Duration of exposure to
cosmic rays

Numerical trapped chargechniques

Thermoluminescence Quartz and

(TL) feldsparrich
materials,
biominerals

Optically stimulated Quartz and

luminescence (OSL) feldsparrich
materials

Electron spin Biominerals,

resonance (ESR) speleothem
calcite

Fission track dating Volcanic
minerals

aLowe and Walkgi2014)

b Walker(2005)

¢ Butler et al(2013)
dWalker and Lowé007)

& Wehmiller and Mille(2000)
fRabury and Col¢2009)

Time since exposure to hea

(or biomineral formation)

Time since exposure to light

Age range
Up to 5.3 M&

Continuous
chronologies:

Corals: 0.4 Ka
Molluscs: 1.4 Ka

Tree rings: 12 Ka

Ice cores: 110 Ra

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

Up to ~45 ka;60 ka in
some cases

230Th/234J 0.1 to 500 k&
231pgp3yy: 5200 k&
231pyf30Th: 5250 k&
4He/U: 100 ka to 10 Ma
U-Pb:1 Ma up to 4 Ga
100 ka up to ~4 Ga

Up to between 0.2 ka
and 10 Madepending
on nuclide

0.1 to between 10800
ka depending on
materiaf

0.2-0.3 to 100150 k&

Time since exposure to hea A few ka up to 2 Ma for

or light
Number of damage trails

caused by spontaneous
fission reactions
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certain material$
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1.2.2 Correlativedatingmethods

Correlative methods used in Quaternary geochronology include stratigraphy, biostratigraphy,
tephrochronology, palaesomagnetn and g&bleisotopes Tablel.1). The basic principle of time
stratigraphic correlation is that if a depositional event can be reliably identified in a range of
locations, then a date range obtained for the event inlonation applies to all locatiofg/alker,

2005) Tephrochronology, for example, is usktbughout the Quaternario correlateregional
stratigraphic sequenceas volcanic eruptions provide an essentially instantantmesmarkerin

the stratigraphic recor¢e.g. Tzedakis et al., 200B)ostratigraphy is the use of fossil assemblages

to make stratigraphic correlations the Quaternarythis technique enables glacial and interglacial
horizons to be distiguished through the different ecological makeup of warmer and cooler
environments, although differentiating successive interglacials from each other can be a challenge
(Schreve and Thomas, 2001; Thomas, 2@dl)en, molluscs and mammals are the most

commonly used fossils in Quaternary biostratigrg@hreve and Thomas, 200@Qxygen isotope
stratigraply has a resolution of only a few thousand years, but enables deposits to be correlated to
the global MIS framewoi(e.g. Bleil and Gard, 1989; Tzedekial., 2001)

The major challenge of correlatigiatingmethods is determininthe synchroneity oflepositional
evens. This igspecially important for terrestrial deposits, which are often dominated by local and
regional patterns not present in global-oare or marine record&sibbard and Hughes, 202@)

range of correlative techniquésusually applied to a single site or region to reduce uncertainties

arising from limitations of any single technidu¢alker, 2005)

1.2.3Radianetricdatingmethods

1.2.3.1Principles of radiometric dating

Radiometric dating methodssethe decay ofadioisotopes as #®lockKIor measuring the passage
of time. As radioactive decay is exponential, the age of a sample relates directly to its radioactivity

or radioisotopic ratio through the hdlife of the radioisotope under study.

Earlyemissioncounting technigues measured tmadioactiviy of a sampléy countinghe alpha
(He) or beta (e or €") particle emissions @he sampleover a given length of tim&his method
requires large sample sizes and long analysis times, especially in anciens aduenge

radioactivity is lowySmart and Frances, 199B)y contrastthe newer techniques aiccelerator
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mass spectrometry (AM&hdinductivelycoupledplasmamassspectrometry(ICPMSineasurethe
ratios ofindividual isotope AMS and ICPMS are quickly gaining dominance in the field of
radioanalytics due to their smaller sample size requirements and shorter analytical times compared

to emissiorcounting techniquegPovinec, 2018)

Depending on the radigotopes usedhe suite of radiometric dating methods cosaimost the
SYGANB aLl y 2 FKihds S halifé dlIB K10y eafs(Srdait antlErapces, 19949

its decay series can be used to date igneous rocks as old as four billion years. On the other end of
the scalel®*'Cs(half-life of 30 yearkisroutinelyused to dite samples from the last century

(Shennan et al., 2015)he most commduy used radiometric dating methods for Quaternary sea

level studies are radiocarbon aneseries(Milne, 2014; Shennan et al., 201fjese are discussed

in more detail below.

1.2.3.2Radiocarbon dating

Radiocarbon dating relies on the decay of radiocard@hi( organic material$?C is generated

from 1N in the atmosphere by cosmic radiation. It is incorporated into living material during
growth, where it remains in equilibrium with atmosphéf@during the lifetime of the tissué‘C
undergoes exponential radioactive decay with alifaliof 5,730 +40years(Godwin, 1962)once
tissue turnover ceases and additional**Cis ircorporatedinto the organic material, the
concentration of“Cin the material decreases at this ratedecay Beyond ~45 ka, the
concentration of“Cin a smple is generally too low to be accurately determined, with even very
small amounts of contamination leading to large age errors, although in a few limited cases the

range of the technique has been extended to ~6Q/¥alker and Lowe, 20Q7)

Several factors complicate the derivation of numerical ages from radiocarbon measurements,
including contamination, isotopic fractionation, variations over time in the generation of
atmoheric'“C, and marine reservoir effects. Efforts to reduce the impact of contamination are
largely focused on careful sampling and preparation technigues such as acid or@i&aline
treatments(Walker, 2005)Conversion of radiocarbon measurements into calendar ages requires
the use of calibration curves which agnbfor changes in atmosphefftCover time. Calibration
curveshave been developed using materials dated by both radiocarbon dating and other methods,
principally dendrochronology andddries datingWalker, 2005)The most widely used calibration
curves are those developed by the IntCal Working Gilompe and Walker, 2014he most
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recent iterations of thes curves are IntCal20 (for the Northern Hemisphere), SHCal20 (for the

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

C2NJ YINARYS al YL Saz Iy RRAGAZ2YyLFE O2YLX AOIGA
oceans. At the sea surface, dissolved carbon is in equilibrium with the atmosphere; however once
this carbon is transporteidto intermediate and deep water$ undergoes radioactive decay

without immediate replenishment from the atmosphere. This resultséiragne reservoir effe€l

which may vary from less than 30 years in shallow waters to thousands of years in theedesp 0

(Walker, 2005)A database of marine reservoir ages can be foundliit org/marine new local

reservoir ages are added to the database regu{Rdéymer and Reimer, 2001)

The ~50 ka age limit of radiocarbon dating limits its agifgit to sedevel records from the last
deglaciation and younger. Radiocarbon dating is the primary technique used to dizteetea
deposits during this pericghd is found extensively in Holocdiibbert et al., 2018nd post
LGMsealevel databasehan et al., 2019)

1.2.3.3U-seies dating

U-seriesdating encompasses a range of techniques, based on different parts?$tthéU and

232Th decay chaing.owe and Walker, 2014)he most commonly applied method eéries

dating b sealevel research is the daughtéecay technique. Uranium is highly soluble, while

several of its decay products, suct*dh and™'Pa, are insoluble. In the precipitation of certain
minerals, U is taken up into the mineral matrix from the surrowghdiater, while its insoluble

decay products are not. Following formation of the mineral, the decay of U leads to an
accumulation of its daughter products within the mineral matrix, enabling a calculation of the time
since its formation, usually by measigrihe ratio of*°Th to%**U (Lowe and Walker, 2014Jhis
technique is applicable to a range of materials including corals, mollusc shells, bone, speleothems,

tufa and phosphatesand has m agerange of 0.1 to 500 kdowe and Walker, 2014)

As theycanprovide an indication of past sea levatsl can be dated usingd¢ries datingcorals
arewidelyused inQuaternay sealevel reconstructios where they occur at tropical and
subtropical latitudeg¢Hibbert et al., 2016)While it is theoretically possible to date corals up to
~500 ka using{deries datingmostreliablydatedfossil corals are from the last glacial cycle due to
a paucity of welpreserved specimens older than MI@\&dersen et al., 2010)-series dated
speleothems have also been used to a lesser extent to reconstruct Quaternary s€didtatset

al., 2009; Onac et al., 201#)rough the identification of selavel rise due to cessation of
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speleothem growthencrustation by aquatic organisms, or-sujuatic overgrowths from mineral

rich groundwaters.

Conventional series dating assumes that the sample has behaved throughout diagenesis as a
closed systemg that is, that there has been no loss or gain aeptaior daughter isotopes.

Therefore the mjor challenge of ideries dating iglentifyingopensystem behaviour caused by
geochemical alteration of the minerdlis is a particular problem in older samples, as the extent
of opensystem mobilisation incases with agé€Stirling and Andersen, 2009womain

approaches are used t@ddresghis issuescreening and opesystem modellingHibbert et al.,

2016) Screening aims to identify and remove samples which do not conform to-sieterh
behaviou; however, the choice of screening critaniay havea large effect on which samples are
excludedHibbert et al., 2016and with very old material it is often necessary to reject the

majority of samples due tthe mobilisation of isotopegStirlingand Andersen, 2009)

In an alternative approach, various models of eggstem redistribution of Th and U in corals have
been developede.g. Gallup et al., 1994; Thompson et al., 2003; Villemant and Feuillet, R@93)
performance of these models is variafhutcharavan and Dutton, 202&kpecially for samples
older than ~200 kéFrank et al., 2006An additional complication is the challenge of verifying
models without close@ystem samples from the same coral or reef terrace, which become
increasingly rare in older satap(Stirling and Andersen, 200@)verall there is no aamunity
consensus about which screening criteria or epgstem models are best for accommodating
diagenetically altered corat&éries date¢Stirling and Andersen, 2009; Hibbetral., 2018;
Chutcharavan and Dutton, 2021)

U-series dating is widely used in the $@egelresearchcommunity, especially beyond the limits of
radiocarbon dating. In recent yeasgveral databases of séevel records dated usingdéries and
radiocarbon methods have been collat@dg. Hibbert et al., 2018; Chutcharavan and @ytt

2021) focusing mainly on material from théG ad younger.

1.2.4Trapped chargdatingmethods

Trapped charge methodgthermoluminescence (TL), optically stimulated luminescence (OSL) and
electron spin resonance (ESRYe a subset of radiometric teciques which measure the number

of electrons accumulated in crystal defects by radiative expdgmiker, 2005)The longer the
mineral is subjected to radiation, the greater the number of trapped charges; thus the technique

measures the time elapsed since sd#teroingkvent which frees the electrofiom the crystal
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defects(Walker, 2005)This zerimg event may be exposure to sunlight, heating, biomineralisation
or recrystallisatiorg therefore, one major advantage of trapped charge techniques is that they can
date erosional, depositional or reworking events for which radiometric dating would give

erroneously old age@-uchs and Owen, 2008)

The techniques differ in the method used to detect the trapped electrons. In TL and OSL, heat and
light respectively are used to liberate electrons, whileex8iRes trapped electrons (which are
paramagnetic) using a magnetic field. The age limit of luminescence dating depends on the
saturation of the luminescence signal, which depends on the mineral studied and the

environmental supply of radiatiqffuchs and Owen, 2008)

Measured luminescence signal intensity of a sample is converted into age using its environmental
dose rate. This is the rate of radiation absorbed by the mineral both fremdtgenous

radioactive isotopes and from surrounding material. The dose rate is typically determined either by
direct counting of emissions (©r ex sit) or measuring the concentration of radioactive elements

(U, Th and K) in the surrounding sedim@niller, 2008)Determination of th&lose rate may be
complicated by heterogeneity of the surrounding sediment, radioactive element concentrations
GKAOK FLIINRIFOK (KS fAYAGA 2F FylrtedAaolrt RSGS
burial history(Duller, 2008)

Incomplete zeroing of the luminescence signal isteranajor challenge in determining reliable
age estimates using luminescence dating, especially in fluvial and marine se(freargser et
al., 2008) Advances in the technique have enabled more rigorous identification of incomplete
zeroing events, in particular the single aliquot regeneration (B&fRpd which enables
luminescence measurements of single mineral grathichcanthen be checked against other

grains in the sample for internal consiste(i®hodes, 2011)

One of the largest sources of uncertainty in OSd#lihgis the water content of a sample and its
surroundinggDuller, 2008)Water between mineral grains absodmne of the radiation, so the
higher the water content of a sample the less radiation is absorbed by the luminescent mineral.
Typically a 1% increase in water content results in a 1% increase in calculg®allage2008)
Modernday water content is usually used as a guideline foatleeage water content during

burial, but potential changes in hydrological conditions must also be taken into affeaugser

et al., 2008)Beyond 300 ka, there are additional challenges validatingTalges due to a lack

of independent datingWallinga, 2002)
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Trapped charge dating methods are frequently used alongside other dating methods in late
Quaternary sedevel reconstructions around thweorld (e.g. BritairiBriant et al., 2004, 201,2)
continental EuropéMarks et al., 2014 RussidGualtieri et al., 2003 AustraligMurray-Wallace et
al., 2010;nd NorthAmerica(Owen et al., 2007)

1.2.5Amino acid racemisation dating

Amino ad racemisation dating (AAR) is a dating method based on the decomposition of proteins
in biomineral sudossils and is applicable to timescales spanningifdb0 ka to 2.5 Ma demding

on the diagenetic temperaturand properties of the biominer@Vehmiller and Miller, 20007

key application of AAR is Quaternary-lse@l| records from temperate latitudes, which are critica
for reconstructing icesheet contributions to past GMSL chafiDatton et al., 2015)Temperate
latitude estuarine deposits have been widely used to reconstruct Holoceitevetsisee Barlow

et al., 2013)however past interglacial estuarine deposits are more challenging to date as they fall
beyond the limits of radiocarbon datingsbries dating is less reliable for molluscs than for corals,
which are not commonly found at high latitud&hennan et al., 201,5nd incomplete bleaching

or variable water contents often complicate traplcharge measurementaspecially in estuarine
and fluvial environment®uller, 2008; FRausser et al., 2008While biostratigraphy of pollen,
molluscs and vertebrates can provide both palaeoenvironmental and chronological information,
differentiating between successive interglacial periods can be challéegin&chreve and

Thomas, 2001; Thomas, 2008AR of biomineral sdiossils from these locations therefore

provides additionathronological control for these challengtogdate environments.

AAR has been used to date Quaternaryleeal deposits around the world, including in Britain
(e.g.Bateset al, 2010; Penkmaet al, 2013; Barlovet al, 2017) Australige.g. Cann et al., 1988;
Nash et al., 2018North Americde.g. Wehmiller et al., 201@hd Europde.g. Pierini et al., 2016;
Torres et al., 2016}ypically focusing on differentiating between $@eel highstands from

different interglacialsThe principles of AAR are discussed in detail below.

1.3 Principles of mino acid racmisation dating
This section covers the principles of AAR and its history as a Quaternary dating technigue. The
mechanisms of protein decomposition are discuss@&@eetionl.4; an discussion of the application

of AAR to foraminifera and sésvel reconstructions is Bectionl.5.2
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1.3.1.1A note on naming conventions

¢KS yIEYS WEYAY2 | OAR NI OSYA &l ( kafigg of Bthefirdagtin@ A &
besides racemisation inform the estimation of age in this techniqueSeet®onl.4). Amino acid
geochronology (AAG) has been proposedrast@ accuratalternative, and has gained some use

in recent yearshowever, as AAR remains the most widely used acronymwidbeQuaternary
community, this thesis will use AAR to refethie technique (with the exception Ghapter 3

GKSNBE W! ! &2 héshiioy editofaBréasons)

1.3.2Amino acids ibiominerals

Amino acids are an important class of molecule ubiquitous in biology as the building blocks of
LINEGSAYad ! YAy 2 | Osaban bondes to Er2NHdhd) §réuR, a EGOHI y b
(carboxylic acid) group, a hydrogen atom, and a fourth substitudfigR.4a). There are twenty
commonly occurring amino acids in naturalglel.2), each with a different-Broup. Pepties are
formed from chains of two or more amino acids linked by peptide b&igld.@db); amino acids in

a peptide are referred to as residues. Large chains of amino acids are referred to as proteins; the
division between a peptidend a protein is not strictly defined, but is typicatignsidered to be

around 50 amino acid residu@sold, 2019)The sequence of amino acids in a protein determines

its secondary structure and funatiality.

Fig.1.4 ¢ Structure of a) an amino acid and b) a peptide formed from three amino acid residues. The
peptide bonds are indicated by dotted rectangles.
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Tablel.2 ¢ Naturally occurring amino acids and their quantification and chiral separation by ion
exchange chromatography (IEC), high performance liquid chromatogRIPHPILC) and ultra high

performance liquid chromatography (UHP(s8gSectionl.3.4.2.

Amino acid

Aspatrtic acid

Asparagine

Glutamic acid

Glutamine

Serine

Glycine

Arginine

Alanine

Histidine

Valine

Phenylalanine

Isoleucine

Rgroup Structure

(the far left carbon in each
& G NHzO (i dzabor) &

38

letter
code

Asp?

Asn?

Glub

GInb

Ser
Gly

Arg

Ala

His

Val

Phe

lle

Quantification /); Chiral

separationC)
RR
IEC HPLC UHPLC

\Y; C C
\Y; C C
\Y; C C
Vv Vv \Y;
\Y, C

\Y; C C
V C

\Y; C C
C C

Cc Cc C



Quantification ); Chiral

Amino acid (the far left carbon in each letter  letter
& 0 NHzO G dzaborh & code code IEC RP UHPLC
HPLC

Leucine \)\ L Leu \Y C C
Threonine /TH\ T Thr \% \% C
Methioni M Met C C

ethionine \/\S e e

Tyrosine OH Y Tyr C C

Lysin G K L
ysine NH ysS

2

Proline® HN P Pro
HO
o]
selonocysieme ST SN ©0 R
Tryptophan H W Trp

aAsp and Asn are analytically indistinguisha®éetjonl.3.4.2, so are referred to jointly as Asx

bGlu and GIn are analytically indistinguishaBéetionl.3.4.9, so are referred to jointly as GlIx

cThe RANR dzLJ 2 F LINRBf Ay S -cartion an@ tiieRhi§dgenipfzhe anfigiokip ($héwd inh
blue).

Biomineralsecreting organisms ugeoteinsto direct miner&precipitation and control both the
shape(Albeck et al., 1992nd mechanical propertigsries et al., 2012)f the biomineral
Biominerabroteins were first identified in fossil materialli®54by Abelsoret al, and their
decomposition over geologic time was soon proposed as a potential dating ngatiedsion,
1955)
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The preservation of proteins and amino acids in the fossil record is highly dependent on the
biomineral structure and depositional environment. The limits of protein and amino acid
preservation is a subject of intense interest and debate, with issuesiswecimtamination

presenting a significant challenge when identifying very small amounts of highly degraded proteins
or amino acids in fossil mater(alg. Saitta et al., 2019; Liang et al., 2020preent the oldest
wellsubstantiated intact peptides come from ~3.8 Ma ostrich eggshell (equivalelf tda at
10°C)(Demarchi et al., 2016¢laims of surviving peptides from older material are controversial

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

Amino acids can persist for longer in the fossil record as products of peptide hydrolyside$he
wellsubstantiated amino acids have been found in ~80 Ma dinosaur ed&tittdl et al., 2020)
There is sme evidence that amino acids can be preserved over even longer timescales in amber,

but more work is require@McCoy et al., 2019)

1.3.3Amino acid racemisation

Of the twenty commonly occurring amino acids in nature, all except glycine (Gligiralethat

is, they areasymmetric and thereforeon-superimposable on their mirror form&teiner, 1968)

az2al OKANIf | YAy2 I OAR& KI @8rbénysb éxistas/ofe ofititcS NB 2
enantiomers[Fig.1.5a), mirrored forms with chemically identical propert{@khroeder and Bada,

1976) Isoleucine (lle) and threonine (Thr) have two stereogenic centres, so have four
stereoisomers (two enantiomers, and two epimers, which are not mirrored forms and therefore do

not have identical chemical propertid<ig.1.5b)).

Ly oAz2f23e3 G K-SBarbdn\sterBofdentrelis’ddengted PyFthe iprifi®t Db

depending on its stereochemistry relative to glyceraldehyde. With the exception of some bacteria
(Bhattacharyya and Banerjee, 19&4d rare cases of-Bmino acidsn some plant and animal
proteins(see Miyamoto and Homma, 2018Jl proteins in living cells are synthesised using L

amino acids.
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a-inversion

|

L-amino acid

o-inversion

L-isoleucine D-alloisoleucine

L “’ B-inversion

B-inversion

L-alloisoleucine D-isoleucine

Fig.1.5 ¢ Chirality of amino acida) amino acids with one stereogenic centre attkarbon, forming
two enantiomers (mirror images with identigdlysicaproperties); b) isoleucine, an amino acid with
two stereogenic centres (#te h- andi -carbon positions), which has four stereoisomers.

The preference in biology for one stereoisomer over the other is thermodynamically unfavourable,
and conversion from one stereoisomer to a mixture of issfisespontaneouslhis process is

caled racemisation and in amino acids can take place dt-ttegbon stereocentreh¢inversion,

Fig.1.5a) or at thel -carbon stereocentre for amino acids with two stereocenfresversion Fig.

1.5b). In living tissue, enzymes preserve the enantiomeric excesswdriD amino acids;

however once these functions cease (i.e. when tissue turnover stops, in mostredsath of the
organism) the degree of racemisation increases until equilibriumabedéurray-Wallace,

1995)

For amino acids with more than one stereogenic centre, or amino acids within peptide chains, this
process is technically called epimerisation as only one stereogetie s inverted; however, for

simplicitythcemisatiofils frequently used to refer to both racemisation and epimerisdBaala,
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1972a) For epimerisation, as rates of conversion between epimers are different, the equilibrium

mixture of epimes is not necessarily equurrayWallace, 1995)

1.3.4Amino acid racemisation as a dating method

If the constituent amino acids of a protein are not lost from a system, then the ratitodd-L
amino acids in a sample should, for a given temperature regime and set of environmental
parameters, correspond to the amount of time that has passed since the cessation of tissue

turnover(Hare and Mitterer, 1968)

In1967Hare and Abelson used enzyme digestion to quantifipthgalueof various amino acids

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

2 00dzNNB R ¢ w2 y&8S i mEstrseagficatdd ot amineidoracemisation to
geochronology was carried out Bare and Mitteref1968)to estimate the age dflercenaria

fossils. Te field rapidly expanded in the following decades to include analyses of a range of other
substrates, includingther molluscgMiller and Hare, 1975; Andrews et al., 1979; Wehmiller,

1980) marine sedimentge.g. Bada edl., 1970) foraminifera(e.g. King and Nevil{£977), see also
Sectionl.5.2.3, wood(e.qg. Lee et al., 197&)orals(e.g. Wehmiller eal., 1976)bones(e.g.
Dungworth,1976; Bada and Shou, 19&0)dteeth (e.g. Bada, 1981)

Therequirement for analysing closed system of proteits prevent external influences on the

rate of racemisatiomvas recognised early ihg development of AAR as a dating technique
(Schroedeand Bada, 1976puring early work, the physical integrity of sampteacordance of

results with expected diagenetic tren@sd agreement betweeAAR resultand other dating
methodswere generally taken as sufficient evidence that these biomineral matrices were closed
system with respect to amino acighdiller and Hare, 1980poWe, 1980) However, controversy
surrounding spurious ages for North American human b(Bexda et al., 1974rew attention to

the importance oflemonstrating closedystem behaviour in substrates dated by ABdla,

1985) Recent work has focused on calcareous biominerals such as mollusc shells, eggshell, corals
and foraminifera, with an increasj focus on the wefprotected intracrystalline fraction of

proteins in these biominera(®enkman, 2017)
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1.3.4.1Intra-crystalline protein diagenesis (IcPD)

The majority of prieins in a biomineral matrix form an interystalline¢hest{between crystallites
(Towe, 198Q)which may be susceptible to leaching, contamination or changes in chemical
environment This intefcrystallne fractionmaythereforebe an unreliable source of amino acids

for dating(Sykes et al., 1995)lowever, in some species a small fraction of biomineral protein has
been identified which is highly resistant to chemical oxidationdiseessiorbelow) These

proteins are thought to batra-crystallineg that is, totally occluded by the biomineral structure
(Fig.1.6), although the exacklationship between the biomineral asd-calledintra-crystalline

proteinhas been a subject of debateee Wehmiller and Miller, 2000)

®
biomineral Lo inter-crystalline
crystals \.O / protein

. °
L] ()
® ® leaching
° °
_ ) o ® °
intra-crystalline :. ® w contamination

protein
(protected from
external influences)

Fig.1.6 ¢ Schematic representation of inteand intracrystalline biomineral proteins (adapted from
Sykest al.(1995)

Organic material protected by an encapsulating crystal maasobserved in biominerals using
electron microscopy and diffraction as early as the 19V&w&e and Thompson, 1972; Towe,

1980) The question of whether intrerystalline proteindie within single crystals are simply
Wandwiche@between parallel crystal faces in a muahystal structure (or both) has been the
subject of a large body of research, especially in the field of bioinspired material(tlestg.,

2011) Experiments where calcite precipitates in the presence of biomidieeating

macromolecules have found that single crystals can incorporate macromolecules during growth,
without disrupting their longiange latticestructure(Li et al., 2009; Cho et al., 2018} ditionally,
organierich voids in single crystals in nacre, an aragonitic biomineral, have been observed using
electron microscop{Gries et al., 2009; Li et al., 20Mbhich may be representative oféueQ
intra-crystalline proteinFor the purposes of AAR, the intngstalline fractiorof proteinscan be
operationally defined a¢he organic matter within biominerals which is resistant to strong
chemical oxidatioffSykes et al., 1995)hich may also include weltotected intercrystalline
proteins(Bright and Kaufman, 2011a)
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Due totheir better-protected nature, it has been hypothesised that analysing onlyéngsdalline
proteins, by using a strong oxidising-meatment to remove intecrystalline proteins, may
improve the reliability of AAR by minimising the effects of leacbamgamination, and external
influences on the rate of racemisati@®ykes et al., 1995Jhis is the intrarystalline protein
diagenesis, or intrarystalline protein decomposition (IcPD) approach to AAR. Assessments of the
IcPD approach haveen carried out on a range of biomineraigluding bivalveg.g. Penkman et
al., 2008; Demarchi et al., 2015; Pierini et al., 2016; Ortiz et al., gas#ppodge.g. Penkman et
al., 2008; Demarchi et al., 2013c; Ortiz et al., 2(58)d dollaréKosnik et al., 201,/)stracoas
(Bright and Kaufman, 2011ayian eggshe(Crisp et al., 2013¢oral(Ingalls et al., 2003; Hendy et
al., 2012nndproboscideanooth enamelDickinson et al., 201.9%50dium hypochlorite (NaQClI
bleach is the standardxidisirg agent usedwveakeroxidisng agents such dsydrogen peroxide
(H.02) werefound to be less effectivia mollusc shellPenkman et al., 2008)hile in ostracodes
strong and weak oxidising pr@atments had similar effect®right and Kaufman, 20113he

effect ofoxidationvaries substantially between substrateaplateau of total amino acid
concentration, indicating that the intiarystalline fraction has been isolated, may occur in as little
as18(Penkman et al., 2008y as much as 7ours(Crisp et al., 2013Jhe isolatedintra-

crystalline fraction typically comprises ~10% of the total amino acid cdRenkman et al., 2008;
Demarchi et al., 2013but may be as much &% (Demarchi et al., 2015)vith the proportion of
intra-crystalline protein typically being higher in ancient matéeig. Penkman et al., 2008; Bright
and Kaufman, 2011a; Kosnik et al., 2017; Ortiz et al., 2017, 2018; Dickinson €@)l., 201

presumably due to the loss of open system hutgystalline protein during diagenesis

Analysis of only the intrerystalline protein fraction reduces leaching of endogenous amino acids
during decomposition and betweesample D/L variability for viaus biomineralsfor example

some gastropods and bivaly@enkman et al., 2008; Demarchi et al., 2013b; Pierini et al., 2016;
Ortiz et al., 2018)oral(Hendy et al., 2012pstrich eggshe([Crisp et al., 2013andenamel
(Dickinson et al., 201%iowever, some biominerals do not show lower variability in the intra
crystalline fraction compared tbé wholeshell proteinfraction In ostracodes, this behaviour is
thought to result from the preser of wellprotected intercrystalline proteins in the oxidatien
resistant fratdon (Bright and Kaufman, 2011ajhile op@&-system behaviour in aragonitic
biominerals such ddargaritifera falcateand Glycymerispp. may arise from remineralisation to
the more stable calcite structure of Ca@Orem and Kaufman, 2011; Demarchilet2015; Ortiz

et al., 2017)Inthe bivalve Corbicula fluminalis, the high variability of D/L values in the intra
ONBAGIEEtAYS FTNIOGAZ2Y A& (K2dza3KG G2 0SS RdzS (2
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opensystem behavioufPenkman et al., 2008Final}, some bianinerals have been found to have
a closeesystem intracrystalline fraction with similar variability of D/L values to the wiiodd
fraction, proposed to be due to the rapid loss of irtBgrstalline proteins in the early stages of
diagenesis (e.g. sauddllars(Kosnik et al., 201,7he marine gastropoBhorcs lineatugOrtiz et

al., 2018).

1.3.4.2Analytical methods for quantifying amino acid enantiomers

Earlyuses ofamino acid racemisation as a geochronometer focused on the decomposition of
isoleucine tdts epimer Balloisoleucineas these two epimers could be separatisthg ion
exchange chromatography (IE@thout requiring chiral deratisation (Schroeder and Bada, 1976)
However, the development of gahromatograpi (GC)Schroeder and Bada, 19&6)d, more
recently, reversephasehigh performancdiquid chromatograppn(RPHPLClechniquegKaufman
andManley, 1998; Kaufman, 200@gve allowed for the enantiomeric separation of a wider range
of amino acid¢Tablel.2) by conversion of enantiomeric amino acids into epimers using a chiral
compound such as-isobutyryiL-cysteineg(see Fig.1.7). RRHPLC is now the analytical method
most commonly used for AABravenec et al., 2018)ith ten or more amino acids routinely
analysedPowell et al., 2013yVhile a method of separating amino acids using biggh
performance liquid chromatography (UHPLC) has begelopedvhich allowshiral separation of
a higher number of amino acids in a shorter time thaitHRBQCrisp, 2013)it has yet to be fully

published and is not used routinely.

HOOC

H
H
N
IBLC H X
° o9
R
—
/
HO
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Fig.1.7 ¢ Derivatisation of anraino acid withN-isobutyryiL-cysteine(IBLCa chiral compound which
converts the amino acid epimer into an enantiomer) aspihthaldialdehyde@PAa fluorescent tag
enabling detection)used by Kaufman and Manl@@98)
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Which amino acid D/L values are reported depends on the substrate analysée kfwbtatory
carrying out the analysis. lsakineremairs a key amino acid due to its historic use, but poor
resolution using RAPLC has somewhat limited its application to AAR in recent(Véetmiller,
2013a) Aspartic (Asp) and glutamic acid (Glu) are now the most widely reported acideaue

to their early elution and good chiral resolution usingHRRC, and differing racemisation rates
providing coverage of a wide range of timescéf@sifman, 2006While some studies focus on
aspartic and glutamic acfd.g. Kaufman et al., 2013; Griméd Oches, 2015; West et al., 2019;
Ryan et al., 2020bther amino acids are often reported to provide complimentary chronological
information¢ most frequently alanine (Ala), valine (Val), phenylalanine (Phe) and/or leucine (Leu)
(e.g. MurrayWallace et al., 2010; Penkman et al., 2013; Kosnik et al., 2017; Ortiz et al., 2018;
Dickinson et al., 2019; Nicholas et al., 20{8)ile its complicate racemisation kinetics preclude
its use as a chronometer, serine (Ser) D/L can be used to screen for compromised(&aigptes

et al., 2010)

1.4 Mechanisms of protein decomposition

Protein decomposition takes places as a complex network of interrelated reactions. The peptide
bonds that form proteins hydrolyse over time to generate peptides and eventeallsufrino

acids; simultaneouslgmino acids undergo decomposition through racemisation and other

NBI OliAz2yasr GKS (1AySiAad0a 2F 6KAOK I NB RSGSN¥YA

its neighbouring amino acid residues, and other exteatbfs.

Due to the complexity of proteins, studying the kinetics of their decomposition is a major
challenge. A combination of higgmperature decomposition experiments on modern material

(e.g. Bada and Schroeder, 1972; Wehmiller, 1980; Mitterer and Kriausakul, 1989; Kaufman, 2000;
Allen et al., 2013; Tomiak et al., 2Q18)alysis of naturaligged materiale.g. Bada and Man,

1980; Godfriend et al., 1992; Kaufman, 2003a; Ortiz et al., 2Giidlies of free amino acids or

model peptidege.g. Bada, 1970; Hare, 1976; Kriausakul and Mitterer, 1978; Smith and Reddy,
1989; Kuge et al., 2004 nd theoretical model®.g. Takahashi et al., 2010; Nakayoshi et al., 2020)
have been used to investigate the mechanisms of protein decompositioerase of reference, a
detailed discussion of the mathematical approaches to tingeamino acid decomposition is
presented inChapter Salongside the higtemperature kinetic experiments carried antthis

thesis
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1.4.1Free, terminal and #hain amino acid racemisation

In aqueous solution, the racemisationaofy given free (nepeptide boundamino acid follows
reversible first order kineticRtOK seeChapter Sor further discussionBada, 1970, 1984)
However, in calcareous biominerals the racemisation of aminoiacigg¢o an order of magnitude
faster than in free solutigrparticularly during initial stages of racemisa@@fehmiller and Hare,
1971) anddeviates fromRFOKas racemisation proceeds to equilibrigBada and Schroeder,

1975) The principl explanation for thisleviationis that in biominerals, amino acids exist in bound
proteinaceous, peptidgerminaland freeforms(Fig.1.8), all with unique rates of racemisation

(Bada and Man, 1980; Bada, 1982)

interior C-terminal
o] R, o] R4 0
H
HoN N OH HoN
N N
N N OH
R, o] Rs o} Rs
N-terminal interior free

Fig.1.8 ¢ Different positions of amino acids ipeptide chain and as a free amino acid

1.4.1.1Free amino acids

In the free state, racemisation of amino acids takes place primarilypv@on abstraction to form
a planar carbanionht carbaniorsubsequentlyeceives a proton from a nearby wataolecule,
either regenerating the original amino acid or producing its enantigNeuwberger, 1948; Bada

and Schroeder, 197%ig.1.9).

R j ooC R

H.O:
Figl9cwl OSYAal GA2y 2F | FNBS |-protoy gbstractohRorming & A G G S N.
planar carbaniomtermediate (adapted from Bada and Schrogd&i75).
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The rate of racemisation of an amino acid depends on the stability of its carbanion, which is
strongly influenced by the ionic form of the amino gBidda, 1984{Fig.1.10). NB" has a greater
electronwithdrawing capacity (and therefore carbanion stabilisation effect) than the neutsal NH
resulting in a faster rate of racemisati@nversely CAD destabilises the carbanion relative to
COOH, therefore reducing the rate of racemisati@mith and Evans, 198@t moderate pH,

amino acids are predominantly present in their zwitterionic form (the @grioupprotonated and
carboxylic acid deprotonated). Zwitterions have higher racemisation rates than neutral amino
acids asthe stabilising effect of NfHoutweighs the destabilising effect of COQifferent ionic
species are present at high or low pH, altering the racemisation rate of an amino aSdotia®
14422

NH>
©
OOC I,
R H
protonated amino zwitterion deprotonated carboxylic acid

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

LG 1 IAGSY LI I Iy |YAy2 | QHeRauie oMt Rr&up(8afo eNI OS Y
al., 1970) The Ryroup influences racemisation firstly by direct stabilisation of the carbanion

through the RA NP dzLJQ a-witdragitgiefeRts, Secondly, thegPoup influences the plof

the amino and carboxylic acid groups, whidetermines which ionic species are present in
solution.Therefore amino acidsvith highly electron withdrawinB-groups,such asSerandAsp,

have the greatest rates of racemisatiarthe free form while amino acids with electratonating

Rgroups, suchasLeuandlle,racemise more slowlgmith and Evans, 1980; Bada, 1984¢ric

effects also play a role in determining racemisation rates, particulatlyef@liphatic amino acids

(Ala, Val, Leu and lle) where electronic factors play a more minimé¢bnoith and Evans, 1980)

In a peptide chairthe position of an amino acid and the nature of its neighbours dramatically
influences its racemisation ra{8mith and Evans, 1988pmplicating this relationship

biomineral proteins.
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1.4.1.2Peptidebound amino acids

In general, when an amino acid residue is in an interior position, its racemisation rate is relatively
slowg similarto or slightly faster than the racemisation rate of free amino g8dsth and Evans,
1980; Mitterer and Kriausakul, 1984; Kimber and Griffin, 1987; Kaufman and Sejrup, 1995)
However, when a residue is exposed by hydrolysis to a terminal paioate of racemisation
rapidly increased he relative rates of racemisation at theadd Gtermini depend on the nature

of the amino acid fgroup and, to a lesser extent, thegRups of its interior neighbou&oir and
Crawford, 1988)

Ekctrostatic theory predicts that racemisation will be fastest in the presence of a positively
charged amia group and slowest in the presence of a negatively charged carboxylate group. Thus
when a peptide is in its zwitterionic formit@&tminus amino acidesidues should racemiseore

quickly than @erminus residues, and for small, nsterically hindered amino acids (e.g. lle, Val,

Ser) this proves to be the ca@&@iausakul and Mitterer, 1978; Smith and Evans, 1980Bada,

1984) However, for bulky amino acids (e.g. Ala, Phe, Asp, methionine (Met)) the reverse is true:
the rate of Germinus racemisation is of similar magnitude or in some cases greater-than N
terminus racemisatio(Smith and Evans, 198his may in part be due to the intramolecular
stabilisation of the carbanion at thet€minus through the formation of a fiveembered ring,

which is disrupted by bulkydroups Fig.1.11). The nature of neighbouring amino acids also

influences the rate of racemisation through steric eff¢8tmith and Evans, 1980)

Fig.1.11 ¢ Gterminus carbanion intermediate stabilisation by formation of arfieenbered ring
(adapted from Smith and Evafi®80).

Conversely, other research has suggested that the relative racemisation rates -ofititeGN

termini depend primarily othe ability of a pair of terminal amino acids to faugiketopiperazine
(DKPs) through internal aminolysis (loss af) [dtthe Nterminus of a peptidewhichgenerates a
sixmembered rindSteinbeg and Bada, 198%ig.1.12). At neutral pH, the rate of racemisation of
residues in the DKP ring exceed both terminal and internal racemisatioMéteser and
Kriausakul, 1984; Gaines and Jeffrey, 1988reforethe tendency of a pair of residues at the N

terminus to form a DKP strongly influences their racemisation rates. DKP formation also accelerate:
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hydrolysis of the pair of residues, forming a rapidly racemising dip€pti€iaberg and Bada,
1981)

o}

o) R, o) Ry
H Ri H
R N NH HoN N
1 N V]_,tn e e N VLL‘
H J‘pr H
NH, o] R» R, o)

o}

Fig.1.12 ¢ Diketopiperazine formation and decomposition (adapted from Steinberg and Bg8).

While the majoity of amino acids undergo very slow racemisation at internal positions, asparagine,
aspartic acid and serine have been found to undergo rafalddim racemisation, which may

explain their rapid racemisation rates amino acids spend most of their timebound residues

during early stages of diagenedd@marchi et al., 2013aAsparagine and its hydroxy derivative
aspartic acid can undergo-dhain formation of a fivenembered succinimide via the lodsetgher
ammonia or waterRig.1.13). Rehydration of the succinimide intermediate generates either an
aspartyl residuerig.1.13a) or an isoaspartyl residuEig.1.13b); due to the relatie abundance of

water in the system compared to ammonia, asparagine is virtually never regern@&atidewicz

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

o)
a)
OH
H-0
N
.’IIL" Vl’ln
o) N
0 / H
0
X
N b)
H H \ NJ“’J
3 o) H
OH
.,
H,0 N
0

Fig.1.13 ¢ Succinimide formation and decomposition, where X is OH (aspartic acid)(aspttagine);
a) reformation of the aspartyl residue, b) generation of an isoaspartyl residue
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wl OS YA &l (-kagbgh isthighlyadcSerated in the succinimide due to the increased acidity
2 T dpkro®n (Conrad et al., 2010This enables rapid racemisation of aspartic acid to take place
in the bound stat€Geiger and Clarke, 1987; Kuge et al., 208dged, racemisation at the
succinimide could account for the bulk of total aspartic acid racemisatiorved$Badkiewicz et

al., 1996)A proposed mechanism ofamain serine racemisation involves enolisation of carbonyl
neighbouring the serine resid{&akahahi et al., 201Q)out has yet to be experimentally verified.

It is possible that threonine, the other proteinogenic hydramxyno acid, may undergo a similat in

chain racemisation reactigipemarchi et al., 2013a)

1.4.2Hydrolysis

Hydrolysis is the cleavage of-dl@eptide bond to regenerate the &hd Ntermini of the
constituent amino acids by the addition of a water moledtiig.1.14). Hydrolysis takes place
throughout the diagenetic history of a fossil prot@ind typically slows over time as weaker
peptide bonds are preferentially cleavi@diller et al., 1992 In dipeptides, hydrolysis follows
irreversible first order kinetics (IF(E€uationl.1).

C-terminus
0 /
. )
\!\;\I‘N /\’-r ULI’. _;. H

HaoN

anil|3m
] Pss)

~

N-terminus
OH O

Fig.1.14 ¢ Hydrolysis of a peptide bond to generate-a@ Nterminus

.. "YO0 0 00O e
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Equationl.1 ¢ Irreversiblefirst order kineticgIFOK)

Hydrolysis is an important factor in the rate of racemisation, as it provides the mechanism through
which amino aids are exposed to fastesicemising terminal positions, before being released into
the slowerracemising free state. Therefore, the overall racemisation rate of an amino acid in a
biomineral depends not only on its racemisation satteeach state (inteéor, terminalandfree),

but also on the time it spends in the terminal positigtisat is, the relative rates of hydrolysis of
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its peptide bondsk-or example, the rapid racemisation rate of aspartic acid during early stages of
diagenesis is partially atiuted to the relative weakness of AXpeptide bond§Goodfriend et al.,
1992; Goodfriend and Hare, 199%he racemisation rate follows a parabolio/e as aspartic acid
residues are first converted to rapidigcemising terminal states, then the slosdgemising free

state.

Like racemisation throudghproton abstraction, hydrolysis requires available water molecules to
proceed. Thereforghe availability of water will influence the raadextent of hydrolysis during
the latter stages of diagenesis. Tdteservatiorthat hydrolysis rarely proceeds to completion in
fossil shefihas been suggested to be due to limitations of water aviétijaini the intracrystalline
environment(Walton, 1998)Sabilisation of peptides by minergeptide interaction, limiting the
ability of water molecules to approach the peptide bamay also contribute to the persistence of

peptides over geologitime (Demarchi et al., 2016)

1.4.3Decomposition reactions

Decomposition of amino acids can take place while the amino acid is in the bound, terminal or free
state, with characteristic rates of decompositfoneach stateDue to the complexity of natural
systems and the wide range of possible decomposition reactions and products, the majority of
studies exploring amino acid decomposition have focused on model syg¥atten, 1998%uch

as aqueous free amino aci@sg. Bada, 1972b; Smith et al., 193i83hort synthetic peptidei.g.
Kriausakul and Mitterer, 1978; Moir and Crawfo@B&; Demarchi et al., 2013dhe

decomposition of amino acids within longer peptides or proteins is less well studied. The rate of
amino acid decomposition may influence its observed racemisation rate, especially through
decomposition of highly racere free amino acids. Amino acidshaespecially high

decomposition ratemay exhibit steady state behaviour for part of their diagenesis, where
continual loss of highly racemised free amino acids inhibits racemic equil{Behnoeder and

Bada, 1977)

The key decomposition pathways of amino acids are deamination, decarboxylation and
condensatia (Fig.1.15). The Ryroups of amino acids can also undergo decomposdiselection

of key Rgroup decomposition reactiorase discussed below.
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Fig.1.15 ¢ Aminoaciddecomposition pathways) reductive deamination; b) decarboxylation; c)
oxidative deamination; d) condensation.

1.4.3.1Deaminationand decarboxylation

The two main pativays of decomposition for free amino acids are deaminadiuh
decarboxylatiorfVallentyne 1964; Bada et al., 1995; Sato et al., 20D€amination is the loss of
ammonia from an amino acid. It may take place through a reductive pathway to produce an
unsaturated carboxylic acifi.1.15a), or through an oxidative pattay to produce ah-keto acid
(Fig.1.15c). In aerobic agueous solutions, oxidative deamination domifBea and Miller,

1970) but in an oxygenestricted intracrystalline environment, reductive deamination may be the
dominant deamination pathway. Deamination is catalysed by metal ions through chelation by the
carbanion intermediatéBada and Miller, 1970The carboxylic acid product of deamination may

subsequently undergo decarboxylation to generateldeleyde(Bada and Miller, 1970)

Decarboxylation is the loss of carbon dioxide from an amino acid to produce ankigh&5b).
Amine decomposition takes place at a slower rate than the parent amino acid decarntwoxylati
(Bada et al., 199530 it is probable that amines are a predominant decomposition product present

in fossils.

As with racemisation, the susceptibility of an amino acid to deamiretidlecarboxylatioat a
given pH depends on the nature of thgRup of the amino acit5ato et al., 2004)n peptides,
decarboxylation may take place at th¢e@ninus and deamination at the-tdrminus;in this case

both the nature of the terminal amino acid and its neighbours influence the relative rate of
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decomposition. In general, hydrophilic amino acids are more susceptible to decomposition than

hydrophobic amino acidS§ato et al., 2004)

1.4.3.2Condensation

Free amino acids may also undergo condensation reactions to form insoluble heterogeneous
polymeric structureg¢Vallentyne, 1964; Bada et al., 19¢Hp.1.15). In the presence of other

molecules such as sugars, melanoidins may be formed throungdemrsationRafalska etla

1991) Although this does not count for substantial losses of amino acids in aqueous solution,
amino acid residues in condensed structures were found to have slower rates of racemisation than
free amino acids, possibly due to steric hindraiRafalska et al., 199Iheefore, condensation

in the intracrystalline environment may represent an additiddall<bf highly racemised, but

slowly racemising, amino acids.

1.4.3.3Rgroup decomposition

Decomposition odmino acidR-groups may take place in both bound and free statssylting in

the formation of either other proteinogenic amino acids, or-pooteinogenic amino acids.

Asparagine (Asn) and glutamine (GIn) undergo deamination to produce aspartic acid and glutamic
acid respectivelgHill, 1965) lysine (Lyspalso susceptible to deaminati¢Bada, 1970; Walton,

1998) The deamination reaction proceeds more quickly for asparagingtin@mine, due to its

ability to generate succinimide intermediates with neighbouring resi@ieiger and Clarke, 1987)
(Fig.1.13). The deamination of asparagine to aspartic acid may be a significant contributing factor
to the atypical pattern of racemisation obged for aspartic acifGoodfriend et al., 1992, 1995;
Brinton and Bada,aP5) Due to the rapid rate of deamination it is considered unlikely that either
asparagine or glutamine persist in the fossil re§@vdlton, 1998)therefore the effect of the
racemisation rate of asparagine on the observed kinetics of aspedisdikely to be limited to

the eary stages of diagenesis.

' 3L NI AO | OA R -d¥darBoxylafiod B pratyce SaNifEg.1.160 @ .-B yR b
decarboxylation of aspartic acid were found to take place at extremelyadiesvin high
temperaturedecompositiorexperimentgBada and Miller, 1970However, in a study of fossil
molluscsl Yy Ay ONStFIaySA yAS/ 2 @S NJ (i A Yi&arhbxylatior ofiaspddicoadizli S R
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0 KS | dzii K2 NJ Néarkp3dgiod Bouldiafso tdke place, and could in part expglagh

obsenedincreasdn alanine over the diagenetic sequer{géalton, 1998)

NH, NH, 0 NH, o}
a-decarboxylation B B-decarboxylation
HO - HO —_—
CH
5 a OH OH
0 (¢}
a-alanine aspartic acid B-alanine

Fig.1.16 ¢ Decarboxylation reactions of aspartic acid

TheY Ay RSO2YLRAAGAZY LI GKglte 27F 3JfdadamfFigri O | OA
1.17). Glutamic acid undergoes dehydration to form pyroglutamic acid, which may then
decarboxylate to generate pyrrolido(i®dada and Mier, 1970) The low proportion of free glutamic

acid observed in fossil samples is attributed to this prad®atton, 1998)Glutamic acid may also

dzy’' R S NiBcarbokylation (decarboxylation of thedRNR dzLJO0 i 2amihdN®yRedaBada

et al., 1978)

0
NH, o
HN
HO oH _-HO -CO,
—_— —_— HN
HO
0 o
0

glutamic acid pyroglutamic acid pyrrolidone

Fig.1.17 ¢ Decomposition of glutamic acid vidactam formation

The hydroxy amino acigsrine and threonine can undergo dehydration of their hydroxy group to
generate an unsaturated amino aitallentyne, 1964; Bada and Man, 19&@jllowing this
dehydration, serine can also decompose to generate alaRigel(18). The conversion of serine to
alanine is thought to be the main cause of the increase in alanine concentrations observed in
diagenetic sequences; as such it has beepgsed as a dating tool to complement AAR
measurementgWestaway, 2009)n the free state, serine and threonine may also undergo aldol

cleavage to generate glycine and formaldehyde or acetaldehyde, respectively.
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Fig.1.18 ¢ Decomposition othe hydroxy amino acids serine and threonine by dehydration (top) and
aldol cleavage (bottom) (from Bada et(2B78).

1.4.4Envirommental influences omcemisation rates

As racemisation is a chemical reactitmrate is influenced by a range of environmental factors
GKAOK O2YLX A0l GS GKS NXBf Idits lyvalkes Che offSdl af DBe/ |
environmental factorssuch as pH, water availability and contaminatiam be minimised by
analysing only a closed system of biominerals, while other factors such as temperature and the

species effect must be contredl for by careful sample choice.

1.4.4.1Protein structure and matrix effects

While the racemisation rate of an amino acid strongly depends on the nature -gfrdagRand

that of its nearest neighbours, it may also be influenced by the secondary (loca)faftin

tertiary (overall threedimensional) structure of the proteiBecausé y | YAy 2 | OARQA
rate viathe carbanion mechanism is dependent on the approach of a base to abstraet the
proton, the molecular environment surrounding the amina aain potentially radically influence
the racemisation ratéSmith and Evans, 1980; Moir and Crawford, 198&)example, aspartic

acid racemises very slowly in collagen at diageneticaemtures; this is thought to be due to the
rigid helical structure of collagewhichprevensthe aspartic acid from adopting the conformation
necessary to generate a succinim{@llins et al., 1999)Unfortunately, protein structures

dendure at the high temperatures required for kinetic experiments, making dedicated studies of
the effect of protein structure on racemisation ratdgllengindSmith and Evans, 1980; Collins et

al., 1999)
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The effect of protein structure on racemisation rate may be a driving factor wfidiety observed
Wpecies effei @ amino acid racemisation biominerals The speeis effect has been observed in

a range of biomineral classes, including foraminfiexaKing and Hare, 1972astracoés (e.g.

Ortiz et al., 2013pnd at the genus level in mollugesg. Lajoie et al., 1980; Wehmiller, 1980)
Differences in racemisation rates have also been observed between different biomineral structures
within the same she(Goodriend and Hare, 1995 he biomineral itself may also influence the

rate of amino acid racemisation, for example through conformational changes caused by bonding
interactions between the biomineral atfie protein (Weiner, 1979)The effect of protein and
biomineral structure on amino acid racemisation rates can be controlled by analysing monospecific

samples, or samples tife same genus where speciesel identification is not possible.

1.4.4.2External influences on racemisation rates

Besides the nature of the biomineral aheé biomineral protein, amino acid racemisatiatesare
influenced by temperature, pldndthe preserce of other compounds ithhe surrounding
environment. The rate of racemisation in bound amino acids appears to be less influenced by

environmental factorsompared tdree amino acidéSmith and Evans, 1980)

1.4.4.2.1Temperature

As a chemical reaction, racemisation is strongly dependent on tempenthiemate of
racemisation approximately doubles with evet€ femperature increag&chroeder and Bada,
1976) Some environments, such as caves and-deaediments, have relativelyable
temperature histoies(e.g. Sejrup et al., 1984owever in most cases potential fluctuations in
burial temperature must beaken into accountFor example, it is important to identify potentially
spurious resultarisng from changes ieither burial depth(MurrayWallace et al., 1988y

artificial heatingCrisp, 2013; Ortiz et al., 2020titude and glaciahterglacial climate cycles also
impact racemisation rates; therefore AAR dates can only be calibrated across a region with a
shared climate historfe.g. Miller and Mangerud, 1985; Penkman et al., 2013)

1.4.4.2.2pH
The racemisatiorate2 ¥ I FNBS | YAy2 | OAR RSLISYRa 2y GKS
forms insolution, as each ionic form has its own distinct rate of racemisation. Therefore, the rate

of racemisation for an amino acid is strongly pH dependémH between B, the pH has
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relatively little effect on the racemisation rate of free amino a@dsla, 1972b)At high pH (> 8)
high concentrations of hydroxide ions increase the rate of carbanion formation, leading to an
increase in racemisation ratat lower pH (< 5), racemisation rates are faster due to the
protonation of amino and carboxylacid groupg$Bada, 1970)Fig.1.19). Howeverat very low pH

(< 2), low concentrations of hydroxide ions inhibit racemisgBaxda, 1972hb)

racemisation rate

T T T T T
0 2 4 6 8 10 12

Fig.1.19 ¢ Schematic representation of the pH dependence of amino acid racemisation in solution
(adapted from BadéL970).

While the biomineral matrix buffers pore waters to a pldrofind 8(Miller et al., 2013}he rate

of amino acid racemisatidras found to be pH dependent at high pH in some biomin@sight

and Kaufman, 2011b; Orem and Kaufman, 20hlhe case ahe bivalveMargaritifera falcata

even intracrystalline anino acids racemised faster at high (@1em and Kaufman, 2031)
conversely, the rate of racemisation of intigstalline amino acids in ostrich eggshell was found to
be independenof pH(Crip, 2013) pH dependence of racemisation in biominerals may therefore

be indicative of opesystem behaviour.

1.4.4.2.3Presence or absence of water

For racemisation of the-carbon to occur through theroton abstractiormechanism, water must
be present. Totalesiccation radically reduces racemisationséitéare and Mitterer, 1968put
thisis virtually impossible to achieve in the natural environnjBatda and Schroeder, 1975; Hare,
1976; Bada, 1982However, variations in the availability of water in the biomineral matrix may
have a substantial impact on the rate of hydrolysis andwesaion(Wehmiller et al., 1976Wwhich
could contribute to observed specispecific variations in racemisation rat€ke binding of both
proteinsand water molecules to the calcite surface has been suggested to further reduce the

availability of water for hydrolysis and racemisation in biominé&sarchi et al., 2016)
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1.4.4.2.40ther external influences

The presence a@xogenous compounds can influence the rate of amino acid racemisation in
samples which do not behave as a closed system. For example, metal ions can catalyse
racemisation by stabilising the intermediate carbari®iiard and Phipps, 1970; Smith and Evans,
1980, resulting in racemisation rates orders of magnitude fasteiréeramino acids in open
system biomineral® some caseBada and Scbeder, 1975)Microbial action can also increase
the rates of racemisation in a biominevaracemising enzymes, which have been found in open

system biominerals such as bd@hild et al., 1993)

1.4.5Summary

The complexity of protein decomposition presents a major challenge to amino acid racemisation
dating, as it is not possible to directly model the comptegrdependent reactions which

O2y GNROGdzS G2 Iy FYAy2 | OARQAa 2@0SNIff NI OSYA
based on the decomposition of different pools of amino acids within a protein have been
developede.g. Collins and Riley, 2000) I w6 f O] 062EQ I LIWINRI OK NBY
made to limit internal and external influences on racemisation ratesrefore it is important to

assess each substrate to determine its suitability for AAR and the particular diagenetic behaviour of

its biomineral protei.

1.5 Foraminifera

Foraminifera are a phylum of singlelled protists found in marine and estuarine gsbsms

around the world. Foraminifera appear in the fossil record in the early Cambrian, but are thought
to have first evolved during théeoproterozoiera, between 900 and 650 million years ago
(Pawlovski et al., 2003)The phylum Foraminifera is extremely diverse and abundant, comprising
nearly 9,000 formally described extant species and over 30,000 fossil §Beciéaghei~adel,

2015a) The majority of extant specieforaminifera are benthic (i.e. they live on, in or near
sediments), although around 90 extant species are planktonic (i.e. they live in the water column)
(BoudaghetFadel, 2015b)

Foraminifera are characterised by chambered shellestinade of secreted calcium carbonate
(calcareous)prganic material, oscavenged mineral particles (agglutinajed)ich prdect the cell.

Surrounding the test is a layer of protoplasm from which extends a variety of appendages used for
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anchorage, movement, predation, scavenging and waste digvaaler and Armstrong, 1980)
Foraminifer tests are usually less than 0.5 mm wide, although the largest known tests can grow up
to 20 cm(Boudaghet~adel, 2014).

1.5.1Foraminifera as a tool for pala@movironmentakeconstruction

The ubiquity of diverse, well preserved tests in marine sediments (sometimes making up the bulk
of calcareous sedimen(Brasier and Armstrong, 198@&nd the sensitivity of individual species to
ecological conditions, mean that foraminifeia/a been extensively utilised for biostratigraphy and

palaeoenvironmental reconstructigMurray, 1979)

Planktonic foraminifera play an important role in reconstrugjiopal mearsealevel changes
throughout the Quaternary and beyondiaoxygen isotope measurements reflecting the global
icemass balancée.g. Rohling et al., 2008, 2014 Holocenesaltmarshsediments, foraminiferal
assemblages provide a higtsolution record of sekevel change, as the distribution ofesjes is
highly dependent on ecological conditipwhich can be related to salinity and therefore tidal
inundation(e.g. Scott and Medioli, 1978; Gehrels, 19%4)s level of strajraphic detail is rarely
preserved in Pleistocene deposits; nevertheless, foraminiferal assemblages can support the
identification of interglacial sdavel deposit§Cann et al., 1988; Sejrup et al., 1991; Scourse et al.,
1999; Read et al., 2007; Bates et al., 2010; Roe and Preece, Afld Presents an opportunity for

foraminifera to provide chronological control for interglaciatiseal depogs using AAR.

1.5.2Foraminifer tests as a substrate for AAR

Calcareous foraminifera (those which secrete calcium carbonate tests) have been fouathto re
endogenous protein over geological timescales, making theritabletarget for AAR. This section
discusses the mechanisms of biomineralisation in calcareous foraminifera, followed by a brief

history of applications of AARttas class of biomineral

1.5.2.1Biomineralisation in calcareous foraminifera

The process of biominersdition in calcareous foraminifera is poorly understood compared to
other marine biomineral@e Nooijer et al., 2014Proteins rich in acidic amino acids and glycine
have been found to play a role in the biomineralisation of calcareous foram{iifenaer and
Erez, 1984; Sabbatini et al., 2014; Tyszka et al.,,28x®)s beerobservedn other
biomineralising invertebratg¥Veiner, 1979; Berman et al., 1990; Kobayashi andt&ag@96) In
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general, calcification is directed by a primary organic membrane (POM) which forms a scaffold in
the shape of a new chamber, and provides the site of nucleation for biomineral growth on either
side of the PONBé et al., 1979; De Nooijer et al., 20(F4g.1.20). Chamber walls are comprised

of microcrystallites enclosed by orgafiiimms. Successive chamber formation leads to a lamellar
structure of alternating crystalline and organic layBrsbenay et al., 200@vidence suggests that
the organic fraction observed in stdssilforaminiferaconsists of these scaffold proteins

entrapped in the mineral matrix during biomineralisaijBobbins and Brew, 1990)

calcite
crystallites

\ 7N

inner /
organic
layer outer

) primary organic
successive organic layer
chamber formation membrane

Fig.1.20 ¢ Formation and structure of test chambers in calcareous foraminifera (adapted from Tyszka et
al. (2019).

Following death, a range of diagenetic processes may take place which can affect the integrity of
the biomineral. Mechanical breakage is typically the most common taphoffeature, especially

in highenergy depositional environmenBarbieri, 1996)Although this would not impact the

integrity of the bionmeral, the susceptibility of a test to breakage may reflect shell weakening by
other taphonomic processéBarbieri, 2001)Chemical alteration such as iron staining or pyrite
growth(e.g. Wang and Chappell, 20(Hnd bioerosion or encrustation by bactefiarbieri,

2001) can also affect the preservation of foraminifera.

A key loss of biomineral integrity is dissolution, whichalan place on timescales ranging from
days(Kotler et al., 1992p millions of yeargPearson and Burgess, 20@®)pending on the
sedimentary environment. For planktonic species, dissolution may take place as the test travels
through the water column, especially in deep, cold waters where the solubility of calcium
carbonate increases dramaticglBenYaakov et al., 1974)aphonomic alteration of calcareous
foraminifer tests in intertidal flats is dominated by etching or roughening of the outer test surface

due to dissolutioriBerkeley et al., 2009 specially in organigch sediment¢Berkeley et al.,
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2007) In some cases dissolution cardiéathe total loss of calcareous species from the fossil
record(Murray and Alve, 1999The susceptibility of a test to dissolution depends on its carbonate
mineralogy, grain size, wall thickness and skeletal raictitecture. For emple, outer test

chambers are typically the first to dissolve as they are thinner than internal cha(Beekeley et

al., 2009)seeFig.1.20). Partial dissolution may be visible under light microscopy, with tests taking
on a dull, opaque appearanfeg. Barbieri, 1996Yang and Chappell, 2001) 2 NJ A 1 S&0 | NJ
morphology where outer chambers are destroyed, leaving the thicker interlocular walls behind
(Berkeley €al., 2009) To what extent, if any, dissolution affects the preservation of biomineral

proteins in foraminifera has not been investigated.

Over longer timescales (hundreds of thousands to millions of years), over§nwetie inorganic
calcite is depsited onto the test surfageand recrystallisation from biogenic microcrystals to
larger crystals with a lower surface enemgy take placéSexton et al., 2006Dvergrowth and
recrystallisation may result in an apee, $fosty(appearance, but alterations are not always visible
under light microscop§Edgar et al., 2013These alterations to the integrity of the biomineral
raise the potential for the occlusion of exogenous prot@inghe loss of previously clossgstem
endogenous protest some studies ddraminiferAAR have therefore targeted only tests with no
visible signs of alteratigie.g. Sejrup and Haugen, 1982kemore et al., 20153lthough this does

not necessarily guarantee that the effects of overgrowth and recrystallisation are avoided.

1.5.2.2Applications of AAR to foraminifera

Foraminifera have been targeted for AAR since the 1970s, with several shadlysing amino
acids irforaminiferrich sedimentqe.g. Wehmiller and Hare, 1971; Bada and Schroeder, 1972;
Bada et al., 1973} ollowing work demonstrating the speesgecificity of racemisation ratéking
and Neville, 1977)nore focus has been put on analyséimglespecies or singlgerussamples,
although the wholesediment approach is still occasionally empldgegl. Hearty et al., 2010;
Nicholas, 2012)and may still be reliable whealcareous sediments are dominated by tmen

of foraminifea.

The sabledepositional environment of deegea sediments has made planktonic foraminifera an
ideal substrate for investigating the patterns of amino acid decomposition at diagenetic
temperatures(e.g. King and Neville, 1977; Sejrup et al., 1984b; Harada and Handa, 1995; Kaufman
et al., 2013) AAR of foraminifera has also bemed to estimate thermal histori¢Sejrup and

Haugen, 1992; Kaufman, 20@8)d sedimentation rate@Cann and Murrayallace, 1986; Macko
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and Aksu, 1986pr independentlydatedmaterialsin these environments. AAR has been applied to
foraminifera from interglacial deposits to helgoastructpast sedevel changes in the United
Kingdomand IrelandDowling et al., 1998; Scourse et al., 198 North Sede.g. Kristensen et

al., 1998; Reinardy et al., 201AustraligNicholas, 2012; Blakemore et al., 2015; Ryan et al., 2020)
and Hawai{Hearty et al., 2010)

One challenge of using foraminifera for AAR is the piaterariability introduced by pooling many
individuals in each species; therefore work has been carried out to developestgiethods

(Hearty et al., 2004; Blakemore et al., 2015; Ryan &0&I0) Analysing singtestsenableghe
identification of reworked fossi{Ryan et al., 2020howeverBlakemore et a[2015)found that

pooling multipleindividuas improved the reliability of AAR results. An additional challenge is the
high surfacao-massratio of foraminifer tests, which increases the possibilitycontamination

(Hearty et al., 2004)n bivalves, for example, smaller shells have higher variability in D/L values and

higher Ser/Asx valueshigh are indicative of contaminatiggimonson et al., 2013)

1.5.2.3Intra-crydalline approaches to AAR of foraminifera

While chemical préreatments of foraminifera designed to minimise contamination are often used
(e.g. 2 hour 3%LO; (e.g. Hearty et al., 2004; Kaufman, 2006; Kaufman et al.,,20&¢8)ng with

dilute HC[Murray-Wallace and Belperio, 1994; Harada et al., 1996, 123¥ur 12.5% NaOCI
(Nicholas, 2012) dedicated comparisons between different protein fractions in foraminifera are
limited. Stathoplos and Ha(@993)applied NaOCI treatments to various planktonic species, finding
that 23-42% of the total amino acid pool represented labile material, which the study attributed to
a combination of chemically accessiblomineral proteins and exogenous particles adhered to the
foraminifer test. Likewise, treatment of a srmalmberof Elphidiunmsamples with 12.5% NaOCI for
48 hours by Nicholg2012)suggested that an oxidatieesistant intracrystalline fraction of

amino acids is present in foraminifer tests. In a comparison between stoho(dr) ethanol,
methanol, NaOCIl and®; treatments Hearty et al(2004)found thata 2 hour 3% HO; pre-

treatmentproduced the lowestariabilityof Asx, GIx and Ser D/LPulleniatina obliquiloculata

A detailed assessment of the behaviour of the iotysstalline fractiorof proteinsin foraminifera

has not yet been carried out. The aim of this theglseieforeto investigate the behaviour of the
intra-crystalline fraction of proteins in several sigs of calcareous foraminifera, to determine
whether the IcPD approach to AAR provides benefits in reliability and precision for this class of

biomineral.
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1.6 Project aims
In arder to investigate the behaviour of the intraystalline fraction of amino asidn foraminifera
and their application to the geochronology of Pleistocendesezl recordsthe objectives of this

project are as follows:

1. Investigate the performance of different oxidising agenssibamodern andhaturally
agedforaminifera Neoglobogadrina pachydermésinistral) Chapter 3Ammoniaspp,
Haynesina germaniand Elphidium williamsonChapter 4

2. Explore thepatterns of decomposition at higamperaturesof the whole-shell andntra-
crystallinefraction of foraminiferaAmmoniaspp. andHaynesina germanic&hapter 3

3. Apply the methods developed @hapters3-5 to naturdly-agedmaterial fromPleistocae
sealevel depositaround the United Kingdom to developitot aminostratigraphic

framework for foraminifera in this regioGljapter 6.
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Chapter Z; Routine Experimental
Procedures

This chapter detailsinlestherwise specifiedhe experimental procedures followedQ@haptes

4, Chapter 5and Chapter 6Chapter X ontairsits own experimentainethods

2.1 Picking of foraminifera and species identification

Sediment samples were sieved at eithet589 >m or 96500>m, and the most abundant species
of foraminifera were wet picked using a paintbrush. Foraminifera were cleaned bybafkeated
rinsing withmy  Ya>@wuntil the water was clear, followed by 3 x 1 minute sonication treatments
with rinsing between each sonication accordiniyliber et al.(1983) then stored at room

temperature inmy  Y>@®or diry until required for analysis.

The enthic species analysed in this thesisi(noniaspp, Haynesina germaniand Elphidium
williamson) were identified using the identification keysBntish Nearshore Foraminiferids

(Murray, 1979)Considerable uncertainty surrounds the spetéegl identification oAmmona;

the species operationally definedAasymona beccaricontains several morphologies, and

therefore potentially up to 280 genetically distinapeciegHayward etl., 2004) Due to

difficulties separating these species based on morphology, some workers continuéto use
beccariias a blanket classification of any otherwise unidentfieanoniaspecimen. In this thesis,
Ammoniaspecimens have not been identdié species level, and are referred tofammonia

sppT GKAA A& fA1Ste& WSI dzA @dcdarinygéxising lite?atuie.gS OA Y Sy &
Scourse et al., 1999)

2.2 Oxidative prdreatments

Pretreatments were carried out on samples of B0 monospecific foraminifer tests in sterilised
0.1 mL Reactivials (Thermo Scientific) and crushed with a clean needle prior to addition of the
oxidisingagenu n >[ 2 7F 2 EA RAR®YEVWR, Srl# NaOCl @/ \NQ/WR)) was
added to each Reactivial, with agitation after 10 minutes (for samples oxidised for 2 hours) or 1
hour (for samples oxidised for more than 2 houmsgnsure total penetration of the oxidising
agent.Following removal dhe oxidising agenthe samples were rinsed with % 38[Y m 0

I YR M E -grademethandl (MEQH, Sigmand allowed to air dry.
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2.3 Demineralisation and hydrolysis

C2NJ GKS FNBS FYAy2 FOAR o6C! ! 0 ¥FNMBGAratsf)r &l YL
with an additonalBan >[ H a |/ f | RRSR AF ySORoatheltoP { 2
hydrolysable amino acid (THAA) fraction, samples were demineralisé@bwith 1T (Axistdr)/ f
GAGK |y | RRAUGAZYI fessaryte pompleteadeniinerélisatidevtalBverd F vy S O
then flushed with nitrogen and heated at 110°C for 24 h. Both THAA and FAA samples wére dried
vacuousing a centrifugal evaporatand stored at room temperature prior to rehydration for

analysis.

During hydrolysisasparagine and glutamine are irreversibly hydrolysed to aspartic acid and
glutamic acid respectively; therefore these amino acids are analytically indistinguishable and
reported as Asx and GHKill, 1965) Additionally, some small degree of racemisation and amino
acid decomposition is induced by this hydrolysis steptemperature and duration of hydrolysis is
therefore chosen taninimise hydrolysitduced racemisation and decomposition while

maximisinghe recovery of amino aciggaufman and Manley, 1998)

2.4 Chiral separationf amino acids

{FYLX Sa ¢ SNB NBdopdratah fiui&001M HA(Fshey) 1.5mM sodium azide
(NaN, VWR, 9.97 mM internal standardhomo-arginine(Sigma)and separated vian Agilent

1100 Series HPLSetion2.4.1) or an Agilent 1200 Series UHPS€t(jorn2.4.2. The rehydrated
samples underwent preolumn derivatisation witb-phthaldialdehyde@PA, SigmAldritch)and

the chiral thioN-isobutyryiL-cysteine (IBLGigmaAldritch) according to Kaufman and Manley
(1998) Fluorametric detection was carried out usiag<enorarc flash lamp at a frequency of 55
Hz, with a 280 nm cudff filter, and an excitation wavelength of 230 nm and emission wavelength
of 445 nm Standard amino acid solutioand preparative blanks were run tmely to monitor

machine performance and identify potential sources of contamination

The fluorescent derivatising agent QBsed in both methods, does not allow for the detection of
proline or hydroxyprolinéMiller and BrigharGrette, 1989)while the OPAerivative of lysine is
prone todegradation duringeparation(Briickner et al., 1994thereforetheseamino acids are

not reported.A full list of amino acids which can be identified using tREIFREC or UHPLC

methods is given ifablel.2.
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2.4.1RRPRHPLC method

Samples were analysed using the method developdédbiman and Manleil 998)with
moadifications by Penkmg2005)usingan Agilent 1100 Series HHitted with aGs HyperSil BDS
coumnp > Y3 H p.filisiethod isycafried out at 25°C and uses a ternary gradient of
sodium acetate buffer (23 mM sodium acetate tritagd (Fisher) 1.5 mM Nab(VWR) 1.3> a
ethylenediaminetetraacetic aciEDTAYWR, adjusted to pH 6.00 + 0.01 with 10 M sodium
hydroxide (Fisher) and 10% acetic acid (VWR)), MeOH (Sigma) and acetonitrile (ACNIh8igma)
run time of the RIHPLC methoi$ 115 minutes, including flush time, and follows the solvent

gradient program iTable2.1.

The DArg peak ceeluteswith another compound in all RFPLC chromatograms; therefore Arg
D/L values are not reported andAbg has been ekaled from total amino acid concentrations as
in other studies using REPLGPowell et al., 2013)

Table2.1 ¢ Solvent gradient program for RFPLEPenkman, 2005)

Run time %A %C %D Flow rate Temperature
(minutes) (NaAc buffer) (MeOH) (ACN) (ml/min) (°C)
0 95.0 5.0 0.0 0.56 25
31 76.6 23.0 0.4 0.60 25
95 46.2 48.8 5.0 0.60 25
95.9 0.0 95.0 5.0 0.60 25
99 0.0 95.0 5.0 0.60 25
100 95.0 5.0 0.0 0.60 25
115 95.0 5.0 0.0 0.56 25

67



L-Tyr

3 @
5 ¢ 9 =
750 < Ao = - -
= A o < >
< A A @
> 4 5 &
O] %’ o
4 W
5,
=
500 ‘ 2
D =| & o 3
= s of 2 o |
f) of - o © 8> z
= — = [}
s b\ < 0o & =
_\I a 0 (] =] fa)
5
3
250 e
| |
| =
A
O O A
60 80

20 40
Time, minutes

Fig.2.1 ¢ TypicaRRHPL@hromatogram of a 0.5 D/L standard amino acid solutionquiimtified
amino acids labelled-hArg(L-homo-arginine)is the internal standard.

2.4.2UHPLC method

Samples were analysed using a method modified from 043)using anmAgilent 1200 series
Rapid ResolutiodHPLC fitted with ZORBAX Eclipsg Bluscolumn(m ®y , 160X 4.6 mm)and

a binary gradient of sodium acetatefter (Section2.4.1) and a mobile phase B (7.5% ACN, 92.5%
MeOH v/v). The solvent gradient program was modified from 04j3)to enable better

separaion of lateeluting amino acidr foraminifera(Table2.2). The run time of the UHPLC

method 857 minutes, including flush time.

Table2.2 ¢ Solvent gradient program for UHPLC, addftom Cris§2013)

Run time %A %B Flow rate Temperature
(minutes) (NaAc buffer) (MeOH/ACN) (ml/min) (°C)
0 90 10 1.25 28
8.8 82 18 1.25
10 1.25 30
11 82 18 1.25
18 1.25 28
23 78.3 21.7 1.25
25 78.3 21.7 1.25
27 75.2 24.8 1.25
28.5 75.2 26 1.25
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Run time %A %B Flow rate Temperature

(minutes) (NaAc buffer) (MeOH/ACN) (ml/min) (°C)
30 65 35 1.25
40 1.25 28
46 50 50 1.30
50 1.30 25
52 2 98 1.30
57 95 5 1.30
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Fig.2.2 ¢ TypicalUHPLC chromatogram of a 0.5 D/L standard amino acid solutioquaititifiedamino
acids labelled-hArg(L-homo-arginine)is the internal standard.

In the UHPLC methodAla is more poorly resolved than in the lRPLC method, sometimes-co
eluting with DArg. Further modifications to the UHPLC solvent gradient program may be able to

improve the separation between these two amino acids

2.5 Data analysis
All data analysis was carried out using the programming language R, version 4.1dtheregsse

specified.
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Chapter 3; Assessing the intrerystalline
approach to amino acid geochronology of
Neogloboquadrina pachydernfgnistral)

This chapter has been published in fulDimaternary Geochronologyder the citation:

Wheeler, L. JPenkman, K. H., & Sejrup, H. P. (2021). Assessing thedngstalline
approach to amino acid geochronologyN&ogloboquadrina pachydern{ginistral).
Quaternary Geochronologyl, 101131 https://doi.org/10.1016/j.quage0.2020.101131

Analysis of samplesascarried out by KR.W carried out data analysis, interpretation and writing

with guidance from KP and HB8pplementary information for this article can be found online.

Abstract

While amino aciAA)geochronology haseen widely applied ttoraminiferal biomineral proteins,

there has beenniitedassessmentf(i KS LIR2 G Sy G Al f -@yFtalif K@ t F NIAQEA 2 W
proteins to improvehe reliability of AA geochronology for foraminifdrathis study, bleaching
experiments were carried out on tfieraminiferNeogloboquadrina pachydern(sinistral)from an
independently dated core from the south easté&lorwegian Sea spanning the last 120Rgaults

show that this species contains a bleagsistant fraction of biomineral proteirend that this
intra-crystalline fraction may behave as a closed system. Racemisdiah the intra-crystalline

and wlole-proteinfractionswasfound to systematically increase with time.

Isoleucine epimerisation showed reliable trends with depth when analysed by ion exchange
chromatography (IEC); analysis by revgisase liquid chromatography (RIPLC) resulted in

reliable ageD/L relationships for aspartic acid, glutamic acid and alanine.

Isolating the intrecrystalline fraction with a 48 hour bleach treatment reduces the influence of
contamination in younger materidlherefore this paper recommends that the intrgstalline
approach is usedthen analysingjeogloboquadrina pachydern(ginistralor AA geochronology
especially for youngexamplesMaterialspecific regression equations developed in this study
successfully convert IEC A/l tolRPLC D/L values for asiic acid, glutamic acid and alanine,
enabling integration of geochronologies developed using different methods for this class of

biomineral.
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3.1 Introduction

Amino aal (AA)geochronology relies on the retention of biomineral proteins in a closed system for
the duration of diagenes(8rooks et al., 1990; Collins and Riley, 200@ertain biomineralshée
majority of biomineraprotein exists as ainter-crystallinehest{between inorganic crystallites

(Towe, 1980; Gries et @009) As this intecrystalline protein is exposéd the external

environment it issusceptible to leaching, contaminationfluctuating environmental conditions

which caninfluence the rate of protein diagenesisdconfound the interpretation oAA

geochronologySykes et al., 1995)

These intefcrystalline proteins are vdnable to oxidation, which can be exploited experimentally

by exposure to an oxidising agent such as NaOCI (blea@ykg} et al., 1995; Penkman et al.,

2008) Converselyintra-crystalline proteins form part of the crystal matfiowe, 1980; Berman et

al., 1988; Miller et al., 200@nd therefore may be better protected from external influences than
inter-crystalline protein. Any residual protein remaining after oxidation is operationally defined as
intra-crystallire (Sykes et al., 1993Ithough d@ending on the biomineral structure this fraction

may also contain wefirotected intercrystalline protein (e.g. chitin ostracodegBright and

Kaufman, 20113)¢ KS I RKSNBy O0S 2 Trydtalline préteihito/alidsed sgstem A Y (G NJ
RSLISYRa 2y (KS 0A2YAYSNIfQa aidNHzGdz2NE | yR NB
range of biominerals have founlat this intracrystalline protein diagenesis (IcPD) approach

provides more reliable chronological informatitiran the wholeshell approacln variousmollusc

shels (Penkman et al., 2008; Demarchi et al., 2013c; Ortiz et al., 2015,c20dg§Hendy et al.,

2012; Tomiak et al., 28), ostrich eggshe(Brooks et al., 1990; Crisp et al., 204/3) enamel

(Dickinson et al., 201Rhile some other biominerals have shown little or no improvement with

the IcPD approacfPenkman et al., 2008; Bright and Kaufman, 2011b; Ortiz et al., 2017)

Foraminifera arsingle-celled organismiund worldwidemainlyin marine and estuarine
sediments, with widespread applications in Quaternary palaeoenvironmeotaistructions
(BoudaghetFadel, 2015aDue tothe abundance of foraminiferahelk (tests) in marine
environmentsamino acid racemisation of foraminifera has been identified as a technique
potentiallywell suited to dating marine sedimer{Bejrup et al., 1984a; Kaufman, 2006
geochronologyvasfirst applied taforaminifera in the early 197@8/ehmiller and Hare, 1971,
Bada and Schroeder, 1972; Bada et al., 19#®) hasince been applieth a wide range of

specieof foraminifera(see Kafman et al., 2013)
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Whiletargetedbleaching treatments have been used¢move suspected contamination during
preparation of foraminifetestsfor AARHearty et al., 2004; Nicholas, 2012; Kaufman et al., 2013)
in-depth studies of the IcPD approaate limited(Stathoplos and Hare, 1993; Watson, 20®)

this study we compare the whejgotein and IcPD approaches to AARNeogloboquadrina
pachydermdsdnistral) (hereafter Npsa species of planktonic foraminifeibiquitous inthe polar

waters of both hemispherdSpindler, 1996 Nps has been the subject of detailed inigegions of

its racemisation propertigSejrup et al., 1984a; Macko and Aksu, 1986; Sejrup and Haugen, 1992;
Kaufman et al., 2008, 201&dler et al., 2009; Kosnik et al., 2013; West et al., 2E8lworkon
Npsused only sonication to cleamsts(Sejrup et al., 1984a; Macko and Aksu, 1986; Sejrup and
Haugen, 1992Wwhile mae recent protocols have added a greatment with a weak oxidising
agentto remove labilend/or exogenouaminoacids(Kaufman et al., 2008, 2013; Adler et al.,
2009; West et al., 201%lowever the IcPD approach has not yet been fully applied to this species
of foraminifer.Thisstudy theefore aimgo testwhetheran intracrystallineprotein fraction can be
isolated from NpsHhroughbleaching, and whether the IcPD approach provides more a reliable

chronology than the wholshell approach for this biomineral.

Early AAyeochronologyarried out on Nps focused on isoleucine epimerisaiejrup éal.,

1984a; Macko and Aksu, 1986; Sejrup and Haugen, 49%92¢ two epimers,-lle and DAile can

be separated using ieexchange liquid chromatograpHizC)without the use of chiral columns or
derivatising agentéSchroeder and Bada, 197Bjowever, the development of reverphase liquid
chromatographic (RAPLCdechniques have enabled the enantiomeric separation of a wider range
of amino acid¢Kaufman and Manley, 1998; Powell et al., 20d®ye recent studies on Nps using
RPHPLC have fosad on the racemisation #fsxandGlx(e.g. Kaufman et al., 2008, 201Bdr
simplicity the termi#acemisatio@will be used to refer collectively to racemisation or epimerisation

of amino acids in ik paper as both involve inteconversion at thé -C of an amino acid

Whitacre et al(2017)developed regression equations to convsoteucine epimerisation (A/l)
results from IEto equivalentRRHPLM/L values for five amino aci@fsx, Glx, Ala, Val, lfej)

bivalve, eggshell, gastropod and whidek samples. This enables IEC data to be compared with
data obtained by RAPLC for thse biominerals. Pooled equations were developed for application
to biominerals not included in the original studg. bothseparationtechniques were used in the
analysis of material in this study,addition we evaluatthe methods developed By/hitacre et al.

to extend hem t theseforaminifer tests.

This studythereforeseeks to answer three key research questions:
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1. Does Nps have an intraystalline fraction of biomineral protein that can be isolated by
exposure tdNaOCGCland if spwhat is the ideal duration of this treatmef8ection3.3.1)?

2. Does analysis of the intaystlline fraction of amino acids show an improvement in the
dating performance of these amino acids, compared with the whroltein fraction of
amino acids§ectior3.3.2?

3. Can A/l values measured by IEC be cornfigleanverted to D/L values for other amino
acids for NpsSection3.3.3?

3.2 Materials and Methods

3.2.1Location

MD992288 and MD9®289 are twagiant piston corse takenfrom the same location6d°39 N

04°12 Einthe Nyegga region of the Varing Plateau, in the-Nodwegian continental margifig.

3.1), raised during the 1999 IMAGES V cr(li§elstuen et al., 2010Jhe cores ar82.21m and

23.69 m long respectively. They wéaken at a water depth of 1262 m on the northern
escarpment of the Storegga Slidsjte of semregular submarine landslideaking place over the

last 2.5Ma (Bryn et al., 20055edimentation on th&g@ring Plateais largely controlled by the
advance and retreat of the Scandinavian Ice Sheet and its impact on regional ocean currents
(Dahlgren and Vorren, 2008)urrent bottomwater temperatures in the Norwegian Sea measure
approximately0.5°C to-1°C(Hovland et al., 2005Palaeotemperature estimates for the

Norwegian Sea suggest that bottamater temperatures have fluctuated by up t&lZ between
glacial and interglacial periofSejrup and Haugen, 1992; Bauch et al., 2000; Dwyer et al., 2000)
due to changes in North Atlantleep water formation in the northern Norwegian $8arnthein

and Altenbach, 1995n general there is a reduction in racemisation rates in glacial as compared
to interglacial periodée.g. Miller et al., 1997; Penkman et al., 2011; Ortiz et al., 20053s the
purpose of this study is to compare protein fractions and amino acids between samples with the
same diagenetic history, these temperatfitestuations will not impact the interpretation of these

results.
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Fig.3.1 ¢ Location of MD92288 and MD92289 IMAGES cores in the Norwegian Sea. Isobath depths
in metres; bathymetry data from NOAA.

3.2.2Age model

MD992288 and MD92289 were matched by magnetic susceptibility and spliced at 2303.5 cm
(MD992288)/2270.0 cm (MD92289)(Brendryen, 2011 herefore the established chronology
for MD992289 was applied to MD92288 with a 33.5 cm correction. Chronological corftiothe
core MD992289 is provided byMSradiocarbon dating between 120 and 1300 @erstad, 2003;
Becker et al., 2018¢orrelation between the NGRIPO record and XRF core scanning results for
Ca and Ti/K from 1441 to 1863 @@rendryen et al., 201®Brendryen, personal communication
2019, and one identified tephra zone, the Faroe Marine Ash Zone I, at 10640@6.69+ 0.39

ka BRNilsen, 2014)An age depth model was constructedthe 1201863 cm range of the

spliced coraising the Bayesian age modwellR packag®acorflv. 2.3.7Blaauw and Christeny,
2011)using the Marinel13 calibration cur(leeimer et al., 2013nd a 405 year reservoir
correction for the"*Cagesas usedy Becker et ali2018) As no uncertainties were praoad for

the NGRIP tie points, a 1.2 ka uncertainty was applied to the model based on calculated
uncertainties for NGRIP chronold®yvensson et al., 2008)/hile this may result in an
underestimation of the ageneertainty in the latter half of the core, it is sufficient to explore the

racemisation trends for Nps protein in this study. The output of the mBigeBQ) shows a
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dramatic increase in sedimentation rate at ca. 1250 cm (~3Uheyadiocarbon ages used and

modelled ages for each sampling depth can be found in the supplementary information.

Depth, cm
1000 500
|

1500
|

2000

20000 40000 60000I 80000 100000 120000 140000
cal yr

Fig.3.2 ¢ Bayesian age depth model (Blaauw and Christeny, 2011) fd8630cm of core MD992289.
Radiocarbon ages are shown in blue; NGRIP tie points and tephra zones are shown in teal. The dark bl
fAyS aK2ga GKS Y2RStQa ¢6SA3IKGSR YSIy F3aSod 51 aKk
intervals.

3.2.3Preparation of foraminifera

Foraminiferavere collectedat regular intervals from the >150n fraction of both cores. While
records of the core from which each sample was collected have unfortunately been lost, it is
assumed for this study that samples betweer2200 cm were takerrdm MD992289 and
samples between 23062985 cm were from MD92288 (Brendryen, personal communication
2019) A full record of samgs takerncan be found in the supplementary information. For IEC
analysis100 to 150 individuals were pooled for eastalytcalsample while 30 to 50 individuals

were pooled for RIPIPLCAIl samples wereleaned by sonicatioaccording taviiller et al.,(1983)
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3.2.3.1lsolation of the intrecrystalline fraction

To initially determinghe stability of the intrecrystalline fractiorof Nps biomineral proteins during
prolongedoxidation, foraminiferal samples were taken from three depths (250 cm, 500 cm and
1450 cm) for extended bleaching experiments. Oxidation treatments using NaOCI (ézrach)
carried outon Nps between 24 hours and 336 hours (1450 cm) or 360 hours (25@&@0@&cm).

30pn >[ bl h/wvas added:fo eaghisdnple; samples vatraken every 24 hours to aid
penetration of thebleach into the biomineralAt the end of the bleaching peridlde bleachwas
pipetted off, the sample rinsed six times with ultiswater and once with HPigEade methanol,
thenair dried prior to demineralisation. Samples analysetE@vere dried for 15 minutes at

60°C; samples analysed byHALC werertkd for 510 minutes at 110°C. This difference in
procedure reflects thetandard protocols of the different laboratories in which the analyses were

carried out: IEC at the University of Bergen an¢REC at the University of York.

3.2.3.2Analysis of racemisation trends in Nps

Based on the results of the extended oxidation experis@&wgctior3.3.1), a 48 hour NaOCI
exposure was chosen to prepare the rest of ieachedsamples in this study.o assess
differences between thdiagenesis ahe whole-protein and intracrystalline progin fractions of
Nps unbleached and bleached samples from a range of depths throughout the cores were
analysedDepending on the amount of material available at each depdheplicate samples

were prepared for each tegment

Procedural blanks wellected and analysed for each experiment to quantify background levels
of amino acid contamination; due to the sample sizes,usmtections focontaminantsdentified

in the blanksvere not necessatry.

3.2.4Amino acid analysis

Only the total hydrolyable anmo acid (free and bound amino acids; THAA) fragtamanalysed
to conservematerial. Samples were demineralised witlL§ M HClwith additionof a further8
>L HCIif necessary to complete demineralisati®@&mples were hydrolysed by heatnd 10C for
22 hours in nitrogeifflushed vials, then dried at 80 for 15 minutes prior to rehydration for

analysis byEC or dried overnight under vacuum prior to rehydrationdnalysis by RRPLC.
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Separation of the hydrolysed amino acids was cawigcither using IEC (at the University of
Bergenor RPHPLGat the University of Yorkpuring hydrolysis asparagine and glutamine are
irreversibly hydrolysed to aspartic acid and glutamic acid respectively; therefore these amino acids
are analyticallyndistinguishable and reported as Asx and(Bitk 1965)The fluorescent

derivatising agem-phthaldialdehyde@PA), useth both methods, does not allow for the

detection of proline or hydroxyproliri@liller and BrighanGrette, 1989)while the OPAMerivative

of lysine is prone to degradation durisgparationBriickner et al., 1994thereforetheseamino

acids are not reported for either method.

3.2.4.1Separatiorby ion exchange liquid chromatography (IEC)

Foranalysis using IEe internal sandard norleucine was added with the 7 M HCI used for
demineralisationSamples were rehydrated with 180pH 2 buffer before beingeparatedon an
automatic aminacid analyser with postolumnOPA derivatisation and fluorometric detection
according tdhe methods ofSejrup and Hauggii992) Due to the poor separation of Ser and Thr
by IEC, these two amino acids are repottagkther for this technique. The only amino acid for

which chiral information is available using IEC is lle; this is reported as All.

3.2.4.2Separatiorby reversephase high performance liquid chromatography

(RRHPLE
Foranalysis usinBRHPLC, samples were rehydrated with08>L rehydration fluid(2.38 M HCI,

0.171 mM Nah 9.97 mM internal standardhoma-arginine) The rehydrated samples underwent
pre-column derivatisation with OPA and the chiral thigdobutyryiL-cysteine (IBLCIpllowed by
chiral separation and fluorometric detection followagiodifiedmethod ofKaufman and Manley
(1998)using an Agilent 1100 Series HRtt€H with aGsg HyperSil BD&Ilumn The DArg peak co
eluted with another compound in all RFPLC chrontagrams; therefore Arg D/L valuase not
reportedand DArghas beenexcluded from total amino acid concentrations as in other studies
using RMHPLGPowell et al., 2013)

3.2.4.3Data screening

A range of diagnostic criteria can be used to assess the integrity of AAR dataSmrcfilasor Gly
abundancde.g. Miller and Brighat@rette, 1989; Sejrup and Haugen, 1992; Kaufman, 2000)
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expecteddepth or age trajectorie@Vehmiller et al., 1976; Kosnik and Kaufman, 2@@f)ariance
betweenconcentrations or D/L valuésr different amino acidé.g. Kaufman, 2000; Preece and
Penkman, 2005andthe variability of replicate sampléKosnik and Kaufman, 2008utoffs for

sample exclusion are detained empirically, and are therefopetentiallysomewhat subjectw,

but it is important that exclusion criteria, once determined, are applied uniformly to the data set to
minimise systematibias(Kaufman, 2006P/L values lying far above lmelow the general trend

could be indicative of a compromised samplg,as some natural variability due to reworking or

intrusion is ineiable (McCarroll, 202)only extreme outliers were excluded from this study.

The following screening criteria wegleosen

1. High concentrations of Gy 50%), which indicate contamination resulting from human
handling(Sejrup and Haugen, 199B)igh Ser and Thr concentrations were also
considered, but poor separation of $&d Thr usingECorecluded using these amino
acids as criteria.

2. Deviation of increasing trend of A/l valuesl#® and D/L values of Asx, GlIx and Ala (the

three amino acids with the best chromatographic separation) féd REC.

Outliers werddentified and excluded from the dataset according to the criteria list€elbte3.1.
On average;.0%of samples were excluded from the data set using these crifefidl list of the

samples excluded and the criteria used tdwde each sample is availablghe supplementary

information

Table3.1 ¢ Screening criteria used to identify outliers and total number of samples excluded by each
criterion for each analytical method.

IEC RRHPLC
Unbleached (U) or bleached (B) U B U B
1. >50% Gly 0 0 2* 2*
2. Deviation of D/L from depth trend 5 4 3 3
Total samples analysed 69 75 53 51
% Removed 7.2 5.1 5.7 5.9

*Only one of two analytical replicates found to haw&0% Glyindicating issues with chromatographic
separation rather than contamination.

3.2.51ECA/I to RPHPLM@/Lconversion

Whitacre et al(2017)developed linear regressions to convert IEC A/l data into D/L values for five
amino acids (Asx, Glx, Ala, Val, lle) equivalent to those measuretHBy. @ PBiominerapecific

equations were found to minimise errors associated with the conversion byndiocpior
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variations in diagenetic patterns and chromatographic separation between biominerals; however
WooledXegressions were also developed for use with sample types not represented in the original

study:
AeEVIiWM ™o aéQFO0 ™
aé WaId THT aé€ BFO ™
G DA mHg aé& BFO 1R ¢
¢ " DOOI mT € BFO0 1R ¢
a ¢ e EOWWO TMowe d € OF0 mdrort

As foraminifera were not included in the original studg,fiboled regressions were used to
convert IEC A/l values into predicted Asx, Glx, Ala, Val D/L-&RLRRequivalent lle A/l values,
and compared with the values actually measured BIARIEC, in order to test the efficacy of the

pooled equations for Nps.

New linear regressions were then carried out on-toainsformed Nps data. Unlike the data used

by Whitacre et al(2017) analyses carritout in this study were not paired, as this comparison had
not been the original intention of the study. Therefore average D/L values for each depth and
bleaching treatment were used to develop the regressions. This means that the errors associated
with the derived conversions are likely to be higher in this stddysignificant differences
betweenseparateregressions run on bleached and unbleached material were foupdjrsoof

IEC and RAPLC data where the depth and bleaching treatment were the sare combined to
increase the sample size for the mod&stween 30 and 32 averaged D/L values were used for
each regression. Followilfghitacre et al(2017)the following criteria were used to assess the
quality of each model: the adjusted\Rlue, 1 and 2prediction uncertainties, and thikaike
informationcriterion (AICg)a measure of model quality which penalises for overparamsatam.

All statistical analysis was carried out using the statistical programming lafgDemgsion 3.6.2.

Analytical scripts are included as supplementary information.
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3.3 Resultaand discussion
3.3.1Testing oxidation times

3.3.1.1The effect obleaching on amino acid concentration

If Nps biomineral contains an intcaystalline protein fraction resistant to oxidation, then bleaching
via exposure to NaOCI should cause an initial decrease in the total hydrolysable amino acid

concentration ([THAA]), followed by a plateau once the-gryatalline fraction has been isolated.

The presence of amino acids after the longest bleaching duration shows that Nps contains a
bleachresistant intracrystalline protein fractiorg.3.3), as has been observed in other speoies
foraminifera(Watson, 2019)While the variability of [THAA] in the extended Nps bleaching
experiments is high, the similarity between unbleached and bleached [THAA] suggests that the
majority of the intefcrystalline protein fraction has been lost by 18 ka, as has been observed in
other biomineralgSykes et al., 1995; Penkman et al., 2008; Ortiz et al., 2015, 2017)

Thesamples with much higher than average [THAA] (> 0.9 nmol / foram) at 250 cm (and seen in
some unbleached samples at other depths,Seetion3.3.2 may be due to some betweeshell
variability in the survival of int@rystalline protein (as seen in gastropfidenkman et al., 2008)
although given that each sample in this study consists of 100 individual tests this interpretation is
unlikely. An alternate explanation maydsee to modern laboratory contamination; however if this
was the case these samples would have a correspondingly low A/l value, which is rfeigseen (
3.5). This variability is therefore most likely due to the challenges in accumataburing amino

acid concentration, especially at very small sample @meegell, 2012)
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a) 250 cm, 18.0 ka b) 500 cm, 19.7 ka c) 1450 cm, 55.6 ka
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Fig.3.3 ¢ Trends irconcentration ofotal hydrolysablemino acid¢[THAA]with increasing bleach time
for Nps athree core depths: a) 250 cm, b) 500 cm and c¢) 145@aos show individual replicates; bars
show means of all replicates at each time and depth point. Where data are absent, this is because
experiments of this durain were not carried out.

3.3.1.2The effect of bleaching on amino acid composition

The biomineral protein of Nps dominated byAsx and Glyyith smaller contributions from $e
Thr,Ala, GIxVal, Leu and ligFig.3.4). Phe, His, Arand Tymwere not resolved using IEC, but
observed in small amounts (total contribution from all four amino acids31%) in samples
analysed by RAPLC (see supplementary informatidrjis composition is consistent with other
foraminifera(King and Hare, 1972a; Weiner and Erez, 1984; Robbins and BrewThe30yh
abundance of Asx indicates the presence of acidic proteins involved in biomineral formation
(Weiner, 1979)while Gly and Alikely represent sitkke proteins found in other biominerals
(PereiraMouriés et al., 2002; Gotliv et a2003)

Differences in the composition of amino acids between the wéioddl and intrecrystalline

fractions have been found in some mollusc stiEkskman et al., 2008; Demarchi et al., 2013c;
Ortiz et al., 2015; Pierini et al., 20li6yicating the presence of different prats in different

fractions of those biominerals. Other biominerals do not have significant differences between the
two fractions (e.gostracodegOrtiz et al., 2013)strich eggshe(Crisp et al., 201R8)The

composition of amino acids is quite variable for Nps, especially for SeardT@ly, confounding a
clear assessment of the effect of bleaching on composition, with no clear patterns emerging from

the extended bleaching treatmerfiy.3.4). The apparent stability of both the concentration and

81



composition othe intra-crystalline amino acid pool over extended exposure to bleach suggests

that this fraction is oxidatroresistant
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Fig.3.4 ¢ The effect of increasing exposure to bleach on togdrolysable amino acidKlAA

compositionof Nps tess at three core depths (analysed using IEC). While there is some variability in the
THAA composition in the first 48 hours of bleach exposure, no clear compositional changes are caused
by oxidation. Duéo poor separation of Ser from Thr using IEC, these amino acids are reported

together.

3.3.1.3The effect of bleachingn A/l values

Differences in A/l or D/L values between the inded intracrystalline fractions of biominerals
may be due to the loss of mohighly racemised sheghain peptides and free amino acids from
an opensystem intefcrystalline fractiorfPenkman et al., 2008free amino acids in a biomineral
are more highly racemised than peptideund amino acids due to the accelerated rate of
racemisation at the terminal gdions of peptide¢Crisp et al., 2013; Tomiak et al., 2013)
Therefore, if this fraction is more susceptible to leaching (diffusive loss) frorsrydallinesites
than intracrystalline sites, unbleached material will shBuppresse@/I or D/L values compared
with bleached material. This pattern has also been observed in some mlgséxenkman et al.,
2008; Demarchi et al., 2013c; Ortiz et al., 2015; Pierini et al., @0d@strich eggshg|Crisp et al.,
2013)

As theextendedbleaching experiments for Nps were analysetE@pnly, the onlyamino acid for
which racemisation data are available isAE250 cm th&\/I value increases slightly between 24
and 48 fours and then plateau§ig.3.5a), indicating that bleacinduced racemisation is not

taking placeDue to the variability of the data there is no clear effect of bleaching on A/l at 500 and
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1450 cm Fig.3.5b, c); however, lower A/l values in unbleached Nps are also seen in thecdosvn
trend for ages greater than ~60 Keig.3.8). Thissuggests that the remaining interystalline
protein may behave as an open system even after the initial loss of protein during early stages of

diagenesis; this may be due to the progressive generation of highly racemésathin® acids via

hydrolysis.
a) 250 cm, 18.0 ka b) 500 cm, 19.7 ka c) 1450 cm, 55.6 ka
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Fig.3.5 ¢ Trends in Avaluewith increasing bleach time fdipsat a) 250 cm, b) 500 cm and c¢) 1450
cm.Dots show individual replicates; bars show means itates at each time and depth point.
Where data are absent, this is because experiments of this duration were not carried out, with the
exception of 360 hours at 500 cm, where none of the samples had reselleepesiks. An increase in
A/l is observedbetween 2448 hours at 250 cm, while bleaching has no clear effect on A/l at 500 cm
and 1450 cm.

Based on the results of these extended bleaching experiments, a 48 hour NaOCI exposure was
chosen for the rest of the samples in the study, as this treatmesuifficient to isolate the intra

crystalline fraction of amino acids in Nps.

3.3.2Comparison of downore dagenetic trendsn racemisation
between unbleached and bleached Nps

Samples of Nps were taken for analysis by IEC ahié®RP at regulamtervals down the cores to
enable a more detailed investigation of any amino acid trends and to compare the behaviour of the
whole-protein and intracrystalline fractions for this class of biomineral. A full list of intervals

sampled can be found in thegplementary information.
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3.3.2.1Trends in concentration and composition

There is substantial variability in both the [THAA] and composition of amino acids for both
unbleached and bleached samples through the cd#igs3(6, Fig.3.7). In general, the

concentration of bleached samples is slightly lower than concentration of unbleached s&igples (
3.6), indicating that the majority of protein maturallyaged Nps is in the interystalline fraction.
With the exception of a few relatively young samples having higher than average [THAA], the
concentration of amino acids appears to be relativigiplsover the timescale represented by this

core.
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Fig.3.6 ¢ Down core trends in total hydrolysable amino acid concentration of bleached and unbleached
Nps tests (analysed using-RPLC)

As was seen in the extended bleaching experiments, thereclearodifference between the
composition of wholgrotein and intracrystalline protein fractions of NpBig.3.7). Neither

fraction shows a systematic change in amino acid composition dowril¢tusi@dicatesthat both

the wholeshell and intracrystallinefractionsremain relativéy gableduring diagenesis. While

some work has found differential loss of acidic proteins from a randarddtpnic species within

~300 kaRobbinsaand Brew, 1990}his trend is not seen here over the 120 ka studied.
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Fig.3.7 ¢ Downcore @mpositiors of unbleached and bleached (48 h) Nps tes@ysed by IEC
showing a relativelytgblecomposition of both the whole and intaystalline fractions of amino acids
Due to poor separation of Ser from Thr using IEC, these amino acids are reported together.

3.3.2.2Trends in racemisation

As determined by IEQ A/l value of Nps increases witlfeawith the rate of racemisation

slowing over time in both bleached and unbleached samipigs8@). Due to the change in
sedimentation rate at ~30 ka in the cores (B&p3.2), plots of D/L against aged depth are
included to show more clearly the trends in racemisation during the younger section of the core
(Fig.3.8, Fig.3.9, Fig.3.10). In the first ~60 ka (1550 cm) of the core, #eent of racemisation for
bleached and unbleached Nag similay with bleached Nps having a slightly higher degree of
racemisationFig.3.10, presented separately for clarity). Older than ~60 ka, the levels of
racemisation are lwer for unbleached Nps than bleached Nffss may be due to the loss of free
amino acids from the unbleached biomineral, effectit@ippressin@he rate of racemisation (see
Section3.3.1.3.
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Fig.3.8 ¢ Downcore tends inA/l for Npsanalysed byEC: a) A/l against depth showing samples taken
between 162951.5 cm (corrected depth); b) Athainst age for samples taken between-1863 cm,

the range of the age model for the core (£4g.3.2). Horizontal lines show Jage error from age
model.Bleached samples were subjected to 48adOCéxposureA locally weightednsoothing (loess)
function has been applied (solid line) to highlight the differences between the racemisation trends for
bleached and unbleached Nps.

Of the amino acids analysed usingHER.C, Asx and GIx showed the clearest racemisation trends
(Fig.3.9i, ii). While previous studies of amino acid racemisation in Nps usifigPR@ have focused
on Asx and GlIx onfitaufman et al., 2008, 2013la also showed clear trends in racemisation in
this core after ~25 kd&ig.3.9iv), suggesting that Ala could be used to provide additional

chronological control for Nps in older material.

For most anino acids separated by RIPLC, the D/L values were similar between bleached and
unbleached Nps, with bleached material having slightly higher D/L values in older (> 60 ka)
samples, suggesting some loss of higiadgmised free amino acids from the intaystalline

fraction Fig.3.9). Ser has substantially higher D/L val&&.3.9, Fig.3.10ii) in the bleached
samplesThis may be due a result of $eringa higher abundance in the free amino acid pool as a
result of the lability of SeX peptide bondgHill, 1965)esults in a geater \Buppressioff Ser
racemisation than other amino acids in the whpltetein fraction. As-Ser is a common laboratory
contaminant, the increase in Ser D/L on bleaching may also be in part due to the removal of

exogenous amino acids.
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As also seeim studies of the kinetics of amino acid racemisation in other biomir@=at&kman et
al., 2008; Demarcleit al., 2011, 20155er racemises the most quickly of all the amino akidgo
its ability to racemise inhain(Demarchi et al., 2013g)lateauing at ~3Ra at a D/L of around 0.3
for bleached samplg&ig.3.9 andFig.3.10ii). This platea may be due to the comparative
instabilityof Ser(Bada et al., 1978gsulting n apparent$teadystateCbehaviour of racemisation
as the rates of Ser racemisation and decomposition cony8aygoeder and Bada, 197A&sx, Glx
and Ala show a similar trend to, Neth rapid initial racemisation in the firsBO ka followed by a
slowing of the observed rate of racemisati¢ig.3.9 andFig.3.10i, ii, iii). Thisvo-stage
racemisation pattern isonsistent with observations cdcemisatiorkineticsin foraminifera
(Wehmiller and Hare, 1971; Harada and Handa, 1995; Kaufman, 280&)ith other biominerals
(see Clarke and Murrag/allace, 2006)
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Fig.3.9 ¢ Trends in racemisation fémur amino acidgi) Asx, ii) Glx, iii) Ser, iv) Heplysed by RAPLC.

a) D/L against depth showing samples taken betwee2b@.5 cm (corrected depth); b) D/L against
age for samples taken between 12863 cm, the rangefdhe age model for the core (s€ig.3.2).
Horizontal lines show lage error from age modeAll four amino acids have higher D/L values for
bleached than unbleached Nps in older samBésached samples were subjected to 48aCCl
exposureA locally weighted smoothing (loess) function has been applied to highlight the differences
between the racemisation trends for bleached and unbleached Nps.
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Fig.3.10¢ Trends in racemisationiffour amino acidgi) Asx, i) Glx, iii) Ser, iv) Haplysed by RAPLC
for the youngest part (260 ka, 181500 cm) of the core: a) D/L against depth; b) D/L against age.
Horizontal lines show lage error from age moddburing this early stage of racemisation D/L values
are similar between bleached and unbleached Npsdry @lx and AlBleached samples were
subjected to 48 h bleach exposufelocally weighted smoothing (loess) function has been applied to
highlight the differences between the racemisation trends for bleached and unbleached Nps.

Of these three amino ats, Asx racemises the most quicklNps reaching a D/L 6.3 by 120
ka, while GIx racemises more slowly, reaching a BAL 1B over the same periodhe apparent

racemisation rate oAlaisintermediate, reaching a D/L €0.2 by 120 ka. Thader of apparent
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racemisation rate (Ser > Asx > Ala > GlIx is Bensistent with the results of hitgdmperature
decomposition experiments carried aut other biomineral¢ée.g. Kimber and Griffin, 1987; Ortiz
et al., 2017; Dickinson et al., 2018)udieof Asx and GIx racemisation trends in heated and
naturallyaged planktonic foraminifera have found that Asx racemises more quickly than Glx
(Hearty et al., 2004; Kaufm&06; Kaufman et al., 201 8jpowever a study dP. obliquiloculata
investigating a wider range of amino acids found that lle racemised more quickly than Glx, in
contrast to the results of this study, which observed similar apparent racemisationebtesb

lle and GlXHarada and Handa, 189

If the intracrystalline fraction better approximates a closed system than the vgnotein

fraction, then there should be fewer environmental influences on racemisation in the intra
crystalline fraction, resulting in lower variability between\iaues at any given horizon for

bleached sampleg®enkman et al., 2008¥or Nps, bleachingsulsin adecrease in variability

between similalage samples during early stages of diagenEigs3(11). This result is consistent

with the reduced effect dfleaching on total amino acid concentration in older mate®iection

3.3.1.1, suggesting that the majority of the intenystalline protein is &ched from the biomineral

during early stages of diagenesis. While these reductions in variability on bleaching are not seen in
older material, the observed increase in D/L values in theéngsdalline fraction suggest that the

IcPD approach also limttge effects of leaching and contamination in older samples.

Unbleached Bleached

0.25

0.20
|
5 0.15
=
O

0.10

0.05

L ]
0.1 0.2 0.3 0.4 0.1 0.2 0.3 0.4
Asx D/L

Fig.3.11 ¢ Covariance of Asx and GlIx D/L for bleached and unbleached Nps analysétPh{CRP
showing decreased variability of D/L values on hiegdor young material (Asx D/L < 0.2). A locally
weighted smoothing (loess) function has been applied to show the general trends of the data.
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3.3.3IECA/I to RPHPLM/L conversios

Conversion from IEC lle A/l and equivalerRHREC amino acid D/L was carried out using the
pooled regressions developedWhitacre et al(2017) as well as Npspecific regressions derived
using the Nps data set. Due to the poor separationllef &nd DAile using RPIPLGPowell et al.,
2013; Wehmiller, 2013ajlirect comparison between IHE A/l and RIPIPLC lle A/l was not

possible using this data set.

When applied to the Nps data set, the@ediction uncertainty for the pooled regressions were
123 to 42% depending on the amino acid, similar to the ranges fouthitgicre et alfor other
biominerals Table3.2). WhileWhitacre et al(2017)foundthat creating materiaspecific models
reduced the 2 prediction uncertainty compared with pooled regressions, this has not been
observed for Npg perhaps due to the use of averaged rather than paired analyses. For Asx, GIx
and Ala the 2 prediction uncertainty was 24-35% when using the Nypecific regrssion.
Conversely, Val and lle had much highepr2diction uncertainties for the Ngpecific regression,
highlighting the poorer chiral separation of both Val and lle BYMRE for this biominerdig.

3.12, Table3.2). The pooled regressions did, however, slightly overestimate Asx, GIx and Ala D/L
values Fig.3.12).
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Fig.3.12¢ Relationship between IEC lle A/l aneHRR.C amino acidlL values, modelled by leg
transformed linear regressions. Lines represent thedgpsific and pooled linear regressions; shaded

envelopes are 2prediction uncertainties usingdummyata set for the Npspecific regressions (as
used by Whitacre edl. (2017) and the Nps data set for the pooled regressions.
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Table3.2 ¢ Results of linear regressions using teansformed A/l and D/L values. PU refers to the
prediction uncertainty calculated using the Nps data set for the pooled regression@amnthaldata
set for the Npsspecific regrssion (as used Bhitacre et al(2017). Success rate refers to the
proportion of predicted ranges which included the D/L value measiyr&PHPLC.

Pooled regression Npsspecific regression

M H" AICc Success| Slope Intercept R M® H ™ AlCc

PU PU rate (%) PU PU
Asx 0.24 0.24 -239 69 0.41+0.03 -0.35+0.14 0.83 0.23 0.24 -24
GIx 041 042 126 94 0.51+£005 -122x0.2 0.76 036 0.38 3
Ala 033 033 -16 78 059+0.05 -021+0.2 0.84 033 0.35 -2
Val 0.39 0.40 43 31 051+0.10 -1.13+x04 044 077 0.82 48
lle 041 042 59 27 049+0.13 -082x0.6 031 098 1.05 57

The results of this analysis show that the-Sipscific regressions can confidently convert Nps IEC

A/l values into equivalent D/L values for Asx, Glx and Ala over the ranges tested, with similar
prediction uncertainty ranges as for the pooled regressiewgloped by Whitacre et 42017)

Due to the poor separation of Val and lle for Nps it was not possible to validate the regressions for
these amino acids. Due to the overestimation of Asx, Glx and Ala D/L values using the pooled
regressions and the similar prediction uncertainties between thespgsific and pooled

regressions, we recommend that the Nypecific regressiordevelged in his paper are used to

convert Nps A/l values to D/L Asx, Glx and Ala values.

3.4 Conclusions

Bleaching experiments shdiat Npstests contairan intra-crystallinefraction of amino acids

which is resistant to extended exposure to ble@ch8 hour treatmentvith 12% w/v NaOCI

isolates the intracrystalline fraction in Nps, with a greater proportion of amino acids being

removed by bleaching in younger samples. Bleaching results in slightly increased lle, Asx, Glx and
Ala D/L values in older samplesglicatingthat the intercrystalline fraction of amino acids behaves

as an open system during diagenesis. Additionally the variability of D/L values is lower for bleached
Nps than unbleached Nps in samples where Asx D/L < ca. 0.2. This suggests that the IaPD approa
limits the influences of leaching on racemisation trends for younger Nps, while older material may

also benefit from bleaching by minimising the potential impact of contamination.

Given this dataset, it is therefore recommended that a bleaching steguided during the

preparation of Nps foraminifera for amino acid dating, if sufficient sample mass is present to
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compensate for the reduction in concentrations caused by oxidation of thechysalline

fraction.

IEC A/l values were successfully caedeto RPHPLC D/L values for Asx, GIx and Ala in Nps using
materialspecific regression equations witlk24-38% 2 prediction uncertainty depending on the

amino acid.
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Chapter 4 Testing the effect of oxidising
pre-treatments on amino acids in sub
modern and Pleistocene foraminifera

The oxidation experiments carried out absnodernAmmoniaspp.andH. germanican Section

4.3 of this chaptefform part of the following paper:

Millman, E.Wheeler, L. JBillups, K., Kaufman. D., Penkman, K. BORPR)(Testing the
effect of oxidizingre-treatments on amino acids in benthic and planktic foraminifera tests.
Quaternary Geochronologg3, 101401 https://doi.org/10.1016/[.quage0.2022.101401

The full manuscript can be foundAppendix 1Experiments related to benthic specigsnmonia
spp.andH. germanicy and associated data analysis artdrpretation, were carried out by LW.
Experiments related to planktic specf€s truncatulinoidess. tumidaandP. obliquiloculataand
associated data analysis and interpretatioare carried out by EMI'he manuscript waso-

written by EM and LVwith guidance and insight from KBS&nhd KP.

4.1 Introduction

Pretreatments with NaOCI have successfully isolated anémgsdalline fraction of amino acids in
a range of biominerals (e.g. various moll{fenkman et al., 2008, 2011; Demarchi et al., 2013c,
2013Db; Ortiz et al., 2015, 201 &8pralgHendy ¢al., 2012) ostrich eggshe(Crisp et al., 2013nd
tooth enamel(Dickinson et al., 201Q)including the planktonic foraminifileogloboquadrina
pachydermdsinistral) Chapter 3. H,O; is a weaker oxidising agent than Na@gdis routinely
used inthe pre-treatment of foraminifera for AAR to remove contaminant amino gtidarty et
al., 2004, 2010; Kaufman et al., 2008, 2013; West et al., 2019; Ryan et alli?@2@3riments
carried out on vaous mollusc speciekbO, was found to be less effective at isolating the intra
crystalline fraction of amino acids than Na@®@hkman et al., 2008)hile no systematic
differences betweethO; or NaOCI préreatments were found for subdossil ostracode@Bright

and Kaufman, 2011afomparisons betwedO, and NaOQire-treatmentsin foraminifera are
limited toone preliminary investigation of prgeatments inP. obliquiloculatawhch found that a
shortH,O, pre-treatment reduced D/L variability compared to sonicatioshortexposureg1-2

hours) to ethanol, methanol or NaO(earty et al., 2004)
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In this chapter, oxidation experiments using NaOCHa@gwere carried out on three species of
foraminifera commonly preserved in Pleistocenelsgal depositsAmmoniaspp, H. germanica
andE. williamsonj to determine whether an intrarystalline fraction of amino acids can be
isolated in these species. Entled oxidation experiments using NaOCI were carried out on
Ammoniaspp, H. germanicandE. williamsoniaken from surficial salt marsh deposits in the UK;
these were carried out alongside higgmperature decomposition experiments Ammoniaspp.

andH.germanicareported inChapter 5.

The effect of bleaching is less pronounced in didgrachydermés) Section3.3.2, a pattern

which is also seen in other biominerd@&nkman et al., 2008; Bright and Kaufman, 2011a;
Dickinson et al., 2019Dxidation experiments were therefore carried out*anmoniaspp.andH.
germanicaaken from a miePleistocene sekevel depositin orderto investigate the effect of
different oxidative prdreatments in naturalhaged foraminifera. In particular, trsgite of
experiments focused on whether an oxidative-fpeatment reduced the variability of D/L values
between replicates, a pattern which has been observed in many biomiteegatmemollusc
specie (Sykes et al., 1995; Penkman et al., 20838jich eggshe(Crisp et al., 201Zndenamel
(Dickinson et al., 2019put not all (e.gsome other mollusc speci@@enkman et al., 2008; Ortiz et
al., 2017)andostracodegBright and Kaufman, 201}a)

4.2 Materials and Methods

4.2.1Sample collection

Surficial sediment samples%@m) werecollected from tidal flats at the Humber Estuary, Hull, UK
(Lat:53.642,Long-0.183 and the Ythan Estuary, Aberdeen,(Li€:57.313,Long:-1.995) Large
numbers ofAmmoniaspp. andHaynesina germanicgere found in the Humber Estuary sample,
which wee used for the oxidation experiments carried ousécttiord.3 (seeTable4.1), as well as
the hightemperature experiments detailed @haper 5. Sufficient numbers dElphidium
williamsonifor a shorter suite of oxidation experimemisre present in the Ythan Estuary samples,
which arealsopresented irSetion 4.3. Although these samples were not independently dated,
they most likely represent a modern assemblage of foraminifera. Howewerking of the sailt
marsh sediment is a possibil{sigueira and Hayward, 201Badiocarbon dating of basal peats
gives a marmum age of a few thousand years for each(iteng et al.1998; Smith et al., 1999)
thereforethe foraminiferaare no older than Holocene in ag€o reflect thedegree ofuncertainty
AY GKSANI I 3Ss GKSAS ¥RRONFROF NE NBEFSNNBR (2
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Samples were collected from various horizons froickPleistocene deposits at Northam Pit, Eye
Green, Peterborough, UKat:52.617, Long:-0.184). One sampled\NR1, at 1.9 m OD) was found to
have large numbers éfmmoniaspp. andH. germanicaso materiafrom this sample was used for
all pretreatment experimentsE. williamsonivas represented only in small numbers at Northam
Pit. OSL dating of overlying sedimentssavinimum age of MIS(243-191 ka(Lisiecki and
Raymo, 2009 ¥or these foraminifergBateman et al., 2020, p. 13yditional geological context

for this site and the application of AAR to its chronology can be fo8ettion6.2.1

4.2.2Preparation and analysis

30-50 foraminifer tests from the 9800>m fraction (Humber Estuary and Ythan Estuary) or 212
500>m fraction (Northam Pit) were used for each sample. For theradern material, pe-
GNBIFGYSyiGda @gSNBE OF NNAWR t Bdzi0 K&RQW IHGoigvgare QI o iy
oxidising agent) or 12% w/v NaOCI (strong oxidising agent), for a range of dufaibes ).

Due to limitations in theumberof E. wiliamsonitests, only prdareatments with NaOCI were

carried out.2 hour pretreatments with 3% or 30¥4,0, or 12% NaOCI were carried out on the

Pleistocene material in addition to a sonicatmmty treatment.

Tabled.1 ¢ Oxidising prareatments carried out on suimodern and Pleistocenmmoniaspp.,H.
germanicaandE. williamsoniSeeSectiord.2.1abovefor additional site information.
Treatment duration (hours)

Species Location Age Unbleached 3%H.0; 30%HO. 12% NaOCI

Ammoniaspp. Humber Submodern | 0 2,4 4 4,24, 48,
Estuary 96, 192
Northam Pit = Pleistocene | 0 2 2 2

H. germanica Humber Submodern | 0 2,4 4 4,24, 48,
Estuary 96, 192
Northam Pit = Pleistocene |0 2 2 2

E. williamsoni = Ythan Submodern | 0 - - 24,48, 96,
Estuary 192

Pretreatment, demineralisation and hydrolysisn@carried out according t8ection2.2 using 20
>[ 2F GKS OK2 &8heached saRples WefeSublecles 6 & second round of
sonication (3 x 1 minutensing withm y  Y>@ between each sonication) following crushing of
the foraminifer tests, then allowed to air dry overnight before demineralisafimoonserve
material, only the total hydrolysable amino acid (THAA) fraction was analgsbds fractio has

higher amino acid concentrations than the free amino acid (FAA) fraction.
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Analysis of sumodernAmmoniaspp. andH. germanicavas carried out via RRPLC according to
Sectiorn2.4.1 Analysis of suiodernE. williamsoniand Pleistocendmmoniaspp. andH.

germanicawas carried out via UHPLC accordingection2.4.2

4.3 Results of sequential oxidation of smiodern foraminifera

4.3.1Amino acid corentration

For all three species studied, treatment with 12% NaOCI resalaimto 90% decrease in the
total concentration of amino acids ([THAA]) withtiteast4 hoursfor submodernAmmoniaspp.
andH. germanicaand & least 24 hourgthe first bleaching timepoint usetr E. williamson(Fig.
4.1). This suggests that the residual fraction of amino acids representgipstalline material.
The rapid oxidation of intearystalline proteins from these speciesipared to 4872 h typically
required for other biomineral@.g. Bnkman et al., 2008; Crisp et al., 2Q1iBgly reflects the thin
shell structure of foraminifer tests, as well as their large sutfaoeass ratio enabling rapid
penetration of the oxidising agt (e.g. Hearty et al., 2004)he concentration of THAAAMMonia
spp.andE. williamsoniemairs stable up to 192 h, while there appears to be further gradual loss of
amino acids after prolonged bleachingd@ h) inH. germanicaindicating possible etching of the
mineral matrixPenkman et al., 2008; Hendy et al., 2012; Dickinsah, &019)

The effeciof H:O; on [THAA] (foAmmoniaspp. andH. germanicpadepends on the specieh
Ammoniaspp., the variability of [THAA] in the unbleached samples precludes a quantitative
comparison of the proportion of amino acids removed phaidation prereatment Asmaller
proportion of amino acids removed by the 4 h 3%:&: and 30% kD, treatments than the 4 h
12% NaOCI treatment. This suggests thék i4 not a strong enough oxidizing agent to isolate the
bleachresistant intracrystalline fractiorin Ammoniaspp.within 4h; longerH,O, pre-treatments
were not carried outConversely, the 4 h treatments with 3%k 30% HO, and 12% NaOCI all
remove a similar proportion of amino acid$dingermanicarhis is similar to the behaviour of
ostracodegBright and Kaufman, 2011&)y comparisorkhO; is unable to isolate the intra
crystalline fration, even after extended exposuyii@ various species of mollusc shéfenkman et
al., 2008)
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Ammonia spp. H. germanica E. williamsoni
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Fig.4.1 ¢ Concentration of total hydrolysable amino acids ([THAA]) in unbleaci@dd¢Hication only)
and oxidizedH,O, or NaOCI) samples of soibdernAmmoniaspp, H. germanicand E. williamsoni
Weak oxidation (#0;) experiments were not carried out far williamsoniDots show individual
replicates; bars show means of all replicates.

4.3.2Amino acid composition

The relaive proportion of nine amino acids best resolved YREC and UHPLC is shown fof sub
modernAmmoniaspp, H. germanicandE. williamsondver the course of prolonged exposure to
NaOCIFKig.4.2). The composition of the three species is dominated by Asx and Gly, with lesser
contributions from GIx, Ser, Val, Leu and lle. Ala contributes a similar proportion of amino acids to
this second group iIAmmoniaspp. andH. germanicathe apparently lower pmortion of Ala irE.
williamsonis due to its poar separationusing UHPLGdeSection2.4.2. Overall, he

composition of all three species is similaNtgpachydermé#s) Section3.3.1.2 andsomeother
specieof foraminifera(King ad Hare, 1972b; Weiner and Erez, 1984; Robbins and Brew, 1990)
although for the species investigated by Millnedual.(2022 (G. truncatulinoidess. tumidaandP.
obliguiloculatathe proportion of Gly is much lower and Ala much higher &ramoniaspp., H.

germanicaandE. williamsoni
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Ammonia spp. H. germanica E. williamsoni
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Fig.4.2 ¢ Relativeproportion ofwellresolvedamino acids (J@HAA) in submodernAmmoniaspp, H.
germanicaandE. williamsonbdver the course of extended exposure to 2@86NaOCIAmino acids are
shown in order of elution. THe. williamsonsamples were analysed using UHPLC, which resolves amino
acids somewhat differently to FFPLC (seBection2.4); therefore its composition is not directly
comparable tCAmmoniaspp.or H. germanicaPoorly resolved amino acids (Thr, His, Arg and Met) have
been excluded.

o

The effect of oxidation time on the composition of the three species is somewhat inconsistent. For
Ammoniaspp, after a rapid decrease inGby between @ h of NaOCl exposure Réx decreases

and %Gly increases between36 h, followed by a slight rexaad of this trend between 96 and 192

h. H. germanicahows a general trend of increasing% over time, with %sx, Glx and Ser
decreasing somewhgand the hydrophobic (latezluting) amino acids Ala, Val, Phe, Leu and lle
having little change in % [THPover time. With the exception of a highe& and lower %Asx at

24 h, there is little change in composition over timeHowilliamsoniThese results are likely due,

at least in part, to the betweereplicate variability of composition, illustratéad Asx and Gly in

Fig.4.3 (seeAppendix Zor the % contribution of GIx, Ser, Phe and lle to [THA&QNnderstand
whether the differences in composition change with NaOCI expgsurgnely differ between the

species, a larger number of replicates for each time point would be required.

100



Ammonia spp. H. germanica E. williamsoni
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Fig.4.3 ¢ Proportionof Asx and Gly in unbleached@sonication only) and oxidizéQ, or NaOCI)
samples of sulmodernAmmoniaspp, H. germanicandE. williamsonWeak oxidation (}D,)
experiments were not carried out f&: williamsoniError barsshowz 1 standard deviatiolf ). Dots
show individual replicates; bars show means o€pllaatesThe corresponding proportion of Glx, Ser,
Phe and lle is given Appendix 2

Fig.4.4 shows the effect of oxidising agent strengthfanmoniaspp. andH. germanicgamples
subjected to al h pretreatment(these experiments were not carried out Bnwilliamsondlue to
limited material) ForAmmoniaspp., increasing the strength of the dxidg agent increas@sAsx,
GIx and Alaand decrease%Gly, when treated with 12% NaOCI, the composition is more similar
to naturallyaged (sulossil) material compared to weaker oxidative-peatments(seeSection
4.4.2. By contrast, there is relatively little difference betweenipeatments in naturalhaged
Ammoniaspp.andH. germanicaN. pachydermés) Section3.3.1.3, or various species of plaikt
foraminifera Millmanet al, 2022). The pattern foH. germanicaliffers toAmmoniaspp Samples
treated with 3% and 30%®& have a lower %la and higher %sx than the unbleached samples,
but the samples treated with 12% Na®@&Ve amore similacompositionto the unbleached
samplesThis may be due to the large int@plicate variability of composition, especially for Asx

and GlyFig.4.3).
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Fig.4.4 ¢ Relativeproportion of amino acids (fHA4) insubmodernAmmoniaspp andH. germanica
treated with an oxidising agent for 4 houFpur different préreatments were used®nication only
(unbleached, U), & 3% HO; (3H), 4h 30% HO, (30H), and 4 12% NaOCI (12N).

4.3.3Effect of oxidation on D/L values

Fig.4.5 shows the D/L values of Asx, GlIx, Ser, Phe diod Aenmoniaspp, H. germanicandE.
williamsonjwith increasing strength or duration of oxidising-pematment. For all three species,
relatively few samples had measurable Phe or lle D/L values, especially in the oxidisedth@anples;
is likely due to low concentrations offbe and Blle, which aranore challenging to quantify than

earliereluting DAsx and BIx (seéSectior2.4).

ForAmmoniaspp, there are no clear trends in Asx or Glx D/L values with increaskrg@i@ent
strength or duration. Ser Di& higher in samples treated with NaOCI tbhahleached oH,O,-
treated samples. Higher Ser D/L values in bleached samples are also-segerimanicaand may
indicate removal of exogenousSer by NaOGkhich is not removed by weaker oxidising-pre

treatments.
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Fig.4.5 ¢ Asx, GIx, Ser, Phe andTl¢AA D/in Ammoniaspp, H. germanicandE. williamsonireated

with various oxidising ageni&/eak oxidation (¥D.) experiments were not carried out fiar

williamson;j otherwise where bars are missing, it is because the respectveiid acid was not
detected in any of the samples at that time pobts show individual replicates; bars show means of
all replicates

InH. germanicathere may be a slight decrease in Asx and GIx D/L values between the senication
only samples and samples subjected to short oxidation timés)2followed by a slight trend of
increasing D/L between 4 and 192 h of bleach exposure. This pattern has been obsghezd in
biominerals arious mollusc shelfenkman et al., 2008)stracodegBright and Kaufman, 2011a)
andcorals(Hendy et al., 2012)and could indicate a catalytic effect of NaOCl on racemization
following the initial removal of intearystalline amino ads. Thiscombined with the slight

decrease in amino acid concentratiorHingermanicafter 92 h suggests that the fraction of
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amino acids isolated by the initial bleach exposouag not becompletelyresistant to chemical
influences. However, given teenall number of replicate analyses=(34), and relatively large

overall variability in D/L values, this observation should be treated with caution.

Treatment ofE. williamsonivith NaOCI results in an initial increase in Asx, Glx and Ser D/L, with the
D/L values of GIx and Ser continuing to increase with increasing duration of NaOCI exposure. This
suggests that the intrarystalline fraction oE. williamsoninay not be oxidation resistant over
extended timescales, with NaOCI penetrating the biomistmatture to catalyse racemisation of

intra-crystalline amino acids.

4.3.4Discussion

The oxidation experiments on suiodern foraminifera show that NaOCI effectively removes-inter
crystalline proteins for all three speciégr(moniaspp, H.germanicaandE. williamsonj with
extended exposure to NaOCI resulting in slight further reductions in [THAAfemMmanicaln
comparisonH.O, moderately reduces [THAA]JAmmoniaspp.andH. germanicadepending on

the concentration oH:0, used awl the length of the oxidative piteeatment. The effect of
increasing préreatment strength and duration on composition are somewhat inconsistent, with

no clear patterns across the three species investigated.

The effect of prareatment strength and dur#éin on D/L values was also species dependent.
Samples treated with NaOCI had higher Ser D/L values than than unbleakb@gtarated
samples for botiimmoniaspp.andH. germanicawhile extended NaOCI exposure resulted in
increasing D/L values for sommino acids itl. germanicandE. williamsoniThese results
suggest that weak oxidising greatments (3% or 30%4,0,) are somewhat less effective at
removing exogenous or interystalline amino acids than strong oxidisingtpeatments (12%
NaOCI), and that at least some species of foraminifera may noahavea-crystalline fraction

whichis resistant to prolongeexposureo NaOCI

4.4 Results of oxidatioexperiments carried out on midleistocene
foraminifera

Bleaching experiments carriedt onN. pachydermés)(Section3.3.1) andP. obliquiloculataG.
truncatulinoidesandG. tumida(Millmanet al, 2022 havefound that the effects of oxidation with
NaOCI were more pronounced in youngeterial, a pattern that has also been observed in other

biominerals (e.gzarious molluscéPenkman et al., 2008; Ortiz et al., 2015, 2017, 20%&pcodes
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(Bright and Kaufman, 2011a)denamel(Dickinson et al., 2019A range of oxidising pre
treatments were therefore carried out on MRléstoceneAmmoniaspp.andH. germanicdo
investigate whether the patterns seen in subdern foraminifera are also seen in naturalged

material.

Betweenreplicate variabilityvas akey issuavith the results of thesub-modern experimentsA

larger number of replicatesvasthereforeanalysed in this suite of experime(t® per pre

treatment)to enable statistical analysis (ANQ&Aalysis of variancapd twoway Tukey posgtoc
analysis) of the effects of oxidatipee-treatments on naturalhaged foraminifera. Four pre

treatments were investigated 2 y A O (i uyDy Sz yOIKS ROQW  Itrgafen vidth R G A O
either 3%H,0;, 30%0H0,, or 12% NaOCTébled.1). To limit the number of independevariables,

and for comparison with oxidative preatments commonly used for foraminifer A@Rarty et

al., 2004, 2010; Kaufn et al., 2008, 2013; West et al., 2019; Ryan et al., 202®our duration

was chosen for all oxidative pireatments in this suite of experiments.

4.4.1 Amino acid concentration

The [THAA] of naturalggedAmmoniaspp. andH. germanicdor each othe four pretreatments

is shown irFig.4.6. The unbleached (sonication only) samples have substantially lower [THAA] than
unbleached sulnodern samples, consistent with a loss of kumsstalline protein during

diagenesis. The lowgTHAA] irH. germanic@ompared tcAmmoniaspp.is most likely due to the
smaller (on average) sizetldf germanicdests in the Northam Pit sample (note that as the samples
were too small to be weighed accurately, concentration is reported in pmdarhjoiEvery

oxidative pretreatment decreased [THAA]JAmmoniaspp.compared to the unbleached samples;
increasing the strength of the oxidising agent (fromH3@ to 12% NaOCI) did not lead to a

further decrease in concentration, in contrasstdrmodern material$ectiord.3.1). The
concentrations oH. germanicaubjected to oxidative prgeatmentare essentially the samas

the unbleached sampleghis suggests that the majority of the inteystalline proteins are lost
during diagenesis, as has been observed in other biomirjerglBright and Kaufman, 2011a;
Kosnik et al., 2017; Ortiz et al., 2017, 2018; Dickinson et al., 2aRh8ygh not in the foraminifer

P. obliquiloculatawhich showed little change in concentration between €30Q ka(Hearty et al.,
2004) This may indicate differences in behaviour between differeatfmifer species, or that
inter-crystalline protein loss occurs very rapidly (within the first few ka of diagenesis) in this

biomineral class. In contrast to the smimdernAmmoniaspp.andH. germanicaa weak oxidative
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pre-treatment (3%H,0;) wassufficient to remove the remaining interystalline amino acide

this naturallyaged material

Ammonia spp. H. germanica
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Fig.4.6 ¢ Effect ofpre-treatment on total hydrolysable amino acid concentra(idtHAA]jn Pleistocene
Ammoniaspp. andH. germanicgn = 10 for echpre-treatment). Boxes show the median ahe first

and third quartiles; the whiskers extend to the minimum and maximum values, with samples beyond
1.5 times the interquartile rangedated as outliers (points)l: unbleachedsonication only; 3H: 3%

HOz; 30H: 30%10,; 12N: 12% NaOQ@ill oxidative prareatments had a duration of 2 hours.

4.4.2 Amino acid composition

The average composition wiid-Pleistocenédmmoniaspp.andH. germanicasubjected to each
pre-treatment is shown iig.4.7; the intersample variability in the proportion of several key
amino acids is shown Kig.4.8. The proportion of Ser is lower in tRéistocene than sulmodern
samples, due to its relative instabilfiyallentyne, 1964; Sato et al., 2004)decrease in %er has
also been obseed in higkemperature decomposition experiments of some biomindals.
Demarchi et al., 2013b; Qrtet al., 2017, 2019The proportion of Gly is also substantially lower in
the Pleistocene material, around 20% of [THAA] compared to around 40% in-thecern

material. This is similar to a loss of Ser and Gly over ka timescales observed iartheifieral

fraction of marine sedimentsvhile other amino acids remain stafBada and Man, 1980)
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Fig.4.7 ¢ The effect of préreatment on the elative proportion of amino acids (% [THAA]) in
Pleistocenédmmonia pp. andH. germanicaU:unbleachedsonication only; 3H: 3%+0,; 30H: 30%
HOp; 12N: 12% NaO@lll oxidative pretreatments had a duration of 2 hours.
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Fig.4.8 ¢ Variability of the elative proportion of amino acids (% [THAA]) for Asx, Glx, Ser, Gly, Phe and
lle with each preéreatment for PleistocenAmmnoniaspp.andH. germanicaError bars represent 1’
around the average % compositidi.unbleachedsonication only; 3H: 3%44,0;; 30H: 30%+,0;; 12N:
12% NaOCAll oxidative prereatments had a duration of 2 hours.
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Increasing the strength of thexidising agent does heubstantially Hect the composition of
Pleistocenédmmoniaspp. andH. germanicaat leaswithin the 2 hour prereatment timeused in

this suite of experiment@\lthough the results of the suhodern and Pleistocene oxidation
experiments are not directly comparable due to differences in theng@ment duration, this

along with the smaller differences in concentration between unbleached and oxidised samples in
the Pleistocene materiabéctiornd.4.1), suggests that the majority of interystalline amino acids

are lost fromAmmoniaspp.andH. germanicauring burial diagenesis. This corroborates the
patterns observed in planktonic foraminife@h@pter 3Millmanet al, 2022 and other
biomineralge.g. Sykes et al., 1995; Penkman et al., 2008; Ortiz et al., 2015)

4.4.3Effect of oxidatie pretreatmentson D/L values

A key advantage of analysing only the haingstalline protein fraction for AARt® lower inter

sample variability of D/L values in comparison to the whloddl fraction, which is observed in
manybiomineralge.g. Sykes et al., 1995; Penkman et al., 2008; Crisp et al., 2013; Dickinson et al.,
2019) but not all(e.g. Penkran et al., 2008; Bright and Kaufman, 2011a; Ortiz et al.,.2017)
Experiments on naturalygedN. pachydermés)showed modesteductionsin variability between
unbleached samples and samptie=sated with NaOCI for youngeraterial(Section3.3.2); likewise
comparisons between;, and NaOCI prereatments gave equivocal results for Arteistocene

to late-HoloceneG. truncatulinoide<;. tumida andP. obliquiloculatéMillmanet al, 2022).

The effect of prareatment on the D/L values #fx, GIx$er,Phe and lle arshown inFig.4.9. For

all five amino acids, an oxidative fireatment resulted in an increase in D/L values, with the effect
being most pronounced foeg This is similar to the patterns seen in-sutidern material$ection

4.3). This indicates that an oxidising agent removes exogenous amino acids which are not removed
by the sonicatioronly (unbleached) treatmeniThe substantial increase in Ser D/L, especially for
Ammoniaspp, may be dueto-L SNRa KA3IK | o6dzyRIyOS Ay Y2RSNY
Sectiorb.3.1.].
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Fig.4.9 ¢ Effect of pretreatment on Asx, Glx, Ser, Phe and lle DRletocendH. germanicand
Ammoniaspp. (= 10 for echpre-treatment). Boxes show the median ahe first and third quartiles;
the whiskers extend to the minimum and maximum values, with samples beyond 1.5 times the
interquartile range treated as outliers (pointd).unbleachedsonication only; 3H: 3%10;; 30H: 30%
HOp; 12N: 12% NaO@ll oxidativgpre-treatments had a duration of 2 hours.

To determine whether the differences in D/L values between eactigament are statistically
significant, a twaway ANOVA (analysis of variance) was carried out for each species using the D/L
values of Asx, GlSer, Phe and lle. This technique compares the means of sample groups where
there are two independent variables (in this case amino acid arAmgatnent). A statistically
significant f < 0.05) effect of treatment on D/L value was found for both spdCable4.2).

Following this resula twoway Tukey pogtoc analysis was used to determine the significance of
differences between each pair of gireatments Table4.3). A positive difference betweaneans
indicates thathe lefthandtreatmentin the comparison (see tableys a significantly highemean

value than theighthandtreatment; a negative differendadicates thatthe lefthandtreatment

has asignificantly lowemean value than theghthand treatmert. If the difference between

means passes throught@e difference between the groups is not statistically significant
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Table4.2 ¢ Results of tweway ANOVA for PleistoceAenmoniaspp.andH. germanicaAp-value of <

0.05 indicates a statistically significant result (highlighted in green). A statistically significant interaction
(between pretreatment and amino acid) shows thhe effect of the prereatment differs between

amino acids.

Degrees of Ammoniaspp. H. germanica
freedom F value p-value F value p-value
Pretreatment 3 56.5 7.4
Amino acid 4 309 229
Interaction 12 6.7 0.6 0.78

Table4.3 ¢ Results of tweway Tukey podhoc analysis for PleistoceAenmoniaspp.andH. germanica
An adjusteg-value of < 0.05 indicates a statistically significant difference between the two pre
treatments (highlighted in greer).: unbleachedsonication only 3H: 3%+10;; 30H: 30%1,0,; 12N:
12% NaOCl.

Comparison between Ammoniaspp. H. germanica
treatments Difference Adjusted | Difference between Adjusted

Lefthand = Righthand between means p-value means p-value
3H U 0.04 to 0.02 0.01 to0-0.02 0.72
30H U 0.01 t0-0.01 0.45 -0.04 to 0.01 0.39
12N U 0.10 to 0.07 0.02 to 0.00 0.10
12N 3H 0.05 to 0.03 0.01 t0-0.01 0.050
12N 30H 0.08 to 0.06 0.04 to 0.02
30H 3H -0.03 t0-0.05 -0.03 t0-0.05

The results of this analysis show that Aanmoniaspp., increasing the strengtt the oxidising
agent generally speakimgcreases the L value (with the exception of 30940,, which is not

significantly different from unbleached ahdslowerD/L valueshan the 3%,0; treatment).

ForH. germanicathere is less of a difference between the oxidativetpratmentsg the 12%

NaOCI prereatment results in higher D/L values only when compared to the-BQ%pre-

treatment, while the 30%%L0; pre-treatment results in lower D/L values than the 396, pre-
treatment. This is in contrast to a general trend of increasing D/L values with increasing oxidation
strength and/or duration, in both sumodernAmmoniaspp.andH. germanic€Sectiom.3.3, and
other biomineral§Penkman et al., 2008; Bright and Kaufman, 2011a; Hendy et al., 2012; Crisp et
al., 2013; Ortiz et al., 201 A slight decrease in D/L followed by a subsequent increase over
prolonged NaOCI egpure has been observed in some mollusc spéleerskman et al., 2008)

thought to be due to the initial removal of highly racemised intgstalline FAA, followed by an
increase in D/L due to the removal of inteystalline THAA (thus increasing the proportional effect
of intra-crystalline FAA on the D/L value of the THAA fraction). It is possible that a similar
mechanism is taking place here, with the initial increase in D/L between the soricdyi@nd 3%

HO, treatments perhaps being a result of removal of exogenous amids, &ct given that this
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pattern is only significant lkmmoniaspp.and not observed in the suiodern material, and that
the differences in D/L are very small (~0.03 units), this should be treated as speculative only, and

may simply be due to chance.

An oxidising préreatment reduces the coefficient of varianstafidard deviation divided by
mean,CoV) for all five amino acids compared to the sonicatidypre-treatment Fig.4.10). This
is consistent with comparisons between unbleached samples and samples treated i, 8%
P. obliquiloculatéHearty et al., 2004 hedifference between weak and strong oxidation-pre
treatments is limited, with the 12% Na@@-treatment having a higher CoV than e,
treatments for several amino acids, a pattern also seen in comparisons betweeraNeByCh-

treated foraminifergMillmanet al, 2022).

Ammonia spp. H. germanica
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Fig.4.10 ¢ Coefficient of variance (standard deviation / mezrthe D/L values of Asx, Glx, Ser, Phe and
lle ofmid-Pleistocenédmmoniaspp. andH. germanicasubjected to a range of piteeatments(n = 10
for eachpre-treatment).

4.4.4Discussion

In contrast to the préreatment experiments carried out on satiodern material, the difference in
amino acid concentration between unbleached and oxidised materiaimeeilin Pleistocene
Ammoniaspp. andH. germanicawith all three oxidising preeatments (3%+0;,, 30%H.O; and
12% NaOCI) removing a simitanall proportion of amino acids from the whedkell fraction. This
is consistent with a loss of interystalline proteins duringaturaldiagenesis, and likely also

explains the similar compositions between the fourfpeatments.The loss of intr&rystallne
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proteins during diagenesis has been observeahiar species of foraminife(@hapter 3Millman
et al, 2022, as well as ottr biomineralge.g. Penkman et al., 2008; Bright and Kaufman, 2011a;
Dickinson et al., 2019)

Increasing the strength of oxidising agent increased D/L \&ligk#yfor both species, with Ser
D/L showing the largest effect, perhaps due to the removabefrl.a common modern
contaminant, by the oxidative pteesatment. The effect of oxidation dkmmoniaspp.was more
pronounced than foH. germanicaThevariability of D/L values was also redubgdin oxidative
pre-treatmentfor all amino acids investigated (Asx, Glx, Ser, Phe and lle), with th€,3%
treatment having the lowest coefficient of variance for both speties.modest differences
between the pretreatments in Pleistocene material demonstrate that the behaviour of
unbleached (wholshell) modern and naturatgged material can differ substantially due to the
loss of intercrystalline amino acids during diageneBie use of a stronger oxiitig agent does
not result in consistereductionsin D/Lvariability for either species, a result also found in
comparisons betweeH,O, and NaOCI preeatments of naturalhagedP. obliquiloculataG.
truncatulinoidesandG. tumida(Millmanet al, 2022).

4.5 Conclusions

Overall, these results show that a large proportion of amino acids-imedeérnAmmoniaspp, H.
germanicaandE. williamsonare intercrystalline, most of which are, at least fanmoniaspp.and

H. germanicalost during natural diagenesis. The remainingatyatalline fraction appears to be
somewhat susceptible to prolonged exposure to NaO&Il germanicandE. williamsoniand

may not represent a closed system for these species. Increasing oxitlatigthsor duration
increases D/L values for both smindern and naturalkaged material; in naturalggedAmmonia
spp.andH. germanican oxidative préreatment also reduces the variability of D/L values for both

species when compared to a sonicatmmy pretreatment.

Unlike in molluscenkman et al., 2008he differences between weak and strong oxidising
agents are limited. The 3%0; pre-treatment has the lowest coefficient of variance of the three
oxidative pretreatments investigated herdhis is consistent with fimdys for various planktonic
species of foraminifera, which found that 82, either reduced D/L variability compared to other
pre-treatments(Hearty ¢ al., 2004) or minimal differences in D/L values and varialig@gveen
3%H.O, and stronger oxidising ptteeatments(Millmanet al, 2022). As the use of a stronger

oxidising agent (30%%:0, or 12% NaOCI) does not result in consistent improvements in variability
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for any of the species investigated, this suite of experiments corroborates the recommendation of
a 2 hour 3%+L0O; pre-treatment, which additionally has the benefit of already belmgrhost

widely used oxidative preeatment for foraminiferge.g. Hearty et al., 2004, 2010; Kaufman et al.,
2008, 2013; Ryan et al., 2020)
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Chapter & Patterns of decomposition In
Ammoniaspp.andH. germanicat high
temperatures

5.1 Introduction

In the absence of wetlated sequences of naturaiged fossil material, higiemperature
decomposition experiments have been used extensively in AAR studies to approximate the natural
diagenesis of proteins irarious fossil biominerals, including foraminifgrag. Wehmiller and Hare,
1971;Bada and Schroeder, 1972; Mitterer and Kriausakul, 1989; Sejrup and Haugen, 1992;
Kaufman, 2006)This enables direct comparisaighe patterns of decompositiobetween
different amino acids and specigsg. Sejrup and Haugen, 1992; Kaufman et al., 2Bidgh
temperature experiments can also be used to assess the edgsesm lehaviour of the

biomineral during decompositipar to estimate kinetic parameters for racemisation and other
reactions.The use of higtemperature experiments to investigate the patterns of biomineral
protein decomposition, and the limitations of thipapach, are summarised belowSections
5.1.1and5.1.2

In this chapter, the patterns of decompositiorsab-modernAmmoniaspp. andH. germanicare

investigated withtie aim of answering the following questions:

1. Does isolating the intrarystalline fraction of proteins reduce leaching (diffusive loss) of
amino acids from the biomineral compared to the wksilell fractior?

2. Do amino acids iAmmoniaspp. andH. germanicaundergo consistent patterns of
decomposition, and if so which amino acids show the most reliable trends in racemisation
and would therefore provide the best chronological information in natuagiyd samples?

3. Does isolating the intrarystallire fraction of proteins improve the reliability of
racemisation trends for these amino acids compared to the wdtwé fractior?

4. Can kinetic models be used to determine the rates of racemisation for the species studied,

and if so which models perform b@st
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5.1.1Assessing the integrity of a biomineral system using high
temperature experiments

A key requirement for reliable AAR is the clesgstem behaviour of a biomineral during its burial
history¢ that is, no products of diagenesis should be lost and n@aoanants should enter the
system. In a closed system, the patterns of racemisation should be systematic and highly correlatec
between different amino acids, and free (FAA) tatal hydrolysabléfree and peptidebound,

THAA) amino acigtherefore covariace between amino acids or fractions can be used as a
measure of system integriffPenkman, 206; Kosnik et al., 2008; Penkman et al., 2008; Hendy et
al., 2012) Loss of amino acids from the biomineral may be measured directly by carrying out
heating experiments in watgthen analysing the amino acid content of the wgBnooks et al.,

1990) This approach hdseen used widely in studies of initeystalline protein diagenesis (IcPD)

to compare the wholg@rotein and intracrystalline protein fractions of biomineramdthus

determine whether the intrarystalline fraction behaves more reliably as a closstesythan the
whole-protein fraction, at least at high temperatures (e.g. ostrich egg&®rdip et al., 2013)

various molluscéPenkman et al., 2008; Demarchi et al., 2013b; Pierini et al., 2016; Ortiz et al.,
2018) andenamel(Dickinson et al., 2019 However, measuring the proportion of leached amino
acids may be complicated by the presence of suspended fragments of biomineral in the
supernatant watefDickinson et al., 2019dditionallya biomineral which behaves as a closed
system at high temperatures under controlled conditions may not show the same behaviour in the
diagenetic environment (and vice verddgvertheless higtemperature experiments allow

decomposition reactions to be observed over laboratory timescales.

5.1.2Modelling amino acid racemisation

Kinetic models can be used to determine the kinetic parameters (e.g. rate constants and activation
energes) of various amino acid decomposition reactions, most commonly racemisation. Use of
these kinetic parameters to calculate the age or temperature history of a sample was proposed
early in the history of AAR reseafely. Hare, 1976Havever, some discrepancies have been

found between the kinetics of protein decomposition at high and ambient temperatures in some
biomineralgseeSectiorns.1.2.3, confounding direct extrapolation of parameters detmed at

high temperature tesubfossil samples.

Free amino acids and simple peptides in aqueous solution follow patterns of decomposition which
can be modelled mechanistically, for example using irreversible first order kinetics for hydrolysis

(Hill, 1965)or reversible first order kinetics for free amino acid racemisgBada et al., 1970)
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These simple models have been applied to protein diagenesis to detehmiki@etic parameters
of hydrolysis and racemisation in a range of biominerals and model pe(@iddse and Murray
Wallace, 2006)However, protein diagenesis takes place as a suite of complex, interrelated
reactions which tend to deviate from first order kinetics, depending on the protein structure,
biomineral matrix and other materiapecific factors, especially at advanced stages of protein
decomposition(e.g. Kriausakul and Mitterer, 1978; Miller et al., 1992{Mal 998) Various
empirical models which take into account this deviation from first order kinetics have been
developed (se€larke and Murrayallace(2006)for an irdepth review of empirical modejs)

selection of key models are discussed below

5.1.2.1Reversible first order kinetics

Free amino acids in solution racemise according to reversible first order kinetics (RFOK), where the
rate of racemisation is the difference between the forward rateand the reverse ratdp. For

amino acids with a single chiral centtes k2, whichresults in the integrated rate equation
Equations.1where0  "QFQ ( p for amino acids with one chiral centrejs time,andcis a

constant accounting for laboratemgduced racemisation.
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Equation5.1 ¢ Reversiblefirst order kinetics (RFOK)

At low D/L values (< 0.1), the expressioniL) can be approximated to 1, resulting in a simplified
model(Equationb.2, Bada et al., 1970)
ap Of Qo &

Equation5.2 ¢ Implified reversible first order kinetics

The RFOK model assumes that only one pair of reactions is taking place during decomposition: the
interconversion between a single form of tharhino acid and a single form of theaBino acid,

for which the forward and reverse rates are equal. In protgiosonly does racemisation take

place when the amino acids are in a range of states, but numerous other diagenetic reactions are
taking place at the same tim@nformity to RFOK fossil biominerals thereforemore

accurately described as apparenteesible first order kinetics (REP{Clarke and Murrayallce,
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2006) Racemisation in proteins typically only conforms to R&DIRg the early stages of
diagenesig¢e.g. Wehmiller and Hare, 1971)is is because RFO#&ils to account for thebserved
slowing of the racemisation rate over time in proteins. Stepped models with different racemisatio
rates for theséfasttand Wlowlpbhases have been applied to combat this igeug Schroeder and
Bada, 1976; Kriausakul and Mitterer, 1978; Harada andd&;14895) however, concerns have

been raised about the subjectivity of assigning a point of inflection between$hsiiand ¥lowQ
rates(Tomiak et al., 2013)

5.1.2.2Empirical nodinear functions

A range of no#linear functions haveden proposed to model the racemisation curve in proteins
more reliably than RF@see Clarke and Murrai/allace(2006). Rather than being based solely

on chemical rationale, these functions incorporate empirical varigligscally power functiong

that allow the model to be adjusted to best fit the data. The simplest of these is simple power law
kinetics (SPK), whetige D/l-time trend is linearised using an empirically derived expament

(Equations.3), wherek is the rate constant of the model.

0. .
0 Q0 w

Equation5.3 ¢ Smplepower lawkinetics (SPK)

A special case of SPK is apparent power law kinetics (APK)nwi{Mitterer and Kriausakul,
1989) However, improved fits can be found by optimisifigr the substrate and amino acid

under study(Goodfriend et al., 1995, 1996; Kaufman, 2088urther modification to SPK is
constrained power law kinetics (CEjuation5.4) (Manley et al., 2000yvhich approaches an
asymptote of 1 to take into account the racemisation reaction reaching equilibrium over time. In
somecasesthe natural log of the D/L teris usedEquation5.5) (Clarke and MurrayWallace,

2006; Crisp et al., 2013; Dickinson, 2018)

o | )
0. Qo w
0
Equation5.4 ¢ Constrainedpower law kinetics (CPK)
O
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Equation5.5 ¢ Modifiedform of constrained power law kinetics (CPK)
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While further modifications allow Djlthe degree of initial racemisation (eithiersituor
hydrolysisinduced), to le taken into accour(Allen et al.2013) the simpler models given aboge
where D/l is assumed to be §are more commonly appligg.g. Kaufman, 2000, 2006; Manley et
al., 2000; Crisp et al., 2013; Dickinson, 2018)

Powerfunction transformations tend to overestimate racemisation rates at low D/L valuiss, wh
linear transformations tend to overestimate racemisation rates at high D/L yahmgk etl.,

2013) The sampling range used for a transformation tteamefore significantly influence

calculated reaction ratg®\llen et al., 2013; Crisp, 201B) a comparison between a range of
powerfunction transformations on various substrates, APK generally showed the weakest
performance, while th@erformance of other models depended on the substrate, amino acid and

D/L range use@llen et al., 2013)

Due to the limitations of empirical models, mofteke scaling approaches have also been applied
to linearise D/time trends in gastropod®emarchi et al., 2013orals(Tomiak et al., 2012)nd
ostrich eggshe(Crisp, 2013)in a comparison between a range ofdals, the scaling approach
was found to best predict the patterns of racemisation in natueayd material using kinetic
parameters derived from higiemperature experiments isome, but not all, biominerafllen et
al., 2013)

5.1.2.3Application of kinetic parameters to naturadlged samjes
G2 KSy 1AYySGAO RIFEGE FNB dzaSR F2NJ RFGAy3a Ol
small error of 1% made in the determination of activation energies will produce an
SNNBNJ 2F wmx: Ay + OFt OdA F SR RI
Dungworth(1976) p. 146

If hightemperature experiments are carried out at three or more different temperatures, the
relationship between rate and temperature can be used tarege the activation energy of
racemisation using the ArrheniusvigEquation5.6) (e.g. Bada and Schroed#8,75; Brooks et al.,
1990) wherek is the rate constant, A is the pexponential factor, R is the real gas constant (8.314

J mot), T is the temperature and i& the activation energy.

Q o0Q

17 o7rYy"yl 1o

Equation5.6 ¢ Arrheniusequation
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While the Arrhenius law technically relates only to simple reactions in the gas phase, it is assumed
that the law applies sufficiently to the complex reaction kinetics of proteiondgosition to allow

an estimation of He.g. Crisp et al., 2013)

In theory, activation energies derived from highmperaturedecompositiorexperiments can be
used to calculate the age of stdssil samples with known thermal hisest However, the results

of comparisons between decqmsition in higikemperature experiments and naturatyged
material have been mixed. Some studies have found good agreement between decomposition
patterns at high and ambient temperatures (e.g. ostrich egg®relbks et al., 199@ndP.
obliguloculata(Kaufman, 2008)while others have observed a marked deviation from ages of
fossil material extrapolated from higémperature kinetics and their measured ages (e.g. ostrich
eggshel(Crisp, 2013)coralgTomiak et al., 2013nd some mollusd@llen et al., 2013; Demarchi
et al., 2013b) or mixed results depending on the amino acid modelled (e.g. the laihd sha
TrochoidedGoodfriend and Meyer, 1994hdenamel(Dickinson et al., 2010)This deviation may
be due to differing temperature sensitivities of the different decomposition reactions which take
place during protein degradation, resulting in temperatdependent activation energies. For
example, the failure of higiemperature knetic parameters to conform tive decomposition
patterns ofnaturallyaged bone is thought to be partially due to the denaturation of collagen at
high temperatures, dramatically altering its susceptibility to hydrqlgsiéins et al., 1999kiven

the differences in decomposition trends at high and low temperatuoasti@ining high
temperature experiments with naturaldged materiatanimprovethe reliability of derived kinetic
parametes (e.g. Tomiak etla 2013) However, independentigated fossil material with a known

temperature history is rarely available.

Hightemperature experiments have been carried out on various species of foraminifera. Apparent
power law kinetics were found to reliably mbte epimerisation at high temperatures in a range
of foraminifer speciefMitterer and Kriausakul, 1983hile subsequent investigationsarather

models have found that SPK is generally the most reliable for foram{iitariman, 2006)

Attempts to derive kinetic parameters of racemisation applicable to fosmihiniferahave, as
with other biominerals, generated mixed resuitudies oP. obliquiloculatéound good
concordance between the rates of racemisation derived from-eigiperature experiments and
independentlydated fossil materigKaufman, 2006; Allen et al., 201&ile the kinetics of lle
epimerisation irC. wuellerstorfandN. pachydermat high temperatures did not extrapolate to

ambient temperature¢Sejrup and Haugen, 199@verall, there is n@ne size fits d@imodel
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which can be used to reliably predict racemisation in all materials, with each model having its own
strengths and limitations. Therefore it is necessary to test various modelling approaches on each

biomineral system to determine which, if any, of the models perform best.

Despite the issues with concordance between tagld lowtemperature protein decomposition
for many biominerals, higlemperature experiments are a useful tool to assess the integrity of
biomineral systemsand compare the patterns of amino acid decomposition within them-High
temperaturedecompositiorexperiments were therefore carried out &mmoniaspp.andH.

germanicaat 110°C and 140°C.

5.2 Materials and methods

5.2.10xidation and heatingpperiments

Ammoniaspp. andH. germanicaests were taken from surface samples from the Humber Estuary
(seeSectiomd.2.1for additionalsite detail9. 120 monospecific individuals were picked per sample
and crushed with a needle, which was cleaned with 7 M HCI between samples. As these
experiments were carried out simultaneousiyh the oxidation experiments discussedChapter

4, a 24 houpre-treatment with 12% NaOCI was used to isolate the-eryatalline fraction

termed Bleachedsamples. Bleaching was carried out accordirggttion2.2

Sampleswerplacedh Yy ndm Y[ aGSNRAE S wSO ahd Hedled latfl B0°Cdok (i K
0-50 days or at 140°C for4B hours Table5.1). The supernatant water was then removed and
aSLI NI GSR Ayl 2¢oieda analysis of ffee and akigsdEALWY and one for analysis

of total hydrolysable amino acids (THAAw). Due to the poor seal formed by the Reactivial caps, a
significant proportion of the samples dried out either partially or fully Teddée5.1), especiajl

when heated at 140°C. For samples which had dried out completely only the biomineral amino

I OAR& 6SNB IylFrfeaSR® 2KSNB al YL Sa&a KIFR LI NIA

aliguot was used to analyse THAAw.
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Tableb.1 ¢ Hightemperatureexperiment time points foAmmoniaspp. andH. germanicaNumbers in
brackets refer to samples which dried out during heating; numbers in italics refer to samples which
partially dried outlU = unbleached, B = 24 h 12% NaOClI

U/B Temp Time points (days)
Species erature 0 0.04 0.17 1 2 5 10 31 50
. U 110°C 3@ 3 3@ 3 3
Ammoniaspp.
B 110°C 3@ 3 3@ 3 3
. U 110°C 3@ 3@ 3@ 3 3
H. germanica
B 110°C 3@ 31y 3@ 3 3
Ammoniaspp. B 140°C 3(1)) 312 33 3
H. germanica B 140°C 3(1) 3(12 3@ 3(1)

Ammoniaspp. U,B NA 3
H. germanica U,B NA 3
B 110°C
B 140°C 1 1
B NA 1
*Suite of blanks carried out independently to the rest of the-eghperature experiments

[
[

1, 10* 1 1 1
Blanks

NoHClwas RRSR (G2 GKS C!! g FfAljd24T GKS ¢l !l g | f
and hydrolysed according 8ection2.3. Both supernatant water aliquots were driedsacuo

using a centrifugal evaporatprior to rehydration for analysis.

I FG4SNI NBY2@Ft 2F (GKS adzLISNY I G yi s ,OlakdSir driedy LI S
0KSYy RSYAYSNIfA&aSR 4AGK mn >[ H a |/t gAGK
demineralisation. Half of th#emineralised sample was taken for analysis of the free amino acids
(FAAf)and driedin vacugprior to rehydration for analysis. Hydrolysis of the remainder was then
carried out accordintp Section2.3for analys of the total hydrolysable amino acid (THAA()

fraction.

During this gite of experiments, analytical blanks weggried outat each time pointollowing the
full bleaching and heating protocol detailed ahdMéblanks were bleached for 24 hours using
2 bl h/ tmly wWi®wakadded to each blank before heating, as for the sanghels
demineralised and hydrolysed as abhdwae to the variability of theeblanks and the low
concentration of some samples, especially in the free amino acid (F&ignfranadditionalset of
10analyticablanks was later analysedhetter quantify the level of background contamination
contributing to the sampleJhis second set of analytical blanks twaated the same as the first

set of blanks (see above) angated to 110°C for 5 days.
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For samples heated to 110°C, all aliquots were analysedHPRP according Sectior2.4.1 The
140°Cand unheated suitefexperimentswere carried out latenising theUHPL@nethod
outlined inSection2.4.2

5.2.2Data screening
All sample data were screened using the following three cr{gzeSection3.2.4.3for a

discussion of data screening in AAR):

1. Visual inspection of chromatogram for baseline issues or column overloading, indicating a
poorrun or large amounts of contamination

2. >80% Gly, indicating large amounts of contamination, or loss of sample when combined
with very low concentrations

3. A combination of high concentration and low D/L values compared to other replicates,

indicating moden contamination

To preserve the natural variability of the data, only extreme outliers were excluded from the data
set. Fvesubsamples in totabt 344, 0.01%were excluded according to these screening criteria
(Table5.2).

Tableb.2 ¢ Stbsampledrom hightemperature experimentexcluded according to screening criteria.

Sample Chromatography Gly > 80% High Concentration & Low D/L
110uABhOSTHAA( Column
overloaded
110bHGh5&AAw  Baseline issues 84% Gly High concentration (~3x other replicates)
110uABh1ITHAAwW 92% Gly High concentration (~3x other replicates)
High concentration (~10x other replicates
110uABhOITHAAf low D/L (Asx D/L = 0.18 compared to ~0.¢

for other replicates)

High concentration (~10x other replicates
110bABh27THAAf low D/L (As®/L=0.15 compared to ~0.4

for other replicates)

Partial or full drying out of the supernatant did not significantly impact the concentration or D/L
valuesof the samples at 110°C (ANOWA,0.05). At 140°C, a significant effect of partial or full
drying was found by ANOVAH0.015), but @&wvo-way Tukeyposthoc analysis did not identify any
significant differencep 0.05) between no, partial or full drying of samples. Samples which had

dried out were therefore not screened from the data set at either temperature.
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A blank correction was not carried out for any samples, as the level of background contamination
was oty well quantified at the 5 day time point at 200 Instead, the average concentration of the
blanks is reported iBection5.3.1.1 to give an estimate of the contribution of background

contamination to the sampée

5.2.3Approach for mdelling kinetic parameters

Apparent reversible first order kinetics (RE&kuationb.1) simple power law kinetics (SPK,
Equation5.3) and constrained power law kinetics (CRklations.4) were applied to FAA and

THAA Asx, GIx and Ala, and THAA Phe and Leu, to compare rates of racemisation between amino
acids and protein fractions at 110A3. the transformation for RFQKathematically excludes any

D/L vdues > 1 for the amino acids used, samples with D/L values > 1 were excluded from all three
models Tableb.3). Optimisation ofin SPK and CPK was carried out by determining which value of
nresulted in the highest?Ralue (i.e. te best linearisation) when applied to each data set. A range

of nfrom 1 to 10 in increments of 0.1 was tested.

Tableb.3 ¢ Number of samples from each fraction of the 110°C experiment with D/L valpeishl
have been excluded from the kinetic modéls= unbleached, B = 24 h 12% NaOCI

Species u/B Fraction @ Temperature Asx GIx Ala Phe Leu
Ammoniaspp. B THAA 110°C 2 1
B FAA NA(O hours) 2
H.germanica U FAA 110°C 1
B FAA NA(O hours) 2
B THAA NA(O hours) 1
5.3 Results

5.3.1Amino acid concentration

5.3.1.1Contribution of laboratory contamination to amino acid concentration

Due to the small sample sizes used in foraminifer gédhtifyingand minimising the amount of
contamination from laboratory sources is important. While an analytical blankrigemslly
analysed for each time poi(det X) these results were more variable than expected, so a further
10 blankgset Y)vere late analygd to quantify the baseline level of modern contamination

present in the samples.
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In the standard protocol used for tigghtemperature decomposition experimenthe needle

was dipped in M HClandii KSy N& y & S RO té reriiole amfragments ofl crushed
biomineral between each samplEhis needle was also placed into the blank vials of set X, which
may have caused some crasstamination into the blanks from fragments of biomineral not

removed by this cleaning stefo test this hypiesis, placement of the needle into the blank vials

was therefore omitted from set Y.

The concentration of amino acidsget Yis lower than the concentration of amino acidseh X

LJ- NI A Odzf I NJIaBquoksfFig.5il Bdicktind tHat clbBontamination from the needle

was a source of some of the amino acids observed in set X. This could also result in some cross
contamination of sampleshérefore the standard protocol has been modified to specify that a
freshly steilised needle should be used to crush each sample to avoidaooisnination

however note that the data obtained within this chapter did not use sterilised needles for each

sample
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Fig.5.1 ¢ Relative concentrations (amino acid peak area divideehiByd peak area) of key amino acids

in blank set X (blanks analysed alongside 110°C suite of experiments) and blank set Y (separate suite 0

10 blanks heated to 110°C for 5 dap)xes show the adian and the first and third quartiles; the
whiskers extend to the minimum and maximum values, with samples beyond 1.5 times the interquartile

range treated as outliers (points).

The contribution of laboratory contamination to the total concentratiorasueed in the samples
varies by amino acid, withSer and Gly generally having the highest proportion of laboratory
contamination, particularly in the FAA fract{fig.5.1). L-Ser is an wtableamino acid which

hydrolyses and deoaposes quickly; therefore higloncentratiors of Ser in naturallgged samples
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can be used to screen for contaminat{gdosnik and Kaufman, 2008)ly tends to be abundant in
biomineral proteins (proteinaith a high Gly content are thought to play a key role in the
biomineralisation procegSabbatini et al., 201¢)but as it is not a chiral molecule any conttitou

to its total concentration from laboratory sources is less of an issue than for amino acids used for

AAR.

FAAf THAAf
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0.0 -— 0
Asx Glx Ser Gly Ala Phe Leu

B3 Unbleached B3 Bleached E3 Blank Set Y

Fig.5.2 ¢ Concentration of key amino acidsuimbleached (wholshell) and bleachefintra-crystalline)
samples andnalytical blank set Y (set of 10 blanks heated for 5.d&gs)ples from both species
(Ammoniaspp. antH. germanicg and across the full range of time points at 110&ve been
combined in this figure to show the randgeamino acid concentrations detected in this suite of
experiments. The concentration of amino acids in the blanks is calculated using an aSaompkd
siz&bf 60 testsBoxes show the median and the first and third quartiles; the whiskers extend to the
minimum and maximum values, with samples beyond 1.5 times the interquartile range treated as
outliers (points)The upper Gly whisker on the TH¢sphhas been truncated to allow easier
comparison of the lower concentration amino acids. Left: free aatits in foranmifer fraction

(FAAT); right: total hydrolysable amino acids in fanier fraction (THAAT).

With the exception of Gly and Ser, the blanks typically make up a small proportion of the amino
acids in the foraminifer fractions, with laborata@ontamination having less of an impact on the
unbleached samples due to their larger concentrat{&ig.5.2). While the data are variable, this
shows that the amino acids useful for dating (Asx, Glx, Ala, Phe and Leu)afediessby
laboratory contamination than Ser and Gly. Due to the lower concentration of theipstalline
fraction, bleached material is more affected by laboratory contamination than unbleached

material, which may explain some of the greater vaitplobserved irthe racemisation trends of
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the bleached material compared tive unbleached material. To overcome this, increasing sample
sizes where possible is advised, especially if carrying out an oxidatiosgpmeent, and for
naturallyaged sampleghich may have lost a large proportion of their intgyrstalline proteir{see
Chapter 4. The contribution of laboratory contamination to these small samples also highlights the
importance of quantifying and reporg the background concentration of amino acids in the pre

treatment method.

5.3.1.2Trends in amino acid concentration

In a closeesystem biomineral, the concentration of free amino acids ([FAA]) should increase as
hydrolysis takes place, with an overall daseein total hydrolysable amino acids ([THAA])
occurring due to amino acid decompositieng. Penkman et al., 2008; Bright and Kaufman, 2011b;
Orem and Kaufman, 2011; Demarchi et2013b) A decrease in the proportion of FAA has also
been observed after extended heating due to decomposition of FAA in some bionfirenkisian

et al., 2008; Orem and Kaufman, 2011; Pierini et al., 2Cbéversely, an opesystem biomineral

will result in the leaching (diffusive losspomeamino acids over time. FAA are smadedmay
thereforebe more susceptible to leachin@enknan et al., 2008)butleaching of peptides from
biominerals has also been obsery@tem and Kaufman, 201Tje trends in amino acid
concentration during heating cdhereforeprovide a measure of the clossgistem behaviour of a

biomineral.

Figb3d K2ga (KS O2yOSyiN}I A2y 2tF(l 8RR DBPYEE! { SNy
Ammoniaspp.over thecourse of thel10°C heating experiment. The oratiges show the mean
(dark) and £ 1 standard deviation (pale) of the concentratioaf blank set YSedion 5.3.1.2),

while the bars show the mean concentration of the subsamples at each timeAmsiistantial
proportion ofamino acids ithe total FAA fraction, and the bleacheastal THAA fraction, is
laboratory contaminationThe contribution oimodern contaminatio to [FAA is possibly
underestimated in the later time points as theridawere heated only for 5 day#e pattern of
laboratory contamination is different for different amino agdke [FAA] of Ser in the samples

falls almost entirely within +1of the laboratory contamination [FAA], and a large proportion of
[FAA] and unbleached [THAAIy is also accounted for in the blarfla Asxhowever the
contribution of laboratory contamination is negligible. A similar pattern to Asx is observed for Gl
Ala, Phe and LeH. germanicalso shows &rger proportional contribution of laboratory

contamination to Gly and Seompared toother amino acidsHig.5.4).
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Ammonia spp. - 110°C
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Fig.5.3 ¢ Concentration of Asx, Gly and Ser and total amino acids in unbleachedghéit)land

bleached (intrecrystalline)Ammoniaspp. during 110°C heating experiment. The bars show the average
concentration of each fraction ovéme; the points show individual replicates. The average total
concentration of amino acids nfankset Y (se&ectiornb.3.1., given an assumed sample size of 60
tests, is shown as a dark orange line; the pedage lines are £ 1around the mean of the blank

amino acid concentration. Note the individuaysrangefor each plot. Upper: free amino acid (FAA)
fraction; lower: total hydrolysable amino acid (THAA) fraction.

Although the variability of the data and contribution from laboratory contamination precludes an
accurate quantification of total amino acid concentrationsdimmoniaspp, qualitative trends can
be seen. [FAA] increases over time for all amino acidpteRee, which remains within the level of
modern contamination for the duration of the experiment, likely due to its relative instability
(Smith and Evans, 198(BAA] isimilarfor both the wholeshell and intrecrystdline fractions of

both species; this suggests that any FAA being generated from theriygtlline fraction is
leaching out of the biominerdf the intercrystalline fraction behaved as a closed system then the
whole-shell (unbleached) [FAsfould ke higher than the intrarystalline [FAA], as the whesgell
[THAA] is higher than the intcaystalline [THAAA similar pattern has been observed in various
mollusc shells, where the proportion of FAA was higher in thedntsdalline fraction tharhie
inter-crystalline fractiorfPenkman et al., 2008ndicating that in these mollusc shells and

foraminifer tests FAA are readily leached from the irteystalline fraction.

127



The trends in [FAA] féf. germanicdollow a similar pattern tdmmoniaspp.(Fig.5.4). However,

the pattern of [THAA] differs between speciese [THAA] of the whokhell fraction oAmmonia

spp. decreases over the course of the experinframh a few hundreds of pmol / foram to a few

tens of pmol / foran{Fig.5.3). This loss of amino acids from the unbleached material indicates that
the inter-crystalline fraction behaves as an open system, in contrast to thecnystalline

(bleached) fraction, which hasconsistent concentration in the tens of pmol / foremnthe

duration of the experimentonverselyin H. germanicdoth the wholeshellandintra-crystalline

[THAA] remain relativelyableover the duration of the 110°C experiméRig.5.4).

H. germanica — 110°C
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Fig.5.4 ¢ Concentration of Asx, Gly and Ser and total amino acids in unbleachedghéit)land
bleached (intrecrystallineH. germanicaluring 110°C heating experiment. The bars show the average
concentration of each fraction ovéme; the points show individual replicates. The average total
concentration of amino acids lmfankset Y (se&ections.3.1.1), given an assumedample sizef 60

tests, is shown as a dark orange line; the pale orange lines ararbund the mean of the blank

amino acid concentratiofNote the individual yaxisrangefor each plot. Upper: free amino acid (FAA)
fraction; lower: total hydrolyable amino acigTHAA) fraction.

A decrease in [THAA] over time has been observed in a range of foraminifer and mollusc species
(e.g. Wehmiller, 1980; Penkman et al., 2008iBrand Kaufman, 2011a; Ortiz et al., 2098
bleached material typically having matableamino acid concentratior(®enkman et al., 2008;

Ortiz et al., 2019)This pattern is followed Bsmmoniaspp., but noH. germanicaThe higher

initial [THAA] oAmmoniaspp. compared tél. germanicauggests that ifl. germanicahe most
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labile amino acids in the interystalline fraction have already been lost fridirgermanicarior to
heating, either before sample collection or during-peatment. As the two species were
collected from the same sediment sample, it is unlittelythe H. germanicaests were older than
the Ammoniaspp. tests, so this differenae behavioumay result from differences in each
aLISOASaQ G(GSad adNUzOG dzNB o

At 140°C, the intrarystalline fraction oAmmoniaspp. shows a decrease in [THAA] over (g
5.5), likelydue to the more rapid rate of protein decomposition at this higher temperatire.

germanicahas astable[THAA] following a drop in concentration between 0 and 1 houeatiriy.

Ammonia spp. and H. germanica — 140°C

Ammonia spp. H. germanica

Y4

[AA], pmol / foram

VYHL

0 1 4 24 48 0 1 4 24 48
Heat time, hours

Fig.5.5 ¢ Total concentration of amino acids in bleacfiatra-crystalline)Ammoniaspp. anl H.
germanicaduring 140°C heating experiment. The bars show the average concentration of each fraction
over time; the points show individual replicates. The average total concentration of amino acids in blank
set Y (seéSectiorb.3.1.9, given an assumedample sizedf 60 tests, is shown as a dark orange line;

the pale orange lines are + Jaround the mean of the blank amino acid concentration. Upper: free

amino acid (FAA) fraction; lower: total hydrolysable amino acid (Titdat#gn.

Overall, the patterns of amino acid concentratimer heating timere the same for the intra
crystalline fractions of botAmmoniaspp. andH. germanicawith relativelystable[THAA] at 110°C

and a decreasing [THAA] at 140°C, and increasing [FAA] at both temperatures due to hydrolysis.
However, at 110°C the unbleach&thmoniaspp. shows a substantial decrease in [THAA] over
time, which is not observed ih. germanicaFor bothspecies, [FAA] is similar in the whstel|

and intracrystalline fractionsyhichis likelydue toleaching of intecrystalline FAA dkey are
hydrolysedreducing their apparent concentratignyhile inta-crystalline FAAreretained within

the biomneral structure.
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5.3.1.3Leaching of amino acids from the biomineral fraction

In addition toanalysinghe biomineral amino acids, the amino acid content of the supernatant
water was analysed to measure the extent of leaching (diffusive loss) of amino acidefrom
whole-shell and intrecrystalline fractions ohmmoniaspp. andH. germanicaHowever, this was
hampered by several issues. Firgymesample vials dried out either partially or fully during
heating (sedable5.1), so it wasiot always possible to analyse the amino acid content of the
supernatam water. This was a particular issue in the 140°C suite of experiments, so only the results
of the 110°C suitare presented here. Secondly, the usual approach of centrifuging saraples t
separate the biomineral powder and supernatéiPgnkman et al., 2008yoved ineffectivat the
small sample sizes required for foraminifexa pipetting off the supernatant was often enough to
disturb the biomineral powdeAs fragments of biomineral have been observeslipernatant
waters via SEM even with centrifigpn to separate the supernata(ickinson et al., 2019} is
likely that the concentrations of leached amino acids presented here are overestirhdie true

extent of leachingHowever, qualitative comparisons are still useful.

Fig.5.6 shows the concentration of Asx, Gly, Ser and all amide @btalQin the FAA and THAA
fractions of the supernatant waters taken frédsmmoniaspp. over the course of the 110°C heating
experiment. In the wholshell fraction oAmmoniaspp, [FAA] increases steaditythe

supernatant waterswith the exceptionof SNE ¢ KA OK R2Say Qi akKz2g | C
[FAA] likely due tdts rapid decompositioife.g. Hare and Mitterer, 1968; Orem and Kaufman,

2011; Demarchi et al., 2013bBy 50 daysfree amino acids represent the majority of the THAA
content of the unbleached supernatant waters. Interestingly, Ser [FAA] is substantially higher than
blank Ser [FAA] in the unbleached supernatant waters, in contrast to the pattern seen in the
foraminifer testsH. germanicdollows a similar patterrg.5.7). This along with the similar

whole-shell and intrecrystalline [FAA the biomineral for both specigsuggests thathe majority

of free amino acids areached from the intecrystalline fractiomuring heating
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Ammonia spp. supernatant waters - 110°C
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Fig.5.6 ¢ Concentration of Asx, Gly and Ser and total amino ecglgernatant waters from

unbleached (wholshell) and bleached (intierystaline) Ammoniaspp. during 110°C heating

experiment. The bars show the average concentration of each fraction over time; the points show
individual replicates. The average total concentration of amino aditink set Y (seBections.3.1.3),

given an assumeédample sizedf 60 tests, is shown as a dark orange line; the pale orange lines are + 1
" around the mean of the blank amino acid concentratiote the individualaxisrangefor each

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

The pattern for wholeshell [THAA] in the supernatant waters is less clear beyond a rapid increase
between 01 day of heating foAmmoniaspp.(Fig.5.6) and possibly aldd. germanicdFig.5.7),

due to the variability of concentrations between replicates.

Inbiominerals with a closeslystem intracrystalline fraction, the proportion of amino acids
detected in the supernatant water of bleached material is typically less than 5% of the intra
crystalline amino acid concentratige.g. some gastropods and bival{®snkman et al., 2008;
Demarchi et al., 2013c; Pierini et al., 2016; Ortiz et al., 20d8)(Hendy et al., 2012¢namel
(Dickinson et al., 2018ihd ostrich eggshe([Crisp et al., 2013)In both specie§FAA and[THAA
is much lower in the bleached supernatant waters tinahe unbleached supernatant waters
with the concentrations of most samples clos¢aicbelow)the range of modern contamination
(Fig.5.6, Fig.5.7).
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H. germanica supernatant waters — 110°C
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Fig.5.7 ¢ Concentration of Asx, Gly and Ser and total amino ecglgernatant waters from

unbleached (whokshell) and bleached (int@ystallineH. germanicaluring 110°C heating

experiment. The bars show the average concentration of each fraction over time; the points show
individual replicates. The average total concentration of amino aditinik set Y (seBections.3.1.7),

given an assumeédample sizedf 60 tests, is shown as a dark orange line; the pale orange lines are + 1
" around the mean of the blank amino acid concentratiote the individualaxisrangefor each

plot. Upper: free amino acid (FAA) fiact, lower: total hydrolysable amino acid (THAA) fraction.

Fig.5.8 shows the concentration of FAA and THAA Asx in the biomineral and supernatant waters of
Ammoniaspp. andH. germanicaver the course of the 110°C experimdficusing on Asx reduces

the effect of modern contaminatioon estimations of leachings this mino acid is present at

very low concentrations in the blankke proportion of amino acids in the supernatant water is

higher for Ser and GipppendixA3.J). Isolating the intrecrystalline fraction of amino asid

reduces the proportion oisxin the supernatant wateespecially in the FAA fractiaithoughthe
variability of the data precludes a quantitative comparison. The Asx observed in the supernatant
waters of the bleached samples may be from leaching of free or peptide bound Asx, from
biomineral fragments suspended in the supernatant wédéckinson et al., 2019rfroma

combination of these two sources.
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a) FAA Asx b) THAA Asx

Ammonia spp. H. germanica Ammonia spp. H. germanica

payoes|qun

S

E <

L Fraction

hay

©° Supernatant
E water

Q_‘ . Biomineral
<

<

payoes|g

) 0 10 20 30 40 500 10 20 30 40 50 0 10 20 30 40 500 10 20 30 40 50
Heat time, days Heat time, days

Fig.5.8 ¢ Concentrations ad) free (FAAAsxand b) total hydrolysable (THAA) Asxnbleached
(wholesshell) and bleached (int@ystalline)Ammonia sppandH. germanicdiomineral powders and
the supernatant water in each vial during 110°C heating expetsniBime shaded areas show the
average concentration of each fraction over time; the points show individual replicates. Note the
different yaxisrangesused for theunbleached and bleached grap@orresponding figures for Gly, Ser
and all amino acid&$tal can be found idppendixA3.1

If all the Asx observed in the supernatant waters is leached from the biominerah thaththe
whole-shell and intrecrystallinefractions the majority of the leaching @HAAappears to take
place during the early stages of heatimgh the increase in [FAA] in tiseipernatant water
resulting from the hydrolysis of leached peptides or protéiihs.leached amino acids observed in
the bleachedAmmoniaspp. andH. germania may represent a small fraction of the intra
crystalline protein which is labile; if this is the case, then in natagdlgt material these labile
intra-crystalline amino acids may be lost during the early stages of diagenesis, as has been

observedn sane other biomineralgée.g. Kosnik et al., 2017; Ortiz et al., 2017, 2019)

5.3.2Amino acid composition

The differences in amino acid composition betweenathele-shell and intrecrystalline fractions
of amino acids are discussed in the extended bleaching experimeSiiaptier 4 therefore this
section focuses on changesamino acid composition over time fAmmoniaspp. andH.

germanicaat 110°C.

Fig.5.9 shows the changes the composition oAmmoniaspp. andH. germanicaver timeduring

the 110°C heating experiment. For both species, the composition of the FAA fraction initially
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closely reesmbles the composition of the blanks, with a high % Gly and small contributions from
Asx, Ala and Leu. As hydrolysis of the biomineral protein proceeds, % Asx, Ala and Leu increase,
while % Gly and Ser decrease. The change in FAA composition plateadsS@rdays at a similar
composition to the THAA fraction, although % Ser continues to decrease over the duration of the
experimentlikelydue to therapiddecomposition of this wstable amino acid(Bada et al., 1978;
Demarchi et al., 2013b)

Ammonia spp. Ammonia spp. H. germanica H. germanica
FAA THAA FAA THAA
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%, .
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acid
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Fig.5.9 ¢ Change iromposition of free (FAA) and total hydrolysable (THAA) amino aciddéached
(whole-shell) and bleached (intierystalline)Ammoniaspp. andH. germanicauring 110°C heating
experiment.X-axis labels show the time points for which data were coliegtay, Tyr, Met, His and Thr
are poorly resolved using RIPLCand havethereforebeen excluded.

There is relatively little change in composition in the THAA fraction for either spégi89),

although the trends foH. germanicare complicated by anomalous compositions at 5 days of
heating in both the unbleached and bleached samples, with higher proportions(ahésn the
bleached samples GihanH. germanicdneated for 1 or 10 day8b Ser decreases in both the
whole-shell and intrecrystalline fractions ohmmoniaspp, and in the wholeshell fraction oH.
germanicaany trend in % Ser in the intcaystalline fraction is unclefor H. germanicg while %

Ala increases somewhat flooth species during the early stages of heating. This increase in % Ala
may be due to its being a decomposition product of(Bada et al., 1978%imilar patterns have

been observed in higlemperature experiments afarious molluscglecreasing % Ser and
increasing % Alaecreasing or stablé Asxand stable or slightly increasifigGlx, Gly and Leu

(Demarchi et al., 2013b; Ortiz et al., 2017, 201B8¢ trends in compositiona@similar at 140°C,

134



with a more pronounced decrease in % AsxAfamoniaspp) and % Ser (for both species) in the
THAA fractiondue to the more rapid decomposition of these relativelgtalbleamino acids at

higher temperaturesAppendixA3.2.

5.3.3Peptide bond ®drolysis

The percentage of free amino acids (FAA) in the total hydrolysable amino acid (THAA) pool was
used to estimate the patterns peptide bondhydrolysis ilhmmoniaspp. andH. germanica

Although this approach underestimates the rate of hydro{gsisome pportion of free amino

acids will be removed from the FAA pool through decompogittoenables a comparison

between different amino acids and fractions in each species.

¢tKS KeRNRfeaAaa 2F | &EX Dt2HI fDX0e XdNBhislsBedmdSdy il v
the late-eluting amino acids, Leu has the lowest variathiétyveen replicatesthe others (Phe, Val

and lle) have similar trends, but the concentration data for them is more vasalilegey are not

included Fee Ser is dominatety laboratory contaminatiorSectiond.3.1.1), therefore Seis not
presentedin this sectionAsthe [FAA] of Ser remained very low throughout the heating

experiment thissuggests its rapid decomposition in theef state(Orem and Kaufman, 2011;

Demarchi et al., 2013b)

Fig.5.10shows the percentage of amino acids in the free stafemmoniaspp. over the course of

the 110°C experiment. Although the concentration data are quite variable, especially for the
bleached material (likely due to the low amino acid concentrations intitaecrystalline fraction,
seeSectionb.3.1.2, there is a clear trend of increasing % FAA over time as the biomineral proteins
undergo hydrolysis. The rate of hydrolysis varies between amino acids, with sittelarspat

110°C as at 140°Eig.5.11). Asx has the highest hydrolysis rate, followed by Ala and Gly, while Glx
and Leu hydrolyse more slowly, a pattern sedvoih coral(Tomiak et al., 2012nd thebivalve
PectenPierini et al., 2016 Conversely, in thgastropodPatellavulgatg Ala and Gly have higher
hydrolysis rates than AgéRemarchi et al., 2013b)

At the end of he heating experiment, % FAA is higher in the bleached than unbleached material
(~50%for all amino acids at 50 days in bleached samptgspared to~20%n unbleached

samples). This suggests that free amino acids, and possibly also small peptidashegeiem

the inter-crystalline fraction over time, while they dretter retained in the intrecrystalline

fraction.
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Ammonia spp. - 110°C
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Fig.5.10¢ Percentage of amino acids in free state (% FAA) for Asx, Glx, Gly, Ala, Leu and all amino acid
ot | fubleactied (wholshell) and bleached (inte@ystalline)Ammoniaspp, heated to 110°C

Ammonia spp. — 140°C
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Fig.5.11 ¢ Percentage of amino acids in free state (% FAA) for Asx, GIx, Gly, Ala, Leu and all amino acid
oti I £ QU Ay -abytdlihePuiirBoRiasp Ahgaiiedlib 140°C. Leu was not detected in any FAA
samples heated for less than 1 day.
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The trends irhydrolysis foH. germanicare less clear due tte higher variability in

concentrationdor this speciesespecially for the bleached fractjavhere several samples have an
unexpectedly high % FAA at 5 days of heating in the 110°C suite of expefffigeht2). As in
Ammoniaspp., % FAA is higher in the bleachmd@es (~25% at 50 days for all amino acids) than
the unbleached samples (~1@%60 days). At both 110°Eig.5.12) and 140°CHig.5.13) there is

an apparent plateauing of hydrolysis in the bleached samples. This plateau has been observed in
hightemperature decomposition experimentsvarious mollusepecies(Penkmaret al., 2008;

Orem and Kaufman, 2014ndmay bedue to the preferential hydrolysis of weak peptide bonds

during early stages of decomposition.
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H. germanica — 110°C
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Fig.5.12 ¢ Percentage of amino acids in free stateF@8A) for Asx, Glx, Gly, Ala, Leu and all amino acids
ot | fubleactied (wholshell) and bleached (int@ystallineH. germanicaheated to 110°C
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Fig.5.13 ¢ Percentage of amino acids in free st@eFAA) for Asx, GIx, Gly, Ala, Leu and all amino acids
Ot®G I £ QU Ay -obybtallinelpl KgSriRaniéaheAtadNd 140°C.

In general, the patterns of hydrolysisimmoniaspp. andH. germanicare similar to other
biominerals, with Asx, Gly ancAlydrolysing more quickly than Gly and Leu. The slower observed
rate of hydrolysis in the whokhell fraction reflects the leaching of FAA from the iotgstalline

fraction of both species, as can be seen in the patterfis®4 in each fraction§ection5.3.1.3.

5.3.4Racemisation

5.3.4.1General trends

FAA and THAA D/L values are presented for Asx, Glx, Ser, Ala, Val, Phe, Ledamddtégspp.
andH. germanicdeated to 110°CHg.5.14) and 140°CKig.5.15). Thr and His are not shoyas it
is only posible to separaté¢heir D- and Lisomersusing UHPLC. Whlleand DTyr and Metan be
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separated using RIFPLC, very few samples produced D/L values for these amino acids due to their
low concentrations, so they are not shown; similarly Arg is excludedagi®typically

compromised by a eeluting compoundPowell et al., 2013Rather than applying a blank

correction, samples with an amino acid concentration below the averagéandard deviation ()

of the independently analysed blanSe¢tions.3.1.] are flagged as likely to be compromised.
Additionally, D/L values above 1.0 (or 1.3 for lle) are exclude8é¢stiors.2.3. As RFQKoes

not allow D/L values above the equilibrium value, this exclusion@nitensures that the models

applied inSectionb.3.4.4are compared using the same data.

Between replicated)/L values are generally less variable than concentration values, as the ratio of
D- to L-amino acids camts out errors associated with calculating concentration, which are the
same for every amino acid in a sam{lewell et al., 2013At 110°C, Asx, GIx and Ala are well
resolved by RPIPLC for both bleached andhleachedAmmoniaspp. Fig.5.14); the latereluting
amino acids (Val, Phe, Leu and lle) are more poorly resolved, especially in the FALafrdation
bleached material. This is likely due to an increasingly noisy bdeelarels the latter end of the
chromatogram, as well as more raminoacid peaks which can interfere with accurate
determination of peak areas at very low concentrati@eeSection2.4). The unbleached THAA
fraction (the fraction with the highest concentrations) has lower betweelficate variability than

the other fractions, suggesting that the variability seen in the unbleached FAA and blesghed F
and THAA fractions predominantly arises from difficulties quantifying D/L accurately at very low
concentrations. The same pattern of variability is seerl fgermanicgFig.5.14), although in

general the results are more varialfbr H. germanicdhan forAmmoniaspp

D/L increases with time for all amino acids, with the exception of Ser. FAA Ser is dominated by
laboratory contamination, so the extent of racemisatiothis fractionlikely represents the
decomposition of contaminant amino acids introduced prior to heating. THAA Ser increases
sharply, then reverses after about 10 days in both the whloddl and intrecrystalline fractions of
both species. This pattern has been widdlgerved in other biominerals, including ostracodes
(Bright and Kaufman, 2011poth enamelDickinson et al., 2018nd various mollusspecies
(Penkman et al., 2008; Demarchi et al., 2013b, 2018 rapid initial rat of Ser racemisation is

due to its ability to racemise-zhain(Demarchi et al., 2013d)s subsequent D/L reversal is
thought to becaused by the dehydration of Ser to @ada and Man, 1980; Demarchi et al.,
2013Db; Pierini et al., 2016)
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The 140°C suite follows the same general patterns of racemisation as the 110°C suite, with the
exception of Ala which was poorly resolved using the UHPLC mEi&dlb, see als&ection

2.4.2. As expected, racemisation proceeds much more quickly at 140°C than 110°C: Asx, the
fastest racemising amino acid, reaches a D/L value of ~0.9 in the FAA fraction after around 1 day o
heatng at 140°C, compared to around 30 days at 110°C. During the early stages ofaheating
140°Q(<1 day) few samples have detalleD-amino acids in the FAA fractjquarticularly for
Ammoniaspp, due to the limited extent of hydrolyshsfter around 4ours the majority of the Ser

in the THAA fraction is dominated by laboratory contamination, suggesting that Ser decomposes

rapidly at this higher temperature.

As there is a more complete dataset for fti0°C sué of experiments tte patterns of D/L
covariance, both between the FAA and THAA fractions, and between different amino acids, are
discussed for 1106 detailbelow(Sedion 5.3.4.3. This igollowed by a comparison of the

relative racemisation rates eich amino acidt 110°QSe¢ion 5.3.4.3. The 140°C suite showed
similar trends of covaice and relative rate®ue to its smaller number of time points, and as the
110°C suite is sufficient to investigate ttegtprns of racemisation in each species and biomineral
fraction, the 140°C suite is not discussed here in deidilitionalresults of the 140°C suit#

experimentscan be found ippendixA3.3
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110°C
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Fig.5.14 ¢ Racemisation of Asx, Glx, Ser, Ala, Val, Phe, Leu and llée #maino acidgFAA andtotal
hydrolysable amino aci{@HAA fractions of unbleached (whoekhell) and bleached (inttaystalline)
Ammaiaspp. ancH. germanicat 110°C. Samples with an amino acid concentration below the
average + 1 of the blanks are highlighted in orange.
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140°C
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Fig.5.15 ¢ Racemisation of Asx, Glx, Ser, Ala, Val, Phe, Leu and ll&ee thmino acidFAA andtotal
hydrolysable amino aci{dHAA fractions of bleached (intrerystalline)Ammoniaspp. ancH.
germanicaheated to 140°C. Samples with an amino acid coragmtrbelow the average + 1of the
blanks are highlighted in orange.
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5.3.4.2D/L Covariance

In a closed system, the trends in racemisation in the free and total hydrolysable fractions of amino
acids should be highly correlatédaufman and Manley, 1998ollins and Riley, 2006AA D/L
valuesare generallhigher than THAA D/L values at any given padur to the rapid racemisation

of amino acids while in terminal positions before being hydrolysed into the fregtbiatpattern

is not seen in eamel, howeve(Dickinson, 2018) The covariance of FAA and THAA D/L vaues c

be used as a test for clossglstem behaviour in biominergRBenkman et al., 2008nd a closer
correlation between FAA D/L and THAA D/L in the-engistalline fraction can indicate that it

behaves as a more reliable closed system than the vdnali fraction.

The covariancef FAA and THAA D/L values for Asx, Glx, Ser, Ala, Val, Phe, Leu and lle in the 110°
suite of experiments are shownkig.5.16 andFig.5.17 for Ammoniaspp. andH. germanica
respectivelyln Ammoniaspp., Asx and Ala show good FAA/THAA D/L covariance in both the
unbleached and bleached materiBig.5.16). The relationship is poorer for the other amino agids
which is at least partly due towerconcentrationdor these aminacids The very low Ser [FAA]
compared to the blanks compromises the FAA Ser D/L measurgmetat$he orange points in
Fig.5.16), resulting in a poor FAA/THAA D/L correlation for Ser. The poorer correlation for GIx is
most likely de to the difficulty analysinigee GIx(Demarchi et al., 2013palthough poor GIx
FAA/THAA DI/L covariance is not observed in all biomiG€rap et al., 2013; Dickinson et al.,
2019) For the latereluting amino acids (Val, Phe, Leu andifislfficientFAA was present during
early stages of heating for a FAA D/L measurement, limigngsisfulness of FAA/THAA D/L
covariance as a test of pretibleracemisation patterns for these amino acider the time

period measured here
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Ammonia spp. - 110°C
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Fig.5.16 ¢ Covariance between D/L values in the free amino acid (FAA) and total hydrolysable amino
acid (THAA) fractions for various amino acids in unbleached {steleand bleached (intra

crystalline) Ammoniaspp, heated to 110°C. Samples with either an FARHAA concentration below

the average + 1 of the blank are highlighted in orange.

The FAA/THAA D/L covarianceHogermanicas much poorer than fohmmoniaspp. Fig.5.17),
especially in the unbleached material, although galhesimilar behaviour is seen with Asx and Ala
having better FAA/THAA D/L covariance than the other amino acids, particularly tedutaigr

amino acids (Val, Phe, Leu and Wdjere fewer samples have FAA D/L valoesable

comparison Thispatternmay be due to the lower concentrations of amino acids. igermanica
(Sectionb.3.1). For AsxFAA and THAA D/L are more closely correlated in theciyistalline

fraction than the wholeshell fractionthere is possibly also a slight improvement forafld Phe)

which suggests that the intGrystalline fraction may behave as a more reliable closed system than

the wholeshell fraction irH. germanica
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H. germanica — 110°C
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Fig.5.17 ¢ Covariance between D/L values in the free amino acid (FAA) and total hydrolysable amino
acid (THAA) fractions for various amino acids in unbleached {steleand bleached (intra
crystallineH. germanicaheated to 110C. Samples with either an FAA or THAA concentration below
the average + 1 of the blank are highlighted in orange.

The covariance between D/L values of different amino acids can also be used to assess the integrit
of biomineralge.g. Kaufman, 2006; Kosnik and Kaufman, 2008; Hendy et al,,&Xji)ially

during early time points where [FAA] is too towprovide reliable D/L valu¢Benkman et al.,

2008) Fig.5.18 andFig.5.19 show the covariance of Asx D/L against Glx, Ala, Phe, Leu and lle for
Ammoniaspp. andH. germanicaespectively. Both species show good covariance between Asx

D/, and GIx and Ala D/L, particularly in the FAA fraction; in the THAA fraction Asx D/L is well
correlated with GlIx, Ala, Phe, Leu and lle for both species. In the THAA fraction of thehethole
Ammoniaspp., an inflection point of the Asx D/L trajectonisible at ~0.6, demonstrating how

the racemisation rate of Asx slows dramatically in comparison to the other amino acitboF his
stage€Yacemisation of Asx has also been observed in the foramihibtiquiloculatafHarada and

Handa, 1995)
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Ammonia spp. — 110°C

Glx Ala Phe Leu lle
1.0
.pbtm .& qowS’ o.%fb GC;P
0.8 - L] .e.p' ols, %0 g * ‘
. . -
>
0.5 =
02 (=] (=]
=
0O 0.0
% 1.0
<
e o 2(3 oodr’ ° Qjo' 0 ? ° .o 0°
0.5 5:: * 's. ‘.Q:. "::h ° *o oo I
: >
&, ‘e AR ) S >
02 ® o L ? o L %
- & & o
[ ] . %O [ ] &0 -
OO L] . L] L] .
00 02 05 08 1000 02 05 08 1000 02 05 08 1000 02 05 08 1000 02 05 08 1.0
D/L

* Unbleached * Unbleached ([AA] < blank)
o Bleached o Bleached ([AA] < blank)

Fig.5.18 ¢ Covariance between Asx D/L and other amino acids in unbleached-§lvbihjeand

bleached (intrecrystalline)Ammoniaspp, heated to 110°C. Samples with either Asx or another amino
acid concentration below the average + af the blank are highlighted in orange. Upper: free amino
acids (FAA); lower: total hydrolysable amino acids (THAA).

H. germanica — 110°C
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Fig.5.19 ¢ Covariance between Asx D/L and other amino acids in unbleached-g§vbi}jeand

bleached (intrecrystallineH. germanicgheated to 110°C. Samples with either Asx or another amino
acid concentration below the average + df the blank are highlighted in orange. Upper: free amino
acids (FAA); lower: total hydrolysable amino acids (THAA).
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Interestingly, the amino acid covariance plots show a clear deviation in the racemisation trajectory
between the unbleached and bleached sampiebe THAA fraction, but not the FAA fraction.

This, along with the patterns of [FASg€tions.3.1.3, suggests that FAA are readily leached from

the inter-crystalline fraction of the biomineral, resulting i&ole-shellFAA fraction comprised
predominantly of intrecrystalline amino acids. For Ala, the amino acid with the best correlation
with Asxthe FAA fraction shows less variance than the THAA fraction, despite the lower

concentrations of FAA.

The patterns of D/L covariance between the FAA and THAA fractions, and between amino acids, of
Ammoniaspp. andH. germanicahow that Asx, Glx and AladarTHAA Phe, Leu and lle, have-well
correlated, systematic patterns of racemisation. The lack of early FAA Phe, LlelDAndalues

hindered the use of FAA/THAA D/L covariance for these amino acids; however all three amino acid
showed good covariancativ Asx D/L in the THAA fraction. The patterns of covariance were similar
for the wholeshell and intrecrystalline FAA fractions in both species; however, in the THAA

fraction the racemisation trajectory of the whadbell and intrecrystalline fractionsgliffered,

particularly forH. germanica

5.3.4.3Relative racemisatiainends

Fig.5.20 andFig.5.21 show the racemisation trends of Asx, Glx, Ala, Leu and PAmifooniaspp.
andH. germanicaespectivelyheated to 110°C. Ser has been excluded from this comparison due
to itslow concentrations in the FAA fraction dbfl. reversatiuring this experimenh the THAA

fraction (seeSectionb.3.4.).

In the FAA fraction @gfmmoniaspp. Fig.5.20), Asx and Ala are the fastest racemising amino acids;
Asx has a higher racemisation rate thandildng the initial stages of decomposition, but is

overtaken by Ala in both the unbleached and bleached fractions, a pattern which has been
observed in other biominera{Penkman etla 2008; Bright and Kaufman, 2011b; Ortiz et al., 2017,
2019) A lack of D/L values for FAA Phe and Leu at early stages of heating make comparison difficu
for these amino acids; nevertheless Phe and GIx appear to have the lowest racemisation rates,

while Leu has a racemisation rate intermediate between Asx and Ala, and Phe and GIx.

The patterns are slightly different in the THAA fractiodhromoniaspp. Fig.5.20); in the whole
shell material Asx has a much higher racemisagitsithan the other amino acids, which follow
the relative order of Ala > GIx > Phe > Leu. In theéngsdalline fraction, the behaviour of Asx and

Ala is more similar to the whe$hell and intrecrystalline FAA fractions. This makes sense given
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that the intracrystalline fraction has a higher proportion of FAA than the watwd fraction (see
Sectiorb.3.1), presumablydue to leaching of intecrystalline FAA from the wheghell fraction

during decompositiorAs Ala has been found to racemise much more slowly than Asx in free amino
acid studiege.g. Bada, 1970; Smith and Evans, 13B86)relatively fast observed rate of Ala
racemisation ilAmmoniaspp. andH. germanicanay result from a contribution of racemic Ala

from the rapid dehydration dfee Ser(Demarchi et al., 2013b; Pierini et al., 20163 significant
proportion of this pool of free Ala is leached from the iamystallinefraction of the biomineral,

GKAA YIFEé& SELXLFAY 6Ké GKS LI NBy(d NIshelSTHRAF ! f
fraction. Conversely to Ala, intcaystalline THAA Leu, Phe and GIx have similar patterns to the FAA

fraction, following the ater Leu > GIx ~ Phe.

Fig.5.20 ¢ Comparisorbetween racemisation of Asx, Glx, Ala, Phe and Lewblaached (wholshell)
andbleached (intracrystalline)Ammoniaspp, heated to 110°C. The solid line shdkeaverage D/L
over time the points are individual replicatesamples with amino acid concentratdrelow the
average + 1 of the blank aresshown as open diamondseft: free amino acids (FAA); right: total
hydrolysable amino acids (THAA)

Although the D/L values are generally more variablel fgermanicasimilar patterns in relative
racemisation rates can be sedtg.5.21). In the FAAr&ction, Asx and Ala have the fastest

racemisation rates, with Aldatching uglwhole-shell) or overtaking (intrerystalline) Asx over the
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