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Abstract

The SouthCentral African region contains many important archaeological and

palaeoenvironmental sites, although the chronology of the region is not well understood. Most of the
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A molluscan assemblage was extracted from Pleistocene sediments associated with
Palaeolake Kafue, Zambia. Palaeoenvironmental analysis revealed varied past environments with
terrestrial, marsh dwelling, and freshwater taxa. The first helicarionid to béelisfrom Zambia was
also identified.

Dating is crucial to elucidate Pleistocene sites and to relate to mammalian (including hominin)
evolutionary patterns. The shell of one commonly occurring terrestrial land snadhatinaspp., was
identified from Palaeolake Kafue, and was therefore investigated for its potential for the intra
crystalline protein degradation (IcPD) approach to amino acid geochronology (AAG). The three
aragonitic layer (3AL) shell portion was shown to cointan intracrystalline fraction of protein which
appeared to adherdo closed system behaviour, showing predictable patterns of protein degradation.
This biomineral therefore has potential for building AAGs across the African continent.

The IcPD approach to AAG was also undertaken on fossil tooth enamel from four taxa (bovid,
equid, suid, rhinocerotid) from two Zambian archaeological sites: Twin Rivers and Mumbwa Caves. No
direct dating of fossil material had been previously undertakenTavin Rivers and these analyses
J=N=9D=< L@= ; GEHD=PALQ G> L@AK @ADDLGH ; 9N= KAL-=
was observed in fossil tooth enamel, with differences in peptide chain hydrolysis. This was also
indicated by the differece in relative rates of racemisation for two amino acids during forced
degradation experiments of Rhinocerotidae in comparison to previously published Elephantidae data.
This data therefore demonstrates the need for taspecific AAGs from tooth enamel.

Due to the low levels of degradation induced over two years of isothermal heating at 60, 70
and 80 °C, some patterns of protein degradation were difficult to elucidate from IcPD and
palaeoproteomic data. It washowever, possible to improve upon the known enamel proteome
sequences of woolly rhino. Experimental samples and fossils displayed similar regions of peptide
preservation in AMEL, suggesting the heating experiments undertaken in this study may be somewhat
reflective of environmental diagenesis. Ovdtait is therefore recommended that forced degradation
experiments at these lower temperatures be undertaken for a minimum of 10 years to induce
sufficient degradation for improved comparative analysis to fossils.

This thesis therefore demonstrates the value of revisiting archival material to improve
archaeological understanding with updated palaeoenvironmental, biomolecular and
geochronological analyses.
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exposed to NaOCI, strong chemical oxidant, for 24, 48 and 72 hours. Error bars represent the standard
deviation about the mean for subsample experimental triplicates. Within 24 hours a decreased, stable
concentration of amino acids was achieved in both sheortions, defined as the intrecrystalline
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Figure 3.10.Comparison between the mean extent of racemisation for THAA of moderimatina
tavaresianashell during elevated temperature experiments at 140 °C (A) and 60 °C (B) and
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Figure 3.12.Diffractograms of two fossilissachatinasp. shells, sampled from both the 3AL and
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Figure 3.13.Diffractograms of moderrAchatinatavarensianashellr * 9F< | F9; J=GMKA K9
heated to 110°C for 0, 10, 30 and 50 days. The dashed box highlights the dominant calcitic diffraction
H=9C 9L vy TITxE Tl 2@= ; 9D; AL= H=9C O9K HJI=K=FL AF
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Figure 3.14.Assessment of fit for the linearised relationship between the time spent at 80 °C and
transformed D/L values for Asx (A) and Ala (B) using RFOK (Sl equation 3.2), for hydrolysed 3AL. The
linearity of transformed D/L values was variable between amino acidslicating RFOKis not a

suitable kinetic model to describe all amino acid racemisation within the iniceystalline fraction of
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Sl Figure 3.1. Average concentrations of all total hydrolysable amino acids (THAA) in modern

Achatina tavaresianahell portions (A3AL, Bl F9; J=GMKA D9Q=J06H HGO<=J=< K(
unbleached (0 hours) and exposed to NaOClI, a strong chemical oxidant, for 24, 48 and 72 hours. Error

bars represent the standard deviation about the mean for subsample experimétriplicates. All

THAA concentrations are calculated from L + D enantiomers, with the exception of Thr and His, where

only the L enantiomer is analysed by the method given in section 3.2.6 and Gly which contains no

stereogenic centre and therefore does hbave L/D enantiomers. Within 24 hours a decreased, stable
concentration of amino acids was achieved in both shell portions, defined as the totyestalline

HIGL=AF >J9; LAGFys Yyyyyyyyyyyyyyyyyyy888M8yyyyHH

S| Figure 3.2.The average extent of racemisation for the hydrolysable amino acids in the intra

: JQKL9DDAF=  * K@=DD HGJ L AGhatindtdvaresian@saring F9 ; J = GMKA
isothermal heating at 60, 80, 110 and 140 °C. Error bars represent the standard deviation about the

E=9F >GJ KM: KO9EHD= =PH=JAE=FL9D LJAHDA; 9L¥KK HHHyHy

Sl Figure 3.3.The average extent of racemisation in Glx, Ala, Val and Phe in-anyrstalline 3AL shell
HGJLAGF 9F< | Fchafinh tavanddtaAshell A@irglsoti@emal heating at 60, 70, 80, 110
and 140 °C. Error bars represent the standard deviation about the mean for subsample experimental

LJAHDA; 9L=KK YHYHHHHYYYHHHHHYYYHH89888.48 980844
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Sl Figure 3.4.The average extent of peptide chain hydrolysis in Glx, Ala, Val and Phe in intra

i JQKL9DDAF=  * K@=DD ¢tha@idatavaeasianssiekduringiSothermaGMK A D9 Q=
heating at 60, 70, 80, 1Hnhd 140 °C. Error bars represent the standard deviation about the mean for

KM: KO9EHD= =PH=JAE=FL9D LJAHDA,; 9L=K¥ HYHHYYY.H464HHyHHHYHY

Sl Figure 3.5.Comparison between the average total amino acid concentration of modern heated
Achatina tavaresianaand fossilLissachatinassp. K9 EHD=K AF L@= r * 9F< | F9; J=
:9JK J=HJ=K=FL L@= KL9F<9J< <=NA9LAGF 9: GW L @= E

Sl Figure 3.6.Mean relative amino acid abundances for the total hydrolysable amino acids (THAA) in
L@= L@)J== 9J9?GFALA; D 9 Q =chatir@ favarediaRauring ke@tibgid60,K @= DD H
70, 80, 110 and 140 °C and fokskachatinssp. K 9 EHD=K¥K HHHHHHHHHHHHBEB HYH

SIFigure3.7. JJ @=FAMK HDGLK >GJ @Q<JGDQK=< DHKEBF< . @=

Figure 4.1.Left: Map of southern Africa highlighting the Sou@entral African region with major
current water bodies; Right: Map of Zambia highlighting key archaeological sites. Those included in
this study (Twin Rivers and Mumbwa Caves) are highlighted with pin®s] K¥ HH H HH H185H H H

Figure 4.2.Plan and section (west and north walls) of Twin Rivers A Block excavated in 1999.
Speleothem are shown with associated uraniuthorium dates (speleothem: sample 1 = 266 ka BP,
sample 2 = >400 ka BP, sample 3 = >400 ka BP, sample £23 Ka BP, sample5161173 ka BP,
sample 6 = 192 ka BP). All tooth enamel samples analysed for AAG were excavated from red sandy
earth sediments which filled multiple discrete cavities between the cave walls and the rim of the
intact breccia. Due to the irregular shape tife cave passage and deposits within, not all excavation
cavities and no excavation levels are visible in thection...y HH H HHHHHHHHHHH 158

Figure 4.3.Example chromatograms of 80.5 standard, BJ @AF G; =J GLA< 2 & .161 K9EHD=

Figure 4.4a. Relationship between racemisation values (D/L) in free (FAA) vs total hydrolysable (THAA)
amino acids, for subsample replicates, iwo taxonomic groups of enamel samples ¢Ahinocerotid;

B- equid), for two example amino acids (Asx, GIx). Mumbwa Caves samples were all excavated from
one deposit 1)Twin Rivers samples were excavated from four areas within the A Block

cave passage BHyYyYHHYHHY Y88y HHHY bysysy .163

Figure 4.4b. Relationship between racemisation values (D/L) in free (FAA) vs total hydrolysable (THAA)
amino acids, for subsample replicates, in two taxonomic groups of enamel samplesyd; D-
bovid), for two example amino acids (Asx, GIx). Mumbwa Caves sam@esall excavated from one

13



deposit 1) Twin Rivers samples were excavated from four areas within the A Block cave
passage KHYYHHHHYYHHHH 00 00888000884 8RD0

Figure 4.5.Relationship between racemisation values (THAA D/L) in GIx vs the percentage of free Glx,
for subsample replicates, in four taxonomic groups of fossil enamel samplegiikocerotid; B- suid;

C- equid; D- bovid). Mumbwa Caves samples were all excachfrom one deposit

Twin Rivers samples were excavated from four areas within the A Block cave pa&sage

HHHYYYYYYHHYYYYYYyyHyyyy gy yyyyyleo

Figure 4.6.Covariance plots of average Glx racemisation vs serine decomposition in four taxonomic
groups (A rhinocerotid; B- suid; C- equid; D- bovid). No rhinocerotid samples were excavated from
Mumbwa Caves, which all came from one depdadsit 1) Twin Rivers samples were
excavated from four areas within the A Block cave passége ¥ HHHHHHYHHBE

Figure 4.7. Top- average total amino acid concentration, bottomrelative amino acid composition,
for each enamel sample (Ahinocerotid, B- equid). Boxes highlight low concentrations and atypical

. GEHGKALAGF HJG>AD=Ky 4Yyyyyyyyyyyyyyyyyyy88yyyyH48H

Figure 4.8.Investigation of family level taxonomic effect on the int@ystalline protein degradation

trends in rhinocerotid, suid, equid and bovid enamel samples. Relationship between the average

free (FAA) vs total hydrolysable (THAA) GIx racemisation vdD&9. B- Relationship between serine
decomposition vs total hydrolysable (THAA) GIx racemisation values (D/AQv@rlay of the

relationship between percentage free (%FAA) Glx vs total hydrolysable (THAA) GIx racemisation values

(D/L). D-IndividualL 9 PGF GE A; HDGLK >JGE !'%¥ HHHHHYHHHHHIBOHHHHHHH

Figure 4.9.Relationship between the average free (FAA) vs total hydrolysable (THAA) Asx racemisation
values (D/L) in three taxonomic groups of enamel samples present at Mumbwa Cavasi(h B-

equid, C: GNA<G6K HHHYYHHHHHHYHYYHHHHEHYYYHHHH 8388

Figure 4.10.Average total hydrolysable amino acid (THAA) racemisation in GIx plotted against
excavation level (1 = top 5 = bottom) in one excavation cavity (E5/E6) for rhinocerotid (A) and equid (B)
samples. Error bars represent the standard deviation about the méansubsample experimental

J=HDA; 9L=Ky HHyHyHyYyyYyyHHHHYYYYYHHYyyyyy953y95y4yY

Figure 4.11.Relationship of the average free (FAA) vs total hydrolysable (THAA) GIx racemisation
values (D/L) in the three taxonomic groups (suid, equid, bovid) of enamel samples present from both
+ME: 09 ! 9N=K O+! 6 9F< 20AF OAN=JK 02568 H.87HYyyHyHHyy
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Sl Figure 4.1.Relationship between racemisation values (D/L) in free (FAA) vs total hydrolysable
(THAA) amino acids, for rhinocerotid subsample replicates, for Ser, Ala, Val and Phe. Twin Rivers
samples were excavated from three areas within the A Block cave passage !y yy.183

Sl Figure 4.2.Relationship between racemisation values (D/L) in free (FAA) vs total hydrolysable
(THAA) amino acids, for suid subsample replicates, for Ser, Ala, Val and Phe. Mumbwa Caves samples
were all excavated from one deposit (Barham, 2000). Twin Rivers sames @xcavated from three
areas within the A Block cave passage K HHHYHHYHYHHYHYHHYHHYHYH ¥KIE3

Sl Figure 4.3.Relationship between racemisation values (D/L) in free (FAA) vs total hydrolysable

(THAA) amino acids, for equid subsample replicates, for Ser, Ala, Val and Phe. Mumbwa Caves samples
were all excavated from one depogit ) Twin Rivers samples were excavated from three

areas within the A Block cave passagi& K HHHHYHHHHHHYHHHHHYHHYH K¥KIBA

Sl Figure 4.4 Relationship between racemisation values (D/L) in free (FAA) vs total hydrolysable

(THAA) amino acids, for bovid subsample replicates, for Ser, Ala, Val and Phe. Mumbwa Caves samples
were all excavated from one depogit ) Twin Rivers samples were excavated from four

areas within the A Block cave passagi# K HHHHYHHHYHYHYHHHHHYHHHHYyHy1l84

S| Figure 4.5.Relationship between racemisation values (THAA D/L) vs the percentage of free amino
acid, for rhinocerotid subsample replicates, in Asx, Ser, Ala, Val and Phe. Twin Rivers sarapes
excavated from three areas within the A Block cave passage K HYHYHYHYYBLE

S| Figure 4.6.Relationship between racemisation values (THAA D/L) vs the percentage of free amino
acid, for suid subsample replicates, in Asx, Ser, Ala, Val and Phe. Mumbwa Caves saapled
excavated from one deposit 1)Twin Rivers samplesere excavated from three areas

within the A Block cave passage K YHHHYHHYHYHHYYYHYYHYY Y HYHyHs 185

S| Figure 4.7.Relationship between racemisation values (THAA D/L) vs the percentage of free amino
acid, for equid subsample replicates, in Asx, Ser, Ala, Val and Phe. Mumbwa Caves saarpled
excavated from one deposit 1)Twin Rivers samplesere excavated from three areas

within the A Block cave passage K HYHHHHHYYHHHHYYYH ByHgys 186

Sl Figure 4.8.Relationship between racemisation values (THAA D/L) vs the percentage of free amino
acid, for bovid subsample replicates, in Asx, Ser, Ala, Val and Phe. Mumbwa Caves sagamgledl

excavated from one deposit 1)Twin Rivers samples were excavated from four areas

within the A Block cave passage K HHHHHHHHHHYYYYYY Hgygys 166
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S| Figure 4.9.Average concentration and relative composition for all rhinocerotid enamel samples.

Boxes highlight low concentrations and atypical composition profiles associated with low extents of
degradation and/or highly variable data. Where low concentration angjital composition profiles

can be observed without boxes, high levels of protein degradation were observed from other

AF<A; 9LGJK KM; @ 9K J9; =EAK9LAGFK HYHHYHHYHHBHHHYHYHHHYY

S| Figure 4.10.Average concentration and relative composition for all suid enamel samples. Boxes

highlight low concentrations and atypical composition profiles associated with low extents of

degradation and/or highly variable data. Where low concentration and atypicaiposition profiles

can be observed without boxes, high levels of protein degradation were observed from other

AF<A; 9LGJK KM; @ 9K J9; =EAK9LAGFK HHYHHYHHHYHBHHYHHHYHYHYHY

S| Figure 4.11 Average concentration and relative composition for all equid enamel samples. Boxes

highlight low concentrations and atypical composition profiles associated with low extents of

degradation and/or highly variable data. Where low concentration and atypicainposition profiles

can be observed without boxes, high levels of protein degradation were observed from other

AF<A; 9LGJK KM; @ 9K J9; =EAK9LAGFK HYHYHHYHHYHUYHBEBHYHYHYHYY

S| Figure 4.12 Average concentration and relative composition for all bovid enamel samples (NB
bovid concentration is on a different scale to the rhinocerotid, equid and suiBpxes highlight low
concentrations and atypical composition profiles associated with low erts of degradation and/or
highly variable data. Where low concentration and atypical compaosition profiles can be observed
without boxes, high levels of protein degradation were observed from other indicators such as

JO9; =EAK9LAGFK HHyyyyYHHHHYYYYHY Y HHHHHHHHEHEHY B R &K

S| Figure 4.13 Relationship between the total hydrolysable Asx racemisation values (D/L) and Asx
concentration. Mumbwa Caves samples were all excavated from one depGsit ) Twin
Rivers samples were excavated from four areas within the A Block cave passage

HHYYYYYYYHHYYYY Yy Yy K5 K58O8885RXK

S| Figure 4.14. Comparison of the general amino acid racemisation degradation trend between the

four taxonomic groups (rhinocerotid, suid, equid, bovid) of enamel samples present from Mumbwa

Caves and Twin Rivers, assessed from the relationship between the averagd=#dg (s total
@Q<JGDQK9: D= 02& 6 J9; =EAK9LAGF N9DM=K QW®*06 >GJ

S| Figure 4.5. Comparison of the general peptide chain hydrolysis degradation trend in Asx between
the four taxonomic groups (rhinocerotid, suid, equid, bovid) of enamel samples present from

16



Mumbwa Caves and Twin Rivers, assessed from the relationship between the percentage of free Asx
06 $ 60 NK LGL9D @Q<JGDQK9: D= KP 02& 0 .I1BD; =EAK?9

Sl Figure 4.5. Comparison of the general peptide chain hydrolysis degradation trend in Ala between

the four taxonomic groups (rhinocerotid, suid, equid, bovid) of enamel samples present from

Mumbwa Caves and Twin Rivers, assessed from the relationship between the pgegmpf free Ala

06 $ 60 NK LGL9D @Q<JGDQK9: D= D9 O02¢& 6 .19©; =EAKY9

Sl Figure 4.I7. Comparison of the general peptide chain hydrolysis degradation trend in Val between

the four taxonomic groups (rhinocerotid, suid, equid, bovid) of enamel samples present from

Mumbwa Caves and Twin Rivers, assessed from the relationship between the pgegmpf free Val

06 $ 6 NK LGL9D @Q<JGDQK9: D= 49D 02& 0 .1929 ; = EAK?9

S| Figure 4.8. Comparison of the general peptide chain hydrolysis degradation trend in Phe between
the four taxonomic groups (rhinocerotid, suid, equid, bovid) of enamel samples present from
Mumbwa Caves and Twin Rivers, assessed from the relationship between the gageenf free Phe
06 $ 6 NK LGL9D @Q<JGDQK9: D= . @= 02& 0 1929 ;

EAKDO9

S| Figure 4.09. Average total hydrolysable amino acid (THAA) racemisation in Glx plotted against
excavation level (1 = top 5 = bottom) in each excavation cavity (E5/F5, E5/E6, E4/F4, G5) for all

KOEHD=KK HHyyyHHHHYYYYYHHHYYYyyyy98888yyH44

Figure 5.1. The extent of racemisation for the total hydrolysable (left) and free (right) amino acid
fractions (THAA and FAA respectively) for amino acids from woolly rhino tooth enamel, during
isothermal heating at 60, 70 and 80 °C over two years. Error bars représe standard deviation

about the mean for experimental triplicates. All plots used the same scale for racemisation (D/L) to
@A? @GDA? @L L @= AF; J=9K= AF J9; =EAK9LAGF G:.RZJN

I
A
@)

Figure 5.2. Racemisation of free (FAA) vs total hydrolysable (THAA) fraction from experimental
samples isothermally heated to 60, 70 and 80 °C over two years in comparison to Zambian fossils.
Error bars represent the standard deviation about the mean for subsampleezimental replicates.

o I O O T T T T T T S (<

Figure 5.3. Comparison between the extent of racemisation in different amino acids from protein
within rhinocerotid and elephantid tooth enamel (solid lines) amdchatinashell (three aragonitic
layer-1 r * A -dGLLAGFDAF=6 <MJAF? AKGL@=JE9D @20@LAF? LI
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Figure 5.4. Total amino acid concentration of the hydrolysable fraction (top) and free fraction
(bottom) during isothermal heating to 60, 70 and 80 °C. Error bars represent the standard deviation
9: GML L@= E=9F >GJ KM: KO9EHD= =PH=JAE=FLg§BP206J AHDA,;

Figure 5.5. Individual amino acid concentrations vs racemisation for amino acids from experimental
samples isothermally heated to 60, @hd 80 °C over two years in comparison to fossils. Error bars
J=HJ=K=FL L@= KL9F<9J< <=NA9LAGF 9: GML L@EPE=9F >

Figure 5.6.Relative amino acid composition during isothermal heating to 60, 70 and 80 °C over two
Q=9JKK HYHHHHHYHYHHHHYHYHHHHYYHHHYYH YUY HE8 5y Y

Figure 5.7.Relative amino acid composition of the THAA fraction from woolly rhino enamel unheated
and after 2 years of isothermal heating at 60, 70 and 80 °C, in comparison to fossil rhino enamel from
Twin Rivers, Zambia. Composition profiles have been ordered ftomest to highest extent of GIx

2 & JO9, =EAK9LAGFK HyyYyyHHHHYHYYYHHHHYYY8EByyyyHyy

Figure 5.8. The extent of hydrolysis for four amino acids from woolly rhino tooth enamel, during
isothermal heating at 60, 70 and 80 °C over two years. Error bars represent the standard deviation
9: GML L@= E=9F >GJ KM: KO9EHD= =PH=JAE=FLgBIoJAHDA;

Figure 5.9. Comparison of peptide bond hydrolysis vs racemisation for Individual amino acids from
experimental samples isothermally heated at 60, 70 and 80 °C over two years in comparison to fossils.
Error bars represent the standard deviation about the mean for salvgple experimental replicates.

BYUYYHHBHUYYHHBBH YUY BBHYy8800Y8800yy8188T

Figure 5.10.The extent of dehydration for Ser (left) and Thr (right) from woolly rhino tooth enamel,
during isothermal heating at 60, 70 and 80 °C over two years. Error bars represent the standard
<=NA9LAGF 9: GML L@= E=9F >GJ KM: KOFHPFy FPHM2IAE=FL

Figure 5.11.Comparison of extent of dehydration for Ser (left) and Thr (right) vs Asx racemisation
from experimental samples isothermally heated at 60, 70 and 80 °C over two years in comparison to
fossils. Error bars represent the standard deviation about the meandoebsample experimental

J=HDA; 9L=KyK HHHHYYHHHHHYYYYHHHHy Y8883 589884y

Figure 5.12. Assessment of fit for the linearised relationship between the time spent at three
experimental temperatures: 60, 70 and 80 °C, and RRf@Ksformed (equation 5.2) THAA D/L values

>GJ KP 9F< . @K HYyYHHYHHHYYHHYYBUYYBBU B8
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Figure 5.13.Assessment of fit for the linearised relationship between the time spent at three
experimental temperatures: 60, 70 and 80 °C, and CPK transformed (equation 5.3) THAA D/L values for

KP OF & f6 9F< .@= OF @ TI'6K HYYHUHYHUBYYBRY yoHYYY

Figure 5.14.Comparison of the white rhino (A) and woolly rhino (B) AMELX protein sequence coverage
from peptides identified through database searching (denoted by bold amino acids highlighted in

dark grey) from the MS analysis of bleached, unheated woolly rhino tatamel. The fasta database
sequence alignment (C) shows shared database sequences in purple and unknown sections of the two

K=l M=F; =K AF J=<K HYHYyyYyHYHHHHHYYYYHHHHYy Y28 yyyyyyy

Figure 5.15.Mass spectra for white rhino peptides observed in unknown regions of the woolly rhino
sequence. These example peptides covered the unknown sequence positionslI88A), 18486 (B)

9F< I'PH O" 6K HYHHBHHYYYHHBHUYYYHEBEHYYUYHEBUERY8H0HYY

Figure 5.16.A- Comparison of the sequence coverage for white and woolly rhino AMELX from

peptides identified through database (denoted by the bold amino acids highlighted in dark grey), over

positions 1- 38. BS The database sequences of different rhinocerotid AMEhRligned from positions 1

8r X K@GOAF? K@9J=< K=l M=F; =K @A? @DA? @L=< AR HMJIHD-

Figure 5.17.An MS2 spectra of one of the 28 peptides identified in the region of the one amino acid
<A>>=J=F; = OHGKALAGF pXt6 G> L@= O@AL= J@)R8 +#*6

Figure 5.18.Comparison of coverage when filtering the data with different false discovery rates (0.5%
and 1%) for white rhino AMELX. Sections of the sequence bracketed in red display the differances i
i GF>A<=FL H=HLA<= A<=FLA>A; 9LAGFK 9L PKfOR2PF< pob

Figure 5.19.+ 9 KK KH=; LIJME >GJ L@= KAF?D= H=HLA<=54G: K=JN=
VI I O O O I I T T T B T T T T R T T R R R 2

Figure 5.20.Assessment of instrument variability and sample storage stability of two instrument
acquisitions of a single sample, in analytical singlicate for the first analysis (1_1) and analytical

triplicate for the second analysis (2_1, 2_2 and 2_3), which was ttallen after sample freezer

storage. Graphs display the number of identified AMELX peptides in each sample at 0.5% FDR (right)
and the percentage of the AMELX sequence they cover (left). The average is calculated as the mean of
all four analytcal replicates, and the error bar represents one standard deviation about this mean.

HYHBUYYBHYYBUYHBUYHB0YHBHYBY8B08088y Y2880

Figure 5.21.The percent coverage (left) and total number of peptides (right) observed for AMELX from
OGGDDQ J@AFG =F9E=D <MJAF? AKGL@=JE9D @=94BFE? LG
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Figure 5.22. Assessment of AMELX deamidation of asparagine and glutamine during isothermal

heating of woolly rhino enamel at 60, 70 and 80 °C over two yea¥shd total number of deamidated

Asn or GIn identifications in AMELX peptides from database searching & BBR, Bthe total

number of deamidated Asn or GIn identifications divided by the total number of AMELX peptides

observed for each sample from database searching at 0.5% FBRh€total number of deamidated

Asn or GIn identifications divied by the percentage of AMELX sequence coverage observed for each
KOEHD= >JGE <9L9: 9K= K=9J; @AF? 9L Prfrd $YOB HYyHYyH

Figure 5.23. Assessment of AMELX oxidation of histidine, tryptophan (HW) and methionine (M) during
isothermal heating of woolly rhino enamel to 60, 70 and 80 °C over two years. Total oxidation is the
total number of oxidations at His and Trp (top) or Met (bottom) iRIELX peptides from database
searching at 0.5% FDR. Oxidation per peptide is the total number of oxidation sites identified for His
and Trp (top) or Met (bottom) in AMELX peptides divided by the total number of AMELX peptides
observed for eachample from database searching at 0.5% FDR. Oxidation per coverage is the total
number of oxidation sites identified for His and Trp (top) or Met (bottom) in AMELX peptides divided
by the percentage of AMELX sequence coverage observed for each sample dtabade searching at

Ppfd6 $"0K HHHYHHHHYHHHYYHHHYYHHH YUYy 8BB Yy Yy

Figure 5.24.Number of peptides observed at different peptide lengths (number of amino acids) over
L@= ; GMJK= G> AKGL@=JE9D @=9LAF? G> OGGDDX® J@AFG

Figure 5.25.The percentage of different peptide lengths (number of amino acids) observed over the
; GMJ K= G> AKGL@=JE9D @=9LAF? G> OGGDDQ J@2BG =F9E

Figure 5.26.Comparison between AMEL coverage (MS) with total THAA concentration ({6&fDand
Asx THAAD/L IcPR) A? @L <MJAF? AKGL@=JE9D @=9LAF? ®B%* OGGDD

Figure 5.27.0utline of AMELX coverage for bleached, unheated woolly rhino enamel sample (top) and
unbleached Dmanisi rhino (DM.5/15F H Hrf OKL9?=LAH XpP00 =FAB2D K9EHI

Figure 5.28.Regions of AMELX peptide coverage for three fossil Rhinocerotidae enamel samples from
20AF OAN=JKJl] 89E: A9 9F< OGGDDQ J@AFG LGGL2 =F9E=D
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Chapter 1. Introduction

Hominin evolution in Africa is complex and the evelnanging field of study is limited to the
fossils and archaeology revealed thus far. The fluctuating past climates across Africa over the
Pleistocene are also not well established. Relating environmermablutionary drivers to hominin
(and more widely, mammalian) evolutional then is especially challenging. The Satémtral African
region, though not well known for its high fossil preservation potential, still contains numerous
interesting and important achaeological and paleoenvironmental sites. However, the region
chronology is not well understood. The aim of this thesis was therefore to employ the latest
knowledge, expertise and biomolecular analyses on fossil material that had been previously
excavated from sites within the region, with the goal of increasingtaeological site understanding.

This introduction therefore covers a brief summary of hominin evolution in Africa (section
1.1.1) and the potential role of climate (section 1.1.2). A summary of dating techniques applicable to
archaeological sites in this region is then discussed (sectio?), before discussion of ancient proteins
(section 1.3) and the biomolecular techniques for geochronological (AAG, section 1.3.3) and
palaeoproteomic (section 1.3.4) analysis.

1.1. The Quaternary

1.1.1. Human evolution

Africa has long been known to have played an integral role in the evolution of humankind,
from the earliest hominins to the emergence of the gendemo
OZEvidence of the archaic Australopithecine hominins is
currently only present within the Pliocene archaeological record of Africa. Such examples include the

Australopitheaisafarensid * M; QA (K@=sDw=ilbGIF52)dated to 3.2 Ma and
the Laetoli fotprints, dated toca. 3.6 Mél ,)showing fossilised volcanic ash footprints of
two bipedal adults and a juvenilé CEvidence for the emergence of the genus
Homocan also only be found in Africa ) with the first
evidence ofH. habilisdiscovered in Olduvai Gorge, Tanzariiz ) dating to 1.8 Ma

.)Subsequent finds, such as the Afar cranium from Ethiopia, dated to 2.8 Ma
significantly predated this first appearance.

The East African Rift System (EARS) has yielded multiple and frequently the earliest dated
Homospecies in the world includingd. habilis JH. erectus
sensu latg and (debatably; JH. sapiens

)The cave systems of South Africa have also yielded multiple notable hominin finds,
including H. naledj currently found only within the Rising Star cave system in South Africa
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) With hominid fossils now found across the African continent (Fig. 1.1), recent studies have
suggested the variable environmental preservation potential has played a dominant role in the
African hominin fossil record. Subsequently, pakfrican models oHomoevolution have been put
forward involving malleable metapopulations of multiple contemporaneous

Homospecies across the continerit

.

/ Lake Victoria

’
L

Zambezi River

Okavango Delta

Makgadikgadi Pan

Figure 1.1. Map of Africaighlighting the location of Zambia in yellow and major current water bodies in the
South-Central African region. The two archaeological sites studied in this thesis, Mumbwa Caves and Twin
Rivers, are displayed as pink circles. Locations of currentlywndiominin fossilgdating between~7 Ma- 200
ka) are highlighted as green circles
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1.1.1.1. South-Central Africa

>J A; 9-BdatralréyMdi (i@ focus area of this PhD work) encompasses present day
Zambia and adjacent areas of bordering countries (Angola, Namibia, Botswana, Zimbabwe,
Mozambique, MalawiTanzaniaand Democratic Republic of Congo (DRE)g. 1.1 Whilst the region
generally has a poorer fossil preservation potential, it has yielded hominin fossils, most notably the
Homo heidelbergensigshodesiensis Kabwe cranium. This has been recently datedcto 300 ke
) making it contemporamous withH. naledi and archaicH. sapiens
) The region has also produced evideniog the transition from the Early to Middle
Stone Age (Acheulian and Sangeanpemban tool technologies respectively; ), of
early pigment use (~ 265 k5; Y andwoodworking 6476 kaj ). Two
archaeological sitesTwin Rivers and Mumbwa Caves, are studied in this thesis and a brief overview of
their archaeological is provided below.
+ME: 09 ! 9N=K 09K >AJKL =P; 9N9lo9zlandhRrkmxr PAK : Q
before a more thorough excavation across four field seasons from 13%96 by Barham ) The
cave sequence (found within a freestanding dolomite outcrop) has shown evidence of intermittent
use and occupation from >172 ka (dated at the base of the sequence by thermoluminescence) until
recently (330 Cal BP as dated by radiocarbon). The archagical assemblages, evidence of the caves
period use, include microlithics, hearths and Middle Stone Age tools and their preparative debris

TwinRiver®9 K >AJKL =P; 9N9 L Zark AW 10a@=nd pmmBBRK : Q ! D9J
>GDDGO=< :Q 9 J @@EhaA POOLT@e hillD@sitecontaimed ShxAnéin breceia
bearing areas within its cave passages (although tiave roof collapsed at an unknown time, leaving
the deposis exposed to weatheriny termed A F Blocks. Due to the breccias hardness, dynamite
blasting was used in most areas of the early excavati¢ns 1The A Block
sequence containing Early andititlle Stone Agetools, pigmentsand faunal fossilswas dated to~170
->400 kausing Useriesdating on speleothem )As a hilltop site, the presence of
rhinocerotid and giraffid fossils (among otherghroughout the fossil assemblage is thought to have
accumulated from predation and/or scavenging activity, including the possibility of hominin activity.
During the Pleistocene fie hilltop site of Twin Rivers is thought to have overlookRdlaeolake Kafue,
an extensive palaeavetland encompassing the Okavango delta, the Makgadikgadi pan and the
Zambezi and Kafue river@ig. 1.1 )

The study of African palaeoenvironments across the Quaternary is considerably less well
represented(and is especially lacking in Sout@entral Africagompared to those within northern
latitudes, which have had a relatively long history of local palaeoenvironmental study. One of the
most popular theories on evolutionary drivers for hominin speciation, diversity and increased
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;s G2FALAN= 9: ADALA=K J=D9L=K LG L@= =FNAJGFE=FL9D
and reconstruction of African palaeoenvironments is essential to our
MF<=JKL9F<AF? G> ; DAE9 W=\NEkcal D= AF @GEAFAF =NGDML

1.1.2. Climate

2@= [/ M9L=JF9JQ AK L@= EGKL J=; =FL ?=GDG?A; 9D H
million years ) It is split into two epochs: the Pleistocene, ending at the start of
the current interglacial (approximately 11,700 years BP), and from then, the Holocene, encompassing
the present day ) The Quaternary is defined by episodic climate change: glacial
interglacial climate cycling in mid and high latitudes and aridhumid climate
cycling in low latitudes ]

The Milankovitch cyclesFjg. 1.5 <=K; JA: = =9JL@AK GJ: AL9D GK; ADI
JGD= AF L@= =9JL@AK ; DAE9LaEmpsadMW)I2Mese A& K GN=J L @=
GK; ADD9LAGFK AF; DM<= =;;=FLJA; ALQ OO@A; @ <=K; JA: =
and almost circular orbit), obliquity (which describes the 41 ka yearly cycle of variation in the angle of
the earth's tilt) and prock KAGF 09 <=K; JAHLGJ G> L@= =9JL@AK OG:

.

eccentricity obliquity procession

Figure 1.2. The Milankovitch cycles.

The intensity and distribution of solar radiation around the globe is directly affected by the
combination of these three orbital cycles, with ice sheet growth and retraction in high latitudes
and dust flux in low latitudes correlating with these
timescales during the Pleistocene. The complexity of regional climate fluctuations during the
Quaternary however, cannot only be described purely in astronomical terms, with additional
feedback mechanisms influencing ahcontributing additional variables to both regional and global
climates. These feedback mechanisms include variations in compositions and concentrations of
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atmospheric gases, global winds and sea surface temperatures, and oceanic current directions and
strengths

In general terms, the Pleistocene climate oscillations across Africa are less well understood
than within the northern hemisphere, where glacial and interglacial phases dominate the record. The
arid-humid climate fluctuations resulted from a complex combation of environmental factors and
occurred asynchronously across different regions of Africa ) These would have
resulted in the expansion, contraction and alteration of habitats dependent on locality. Howeirer
general, wetter, morenumid climatic periods (known as pluvials) are evidenced in the expansion of
lakes and watercourses, whilst interpluvials (periods of greater aridity) are often observed via the
shrinkage or disappearance of lakes, rivers and their drainage systems.

1.1.2.1. Palaeoclimate reconstruction

Palaeoclimate reconstruction is a valuable endeavour for all regions across the globe, but is
especially important in regions which have historically been less well studied, such as SOetitral
Africa. Assessment of habitats and how they change over tarepieced together with landscape
evidence, biological records and chemical signatures to imply past habitats over the Quaternary.

Floral and faunal remains are often characteristic of specific habitats or ecozoriés

and their preserme or absence over time can infer shifts in habitat. For example, blesbok
antelope found in the palaeoenvironmental record at Twin Rivers archaeological site in Zambia
are not observed north of the Limpopo River today. These faunal remains,
characteristic of cooler, drier, savannah grasslameibodlands than the environments that are
currently present in the region today were also supported by the woody
vegetation remains at Twin Rivers

Genetic analysis of fauna found within a paleoenvironment can be used to investigate
possible timings and/or reasons behind isolation of populations and resulting clades, and may
indirectly help locate past climate refuges. For example, analysis of mitaudirial DNA (mtDNA)
haplotypes in modern lions showed two distinct populations, despite only living 500 km apélri

) Mooreet al. suggested the ancestral lion population were wetland specialists
originating from SouthCentral Africaand that the savannah specialists of East Africa were a
population isolated during an arid Pleistocene phase, becoming adapted to the savannah habitat.
Pederseret aly A’K(3)analysis of numerous populations of plains zebras suggested the Zambezi
Okavango wetland area of Sout@entral Africa was the most likely location of the ancestral
population (ca. 370 ka), from which all current clades are descended. Studies such as these help to
unravel changes in past environments, and can highlight potential icet of past diversification (such
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as SouthCentral Africa) where the preservation potential of archaeological material may be lesser
than elsewhere.

As well as mammalian fauna, molluscs are also highly useful environmental indicators, with
many species adapted to specific environments (e.g. marine, freshwater, marsh wetlands and
drylands). Some species are not only markers for watery environments bay @so be indicative of
the water's condition; for example, the shell form tfe ostracodCyprideis torosés used as a water
salinity indicator as its shell alters from smooth hypersalinewater, to noded inow salinity water
< f On ) Such species are often studied in the context of estuarine sea
level change in the northern hemisphere

) but can also be useful for the study of lakes in lower latitudes, where rapid evaporation of fresh
water bodies can cause salinity crisés

Chemical signatures from palaeobotanical remains in marine, lacustrire

and fluvial cores can also be used to infer climate information.
$GJ =P9EHD=/J] ; MLA; MD9J O9PJ] MK=< LG HJGL=;L 9 HDY9
by extreme heal Jis well preserved in cores over geological timescales

) Theseplant waxes contairipid biomarkers which can be used as proxies for aridity.
1 9J: GF AKGE®GHE= JPAAGK, IOAN= G> 9 HD9FLAK ;H@GL GKQFL (
pathway are trees, bushes, cogkason grasses and sedge, Wghiwarm-season grasses and sedge
typically use the ¢pathway )2 Waxisan additional indicator of aridity from plant wax
: AGE9JC=JKJl O@A; @ E=9KMIJ=K L@= @Q<JfpRowkinfAlK GL GH=;
givesrisetd9J ? =89 DPM=KJ]] O@ADKL @A?@=J D=N=RkKauc&s> HJI=; AHA
allowing for hydroclimate interpretation. Used in combination these biomarkers help reconstruct
palaeoenvironmental landscapes, which can often be related to the core chronologies

The climatic information gained from cores have been interrelated with varying degrees of
success. The African continent is large, and many regions have different dominant influences on their
climates, giving rise to asynchronous climatic oscillations. Gswech example of this comes from
geological climatic data from Lake Malawi in the Sou@entral African region, which indicated a shift
towards greater humidity during a period of documented shift towards greater aridity in the horn of
Africa ) However, there are often relationships between lacustrine sedimentary
cores within the same region, due to their closer synchronicity. For example, Lake Tanganyika and
Lake Malawi from the SoutiCentral African region both contain a hiatus in their cargronologies
prior to ca.94 ka. This hiatus also correlates with low lake levels from other African lakes, interpreted
as a time of widespread mega droughts

The ability to map past regional landscapes is essential to onderstanding of past climates,
and its role within faunal (including human) evolution. Placing regional climatic events into accurately
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dated geologicaframeworksnot only helps to elucidate the past, but is especially critical for future
climate simulations andassociated impacts on faunal and floral species. Widening the geographical
and temporal range of palaeoenvironmental studies to less well studied regions such as Soattiral
>JA; 9 @=DHK LG =F9: D= 9 :=LL=J MEM=JKLI9F<AF? G>

1.2. Dating techniques

Datingis integral to the study of human evolution, both with respect to archaeology and
related palaeoenvironments. Techniquésll into two broad categories: numerical techniques, which
provide singular numerical dates (with associated error ranges) and relative techniques, which are
based on the relative age order of the material in question. No current individual techniquétbée
type is able to span the entire Quaternary timescale for all sample typdwey are therefore most
powerful when used in a multiceted approach, to elucidate the greatest information possible. The
key techniques that are potentially applicable to the Soutbentral African region over the Pleistocene
are therefore reviewed (sectionk.2.1 andl.2.2).

1.2.1. Numerical dating techniques

Numerical dating techniques are highly useful toglsach withtheir own set of limitations and
assumptions It istherefore essential thateachare viewed in the context of all available site
information to assess the accuracy of the determinedlues

1.2.1.1. Radiometric dating techniques

All radiometric dating technigues are based on the principle of radioactive decay of an
MFKL9: D= =D=E=FL9D AKGLGH=K 09<AG9; LAN= <=;9Q ,; 9F
O=EAKKAGF G> 9F 3 H9JLA; D=6/ L missigndf@lectiomBgAetid AGF G>
radiation). Radiometric dating techniques may be based on simple decay pathways (sutiCasr
more complex chains involving multiple intermediates (such &%) and?®**U). Each exponential decay
pathway has a hafife constart, which determines the upper limit of dating for each technique.

1.2.1.1.1. Radiocarbon dating

One of the most welknown radiometic dating techniques is radiocarbon dating. Developed
in the 1940s by Willard Libbthe technique is based on the principle that unliké&C and**C (the stable
isotopes of carbon found within the environment))ICMF <=J ? G=K =PHGF=FLA9D <=; 9¢C
emission to become the more stabféN. *C is continuously produced in the atmosphere and
becomes incorporated into living organisms in numerous ways, for example during plant
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photosynthesis. Due to the constant cycle of production and decay, #@in living organisms
remains at a constant level, in equilibrium with the atmosphex@nce an organism dies and it is
unable to replenish**C, the abundance decreases. By measuring the residd@lin a sample and using
the known'‘C decay rate, a numerical age can be determiried

14C datinginvolves a number of assumptions. These incluthat (with the exception of‘C
undergoing constant decay) the ratiof carbon isotopes within samples remains unaltered, and that
it is representative of the atmospheric carbon isotope ratio at the time of formation. Th@wvever,
does not always hold true, with many biological systems having a preferential uptake of carbon
isotopes. Broadly speaking, plants undergoing photosynthesis preferentially upt&ke

;which if uncorrected, can result in an overestimation of the dates obtained.

Conversely, ocean water preferentially absorf€, which caread to higher**C accumulation in
oceanic carbonates such as coréls and organisms which rely on marine
resources, resulting in an underestimation of dates obtained using these materials, liio&ever,
HGKKA: D= LG ;GJJ=;L >GJ HJ=>=)J=FLA9D MHL%C= OAL@
within a sample is determined

To complicate matters, where the sea surface is typically enriched Wi@h the deeper sea is
depleted in*“C due to its inability to replenish th&C lost from decay by exchange with the
atmosphere. This is known as the marine reservoir effect and gives rise to overestimation of age in
deeper oceanic carbonates and organisms which rely on deeper marineusses
The freshwater reservoir effect results in similar overestimation of ages and occurs where fresh water
is rich in dissolved ancient limestone. Similar to the deep sea, ancient limestone contains depleted
14C, lost through decay and cannot be not replenished by exchange with the atmosphere. Depti€ed
ratios may then become incorporated into organisms within freshwater systeftis
Reservoir effects can be somewhat accounted for, but it should be noted that teféécts can be
highly variable and simple correction factors may not be suitable in all cases
Inaccurately old dates from terrestrial molluscs (as well as from freshwater species) are also
commonplace. Molluscs ingest Ca€ build their shells and where this comes from ancient
limestone sources (depleted iHC), as with the freshwater reservoir effect, mollusc shells may have
older apparent ages

Relatedly,the original assumption that atmospheric carbon isotopic composition remains
stable was shown not to be accurate, with evidence that it varies over time due to changes in cosmic
ray intensities rDetailed work by the IntCal Working
Group (IWG) over recent years have pieced together atmosphéEiconcentrations from a number of
sources (including dendrochronology, corals, forams and speleothems) to provide the field #@h
atmospheric concentration calibraton curves )

Other than these assumptions] 9 < AG; 9 J: GFAK : A??=KL HGL=ZFLA9D K
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contamination, which can drastically alter the accuracy and precision of the dates determined,
particularly for older samples 1Radiocarbon is not alomin the potential
for error; as with allnumerical techniquest is especiallyimportant not to assume the result obtained
is an absolute value, especially where it conflicts with additional evidence.

Radiocarbon dating is used extensively due to the wide range of organic sampies it
applicable to, but its greatest disadvantage for this study its maximum reliable dating range. This is
because the haHife of “C (the time taken for the radioactivity of half a sampl€ atoms to have
completely decayed) is 5730 + 40 years ,)with an upper limit of analysis of up to 10 half
lives, resulting in a maximum dating capability of up @ 60 ka At
therefore is only able to provide reliable dating information for the most receat 2% of the
Quaternary, leaving many sites in the Sou@entral Africarregion without effectively dated
sequences past this time.

1.2.1.1.2. Uranium-series (Useries)

U-series dating exploithe radioactive decayf 23U to?*Pb and®*U to?°’Pb andthrough
complex decay chains involving multiple isotopic elements. Within these elongated chaires,
ZOTh/24J isotopic ratiois most commonly used for dating angrovides dating information up to ~500
ka (the most recentca. 20% of the Quaternary period), extending the timeframe of dating by-telal
in comparison to radiocarbonU-series datings typicallyundertaken on carbonates from either
marine (e.g. caals Yor terrestrial origins (e.gspeleothem

)) Uranium is found within these carbonates due to its water solubility, becoming
incorporated into the crystal structure of the carbonate as it grows.

U-series dating relies on two basic assumptions: 1) that the carbonate samples adhere to
closedsystem behaviour post deposition, and 2) that the daughter isotopes are entirely created by
the radioactive decay chains. In the case of the latter assumptimomtamination from detrital
material can lead to inaccuracies in true age estimates, with possible contamination of both parent
and daughter isotopes. Detrital contamination can however be accounted for usiftflan/?*°Th
correction factor, as unlik&*'Th, 2%2Th is not a decay product. Contamination is especially problematic
where a sample has not adhered to closed system behaviour, which is observed in many sample
types, such as molluscs Jwhile uptake post deposition is especially
common in bone and teeth , Contamination also rarely occurs uniformly within a
sample, with uranium uptake occurring on the surface of the sample and subsequent diffusion
towards the interior JAs these types of sampleseacommonly found in the
archaeological and palaeoenvironmental records, significant work has been undertaken to develop
uptake models in an attempt to correct for open system behaviour; howeveis still worth bearing in
mind that each of these models have their own series of assumptiGns
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Oneadvantage of Useriesis the direct dating of bones and teeth (although often best
considered as providing a minimum age estimate ). Direct dating is especially
important in cases where contextual information has been completely lost, such as with the Kabwe
(Homo heidelbergensighodesiensiy cranium from Zambie ) In comparison to bone
and teeth, peleothem is considered to better adhere to the closagstem assumptions made in
calculating dates from kkeries andysis ) However, datingpeleothem has an
alternative limitation, in that it is an indirect method for dating associated archaeological and/or
palaeoenvironmental deposits and challenges interpreting dating can arise from this.

U-series hashowever, been successfully undertaken at sites in Zambia, including Twin Rivers

))where speleothem over and underlying the archaeological deposits were dated,
helping to provide valuable site information.

1.2.1.1.3. Potassium-Argon (K-Ar) and ArgonArgon (Ar-Ar)

Argon isotope dating, based on the radioactive decay pathway’fto*°Ar, is a considerably
longer lived isotopic radiometric dating technique, able to cover the Quatern&ry
It is applicable to volcanic rock formations under the principle that whilst molten, volcanic rock
releases'Ar (g) produced from%K decay; upon solidification, a closed system is formed wifér
becoming trapped and increasing over time &K decays?K/*°Ar ratios and subsequent age
calculations can be determined in two ways:4&t and AAr. In both cases the concentration $r is
measured by mass spectrometry by melting the rock to release the gasé®ustrapped within.

During KAr analysis{K is directly measured from a separate subsample, either by atomic absorption
spectrophotometry or flame photometry. During A&r analysis;K is indirectly measured from the
same sample used to determine tH€Ar content, through the measurement 8%Ar.*°Ar is produced
from the stable®*K isotope during sample irradiation and as the proportions*#r to**K and*K to*K
areknown, it is possible to calculate th€K content. Based on th&K halflife of ~ 1250 million years

) the resulting®K/*°Ar ratio allows calculation of time since the last volcanic
activity.

-F= G> 9J?GF <9LAF?AK ?2J=9L=KL DAEAL9LAGFK
rock. Like all techniques, it also has a number of assumptions. The first is homogeneity of the sample,
especially important for KAr analysis where separatibsamples are used to determirfék and*Ar.
Related to this, it is also assumed th&8Ar is a reliable indicator of time since volcanism; both that all
“0Ar was released prior to solidification post volcanic event and that the rock then maintained closed
system behaviour, with no release ##Ar through weathering or subsequent heating events. Were
either of these assumptions not accurate, over and under estimation of age would result respectively.
The likelihood of weathering carhowever, be investigated with the observation of secondary
minerals,indicative of recrystallisation ) Over estimation can also occur when
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older mineral fractions become incorporated into the volcanic output (lava/ash), but can also be
investigated through analysis of the whole rock in comparison to separate mineral fractions

) The final assumption made in argon dating presumes*&Ir results fronf°K decay°Ar is
however present in the atmosphere and through measuremené%r, an atmospheric correction is
appliedresulting from their known proportions.

-F= G> 9J?GF <9LAF?AK :A??2=KL 9<N9FL9?=K AK

49 A K -lize@ Faftlife and in contrast to radiocarbon, its depth of coverage allows dating across the
hominin evolutionary timescale. Volcanism has been prevalent within the east African rift system over
the Quaternary and KAr dating has been able to lgelucidate dates on a number of interesting
fossils ) However, due to the lack of volcanism in many regions
of Africa argon isotope dating remains limited in its capability, including within Sou@entral Africa.

1.2.1.4. Luminescence dating

A number of numerical dating techniques fall under the luminescence category including
thermoluminescence (TL), optically stimulated luminescence (OSL) and infrared stimulated
luminescence (IRSL). Luminescence dating can be undertaken on multiple sampéstincluding a
number of minerals (typically quartz and feldspar), volcanic rock, fired pottery and burnt flint
artefacts, as well as calcitic biominerals (such as operciiia Y )Each
luminescence technique uses a different sourge stimulate the release of luminescencéeat (TL),
light (OSL) or infrared (IRSLJhe intensity of stimulation required is proportional to the quantity of
absorbed natural radiation since the sample was last exposed to a heat source, sunlight or during

AL

: AGEAF=J9DAK9LAGFK 2@AK >AF9D =PHGKM>»A/=MWMKFIOKKMEI=
LG J=EGN= 9DD LJ9HH=< =D=; LIJGFK >JGE L@= K9EHD=AK

luminescence dating techniques, OSL, developed@+ p X XXP A Ket al. Q! 9% Maslb&er Q
applied successfully across a number of sites globally and within Africa. It has proved to be a
particularly successful technique on winllown sand dunes, such as those in the Namib Desert

JAF H9JL <M= LG L@AK K=<AE=FL LQH=AK 9<@=

main assumptions, that the sample is fully bleached (or zeroed) at the time of deposition, due to
ample exposure to sunlight.

To determine an age estimate by luminescencetidg, the total radiation absorbed by the
sample during deposition is calculated in the laboratory and termed the equivalent dosg. (Che
dose rate (the amount of environmental radiation the sample received per year) must also be known
in order to calculate an age estimate for a sample. The environmental radiation can be determined in

two ways 3 F | AF >A=D<A E=9KMJ=E=FL MK=K 9 HGJL

measures the sedimentary radiation directly from the sample location, after #ample core has been
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removed. Alternatively (or additionally) extra sediment can be sampled for laboratory analysis of the
J9<AGY9; LAN= =D=E=FL9D ; GEHGKALAGF OHGL9KKAMEN
technique such as inductively coupled plasma mass spectromdtRMS). Variations in dose rates
determined from individual grains are assumed to result from minor variations in sedimentary
radiation and should therefore result in only very small differences between thedues measured. It
is known however, that different sedimentary types have different compositions and concentrations
of radioactive elements ) The assumption of only minor variations in
environmental radiation therefore generally holds true for sites with little variation between
sedimentary types, but the assumption and its part in the calculation can become complex for sites
where the sedimentay record is less uniform. To add to the complexity, dose rates may also change
over time. This is especially common at sites wheregigdons in water content have occurred.
Uranium, for example, is water soluble and may be removed or deposited into the sediment by water
flow, altering the equilibrium of both the uranium and thorium decay chains, hence altering the
radioactivity of thesediment

Sedimentary water content is also required for luminescence calculations and is measured
from the surrounding sediment, or an assumed average is used where the depositional environmental
history is not known. OSLating undertaken on fluvial sediments can therefore be challenging as a
result of these and other assumptions, such as no post depositional mixing having occurred

. Incomplete bleaching is also relatively common within fluvial sediments due to

insufficient sunlight filtering through the river water . However, singlggrain OSL is
able to identify incomplete bleaching in samples, enabling only appropriate grains to be chosen for
analysis

OSL has beensed sucessfully at numerous sites within Sout@entral Africa, such as at
Kalambo Falls and Twin Rivers in Zambia.
Ultimately the success of luminescence dating is determined by how accurate the estimations in dose
rate and water content are for each sample. It gdmowever, still provide very useful information, even
when associated with large error ranges, for sites like many within Se@#ntral Africa which have
very poor chronology. It is a reminder that results from all dating techniques should always be
critically assessed and as with many other techniques discussed, luminescence dating evidence is
most compellng when used in conjunction with a variety of other dating techniques.

1.2.1.5. Electron spin resonance (ESR) dating

Electron spin resonance (ESRJso but less commonly known asectron paramagnetic
(EPR)) dating was first used as a dating technique in 1975 ~Similar to
luminescence dating, ESR measures the trapped electrons within a sample; howevESR it is the
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paramagnetic properties of a sample that provide a measure of age. This is possible as the strength of
the resonance (produced from exciting the trapped electrons using a magnetic field) is proportional to
the number of electrons present since the onsdtalectron trapping. ESR can be undertaken on a
number of sample typedncluding corals, enamel, molluscs and speleothenend has a maximum
dating range of up to 2 Ma, theoretically providing the ability to date sites over the majority of the
Quaternary tmescale

The assumptiongnadein ESR are very similar to those previously discussed in luminescence
dating, and relate to thepalaeodose and annual dose rate. The palaeodose is calculated in the
laboratory (much like the equivalent dose in luminescence dating) and can vary due to the sample
type analysed. Variations in the depositional environment such as the sediment typepumity and
water content can once again lead to a variable history of environmental radioactivity and can cause
errors with the estimated annual dose raté »)Similar to Useries dating, ESR is also based
on the assumption that samples adhere to closeystem behaviour. As stated in sectidn21.1.2,
radioactive elements may be exchanged between the enamel surface and the depositional
environment. Subsequent diffusion towards the interiaf the samplethen results in uneven
distributions of radioactive elements within the samplé and variable dating results.
In calcium carbonate (CaCf§pbiominerals such as molluscs, erroneous results can arise from epen
system behaviour in terms of mineral diagenesis, resulting in leaching and/or uptake of radioactive
elements from the depositional environmentAragonite is a metatable polymorph of CaC£and
over geological timescales may convert talcite, the thermodynamically stable polymorph of Ca@O
If this occurgthe assumption ofmaintenance of a closed system no longer holds true and the
reliability of the dates obtained becomes questionabie

Limitations to the precision of ESR are openly discussed in many reviewis

and in papers with published results ,allowing easier
critical assessment of the accuracy of the dates obtainddhis isespeciallyhelpful when comparing
determined ages fromadditional independent dating techniquesDue to the commonality of fossil
L==L@ 9L 9J; @Q9=GDG?A; 9D 9F< H9D9=G=FNAJGFE=FL9D K
ESR dating on enamel has been carried out at a number of sites across Africa
, including on important hominin fossils from the SouiBentral African

region ) providing dating for archaeological sites much deeper into thed@ernary
timescale, significantly past the upper limit of many other techniques.
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1.2.2. Relative dating techniques:

Numerical dating techniques have undoubtedly provided the ability to pinpoint key
archaeological and palaeoenvironmental events in time, but where the assumptions required to
accurately calculate a date (discussed in detail for each technique in secti@i above) are invalid,
the resulting dates can become effectively meaningless. The second category of dating techniques
: DOKK=< 9K | tdofudti®et sabdatedories Wich frequerthyGnterelate. Age equivalence
techniques provide marker horons allowing intersite correlation, whilst chronological techniques
are based on stratigraphic horizons overlaying one another in a chronological fasliioa
Relative techniques can be calibrated with numerical dating techniques and may contain additional
palaeoenvironmental information (section 1.2.1), able to further expand our understanding of
regional and global climates over the Quaternary.

1.2.2.1. Age equivalence

?= =1 MAN9D=FL L=; @QFAIl M=K @9N= LQHA; 9DDQ : ==F
geological boundaries associated with larggcale shifts in global climates. Where reliable numerical
dating of age equivalence markers can be undertaken at ang gite, this in theory provides dating
for all.

1.2.2.1.1. Tephrostratigraphy

During volcanic eruptions ash is expelled into the atmosphere and can be carried large
distances resulting in distal tephra deposition. In the majority of (although not(ali )
cases, each volcanic eruption results in a distinct geochemical composition of deposited tephra and
identification of cryptotephra is carried out using both the physical and chemical properties, relatable

to the volcanic centre .JPreservation of ash layers are dependent on a number of factors
including the magnitude and type of the volcanic eruption, the wind
direction and strength at the time of eruption and the location of deposition.

Preservation of ash deposits are possible in lake and marine sediménts
) on peat surfaces$ and in glacier ice
) but postdepositional processes such as at peat and bog surfaces can result in patchy coverage
JAs well as providing age equivalence, tephra can be numerically dated

using argon dating, discussed in sectidr?2.1.1.3.

2=H@JGKLJ9LA?J9 H,OAvEr, isROr@)iGrhl sieafEi# (reibnal Examples
provided in Fig. 1.3)and whilst highly useful in East Africa, it is not applicable to many other regions in
Africa, including the SoutkCentral region.
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Regional Tephra Fi
1. Alaskan Arc
2. North America

3. North Atlantic

4. Mediterranean Inter-continental tephra isochrons: MZ: Mazama Ash ~7.6 ka BP

S dapan : . ME: Changbaishan Millennium Eruption ~ 1 ka BP  VA: Viedde Ash ~ 12,1 ka BP

6. Kamchatka Peninsula = | WRA: White River Ash ~1.1 ka BP ToH: Towada-H ~15.7 ka B8P

7. Patagonia KS;: Ksudach 1 ~1.8 ka BP Cl: Campanian Ignimbrite ~39 ka 8P
| 8. New Zealand KS;: Ksudach 2 ~7.2 ka BP YTT: Youngest Toba Tuff ~75 ka BP

Figure 1.3. Taken from Laret al., 2017, coloured envelopes enclose areas where tephra deposits have been
found andgeochemically correlated across more than one continent. Boxes indicate established regional
tephrostratigraphic records, where tephra isochrons are widely used for palaeoenvironmental, archaeological
and volcanological research.

1.2.2.1.2. Palaeomagnetism

9D9=GE9?F=LAKE AK L@= K=<AE=FL9JQ J=; GJ< G> ;
(Sternberg, 1997)Itis recorded in a number of ways, including: 1) within ferromagnetic minerals
O@9=E9LAL= 9F< E9?F=LAL=06 O@A; @ DG; C AF L@= =9JL@
formation (known as natural remanent magnetism (NRM)), 2) within volcanic rogikan heating
(known as thermoremanent magnetism (TRM) and 3) within unconsolidated sediment whilst
accumulating on the ocean floor (known as depositional @etrital remanent magnetism (DRM))
(Tarling, 1975) Palaeomagnetism is applicable across the world, including within the Se@#ntral
African region. Examples within Africa include its use at Sterkfontein Cave, where deposits containing
Australopithecus africanu®ssils were related to specific, known age geomagnetic field events,
corroborating additional dating at the sité-Herries and Shaw, 201.1)

1.2.2.1.3. Biostratigraphy

Deeper into geological time, biostratigraphic analysis can be used to provide marker horizons.
For example, faunal markers are used to mark the Permiarassic Boundary in the Karoo Basin,
South Africa/Vigliettiet al., 2016) whilst pollen analysis has been used to denote vegetational
transitions at the MiocenePliocene boundary in SouttWestern Africal-loetzelet al, 2015)
Biostratigraphy is further discussed in sectidn2.2.2.3, as it is also commonly used as a chronological
method.
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1.2.2.2. Relative stratigraphic methods

Whilst within individual sites there can be chronological events observed by both
tephrostratigraphy (termed tephrochronology) and palaeomagnetism, they are most frequently used
as age equivalent marker horizons. Within the Quaternary, biostratigraphy @sercommonly used as
a relative dating method, and frequently entwined with palaeoenvironmental analysis. In addition to
biostratigraphy a number of commonly used chronological methods are also discussed.

1.2.2.2.1. Marine Oxygen Isotope Record

The marine oxygen isotope record is a stratigraphic record based on oceanic sediment cores
which has been used to categorise regional and global climatic stages. Climatic conditions can be
inferred from the relative abundance of two oxygen isotopé%) and*®0), analysed from the CaGO
skeletons of microfossilsf@raminifera) within the ocean sediment core. Inference is based on the
principle that’> OL @= | DA?@L=JA F9LMJ9DDQ G; ; MIJAF? GPQ?=F
from the oceans in comarisonto®®- OL @= | @=9NA=JA F9LMJO9DDQ G; ; MJJAI
glacials, the'®O enriched evaporated water becomes incorporated into ice sheets and glaciers,
depletingthe oceansof- /. 2 ANAF? JAK= LG | @=0) Wihirthefnic®®sSiR = F AKGL
found in oceanic sediment core€onversely, during interglacials th€Oenriched evaporated water is
; Q; D=< :9; C AFLG L @= CCOwAdKGckRriNAF BhacklgithandL G | DA? @
Opdyke categorised the cyclical patterns into marine oxygen isotope stages (MIS), which
are numbered from the top down, where interglacials are categorised by odd numbers and glacials by
even numbers.

A significant advantage of the marine oxygen isotope record is that it provides a chronology of
global climatic events that ebends beyond the Quaternary timescale, irrespective of the location of
oceanic coring. As a stratigraphic technigugowever, care must be taken in sampling of the core.
Variations in the rate of sedimentation mean regular intervals of core sampling may result in different
timescales of sedimentation. Care with interpretation is therefore key, not only in terms of
sedimentation rate variability, but because, whilst cores have been sampled with no apparent
depositional hiatus, events may be missing entirdhpm the stratigraphy, due to deep oceanic
currents removing sediment or from bioturbation »)The marine oxygen isotope
record is primarily dated in one of two ways. The core can be orbitaliyed against the astronomical
Milankovitch cycles (described in sectidhll' 6 5 K L@= >J=1I M=F; Q G> =9; @ G:*
(eccentricity, obliquity and precession) is known, they can be correlated to the oxygen isotope ratio
cycles observed in the microfossils within the oceanic cores. MiSthen be deduced which work
back from the present day, covering geological timescales

) Alternatively (or additionally) palaeomagnetism can be employed to obtain a
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magnetostratigraphy of oceanic sediment cores, usually with detrital remnant magnetism (DRM)
measurement. Care must be taken with interpretation of DRM, as in tandem with sedimentation rate
variability and hiatuses discussed above, sediment consolidatiariability, if particularly slow, can
cause significant lags in the geomagnetic signel »)Likewise, testing for leads and lags
against orbitattuning can be problematic, with the possibility of misinterpretation especially likely
over short timescale chronologies

The marine oxygen isotope record has been instrumental in our understanding of the glacial
interglacial oscillations of the global climate over a geological timescale, but it is not able to provide
any information on where ice sheets and glaciers were l@hand therefore their growth and
retraction patterns, or how this would have influenced regional climates. It remains a powerful tool
when orbitally-tuned against the Milankovitch cycles, correlated with palaeomagiset and
calibrated against numerical dating techniques, but its biggest strength lies in its relationship with
ice-core chronologies, terrestrial biostratigraphy, and environmental proxies.

1.2.2.2.2. Ice-Core Chronologies

Ice core chronologies provide another stratigraphic record of highly useful environmental
information from the midPleistocene to the present JAs glacier ice accumulates
9FFM9DDQ ALAK HGKKA: D= LG =KL9: DAK@ 9 ; @I GFGDG?Q
all relative dating techniques, care must be taken with the interpretation of the stratigraphy. Annual
layers tend to becomeanore diffuse deeper within cores, increasing the error margins associated with
the chrorology and the palaeoenvironmental proxy, which can be especially problematic at low snow
accumulation sites »)Variations in the annual snow quantity and wind scouring can also
lead to gaps within the chronology and further complications can arise from ice deformations, causing
disruptions to the stratigraphy. Interpretation can be assisted where numerical datieghniques are
employed to calibrate the chronology, such asdéries dating undertaken on dust trapped within ice
cores ) Independent marker horizons such as tephra from largeale volcanic
eruptions can also be a useful tool to date and to correlate different stratigraphic records

2Thechallenges of dating and interpreting ice cores are highlighted by a number of cores
>JGE L@= 2A: =L9F . D9L=9M O@war@ngatfdokndgtFends. Hitded J = FL ;
numerical dating could be employed throughout the cores, so whilst the possibility of regional
discrepancies was discussethterpretation was suggested to be the most likely cause of the
differences

Trace atmospheric gases trapped within the ice cores can also be used to assist dating when
compared to orbital parameters. As stated previously with regard to the marine oxygen isotope
record, testing for leads and lags associated with orbital tuning d@problematic and can cause
misleading results, especially over short timescale chronologies )Variations in
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concentrations of greenhouse gases such as,@ CHappear to coincide with known climate
fluctuations, suggesting they play a likely role with global feedback mechanisms and amplify orbital
forcing , Other trace gases have also been linked to large regional events. For
example, trace CECI concentrations from an Antarctic core (spanning 2000 years) were shown to play
a complex role within the biogeochemical cycle involving tropical vegetation and biomass burning
. Antarctic ice deformations known as blue ice (where deep layers are contorted
and driven up) have revealed rare chronologies dating back to 2.7 Ma/BP [The trace
gases contained within the ice allow a rare glimpse into atmospheric conditions over the Quaternary
timescale, and when compared against orbital parameters are used to improve global climate
modelling simulations ) Analysis of trace isotopes can also be undertaken. For
example, the study f *Niin Greenland ice cores display the changes to the global nitrogen cycle
and the study of lead isotope ratios in an ice core from the Yukon was able to locate

the anthropogenic source of coal combusticn ) Identifying the originakourceof
particulate matter has also helped reveal global wind patterns from dust transportatiGn

and melt layers within the chronology are also indicative of summer temperaturés

| Combined, allhis information assists with the reconstruction of temperatures, wind patterns,
precipitation, volcanic activity and the influence of human activity over the Quaternary on a global
scale and can often also help to elucidate the factors affecting regiotiahates across the globe.
However, their use depends on the original deposition of snow and its loergn preservation as ice,
which is limited in Africa.

Presently, the African continent contains only three locations (all within East Africa) where
glaciers can be found. Ice coring has taken place at two of these locations, Mount Kiriya
and Mount Kilimanjarg ) whilst the Ruwenzori

mountains climate and glacial history has been primarily studied by lake cdrks
African glaciers arghowever, in a precarious position, highlighted by thea. 80% decrease in the
9=JA9D =PL=FL G> ) ADAE9FB9JGAK A?in2000i@bbmparisén K=J N=<
to ~12 kniin 1912), seerely limiting opportunities for study

1.2.2.2.3. Terrestrial Biostratigraphy

Whilst the marine oxygen isotope record and icere chronologies have and continue to
provide global frameworks displaying the oscillating climates of the Quaternary, they provide very
little information regarding low latitude regional climates such as within Sou@entral Africa.

Terrestrial biostratigraphy builds a chronology of palaeoenvironmental landscapes within the
stratigraphy by employing both the presence, evolution and extinction of floral and faunal remains

1)Biozones are built from sections of the stratigraphy with fossils chaeaistic of a
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specific type of palaeoenvironmental landscape. These fossils may include both large and small
mammalian fauna, invertebrates and molluscs, flora and pollen. Within a region, distinct stratigraphic
biozones can then be correlated, regardless of the sedirteay type they are found within.

Terrestrial biostratigraphy can also often be correlated with marine oxygeatope stages
and/or ice-core eventswvhere known global climatic shifts are observed in each recidi

) Biozones may also be assiated with archaeological material, and broad dates may be applied

from the biozone to the archaeology (or vice versa). Palaeoecological inferences are commonly
undertaken at archaeological sites, and numerous examples can be found within the SQathtral
African region (e.g. Gwisho Hot Springs ) Twin Rivers )
Mumbwa Caves ) Kabwe )) In addition to inferring paleoclimates, faunal and
floral fossils may also be excellent samples foany of the numerical dating techniques (discussed in
section1.2.1) and for amino acid geochronology (discussed in sectldh2.2.4 below), allowing
further calibration of the chronology. Terrestrial biostratigraphy is an important technique from which
to build a framework for palaeoenvironmental and/or archaeological study, and is a particularly
useful foundation to build fromin regions with poorly dated chronologies such as within South
Central Africa.

1.2.2.2.4. Amino Acid Geochronology

Amino acid geochronology (AAG)pemarily used asa relative dating techniqueandrelies on
the predictable breakdown of fossil protein over tim@roteins are biological molecules found
throughout nature, which play numerous roles essential for life. They play a central role in
biomineralisation processes and in doing so, some become trapped into the crystal structure or onto
the crystal surface thg help to organise and forni LT his in turn stabilises and
protects the protein fromthe burial environment on death. There is substantial evidence of
biomineralisation proteins and their building block amino acids surviving throughout the Quaternary
within the geological record, with rare cases of protein sequences fourtd the Miocenesuch as in
ostrich eggshell from the Linxia Basin, northeastern Tibetan Plateau in China dating to 6.5 Ma

) Protein degradation islependent on a number of factors including
temperature and biomineral type,and AAGs are built regiatly for each biominerawhere a similar
temperature history has occurred. Regional aminozones may then be calibrated using numerical
dating techniques(allowing the potential todetermine numerical dates from AAG datanhd/or
correlated to deepsea records and climate signais )with extrapolation of
chronologies able to provide dating covering the entirety of the Quaternary period and potentially
beyond. Biominerals areelatively abundant at archaeological and palaeoenvironmental sites a&s0
all regions of the globe, making them excellent samples for analy&mmino acid dating therefore
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provides an exciting opportunity to elucidate archaeological and/or palaeoenvironmental timeframes
in regions with poorly dated chronologies such as Souftentral Africa.

As one of the main focuses of this PhD project, AAG is discussed in further detail in section
1.3.3 below, after a more general introduction to ancient proteins and their potential for additional
insights to the Quaternary scientist.

1.3. Ancient proteins

Ancient amino acids were first identified within fossil shells by Abelson in 1954 and shortly
thereafter it was hypothesised that the diagenesis of proteins trapped within biominerals might be
used as a principle for dating »)Subsequent studies continued to investigate this
HGKKA: ADALQ L@IGM?@ HJGL=AFKA ; GFKLALM=FL 9EAFG 9
acid geochronology (AAG; discussed in section 1.3.3). Techniques capable of identifying ancient
protein preserved ints higher structure were fairly limited until the development of soft ionisation
mass spectrometry ) Since the early 2000s, the field of palaeoproteomics has
blossomed and is now undertaken on a wide range of materials for an array of purposes (see recent
reviews ). The most relevant applications to this study
(taxonomic identification, investigation of evolutionary relationships and sex determination) are
discussed irsection 1.3.4As AAG and palaeoproteomics can often be undertaken on the same
material, they offer the opportunity to study ancient proteins and their degradation pathways, to
provide multiple lines of complementary information
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1.3.1. Amino acids and proteins

EAFG 9; A<K 9J-=

L @= MAD<AF?

DG; CK G> -HJGL=AF

carbon, bonded to a hydrogen, an amine, a carboxyl and an R group (unique to each amino acid; Fig.

1.4).
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Figure 1.4. Structure of the twenty naturally occurring amino acids, including their thietéer code (italicised)

and single letter code (bold).
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When free in a neutral pH solution, amino acids are zwitterionic, with a protonated, positively
charged amine group and a deprotonated, negatively charged carboxyl group (Fig. 1.5). The overall
ionic charge varies with pH for each amino acid, with many amacids containing R groups which
may also become charged by gaining or losing protons in acidic or basic solutions (Fig. 1.5).

R R R

auiH —_— IH —_— culllH

HsN COOH s coo 2N Coo"

acidic neutral basic

Figure 1.5. Generic amino acid ionic forms under different pH conditions.

The sequence of amino acids in a peptide chain forms the primary structure of a protein.
During spontaneous folding, this sequence helps direct both the secondary structures (formed
through nonR group interactions e.g.-@= D A ; =eatddskeets) andhe tertiary structure
(overall 3D arrangement of the protein, largely driven bygRup interactions)

1.3.2. Proteins in biominerals

Proteins are essential to life and have a vast array of functions in nature. They are central to
the biomineralisation process, both in terms of directing biomineral architectuie
9F< AF EG<MD9LAF? L@= EAF=J9DAKOHJIGH=JLA
ZBiominerals are often targeted for ancient protein analysis for two
main reasons. Firstly, biominerals have high fossil preservation potential and are therefore frequently
found within archaeological and palaeoenvironmental sites, providing a common material for
analysis of endogenous ancient protein. In addition to this, preservation of ancient protein is thought
to be greatly improved within biominerals from a combination ofétstabilising effect of interactions
with the mineral surface as well as the physical protection offered by the
mineral structure from influences of the burial environment (capable of impacting rates of diagenesis
)) The two biominerals applicable to this project, gastropod shell and tooth enamel,
are each discussed in detail below.
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1.3.2.1. Gastropod shell

Gastropods encompass a huge class of molluscs, spanning numerous ecological habitats
including terrestrial, freshwater and marine environments. In gastropods, the shell is formed during
embryonic development, termed a protoconch, and continues to grow segqtially throughout the
9 FAE9 DAKouDA»E .Gastropods build their shells from calcium carbonate
(CaC@), though across this class, there is great diversity in architecture, ranging from single to multi
layered and variable use ofglymorphic crystal structures of CaG(alcite, aragonite or in rare cases
vaterite)

Gastropods have a long evolutionary history and can be found far back in the geological
record ) The organic component trapped within the Cagdystal structure has
been used for multiple archaeological and palaeoenvironmental purposes e.g. radiocarbon dating

, isotope analysis and has been used extensively for amino
acid geochronology ) Published proteomes
for gastropods are relavely limited, making palaeoproteomic work more challenging, howeyére
shells of many species have been studied by mass spectrometry, including a peptide mass
fingerprinting approach to species identification (see section 1.3.4.1.1).

In addition to shell, many gastropods also make additional biomineral structures. For
=P9EHD=J] E9FQ >J=K@09L=J 9F< E9JAF= KH=; A=K 9DKG
opening. Temporary opercular, termed epiphragm, are also created by tstmial hibernating species,
whilst most molluscs also produce mineralised eggs. Some species also have radula (tongue/teeth;

) and gizzard plates (part of the digestive systelii;

). Less commonly, some spe&d of terrestrial molluscs also produce love darts used in
reproduction 6These biominerals vary in abundance in the fossil record,
however, gastropod shell is found within fossil deposits of the Sou@tentral African region and their
study is the focus of chapters 2 and 3.

1.3.2.2. Tooth enamel

Enamel forms the outermost layer of the tooth microstructure, protecting the dentine, pulp
9F< JGGL OAL@AF O$A?K pKbhoy #FI9E=DAK(MPAOECGYHSIFA,; ;
highly mineralised (>95%) making it the hardest mammalian biominejiat
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tooth.

Mineralisation of enamel (amelogenesis) occurs in two main stages, secretion and maturation.

In the first stage, ameloblast cells secrete extracellular matrix proteins (EMPS) including amelogenin
(AMEL), ameloblastin (AMBN) and enamelin (ENAM) UNucleation of the
hydroxyapatite crystals is thought to occur at the dentine enamel junction (DEJ), with elongation
occurring at 90°, directed by the EMPs. During this secretory stage, similar amounts (by weight) of
protein, mineral and vater are present in the enamel, giving rise to a soft structure. During a brief
transition stage, around a quarter of the ameloblast cells are thought to die and the production of
EMPs is downregulate@ .Mhe second major stage of enamel formation,
maturation, then takes place. In this stage the mineral crystals increase in both width and length,
forming long rods running from the DEJ to the enamel surface. As these mineral crystals increase in
size, matix metalloproteinase20 (MMP20) and kallikreird (KLK4) enzymes work to remove EMPS to
allow dense crystal development SThe enamel proteomghowever, is not
entirely removed during the maturation process and remnants of biomineralisation proteins become
trapped within the forming enamel crystal structure. Such incorporation has been shown to
beneficially modulate the properties of enamel

The enamel proteome is relatively small, comprised of a handful of enaspcific proteins

Jalthough several nonspecific proteins have also been identified, e.g.

serum albumin, antithrombin and ubiquitin ) In mature enamel, amelogenin
dominates the proteome. In mammals, amelogenin is coded for on both the X and Y chromosome,
giving rise to sesspecific protein isoforms, differing by amino acid sequence. Sex determination has
therefore been studied though proteomic analysis and has proved highly useful to the archaeological

46

c9KA;



community , with applicability beyond

) As the densest mineral in the mammalian body, tooth enamel has high preservation potential,
and the proteins trapped within have also provided the opportunity to study evolutionary
relationships between extinct and extant taxa:( ) and build
amino acid geochronologie$ ) Mammalian tooth enamel is a common fossil in
archaeological depsits within SouthCentral Africa and enamel AAG is therefore the focus of chapters
4 and 5.

1.3.3. Amino acid geochronology

Amino acid geochronology (AAG) is a direct, relative dating technique which utilises the
predictable degradation of proteins within fossil biominerals (such as gastropod shell and tooth
enamel), studied at the constituent amino acid level.

1.3.3.1. A brief history of AAG

Shortly after protein was first identified in fossil shells by Abelson in 1954, it was suggested

that diagenesis of proteins trapped within biominerals could be used as a principle for dating
>)In 1967 this was shown to be plausible when Hare and Abelson analysed fossil

bivalves and observed an increase in amino acid racemisation (AAR; see section 1.3.3.3.1) correlated
with age ./The early application of this technique to fossil bone resulted in a
few controversial stulies where the racemisation results contradicted other dating techniques and/or
site understanding ) leading the community to question its
reliability and accuracy. During this time, analysis was undertaken on the Sabémtral African
Kabwe cranium, which yielded an aspartic acid D/L = 0.55. The study calibrated this value to produce a
age of 110 ka ) As this fossil was discovered in a working mine, little stratigraphic
information was recorded ad preserved, and verification of this surprisingly young AAR date proved
highly challenging due to the lack of appropriate additional dating techniques available at the time.
U-series dating has only recently been undertaken on the cranium, giving rise nouch earlier result
of 299 + 25 k& Kk 1AF; = L@= pXpPAKJ] KL M<JMeaKk GF : GF=
breakdown of collager , in addition to the minerals opersystem behaviour
(i.e. its increased likelihood of contamination and reaction rate influences from the depositional
environment ) and the AAR date of 110 ka is therefore very unlikely to be
reliable. Subsequent work on this technique has focused on improving its reliability and robustness by
establishing stringent data screening approachés and the
development of the intracrystalline protein degradation (IcPOgaboratory methodology approach
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Forced degradation experiments have a long history of study in AAG for comparison to fossil
diagenesis
) Isothermal
heating in laboratorycontrolled conditions is typically employed to artificially accelerate protein
degradation, allowing investigation of mechanisms for comparison to fossil protein diagenesis.
Improving understanding of fossil protein diagenesis within the natural environment is key in
validating the endogeneity and degradation state of samples.

1.3.3.2. Intra-crystalline protein degradation

Intra-crystalline protein degradation (IcPD) is an AAG approach which targets protein trapped
within the crystal structure of fossil biominerals. Building on studies in the 1970s showing that organic
material resistant to chemical oxidation appeared to lepped within crystals

AcPD protocols were developed in the 1990s and 2000s and includes a sample
pretreatment step with a strong chemical oxidiser to target what is termed the intrgstalline
fraction of protein (Fig. 1.7)

' Contamination

Biomineral crystal structure ¢ o ® Biomineral crystal structure °
[ ] T
Oxidative
° ] o0 L (] °
o [} ® ® ® o Y pretreatment P ® ° L] ®
[ ] [ ]
[ ] L [ ) Y ® L] L [ ]
[ ) [ ] (] [ ] [ ]
[ ] [ )
[ ] [ ] - A1l i @ - A1l in @ []
L] ° Intra-crystalline protein ° Intra-crystalline protein - PY

Figure 1.7. Generic schematic representation of protein within fossil biominerals.

In many biominerals, this fraction of protein has been shown to behave as a clagstem

(e.g. gastropods Jostrich eggshell
, coral , foraminifera and enamel
), although this is not the case for all fossil biominerais
) Where closegystem behaviour is maintained, leaching of

endogenous protein, contamination by exogenous protein and most additional environmental
impacts on protein degradation are removed })Such environmental impacts on rates of
racemisation (section 1.3.3.3.1) include soil pH )
water concentration and the presence of metal ions OFor
biominerals which adhere to closedystem behaviour, the use of the irg-crystalline approach has
helped to improve the accuracy and precision, and reduce data variability, increasing the reliability
and robustness of the geochronologies obtaine!

48



1.3.3.3. Protein degradation pathways

Ancient proteins undergo a myriad of protein degradation processes during diagenesis, and it
is possible to investigate a number of these from the IcPD approach to AAG. These include amino acid
racemisation (section 1.3.3.3.1), peptide chain hydrolysiegtson 1.3.3.3.2) and decomposition
reactions (section 1.3.3.3.3), discussed below.

1.3.3.3.1. Racemisation

AI9EAFG 9; A<K O=P; =HL >GJ ?DQ; AF=/1 O@whbswhith &t &6 ; G
results in two possible enantiomeric forms (Fig. 1.8). These enantiomers are labelled from their

resulting rotation of a plane of polarised light, where Uaevo(left) and Ddextro(right). As

enantiomers are chemically identical, neither form is thermodynamically favoured whilst free in
KGDMLAGFK 20G 9EAFG 9; A<K OAKGD=M; AF= 9F< -L@J=GFA
carbon (Fig. 1.8)esulting in four stereocisomers; two enantiomers (chemically identical isomers, e.g.
L-isoleucine and Bisoleucine, Fig. 1.8) and two diastereoisomers (chemically adentical isomers,

e.g. Lisoleucine and Balloisoleucine, Fig. 1.8). Their conversiatermed epimerisation.
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In living organisms, enantiomeric control of amino acids within proteins is exerted, with
proteins built almost exclusively from-{enantiomers. This ensures the desired enantiomeric form is
maintained for protein function. This biological control ceasedaf death, at which point the amino
acids become able to racemise. There are a few interesting exceptions to the exclusive synthesis of
proteins from L.enantiomers, including bacteria which use somedmino acids to build and regulate
their peptidoglycan @Il walls ) D-amino acids have also been implicated in many
diseases including ischemia, epilepsy, neurodegenerative disorders and schizophrenia

The mechanism of racemisation for free amimgids is thought to involve base catalysed
hydrogen abstraction, forming a planar Spybridised carbanion, followed by addition of a proton
from either plane (Fig. 1.9). As neither plane is thermodynamically favoured, the system tends towards
an equilibrium where D/L = (1

Figure 1.9. The mechanism of base catalysed free amino acid racemisétien

The rate of racemisation is influenced by the stability of the intermediate carbanio™

) In free amino acids, this carbanion is resonance stabilised by the carboxylic acid group
and inductively stabilised by the positively charged amine gro(ip ;with variability in
JO9L=K G> J9; =EAK9LAGF 9JAKAF? (5niG&EdE=Eds @3OEAIFG 9; A

JInductive effects are also considered to play a major role in the stability of the

carbanion. In general, the greater electron withdrawing effect of an R group, the slower the rate of
racemisation, due to increased stabilisation of the intermediate carbanion. In heated neutral pH
solutions, Smithet al., (1978)found the relative rates of racemisation were
Asp>Glu>Phe>Ala>Leu>lle>Val, indicating that the relative rates cannot be fully explained by inductive
effects alone, and that resonance stabilisation and both steric and solvents effects also play a role

Racemisation an also occur under strong acidic conditions, although it is thought to proceed
NA9 9 <A>>=J=FL E=; @Q9FAKEJ] AFNGDNAF? =FGDAK9LAGFI/
group resulting in a planar intermediate (Fig. 1.10). As with the base catdlysechanism, a proton
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may then be added either side of the plane resulting in a mixture of D and L enantiomers. Once again

JO9L=K N9JQ :=LO== 9EAFG 9; A<K J=KMDLAF? >JGE
intermediate, or from steric effects
i CERY
HO INH- .
R j S HO C 'IIIIIIIﬁHj _ '-K:J"J’a'm,,,—..\\\\"\l\n-i3
R HO R
+ O
N C OH

Fig. 1.10. The mechanism of acid catalysed free amino acid racemisation.

The majority of amino acids require conformational freedom to racemise and are not able to

do so when bound within a peptide chairi ATerminal amino acids are
able to racemise, and at the-drminus this is thought to proceed via a reversible diketopiperazines
(DKP) cyclisation (Fig. 1.1%t ).

H
N IJ"'P- _ H+ MH
H2M MH ——
HMN
+ H* N.rf“ix
0 R (SR

Figure 1.11. Reversible-tdrminal diketopiperazine cyclisation mechanisri

In-chain racemisation hashowever, been observed for asparagine, aspartic acid and serine
) In the case of

asparagine and aspartic acid, the ability to reversibly form a fimembered succinimide ring is

L @=

thought to play akey roleinthein @9 AF J9; =EAK9LAGF E=; @Q9FAKE O$A?y

propensity to deamidate to aspartic adi
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+H,0

Asparagine succinimide intermediate Aspartic acid

Figure 1.12. Reversible succinimide ring mechanism for asparagine and aspartic acid

A number of variables have been shown to affect the rates of amino acid racemisation. Kinetic
studies have displayed the effect of temperature on rates of racemisation both for free amino acids
and those within biominerals
) For simple diand tri- peptides, neighbouring amino

acids were shown to alter rates of racemisation /which for proteins
would be further compounded by their secondary and tertiary structures. Relating to this, a
taxonomic effect has been previously describéd

resulting from taxonomic differences in each protein's primary amino acid
sequence. For proteins within biominerals, additional interactions, for example with the mineral
surface and solvent (water) effect have also been shown to affect rates of proegnatiation

. These studiesighlight the importance of building taxapecific amino acid
geochronologies regionally to account for taxonomic and regional climatic temperature differences.

1.3.3.3.2. Peptide chain hydrolysis

Alongside racemisation, an additional protein degradation mechanism which can be studied
using IcPD analysis is peptide chain hydrolysis. The condensation reaction involved in building a
protein's primary sequence is a reversible reaction (hydrolysis) whozcurs during protein
diagenesis (Fig. 1.13). Peptide bond hydrolysis may occur at thar Gterminus of the peptide
sequence (freeing individual amino acids), or mid peptide chain (resulting in two shorter peptides).
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Figure 1.13. The reversible peptide bond mechanism.

The rate of hydrolysis is dependent on a number of factors. These include the concentration of
water molecules and their physical access to different areas of the peptide chain,
both in terms of their tertiary protein structure and any additional interactions with a mineral surface

) Amino acid R groups also influence the chemical stability of reaction

intermediates, which in turn alters relative rates of peptide bond hydrolysis. Additional influences
from the burid environment such as pH and temperature
have also been shown to affect rates. In broad terms, the extent of hydrolysis in fossil proteins
increases with time. However, its reaction kinetics are highly variabié and the extent of
hydrolysis cannot be used reliably on its own to indicate fossil biomineral age. Hydrolysimisever,
routinely investigated from IcPD analysis by calculating the percentage of free amino acids (%FAA) to
corroborate the lkelihood of closedsystem behaviour.

1.3.3.3.3. Decomposition reactions

There are a number of different amino acid decomposition reactions, which occur during
protein, peptide and amino acid degradation. Some of these decomposition reactions include
deamidation, decarboxylation and condensatiofi
The majority of decomposition reactions cannot be directly observed from IcPD data, but may be
indirectly apparent from loss of amino acid signal, i.e. decreasing amino acid concentrations. As
degradation pathways occur simultaneouslyn some cases the decomposition of free amino acids
may inhibit racemic equilibrium being achieved at high extents of protein degradaticn

and decreasing levels of %FAA

R group deamidation occurs in two amino acids, asparagine and glutamine, resulting in the
formation of aspartic acid and glutamic acid respectively. This reaction also readily occurs in strongly
acidic conditions and is therefore induced during the hyalysis and demineralisation stages of the
IcPD protocol. As the decomposition products are indistinguishable from the naturally occurring
aspartic acid and glutamic acid by HPLC, these amino acids are grouped and termed Asx aiitlGIx

) Unfortunately, it is therefore not possible to study their individual degradation trends by IcPD
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analysis, but they caphowever, be examined through mass spectrometric analysis of peptides

(discussed in section 1.3.4).
Two decomposition reactions which can be investigated through IcPD analysis are threonine

and serine degradation. During protein diagenesis dehydration of both amatids results in the

production of alanine ) trends in [Ser]/[Ala] can therefore be investigated to

corroborate the likelihood of closed system behaviour of the intcaystalline protein fraction

1.3.3.4. Amino acid analysis

AAG now routinely utilises reverse phase high performance liquid chromatographyHREC)
with fluorescence detection to quantify amino acids. The IcPD approach uses an analytical method
created by Kaufman and Manley and adapted slightly by Penkmaf ) which allows
determination of the racemic proportions of up to 11 amino acids and the concentrations and relative

compositions of up to 15 amino acids (Fig. 1.14).

FLD1 A, Ex=230, Em=445(G10101G1010 2021-08-16 10-17-271093-0501.0)

175

L-Glx
— D-Glx
— D-Tyr

L-Ser
— D-Ser

- D-lle

- Lys

Figure 1.14. Example chromatogram of a sample standard.

Prior to the development of this method, two techniques were commonly used to measure
amino acid racemisation. More commonly, HPLC analysis was undertaken witleimmange (IEx)
separation which focused on the analysis of just one amino acid chiral plae,epimerisation of L
isoleucine to Dalloisoleucine (Fig. 1.8, section 1.3.3.3.1), referred to as the A/l value. In living nature,
isoleucine (lle) is found almost exclusively in its L enantiomeric form (and conveniently for amino acid
dating), in fossi$ L- lle epimerises solely to flle, with Dlle and L-alle not found within fossils due to

their instability ) As diastereoisomers -lle and Dalle were easy to chemically

separate by IEBHPLC due to their nochemically identical nature
) The alternative analytical technique was gas chromatography (GC), which had the

advantage of being able to analyse multiple amino acid chiral pairs, but took considerably more

preparation and was therefore less favoured due to its time intensive methady
Jlsoleucine pimerisation is still analysed using the IcPD

analytical methodology, although as racemisation occurs for the majority of amino acids analysed,
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racemisation is usually used as a catelti term, encompassing racemisation and isoleucine
epimerisation. In comparison to early A/l value determination, HPLC analysis of multipleintra
crystalline amino acids has widened the array of protein degradatioechanisms available for study
(such as relative rates of racemisation, peptide chain hydrolysis and decomposition reactions), and
allowed a wider study of endogenous protein diagenesis at the constituent amino acid level

1.3.4. Palaeoproteomics

Palaeoproteomics is still a relatively young field, which studies ancient peptides, with an aim
to identify specific proteins. Whilst less informative than ancient DNA (aDNA), proteins contain an
abundance of biological information and have been shown tonsistently preserve longer than aDNA

, being capable of surviving

across the globe well into the Quaternary and in rare cases beyend

) Studies have now been undertaken on a wide range of materials including (but
not limited to) bone ) ivory )
eggshell 2mollusc shell ) enamel

) dental calculus
J soft tissues such as the brain ) coprolites
,) cooking and storage vessels and

textiles such as leather, silk and wo(i
Such studies have been undertaken for a variety of purposes, revealing evolutionary relationships,
past diets, diseases, technologies and informing best preservation strategies for art and museum
artefacts, to name a few.

1.3.4.1. Peptide analysis by mass spectrometry

For many palaeoproteomic applications, to produce peptides suitable for detection by a mass

spectrometer, standard laboratory protocols are required to reduce, alkylate and digest the protein
;)These steps first reduce (break apart) the disulphide bonds which stabilise the

HIGL=AFAK K=; GF<9JQ 9F< L=JLA9JQ KLJM; LMJ =K
reforming. Reduction and alkylation help to improve both detection gfsteine containing peptides
and the access of sulegjuent digestive enzymes .One of the
most commonly used enzymes, trypsin ) Cleaves at the @rminal side of
arginine and lysine. For samples where a very high degree of protein diagenesis (peptide bond
hydrolysis) is expected, and for tooth enamel, where enzymatic digestion of enamel proteins occurs
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during enamel maturation (section 1.3.2.2), enzyme free protocols are often successfully employed

Current palaeoproteomic studies tend to utilise two main MS approaches; either as a
standalone technique using matrix assisted laser desorption ionisation time of flight (MALdH) MS,
or in tandem with chromatography (L&S/MS). In both cases peptidescadletected in the mass
spectrometer as ions based on their mass to charge ratio (m/z). The choice of technique is normally
based upon the research goal, which ranges from established Higloughput applications such as
ZooMS (zooarchaeology by mass spemtretry), to highly specialised research interests and therefore
analysis

1.3.4.1.1. Peptide mass fingerprinting

ZooMS is a low cost, higtroughput method which uses MALHIoF mass spectrometry to
identify taxa ) Itis a peptide mass fingerprinting approach
(PMF) allowing the taxonomic identification of collagenous biominerals (typically bone, occasionally
tooth dentine, ivory and antler), based upon diagnostic tryptic peptides in a mass spectrum. The
degree to vhich taxonomic identifications are possible is related in part to the limitations of the
taxonomic variability d collagenous proteins, which whilst divergent are relatively well conserved, in
addition to the database against which the mass spectra are compared. This database continues to
grow with further research

Similar PMF approaches to taxonomically identify material have also been taken with eggshell

) mollusc shell and
keratinous tissues (such as hair, wool, horn, claws and othéfrs)

1.3.4.1.2. Tandem mass spectrometry

Tandem mass spectrometry (MS/MS; Fig. 1.15) involves the introduction of an additional
fragmentation and detection component (MS2) for ions detected in the first scan (MS1). This approach
is undertaken to more accurately identify the peptides observed hetMS1. During fragmentation by
collision induced dissociation (CID), peptide (amide) bonds are broken, giving rise to shorter peptide
fragments. The peptide fragment yields either a b or y ion, where the cleavage has occurred on the C
or N-side of the gptide bond respectively (Fig. 1.15).
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Figure. 1.15 Schematic of tandem mass spectrometry.

Tandem mass spectrometry has been undertaken using MALAM instruments for ancient
protein analysis ) but is most frequently used in
conjunction with liquid chromatography. L&MS/MS becomes necessary for more complex mixtures to
allow separations of sample components along a gradient. For analysis of ancient proteins, the data
dependent analysis (DDA) ppoach to MS is most often used. DDA involves the selection of the most
intense peptide ions in the MS1fdragmentation in the MS2 (Fig. 1.15). Currently, the DDA approach
is most appropriate, and tends to yield the best results, for samples which: a) contain a low protein
complexity (<1000 proteins), b) where post translational modifications (PTMs) andiagehetoforms
(diagenetic modifications; ) are important, and/or ¢) where manual validation of
the mass spectra is desired. In most cases, all three criteria occur in palaeoproteomic studies.

Once data has been acquired, it is searched against a database. Ideally this database contains
the sequences for all plausible proteins within a sample, including common laboratory contaminants,
and no others ) Database searching software also undertake false discovery rate
(FDR) statistical testing for peptides which are matched to protein sequences (peptide spectral
matches, PSMs), by searching against the reverse of all sequences included in the dataluksmya
database), improvinghe confidence in the peptide and protein identifications obtained.

1.3.4.2. Protein degradation pathways

As previously discussed in section 1.3.3.3, ancient proteins undergo a host of protein
degradation processes during diagenesis. Some diagenetic mechanisms which are possible to study
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by IcPD, such as peptide bond hydrolysis (section 1.3.3.3.2), can be inferred from a different
perspective by palaeoproteomic data. From MS analysis the peptide length can be used to infer
peptide chain hydrolysis, with a greater number of short peptidegoected for more highly degraded
samples ) Other mechanisms, which cannot be studied through IcPD data, such as
deamidation of asparagine and glutamine, are possible to investigate through palaeoproteomic data.
Many diagenetic modifiations (or diagenetoforms; ), including deamidation, are
possible to identify by including as a variable peptide modification in a database searches. The extent
of deamidation has a relationship with protein diagenesis, but it is not linear and high variability is
often observed betveen samples

2)An additional parameter which can also help to corroborate ancient protein
identification from palaeoproteomicdata is the assessment of regions of protein preservation and
long-surviving peptides , Used in combination, these approaches allow the
palaeoproteomic data to be scrutinised from multiple angles, providing the ability to interpret the
data more confidently.

As with IcPD, forced degradation experiments on archaeologically relevant material can be

used to investigate protein diagenesis by mass spectrometry. These studies typically cover a broader
range of sample types and research focus than those undertakan¥aG (e.qg. silk degradation to

assist artefact conservation ) experimental burial of wool fabrics to understand
preservation potential ;) cooking experiments to study protein alterations and
ceramic binding ) and are therefore more context dependent. They,dowever,

provide the same opportunity to study protein diagenesis on an accelerated timescale and to help
validate the likelihood of ancient protein.

1.3.5. Ancientproteins summary

Proteins are biologically informative molecules, which have the potential to be preserved for
millions of years /Remnants from the oldest ancient proteins
published to date

have all been analysed from biominerals, acting as excellent repositories for ancient
endogenous protein. Ancient proteins from biominerals can be studied through multiple techniques,
including AAG and palaeoproteomics, offering complementary data on tame material
} providing multiple lines of highly useful information. Analysis of ancient
protein from biominerals using the latest approachéms not been explored in the Sou@Gentral
African region, where a number of biominerals, most abundantly, terrestrial gastropod shell and tooth
enamel, are frequently found at archaeological and palaeoenvironmental sites within the region.
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1.4. Aims

The aim of this thesis is therefore to explore the potential of previously excavated material
from the SouthCentral African region for palaeoenvironmental analysis (objective 1), biomolecular
analysis (objectives 2, 3 and 4) and geochronological anali@igectives 2 and 3), to improve
archaeological understanding within this region. The specific objectives are as follows:

1. To extract molluscan material from sediments associated with Ancient Lake Kafue, Zambia, to
undertake palaeoenvironmental analysis (chapter i&search paper accepted for publication
in The Journal of Conchologending minor revisions in July 2024and investigate whether
the mollusc species present were appropriate for building an amino acid geochronglogy

2. To investigate the suitability of the giant African land snallchatinasp. andLissachatinasp.)
shell (present within the excavated sediments detailed in chapter 2) for building an AAG using
the IcPD approach for the Soutentral African region (chapter 3, research paper published in
Quaternary Geochronologinder the citation: Baldreki, C., Burnham, A., Conti, M., Wheeler, L.,
Simms, M.J., Barham, L., White, T.S. and Penkman, K., 2024. Investigating the potential of
African land snail shells (GastropadAchatininae) for amino acid geochronolog@uaternary
Geochronology, 79p.101473

3. To investigate the use of another biomineral found in Quaternary deposits in the region,
mammalian tooth enamel, from two archaeological sites in Zambia for building tasecific
geochronologies for the SoutCentral African region. Additionally, to invegate the use of the
IcPD approach to AAG using tooth enamel for elucidating cave site depositional histories
(chapter 4 research paper published i©pen Quaternarunder the citation: Baldreki, C.,
Dickinson, M., Reynolds, S., White, T.S., Barham,d Pemkman, K., 2024. Old Fossils, New
Information: Insights into Site Formation Processes of Two Pleistocene Cave Sequences in
Zambia from Enamel Amino Acid Geochronolo@pen Quaternary, 18), pp.B17).

4. To investigate the use of forced degradation experiments on Rhinocerotidae enamel through
chiral amino acid and palaeoproteomic analysis, to better understand markers of intra
crystalline protein degradation (chapter 5).
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Chapter 2. Notes on Pleistocene and Recent nommarine Mollusca
from Zambia

This chapter wasccepted for publication inThe Journal of Conchologgnding minor
revisionsin July 2024 The suggested revisions have been incorporated into this chapiedtraction of
Mollusca from the sediments was carried out by CB; taxonomic identification was carried out by CB
and TW; interpretation within the context of Palaeolake Kafue, and writing, was carried out by CB with
guidance from LB, MS, KP and TW.

The pupose of this study was to extract Mollusca from sediments associated with Pdddeo
Kafue which had been previously excavated by LB, in order to undertake palaeoenvironmental
analysis and assess whether any present species may be appropriate for building amino acid
geochronologies.
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Abstract

Pleistocene and Recent nemarine molluscan faunas from Zambia, and from Sou@entral
Africa more generally, are relatively poorly understood. Many extant species have been reported only
from single localities, often the type localities from which they weefirst described, and their
distributions and ecological preferences are unknown. Fossil assemblages have seldom been
documented in any detail, partly because early archaeological investigations often disregarded non
marine molluscs as invasive elements the fossil record. Here, we present new data from the late
Middle to Late Pleistocene Palaeolake Kafue lacustrine sequence, situated in the landscape below the
archaeological site of Twin Rivers Kopje, Zambia, where 1maarine mollusc shells are preseed in
cemented carbonaterich sediments. The composition of this fauna, its palaeoecological significance
and relevance to the archaeological and hydrological records of the Lake Kafue Basin are discussed.
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We also briefly review the molluscan fauna of Zambia as a basis for future research in the régp.
specimens ofAchatina craverke.A.Smith, 1881A. morrellPreston, 1905A. morrellvar. kafuensis
Melvill& Ponsonby, 1907 and. tavaresianaMorelet, 1866 are illustrated.

2.1. Introduction

The use of fossil nomarine mollusc assemblages as part of muttisciplinary
reconstructions of past environments and climates has a long pedigree, but their potential in this
regard varies dramatically around the world depending on local preservatiomditions and
traditions of research. Pleistocene molluscs have long been a staple of Quaternary research in
temperate regions with predominantly calcareous bedrock (such as parts of Naktest Europe), but
in other parts of the world they have been largaipresearched ) This is the case
for the SouthCentral Africa region, which encompasses present day Zambia and adjacent areas of
bordering countries (Angola, Namibia, Botswana, Zimbabwe, Mozambique, Malawi, Tanaadia
Democratic Republic of the Congo (DRC); Fig. 2lthough the Pleistocene remains understudied,
earlier (Neogene, Pliocene) sequences in East Africa have been documented and represent a
potentially useful source of comparative data (e.g. Verdcourt, 1987; Pickfad®@@51 Tattersfield, 2011;
Tattersfieldet al.,, 2024).
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Figure 2.1. Left: Map of southern Africa highlighting the SeG#ntral African region; Centre: Map of Zambia
highlighting relevant archaeological sites; Right: Map of southern Aftighlighting current major water bodies.
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Archaeological sites in Zambia range in age from ~1.1 million yearstoid to
the historic present ) The region has preserved the earliest evidence to date of a
wooden structure, dated to >476 k& and the transition from Early to Middle Stone
Age tool technologies is recorded in the north and south of the counifry:

) Twin Rivers Kopje has also preserved evidence of pigment use associated with Middle
Pleigocene deposits .)The famous hominin cranium recovered from Kabwe (Broken
Hill), attributed to Homo heidelbergensis/rhodesienditomo bodoensis

has also been dated to the Middle Pleistocene (~300a] ).
However, the relationship between these important changes apparent in the archaeological and fossil
records and the regional climatic record are difficult to assess given the small number of well
stratified sites with rdiable chronological data.
With the exception of malacological studies focusing on biomedical topics, particularly the
transmission of schistosomiasi&
) little attention has been given to the taxonomic study of Pleistocene or
Recent nonmarine Mollusca irZambia, andthe most extensivestudies have focused on the endemic
aguatic faunas in major lakesn or close to the Zambian bordesuch as Lake Malawi
and Lake Tanganyika ) The most recent checklist summarising the land snail
fauna of Zambia was compiled over 35 years &g Jand
this review included fewer than 45 localities scattered across a country with an area of more than
750,000 km Althoughthe faunas of neighbouring countrieBave been studiedind reviewedin more
detail
ga similar paucity of modern records is apparent for the majority of
neighbouring central southern African countries, with little developmein the way of regional
distribution maps for common terrestrial species, making it difficult to infer their ecological
tolerances. Additional obstacles to their study arise from the recent colonial history of-Salharan
Africa, with international bordes and nomenclature having changed significantly since the first
research on regional molluscan faunas was undertaken at the end of the 19th century, requiring care
when interpreting earlier publications and labels associated with museum specimens (eqy.Z2).
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Figure 2.2. NHM label for achatina cravenspecimen collected in 1905 from the Luapula River, North East
Rhodesia (Zambia).

Early malacological syntheses for central and southern Africa were compiled by Pilskri9)
who reviewed the terrestrial Mollusca collected by the American Museum Congo Expedition§1909
1915), and Connolly ) whose work was focussed on South Africa and the Cape. German
malacologists also contributed some early records from eastern Afiica 1 Zambia,
formerly known as Northern Rhodesia, falls between these three regions but was neglected in terms of

malacological research. Indeed, waBruggen was able to find only a handful of papers on

Zambian molluscs, of which only onge KH=; A>A; 9DDQ >G; MKK=< GF
K=HL=FLJAGF9D=A ©,GJL@=JF 0@G<=KA9eK -L@=J EGIJ-=
Tanganyika ;relevant parts of British Central Africa ,)a single new

species from the Zambezi Rivér and a small collection made in Nortkastern

Rhodesia

A related issue stems from the tendency to assessluscanfaunas in terms of modern
geopolitical boundaries, compiling checklists for individual countries rather than for broader regions
definedusingenvironmental criteria. This is difficult to avoid as the focus of this paper on Zambia
demonstrates, but is worth acknowledging. The presence or absence of species in such lists might
therefore be predicated entirely on the amount of effort focussed opaaticular country (or region,
such as a national park), and is unlikely to represent an accurate record alistsibution across a
wider region. Checklists are also often compiled uncritically from published records or museum
specimens, some of which may date to the early 19th century. Verification of these records can be
impossible unless the original specimemsn be examined, and the precision of the locality data must
be taken at face value. As a result of the sporadic study in this region, and more broadly across Africa,
it is not uncommon to encounter numeroutaxa inquirendaand synonymised nameshis is
particularly true of Achatinidae, a group that contains a plethora of old names that are often difficult
to match to specimensCaution is therefore required in using them for any comparative analysis.
Nonetheless, the most comprehensive published checklist for Zambia provides a
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useful starting point for species that could potentially be preserved in late Middle and Late
Pleistocene archaeological and palaeoenvironmental contexts in this region.

Similar issues are evident when it comes to palaeontological studies of Pleistocene molluscan
material from Zambia and neighbouring countries. These have often been focussed on marine or

estuarine sequences or
records from large lake basing Jwith few
detailed records from fluvial or other nomarine habitats.Herbert E=FLAGF=< | KM: >GKK/

from localities in SouthAfrica and Namibia that were tentatively identified agertigo antivertigo
(Draparnaud, 1801and Zonitoides nitidugO.F Mdller, 1773, although these records remain
enigmatic. Many archaeological publications have emphasised the use of molluscs as food
or decoration
) rather than their potential to elucidate

past environments )Shells have been used for dating with mixed succéss

Awith welldocumented limitations in using shell biomineral for radiocarbon
and electron spin resonance (ESR) dating technigues

) The fossil record for the SoutBentral African region is extremely
sparse, and mollusc fossils have probably been encountered more often than has been documented.
Part of this lack of study is probably due to lorsganding traditions of research, with Mollusca

either not recorded or retained. Quarrying in the 1920s at Kabwe (Broken Hill) led to the discovery of
well-preserved hominin fossils and significant fossilammal assemblages (most notably
micromammals), but there were no reported molluscan assemblagés ;)suggesting either
that these fossils were not preserved or that they were not deemed sufficiently important to sample.
Another reason for the apgrent reticence to use molluscan data gleaned from archaeological
sequences is a common misconception that land snails are an intrusive part of the fossil record.
, ME=JGMK 9J; @9=GDG?A; 9D H9H=JK J=>=J L Gcieg@= a: MJJ
often dismissing potential data from these fossils as being unreliable due to potential bioturbation

) Whilst it is true that most large snail species seek shelter from high
temperatures by burying themselves in loose sacke sediment or amongst damp leaf litter, they have
no capacity to tunnel deeply into well consolidated sedimentary sequences in the same way obligate
burrowing animals, such as rabbits and hares, are abléda

) They therefore should not be disregarded for this reason. There are(ifieany)

terrestrial snail taxa thatctively burrow below the subsoillthough members othe genera
Cecilioidesand Coilosteleexploit cracks and root hollows to significant depttend haveconsequently
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been routinely excluded in interpretations of Pleistocem@nd snailfaunas for decades

Non-marine molluscs can act as excellent palaeoenvironmental markers, with taxa inhabiting
environments ranging from freshwater bodies, marshes and fens, and vegetated terrestrial habitats.
Recording their presence can provide valuable climagiod ecologicainformation, especially in areas
where the palaeoenvironmental record is scamttoviding evidence foclimatic oscillations one
suggested driver of mammalian (including hominin) evolution

. Several reent archaeological excavations have recognised the benefits of includinglyses of
molluscan assemblages, in addition to macro and micro mammals, to provide palaeoenvironmental
context. One of the most detailed long records to include Pleistocene smoarine Mollusca is from
Pangaya-Saidi, Kenya ) Here, welpreserved molluscan
assemblages excavated from a long sequence within a rock shelter provide a record of local
environmental change spanning the last ~60@§ears.

In this paper we therefore summarise the Pleistocene terrestrial record from Zambia and
neighbouring parts of SoutiCentral Africa, and provide an initial regional context for fossil
assemblages obtained from sediments at the base of the archaeologicel &itTwin Rivers Kopje
associated with Palaeolake Kafue.

2.2. Materials and Methods

2.2.1. Palaeolake Kafue near Twin Rivers Kopje, Zambia

Sedimentary successions associated with Palaeolake Kafue have yielded some of the only late
Middle 8 Late Pleistocene molluscan assemblages documented from Zambia, although the precise
dating remains somewhat problematic nTwo
calcareous lacustrine sequences containing fossil rorarine Mollusca were found directly below
(Site 1; Fig. 2.3), and within 16 km (Site 19; Fig. 2.3), of the archaeological site of Twin Rivers Kopje in
Zambia, ~30 km southwest of kaka (Fig. 2.1). The succession of clays, limestones and sands are
interpreted as evidence of a fluctuating sequence of lacustrine and terrestrial deposits reflecting
palaeolake expansion and contraction. At its maximum extent, the lake is estimated teel@wered
17,000 km, making it comparable in size tpresent dayLake Nyanza [Victorig]
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Figure 2.3. Palaeolake Kafue, excavation site sequences.

The nonmarine Mollusca from Site 1 were briefly documented by Simrasnms and Davies
2000} although only one terrestrial snail was identified to species levatifatina tavaresiandlorelet,
1866 [asA. tavaresiengg. The fauna from Site 1 also included specimens identified as belonging to the
genusVertiga This genushasa predominantly Holarctic distributionacross North America,
central/East Asia and Europef. Adam, 1954 for African recorgbut it has now been shown that
some African taxde.g.AfripupaPilsbry& C.MCooke, 1920) are synonymous wittertigo(Nekola and
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) All other identifications were to family level and included the aquatic
families Lymnaeidae and Planorbidae and the terrestrial groups Succineidae, Euconulidae,
&SubulinidaeAand Achatinidae. None of the fossil shells were figured, and the original specimens
identified from Site 1 have been losk ) meaning that the identities of the
specimens (in particular those identified a&. tavaresianand Vertigosp.) cannot be independently
confirmed.

All the material identified as part of this study was recovered from fossiliferous calcareous
sediments at Site 19. The internal stratigraphic position of the molluscs within the chalky limestone
was not recorded and the assemblage is therefore best corsadl as a single timequivalent
population (although this may span a considerable time window). These sediments may correlate
with the palaeosols of Beds-8 at Site 1, which indicate a significant retreat of the lake shoreline from
its highstand positionat Site 1. The Site 19 mollusc assemblage is, therefore, inferred to be somewhat
older than the Site 1 assemblages that were recovered from calcareous sediments above Bed 6, as
discussed by Simms and Daviés)00) See Baldrekét al,, for further site relationship
interpretations.

2.2.2. Extraction Methodology

The blocks of sediment containing molluscan remains from Site 19 were heavily indurated and
cemented and were essentially very young limestone. This presented a significant challenge to the
extraction of thin nonmarine mollusc shells, since they were retnt to most of the standard
methods of disaggregating stubborn sediment, arnidey could not be treated with acids due to the
likelihood of shell damage. The blocks were soaked in water and disaggregation was manually
encouraged. Some samples were treatadth anionic surfactant (household dish soap) in an attempt
to improve sediment breakdown, but this proved of limited use. Loosened sediment was sieved with a
300 um mesh, rinsed with water and left to air dry fe#4 hours. Mollusc shells (whole afichgments)
were collected with tweezers and the remaining sediment blocks were placed back in water to soak.
The soaking, sieving and mollusc collection was repeated multiple times, but the assemblages were
hard won.
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2.3. Results

2.3.1 ldentification of fossil shells

The new shell materia wereextracted from heavily cemented calcareous sediments from
Site 19 (Fig. 2.3), some of which was used as the basis for assessment of the suitability of achatinid
shell for amino acid geochronology ) The only taxon identified to species level in
published records from the site i8chatina tavaresiand Fig. 2.4). The shell
characters of Achatininae are notoriously labile, and even fresh specimens can be difficult to identify
with certainty. However, the distributions oAchating which is restrictedo West Africa, and
Lissachatinawhich is restricted to East Africa , strongly suggest that identification of
the Lake Kafue shells aschatinais incorrect 1Molecular data clarifying the

genetic and biogeographical distributions of Achatininae is forthcomifig

Figure 2.4. Comparison of two fossil specimens from Site 19 associated with Palaeolake Kafue (E: PK.S19.4
(ZM.LV.AR.9888) and F: PK.S19.3 (ZM.LV.AR.9887)) to museum specimAchatiria tavaresiandviorelet,

1866 (NHMUK 1893.2.3.151, syntypeA@hatina cravenfNHMUK 1880.12.22.2, syntype)AChatina morrelli
Preston, 1905 (NHMUK 1907.11.21.89AdMatina morrellivar. kafuensisMelvilland Ponsonby, 1907 (NHMUK
1905.6.19.25, figured syntype).
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The taxonomic positioning of species within Achatinidae is complex, and wisisteral
studies have attempted to identify and discuss classifications for the subgenera, this has not yet been
fully resolved. In his revision of the genédshating Bequaert placedA. tavaresianan the
subgenusAchatina(Achating. This was distinguished from his new subgeritissachatinaon the basis
of microsculpture on the nepionic whorls. lAchatinaL @= K= 9J= ; GN=J=< OAL@ a?J9
set, regular, spiral and vertical rowsbut in Lissachatinahey are smooth

) This dichotomy appeared to separate the western and central African species with sculptured
apices asAchating from the eastern African taxa with smooth apicesldassachatina However, Mead

subsequently notal that these sculptural differences were unreliable, and so added

additional shell characters and, for some species, features of the genital anatomy (in particular the
penial sheath) to further refine the distinction betweefchatinaand Lissachatina

Mead also noted an emerging tendency to identify achatinid species on the basis of
weaker morphological characters, such as shell sculpture, if the locality of the specimen was well
documented. This highlights an obvious and inherent problem for fossil matersach as the
specimens from Palaeolake Kafue, in that species distributions may have been different in the past.
Confident identification of fossil achatinid shells is especially problematic given that the shells are
often worn (e.g. Fig. 2.4nd anatomical details of the soft body are unavailable to the taxonomist.
Zambia is therefore an interesting place to attempt to identify fossil achatisjpkcimens, since it is
situated at the interface between théeasternAand awesternAbiogeographical provinces first
proposed by Bequaert ) The Zambian fossil recordould therefore potentially provide evidence
for the expansion and contraction of the ranges Athatinaand Lissachatinaspecies as a response to
Quaternary climate change. Howevean the absence of full molecular analyses, these systematic
issues remain problematic, and we therefore assign only provisional identities to the fossil shells from
sediments associated with Palaeolake Kafue.

Additional problems arise from misidentification of material and failure to consult type
specimens when making taxonomic judgements. The type specimen&.dhvaresianand A. craveni
E.A. Smith, 188Dboth of which have been examined for this work (Fig. 2.4), are clearly conchologically
distinct. Achatina tavaresian@xhibits granulose sculpture on its nepionic whorls that would place it
in the subgenusAchatina N : ML 9DKGELt@A a4@IP>;, @9J9; L=J
Lissachatina Jwhichillustratesthe contradictory nature of the published evidence.
Achatina cravenias a smooth, fully rounded apex, which would place it in eitthéssachatinesensu
Bequaert orAchatinasensuMead. MolluscaBase currently places both specieddahatina
(MolluscaBase Eds 2024)lthough the authority for this is unclear; Brown and Eveid?2 1 figured a
K H=; A EGoEhlit@na tadaresian® + GJ =D=LJ] pXBHO6 A : ML HIGNA<=< FG
placement. The placement dk.tavaresianain Lissachatinaby Bequaert appears to have been
overruled by Mead ) who moved it back tAchatinaon the basis of the form of the apex. In his
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checklist of Zambian land snails, van Brugger£ss listed onlyL. cravenas part of theRecent
Zambian fauna, also noting its distinctness frof tavaresianaln contrast, Crowley and Pairi
had suggested that the two species are synonymous. In the absence of molecular data, these
problems remain unresolved

A further taxonomic issue relates to another species recorded in Zambahatina morrelli
Preston, 1905, which was listed as a synonyni\otapédoi Furtado, 886 by Bequaert and
placed in the subgenukissachatina Brown and Evang preferred instead to retainA. morrelli
as a distinct species dichating noting that shells they had examined and identified as this taxon
were clearly different td_. capdloi. However, examination of the type @& morrel(NHMUK
1907.11.21.89; Fig. 2.4) shows that it is cleallysaachatinaand it superficially resembles the type of
A. capdoifigured by Furtado ) The type ofA.capdloi has not been located, so its generic
position remains provisional, but the synonymy proposed by Bequagrts0)appears sound. Brown
and Evans HIGNA<=< LOG MFFME: =J=< AmariiAll= IO @3 &K @3IEDK
closer match toA. morrelli kafuensislelvill and Standeri ) but the distinctness of this Zambian
taxon remains unclear until itéaxonomic position can be confirmed.

Additional species identified in the Pleistocene assemblage include several juvenile
specimens ofAfroguppyarumrutiensis(Preston, 191)1(Fig. 2.5B), a tropical East African species with a
range extending from Kenya, through Tanzania, Malawi, Zambia, Zimbabwe and Mozambigue

Jalthough the conspecificity of specimens
collected across this large area requires confirmation. van Bruggen:&)noted that this species has
been recorded primarily in EdasAfrica, buthe acknowledged the possibility of it being found further
west in central Africa. It has been recorded living in Zambia at only a single locality, the Chowo forest
on the eastern border with Malawi 250 the Pleistocene record from the Palaeolake
Kafue site appears to be the westernmost record of this species yet reported. Although the fossil
specimens are all juvenile or broken shells, the distinctive microsculpture characteristi&.of
rumrutiensiscan clearly be seen orhe upper whorls (Fig. 2.5C). In South Africa this species has been
recorded in leaf litter, under stones and amongst vegetation in a range of habitats including forest and
thicket, and is evidently tolerant of somewhat drier conditionis

A single shell identified agertigosp. (Fig. 2.5G) is potentially significant, although the nature
of the sediments mean that the mouth cannot be cleared to allow identification to species level. It is

possible that it isV. antivertigdy O@A; @ @9 K : == J=HGJL=< 9K 9F =FA?I
and Namibia and could therefore be the same species identified to genus level by
Simms JHowever, it is also possible that it represents congoensis

garambaeAdam, 1854 orV. bisulcaa (Jickeli, 1873. The environmental implications of this specimen
therefore remain unclearTwo specimens oHelicarioncf. issangoensid hiele, 1911wvere also
A<=FLA>A=< >JGE L@= 1AL= px%x .9D9=GD9C= )9>M= O0O$A?
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ferry that crossed the Semiliki (formerly Issango) River during the latter part of the expedition to the
African interior undertaken by Franz Stuhlmann in 1891 .JThis species was not recorded
in the checklist ofland snailspecies compiledby van Bruggen ) The only other record of a
species from the genus in Zambia whlelicarion nyassanugar. excellens

but this has not been recorded since the early 20th centutys possible that these taxa are
conspecific, but a revision of southern Africarelicarionis beyond the scope of this papebeveral
specimens ofCeciliodesp. were also recovered. Members of this burrowing genus are routinely
excluded from Pleistocene palaeoenvironmental reconstructiofis because their
burrowing habit makes them a rare example of a nramarine mollusc that could be invasive to an
archaeological or geological context. These shells probably entered the fossil record via the numerous
root holes and fissures evidenhithe sediments, but whether they are contemporaneous with the

other material is unclear. van Bruggen listed C. gokweanus$ as the only species
recorded from Zambia but also noted that the Afrotropic@ecilioidesare poorly known.
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Figure 2.5. BC:Afroguppya rumrutiensi@Preston, 1911jA: NHMUK 20210195, Mt. Kinangop, Abedare Range,
Kenya; B: Palaeolake Kafue fossil specimen PK.S19.26; B: comparison of shell microsculpture on apical whorls).
D3F: Helicarion issangoensibhiele, 1911 (D: NHMUK 1937.12.30.1420; E: syntype, ZMBOA8ITO; F:

Palaeolake Kafue fossil specimen PK.S19.7N&opupasp. (Palaeolake Kafue fossil specimen).

2.3.2. Palaeoenvironmental implications

Despite the small size and low species diversity of the molluscan fauna derived from the
Palaeolake Kafue Site 19 sediments, some general inferences about the local environment can be
made. It is difficult to characterise the vegetation precisely, although thielicarionis a potential
indicator of shade/tree cover. Th¥ertigospecimen (Fig. 2.5G) could be associated with woodland
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(e.g V.bisulcata(Jickeli, 1873; see ) or, if an identification a§/ertigo
antivertigocan be confirmed, rather wetter environments. However, the assemblage provides a
general impression of avell-vegetated environment proximal to a large body of water and is wholly in
keeping with the interpretation of the sediments representing a lake margin

)} Two freshwater taxa were identified, although the specimens were fragmentary juvenile shells
that could not be identified with confidence to species levéilie specimens represnted Planorbidae
andthreerepresented LymnaeidaeThe most common shells represented were Succineidae, with
over 40 countable specimens recovered; these were again mostly juvenile shells that could not be
identified to species level. In northern Europe, this family is strongly associated with mahsitjtats
close to bodies of water. Howevghis is not the case in suBaharan Africawhere succineids can be
found places that are (at least seasonally) remarkably dry, such as grasslands on the southern
Seengeti ) Pickford considered African Succineidae to be characteristic
G> aK=9KGF9DDQ O0O9L =JBA?A%=<. & JOGM< /T GMF=LF] Q¥Fy K =ENA=J L
proximity of Site 19 to Palaeolake Kafue, it seems clear that waterlogged conditions were at least
seasonaly available.

The most common terrestrial species represented waoguppya rumrutiensi@Preston,
1912), with 26 countable specimens identified. This species has a generally east African distribution,
with records from South Africa (KwaZulu Natal), Zimbabwe, Malawi, Tanzania and Kenya
Jalthough van Bruggen noted the possibility

that it might occur further west. The record from this assemblage represents the first Pleistocene
record of the species in Zambia. This species was also recorded in relatively low numbers at the Late
Pleistocene cave site of Panga ya Saidi, Kenya, where much richer faunas have been recovered from a
sequence spanning a period of ~80,000 yegis ) It says much about current
knowledge of African nommarine Mollusca that even a comparatively rich sequence like Panga ya
Saidi was difficult to interpret due to the limited knowledge of the habitat preferences of extant
species

2.4. Discussion

The South! =FLJ 9D >JA; 9F J=?2AGFAK ; MJJ=FL =; GDG?QN
Zambia contains tropical deciduous woodlands across its high central plateau, which grade to
dryland savannah on the margins of the Kalahari basin. Several mayer systems (e.g. Kafue and
Zambezi rivers; Fig. 2.1) and lakes (Bangweulu, Mweru and Tanganyika; Fig. 2.1) are present in
Zambia, and large wetlands occur seasonally in much of the north of the country. Today, the Twin
Rivers Kopje overlooks the KafuevBr floodplain to the southeast and the Lusaka dolomite plateau
to the north-west, giving rise to a mixed grasslamdoodland habitat typical of these ecozones, but
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during the Middle Pleistocené& would have overlooked a vast lake

The Zambian noamarine molluscan fauna is poorly known. The checklist compiled by van
Bruggen included 56 terrestrial taxa; of these, 25 were reported for the first time, arabt of
these new records were from the Chowo Forest, an area on the Zaabadawi border that had
recently been subject of an intensive survey. Few other areas of Zambia have been similarly
investigated for terrestrial molluscs, and those that have are usuallythe borders with neighbouring
countries where surveys have beearied out LSome of the
localities includedby Smith are now in eastern Zambia, including the western part of the Nyika
Plateau, hence the inclusion by van Brugggro88)of some of the taxa recorded in his checklist of the
Zambian terrestrial fauna. This collection bias is likely to be the reason why many widely distributed
families such as Maizaniidae, Veronicellidae and Ariophantidae are not represented in published
chedlists for Zambia. It is notable thatielicaion (Gymnarion) issangoensisecorded at Palaeolake
Kafue Site 19, is a member of the lasentioned group and this represents its first record in Zambia.

Mollusaan assemblages have alsanly rarely been reported from archaeological sites in
Zambia.Apart fromthe sequences associated with Palaeolake Kafue, only one gastragpetieswas
reported fromthe Twin Rivers archaeological si{& block; ) whilst in the Luangwa
Valley only a brief mention of the recovery of land snail artefacts amongst other organic material was

reported from late Holocene deposits ) At the site of Mumbwa Caves in central
Zambia, mollusc fragmentsvere reported with human remains and from
early Holocene deposits, but these were not described 1)A more detailed account of

Mollusca was recorded at the midlolocene site of Gwisho Hot Springs, includisgveralof taxa
identified to species level (e.gAchatina schinzianMousson, 1888Aspathariasinuatevon Martens,
1883 Burtoa niloticaPfeiffer, 1861l.anistes ellipticuson Martens 186@s well as fragments
representing the unionid genusCaferia Simpson, 190;however,the discussiorwasfocused on their
use adood and decoratiorrather than their palaeoecological potentialSimilarly, at the Later Stone
Age archaeological sites of Kalemba, Thandwe and Makiahatinashells wereagain discussed with
reference to beads and decoration, but not in terms of any paleoenvironmental implications

In general terms, climate oscillations across Africa during the Pleistocene are less well
understood than those of midle to high latitudes in the northern hemisphere, where glacial and
interglacial phases dominate the record ) In Africa, regional arithumid
fluctuations occurred as a result of a complex combination of environmental factors, such as ice sheet
volume in the northern hemisphere, global sea surface temperatures, precipitation volume and
patterns, and trade winds ) These fluctuations happened
asynchronously across different regioris and would have resulted in expansion,
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contraction, and alteration of habitats dependent on locality. In Zambia, evidence for phases of lake
expansion and contraction in the latter part of the Middle Pleistocene for Palaeolake Kafue has been
previously reported

The taxa identified here from recent studies of Pleistocene sediments associated with
Palaeolake Kafue show evidence of varied climatic conditions, including wetter conditions than the
present prevailing climate. More catholic terrestrial taxa, suchfsshatinaspp. andAfroguppya
rumrutiensis were found alongsid¢éaxa that potentially indicate wetter environments, such agertigo
sp. andSuccineasp., and obligate freshwater taxa such B$anorbissp. These findings, whilst not
currently providing much insight into changes in the local climate and environment through time,
nevertheless represent an important datapoint for future regional studies of the Zambian Pleistocene
malacofauna.

2.4. Conclusions

Zambia lies at a central crossroads between major biogeographical provinces in central
southern Africa and its extant and fossil molluscan faunas are potentially critical to understanding
changing distributions of species in response to climate change dgrat least the last half million
years. ThePleistocene noamarine molluscan assemblage extracted from sediments preserved at
Palaeolake Kafue in southern Zambiiacluded freshwater taxa (Lymnaeidae and Planorbidae),
species indicative of vegetation at the lak®argin (Succineidae), and terrestrial species, some of
which represent the first records in the Zambian Pleistocene recokéfr¢guppya rumrutiensiand
Helicarion issangoensisAlthoughthe assemblage is not large enough to make significant claims
about past climatic and environmental conditions, it represents an important record for continued
research in this area. This study also provides the first recortielicarion issangoensfsom Zambia
and highlights the need for detailed studies of both tecent fauna (through ecological surveyand
examination of museum collectionsand the Pleistocene fossil record in underrepresented regions of
research, such as within SoutGentral Africa.
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Chapter 3. Investigating the potential of African land snail shells
(Gastropoda: Achatininae) for amino acid geochronology

This chapter has been published Quaternary Geochronologyith the following citation:
Baldreki, C., Burnham, A., Conti, M., Wheeler, L., Simms, M.J., Barham, L., White, T.S. and Penkman, K.,
2024. Investigating the potential of African land snail shells (Gastropoda: Achatininae) for amino acid
geochronology.Quaternary Geochronology, ,49.101473.
DOl:https://doi.org/10.1016/j.quage0.2023.101473

The fossil Achatininae analysed in this chapter resulted from the sediment extraction

undertaken in chapter 2. Taxonomic identification of these specimens was undertaken by CB and TW;
all laboratory analysis was undertaken by CB, with the exception of1t@ °C forced degradation
experiments, which were undertaken by AB under the guidance of CB, MC and KP; the SEM image in
figure 3.2 was undertaken by AB under the guidance of MC; all data analysis was carried out by CB
with guidance from KP; interpretatio and writing within the context of Palaeolake Kafue was carried
out by CB with guidance from LB, MS, TW and KP; interpretation and writing within the context of the
forced degradation experiments was carried out by CB with guidance from KP and LW.

The purpose of this study was to investigate whether common regional land snail shells
extracted from the sediments associated with Palaeolake Kafue (chapter 2) would be appropriate for
building regional amino acid geochronologies.
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Abstract

Aragonitic calcium carbonate (CaGQerrestrial mollusc shells with complex shell
microstructures, such as those in the African subfamily Achatininae, have the potential to be used to
build amino acid geochronologies across the African continent. However, as different microstructural
shelllayers are likely to have different protein compositions, sampling strategies need to be
developed to identify the most appropriate shell portion to target. To test possible variability in
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protein degradation rates between microstructural layers, sampling of a single microstructural shell
D9Q=J OL@= | F9; J=GMKA D9Q=J6 09K ; GEH9J=< LG K9EH
fossil shells. Reliable isolation of the nacredager in all samples proved impractical, and additional
complications arose due to mineral diagenesis induced by sampling with a drill. Pleistocene fossils of
Lissachatinasp. and modern specimens @dchatina tavaresiandorelet, 1866 were shown to have an
intra-crystalline protein fraction. The 3AL shell portion adhered more closely to closed system
behaviour in heated modern, and fossil, samples. The intrgstalline protein degradation (IcPD)
patterns of Achatininae fossil samples were not consistentiwicPD in forced degradation

experiments at high temperatures in the laboratory. However, reliable degradation trends were
observed in the 3AL shell portion, demonstrating the potential of fossil achatinids for building relative
amino acid geochronologieacross Africa.

Key words

AAR, racemisation, Quaternary, dating, gastropod shell, Africa

3.1. Introduction

The shells of nommarine molluscs have potential to be used for amino acid geochronologies
(AAG), a dating technigue which exploits the tirdependent diagenesis of proteins (e.g.,
racemisation, hydrolysis and degradation of amino acids) contained withiprhinerals
JAAG studies within
the African continent to date have primarily focussed on ostrich eggsheli
, with a paucity of studies based on other biominerals.
Globally, the shells of terrestrial gastropod molluscs have been used for AAG in various locations (e.g.

Actinella nitidiusculan Madeira y Trochoidea seetzeim Israel ;
Cerionsp. in the Bahamas “Rabdotus mooreanuis the USA

and a variety of taxa in Europe efhebasp. in the Canary Islands and Trichia
sp. andCepeasp. in theUK ), but in Africa very few studies based on terrestrial

gastropod molluscs have been published (eTyophidophorasp. land snails in South Africéa

). There is therefore scope for developing amino acid geochronologies using understudied
biominerals, such as the shells of common land snail species in the subfamily Achatininae, which
occur across Africa and include regions where ostrich eggshell is not present

Achatininae is a subfamily of mediusiarge land snails native to the African continent. The
sizable shells (up to 20 cm in some species) of achatinids have an extensive fossil fecozd
that extends back at least as far as the Miocehe With some probable
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but contested records from the Eocerié

) Achatininae fossils have the potential to provide both palaeoecological and
palaeoclimatic data ) as well as age estimation, for example via
radiocarbon dating and AAG. Species of the genus
Achatina(Fig. 3.1A) have a current distribution across sBhharan West Africé

,(while those of the genukissachatina

(Fig. 3.1B) occur in centraastern Africe .JAchatinids occupy a wide range of
habitats, from equatorial rainforest to open savannah and the seddgisert environments of south and
southwest Africa. Some, most notablyissachatina fulicdowdich, 1822, have become invasive crop
pests where introduced in many other parts of the world ) leading to the
suggestion that they could neresent useful index fossils for the Anthropocelie

Figure 3.1. AAchatina tavaresianélorelet, 1866 (syntype, NHMUK 1893.2.4.151).iBsachatinasp. (fossil
specimen PK.S19.4, from Palaeolake Kafue (Site 19) near Twin Rivers kopje).

110



The shells of achatinid land snails consist of a CaBi@mineral with an aragonitic crystal
structure 19n this study, shells of moderAchatina tavaresianavere
observed to contain the same fotlayered microstructure (Fig. 3.2) as those previously reported for
Lissachatina fulica ) The microstructural layers, visible by scanning electron
microscopy (SEM), include the periostracum (composed primarily of organic material and easily
removed using a Dremel dfj and three aragonitic CaG 9 Q=J K OAF L @AK KLM<Q L=1J
crosslamellar and nacreous).

Periostracum
Prismatic

Cross-lamellar

Nacreous

York University 15kV 6.7mm X250 Mix L 200um

Figure 3.2. SEM image (x250) of a mod&chatina tavaresianahell, showing four microstructural layers: the
periostracum, prismatic, crossamellar and nacreous.

The complex structures of achatinid shells, and indeed those of many other mollusc taxa (e.g.

the bivalve generaMytilus JArctica and Glycymeris
) presents twamajor challenges for AAG. The first is the possibility of
microstructural protein differences: if different proteins control the architecture of the three
aragonitic microstructural layers, then intra&pecimen and/or interindividual differences in the
relative proportions of each layer would lead to variations in the relative abundance of these proteins.
If these proteins break down at different rates due to differences in their peptide sequences
, the chronological signal obtained
from protein diagenesis could become convoluted ) The second challenge relates to
mineral stability; aragonite is a metastable polymorph of calcium carbonate, which although
kinetically stable can unérgo conversion to the calcite polymorph over geological timescales
/)Polymorphic conversion can lead to any originally entrapped amino acids not

adhering to closed system behaviour and becoming compromised during rearrangement (opening
and subsequent closing) of the crystal structufg )To
assess the potential impact of these issues, this study analysed samples taken from a single layer
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(nacreous) and from across all three aragonitic layers (3AL: prismatic, darsgllar and nacreous;
Fig. 3.2). The nacreous layer was selected due to sampling practicalities. Being the innermost layer, it
was the easiest to obtain, with reliable samplirgj the crosslamellar and prismatic layers rendered
AEHJ9; LA; 9D <M= LG L@= GN=J9DD L@AFF=KK G> L@= K@
One AAG approach shown to improve the reliability of the data in some mollusc shells is intra
crystalline protein degradation (IED) analysis. This approach targets protein trapped within the
crystal matrix of biominerals, which may be isolated with a strong chemical oxidant
) This intracrystalline protein fraction has been shown to operate as a closed system in many

biominerals (e.g. gastropods ,ostrich eggsheli
) coral ) tooth enamel and the calcareous tests of
foraminifera ), ard where this is the case, leaching of endogenous protein,

contamination by exogenous protein and additional environmental impacts on protein degradation
are minimised 1)In some biominerals, the IcPD approach to AAG has been
shown to improve both the accuracy and precision of the data, increasing the reliability and
robustness of the geochronologies obtained
) Oxidative treatmenthowever, is not always appropriate or necessary and, in

these cases, stringent data screening approaches have also been used successfully for many AAG
studies

In this study we therefore evaluate the suitability of different shell layers in Achatininae shell
for AAG using IcPD analysis and consider its potential to build amino acid geochronologies across
Africa in the future. We assess two sampling stratedingle layer vs multlayer) and investigate
mineral stability by XRD analysis (section 3.3.1.3). We investigate whether ardnyssalline fraction
of protein is present via bleaching experiments (section 3.3.1.1), and whether thititna behaves as
a closed system through analysis of IcPD in forced degradation experiments on modern shells, and
within fossils of Middle Pleistocene age (section 3.3.1.2). Finally, we evaluate the ability of these
elevated temperature experiments to mirnithe protein degradation observed in achatinid fossils,
and therefore whether it is possible to use kinetic parameters derived from high temperature
experiments to estimate age or burial temperature in Achatininae (section 3.2.2, Sl section 3.5.4.).
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3.2. Materials and Methods

3.2.1. Materials

In this study four modern and seven fossil specimens were sampled (table 3.1; in the absence
G> 9 MFAN=JK9DDQ 9; ; =HL=< <=>AFALAGF G> L@= L=JE
shell material within sediment). The modern specimens, obtathfrom historical collections in the
Natural History Museum, London (NHM), all represent the West African spAclegtina taveresiana
Morelet, 1866No record was made about how these specimens were collected, but the usual practice
for high quality museim specimens is live collection and their pristine condition suggests this was the
case. This species was chosen because shells identifiedl. agvaresiandaad previously been
recorded from the Palaeolake Kafue (formerly known as Palaeolake Patrick) sequérice
The fossils included in this study originated from sediments associated with Palaeolake Kafue (Site 19
chalky limestone (Fig. 3.3B), described in detail in Sl section 3.5.1), close to the Twin Rivers
archaeological site in Zambia. Thetarnal stratigraphic position of the molluscs within the chalky
limestone was not recorded, although those recoveradsituwere all from about the top 30 cm of the
deposit. The fossil achatinid shells studied here are therefore considered as a singlegauaralent
population, although may span a considerable time window.

The age of these lacustrine limestones is poorly strained, but some inferences can be
made from radiometric dates recovered from two nearby sites: the Twin Rivers kopje and the
Casaera Stream, both on the margins of Palaeolake Kafue. Various urarsenes (Useries) dates
from Twin Rivers were obtained from calcite speleothem layers, ranging from >400 ka to ~140 ka. Two
other U-series dates have been published for the Casavera®te | > GKKADA LM>9 <=HGKA
Fig. 3.3B) and these have an age range of 6200 ka JAn indepth
discussion of contextual information about the palaeolake and its dating is provided in the Sl (section
3.5.1). While its not currently possible to further constrain the Site 19 sediments in age, from all the
available information they are assumed to be Middle Pleistocene.
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Figure 3.3. AMap of Zambia highlighting key archaeological sites and the modern Kafue River coukse. B
Stratigraphic sections showing the relationship between two relevant Palaeolake Kafue sites: Site 1, and Site 19.
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Rivers archaeological site (S15°31, E28°11).

Because of significant restrictions on-person research and access to museum collections
caused by the COVAIDO pandemic in 2020 and 2021, formal identification of the fossil specimens was
only possible after the laboratory experiments had been carriegt.oThe fossils were identified as
Lissachatinasp. based on the known biogeography of Achatininae, although the worn condition of the

fossils and difficulty in using shell characters to identify achatinids prevented spetiesl

identification ) Shell specimens previously identified &s tavaresiandrom the

Palaeolake Kafue sequences were examined, but it is not clear which of these were
used to diagnoseA. tavaresianand the survivingspecimens were either small fragments of shell or
internal casts that could not be identified to species level. Given the known distribution&dfatina
and Lissachatinatheir previous identification is unlikely to be correct. Regardless, the species

represented are assumed to be sufficiently closely related within the subfamily Achatininae for
comparative IcPD analysis.
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Table 3.1. ModerAchatina tavaresiangamples obtained from the Natural History Museum (NHM), London,
and fossilLissachatinasp. samples now archived in Livingstone Museum, Zambia, analysed in this study.

Museum registration

Sample ID Locality Specimen type
number
PK.S19.3 ZM.LV.AR.9887 Site 19, Palaeolake Kafue fossil
PK.S19.4 ZM.LV.AR.9888 Site 19, Palaeolake Kafue fossil
PK.S19.20.1 ZM.LV.AR.9889 Site 19, Palaeolake Kafue fossil
PK.S19.44 ZM.LV.AR.9890 Site 19, Palaeolake Kafue fossil
PK.S19.45 ZM.LV.AR.9891 Site 19, Palaeolake Kafue fossil
PK.S19.47 ZM.LV.AR.9892 Site 19, Palaeolake Kafue fossil
PK.S19.48 ZM.LV.AR.9893 Site 19, Palaeolake Kafue fossil
MA.NHM.UG.1 NHMUK?20230327 Uganda modern
MA.NHM.SC.1 NHMUK?20230328 Seychelles modern
MA.NHMMR1 NHMUK20230329 Mauritius modern
MA.NHMIZ 1 NHMUK?20230330 Tanzania modern

Modern ostrich eggshell (OES) and shells of the terrestrial gastropedaeasp. were used as
calcite and aragonite CaGXXRD reference material respectively

3.2.2. Fossil cleaning

All fossil Achatininae shells excavated from Site 19 were filled with solidified sediment. The
shells were soaked in water and where possible, the sediment manually removed. The outermost shell
whorl of each fossil specimen was taken for sampling.

3.2.3. Sampling

In order toidentify an optimal sampling strategy, all shells in this study (four modern (for
bleaching and elevated temperature experiments) and seven fossil specimens) were sampled for both
their nacreous and three aragonitic layer (3AL) shell portions (table Zhgll periostracum was
removed with an abrasive rotary burr on a handheld rotary tool (Dremel drill). The shell was washed
9F< KGFA; 9L=< AF 09 )totembvslany rérdakingpowder pefee being d@ir ; E
dried. All specimens were sampled on the outermost whorl of each shell. Two shell portions were
sampled from separate areas of this outermost whorl: the three aragonitic layers (3AL; comprising the
prismatic, crosslamellar and nacreous layers) and the nacreous layer. The 3AL portion was finely
powdered with an agate pestle and mortar. The nacreous was removed from a separate area of each
shell with an abrasive rotary burr on a handheld rotary tool (Dremelljland collected as a very fine
powder. A cautious approach to removal of the nacreous was undertaken, but, since the
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microstructural layers were difficult to view both by eye and under standard laboratory microscope
magnification, it is therefore possible nenacreous layers were also incorporated. For this reason,
L@AK K@=DD HGJLAGF AK Ilick SiZe has been@rown t& dfectittre Galabilitys 5 @A D
of data obtained for coarse particles (5eID00 um) in some shell species (eRatella,

), Penkmaret al, found that particle size was shown not to affect the final concertom,
the rate at which the intracrystalline fraction was reached, or the data variability for shells of the
bivalvesCorbiculaand Margaritiferaor the gastropodBithynia. As a fine powder (< 500 um by eye) was
;, GDD=; L=< >GJ :GL@ L@= r * 9F< | F9;J=GMKA K@=DD H
minimise the risk of loss of valuable material which occurs during the sieving process.

3.2.4. Isolation of the intra -crystalline protein fraction

To test whether an intrecrystalline fraction of protein was present within moderA.

tavaresianashell, bleaching experiments were undertaken following adapted methods of Syddteal .,

and Penkmaret al., ) Bleach(a strong chemical oxidant12% NaOCI (Fisher Scientific,
analytical grade), 50 yL/mg) was added to ca. 20 mg of powdered sample (in separate 2 mL plastic
microcentrifuge tubes (Eppendorf)) and left on a rotor (constant, mild agitation) for 24, 48 and 72
hours, to test the impacts bbleaching time. The bleach was removed by pipette and each sample was
O9K@=< >AN= LAE=K OAL @Y, 6dotea finalvasbwith @ethkhdl£Sigma Xy I + &
Aldrich, HPL&yrade) and left to air dry. Given the results presented in section 3.3.1.1, for all
subsequent elevated temperature and fossil IcPD analysis, an optimised bleaching time of 48 hours
was used.

3.2.5. Elevated temperature experiments

Elevated temperature experiments on modern biominerals have routinely been used to
investigate protein degradation on an accelerated timescale for comparative analysis to the
geological diagenesis observed in fossils

Following powdering (section 3.2.3) and bleaching (section 3.2.4), approximately 10 mg of
modern shell was suspended in300 @9 L =J OMDL J 9 H)&hil isothermalyheated for the E
times and temperatures given in table 3.2. These samples were undertaken in experimental triplicate.
300 pL of water was used to enable comparative analysis to previous stugies

and the conditions are assumed
not to affect the intracrystalline fraction of protein, where closedystem behaviour has been
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adhered to. The water was removed by pipette and the samples were left to air dry prior to

preparation for analysis (section 3.2.6).

29: D= rglg #D=N9L=<

| F9: J=GMKAg

L=EH=J9LMJ=
shell. Due to sample constraints, only the two starred heating times at 140 °C were undertakéchatina

=PH=JAE=FL Aclatha ALAGFK

Temperature (°C) Heating time (days)
60 50 | 90 | 150 240 | 365 | 417 | 548
70 20 50 150 240 | 365 548
80 10 | 20 | 30 50 | 90 | 150 | 200 | 240 | 365 548
110 - 1 - - 5 10 | 20 | 30 | 40 | 50
140 008 | 1| 2 | 3*

3.2.6. Amino acid analysis

Following the methods of Penkmaet al.,

subsamples were weighed out for analysis of the free amino acid fraction (FAA) and the total
hydrolysable amino acid fraction (THAA). FAA subsamples were demineralised in 2 M HCI (minimum

) ca. 5 mg (accurate masses recorded)

possible volume) and placed into eentrifugal evaporator forca. 24 hours. THAA subsamples were

demineralised in 7 M HCI (20 uL/mg), the vials flushed wit® N <

@=9L =<

LG ppPkR’ E!

to drying in a centrifugal evaporatorcg@. 24 hours). All subsamples were rehydrated (A0mg) in a

solution of internal standard (khomo-arginine, 0.01 M), hydrochloric acid (0.01 M) and sodium azide

(1.5 mM). Separation of the chiral isomers of the amino acids was carried out by fluorescence

detection reverse phase high performance liquithmmatography (RPHPLC; Fig. 3.4) using a modified
2)As experimental replicates were prepared, no

Kaufman and Manley method

analytical replicates were undertaken; analytical replicates have been shown to account for only a
small portion of the total variability, hence the use of subsample experimental replicates also

encompasses analytical variability

FLD1A, Ex=230, Em=445(G1010\G1010 2021-08-16 10-17-271093-0501.0)

175

L-Glx
— D-Glx

L-Ser
— D-Ser

Figure 3.4. Example chromatogram of a standard.
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Total amino acid concentration and relativeomposition calculations were carried out for Asx,
Glx, Ser, iThr, L:His, Gly, Arg, Ala, Tyr, Val, Met, Phe, lle and Leu. In the case of Thr and His only the L
enantiomer is resolved by this chromatographic method, whilst Gly contains no stereogenic eentr
and therefore does not have L/D enantiomers (Fig. 3.4). Sufficient concentration and chromatographic
resolution were achieved for the calculation of racemisation and percentage free values for Asx, GlXx,
Ser, Ala, Val, Phe within the achatinid shells (&¢data).

3.2.7. Assessment of mineral diagenesis

Crystal structure polymorphism was analysed byra§ diffraction (XRD) analysis. This was to
test for mineral diagenesis, specifically the conversion of aragonite, the metastable polymorph of
CaCaQ@, to calcite, as mineral diagenesis can result in the targeted intrgstalline protein becoming
compromised from rearrangement (opening and subsequent closing) of the crystal structtre
) Analysis was undertaken on two instruments (due to
availability at time of andysis of the samples). Approximately 10 mg of powdered sample was
flattened onto a specimen holder (Malvern or Bruker silicon single crystal low background specimen
folder for small specimen amounts) with a glass microscope slide. XRD analysis was cautieding
two methods adapted from Lesbaret al., ) On the Pananalytical Eeris diffractometer, each
sample was scanned between&70E 'dz 9L 9 K; 9 FifoAtRe?BruKeHB8=< G> PRyl E K
diffractometer, each sample was scanned betwe®®120E I'dz MKAF? 9 PRgPRf <=?2J==
measurement time of 0.1 seconds per step.

3.3. Resultsand Discussion

3.3.1. Assessment of suitability for IcPD analysis

3.3.1.1. Assessment of intracrystalline protein fraction - bleaching
experiments

Bleaching experiments were undertaken to first assess whether an wuingstalline fraction of
protein was present within achatinid shell, and if so, to determine the optimal exposure time. The
concentration of all hydrolysable amino acids decreased withioth the 3AL shell portion and the
| F9; J=GMK favaieda@shdll padtexposure to bleach (Fig. 3.5, Sl Fig. 3.1). No appreciable
difference in concentration was observed between the bleach times investigated. The stable
concentrations of amincacids remaining postbleaching are therefore hypothesised to be the
protected intra-crystalline fraction , with the unbleached samples also containing
an inter-crystalline fraction that is exposed to the environment.
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Figure 3.5. Average THAA concentration for five example amino acids in mddgratina tavaresianahell

portions (A-3AL, Bl F9; J=GMKA D9Q=J6H HGO<=J=< K@=DD O9K 9F9DQK=c<
NaOCl, strong chemical oxidant, for 24, 48 and 72 hours. Error bars represent the standard deviation about the

mean for subsample experimentatiplicates. Within 24 hours a decreased, stable concentration of amino acids

was achieved in both shell portions, defined as the inttaystalline protein fiaction.

No significant differences in protein composition were observed between the unbleached and
any of the bleached (24, 48 and 72 hours) 3AL shell samples (Fig. 3.6A). It is therefore likely that the
inter- and intra-crystalline protein fractions contain simdr protein compositions and have minimal
contamination in these samples. There wasowever, a difference in composition upon bleaching for

L@= | F9;J=GMKA K9EHD=K O$A?K ryh o6y 2-@Adintrg GMD< : =
crystaline>J 9; LAGFKJ] 9F<3GJ 9K 9 J=KMDL G> L@= K9EHDAF?
L@= | F9;J=GMKA AK <JADD=< G>> L@= K@=DD 9K 9 HGO<

mortar), contamination from proteins within the crostéamellar layer is possible. Nonetheless, it is
worth noting that minimal differences were observed between the samples which were bleached for
24, 48 and 72 hours (Fig. 3.6B), indicating the bleach successfully removed any contamination and the
inter-crystalin= HJGL=AF >JGE L@= | F9; J=GMKA K9EHD=¢§g

As far as we are aware, no studies have been undertaken to characterise the proteins in the
individual microstructural layers of achatinid shell. The differences in relative amino acid abundance
between 3ALshellptrAGF 9F< | F9; J=GMKA O$A?K ryh/l =2 %DQ
| F9; J=GMKA/l >GJ 9DD K9EHD=K =PHGK=< LG :D=9; @ ;9
composition between the two shell portions.
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Figure 3.6. Relative amino acid composition of the THAA fraction in modetmatina tavaresianahell portions
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hours.

The bleaching experiments therefore indicate that an intecaystalline fraction of protein is
present within Achatininae shell, which was successfully isolated by exposure to NaOCI, a strong
chemical oxidant. For all subsequent experiments and analyselsleaching time of 48 hours was
chosen, consistent with methodologies of other shell materiai

3.3.1.2. Assessment of closed system behaviour

After establishing that Achatininae shell has an intcaystalline fraction of protein present
OAL@AF L@= | F9;J=GMKA 9F<  * K@=DD HGJLAGFK OK-=;
within this fraction was consistent with closedystem behaiour.

3.3.1.2.1. Elevated temperature kinetic experiments 3 racemisation and hydrolysis

Elevated temperature kinetic experiments are used to investigate protein degradation on an
accelerated timescale for comparison with the diagenesis observed in fossils

and can also be used to test closaystem behaviour of any intra
crystalline protein fraction
) In achatind shell, it is likely that different proteins are contained within the different
aragonitic layers (prismatic, croskamellar and nacreous) as a result of having controlled the distinct
CaCQarchitecture (section 3.3.1.1). The peptide sequence, unigue to each protein, influences protein
degradation and rates of amino acid racemisatios
B K K9EHDAF? O9K MF<=JL9C=F GF : GL@ L @=
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layer, elevated temperature experiments can therefore also be used to investigate the protein
degradation within different microstructural shell portions.
As expected for protein degradation, at each elevated temperature, the extent of racemisation
increased with time for all amino acids (Figs. 3.7 and 3.8, Sl Figs. 3.2 and 3.3). In general, greater
variability in the extent of racemisation (D/L) was obser« >GJ 9EAFG 9; A<K AF L @=
comparison to the 3AL shell portion (e.g., Fig. 3. HisTmay be a sampling issue (section 3.2.3) or
.=, 9MK= L@= 4+ POKL9ORKA=AFHUGEE.=AF >J9; LAGFzexs G=KFAL
) For the majority of the temperatures (Fig. 3.7, Sl Fig. 3.2), similar trends
>GJ :GL@ L@= r * 9F< | F9;J=GMKA D9Q=J 0=J= G: K=JN
free amino acids (Asp>Phe>Ala>Glu>Val) OIn proteins, with the exception of
Ser and Asx ) the majority d amino acids are not able to freely racemise in
chain, requiring greater conformational freedom (terminal or free) to do so. Any differences in the
relative rates of racemisation here (in comparison to free amino acids) are likely as a result of
additional influential factors for proteins within biominerals, such as the peptide sequence and
biomineral interactions

Three aragonitic layers ‘Nacreous’ layer
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Figure 3.7. The extent of racemisation for the hydrolysable amino acids in the 3AL shell portion (A) and the
| F9; J=GMKA D9 Ahafina GvaresiaGshell FlGing-isbtRermal heating at 70 °C. Error bars
represent the standard deviation about the mean for subsample experimental triplicates. An increase in
racemisation was observed for all amino acids, at different relative rates.

Additionally, as expected the extent of racemisation (D/L) increased for all amino acids with
increasing temperature (e.g., Asx in Fig. 3.8A, Sl Fig. 3.3). Similar patterns of degradation were also
observed for peptide chain hydrolysis (e.g., Asx in FigB3 Sl Fig. 3.4). Interestingly, at 70°C and 80°C,
KP AF L@= T * 9HH=9J=< LG @Q<JGDQK= EM; @ >9KL=1J
AF L@= r * 9DKG K@GO=< 9 <A>>=J=FL @Q<JGDQKAK H9L
temperature-related differences were also observed for the other amino acids studied (Glx, Ser, Ala,
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may be because of primary protein sequence differences (with respect to both the relative peptide
bond strengths arising from different neighbouring amo acids in the peptide chain

refor "A>>=J=F;

= K

and/or to the different mineral surface interactions and solvent (water) effe(ts

).
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Figure 3.8. The extent of racemisation (A) and peptide chain hydrolysis (B) in Asx in bleached of rAatiatima
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tavaresianashell during isothermal heating at 60, 70, 80, 1drfid 140 °C. Error bars represent the standard

deviation about the mean for subsample experimental triplicates. An increase in racemisation and hydrolysis

was observed for Asx in respect to both time and temperature.
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3.3.1.2.2. FAA vs THAA in artificially degraded shells and fossils

From IcPD analysis, closed system behaviour can be inferred in several ways including from a
strong positive correlation between the FAA and THAA extent of racemisatien
In general, the 3AL displayed a stronger positive correlation between the free and hydrolysable amino
acid fractions for the majority of amino acids (four best chromatographically separated amino acids
given in Fig. 3.9), in both modern heated and fossimples. Greater variability in the extent of
racemisationwaso K=JN=< AF L@= | F9; J=GMKAJ]] =KH=; A9DDQ OAL
and fossil samples (Fig. 3.9), indicating either inconsistent sampling or poorer adherence to closed
system behaviour (discussed in detail below in sections 3.34).3
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Figure 3.9. Intrecrystalline free (FAA) vs total hydrolysable (THAA) racemisation values (D/L) in four amino acids

(Asx, Glx, Ala, Phe) from elevated temperature experiments on modetratina tavaresianahell at 60, 70, 80,

110, and 140 °C and unheated, and framsachatinssp.> GKKADKyK 3HH=Jn o *H DGO=Jn | F9
points plotted at O (on the x and/or y axis), the concentration of the D isomer was below the limit of detection.

A range of relatively high racemisation values were obtained for the fdssgachatinasp.
samples (Fig. 3.9), either because they represent a range of ages within the Middle Pleistocene
(consistent with section 3.2.1 and Sl section 3.1) and/or resulting from the fossils having experienced
different temperature histories. The latter may oac for fossils of similar age which have experienced
different integrated burial temperatures or through heating events such as
cooking ) Consideration of temperature histories is therefore an important
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factor to consider for future studies where relative chronologies, which rely on the extent of
racemisation as a marker for regional time, are being built. However, as these fossil samples are used
to represent naturally aged samples (rather than beingksiown specific ages), their data is useful

here for making comparisons to experimentally degraded material.

3.3.1.2.3. Shell microstructural layer differences between modern heated and fossils

During elevated temperature experiments, the majority of amino acids from both the 3AL and
| F9; J=GMKA D9Q=J J9; =EAK=< 9L 9 KKkBADOIE exteptD® L AN =
O9K G: K=JN=<J] N9DAF=J] OQAF® JOGMEAKBXQELISFL | MAs LQ®
Fig. 3.10A and 3.10B). At 140 °C, systematic differences in the extent of relative racemisation were
G: K=JN=< : =LO=-= L@= r * 9F< | F9:J=GMKA D9Q=J >GJ
degradedfossils showed a different trend to the elevated temperature experiments, contrary to the
140 °C data, with the majority of amino acids more highly racemised in the 3AL shell portion than in
the nacreous layer (Fig. 3.10C). There are a few possible redeotisis. One explanation is that the
conditions used for the accelerated degradation experiments (powdered, bleached shell in water)
<GFAL J=>D=;L L@= =FNAJGFE=FL9D <=?2J9<9LAGF ; GF<A
chalky limestone, Fig. 2B), and therefore the degradation mechanisms may be influenced by these
environmental differences. However, this would not be the case if the iatrgstalline fraction of
protein within achatinid shell truly displayed closedystem behaviour, as theoratally all external
influences except temperature are removed. Another explanation for the divergent relative
racemisation rates at different temperatures, is that different protein degradation mechanisms may
be occurring at high temperatures compared todke experienced by the fossils at lower
environmental temperatures; this has been observed before in other biominerals (e.g. ¢orzd

and the marine bivalvd’ecten ).

124



A B s0°c c

140°C Fossils

1.0 1.0 1.0

0.8 0.8 0.8
g L ]
H] P ‘% ® Asx
g o6 06 0.6 )
= P g< + Glx
§ . e X Ser

0.4 0.4 L]
g . 04 o % - Ala
2 " LA e X aval
Y02 02 o 0.2 35 * * Phe

e g
0.0 0.0 & 0.0
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 10
Three aragonitic layers D/L Three aragonitic layers D/L Three aragonitic layers D/L

Figure 3.10. Comparison between the mean extent of racemisation for THAA of mdddvatina tavaresiana

shell during elevated temperature experiments at 140 °C (A) and 60 °C (B)issathatinasp. fossils (C). The

central grey line marks a theoretical 1:1 ratio; for data above this, amino acids are racemising quicker in the

| F9; J=GMKA D9Q=JH :=DGOJ] L@GK= AF L@= r * 9J= >9KL=Jg
temperature expenments and fossil samples at lower burial temperatures.

For the 3AL, the relative amino acid compositions of the fossil shells were largely comparable
to those with similar extents of GIx racemisation from the heating experiments and dissimilar to the
modern, unheated sample (Fig. 3.11A). These include markégrotein degradation such as the
decomposition of Ser to Ala , with lower %Ser and higher %Ala for increasingly
degraded samples (Sl Fig. 3.6). The total amino acid concentrations observed in the fossils were in
general lower than thoe observed in the modern heated samples, but not dissimilar to the
concentrations observed to those heated to 60, 70 and 80 °C for the longer time periods (S| Fig. 3.5).
This further indicates that the intrecrystalline fraction of the 3AL shell portion behaves as a closed
system. The concentration (Sl Fig. 3.5)andrdladd = ; GEHGKALAGF G> L@= | F9; J=(
(Fig. 3.11B) was more variable between fossils; when considered in combination with the wider spread
of racemisation values observed (Fig. 3.9), it is likely that the protein in this shell portiomteissa
reliable marker of time for building AAGs than the 3AL shell portion.
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Figure 3.11. Comparison of the mean relative amino acid abundances for the total hydrolysable amino acids

02 & 6 AF L@= r * O 06 9 F < Li$s&Batindsp. i6dgiks@mplés atd\cka@a DD HGJ L AGF |
tavaresianamodern unheated and samples with similar extents of GIx racemisation from heating to 110 °C. The

fossil samples have been colowoded in order of increasing extent of Glx racemisation from the 3AL shell

portion (darker teal = higher GIx D/L).

The apparent adherence to closesystem behaviour in the 3AL showcases the potential
suitability of 3AL portion of Achatininae shell for future IcPD analysis to build regional AAGs across
Africa.

3.3.1.3. Assessment of mineral diagenesis

XRD analysis was undertaken to assess the aragonitic Gafy&tal structure of modern and
fossil Achatininag 1Whilst kinetically stable, aragonite may undergo
conversion to the calcite polymorph over geological timescalés ,
potentially leading to the target intracrystalline fraction of amino acids becoming compromised from
rearrangement (opening and subsequent closing) of the crystal struct(ite JXRD
analysis of the powdered (vie J ADDAF? >GJ | F9; J=GMKA 9F< H=KLD= 9F
Achatininae shell samples resulted in diffractograms which largely matched the aragonitic reference,

ML OAL®@ =NA<=F; = G> 9 0=9C ; 9D; ALA;amples¥HgJ9; LAGF
3.12).
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. 9D; ALA; <A>>J9; LAGF H=9C 9L y T xE Tty
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counts left for relative scale

Evidence for the presence of calcite in the fossil samples was very weakly observable in 2/7

r * KO9EHD=K O=2?K .)plpxsr 51 $A?y ryploé 9F< AF F
PK.S19.44, Fig. 3.12). This indicated th&termodynamic conversion of aragonite to calcite may

have occurred in some of the fossil samples. There yasvever, no clear relationship between the

presence of calcite and the extent of subsample replicate variability. As only a portion of each fossil

sample was analysed by XRD prior to IcPD analysis, it is not possible to say with certainty that where it

was not ob®rved, mineral diagenesis may not have occurred in another sampled part of the shell.

Additionally, whether the presence of calcite resuttdrom mineral diagenesis during the fossils'

burial history is difficult to assess, since evidence of calcite was also observed in modern Achatininae
K@=DD | F9; J=GMKA O: ML FGL r *o&1n GL@ HJAGJ LG 9F«<
NnL@= | F9; J=GMKA L@AK E9Q := AF<M; =< :Q L@= K9EHDA
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<JADDAF? G>> L@= | F9; JEGMKAL 23 GEenth@we kdovend= G> L @
that sampling by drilling is minimised wherever possible in this shell material to avoid induced
remineralisation.
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Figure 3.13. Diffractograms of modeAchatina tavaresian& @=DD  * 9F< | F9; J=GMKA K9 EH]
for 0, 10, 30 and 50 days. The dashed box highlights the dominant catcific> >J 9; LAGF H=9C 9L vy T x
peak was present in all nacreous samples, but not the 3AL samples. Please note, the diffractograms have been

offset on the y axis for visibility and the spectral counts left for relative scale.

3.3.1.4. Sampling considerations and recommendations

#NA<=F; = L@9L <A>>=J=FL HJGL=AFK E9Q := >GMF<
in achatinid shell was observed from the relative amino acid abundances in section 3.3.1.1. Whilst
targeting a single layer, such as the nacreous, would thearally be preferred in order to reduce the
possibility of different proteins within different microstructural layers confusing the chronological
signal, we do not recommend this sampling strategy for Achatininae shell for two reasons. Firstly,
achatinid stell is ~ 250 um thick (Fig. 3.2). Whilst the microstructural layers are clear under the
magnification of a SEM (Fig. 3.2), distinguishing the boundary between the nacreous and cross
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lamellar layers is rarely possible by eye. This results in the need to sample the nacreous very
cautiously to minimise accidental sampling of the cro¢smellar layer. Taking this approach therefore
requires much more shell to be sampled to obtain suffiie | F9; J=GMKA >GJ 9F9DQKA
mechanical pressure and heat from the rotary drill during sampling may give rise to thermodynamic
conversion of aragonite to calcite (section 3.3.1.3). If this occurs, it becomes difficult to assess the
fossil's mneral diagenetic history (i.e., whether closesl/stem behaviour has been adhered to, and
subsequently whether racemisation values are a reliable signal of endogenous protein degradation).
Due to the potential size of achatinid shells, fossils may ofterfdnend incomplete, with only apices or
body whorls present. Additionally, the fossils studied here contained solidified sediment which was
challenging to remove. As it was beyond the scope of this study to investigate-specimen

variability, we sampledall specimens on the outermost whorl of each shell. We therefore currently
recommend that future studies sample only the 3AL shell portion from the outermost whorl, where
consistent degradation patterns and closegystem behaviour was observed in both modeheated

and fossil samples (3.3.1.2), and for its relative ease of consistent sampling, known to reduce the
potential for intra-shell variability

3.3.2. Kinetic behaviour

Numerical age estimates were calculated from fossil amino acid racemisation data through
the application of mathematical models that use accelerated degradation experiments and/or
calibration using additional dating techniques. Mathematical models have hagsed with mixed
results ybut have been successfully employed for a
number of biominerals

) In these cases, meaningfuk&apolation has been possible where the high temperature protein
degradation experiments mimic the mechanisms occurring in naturally degraded fossils. The disparity
. =L 0O== L@= | F9; J=GMKA D9Q=J 9F< o * Jide®9LAN= JO9;
potential evidence that this is not the case for achatinids. To explore this further, we have investigated
the predictions for fossil age and temperature made by two commonly used mathematical models
») Data from ouhigh temperature (6@ 140 °C) experiments were

modelled using apparent reversible first order kinetics (RRP&nd constrained power law kinetics
(CPK); see supplementary information (Sl section 3.5.4) for a detailed description. Linearisation of the
experimental data using these models was variable, with some amino acids achieving very high levels
of linearity €.g., Ala, Fig. 3.14B), whilst others had poor fit (e.g., Asx, Fig. 3.14A). This poor fit of Asx
results from its rapid initial racemisation rat@ikely due to its ability to racemise when bound in a
peptide chain ), and from the observed Asx signal being a combination of
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Figure 3.14. Assessment of fit for the linearised relationship between the time spent at 80 °C and transformed
D/L values for Asx (A) and Ala (B) using RFOK (SI equation 3.2), for hydrolysed 3AL. The linearity of transformed
D/L values was variable betweeamino acids, indicating RFQHs not a suitable kinetic model to describe all

amino acid racemisation within the intracrystalline fraction of Achatininae shell.

In making the assumption that the reaction pathways are the same at all temperatures and
undertaking accelerated degradation experiments at a minimum of three temperatures, it is possible
to calculate the activation energy ¢Efor racemisation using the Arrhenius equation (Sl equation 3.4).
i LAN9OLAGF =F=J?2A=K 0=J= ; 9D; MD9L%99%a6suggésie® 9 EAFG
by Crispet al., ) was achieved through the mathematical transformations (Ala, table 3.3 and Phe
Sl table 3.1)In general, where very high levels of linearity $R0.995) were observed, there was little
difference in the resulting activation energies from RFE@Kd CPK (e.g., Ala ~ 96 kJ rhfar both,
table 3.3). Interestingly a greater discrepancy was observed for the calculated activation energy for
D9 J9; =EAK9LAGF AF 'us@FRFOKD 119.G-kG Midtuding O, v C( EGD
though very high levels of linearity were observed for both kinetic models. Variability between
activation energiescalculated using different mathematical models has previously been reported
) and this may be due to the validity of the
mathematical transformations to each dataset, which encompasses issues due to different reaction
pathways being made available at higher temperatures.
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Table 3.3. Activation energies of Ala racemisation calculated from the Arrhenius equation (4) using data from five

elevated temperature experiments (60, 70, 80, 110, 140 °C) on moMehatina tavaresianahell.

Amino acid Shell fraction | Kinetic model n Model fit (R?) Ex (kJ mol-1)
RFOK n/a 0.996 95.7
3AL
CPK 1.2 0.998 97.5
Ala
| 9 3= RFOK n/a 0.988 96.8
T CPK 1.9 0.990 119.0

3.3.2.1. Plausibility of predicted fossil ages and diagenetic temperatures

To explore a bestase scenario, we used amino acids with good model fitgh R values), to

gauge whether these mathematical models could be used to calculate plausible numerical ages or

past climate temperatures for the fossils based on their extent of racemisation. Although there is no

direct evidence for the age of the shell matalfrom Site 19, there is strong circumstantial evidence

(discussed in section 3.2.1, Sl section 3.1) that the sediments at Sites 1 and 19 are broadly coeval in

age with the occupation of the Twin Rivers kopje and are probably later Middle Plegste in age.

Assigning an arbitrary date of 200 ka to two of the fossils (with the highest and lowest racemisation

values) resulted in extrapolated integrated climate temperatures between0Oand- 11.3°C when
using Ala (table 4). If the samples are etd400 ka), then the extrapolated temperatures are even

lower (from between-10.8°C and15.4 °C, depending on the model). Given this requires the site to be

below freezing for its history, this is an incredibly unlikely range for the average integrated
L=EH=J9LMJ= G>
annual temperature (20.4C) would be an overestimation of the average regional temperature during

L @=

K=<AE=FL

>GJ

. 9D9=GD9C=

) 9>M=1]

the Pleistocene climate oscillations, the calculated ages using this temperature estimate are a factor

of ten lower than their expected age and fall within the Holocene (table 3.4).
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29: D= rgfFg | )AF=LA; 9?=A 9F< | CAF=LA; L=EH=J9LMJ=A ;9D

| F9; J=GMKA ©O,8 >GJ D9k |)AF=LA; 9?2=KA O=J= ;9D; MD9L=<
O+ 2N TRgF E! 6K |ejehdcaldted usind arbEraty-fdssil lagds) of A@andl00 ka for these
*9L= +A<<D= .D=AKLG; =F= >GKKADKgK ,GL= L@9L L@= | CAF=LA;

mathematical models do not agree with the palaeoenvironmental information fibiese fossils and should not
be interpreted as accurate values for this site.

Fossil ID Shell | ) AF=LA; 9?(1)AF=LA; L=E|l)AF=LA; L=E
fraction | using current MAT: 20.2C using fossil age: 200 ka using fossil age: 400 ka

3AL 2705 -8.6 -12.7
PKS19.44

N 1673 9.1 -12.9

-11. -15.4

PKS10.45 3AL 1724 11.3

N 2468 -7.0 -10.8

The highly implausible results produced by the RE@Kd CPK models for the achatinids
studied here (table 3.4, Sl table 3.1) may be due to protein decomposition pathways being different at
lower environmental (burial) temperatures than they are under the high temperature experiments in
the intra-crystalline fraction of this biomineral (discussed in section 3.3.1.2.3), as has been observed
for some other biominerals ) Whilst the assumption is that the intra
crystalline protein fraction is not influenced by any external factors othliban temperature, in this
case it is also possible that the conditions used for the accelerated degradation experiments
(powdered, bleached shell in 300 yL water), were not a good proxy for naturally degraded shell
samples. Experimental influences may trefore have rendered these samples inappropriate for
extrapolation in this case. Nevertheless, the consistent patterns of racemisation in Achatininae
(section 3.3.1.2) mean this taxa still holds potential for building relative amino acid geochronologies
across Africa in future.

3.4. Conclusion

The shells of land snails in the subfamily Achatininae (modAwehatina tavaresianand fossil
Lissachatinasp.), which have complex muHayered CaCgshell microstructures, were assessed for
their potential suitability for building amino acid geochronologies using IcPD analysis. Comparison
O9K E9<= :=LO== L@= L@)== 9J9?2GFALA; D9Q=J Or *o
order to assesshe most appropriate sampling strategy. Achatininae shell was shown to have an-intra
crystalline fraction of protein, which appeared to adhere to closexystem behaviour in the 3AL shell
HGJLAGFK 2@= 1| F9; J=GMKA D9Q=J <A< FGL 9<@=J= 0O=DD
complications arising from difficulties sampling the very thin shell (~ 250 {lnck) and potential
mineral diagenesis during drilling. We therefore recommend using the 3AL shell portion for further
research involving achatinid shells. Predictable protein degradation, in terms of racemisation and
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hydrolysis, was observed during elevated temperature experiments, with respect to both temperature
9F< LAE=K¥ "A>>=J=FL J=D9LAN= J9L=K G> J9; =EAK9LAG
and 3AL in modern shells for different elevated temparees, and showed a different pattern of
behaviour in the fossils. This prevented accurate extrapolation of fossil parameters from

mathematical modelling of high temperature kinetic experiments. Although numerical dating of
achatinid fossils using two kintc models was not possible, the consistent degradation patterns and
closedsystem behaviour of the 3AL shell portion showed that this shell type has the potential to
provide chronological data on Pleistocene timescales for many regions across the Afcoatinent.

Such frameworks would be highly beneficial to archaeologists and Quaternary scientists working at
timescales beyond the reach of radiocarbon dating, and in areas of Africa where ostrich eggshell is not
present. A larger study of wetlonstrainedfossils from sequences across the region is required to test
the full feasibility for amino acid geochronology.
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3.5. Supplementary Information

3.5.1. Palaeolake Kafue

The fossils in this study originated from Site 19 sediments associated with Palaeolake Kafue,
near to the Twin Rivers kopje. Site 19 represents an outcrop, within a ploughed field, of a fossiliferous
| ; @Q9DCQA DAE=KLGF= 9L 9 Hon®réveakd liMestonéiGsituatmBialew E 9 EK Dy
depth and the outcrop context of the limestone indicates that was overlain by black clay and
underlain by similar black clays which were penetrated by a nearby borehole (failed water well) to a
depth of 80 metes below the limestone. Loose surface blocks containing well preserved mollusc
shells were collected anéh situblocks with good preservation (to a depth of around 30 cm) were
removed using a hammer, chisel and trowel.
The age of the Site 19 sediments is poorly constrained, but some inferences have been made
from radiometric Useries dates from two nearby sites: the Twin Rivers kopje and the Casavera
stream. Various t$eries dates were obtained from calcite speleothenyéas intercalated with bone
and artefactbearing breccias on the Twin Rivers kopje
) Dates range from >400 ka to ~140 ka, but the context of the speleothem layers
with the bones and artefacts indates that the main occupation phase was from ~27900 ka
) The presence of bushpid6tamochoerus porcysn the breccias
suggests proximity to water and hence may provide indirect evidence for the existence of the
palaeolake at this time.
TwoUK=J A=K <9L=K 0O=J= 9DKG HM: DAK@=< >GJ L@= !9
along the southern margin of Palaeolake Kafue, ranging in age from 8200 ka
K 2@=K=J] FGO AF9; LAN=J] | >GKKADA LM>9 <=HGKALK
by perennial, carbonate saturated, streams fed by springs emerging from the marble aquifer of the
Lusaka Dolomite Formation to the soutfi ) The dated samples are
from tufa deposits that overlie pedogenically altered lacustrine carbonates exposed in the Casavera
stream near Site 1, at an elevation of 1092 m amsl. These are subaerial tufas that clearly were
deposited after lake levels had fallen below this elevation, but they also postdacision of the
Casavera Stream to a depth of several metres into the lacustrine carbonate succession. Hence, these
| > GKKADA LM>9 <=HGKALKJ/] O@A; @ G; ; MJ] OA<=DQ 9JGMF<
themselves, providing a minimum age
The top surface of the chalky limestone of Bed 14 at Site 1 (Fig. 3.3B), at 1099 m amsl, has a
thin (few cm) stromatolitic crust that indicates a maximum higgtand of ~1100 m amsi
.)This crust and the upper part of the limestone are penetrated by abundant
rootlet traces of marginal vegetation, probably reedominated, indicating a slight fall in the lake
level. The chalky limestone outcrop at Site 19 lies 16 km northwest and ati@a@e of 1060 m. More
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than two metres thick, it too has a thin stromatolitic crust on its top surface and abundant rootlet
traces in its upper part. This indicates a significant fall in lake level, to ~40 m below the maximum
high-stand represented by Bed 14 at Site 1. Howe\ke, nature of the lake sedimentation is such that
the Site 19 lowstand limestone may well correspond to palaeosols of Bed6 at Site 1, which

indicate a prolonged (>10 ka) period of emergence at Site 1 elevaticns })Loose quartz
implements d Middle Stone Age type are found nearby, and presumed to be from Bed 5, suggest that
this low-stand episode was broadly coeval with some of the time that the Twin Rivers kopje was
occupied, and hence is Middle Pleistocene in age.

3.5.2. Bleaching experiments 8 amino acid concentrations
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S| Figure 3.1. Average concentrations of all total hydrolysable amino acids (THAA) in madeating

tavaresianashell portions (A3AL, Bl F9; J=GMKA D9Q=J6H HGO<=J=< K@=DD 09K ¢
exposed to NaOCI, a strong chemical oxidant, for 24, 48 and 72 hours. Error bars represent the standard

deviation about the mean for subsample experimentaiplicates. All THAA concentrations are calculated from L

+ D enantiomers, with the exception of Thr and His, where only the L enantiomer is analysed by the method

given in section 3.2.6 and Gly which contains no stereogenic centre and therefore dadsane L/D

enantiomers. Within 24 hours a decreased, stable concentration of amino acids was achieved in both shell

portions, defined as the intrecrystalline protein fraction.

3.5.3. Assessment of protein degradation

3.5.3.1. Elevated temperature kinetic experiments
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3.5.3.1.1. Racemisation by temperature
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3.5.3.1.2. Racemisation by time
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3.5.3.1.3. Peptide chain hydrolysis by time
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3.5.3.2. Comparison between fossils and modern heated samples
3.5.3.2.1. Concentration
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3.5.3.2.2. Relative composition
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3.5.4. Kinetic behaviour

3.5.4.1. Reaction parameter calculations

There are several mathematical models which can be used to investigate and describe the
behaviour of amino acid racemisatiof itwo kinetic models were
examined here in order to explore some of the assumptions behind high temperature experiments and
the impacts on resulting kinetic parameters. A comprehensive test of all models (including additional
models e.g. Bayesian approacké 9F< L @=>J=FCKk=DHHIEEs @

) was not undetaken due to the limitations of this fossil dataset, which contained little
stratigraphic control and no calibration of the fossil samples. We therefore selected two commonly
occurring models to test the plausibility of the derived kinetic parameters. Bonplicity here we use
L@= L=JE 4CA LG <=K;JA: = L@= J9L= G> L@= J=9; LAGFN
reactions involved in the overall extent of racemisation, it is better considered as k effectis® (k

Reversible first order kinetics (RFOK) has been shown to describe free amino acids in aqueous
solution .SThis mathematical model considers racemisation as described by
Sl equation 3.1, the interconversion of free amino acids, with equal forward and reverse rates. In
proteins, where a range of additional reactions may be simultaneously taking place, raceiniss
better described as the apparent reversible first order kinetics (REOK

ki
LzAT ET 1T A kBwWnoacidz $
k2

S| Equation 3.1. For reversible first order kinetiks(forward rate constant) % (reverse rate constant) for free amino acids in
aqueous solution.

,/—7 w ¢Q

S| Equation 3.2. Describes RFOK, wlagea constant to account for laboratory induced racemisatidnis the rate of
racemisation ki=kz) andtis time.

RFOK(SI equation 3.2) has been frequently shown not to accurately describe racemisation of
amino acids during protein degradation in biominerals due to the numerous additional chemical
interactions and degradation pathways simultaneously occurring
Alternative kinetic models, such as constrained power law kinetics (CPK), attempt to better linearise the
data by introducing an alterable power function (n) to improve the data fit (SI equatio8).
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,/—7 w ¢Qo

S| Equation 3.3. Describes CPK, wheiga constant to account for laboratory induced racemisatidnis the rate of
racemisation ki=k2) andtis time and n is a numerical value used to improve the linearisation between racemisation (D/L) and

time.

With a minimum of three temperatures, and making the assumption that the reaction pathways
are the same at all temperatures, calculation of the activation energy for racemisation is possible using
the Arrhenius equation (3.4).

Q 0Q

S| Equation 3.4. Arrhenius equation, whekés the rate constantAis the Arrhenius constant is the activation energyRis the
universal gas constant andlis temperature.

This high temperature experimental dataset was also investigated for its potential to calculate
numerical ages of past climate temperatures for the fossils studies here. Due to the similarity of
calculated activation energies for the 3AL shell portion (tal8.3) and the inability to assess which
calculated value (fromRFQIGJ ! . ) 6 O9K EGJ= 9; ; MJ9L= >GJ L@= | F9;
were performed using RFOK data.
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Sl Figure 3.7. Arrhenius plots for hydrolysed Ala and Phe in the 3AL shell using RFOK.

l 9D; MD9L=< | CAF=LA; 9?2=KA 9F< | CAF=LA; L=EH=J9Ll
is anadditional way in which the functionality of the mathematical models can also be assessed (by
i GEH9JAF? L@= 9?=K OGJ L=EH=J9LMJ=K6 G> L@= K9E= >
linearity achieved using RFQFor both alanine and phenylalanine in the 3AL shell portion was very
good (R> 0.99, Sl Fig. 3.7), but the numerical ages calculated differed notably (Sl table 3.1).

150



1 29

b= r

KR | )AF=LA;

| F9;: J=GMKA O, 61

9FFM9O9D L=EH=J9L MFE=LOA,;
*9L =

FRR C9 >GJ
the mathematical models do not agree with the palaeoenvirommtal information for these fossils and should not

L@=K=

be interpreted as accurate values for this site.
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Chapter 4. Old fossils, new information: insights into site
formation processes of two Pleistocene cave sequences in Zambia
from enamel amino acid geochronology
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Abstract

Intra-crystalline protein degradation (IcPD) analysis was undertaken on 80 fossil tooth enamel
samples from four taxonomic groups (rhinocerotid, suid, equid, bovid) excavated from two
archaeological cave sites in Zambia (Twin Rivers and Mumbwa CaSesgntytwo (90%) of these
fossils showed evidence of closed system behaviour. The fossils' relative extent of protein degradation
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between the sites was consistent with their known ages, with samples from Twin Rivers (Mid
Pleistocene) showing higher levels of degradation than Mumbwa Caves (latePl&idtocene to late
Holocene). At Twin Rivers, a potential trend between IcPD and exitan depth was observed,
concordant with the working hypothesis of periodic deposition of sediments as slurry flows into a
phreatic passage. However, greater depositional and taphonomic complexity was indicated by
relatively wide ranges of IcPD values tiih individual excavation levels. These results are interpreted
partly as the consequence of the excavation methods used, alongside reworking within the deposits,
which had not previously been recognised. Whilst lack of stratigraphic control limited the
investigation of taxonomic effect, one notable difference in the protein breakdown pattern of peptide
chain hydrolysis was observed between rhinocerotid in comparison to the other studied taxa. We
therefore recommend taxorspecific enamel amino acid geochrafogies (AAGS) are developed in
future. Whilst lack of comparator datasets meant it was not possible to create a calibrated, enamel
AAG for the SoutCentral African region from these sites, Twin Rivers provides a case study
illustrating the complexity ofcave formation processes and the importance of direct dating for
interpreting archaeological and palaeontological sequences.

4.1. Introduction

The ability to accurately date archaeological sites and their material is essential to the study
of human evolution over the Pleistocene. Caves are common archaeological sites within the
Palaeolithic and can act as excellent
fossil repositories, especially in areas of the African continent such as the S@athiral region (Fig.
4.1), where fossil preservation is generally pdéi K 2@AK J=?AGFAK ; MJJ-=
reflecting itstopography, is diverse, with tropical deciduous woodlands across the high central
plateau grading to dryland savannah on the margins of the Kalahari basin. Large wetlands occur in
northern Zambia and in neighbouring northern Botswana today, and evidencs baen found for a
vast palaeewetland during the Pleistocene encompassing the Okavango delta, Makgadikgadi basin,
and the Zambezi and Kafue rivefs ) This wetland would have
provided both amigratory corridor between South and East Africa and an ideal environment for
mammalian (including hominin) habitation. The region has preserved important Nflgistocene
fossils, most notably the Kabwe craniunilomo heidelbergensighodesiensiy ,
evidence for the transition from the Early to Middle Stone Age ) the preservation of
evidence for early pigment usg and woodworking
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Figure 4.1. Left: Map of southern Africa highlighting the SeG#ntral African region with major current water
bodies; Right: Map of Zambia highlighting key archaeological sites. Those included in this study (Twin Rivers and
Mumbwa Caves) are highlightealith pink stars.

Many archaeological and palaeoenvironmental sites have poorly constrained chronologies,
and cave sites are well known for their complex depositional histories, making dating and accurate
site interpretation especially challenging

) Direct dating of fossils (as opposed to dating associated sediments and/or
flowstones) can enable identification of stratigraphic disruption and place the
archaeologically/palaeontologicallyrelevant material within a more detailed stratigraphic context.

One such technique, amino acid geochronology (AAG), has the potential to provide direct, relative,
dating on fossil biominerals

) AAG exploits the time
dependent degradation of proteins (such as amino acid racemisation; AAR) trapped in fossil
biominerals 5 'As protein degradation is temperature
dependent, AAGs are built regionally and to date only one AAG study in
gastropod shell has been published for the Sou@entral African region
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One approach which has been shown to improve the reliability of AAG data in some
biominerals is intracrystalline protein degradation (IcPD), which targets the analysis of protein within
the fossil's mineral matrix. This fraction of protein, isolated withe use of a strong chemical oxidant,
has been shown to effectively operate as a closed system in many €biGinerals (e.g. gastropods

, ostrich eggsheli )
coral and foraminifera ). Where the intrecrystalline fraction
is shown to operate as a closed system, leaching of endogenous protein, contamination by exogenous
protein and most additional environmental impacts on protein degradation (e.g. ot
) are minimised 1)In some biominerals, targeting the intrarystalline
fraction has been shown to improve the accuracy and precision of the data, thereby increasing the
reliability of the geochronologies obtained
), Oxidative treatment is not always suitable or necessary.
) and stringent data screening approaches
have also been successfully employed for many fossil biominetals

Recent methodological advances to the IcPD protocol for the analysis of tooth enamel

(CaPQ), has confirmed that this biomineral also has an intcaystalline protein fraction which
effectively behaves as a closed system ) This has opened an additional avenue
of direct dating for fossil teeth, which are commonly found at archaeological cave sites. The enamel
proteome is composed of a small number of proteins, whose primary sequence has been shown to
vary by taxa (and therfere inferphylogenetic relationships

). As protein degradation, including racemisation, is influenced by the sequence of amino acids in
a peptide chain /any taxonomic effect in tooth enamel IcPD ratesneed
to be accounted for in any arising amino acid geochronolc@y

Here we explore the capacity of tooth enamel to build tagpecific aminostratigraphies for
the South-Central African region using IcPD analysis. We tested fossil teeth/fragments of four
commonly occurringtaxonomic groups (rhinocerotid, equid, suid, bovid) excavated from Twin Rivers
and Mumbwa Caves archaeological sites in Zambia (Fig. 4.1). We investigate whether the intra
crystalline fraction of protein behaves as a closed system in these taxa and exaageeeclated
signals of protein degradation. Through these investigations, we demonstrate the use of this AAG
approach to examine depositional histories and taphonomies, and intéte relationships.
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4.2. Materials and Methods

4.2.1. Materials

The 80 fossil teeth/fragments included in this study are from two archaeological cave sites in
Zambia (Twin Rivers and Mumbwa Caves; Fig. 4.1, Table 4.1, Slabdtegpresent commonly found
fauna in the region Both sites provide important regional climate and behavioural records: Mumbwa

Caves for the Middle to Late Pleistocefie and Twin Rivers for the Middle
Pleistocene 1)Both sites were excavated in the 1990s with faunal assemblages reported
and discussed in Barharp ) Klein and CrudJribe, and Bishop and Reynolds

4.2.1.1. Mumbwa Caves

Mumbwa Caves in Zambia has had a number of dating techniques applied to its sediments
and materials including thermoluminescence (TL) on burnt quartz and
calcite, radiocarbon on charcoal, optically stimulated luminescence (OSL) on sediment and electron
spin resonance (ESR) on enamel, and the stratigraphy is relatively well constrained to a maximum age
of >172 ké&

Amino acid geochronology was considered during the 1993 excavation, but the only
applicable biomineral at the time was ostrich eggshell, which was not present at the(site

OThe enamel IcPD protocol published in 2019

therefore opened another avenue for dating and depositional history interpretation.
Unfortunately, the teeth/fragments used for the previous enamel ESR analysis were not available, and
thus IcPD analysis could not be undeken on these specimens for direct comparison between the
two dating techniques. Additionally, the stratigraphic context of each specimen that was available for
analysis was unrecoverable, and the loss of contextual information (including taxonomy) meaat t
individual specimens could not be linked to the published identifications. One intention of this study
was therefore to increase the scientific value of these materials througldentification of their
taxonomy and explore their potential to providaseful age information through IcPD analysis.

4.2.1.2. Twin Rivers

The tooth enamel samples analysed in this study from Twin Rivers were excavated from A
Block (Fig. 4.2) in 1999. A Block originated as an irregularly shaped phreatic passage and the
sediments are thought to have been deposited in periodic, gentle slurow. Over time much of the
deposits became cemented into breccia with lenses of speleothem separating the breccia into units.
The cave roof collapsed at an unknown time, leaving the deposit exposed to weathering. Dynamite
was used in the 1950s to excavateich of the deposit ( Ilblast scree area shown
in Fig. 4.2), though none of the material included in this study comes from this excavation. The 1999
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excavations focused on shallow (<60 cm) and narrow (<30 cm) pockets of loose sandy sediment
between the breccia and the cave walls. The pockets contained sharp stone tools, ochre pieces, and
faunal fossils 1)As a hilltop site, the presence of rhinocerotid and giraffid (among
others) within the fossil assemblage is thought to have accumulated from predation and/or
scavenging activity, including the possibility of (but not limited to) hominin activity. The axation

was named using a hybrid refence system (e.g. E5/EG6; Fig. 4.2), with each pocket/cavity discrete
from one another. The excavatiowithin eachdiscretecavitywas conductedn horizontal levels in the
absence of any visible stratigraphyhere is thereforao correlation between excavation levelsf
different cavities.
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Figure 4.2. Plan and section (west and north walls) of Twin Rivers A Bkazkvated in 1999. Speleothem are

shown with associated uraniunthorium dates (speleothem: sample 1 = 266 ka BP, sample 2 = >400 ka BP,
sample 3 = >400 ka BP, sample 4 =223 ka BP, sample 5 = 16¥3 ka BP, sample 6 = 192 ka BP). All tooth
enamel sampés analysedor AAGnere excavated from red sandy earth sediments which filled multigiscrete
cavities between the cave walls and the rim of the intact breccia. Due to the irregular shape of the cave passage
and deposits within, not all excavation cawisand no excavation levelare visible in this section.
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Previous speleothem t$eries dating at the site placed the collapsed cave passage sequence
to ~170- >400 k& })The nature of the site meant that, with one exception (266 ka), the
flowstones were not directly related to the excavated levels. Whilst their associations were helpful in
providing minimum and maximum ages, and ages concordant with increasing depthytivere
difficult to directly relate to the archaeological material. Additionally, due to the upper age limitation
of the Useries daing undertaken here (>400 ka), the base of the sequence has a minimum age of 400
ka but could represent a much older formation. It was therefore hoped that enamel IcPD could be
used as a direct dating technique to improve the understanding of the age$effaunal material
from this site.

4.2.1.3. Taxonomic re-identification

Both the Mumbwa Caves and Twin Rivers teeth/fragments required taxonomic re
identification due to the loss of contextual information. These were visually evaluated by one of us
(SCR) who had previously analysed the original faunal material from Twin Rine2800

J)Additional published species lists, such as Clark and Browird 1 )were also
consulted. The very fragmentary material was assigned to genus only, and specimens were only
assigned to species level if the dental morphgip was complete enough to permit this (SI Data). For
all subsequent sections, data is discussed in terms of the four family groups commonly identified
amongst the Twin Rivers and Mumbwa Caves faunal fossil assemblages (rhinocerotid, equid, suid,
bovid). These taxa were selected as they have not yet been characterised for enamel amino acid
geochronology but form a common component of Pleistocene faunal assemblages in Afrioé
elsewhere)and therefore potentially have a wide utility for dating.
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Table 4.1.Tooth enamel amples analysed in this studyNumbers in brackets indicate the number of individual
teeth/fragments sampledFor more detailed sample information please see the supplementary data.

. Excavation
Site Name Cavity Level Taxa
E5/F5 1 Rhinocerotid (3), Suid (1), Equid (1), Bovid (1)
2 Bovid (1)
1 Suid (3), Equid (6)
E4/F4 3 Rhinocerotid (3), Equid (1), Bovid (1)
N 1 Rhinocerotid (3), Equid (1)
Twin Rivers 2 Rhinacerotid (2), Equid (4)
E5/E6 3 Rhinocerotid (5), Suid (2), Bovid (4)
4 Rhinocerotid (1), Suid (2), Equid (3)
5 Equid (1), Bovid (1)
G5 N/A Bovid (3)
MumbwaCaves N/A N/A Suid (10), Equid (4), Bovid (13)

4.2.2. Enamel IcPD methodology

All tooth enamel samples were prepared and analysed following the methods of Dickimton
al.,

Approximately 40 mg of enamel (as chips, from a single location) was removed from each
tooth/fragment (Table4.1) using abrasive rotary drill bits on a handheld rotary tool (Dremel drill),
:=>GJ= : =AF? O09K@=< OAL ®andRfttealr dr{) H€dH ehankel Bhinpldiwag Xk I +
powdered with an agate pestle and mortar.

Bleach(12% NaOCI (analytical grade), 50 uL/mg) was added to each accurately weighed
powdered sample (in separate 2 mL plastic microcentrifuge tubes) and left on a rotor (constant mild
agitation) for 72 hours. The bleach was removed by pipette and each samplewaated five times
OAL@ O9L=J OMdn))befetevifinalwagh Xighmethafol (HPigEade) and the
powdered sample left to air dry.

Ca 5 mg subsample replicates (accurate masses noted) of each powdered and bleached
sample were weighed out for the analysis of both the free amino acid fraction (FAA) and the total
hydrolysable amino acid fraction (THAA). THAA subsample replicates wererdgaiised in 7 M HCI
(20 pL/mgq), the vials flushed with.fdnd heated in an oven at 110 °C for 24 hours, prior to drying by
centrifugal evaporation. The THAA subsample replicates were then redissolved in 1 M HCI (20 pL/mg)
and the FAA subsample replicaelemineralised in 1 M HCI (25 pL/mg), prior to the addition of 1 M
KOH (28 pL/mg) to all subsamples, which formed a monophasic translucent gel with a viscous
consistency. All subsamples were centrifuged at 13,000 rpm for 5 minutes whereupon a biphasic
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solution formed (supernatant above a cloudy gel). The supernatant was removed and dried by

centrifugal evaporation.

The subsamples were rehydrated in the minimum possible volume (at 10 pL/mg, with 10 pL
aliquots additions to achieve dissolution where necessary) of a solution of internal standattuiofino-
arginine (0.01 M), hydrochloric acid (0.01 M) and sodium azider(iM)). Separation of the chiral
isomers of the amino acids (Fig. 4.3) was carried out by fluorescence detectigdRRFEC (Agilent 1100)
using a modified Kaufman and Manley method »)As experimental subsample
replicates were prepared, o analytical replicates were undertaken. Analytical replicates have been
shown to account for only a small portion of the total variability, hence the use of subsample

experimental replicates also encompasses analytical variability
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Figure 4.3. Example chromatograms oBA.5 standard, B rhinocerotid THAA sample.

Total amino acid concentration and relative composition calculations were carried out from
the enantiomeric chromatographic peaks of Asx, Glx, Ser, Thr, His, Gly, Arg, Ala, Tyr, Val, Met, Phe, lle
and Leu. In the case of Thr and His only the L enantioraeesolved by this chromatographic method,
whilst Gly contains no stereogenic centre and therefore does not have L/D enantiomers (Fig. 4.3).
During the laboratory preparation procedures, irreversible deamidation of Asn to Asp and GIn to Glu is
induced. ltis therefore not possible to distinguish between these chromatographically and are
therefore reported as Asx and Gl ) Sufficient concentration and chromatographic
resolution was achieved for the calculation of racemisation and percentage free values for Asx, Glx,

Ser, Ala, Val, Phe within the tooth enamel (S| Data).
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4.3. Resultsand Discussion

4.3.1. Assessment of closed system behaviour

The closedsystem behaviour of the intrarystalline fraction of protein from the 80 enamel
samples was assessed by looking at key aspects of IcPD (@ata ) the relationship
between the free and total hydrolysable fractions of amino acids (section 4.3.1.1); the relative
racemisation rates (section 4.3.1.2); peptide bond hydrolysis (section 4.3.1.3); serine decomposition
(section 4.3.1.4) and concentration drrelative composition (section 4.3.1.5).

4.3.1.1. Amino acid fraction D/L covariance

When protein degradation occurs within a closed system, a strong positive correlation should
be observed in the extent of racemisation between the free and total hydrolysable amino acid
fractions ) This was observed for the majority of
samples(72)in all four taxonomic groups (rhinocerotid, equid, suid, bovjdyvo amino acids, Asx and
Glx, are provideds examplesn Fig. 4.4 (see all additional amino acids in Sl Figs-44.. Thisindicates
maintenance of tosed system behaviouin these 72 samplesver their depositional history.

However, eight samples (10%) deviated from the general trend, with large subsample replicate
variability for the majorityof amino acids in these sample3R12 Fig. 4.4ATE2, TE6, TE10, TEEQ.
4.4B TD6- Fig. 4.4CMB1, MB2Fig. 4.4D). For seven of these samples, in each case one subsample
replicate fell within, and one well outside of the observed correlation range (Fig. 4.4). Gystem
behaviour from mineral diagenesican lead to larger variability in results, and/or efend

racemisation values and may therefore be an

explanation for this data. For one sampl&BZ1 Fig. 4.4D), unexpectedly high racemisation was
observed in only GIx FAA, although replicate precision was high. This sample is discussed further in
sections 4.3.1.2 and 4.3.1.5. In either case, these eight samples highlight the importance of
undertaking preparative replicate analysis to help identify outliers.
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4.3.1.2. Relative rates of racemisation

An additional avenue that casupport maintenance of closeegsystem behaviour is the
consistent relative order of amino acichcemisation.Where samples displapconsistenciesn the
extent of racemisation between amino acids with different relative rates, contamination and/or
leachingcould be the causeRelative rates of racemisation in enamel have been shown to display
broadly similar trendsto other biominerals andto thosereported for free
amino acids in an agueous solution (Asp>Phe>Ala>GluxV/al; )OThis broad trend
was also observed in all the taxonomic groups studied here, for example the racemisation was lower
in Glx (a slower racemising amino acid) than Asx for nearly all samples (Fig. 4.4). Where near complete
racemisation was obsemd in GIx (D/L ~ 1), Asx concentrations were too low to obtain reliable
racemisation data (e.g. rhinocerotid sampléR5, TR7, TR&ig. 4.4A and equid samplEE15- Fig.
4.4C), consistent with heavily degraded protein trapped within the intteystalline fraction

) Two samples (rhinocerotidR12and bovidMBJ, already discussed in section 4.3.1.1 for

deviations observed in their racemisation data) had relative rates of racemisation that deviated from
this trend, with either similar or higher extents of racemisation observed in GIx to Asx, potentially
indicative of contamination and/or mineral diagenesis

4.3.1.3. Peptide bond hydrolysis

Peptide chain hydrolysis can be investigated from IcPD data by calculating the relative
percentage of free amino acids (%FAA) and allows an additional corroboration of extent of protein
degradation. Hydrolysis ishowever, considered a less predictable protein degradation mechanism
with respect to rates ,Jpartly because its calculation compounds the errors derived from
the low masses and volumes involved (rather than the cancellation achieved inrBtios) which
occur during the calculation bconcentrations ) In addition, FAA formation can be
affected by other degradation mechanisms such as decomposition (e.g. Ser decomposition to Ala;

) and lactam formation in Gly .)%FAA therefore results in less precise
data than racemisation ) which can be observed in the higher subsample
variability (Fig. 4.3). Nevertheless, peptide bond hydrolysis remains a useful marker for general
protein degradation, and where closed systebehaviour is maintained, different protein degradation
pathways, such as hydrolysis and racemisation, should be closely relatetd

Most amino acids (with the exception of Ser and Asi

) are not able to racemise when bound within a peptide chain
Jrequiring more conformational freedom,

either as the terminal amino acid or completely free. Where closed system behaviour has been
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maintained and degradation markers only result from endogenous protein, increasing degrees of

racemisation should be correlated to increasing degrees of hydrolysis, broadly supported by this data

(Fig. 4.5; Sl Figs. 48). In general, for Ala, Val and P{®& Figs. 48), an increase in free amino acid
correlated with increased racemisation in all taxa, whilst for Asx (S| Figs8jiand GlIx (Fig. 4.5), in the

suid, equid and bovid, highly racemised samples resulted in a lower percentage of free amids ac
(e.g. suid sample3 S4, TSand equid sampleFE8, TELTig. 4.5). The lower concentration of free
amino acid in these samples may be as a result of decomposition typical of later stages of

degradation. Differences in degradation patterns were observed for the rhinocerotid data in

comparison to suid, equid adh bovid, discussed further in section 4.3.2.
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4.3.1.4. Serine degradation

During protein diagenesis, dehydration of serine results in the production of alariine
) in a closed system, [Ser]/[Ala] (the concentration of serine divided by alanine) can therefore

be used as a measure of protein decomposition. As discussed in section 4.3.1.3, where closed system
behaviour is maintained, a relationship would be expectedtiveen different protein degradation
pathways. As for hydrolysis, the decomposition of serine was closely correlated with racemisation.
[Ser)/[Ala] rapdly decreased when Glx THAA D/Ls were low ($0.Q) and slowed after GIx D/L ~ 0.2
(Fig. 4.6), indicating the retention of degradation products within a closed system

) Forfour samples, large differences were observed between subsample replicated p- Fig.
4.6A,TE6, TE1OFig. 4.6C antB2- Fig. 4.6D), with one falling within and one outside of the trend;
these divergent subsample replicates also showed divergent racemisation data (Fig. 4.4), indicating
consistent subsamplevariability across multiple degradation pathways.
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4.3.1.5. Concentration and Composition

Concentration and relative composition are useful additional tools for closggstem
behaviour assessmentAs loth vary withthe extentof degradation theyare therefore best
interpreted in combination with additional protein degradation markergor example, low amino acid
concentrations could result from highly degraded protein within a clossgistem but may also arise
from leachingof materialout of an opensystem. Similarly, relative amino acid composition can help
to indicate when contamination €.g.from dentine orexogenoussources) may be present in a sample
) but profileswill change as a result of degradation (e.g. Ser dehydration to Ala;
). Exemplified by the rhinocerotid and equid data (Fig. 4.7; all data shown in Sl Figs.
4.912), the low THAA concentration angry high relative proportion of Gly observed for rhinocerotid
sampleTR8(Fig. 4.7)ndicated heavily degraded proteingorroborated bythe high levels of
racemisation (Fig. 4.4), hydrolysis (Fig. 4.5) and serine decompoaosition (Fig. 4.6). However, for equid
sampleTEG(Fig. 4.7)the low concentration and atypical composition plot (high relative proportions
of Leu and lle) were observed in combination with highly variable foéind) racemisation (Fig. 4.4),
hydrolysis (Fig. 4.5) and serine decomposition (Fig. 4.6) data, indicatingnegystem behaviour
and/or contamination byexogenous protein.
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4.3.1.6. Summary of identified outliers

Eight enamel samples showed evidence of possible ofsgstem behaviour and/or
contamination. This was observed from a combination of large, consistent, replicate variation across
multiple degradation pathways, relative rates of racemisation and protein cemtration and
composition. While all the data is reported in the Sl, these eight samplé&1@(rhinocerotid); TS6
(suid); TE2, TE6, TE10, TH&Ruid);MB1, MBZbovid)) were removed from the final dataset used for
each taxonomic group in the followingextions. The remaining 72 samples, which appeared to adhere
to closedsystem behaviour (sections 4.3.18.), were used for subsequent assessment of taxonomic
=>>=:; LK OK=; LAGF FgrglodJ] L @EentralAkikaA drhdacid MAL9: ADALQ
geochronology and investigation of site formation processes (section 4.3.3).

4.3.2. Taxonomic effect

A taxonomic effect of amino acid racemisation has previously been described in a range of

taxa Jincluding enamel
JRates of degradation, including racemisation, are influenced by a protein's
primary amino acid sequencé Jlas this differs by taxa in the enamel
proteome, a taxonomic effect in racemisation may be expected. To investigate whether family level
differences could be observein this dataset IcPD degradation trends were investigated. For
racemisation (Fig. 4.8A and Sl Fig. 4.13) and serine decomposition (Fig. 4.8B), no family level
taxonomic differences were observed in their aadl degradation trends, although the lack of
chronological control in the dataset (see section 4.3.3 for discussion) meant that is was not possible to
determine if their relative rates between taxonomic groups were different. There yasvever, an
observable difference in the degradation trend of rhinocerotid hydrolysis in comparison to suid, equid
and bovid (Fig. 4.8@ndD; Sl Figs. 4.2417). For the rhinocerotid samples, very high levels of
hydrolysis were observed over a broad range of racemisatiafues in most amino acids (e.g. >80%
FAA between 0.21.0 D/L, Fig. 4.8D, Sl Figs. 4.1%). However, for the other three taxonomic groups
(suid, equid, bovid), a different peptide chain hydrolysis (%FAA) degradation trend was observed, with
a potential decrease in hydrolysis at higher racemisation values (Fig. 4.8D, S| Figs,W.14These
apparently lower extents of hydrolysis in the more degraded samples likely indicate the loss of free
amino acids through additional degradation mechanisms. Intestengly, in many CaC{biominerals,
Glu lactam formation in the free amino acid fractidn has been
inferred from low Glu FAA concentrations, with %FAA plateauing at ~50%
) This trend however, is not observable in this dataset. This may

suggest a fundamental difference in protein degradation mechanisms between these types of
biominerals or could indicate the additional biphasic separation step for enamel {aSaP®@
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biomineral; not included in CaC{nethodology), could be influencing the observable degradation

products.
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rhinocerotid, suid, equid and bovid enamel samples: Relationship between the average free (FAA) vs total
hydrolysable (THAA) GIx racemigatt values (D/L). BRelationship between serine decompaosition vs total
hydrolysable (THAA) GIx racemisation values (D/L-)O8erlay of the relabnship between percentage free
(%FAA) Glx vs total hydrolysable (THAA) Glx racemisation values (D/Indiidual taxonomic plots from C.

The apparent differences in family level taxonomic degradation trends observed in some of
the IcPD parameters means that we therefore recommend building enamel amino acid

geochronologies within family level taxonomic groups (at a minimum).
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4.3.3. Assessment of site chronologies and depositional histories

IcPD analysis of fossil biominerals can provide useful direct dating information, enabling
regional comparisons between sites, as well as witlsite chronologies. It is not uncommon for sites,
especially caves, to have experienced complicated depositiohigkories. Direct dating using a
relative technique (such as IcPD) can be used to investigate individual site depositional histories (e.g.
whether events such as bioturbation and erosion may have occurred), to allow a more robust
understanding of each sé's sedimentary processes.

4.3.3.1. Mumbwa Caves

Relatively low levels of racemisation were observed for all samples from Mumbwa Caves (Fig.
4.8), consistent with the site's relatively young age (a maximum of >172 ka). One notable exception
(suidMS1 Fig. 4.9A) had considerably higher D/L values for the majority of amino acids analysed (e.g.
Asx Fig. 4.9A). As the stratigraphic information for all Mumbwa Caves samples had been lost, it is not
possible to relate the extent of racemisation with relaévage, and therefore it is difficult to assess the
likelihood of this being a genuine marker of depositional time. It is worth noting that this site has
evidence of hearths in multiple archaeological horizons. Any tooth in close proximity to fire during its
depositional history, could result in accelerated ptein degradation and the extent of racemisation
no longer reflecting primarily a signal of time: Previous work to
identify signatures characteristic of heating has been undertaken on intrgstalline protein in
ostrich eggshell (where high %GIx composition vs Asx D/L and/or low %Ala composition vs Ala D/L
observed were indicative of heating; ); howeverwe have too little comparative data in this
study to investigate any characteristic he@mnduced degradation trends in enamel, and it is therefore
not currently possible to assess this in any of the samples analysed here, including soigledS1
With a range of racemisation values observed, this data ddesvever, provide an intrasite relative
chronology for the material analysed.
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Figure 4.9. Relationship between the average free (FAA) vs total hydrolysable (THAA) Asx racemisation values
(D/L) in three taxonomic groups of enamel samples present at Mumbwa Cavesuid, B- equid, C- bovid).

4.3.3.2. Twin Rivers

As stratigraphic information was available for the samples from Twin Rivers, the relationship
between the extent of protein degradation and excavation depth could be investigated. Only in one
excavation cavity (E5/E6), for two of the four taxonomic growpsre there enough samples to
investigate the relationship between the extent of racemisation and excavation level (Fig. 4.10; Sl Fig.
4.18). Whilst each excavation level is likely to be timesraged, for both rhinocerotid (Fig. 4.10A) and
equid (Fig. 4.1B), the sample with the lowest extent of racemisation observed for each excavation
level (assumed not to be reworked) increased with depth. This is concordant with the working
hypothesis of sediment deposition having washed into the sloping cave passalgerelwere
however, a number of levels displaying a large spread of racemisation values (e.g. rhinocerotids in
E5/E6 level 1 (Fig. 4.10A) and equids in E5/E6 level 4 (Fig. 4.10B; Sl Fig. 4.18), beyond what might have
been expected from the horizontal excation stratigraphy. Given these fossils showed closed system
behaviour (supported by the conclusions of section 4.3.1), and with no archaeological evidence of
heating in A Block at Twin Rivers, we are left with the interpretation that the cave passagenmagy
greater complexity within its depositional history, including considerable reworking of the
fossils/sediments within the stratigraphy. The evidence of potential for bioturbation by tree root
systems (Fig. 4.2) provides one clear mechanism for thisaring, in addition to the known

complexities of cave site taphonomies
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Figure 4.10. Average total hydrolysable amino acid (THAA) racemisation in GlIx plotted against excavation level (1
=top 5 = bottom) in one excavation cavity (E5/E6) for rhinocerotid (A) and equid (B) samples. Error bars
represent the standard deviation abat the mean for subsample experimental replicates.

Whilst the lack of independent evidence of age precludes the ability to use this site to build an
amino acid geochronology for the Sout@entral African region, the IcPD analysis has provided key
information to allow a more informed interpretation of theit, by providing relative dates on the
fauna for direct comparison. It is also clear that the faunal material covers a range of geological time
at this site, with a wide spread of racemisation values observable in the majority of species (Fig. 4.10,
Sl Fg. 4.18).

4.3.3.3. Between-site comparison

5 @ADKL AFN=KLA?9LAGF G> +ME: 09 | 9N=AK KLJ9LA?J
was not possible, comparison to TwiRivers, known to be an older archaeological site, was possible.
With the exception of one relatively degraded suid sampiéSt Fig. 4.11), all samples from Mumbwa
Caves had racemisation values lower than from Twin Rivers, in agreement with their younger age from
previous dating. Interestingly, the published dates from both sites suggest there could be a temporal
overlap betweenthe sites (at ~ 170 ka); only in the suid materials is a possible overlap evident (Fig.
4.11).
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