AN ASSESSMENT OF TRACE ELEMENTS DISTRIBUTION IN TEETH UTILIZING
A SAMPLE GROUP FROM POSTCLASSIC LAMANAI: THE APPLICATION OF
LA-ICP-MS IN BIOARCHAEOLOGY AND FORENSICS

MICHELLE MARIE HAWKINS
B.S. Southeastern Louisiana University, 2012

A thesis submitted in partial fulfillmerdf the requirements
for the degree of Master of Arts
in the Department of Anthropology
in the College of Sciences
at University of Central Florida
Orlando, Florida

Fall Term
2017



© 2017 Michele M. Hawkins



ABSTRACT

Trace element analysis of skeletal remains and teeth is a common research
techniquen biological and forensic anthropologw particular, LAICP-MS has become
a widely-accepted tool for analyzing and mapping the distitim of trace elemenia
teeth.Investigation into the relative spectral intensities and spatial distributitirigen
traceisotopeg*°C, 2“Mg, 2’Al, 3P, *4Ca, 'Ti, %°Cr, >>Mn, >°Fg, ®Zn, 88Sy, 13833, 20%Pp)
within teeh was undertakeusing LA ICP-MS. The total archaeological sample of teeth
(N=26) was comprised dbur tooth typegUCI, ULI, UPM1, and UPM2pBnd18
individuals from a Postclassic Lamanai sitepreparation for analysis, teeth sectioned
down the center using a lespeed sawMapswerecreatediusing the laser ablation
system and MATLAB® softwarel he frequency oéach isotope detected low,
moderate, and high intensitiaseach of the six defined tooth locations was calculated.
The inner dentine and the outer root border wezdwlo areas that most commonly
exhibited the highest intensities of isotop@stection of major structuralisotopeg*‘Ca
and®P)was similar in both spatial locations and relative intensity across all teeth. In
comparison, detection of more minor isodégpwhile similar in spatial locations across all
teeth, varied in relativetensity per individual sampléhe frequency that each isotope
was detectedlso varied by tooth typdhese findings demonstrattee disparities
between different types of dehtessue for retaining trace elements and serve to
illuminate possible sources axternal exposurandinternalbioavailabilityinfluencing
interindividual variatiorwithin the Lamanai sample populatiovariation in isotope

frequency based on tooth typgy be due to developmeahproperties and/or changes in



diet during early lifeUltimately, teethactas storehouses of trace elemeatglmapsof
isotopic distribution in teethelp reveal how individuals amefluenced by both

biological processes amailtural activities.



ACKNOWLEDGMENTS

While graduate schotias certainly been challengindpere are several
individuals whom | would like to thank for making this thesis project a possibility and
my experience as a graduate student an incredibigroeng oneFirstly, | would like to
thank myadvisor and mentor, Dr. John Schultz, who has always been a great voice of
wisdom and guidance throughout this journey and who has given me many amazing
opportunities to practice being a forensic anthropotobwsould also like to thank the
two other members of my committeenainkyou toDr. Lana Williams for always
speaking the truth witgraciousnesand for helping a former biologist learnttank
more like a bioarchaeologist. And thank you to Dr. MatitBaudelet for dedicating your
time, resourcesand insight to this project.

| would also like to thank the National Center for Forensic Science for supplying
the space and equipment necessary to conduct this research. In particular, | am grateful to
Dr. Mauro Labrador for his patient instruction and invaluable assistance with the data
collection and mapping processes.

| also thank thdaculty, staff members, amdy fellow colleague®f the
Department of Anthropology at UCF, who have all helpgdip anddevelopmeas an
anthropologist through coursework and discusdi@m especially gratefdbr Allison
Apland and Emily Herrington, whose friendship and support these past two years have
meant the world to me. Finally, thank you to my parehatsily, ard friends near and far
for your continualprayers andinconditional love. | could never have done this without

you.And | could not have finished ¢lrace without Him.



TABLE OF CONTENTS

LIST OF FIGURES....... ettt e eees Xili
LIST OF TABLES ... ..ottt e e e et e e e eees XVii
LIST OF ACRONYMS/ABBREVIATIONS.......ouiiiiiiieeeeeie et XXI
CHAPTER ONE: INTRODUCTION. ...ttt eens 1
CHAPTER TWO: LITERATURE REVIEW.......ccoi e 6
HUMAN DENTIION. ...t e et e 6
TOOTN ANGEOMY....etii ittt 6
TOOth DEVEIOPMENL.....cceee e e e e e e eenes 9
Tooth Chemical COMPOSILION. ........uuieiiiii e e e e 11
Properties Of ENAMEL...........ooiiiiiii e 11
Properties Of DENLINE.........couuiiiii e e e e 12
Properties of PUIP CaVily............uiiiiiiiiiciec e 12

Trace Elements in TeetN........cooiiiiiiiiiii e 12
Bioavailability of Trace ElementS...........ccoiiiiiiiiiieeee e 16
Bioavailability O IMQ .......uuieiii e 17
Bioavailability Of Al........oouii e 17
Bioavailability Of P............oiiiii e 18
Bioavalability Of Ca.........coouuiiiiiii e 18

Vi



Bioavailability Of Ti......ooveueiiiei e 19

Bioavailability Of Cr.......ccooiiii e 19
Bioavailability Of MN.........oii e 19
Bioavailability Of Fe.......coooiiiie e 20
Bioavailability Of ZNn..........oooi 20
Bioavailability Of Sr........cooiiii s 21
Bioavailability Of BaL.........ocoiiiiiiii i 21
Bioavailability Of Ph.........oooiiiii 22
LA-ICP-MS and Trace Element ANalySiS...........coviviiiiiiiiiieies e 22
Trace Element Analysis in DeNtiStry.........coocvvuiiieiiieieece e 26
Trace Element Analysis Bioarchaeology..........cc.coeveveiiiiiviiecei i 26
Trace Element AnalySis in FOrENSICS.......cocvvuiiiiiiii e 28
Archaeological Background.............coouuiiiiiiiiiiieei e 31
Lamanai Location and Setting..........ccc.uivieiiiiiieeeriiis e e e 31
NLO/L SEFUCTUIE. ...ttt e e e e e e e e e e e e e e e e e eeeeenaenees 33
NLO/2 SEFUCTUIE. ...ttt e e e e e e e e e e e e e e e eeeeeaaenees 33
NLO/A SEFUCEUIE. ...ttt e e e e e e e e e e e e e e eeeeeeeneenees 33
POStCIassiC Maya DieL..........ccovuuiiiiii e 34
CHAPTER THREE: MATERIALS AND METHODS.........cccooiiece e 35

Vil



IMIAEEIIAUS . . . e e e e e e e e e 35

Teeth PreparatiQn....... ..ot 39
ClEANING. ...ttt eeed 39
EMDEAING. ...t 39
ST =T 011 (0] 011 oo PSP SUPRSPPPPPTTR 41

LA-ICP-MS Elemental ANAIYSIS........ccuuuiiiiiiiiiiiieei e 43
Individual Tooth Sampl@arameters..........cc..uiieiiiiiiiiieee e eeenn A5
1Y F= T o] o] 1 T RO PTPPPRORSPY 49

StatistiCal ANAIYSIS. ........i e 54

CHAPTER FOUR: RESULTS ... o a5

Overall Detection and Distribution of ISOIOPES.........covevvviiiiiiieee e 55
Total Frequencyf DeteCtion............oovviiiii i e e 57
Frequency of Detection by Tooth Location..............cccoeevviiieeeeiiie e, 58

ENamel SUMACE. .........ooo e 58
INNEN ENAMEL.....uiii e 59
INNEE DENTINE. ...ttt eeae e 59
E D e e 61
P B e 61
OUter ROOE BOIUEN..... .o 62

viii



Detection of Isotopes by TOOth TYRE........cooiiiiiiiiieiiiee e 63

Upper GNral INCISOT......cooeuiiie e 63
CarBON F2C) .t 66
MagNESIUMZIMOG) ...ttt 66
AUMINUM CTAI <.ttt 67
PROSPNOTUS P) ... 67
(o 11o] 1011 1 [ (2= TR SO RROURROPR 68
THANIUM (7T covieeiei ettt e e e e e eans 68
(0 3170100 TUT1 4 1 G 1 ) F TR 69
MaNGANESE N ...ttt eeeee e et e e e e enrae e e e 69
oY TG =) ST 70
SHONLUM BESI) ..t e et e e eree e eaee e reee e 71
VAU T o I it = ) T 71
I=T= T I ek o) TSRSy 07,

Upper Lateral INCISOL..........ccevuiieiiii e eeee e e eane e 2
(OF2 11 oJo] o 1K . @) [P 74
MagNESIUMTIMY) ....vveiee ittt eeae e sraee e e s erene e D
y A (0T 1o YU T T G ) I 75



PROSPNOTUS P) ... 76

CalCIUM (HCA).....uee et 76
THANIUM C7T0) oot eae e 77
CHIOMIUM BZCI) ... 77
MaNQanNESE RN .....cc.viiiiuieeiitie et enneeeenns L
o o I e 1) IR USROS 78
SONLUM BESI) ..o 78
BariUum (38Ba) ... .eeiiieiee ettt 79
=Yoo [ =1 ) PSPPSR £©
Upper First Premolar.... ..ot 80
(OF 11 o Jo] o 1K & @ [ URRRRSRR 82
MaGNESIUM TIMIG) ...ttt eaee e et e e eatee e e 83
AIUMINUM B7AL .ot re e e s erae e e e e 83
PROSPROTUSZEP) ...ttt eee e 83
(OF 113 0T 1 0 W\ =) IR 84
THANUM (IT1) oot e et e e e et e e e e enaeeeens 84
CHrOMIUM B2CE) ..t e e eaae e 85
MaNGANESE MN) ....vveeiiieiiee ettt et e e e eaee e e 85



oY AT G =) PSSR 86

ZINC (BOZN) e 86
SONLUM BESI) ..o 87
Barium (3BBa) .....eeiveeieie e 87
=T Lo I et =1 o) RO USROS 38
Upper Second Premolar..... ...t 38
(07=14 Lo 10 I 3 RSO UURRURROR 88
MAGNESIUMZIMO) ...ttt re e, 91
AUMINUM CTAL oottt e e e e e e e erte e e eae e e ereeeas a1
PROSPNOTUS EP) ...ttt Q2
(OF 11101 1\ =) IR 92
THANTUM (IT1) ot e e e e e e et e e e e erbe e e e e enreeeens 93
CHrOMIUM B2CI) it e et e e e e e eaae e e a3
MaNGANESE N ....vveeiiieeiee ettt e e st e e e e earee e e e 94
oY T G 1) USSR 94
A 1 o a4 1) F 95
SEONUM BBSI) ...ttt et e e e rae e e e ereee e a5
VAU T o I it = ) TR 96
=TT N et o) TP 96

Xi



Frequency of Detection by TOOth TYPe.........iiiiiiiiii e 97

CHAPTER FIVE: DISCUSSION......ouiiiiiiii e e e 103
Relative Intensities of Isotopes by Tooth Location.............cceuuvivieeneiiiiiinnnnnn. 103
Relative Intensities Compared to Other Studies..........ccccooevvviieereniiineeennnn. 109
Relative Intensities of Isotopes by Tooth Type.........ccoovviiiiiiiieiiiii, 116
Relative Intensities Through TimMe.........couuiiiiiiiiii e 120
Intentionally Modified Teeth...........coouiiiiiiiiii e 127
UNIQUE TOOTN.....euie e 128
Exposure and Bioavailability...............c..iiiiiiiiiiiei e 130
CHAPTER SIX: CONCLUSION. .. ettt e e e e 138
g 0] o] 1 ToF= 11T 1 138

[T 0] = U1 0 SO PP PP PTPPPPPRRPPPPPPRRIN 140
FULUIE DIFECHIONS......ciiiieiiiieiiiti ettt e e e e 140
APPENDIX A ELEMENTAL MAPS. ... e 145
APPENDIX B: RELATIVE INTENSITY DATA TABLES.......cccooieee, 189
LIST OF REFERENCES...... ..o 216

Xil



LI ST OF FIGURES

Figure 1:Crosssectional anatomy of a single tooth and its respective features......8
Figure 2:A simplified schematic offte overall process of LACP-MS............cccc....... 24
Figure 3: Map of Belize depicting location of Lamanai archaeological site. Map created
USING GOO0GIE MAPS.. .ot eeee s 32
Figure 4:Two test teeth embedded in hardened epoxy resin (left) and the silicone mold
previously containing resin with teeth (right)............cccoiii i 40
Figure 5:Example of a tooth embeddedresin attached to the support arm that has
already been sliced down the center in the lindaiaibl direction............c................ 42
Figure 6:Example of a tooth slice from tooth sample NIB3 UPM2....................... 42
Figure 7:Example of stitchingrom tooth sample N:4/10 UPM2 Note the boxes
representing separate frames that have been stitched together.........................47
Figure 8:Photo of pattern settings on Screen 1, including pattern icon and raster pattern
(circled), pattern dimensions (bottom two arrows), and number of lines (top artadg.
Figure 9:Screenshot of overall coding parameters for creating maps.................. 50
Figure 10:Screenshot of coding for figure (1) map, which is the figuré3darbon....51
Figure 11: Example of relative spectral intensity scale with assigned qualitive vai3es.
Figure 12: Average detection of intensities of each isotope aenbiss tooth sample for

all teeth (N=26). N/A=0, Low=1, Mod=2, and High=3...............cceiiiiiriicireerennnnn. 58
Figure 13: Frequency of isotopes detected at low, moderate, and high intensities at

enamel surface for all teetNE26)............oeeiiiiiiiiii e 59

Xiii



Figure 14: Frequency of isotopes detected at low, moderate, and high intensities at inner
enamel for all teeth (N=2G)........coooiiiiiii e 60
Figure 15: Frequency of isotopes detected at low, moderate, and high intensities at inner
dentine for all teeth (N=26)........coooiiiiiii e 60
Figure 16: Frequency of isotopes detected at low, moderatejgnadhtensities at EDJ
Or @ll tEETN (NT26). ..ot ennnees 61
Figure 17: Frequency of isotopes detected at low, moderate, and high intensities at DPB
fOr @ll teeth (N=26).....cceeeiiiie e e eeeeene D2

Figure 18: Frequency of isotopes detected at low, moderate, and high intensities at outer

root border for all teeth (N=26).........ccouuiuiii e 63
Figure 19:Example of low or popisotopic detection®fMn) within UCI sample........ 65
Figure 20:Example of moderate isotopic detectid?C) within UCI sample............... 65

Figure 21:Example of high or good isotopic detectidfQa) within UCI sample....... 65

Figure 22:Example of low or poor isotopic detectiofiMin) within ULI sample......... 73
Figure 23:Example of moderate isotopic detecti8fz() within ULI sample............. 74
Figure 24:Example of high or good isotopic detectidH() within ULI sampek........... 74

Figure 25:Example of low or poor isotopic detectighiTi) within UPM1 sample....... 80
Figure 26:Example of moderate isotopietection £¥Mg) within UPM1 sample........ 80
Figure 27:Example of high or good isotopic detecti§?Sf) within UPM1 sample.... 82
Figure 28:Example of low or poor isotopic detectiofi®b) within UPM2 sample....89
Figure 29:Example of moderate isotopic detectidfMg) within UPM2 sample........ 89

Figure 30:Example of high or good isotopic detectidfQa) within UPM2 sample...91

Xiv



Figure 31: Total frequency of all isotopes detected based on tooth typendided

detection of low, moderate, and high intensities per tooth.................oooviveeniinnnnnn. 97
Figure 32: Frequency of all isotopes detected based on tooth type. This included detection
of only moderate and hightensities per tooth..............ccoovvviiiiiieieii e, 100
Figure 33:Frequencies of isotopes detected at only moderate and high intensities at each
tooth location across entire sSample (N=26)........ccouuuviiiiiiiiiiiei e 104
Figure 34:Example oft*3Ba distribution in the tooth (sample N#®6C Large UCI),

showing highest relative intensity occurring at the inner dentine and outer root bosder.
Figure 35:Example of®Zn distribution in the tooth (sample N4346C Large UCI),

showing highest relative intensity occurring at the enamel surface................... 106
Figure 36: Aveage isotope intensities varying across time in individual-W0@......121

Figure 37: Average isotope intensities varying across time in individualleliA or B.

Figure 38: Average isotope intensities varying across time in individuahto.....122
Figure 39: Average isotope intensities varying across time in chtaViN102/21A...123
Figure 40: Average isotope intensities varying across time in individualiNZB....124
Figure 41: Averagesbtope intensities varying across time in individual M1@1......124
Figure 42: Average isotope intensities varying across time in individuadii.....125

Figure 43: Average isotope intensities varying across time in individua4iNBiC

Figure 44:Frequency of detection of moderate and high intensities betaiteeth

associated with modified UCI (n=10) and all teeth associated with unmodified UCI



Figure 45:Example of’Al distribution in tooth sample N12/21 UCI. Note the high
intensity of?’Al outlining where the jade piece is located.................cccoceveeunnn.. 129
Figure 46:Possible external sources of exposure and internal bioavailability influencing

the presence of certain trace elememteeth.................cooeii i, 131

XVi



LIST OF TABLES

Table 1: Summary of previous relevant literature comparing trace element concentrations
found at inner enamel and INNEer dentiNe.............uuoiiieiiiiiimiiiin e 15

Table 2:Summary of sample group (N=26) from a Postclassic Lamanai site, containing
teeth deemed suitable for this research and belonging to one of the four assigned groups.
Data for individual @termined sex obtained from Williams and White (2006) and White
(L98B). . ettt ettt 36

Table 3: Four groups (G1 through G4) of 18 individuals sorted based on tooth

AVAUIADIITY ... 39

Table 4:0Operating parameters and conditions for elemental analysis HZPA/S....44

Table 5:Abbreviations of selected elements for mapping, theiresponding isotopes,

and the minimum number selected for the map spectral intensity....................... 52

Table 6: Summary of isotopes detected at moderate and high intensities only at each
defined toOth 10CEIDIN. ..........ooiiiiiiiiii e 56

Table 7:Average frequencies of isotopes detected and highest detection locations across

Table 8:Summary of relative signal intensities of isotopes observed at each defined tooth
location in the UCI sSample (N=12).... oo e 64

Table 9:Summary of relave signal intensities of isotopes observed at each tooth

location in the ULI sample (N=L).....cc.iiiiiiiiiieic e e ee e eeen 3

Table 10:Summary of relative signal intensities of isotopes observed at each tooth

location inthe UPML Sample (N=6)......ccuuiiiiiiiiiii e e 81

XVil



Table 11:Summary of relative signal intensities of isotopes observed at each tooth
location in the UPM2 Sample (N=7)-.ccoeeieieeeie e 90
Table 12: Calculated averages and ranges of frequencies of isotope detection across all
teeth (N=26) for low, moderate, and high intensities................cccceeviveeriiineeeennnnnn. Q9
Table 13: Calculated aveyas and ranges of frequencies of isotope detection across all
teeth (N=26) for moderate and high intensities Qnly...............ccccociiieiiiiiiiiinnnnn. 102
Table 14: Summary of tooth types exhibiting the highest frequency aftietef each
isotope. Bold text indicates that this tooth type had the highest frequency of detection of
the isotope in DOth Categories........ ..o 102
Table 15: Biologically essential isotope intensti®y tooth location and tooth type in
comparison With previous StUAIES...........uuii i e e 110
Table 16: Nonessential isotope intensities by tooth location and tooth type in comparison
WIth PreVioUS STUAIES. ... .cocvui e e e e e 111
Table 17:Summary of observed isotope intensities in relationship to one another and
possible bioavailability and exposure influeNCes............cooiiiviiiieer i 132
Table 18: Relative intensities of isotopes observed in N0 UCI at each tooth

[0 or= (0] o F OO PPUPPPPPPPPPPPTTPTTIN 190
Table 19: Relative intensities of isotopes observed inN0OQ UPM1 at each tooth

ToTox= 140 ] o FE OO PPPRUPPPPPPPPPPTTPTTIN 191
Table 20: Relative intensities of isotopes observed inA20A or B UCI at each tooth

[0 o= (0] o F OO PPOPPPPPPPPPPPPTTPTRIN 192
Table 21: Rdtive intensities of isotopes observed in NYR0OA or B UPM2 at each

100011 gl (o o7\ {0 ] s FHUR R TUUE TR PO 193



Table 22: Relative intensities of isotopes observed inA2@ UCI at each tooth

(0T or= 1 [0 o PP UPPPPTT 194
Table 23: Relative intensities of isotopes observed inA20 UPM2 at each tooth

(0T or= 1 [0 o PP PPPPPTTT 195
Table 24: Relative intensities of iepes observed in Ni&/21A UCI at each tooth

(0T or= 1 (o] o PRSPPI 196
Table 25: Relative intensities of isotopes observed inA20A UPM1 at each tooth
(0T or= 1 (o] R TSP 197
Table 26: Relative intensities of isotopes observed inA4A@B UCI at each tooth

(0T or= 1 (o] R PRSPPI 198
Table 27: Relative intensities of isotopes observed inA4@B UPML1 at each tooth

[0 ox= 1 {0 o F PP PPPPPPPPTTPTTIN 199
Table 28: Relative intensities of isotopes observed inNQQ UCI at each tooth

[0 or= 1 {0 o F PP PR PPPPPPPPPTPPPTIN 200
Table 29: Relative intensities of isotopes observed inNQQ@ UPM2 at each tooth

[0 or= (0] o F OO PPUPPPPPPPPPPPTPPTTIN 201
Table 30: Relative intensities of isotopes observed in-dN48 UCI at each tooth

[0 or= (0] o F SO P PP PPPPPPPPPTPPRTIN 202
Table 31: Relative intensities of isotopes observed indN48 UPML1 at each tooth

[0 o= (0] o F OO PPOPPPPPPPPPPPPTTPTRIN 203
Table 32: Relative intensigeof isotopes observed in N¥34C Large UCI at each tooth

[0Yo2=11T0] o TN UETE TR 204

XiX



Table 33: Relative intensities of isotopes observed in&N4Q Large UPM2 at each
[(eT0 11 g 18 (oTox= 110 o F PP PRSP 205
Table 34: Relative intensities of isotopes observed in8N10 UCI at each tooth

(0T or= 1 [0 o PP PPPPPTTT 206
Table 35: Relative intensities of isotopes olesdrin N104/31 UCI at each tooth

(0T or= 1 (o] o PRSPPI 207
Table 36: Relative intensities of isotopes observed in8N36 UCI at each tooth

(0T or= 1 (o] R TSP 208
Table 37: Relative intensities of isotopes observed inN46A UCI at each tooth

(0T or= 1 (o] R PRSPPI 209
Table 38: Relative intensities of isotopes observed inA40 ULI at each ta

[0 ox= 1 {0 o F PP PPPPPPPPTTPTTIN 210
Table 39: Relative intensities of isotopes observed inA2Q UPM1 at each tooth

[0 or= 1 {0 o F PP PR PPPPPPPPPTPPPTIN 211
Table 40: Relave intensities of isotopes observed in NA/@0 UPML1 at each tooth

[0 or= (0] o F OO PPUPPPPPPPPPPPTPPTTIN 212
Table 41: Relative intensities of isotopes observed indN10 UPM2 at each tooth

[0 or= (0] o F SO P PP PPPPPPPPPTPPRTIN 213
Table 42: Relative intensities of isotopes observed indN38 UPM2 at each tooth

[0 o= (0] o F OO PPOPPPPPPPPPPPPTTPTRIN 214
Table 43: Relative intensities of isotopmEsserved in N1@/46C Small UPM2 at each

100011 gl (o o7\ { o] s FHUR R T UE TR 215

XX



LIST OF ACRONYMS/ ABBREVIATIONS

Al Aluminum

Ar Argon

Ba Barium

C Carbon

Ca Calcium

Cd Cadmium

Cr Chromium

Cu Copper

DPB DentinePulp Border
EDJ EnameliDentine Junction
F Fluorine

Fe [ron

He Helium

Hg Mercury

Kr Krypton

LA-ICP-MS Laser Ablation InductiveRCoupled Plasma Mass Spectrometry
Mg Magnesium

Mn Manganese

Na Sodium

NCFS National Center for Forensic Science
Ni Nickel

XXi



NIST

Pb

Rb

Sr

Sn

Ti

UCF

ucCl

ULI

UPM1

UPM2

Zn

National Institute of Standards
Phosphorus

Lead

Rubidium

Sulfur

Strontium

Tin

Titanium

University of Central Florida
Upper Central Incisor
Upper Lateral Incisor

Upper First Premolar

Upper Second Premolar
Vanadium

Zinc

XXil



CHAPTER ONE: INTRODUCTION

Under the discipline of biological anthropology, bioarchaeology is considered to
be the study of ancient and historic human remaitisa bioculturaperspectiveand
often involves the holistic interpretation bfe history, culture, and environmental factors
influencinga group of individuals from the pa@#artin et al., 2013). In comparison,
forensic anthropology is focused on the analysis of human remains from theocesry re
past and within a legal context, often for the purposatefpreting manner of death or
making an identificatioiChristensen et al., 2d@). In both of these fields of study,has
become atncreasinglycommon researgbracticeto conduct trace etnent analyses of
skeletal materials, including bone and keet

Trace elemendnalyss has multiple applicationsnd can illuminate various
avenues within biological anthropological research, includiagand dietary changes
(Dolphin et al., 2005Kohnet al., 2013Reynard and Balter, 20},4esidence and
mobility patterns Cucina et al., 20%1Galiova et al., 2013 environmental influence on
health Asaduzzaman et al., 201Budd et al., 1998Shepherd et al., 201dinpact of
diagenesis on buried rans(Kohn et al., 1999Martin et al., 200¥, discrimination
between ages and sexes (Castro et al., 2010; Kumagai et a),, @0drdanner of death
(Fortes et al., 2035Due totheir highly calcified tissue antigher level of preservation
than bongKang et al., 2004 }eeth have becoe a valuablbiological materialtilized
within a variety of chemicadnalysessuch adrace elemenanalysesnd stable isotope

analyses (Balasse, 2Q@2umphrey, 2016



In recent yearghere has been a steady techgadal advancemeri thefields of
analyticalchemistry and forensic sciendem highly destructive to minimally
destructive ocompletelynondestructive techniquesith the purpose of increasing
measurement precision and preserving the sar@plesud minimally destructive
technologythat has emerged aprominentinstrument in analytical chemistry lisser
Ablation Inductively Coupled Plasma Mass SpectromdtA+[CP-MS), asthis
instrumentallows for more precise measuring, via a highly sensi@RMS, and
requires minimal sample preparati®ozebon et al., 2017). Thus, LEP-MS yields
maximum information with minimal destruction of the material itself (Speakman and
Neff, 2005).LA-ICP-MS has become a widebccepted method for studyimgnor trace
elements presemtithin solid samplesn geochemistryenvironmental sciences
archaeology, biology, and mediciiericker and Gunther, 2016jmbeck et al., 2015
Pozebon et al., 201.7n particular, LAICP-MS has been demonstratesefulas a
methodfor chemically characterizingndmapping the distribution ahinortrace
elemerts present in human tissues and in particidath(Arora et al., 2011Becker et
al., 2010;Farell et al., 2013; Hare et al., 203uede et al., 2017; Pozebon et al., 2017

In bothclinical and bioarchaeological literatuteace elementiundin teeth
have beemeportedto beavaluableindicator ofthe natural bioavailability and
environmentahistoryof exposure tandividuals and population®rown et al., 2004;
Dolphin and Goodman, 200$hepherd et al., 20LZResearch hademonstratethat
teeth serve as a usefidurce oimeasuringand comparing the abundancebiadlogically
essential trace elememiseded to sustain homeostasis averallhealth such asalcium

(Ca),magnesium (Mg), andinc (Zn), with the abundance ddinctionallynoressential
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traceelements, suchluminum (Al), barium (Ba), and lead (P{@rown et al., 2004;
Fraga, 2005; Reynard and Balter, 20I4jus, it is expected thassentiatraceelemeits
would appear mor@abundantlywithin teethrelative tonoressentiatraceelements.
Circumstances in which nonessential trace elements exhibit an unnaturally high presence
in teethcould indiate aprolonged exposure ¢oxicity (Fraga, 2006Humphrey, P16).
Fluctuations in levelsf certaintraceelementsan alsdlluminate bioavailability and
potentially inform thebiocultural influences on diet and heattha pastpopulation
(Dolphin and Goodman, 2009).

It is important to note, howevehat traceslementpresence and abundance can
vary naturally basedon tooth locationn the oral cavityandlocation withinthetooth
structure itsel{Arnold and Gaengler, 200 Fischer et al., 2009Teeth aréheterogenous
in structure comprised oanexposedhighly mineralized tissue calleehamel an@n
internal,less mineralized tissue calldéntine Since the processes which allow for
elemental absorption and retention differ between enamel and détitoéne and
Hillson, 2016; Tang et al., 201,6) is ako expected that trace elemedstectionand
distributionwill vary based on whethehe elementare found in the enamel or the
dentine

Previousresearclexamining elemental distributian humanteeth has largely
focused ordeciduousj(venile) teeth(Arora et al., 2011Austin et al., 2013¢e Souza
Guerra et al., 201@olphin and Goodman, 200Barell et al., 2013are et al., 2011
However,currently there are limited studies examining elenadaistributionin
permanent (adult) tee{rruda-Neto et al., 2010Fortes et al., 201%5uede et al., 2017,

Tacall et al., 201) In addition, whilemany studies in bioarchaeology, chemistry, and
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dentistryhave producetivo-dimensionatistributionmaps of various tracelements in
tedh, these studieareoften limited by one or multiple factors, including snsdmple
size Duval et al., 2011¢aliova et al., 2013Hare et al., 2011 limited number oftrace
elements selectdie. less than ten element@rora et al., 2011Austin et al., 2013;
Hare etal., 201}, and/orproducingmays thatarefocused on jusbnetoothlocation
rather than mappingnentirecrosssectioral areaof thetooth (Tacail et al., 2017
Willmes et al., 201p

The purpose of thistudyis to evaluate the relative spectrakinsityand spatial
distributionof selected trace elements witl@in archaeological sample lmiman teeth.
This study will also involve an assessmenthafviability in utilizing human teeth as
source materiahen conducting traceelemental analysiusing LA ICP-MS. The
levels of @rtaintraceelementgletectedvithin the harcer and sofer teeth tissues may
infer environmentainfluencesontooth physiologyData obtained from this research
may serve talluminate somebiocultural context o& samplegroup ofindividuals
recovered from the archaeological sitd_amanai,Belize (MayaPostclassi®00-1521
CE) (Dormon, 200y, as well as generate information on how-L@P-MS may best be
appliedin futureanthropologicabktudy.The researchuestionsaaddressedin this study
include the following:

(1) What arethe relative spectrahtensitiesof selectedrace elements/isotopes

defined locationén the tooth?
(2) How dothe relative spectral intensities and distribusiohselected trace

elements/isotopesompae and contrasicross four tooth typ@s



(3) How doeghe presence ardistribution ofessentiabnd nonessentiaglace
elementésotopesnform the bioavailabilityand environmentadxposure o&
Mayasample group frorRostclassidamanai?

The following chapgrs will assess tiseresearch questions. gamplegroup of26
adultteeth (N=26)comprised of 18 individualsvill be analyzed usingA-ICP-MS as a
method.lt is important to notéhat onlyeightof theindividuals (LOteeth) acquired for
this studycamefrom individualsin which the biological sewasknowr thus, t wasnot
possible to usthis demographidndicatoras ameans of further analysis this study

Chapter Twaprovides a review of relevaliterature pertainingo toothanatomy
developmet) and chemistrytrace elements found in teethe bioavailability of trace
elements examineg@revious research applying EKCP-MS trace element analysis on
teeth and a brief archaeological background of the sample group being used in this study.
Chaper Threeoutlinesthe materialsand methodsisedin this study Chapter Four
presentshe results oEA-ICP-MS mapping for each trace elemésidtopeexamined at
each tooth location for each tooth type, as well as relative frequencies afach
elementisotope detectedChaper Five examines the similarities and differencethe
trace element/isotope daacording talefined tooth locationgpoth types, and
essentialityandnonessentialityChaper Five also includes a discussi@garding how
pattens ofthesetrace elements/isotopes identified in the teetlyinform environmental
exposureand bioavailabilityof a Postclassit. amanaisample populatiorFinally,
Chapter Six summarizebe analysis and provides a conclusion, as \wailications

limitations andfutureresearch directions of this study.



CHAPTER TWO: LITERATURE REVIEW

With increasing precision and calibration improvements in chemical and
analytical methods, trace element analysis has become more prqramesample
materials havexpanded to include various biological tissisesh ageeth.Since this
researchielies on human teetisthe samplemateriaj it is important to understand the
basic biologicatomponents anchemicalpropertiesof humanteeth and the method
being usedo conduct theérace element analysiEhis chapter includes foumajor
sectionsan overview of relevant humaooth anatomyphysiology, and chemical
properties; an examination of trace elements commonly found indedttheir
bioavailability, a reviewof current LAICP-MS applicatios, with a focus on trace
elemental analysis of teeth in the disciplines of dentistry, bioarchaeology, and fgrensics

anda brief archaeologicddackground of the sample grobpingused in thistudy

Human Dentition

ToothAnatomy

In humans, @omplete permanenbr adultdentition is comprised of 32
heterodont (or morphologically mixethethin total, with a dental formula of 2123/232
(Harris, 2018. As indicated by thislental formulathere are four different classes o
teeth contained withieach quadrant agthadult huma: two incisors, one canine, two
premolars, and three molars. Each tooth igpmmprised of a differerstructure and

serves a different functioin the breakdown of footb provide nutrition (Harris 2016.



For example, incisors athe most anterior of the teeth, generally flat and
spatulashapegandare used for guiding and gnawing food particles into finer pieces that
may more easily fit into the mouth and lead to further chewing by otégr ¢dillson,

2005 White and Folkens, 2005Thereare two types of incisors, central incisors and

| ateral incisors. Central incisors are | ar
(most anterior) of all the teetBaninesare also locatenh the anterior portion of the
mouthbut are also distal in relation to the incisaranines bear a distinct tuske shape
usedfor gripping and puncturing food (Hillson, 2005; White and Folkens, 2005).
Premolars are considered cheek teeth, as thepeaet towards the cheek (distal to the
canines, mesial to the molars). Theretare types of premolars, first (or third) premolars
and second (or fourth) premolaiRremolars are round in shape and usually have two
cusps Hrst premolardavea larger bacal cusp compared to a smaller lingual cusp,
whereas second premolars have cusps of fairly equal size (White and Folkens, 2005).
And upper first premolars often have two roots, whereas upper second premolars have
one root (White and Folkens, 200Bue totheir shape, premolars allow for slicing food
into smaller particles to aid in the digestive process (Hillson, 2005). Finally, nanéars

the largest of human teeth and bear a more sdikarehape and contain multiple cusps.
Molars are used for crushimg grinding purposes in food digestion (Hillson, 2005).

A single toothis also a heterogenous structure within itsfytaining multiple
structuresEach tooth is comprised of two dististtucturesthe crown and the root(s)

(see Figure 1)The crownof the tooth is covered bylayer of ahard, primarily
mineralized and avascular substance called enamel, while the internal core of the tooth is

composed primarily of dentine, @hving, avascular and mineralizeéidsue, though not
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as mineralized as amd (White and Folkens, 2005). Within the inner dentan¢he

center of the toothes the pulp cavity, which supplies blood and nutrients necessary for
sustaining the living dentine tissue during life (Legge and Hardin, 2Gb&gring the
outside ofthe tooth root is the cementymvhichis a layer of calcified tissue that helps
anchor the roots via the periodontal ligament (White and Folkens, 2005; Tang et al.,
2016).Finally, the distal end of the tooth root contains an opening called the apical
foramen, or apex, to funnel blood vessels and nerves into the pulp cavity (White and
Folkens, 2005)The boundary between the enamel amddéntine is referred to #se
enameldentine junction (EDJIn addition, the boundary between ihaerdentine and

the pulp cavityis referred to as the dentiprlp border (DPB).

CROWN ROOT

PULP CAVITY

-

T

ENAMEL

ENAMEL- \

DENTINE DENTINE

JUNCTION APICAL
FORAMEN

Figurel: Crosssectional anatomy of a single tooth and its respective features



ToothDevelopment

Teeth undergo formation, development, and eruption in a continseqisential
manner Although the first set of primary (deciduous) teeth do not initially begin to
emerge until around seven to eight months, initial teeth soft tissue formation and
mineralization can begin as early as week five in utero (Harris, 20hémorphological
stages of tooth development include bud, cap andT&dl.crown template forms first,
followed by the root formatiorDuring the first stage of initiationthe oral ectoderm
induces thanesenchymaevithin the dental lamina to form the enamegan and the
dental papillacalled the tooth gerifiHarris, 2016) A dental sac then forms from the
ectomesenchyme, creating the first appearance of a tooth bud in the bud stage (Harris,
2016).During the next sage, the cap stage, the tissues underdgensation and cell
proliferation, in which ectomesenchymal ceallsange in a clustend eventually
differentiate into odontoblasts to begin forming the crown matrix during the bell stage
and later the dentingHarris, 2016).

Cuboidal cells differentiat@to ameloblasts to deposit theagnel,moving from
the EDJ to the enamel surface over tiprducing microstructuresong the way that
arereferred to as enamel rofts enamebprismg (GuatelliSteinberg, 2016; Harris,
2016).Ameloblasts secreterossstriations othe enamel matrix irdaily circadian
rhythmic, metabolic activity creating shofperiod linegAntoine and Hillson, 2016;
GuatelltSteinberg, 2016). At regular intervals throughout all developing teeth within the
individual, the enamédbrming matrix simultaneously slow their secretion, creating a
series of growth planes calléloe planes or striae of Retzi(SuatelliSteinberg, 2016;

Hillson, 2005).These striae are referred to as lgpagiod lines and contain layers of
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shortterm periodihes interspaced between throughout the growth layers of the enamel
up to the occlusal (biting) surface (Guat&8teinberg, 2016). At the occlusal surface,
long-period lines overlap or@notherand so become hiddewhereas on the lateral (side)
enamel, dng-period lines manifest as perikymata, appearing as waves and troughs along
the surface (Hillson, 2005Pnce the enamel crown has form completely, the enamel
organ terminates in its growth

In association with enamel appositidhe innerdentinefill s the space between
the growing enamel cap and the pulp cavitycbgtinuouslyincreasing its surface area at
the horn tip, followed by expandirapically in order to complete the tooth r@wtd
filling in all the fringes of the tooth root(s) with odontasts(Harris, 2016 Tang et al.,
2016. Dentine is formed through the mixed deposit of both inorganic and organic layers
(Tang et al., 2016During growth,two types of dentine are commoribrmed via
odontoblastgprimarydentineand secondary dentipend thesetructurally similar
tissuesaresecretedn incremental stria€éTang et al., 2016 Primary dentine rapidly
forms firstalong the border of the enamel, located alond=tbg while also forming
around the pulgavity as wel(Shepherd et al., @2 Zilberman and Smith, 2000
Secondary dentineesults from the continual yet slowed apposition of primary dentine
(Zilberman and Smith, 2000); secondary dentine foay alongside primary dentine,
though its formation is more uneven around the pwjitgé§Shepherd et al., 2012).
However, according to previous research, there appears to be a substantial time delay
between primary dentine secretion completion and the onset of second dentine secretion,
as some research has suggested that root formate@mipleted prior to the formation of

secondary dentine (Shepherd et al., 20I2jtiary dentine usually only forms as a repair
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mechanism in response to a health condition or trauma, such as dental caries or attrition
(Shepherd et al., 2012).

While therecan be some variatiorhé development and eruption of maxillary
teeth per quadraigienerallyfollows this pattern: Molar & Central IncisoA Lateral
IncisorA Premolar 1A CanineA Premolar 2A Molar 2A Molar 3 (Harris, 2016).
The first upper tooth teruptis the first molar, occurring around six yeafsage
followed by the central incisarupting at around seven years of age (Ubelaker, 1989).
The next tooth to erupt is the lateral incisor at eight years of age, followed by the first
premolar at teyears of age and the second premolar at eleven years of age (Ubelaker,
1989). The caninalsoerupts arounéleven to twelve years of age (Ubelaker, 1989).
Finally, the second molar erupts at 12 years of age, and the third molar erupts at around

16 to 21years of age (Ubelaker, 1989).

ToothChemical Composition

Properties of Enamel

Tooth enameis a highly inorganic material. Because enamel has a higineral
content and tissue preservation than benamel issusceptible to the same chemical
processeghat impact and dmmpose bone content so eagyrton et al., 2003Hollund
et al., 2015; Scott, 2008Tooth enamel is approximatelg-®7% mineralized
(inorganic), containing mostly hydroxyapat{fmmposed mainly of calcium and
phosphorus) (AntoinandHillson, 2016; Hillson, 2005)These types of tissue do not
undergo the same level sdmodeling oturnover that bone doéBalasse, 2002)hus,

elemental signatures found within these tissues reflect more accurately the local
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environmental composan and are therefore more suitable for chemical characterization

studies(Balasse, 200Z;ucina et al., 200).

Properties of Dentine

Tooth dentine islso mineralized, though less mineralized than endasegther
in organic content;ontaining approxinmaly 80% mineralization(80% inorganic20%
organiq (Asaduzzaman et al., 201Hijllson, 2005; Tang et al., 201@)hroughout life,
odontoblasts aligned along the pulp cavity within the dentine continually produce more
dentine until that tooth is lost (Adazzaman et al., 2017). In addition, because dergine
encased within the enamel, it doex come intocontact with the oral environment in the

way enametioes (Asaduzzaman et al., 2017).

Properties of Pulp Cavity

During life, the pulp cavity serves toaintain proper functioning of the living
dental tissues with proper blood supply and other nutriéeigge and Hardin, 20).6
The number of roots in the tooth (e.g. one, two, or three) indicates the number of canals
leading into the pulp chamber (LeggedaHardin, 2016)For example, an upper central
incisorwould have a single pulp canal leading into the pulp chamber, whereas an upper

first premolar may have two pulp canals leading into the pulp chamber.

Trace Elements in Teeth

There are two differentlasses of elements that can accumulate within a living

system: major elements and minor or trace elem@itge 50 known elements that can
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occur in measurable quantities within living systems, only about a dozkesef
elements are considered to bect elements (Fraga, 200BExamples of major elements
commonly found in enamel are phosphorus ¢Rlgium (Ca)sodium (Na), magnesium
(Mg), and chlorine (Cl) (Reitzneréet al., 2000). In contrast to major elements, which
are measured in higher concations in analytical chemistry, trace elements are
elements that argetectedat low concentrationgncluding parts per million (ppm) or
evenparts per billion (ppb) level.

Generally, tace elementBave been considered to ocautwo forms, as
functionally or nutritionallyessentia{bioessentialglementsaandasnonessential
elements Although some nonessential elements may not be biologically necessary, they
can be viewed as essential from an analytical perspectivar(ieay, trace elementthat
are oftenfound incomparativelylarger quantities, even thoutjirese elementsave no
known biological function)

In optimal quantitiesbiologically essentiaklements argital for supporting
proper reactions, growth, and development in their intenastivith enzymes and
proteins in biological systemdlertz, 198). Thus, essential elements are maintained
within tightly regulated concentration thresholds (Reynard and Balter, 20is4).
important to note that although nonessdmtiaments are consited innately toxic,
essential may become toxic to living systems when their concentrations surpass what is
necessary to maintain biological function (Fraga, 2086jne essential trace elements
include iron (Fe), copper (Cu), zinc (Zandmanganese (Mr(Fraga, 2005Mertz,

1981;Reynard and Balter, 2014).
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In comparison, nogssentiaklements can often mimic the reactivity and chemical
metabolism of essential elemeatsd can even be detected in unusually high quantities
depending on the exposurehus,their distribution and concentrations are best
understood in comparison to essential elements, most commonly Ca (Reynard and Balter,
2014). Examples of nonessential trace elements include aluminunet@dmnium (Cr),
strontium (Sr) barium (Ba) titanium(Ti), andlead (Pb)Brown et al., 2004Reynard
and Balter, 2014 Due to their calcified tissues, bones and teeth in particular have a high
affinity for accumulating metals and heavy metals (Asaduzzaman et al., 2017). During
life, alakaltearth elementsuch as Mg, Sr, and Ba canterand become incorporated
within the body at high levels, while divalent, heavier metals such as ZanGure
become incorpated at lower levels, since these elemeatmot easily enter the body
(Reynard and Balter, 201¥%right, 1999.

Previous chemicand bioarchaeologicatudies have demonstrated that trace
elemens vary both in distribution and concentrataepending on the specific dental
tissue type being examing¢drnold and Gaengler, 2007; Guede et al., 201ahdlet al.,
2004; Tanaka et al., 2004i particular, major differences have been observed in number
of elements detected, types of elements detected, and their conocastbatiween
enamelnd dentingTable 1).For exampleusing LAICP-MS, Farell et & (2013) found
thattrace elemenZn had the highest concentration in the pulp, the next highest
concentration in the enamel, and the lowest concentration in the dentine; in comparison,
Pb increased in concentration from the outer to the inner tooththeitthnamel being the

lowest in concentration and the pulp being the highest in concentration.
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Tablel: Summary of previous relevant literature comparing trace element concentrations
found atinner enameénd inner dentine.

Inner Enamel > | Inner Dentine > | Enamel=
. . Source

Inner Dentine Inner Enamel Dentine

Ca, P C Arnold and Gaengler, 2007
Mn Arora et al., 2011
Pb Budd et al., 1998

P, CaFe, Zn,Cu| Mg, S de Dios Teruel et al., 2015

Ca de Souza Guerra et al., 2010
Pb,Zn Farell et al., 2013

Na, Mg, Al, Cr, |Ti, V, Zn, Sr,Ba, | Fe, Cu Guede et al., 2017

Mn, Pb

Ca Al, Sr, Ba Hanl et al .,
Sr, Zn, Pb Cd Hare et al., 2011

P, Ca, Sr Ba, Pb Liu et al., 2013

Al Tanaka et al., 2004

Increased age (i.e. prolongegposure time) leads to increased concentration
levels of most heavy trace elements or metals (Asaduzzaman et al., 2017). For example,
in more contemporary populationdy &pears to be the most commonly noted element
that exhibited significant increasegsconcentrations over large age brackets
(Asaduzzaman et al., 2017; Budd et al., 1998). Current research on some trace elements
provides various and sometimes opposing information about the same trace elements,
depending on the geographical location ape af the humans remains. For example,
previous studies have demonstrated that enamel accumulates more zinc especially on the
outer surfaces, which come into contact with saliva (Asaduzzaman et al., 2017; Castro et

al., 2010). However, other studies hagparted increasing zinc from the upper enamel
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surface to the area of the pulp region, with the pulp exhibited the highest content of zinc
(Anjos et al., 2004).

While carbon (C), Ca, P, and Mg are generally referred to as major elements in
other fields of audy, for the purposes of this study, all elements selected for analysis
were classified as trace elements and were grouped according to whether or not the

element has a known biological or nutritional function (i.e. essential and nonessential).

Bioavailallity of Trace Elements

The bioavailability of a trace element can directly affect the presence and
distribution of that element found within a tooth (Brown et al., 200#®a®&ilability
refers to theamount of a micronutrier{e.g. trace element) thatiiggested and absorbed
into the body and then used in regular physiological proceBsssphenomenon helps
explain how elements can interact with one another, as bioavailahilitgnces which
minerals areavailable for use within the body, basedtbainterplay of diet, other
elements present, and molecular inhibitors and enhancers, such as enzymes (Dolphin and
Goodman, 200Mertz, 198). Several intrinsidactors influencing the bioavailability of
trace elements include age, sex, pregnancy, tragasaointestinal infections, and the
occurrence of other diseases or illnesses (Fregkages et al., 2015Xxtrinsic factors
influencing bioavailability includgeographical location arlwocultural practicessuch

as food preparation and processingeffandGraves et al., 2015).
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Bioavailability of Mg

Thefunctional and nutritionag¢ssentiatrace elemenand heavy metd¥ig is
prevalent throughout nature and in the human badiy about 53% of Mg content
present in the skeleton (Rude, 2014). Mg biedsbosomes and other macromolecules
most especially serving to bind to substrates and interacting with engigonds, 2014).
Some of the reaitins Mg is involved in includeamino acid activation, protein kinases,
and lipid metabolism, (Rude, 2014Mg is widely distributed among various plant and
animal food sources, and thus is usually prevalent within the diet (Rude, 30idies
have shown that Mg absorption and retention is not significantly affected by Ca intake;
however, increasing Zn intake dosignificantly lower Mg absorption and retention

(Rude, 2014Spencer et al., 1994

Bioavailability of Al

The nonessential elemeamd heavy metall is an abundant element often found
wi t hi n t hehoweaer, itis énly detectad s tvery smathounts in living
organisms (Tanaka et al., 2004). Al has been associated with dental caries prevalence in
dental studigswhile other studies have noted that Al salts may inhibit the growth of oral
bacteria(Tanaka et al., 2004Additionally, previous sidies have detected the presence
of Al in trace amounts in Maya ceramics and pottery dating from the Classic and
Postclassic periods (Little et al., 2004). Thus, it is possible for individuals to become

exposed to Al through manufacturing and dietary psses.
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Bioavailability of P

Considered a major element, P is uniquely essential to maintaining human life, as
P is a component within the DNA structure
key part the bodyds ene prgtgin, andenzynteaeactonnt egr a
(O6Brien et al., 2014) . BRindaradizedstrudtuoawithid at i on a
the human skeletoms well as inteeth, forming a portion of hydroxyapatite
(Cas(PQu)3(OH)) ( O6 Br i en &ources bf.P for dkaby int@ke include milk,
meat , poultry, fish, eggs, nuts, and grain

affected by the presence of other minerals

Bioavailability of Ca

Also considered a major elemt, Ca isan abundant mineral amivotal to the
mass of the body, including the strength of bones and téé&itinksy andAltchuler,
1983 Wright, 1999. Ca is present throughout nature, found in various minerals and
rocks, such as limestone and marbkewell as pearls, eggs shells, and animal antlers
(Weaver and Heaney, 20149a is also the other major component of hydroxyapatite
found in bone and teetNeaver and Heaney, 2014€a absorption occurs in the small
intestine and can be affected by muiktidietary factors, mainly milk and otheairy
productsservingasa major sourcefdCa (Cashman, 2002as well as vegetables
(FairweathefTait and Hurrell, 1996)Deficiency in Ca can lead to various health issues,

such as osteoporosis (loss of bonesshgCashman, 2002Veaver and Heaney, 2014).
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Bioavailability of Ti

Ti is a nonessential element and heavy metal toxicant, generally associated with
environmental pollutiomnd dental implant& more contemporary studies
(Asaduzzaman et al., 201Bosshadt et al., 2Q7). Previous studies have detected the
presence ofi in trace amounts in Mayaeramics and pottedating from the Classic and
Postclassic perioddddot et al., 2016;ittle et al., 2004). Thus, it is possible for

individuals to become exged toli through manufacturing and dietary processes.

Bioavailability of Cr

Cr is a nonessential trace elemant heavy metahvailable through various
dietary sourcessuch agpeppes, mushrooms, nuts and a few vegetabiesdluding corn
and maizgFairweathefTait and Hurrell, 1996). Regardless of dose amount, Cr intestinal
absorption is generally less than 3% (Fairweairat and Hurrell, 1996). While higher
compounds of Cr are toxic, Cr deficiency can also cause glucose intolerance in the body
by increasing insulin activity (Fairweath@iait and Hurrell, 1996)Cr interacts with
various other metals, such as Zn, Fe, Ca, and vanadium (V); in particular, because Fe and
Cr share a common gastrointestinal transport mechanism, the presencamfrtbit

the absorption of Cr in the small intestine (Fairweaffat and Hurrell, 1996).

Bioavailability of Mn

Though a heavy metad¥in is considered to befanctionallyessential trace
elementand isnecessary for maintaining neuronal functions (Asaduzzeet al., 2017).

This elementdused in amino acid, lipid, and carbohydrate metabolgarticularly as an
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enzyme activatofBuchman, 2014Fraga, 2005). Mn has also been associated with bone
developmentand someaurces of dietary intake for Mn incladea, rice, nuts, and grains
(Fraga, 2005)Mn deficiency has not been well documented, but some studies suggest
that deficiency in Mn can lead tonaturablood clottingneurological issues, since it can

cross the bloodbrain barriefAschner,200Q Keen et al., 1999)

Bioavailability of Fe

Thefunctionallyessentiatrace element Fe important for supporting various
metabolic functions, includinged blood cell productiorgxygen supplyand energy
metabolism(WesslingResnick, 2014)Fe is found witin several classes of protein,
including proteins for storage and transport (Fraga, 2005). Sources of Fe include
vegetables, fruits, and various dairy products (Fraga,;28@%® et al., 2005Fe is also
highly disrupted within meat (Fairweath&ait andHurrell, 1996).While Fe deficiency
can cause anemia, an overload of Fe can also lead to Fe poisoning (Fraga, 2005); older
individuals especially are more susceptible to these two phenomena (W&sssinigk,
2014).Fe and Zn have varying affects dependinghe food source carrying these
micronutrients; for example, high quantities of Zn within aqueous solutions will impair

Fe absorption, while solid Zn does not impact Fe absorpBandstrom, 2001).

Bioavailability of Zn

Thefunctional and nutritiona¢ssential trace elemeanhd heavy metan serves
multiple catalytic functions, including binding to enzymes, lending structural support,

and helping regulate functions (Fraga, 2005; King and Cousins, Z014glps support
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growth and development from mr&tal through adolescence (Fraga, 2005). Generally, Zn
seems to be found in higher quantities within reatrce foods and less within
vegetation, eggs, or dairy (Dolphin and Goodman, 2009; Fraga, Z00B}teracts with

Cu and Fe at the level of absogptibetween tissues, whin availability and absorption

are not impeded by the presence of Ca (Sandstrom, 2001).

Bioavailability of Sr

Also a heavy metakr has been debated on its essentiality to the human body
While Sr has no known biological functiomany anthropological studies consider Sr to
be an essential trace element, since it is found in such high quantities in human remains
(Brown et al., 204; Guede et al., 201 Reynard and Balter, 2014lants contain a
higher level of strontium than anais; thus, individuals that are primarily vegetarian will

exhibit higher levels of strontium in teeth than carnivores (Asaduzzaman et al., 2017).

Bioavailability of Ba

Ba is a nonessential trace elemfamtterrestrial organisms ansl potentially toxic
at higher concentration8rown et al., 2004Lamb et al., 201)3 Although Ba is
functionally nonessential, this element has become increasingly studied in anthropology
in comparison to Sr and Ca (Austin et al., 2013; Dolphin et al., 200&)lent cationf
Ba and Sr can interact with and replace isovalent Ca sites within the dentine and enamel
matrix hydroxyapatite (Asaduzzaman et al., 20B&)absorption in humans (especially
those that are chronically ill) &ill not well understood, though animaligdies reveal

that Balevelscan influence everkpiological system in the body (Kravchenko et al.,
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2014).Ba has been found generally within soil, with elevated levels documented due to
nearby mining activities and modesaurces otontaminationKravchenlo et al., 2014;

Lamb et al., 2013).

Bioavailability of Pb

Pb is a nonessential trace elemamil one of the more abundant heavy metals
(Amr, 2011;Brown et al., 2004)Pbis the most common heavy metal toxicant, generally
associated with environmental fdglon in more contemporary studies (Asaduzzaman et
al., 2017). Howevelin more recent year®buptake by crops and aquatic animals may
also introduce lead into the food chain and thus introduce lead exposure to huiean bod
(Asaduzzaman et al., 201 Additionally, previous studies have detected the presence of
Pb in trace amounts in Maya ceramigsttery and structuredating from the Classic and
Postclassic periodé€Count et al., 2016;ittle et al., 2004). Thus, it is possible for

individuals to lecome exposed to Pb through manufacturingcaeidry processes.

LA-ICP-MS and Trace Element Analysis

Due to the instrumentdés high sensitivit
analysis, mapping of elemental distribution and bioimaging at theeyehhas become a
common technique for analyzing various living tissues, including individual cells, blood,
hair samples, proteins, skeletal elements, dental tissues, vegetation tissues, and shells
(Pozebon et al., 2017)n comparison to traditional maispectrometry, the combination
of laser ablation with inductivelgoupledplasma and mass spectrometry allows for more

precise data collection and ease of replicability of studylCA-MS also allows for
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detection beyond other nondestructive chemicalyara, such as-Ray Fluorescence,
can measure elementsparts per billionppb)or even part per trilliorgppt), whereas<-
Ray Fluorescencean only provide trace element analystighe parts per million (ppm)
level. In this way, due to its precise spla extraction and measurement and minimal
destruction of sample, LACP-MS can be seen as beneficial to bioarchaeology and
forensic anthropology studies, particularly in cases involving highly fragmented artifacts
or skeletal remains that need to be cluathy analyzed.

Overall, LA ICP-MS is aprecise minimally destructive method that can be
applied to both solid and ligghsample analysi@igure 2)(Limbeck et al., 2015;
Speakman and Neff, 2005). The three major stages of this method include (ah alflatio
the sample surface generating aerosols, (b) generatesbhtransport, and (c)
atomization, vaporization, and ionizatidro begin, the analyst places a small sample
inside the first chamber, a holder cell (which is approximately 2 cm by 5 crrein s
then uses the small mounted video camera inside the cell to identify areas of interest to be
ablated by the laser (Speakman and Neff, 2005). By using the image projected on the
computer screen, the analyst may also superimpose spots, lines,racdogular
scanning patterns known as raster patterns onto the targeted area to assist with making the
ablation more precise (Speakman and Neff, 2005).

During analysis, the pulsed laser befinst ablates (vaporizes) a small portion of
thetop, surfacelayer on the sampleith intense heat, and the ablated material is then
transported via flowing argaf#\r) gas into an ICRMS torch system, containing plasma

(Speakman and Neff, 2005).
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Figure2: A simplified schematic of theverdl process of LACP-MS.

In the first chamber, a higintensity lasebeamfocuses on the sample surface,
removing the top layer of treurfacesample(Delmdahlandvon Oldershauser2005;
Speakman and &f, 2005). This produces vaporized plasma thahénttransported to a
second chamber, where sample becomes ionized, befogtbensported to a mass
spectrometer for analysisifnbeck et al., 20155peakman and Nie 2005). When the
vaporized sample is carried into the plasma, the plasma ionizesthkesand these
newly-formed ions transition from atmospheric pressure to the vacuum chamber of the
ICP-MS system (Speakman and Neff, 2005). Through high voltage acceleration, ions
produced in plasma are drawn into the mass spectrometer and then seqma@tdidg to
their individual mass/charge ratios, due to the varying strength of a magnet within the
mass spectrometer (Speakman and Neff, 2005). Although the detector can only record a
small atomic mass range at a given time, the use of the magnet afiemsiremass
range to be scanned in a relatively short period of time, thus accelerating and analytical
process (Speakman and Neff, 200B)this way, this method is an improvement over

traditional mass spectrometry, becauselC®-MS machinery involvedirect
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vaporization of a solid sample, thus reducing preparation time and destruction of the
sample material itself (Speakman and Neff, 2005).

Regardless of machine model, some parameters that the analyst may control and
adjust according to the specificibf the sample itself include the following: the amount
of power applied to the sample (i.e. laser energy or intensity), how many pulses or shots
the laser will fire per second (i.e. laser pulse rate, measured in Hz), and how fast the laser
will scan acrgs sample surface area (i.e. scan speed or scan mode) (Speakman and Neff,
2005). Although laser ablation creates a small crater (approximatelyb0i n di amet er
and8@ m in depth) on the surface of the sampl
nondestructive, as compared to other chemical analyses that visibly alter the overall state
of sample composition beyond repair, such as stable isotopeiarf@lysina et al.,
2007). A solid state laser (Nd:YAG) with a wavelength of emitted energy of 266nm emits
a short light wavelength with low energy output and quadrupled frequency (as compared
to a laser with 230nm), thus generating more complete vaponzatihin the plasma
(Fricker and Gunher, 2016).

There have been a number of studies which have utilizetPAMS to
determine the distribution and concentration leeélgarious biologically essential and
nonessentiairace elements present within hundentaltissueqTablel). In a recent
review published the Journal of Analytical Atomic Spectrometry, Pozebon et al. (2017)
provide an overview of current applications and mapping strategies for elemental analysis
within biological tissues utilizing theA-ICP-MS system. Two currentlgmerging
applications of LAICP-MS involve mapping elemental distribution and determining

elemental migration within theeeth(Pozebon et al., 2017).
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Trace Element Analysia Dentistry
In the field of dentistry, LACP-MS is being applied as a novel labtory
method for twedimensionmagping oftrace elements presemtrosshe whole tooth
structure For example, one study found that the concentrations of Sr, Zn and Pb varied
based on different types of tissue that weadpced at different growth stages in
juvenile incisors (Hare et al., 2011). Thusstechnique may allow researchers in
dentistry to further understand how certain elements found in teeth are related to the

structural development and timing of eruptmirteeth.

Trace Element Analysis in Bioarchaeology

According to Shepherd et al. (2012), the use of dental tissue as a source material
for LA-ICP-MS analysis has become a widelgcepted technique. In order to properly
ablate teeth and for analysis resuth be considered accurate, the specimen being
analyzed must be homogenous and uncontaminated (Cucina et al., 2007). In this case, a
homogeneous sample refers to a sample that contains an even, flat surface. Su
homogeneity is important.Mén minute ariation in surface topography can introduce
unwanted variationegarding howaser beanmnteracts withthe sample surface, which
could potentially cause changes in vaporization and transportation process through the
mass spectr omet eresults (Clrinaset ah,|200€).rTo ecregte thism e 6 S
homogeneity and expose the inner dentine tissue, teeth must4sedtioned using a
low-speed metallic blade, which does minimize the damage to the inner surface of the

tooth (Cucina et al., 2007). Thusghile the application of laser ablation itself is
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minimally destructive to the sample, the protocol required to prepare a tooth for analysis
via LA-ICP-MS is somewhat destructive to the tooth (Cucina et al., 2007).

The use of LAICP-MS has growrwithin archaological research as a tool for
characterizing and thus contextualizing material artifacts, from obsidian to ceramics
(Speakmamnd Neff 2005).The instrument configurations of LACP-MS are able to
produce a large quantity of trace element and isotdgia within a relatively short period
of time (Simonetti et al., 2008 the more specific subfield of osteoarchaeology, dental
information can be especially valuable in order to answer questions concerning
diagenetic changes, movement, lifestyle, amohiily of ancient and modern populations
(Budd et al., 1998Cucina et al., 2007; Kohn et al., 2013; Willmes et al., 2016).

Data provided from LACP-MS also provide insight into how diagenesis affects
bone/teeth compositioi@liovaet al., 2013; Kohn &dl., 2013). Over time, trace

elements such as Ba and Sr can substitute for natural Ca in developing bone and dental
tissues Reynard and Balter, 20L4Dental tissues (e.g. dentine) representing different life
stages may exhibit different ratios of traements to calcium (Tang et al., 2016). In
addition, dentine may reflect temporally toxic exposure patterns (Tang et al., 2016)
Thus, an abnormal abundance of one type of metal (such as Pegmayas a

biomarker, allowing researchers to inélife hstory of exposre tocertain chemicals

(Budd et al., 1998Shepherd et al., 2012

Previous studies using ECP-MS have focused on geochemistry, environmental
sciences, and extinct species dietary hist@glibvaet al., 2013; Limbeck et al., 2015).

In current bioarchaeological research, areas of application utilizirngQdEPAMS include

the following.As an analytical tool L A-ICP-MS has been used to detect element
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concentrations within a variety of archaeolagjated studies, including ceramic

analysis obsidian sourcing, and other chemical characterization studies (Cucina et al.,
2007; Speakman and Neff, 2005). In bioarchaeological studie$CPAMS can be used

as a method to examine preservation and-teng exposure of elements and isotopes in
human tissues, including the inorganic content of bone, inorganic dental enamel tissue,
and organic primary and secondary dentine tissue (Budd et al., 1998; Cucina ef7al., 200
Kohn et al., 2013). LACP-MS may also be useful in bioarchaeological studiekeat t
population level to address issues of health, frailty and survivalsibjgnowskiet al,

2007 Smith and Tafforeau, 2008)dditionally, LA-ICP-MS may be used to reconstruct
paleodiet from archaeological bone (Djingova et al., 2004). This methodlswgid
bioarchaeologists in understanding heterogeneity of trace elements as biomarkers
corresponding to specific structural and development features within teeth (Hare et al.,
2011). In addition, this technig can be used to evaluam®vironmental higtry and
reconstruct dietarghanges basadotopic analysi®f tooth ename(Balasse, 2002)0ne
study in particular noted that variation in breastfeeding diets during their first year of life
resulted in concentration and spatial distribution variatioBaoin juvenile incisors

(Austin et al., 2013). Thus, this technique may allow researchers to further understand
how dietary exposure influences the structure and physiology of teeth during early

childhood development.

Trace Element Analysis in Forensics

For trace element analyses, studies have demonstrateédelmesence and

distribution of Siin skeletal materialcantie human and faunal remains tspecific
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region(Jones, 2014). Current studies in this field have demonstrated tharvalue
measuringrace element concentratioasiongpaleo teetliound in IdahaKohn et al.,

2013). In addition, trace elemental analysis comparisons have been made at burial sites
(Martin et al., 2007). Previous research has involved trace element analysis and elemental
mapping of enamel, primary dentine, and secondary dentine contained in the tooth crown
and roots respectively (Cucina et al., 20@3jiovaet al., 2013; Kohn et al., 2013).

Previous research involving the use of-L@P-MS and teeth has also
demonstratethat it is possible to distinguish primary human dentine as a biomarker and
examine lead exposure throughout life (Budd et al., 1998). This information can then be
utilized to ascertain temporal and spatial distribution information regardingupae
neondal periods (Beaumont et al., 2015). 4BP-MS provides information regarding
paleodiet and weaning, thus lending insight in past biocultural phenomena (Beaumont et
al., 2015; Dijngova et al., 2004). When considering the impact of diet and diagémesis,
use of laser ablation on teeth has been considered a viable means of investigation, as teeth
are less susceptible to the process of diagenesis as compared to bone eitwiients (
et al., 2015)LA-ICP-MS can also be used in forensics to analyze condemtseof
metals present in bone, teeth, and hair, aiding researchers in determining the origin and
possible identification of the remains (Stadlbauer et al., 2607ally, this method can
also be used to answer questions concerning biodistance anddewnahitionary
history, as patterns of development may correlate with social stress, weaning, and
ecological variables (Beaumont et al., 2015; Smith and Tafforeau, 2008).

In addition to bioarchaeological studies, A8P-MS has been applied in forensic

contexts in order to investigatbe spatial distributiorof metalsin specificlayers of
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growthrelated tissuem thedentineandtheenamelKang et al., 2004)n current

forensic and forensic anthropological research, other areas of application utikzing
ICP-MS include the standardization of glass as a homogeneous substance and analyses of
heterogeneous elements such as soil, bone, and teeth (Almirall and Trejos, 2016).
Forensic anthropological researchease utilized A-ICP-MS as amethodfor

identifying key trace elements at a very small scale of detection among individuals and
within populations tdalifferentiate between osseous and nonosseous matedigiort
commingled remains (Castro et al., 2010). The toollCR-MS may also be used for
discrimination purposes, such as sorting individuals within commingled contexts based
on unique chemical signatures (Castro et al., 204dgitionally, previous clinicabased
research hasvolved the use dfvo-dimensional imagin@f trace elements toelp

denists betterunderstandhe chemical nature @namel, dentineand pulp (Hare et al.,
2011; Kang et al., 2004).

In addition, recent technological improvements inlGP-MS methodology have
allowed researchers to recognize diagenetic changes in fossilisehtieeth through
stable isotope analysi$his method may possibly allow researchers to recognize trends
in mobility and dietary patterns bioarchaeologically without having to consider as heavily
the potential longerm effects of taphonomy on skeletahrains (Willmes et al., 2016).
Additional research in this area is warranted in order to address issues concerning
calibration techniques used and replicability of forensic data produced.

Other mapping using a similar method called Laser Induced Breakdown

Spectroscopy has also allowed researchers interpret manner of death. For example, in
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study by Fortes et al. (2015), individuals who had drowned exhibited a comparatively

higher abundance of Sr distribution within their inner dentine.

Archaeological Backarund

Lamanai Location and Setting

The sample population analyzed within this pro@aginatedfrom the
archaeologicagite Lamanai, which is located approximately 80km northeast of Pacbitun,
in the Orange Walk District of Belize, and on the western sbioitee New Rive Lagoon
(Figure 3)(Coyston, 199; Pendergast, 1981 Recorded history of Lamanai indicates a
length, unbroken occupation that spans almost two millennia, from Middle Preclassic
Period (1256400 BCE) to tke Historical Period (152@625CE) (Coyston, 199b The
individuals to be analyzed in this study are associated with structures that have been
dated to the Pr€olumbian, Postclassic time period (90821 CE) (Coyston, 1995
Dormon, 2007).

This sample of individuals was also selected #asetheir collective association
with the following structures: N10/1, N10/2, and N10/4, which are a cluster of associated
structuredocated in the southern areatbé site(Lang, 1990 Pendergast, 198JLal'he
longevity and stability of Lamanai is créglil to its pivotal location near the New River
for trade and transport and its political and social ties to dlagea centers (Coyston,

1995. According toprevious research, (Coyston, 1995; Lang, 1990; Pendergast, 1981a),
there is suftient structural ad grave goo@vidence indicating that the sample group
derived from the thredrsicturedisted above comprisesrelatively homogenous, Hig

statusgroup of individualdrom thePostclassiperiod

31



- “Carmen
YUCATAN = "a™
Camgeche

QUINTANA Cayman

CAMPECHE Islands

Ciudad del ROO
Carmen

Chetumal
TABASCO

Lamanai
4 Archaeological Reserve
Archaeological site of a...

o
Villahermosa

CHIAPAS A
o Belize
Tuxtla
Gutiérrez L
La Ceiba
Guatemala o Tela °
San Pedro Sula

Tapachulao, Guatgmala Honduras

Antigua

Guatemala Tegu%galpa

El Salvad?b)r

Nicaragua
Managua
\ag

Google

100 mi

Figure3: Map of Belize demting location of Lamanai archaeological site. Map created
using Google Maps.

One example of this fact is that some of the teeth used in this study have evidence
of intentional dentamodification which is likely a symbol indicative of social or
political importance (Williams and White, 2006). Anotle@ample ohigh status
evidence is the fact that artifacts found in association with structure N10/1 were also
found in some of the burials within structure N10/2 (Lang, 1990). In addition, artifacts
likely attributed to wealth (i.e. gold sheet and copper objects) recovered in associated
with N10/2 burials were also found in some of the N10/4 burials (Lang, 1990).
Pendergast (1981 1981band 1984 klIsoassertshat grave goods from all three of these

strucures reflect individuals of high social status at Lamanai.
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N10/1 Structure

The N10/1structure has been described as a small platform at the center of the
plaza, containing two total recovered burials, recovered ceramic samples that correspond
to the ealy Postdassicperiod (12" century), and locally manufactured ceramics from a
later, unspecified time period (Lang, 19%&ndergast, 1981a; Pendergast, 1986). One
individual from this structure is included in this studgé Table 2 Materials and

Methods chapter

N10/2 Structure

The N10/2structure has been described as a small, ceremonial building
containing a total of 5@ecoveredurials, as well as ceramic vessels that comedto
the early and late Po$assicperiod (Lang, 1990Pendergast, Bla; White, 1986). A

total of seven individuals from this structure are included in this study (seeZjable

N10/4 Structure

The N10/4 structure contad47 recoveredourials and has been described as an
acting graveyal during the Postclassperiod (Lang, 1990; White, 1986). Based on
associated grave goods, the burials at this structure appear to correspond to tHe late 15
or early 18 century (Lang, 1990; Pendergast, 1884 total of 12 individuals from this

structure are idaded in this study (geTable 2.
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Postclassic Maya Diet

At the height of the Postclassieriod,(11-12" century CEXPendergast, 1981,a)
the diet of theancientMayaheavily involved maize consumptigWhite, 1986)
Although, stable isotop@andpaleobotanicatesearctalsosuggests thatfollowing the
Late Classic periodyther plant resourcestill remaineda major source of carbas well
(Coyston, 199; Lentz, 1999. Stable isotope research alsoggestshat, due to enriched
carbon levels, the Lamanai Maya diet duringPlostclassic period may hawveolved
greater incorporation dipids andmeads as food resourceas comparetb the previous
periods (Coyston, 1% Emery, 1993 In particular,zooarchaeological evidence
suggestshat marine resources (e.g. fish and Kisa) were an important source of
protein at Lamanai during the Postclassic penath this increasing dependence on
marine produces likely influenced by new trading systems along the coast and improved
fishing technologie$éCoyston et al., 199Emery,1999). Stable isotop#ataof bone
apatite and collagesupporttheinterpretation of an increase@pendence omarine
foodsduring the Postclassic periogarticularlyamongthe mostelite members of the

Lamanaicommunity(Coyston, 198; Coyston et al.1999.
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CHAPTER THREE: MATERIALS AND METHODS

The following protocol were undertaken for sample selection and preparation,

data collection, and data analysis.

Materials

A populaton sample of 18 individuailsas selectetbased on their collective
assoation with a cluster of structurem¢luding N10-01, N1602, and N1604) and
located in the southern area of the Lamanai site (Lang, 198bBle2). The totalsample
of teeth (N=26) was then divided based on tooth typger central incisors are
abbrevated as UC(n=12) upper lateral incisors are abbreviated as (1), upper
first premolars are abbreviated as UPW6); and upper second premolars are
abbreviated as UPM@=7).

The sample used in this research was determined by a number of faltofisst
criterion used in selection was that all individuals in this study should come from the
same time period.é. Postclassic) and relatively the same social stasig)dicated by
previous archaeological amibarchaeologicdindings at Lamanail@ang, 1990;
Pendergast, 1981a; Penderga881b; Williams and White, 2006According to
previous research (Lang, 1990), there is sufficient evidence indigatiigduals
belonging to the N/10 structuresmprise a relatively homogenous and potentiaitijr

status population from the Postclassic esadescribed in the previous chapter.
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Table2: Summaryof sample group (N=26jom a Postclassic Lamanai site, containing
teeth deemed suitable fdris research and belonging toeaf the four assigned groups.
Data for individual determined sex obtained from Williams and White (2006) and White

(1986).

Group | Individual Individual ID Sex* | Tooth Types Dental

Number | Number Number Modification
1 1| N10-1/2 M UCI + UPML | Present
1 2 | N10-2/20A0r B U UCI + UPM2 | Present
1 3 | N10-2/21 U UCI + UPM2 | Absent
1 4 | N10-2/21A U UCI + UPM1 | Absent
1 5| N10-2/42B I UCI + UPML1 | Present
1 6 | N10-4/01 U UCI + UPM2 | Present
1 7 | N10-4/43 M UCI + UPM1 | Absent
1 8 | N10-4/46CLarge | U UCI + UPM2 | Absent
2 9 | N10-4/19 I UClI Present
2 10 | N10-4/31 F UCI Present
2 11| N10-4/35 U UCI Absent
2 12 | N10-4/46A M UCI Absent
3 13 | N10-2/49 U ULI Absent
4 14 | N10-2/22 M UPM1 Absent
4 15| N10-2/40 F UPM1 Absent
4 16 | N10-4/10 M UPM2 Absent
4 17 | N10-4/33 F UPM2 Absent
4 18 | N10-4/46CSmall | U UPM2 Absent

*M=Male; F=Female; U¥lnknown I=Indeterminate

Because the individuals within these structures share a common geographic
location, as well aa similar social status, it is expected that the chemicals exhibited in
teeth fromthese three structures should exhibit similar elemental patterns as well.

The second criterion used in selection was relative abgieh wasconsistently
determined by the presence of multiple adult (i.e. permanentieciduous) teetm the

individual The third criterion was that individuals selected should exhibit the same tooth
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types in both location and dental growth progresdionrder forthe data collected
throughthis project to beonsistent andomparablevith other bioarchaeologicaind
forensicliterature (e.g.Austin et al., 2013; Castro et al., 20DmIphin et al., 2005;
Dolphinand Goodman2009; Hare et al., 2011; Kang et al., 20@hly permanent

(adult) maxillary (upper) teeth were selected for use.

In addition, to maintain as clesa consistency in age range as possible, based on
average development of maxillary teeth, only upper central incisors (UCI), upper lateral
incisors (ULI) and upper premolars (UPMgreselected for us& hese four typeef
teeth were selected for use Imstproject, since these were the teeth most available across
all individuals.Permanent upper central incisors haweavn formation completion time
of 4-5 years of age and a&nuption time of 78 years of ageLogan and Kronfeld, 1933;
Ubelaker, 1989)Permanent upper lateral incisdva@ve a crown formation completion
time of 45 years an@n eruption time of-® years Logan and Kronfeld, 1933jbelaker,
1989).Permanent uppsdirst (third) premolarshavea crown formation completion time
of 5-6 years ad an eruption time of Q1 yearg§Logan and Kronfeld, 193%;iversidge,
2016. Finally, permanent uppesecondfourth) premolarshave a crown formation
completion time of & years and@n eruption timeof 10-12 yeargLogan and Kronfeld,
1933;Liversidge, 2016. Thus for this study, thenaximum age rangef dental tissues
observed wad-7 years for the crown portions anelZ years for the root portions.

The final criterion used in selection was evaluating the teeth for any signs of
cracks or trauma. Ehpurpose in using teeth witbw or no cracks present was to
minimize the potential influence of diagenesis on the tpoglservation and

consequential elemental distribution (Kohn et al., 1999; Willmes et al., 2016). It is
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important tonote that only higly visible cracks or trauma (i.e. broken teeth or cracks that
could be seen with the naked eye or through magnification using a magnifying lens) were
discounted. It is possible that some teeth exhibited microcracks which the observer could
not recognize.

Teeth exhibiting prominent pathological conditions (e.g. dental caries) were also
excluded. However, teeth containing visible dental calculus deposits but maintaining an
overall preserved shape were still considered viable for use in this projecttagbuil
calcified plaque is considered to bpathological condition that primarily occupies the
surface of the tooth enamel and dentine during its early stages (Hillson, 2005; Lieverse,
1999). Only teeth containing surface calculus deposits that showédebn@eidence of
penetrating into the dentine or enamel were utilized in this project. All dental calculus
observed on teeth used in this projeerescored following the Brothwell method
(1981), prior to being removed through the cleaning process.

In addition, following the same criteria listed above, three test teeth were also
selected from group ofunproveniencd teeth fromLamanai. These teeth included one
upper canine, one upper central incisor, and one upper premolar andesigreated
usable asest teeth for comparative purposes oalythey were nassociaté with a
particular individual or group.

Sample size consisted 26 teeth (N=26) selected from 18 individuals. Some of
the individuals selected still maintained teeth embedded witmpl=de or mostly
complete alveolar maxillary bone. Thus, to remove teeth as needed, dental picks were
used to gently break away the alveolar bone until the tooth was able to be extracted

without damage to the tooth root. Once removed, teeth were plaoesmatl plastic
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bags, separated and labeled according to their individual identification nuFhleetieeth

were then sorted into four groups based on availabilitydewélopment (Table)3

Table3: Four groups (G1 through G4) 08 Individuals sorted based on tooth
availability.

Group 1 (G1) Individual contains both usable UCI and UPM.
Group 2 (G2) Individual contains usable UCI.

Group 3 (G3) Individual contains usable ULI.

Group 4 (G4) Individual contains usable UPM.

TeethPreparation

Cleaning

Selected and sorted teeth were cleaned in order to remove any excessive, adhered
dirt or dried clay, as well aany adheredemnants of alveolar bonall teeth(N=26)
were cleaned using soft bristle toothbrushes and distilled demi(iDDI) waterAfter
they were clean, teeth were left to dry overnight on brown masking paper before being
placed back into sterile, atight plastic bags. Each tooth was placed into a separate
sterile plastic bag, marked, and stored in theairditioned Anthropologyl aboratory at

the National Center for Forensic Sciendd¢QFS until embedding.

Embedding

In order to keep individual teeth mounted and to prevent cracking durinlithe
sectioningprocess, teeth were embedded in exdtting epoxy resinViaterials included

Epofix™ Cold-Setting Embedding Resin (Electron Microscopy Sciences,-F)32
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Epofix™ Cold-Setting Embedding Hardener (Electron Microscopy SciencesH232
disposable paper cups, small wooden spatulas (tongue depressors), Siicorhar
molds (approximately 5cm diameter), a digital weight scale, and a depression chamber.
During the embedding process, teeth were initially placed imsigiedsilicone
mold containers (two teeth per containé&ach container was labeled with the
indi vidual 6s i dent i f i c-settingoesin mixturebvasrmadeyh e e p 0>
combining 25 parts by weight epoxy resin with 3 parts by weight epoxy hardener. The
two liquids were combined within a sterile paper cup and stirred for approximately two
minutes until air bubbles otd be seen within the mixture
The epoxy resin mixture was then poured into the embedding container until the
top of the teeth were completed covered by the mixture. In order to reduce the number of
air bubbles and speed up therdening process, the epefifjed containers were placed
inside a pressure chamber, set at approximateB520si, for 24 hours, and then

removed after releasirtge presste from the container (Figued.

Figure4: Two tes teeth embedded in hardened epoxy resin (left) and the silicone mold
previously containing resin with teeth (right).
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Sectioning

After embedding teeth ihardened resin, the teeth inside resin molds were
mounted andectioned in order to create thin, hageaously flat slices, as suitable for
analysis via LAICP-MS. Sectioning materiaiscludedBuehler IsoMet® Low Speed
Saw (| WWeBudler 80 15HC diamond wafering bl
size),Buehkr countetrbalance weights, and distilled tea(Buehler, 1992)During all
sectioning, the wafering blade was lubricated in a distilled water bath to prevent
overheating and to ensure effective, clean cutting each @manterbalance weights
(totaling 100g) were also used to keep the level (daiging each embedded tooth
sample steady during the cutting process.

Prior to making sample cuts, the wafering blade was dressed using a dressing
stick to expose the abrasive grain on the blade and to prevent contamination (dressed five
timesprior to ushga new blade, dressed twipgor to using a previously usdalade and
twice betweerevery twosamples

Teeth within the same epoxy mold were first separated from each other by cutting
the circular mold near the center, creating two semicircle pidaesio, ead containing
one toothAfterward, eaclsemicirclesection containing one tooth was sliced down
around the edges until the blade could be positioned in such a way as to cut the whole
tooth (crown and rootjlirectly in half down the center ofdhooth, in the anterier
posteror or linguatlabial direction (Figuré).

Once the tooth was cut in half down the center, an additional thin slice is cut
across the top of each center half. For each tooth, two or three approximately-two 1%

2mm longitudindsections were removed from the center, using 200 rpm speed
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(Figure6). After being cut, each tooth slice was placed and sealed into a new 50mm by
100mm sterile plastic bag for storage and to prevent contamination prior to the elemental

analysis.

Figure 5: Exampleof a tooth embedded in resattached to the support athat has
already been sliced down the center in the lindaiaial direction.

Figure6: Exampleof a tooth slice from tooth sgite N164/33 UPM2.
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LA-ICP-MS Elemental Analysis

The analysis of elementgas performed used a 266nm (Nd:YAI200
Femtogcond Laser Ablation Instrument, located at NCFS near the University of Central
Florida (UCF) main campusnstrument parametergere etablishedduringthe analysis
of the initial three test teetfféble 4.

After these method parameters had been selected, they were saved under the first
met hod fileTeremblfimd&¥6d5Wor ksheet and main
throughout the remaingnteethsample analyses in order to promote the highest degree of
accuracy for future quantitative analysis, while also reducing analysis time. Each new
elemental analysis of a different tooth sample involved using the established protocol
saved on the coputer file and simply editing the file name with the corresponding date
and/or tooth number and saving the new, edited file each time.

Analyses were carried out with the focused laser ablation spot size at 100um,
maintaining a laser repetition rate of 1I)knd maintaining a carrier gas flow rate of
0.6L/min and a makep gas flow rate of 0.58L/min.

Following general LAICP-MS operating procedures, each morning the
instrument underwent a startup procedure, first by turning on the cooling unit (vacuum
systan) and then waiting a few minutes before starting the M3plasma. It took
approximately 15 minutes to warm the plasma. After the plasma had warmed, the system
was brought online and the sample chamber was purged to minimize contamination of

gases in thehamber.

43



Table4: Operating parameters and conditions for elemental analysis HZPAS.

Parameters Values

Laser Ablation
Laser type Nd:YAG
Wavelength 266nm
Carrier gas (He) flow rate 0.6L/min
Make-up gas (Ar) flow rate 0.58L/min
Spot size 100pm
Velocity 0.1mm/s
Laser repetition rate 10Hz

Sampling scheme
Distance between ablation lines

Pre-ablation

Preablation time
Laser delay
Spot size

ICP-MS

Plasma flow rate

Auxiliary gas flow rate

Nebulizer gas flow rate

Torch alignment sampling depth
Plasma RF power

Pump rate

Stabhlization delay

Isotopes measured

lon Optics

First extraction lens
Second extraction lens
Third extraction lens
Corner lens

Mirror lens left
Mirror lens right
Mirror lens bottom
Entrance lens
Fringe bias
Entrance plate

Pole bias

Rastering (horizontal line pattern)
~0.111um (vard by sample)

11.00s
11.00s
100pm

9.0L/min

1.20L/min

1.12L/min

5.0mm

1.25kW

10rpm

10s

12,13(:’ 19F, 24Mg, 27A|, 31P, 328, 44Ca’
47Ti, 51V, 52,53Cr’ 55Mn, 56Fe, 60Ni,
GSCU, GGZI'], BSKI’, 85Rb, 86,87,885r’
1168n,137'1358a, 206,207,20pb

-82volts
-525volts
-525volts
-450volts
93volts
63volts
37volts
5volts
-2.5volts
-90volts
-2.0volts




After warmup, daily tuning or optimization was also conducted using the
National Institute of Standards (NIST) Glass 610, as is standard when conducing
optimization techniques (Lin et al., 2016). Prior to each tooth analysis that took place in
the morning, the optimation would scan for approximately 30 minutes to prepare to the
instrument. In addition, prior to each tooth sample being loaded into the sample chamber,
the system glass chamber slot was also cleaned with a contamination wipe and a small
amount of ethyalcohol, and the gases in the chamber were also purged (approximately a

five-minute process) to prevecbntamination.

Individual Tooth SamplBarameters

Each tooth slice sample was mounted to a black loading disc (approximately
5.5cm in diameter); to prent movement during the laser ablation process, the tooth slice
was also mounted to the loading disc, with the corners of the resin slice tapped to the disc
to prevent the sample from shifting during the laser ablation process. Once secured to a
disc, the tooth sample was then inserted into the platform disc space within the center of
the loading stage, leaving a small depression/margin between the level of the tooth and
the level of the top of the platform (approximately 5mm space). This was determined t
be the best distance from the laser to the tooth to allow for optimal scanning and maintain
minimal damage to the tooth surface itself during the scanning process. The disc was also
rotated in order to keep the tooth slice parallel relative to the scarhreeloading stage
was then inserted into the scanning platform.

Two computer monitors were used to conduct each elemental analysis. The first

computer screen (Screen 1) contained all controls for sample loading, pattern creation,
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and other manual lasparameters. The second computer screen (Screen 2) contained all
automatic protocols of the elemental analysis method and was also the screen were each
elemental analysis was recorded and stored.

After a sample was inserted into the sample chamber, oeiStifdne AL o ad
Sampl ed but t whichwaughthe cerdeb df thedplatform (and the
approximate center of the tooth)line with the laser overhea®nce loaded into the
sampling chambethec ha mber was HApurgedo ofngtheossi bl e
APurgeo button |l ocated under t laproXinatelg 06 t ab
five minutes. Meanwhile, as the system was purgasgreenshot was taken using the
macracamerdens viathe cameiac on | ocat ed wunderhetasee A Oper a
screen main page.

The camera was then switched to the microcamera lens and refedhsedising
t he fAaut of ousingthé scrbllbaotatecon the lefhand side of the screen to
manually focus the lens in microcamera mdskchingprotocolwas therimplemented
usingthen St i t chi ngo tab | ocated under Operati ol
parallels lines, depending on thize of the tooth slice. The result of the stitching
protocol producea crosslattice image (se€igure 7), whichallowed for more precise
placement of the pattern lines.

After stitching, a pattern was established for each tooth using the pattern settings
availabl e under Figurbk®. Pdit&mene areatedby first dorstouctiag
a diagonhline between two points, one point being the top left corner of the stitching
pattern, just above the tooth slice, and the other point being the bottom right corner of the

stitching pattern, just below the tooth slice.
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Figure7: Exampleof stitchingfrom tooth sample N:@/10 UPM2 Note the boxes
representing separate frames that have been stitched together.

The number of lines of the pattern was then typed into the corresponding box,
with this number varying depending on giee of the tooth. It is important to note that
the number of lines per tooth sample was determined when the distance between each
pattern line reached as close to Oyrhlas possible, as this spacing was determined
optimal for generating optimal, consisteesolution across all samples and to reduce
fractionation during ablatiorBecker et al., 200).

For each laser pattern, a box or rectangular shape was constructed, one that

covered the entire span of the tooth size. The pattern button of horizostét-avas

alwaysimplemented (see Figurg.8fter a large enough pattern had been established,
vertical (yaxis) and horizontal faxis) dimensions and the number of lines per sample
were recorded, as these numbers would later be used to create-thménsional maps.
Finally, the microcamera was directed to the approximate center of the tooth and a final

Afautofocuso was enabled to ensure all/l |
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Operation

l Components.

General l Recipe l Patterns Panel

|

Stage Rel. Steps (mm)
X Y z

= | 238849
Total Ver (mm) Verical Total Area (mm2)

) 93 Gl ouor | 046

" Macro Camera e | 7 || St |
BEECEROD

Figure8: Photoof pattern settingen Screen /[lincluding pattern icon and raster pattern
(circled), pattern dimensiondéttom two arrows and number of linesdp arrow).

Laser ablation pattern lines count and dimensions varied relative to tooth size. In
general, premolar slices exhibited larger disiens and required more ablation lines
than incisor slices, and thus premolars generally took about an hour locgengtete
the elemental analysikan incisors.

After apatern had been establishatleanalyticalmethod was editedsing the
AEdi hotMéet butt on | drcoader eo@dnsurenthatSeach eleanentalanalysis
incorporated the entire laser pattern each time a new scan occueratttiod was
edited to adjust thelementakcanning time tonatcheachs a mp laseréAgay
CompletionTime. This updatednethod was then savagsingthe dateof the analysisnd
t oot h idemtity i thédfile name.

Whenthe purging was completed aitdvas time tacommence witlthe

el emental analysis, on Screend 2hy tihRe @idRumn o
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These buttons began the IKGFS data collection, including initial background elemental
scanning. After about 30 seconds of backagr
Screen 1 was then selectédaserdelay of 11svas enabled (las@arametersTable 3.
After thelaser delay of 11s and stabilization delay of (l@ser parameter3able 3), the
laser then began firing in the established pattern for the allotted time, while the second
monitor recorde@ll elemental intensities in thlmass spectrometer.

After each laser and elemental analysis was complgtedextfile containing the
element data waautomatically saved. e tooth sample wakenremoved from the
loadng chambernd theglass platform was cleaned wihcontaminationvipe and a

small amount of ethyl alcohol to prevent contamination.

Mapping

Maps were generated using MATLA&Bsoftware which is an arraypasedcoding
languageused primarilywithin mathematal and engineering applicatioimsorder to
create and procesariables The MATLAB® 2015a software wamadeavailable
through thdJCF license athe NCFSlaboratory In this project, hmaps were generated
within the Image Rocessing application, witthapscreated using matrices as variables
and square brackets alst construct arrays. All coding was inpato the Command
Window located on thBome screen.

In the MATLAB® software an overall coddor reading and generating maps
wasfirst establishedn the Command Window, whiatould then be editegach time a
new tooth file needed to be read, adjusting onlypdw@meters specific to that tooth file,

including dimensions, number of lines, and color saturgfagure9).
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¥ Editor - E\Teeth_maps\Isotope_mapH_170519T1_mode3_1.m

| Isotope_mapH_170802.m | Isotope_mapH_170519T1_mode3_1.m | + |

a|= clear all TD

2 %Read the file from LAT F

3 - data = readtable( i

4 %tdata = dlmread('./1

3

[ idata.Properties.VariableNames;

7

g

g —

10 —

11 - lines = T71; %n lines

12

13 %obteained parameters to data cut and build map

14 — smth_MIsotope = smooth(data.M13,10, 'sgolay',2); %smooth process for the sample

155 dy=diff (smth MIsotope)./diff(data.Scan);

16 — dx2=data.Scan(2:end) ;

17 - [~,1locsP] = findpeaks (dy, 'MinPeakHeight',3000): -
Command Window @

B Editor - E\Teeth_maps\170802\Isotope_mapH_170802.m

| Isotope_mapH_170802.m | Isotope_mapH_170519T1_mode3_1.m | + |

17 = [~,locsP] = findpeaks(dy, 'MinPeakHeight',3000); TD
18 — dy_inverted = -dy;

19 - [~,locsN] = findpeaks(dy_inverted, "MinPeakHeight', 3000);

20 — pl = round((locsN(end) - locsP(1l))/lines); %number of points by line E
21 - a = (locsHN{end) - (pl*lines))+1; %first point in the raster

22 — b = locsN(end); %last point in the raster

23

Figure9: Screenshoof overall coding parameters for creatimgps.

The command for data analysis was set
software to read the specific text fileat wasuploaded and typed into the codiad 3 in
Figure9). The matrix for eachmapwas established usingand yboundarieghat
matched the dimensions of the pattern created during the laser ablation process. For
example, lines 9 thugh 11 of codevere manually changed to match peecific
parameters (i.e. dimensions) of the laser abla@h time a new tooth file was uptted
and runLine 9 refers contained the xL input and corresponded to-thésxdimension
(i.e. horizontal length of the pattern). Line 10 contained the yL input and corresponded to
the yaxis dimension (i.e. the vertical length of the pattern). Linediitained the
number of lines and corresponded to the number of lines scanned by the laser of the

whole tooth.
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To generate a map corresponding to each desired isotope measured via the LA

ICP-MS instrument, each isotope scan number was input into theaprogru n d e r

and generated a corresponding figure numgee Figurel0). For examplefigure(1) had

a p

rint of 6C136

corr espon dwhishgs the sotapé e

13Carbor). Every color map background was set to jet (bluedidsiault in order to

maximize the color diversity seen inside the tooth and within the growth lines.

et 5L fr = ; ,‘,E:—a . L
? 7 ] D || Run Section k_LP

nt Sha

e B ‘f"] Breakpoints. Run Run and l% Advance Run and

:nt PE| | - ¥  Advance Time

EDIT

BREAKFOINTS RUN

=5-9-25-2017 » 170829 - N10-4_43 UPM

24 —

25
26

figure (1) ||
%smth_MIsotope = smooth(data.M13,10, "sgolay',2); %smooth process for the sample
I=sotope = smth MIsotope (a:b):

Matrix Iso = reshape (Isotope,[],lines).':

% = [(xL/lines): (xL/lines) :xL];

¥ = [(¥L/pl): (yL/pl):vL]:

image (x, y,Matrix Iso, 'CDataMapping', "scaled');

title('Isotopic distribution');

xlabel ('length (mm) ")

vlabel ('w

colormap

tcaxis ([ Isotope)]) %change color scale (using caxis)

colorbar ('Font3ize', B8)
truesize
print ('C13',
hold on

'-dpng"'}

EZ Editor - FATEETH MAPPING\Updated Files - 9-25-2017\170829 - N10-4_43 UPM\lsotope_mapH_170727T1_mode3 1.m
Isotope_mapH_170727T1_mode3_1.m ap

Figure10: Screenshoof coding for figure (1) map, which is the figure fé€arbon.

Although many isotopes were analyzed atored via LAICP-MS, onlya portion

of isotopeswvere selected for mappinglements selected for mapping of teeth were

Aprin

M1 3

chosen due to many of these elements being biologically essential within dental tissues

(Fraga, 2005; Reynard and Balter, 2014) artéially informative for answering

research questions, in comparison with previous dental and anthropological research

(e.qg., Arora et al., 2011; Austin et al., 2013; Guede et al., 2017; Hare et al., 2011,
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Humphrey, 2016; Tanaka et al., 2004). Oftitaee elementselectedpne stable isotope

that is naturally occurring and generally abundant was also chosen per element to use for
the mapping portion of this researéh.addition, the stable isotopef CaandP, while
theycomprisedhe matrix of the toit, were also mapped for comparative purposes.

Theseselectedstable isotopeare preseted in Table 5

Table5: Abbreviations of selected elements for mappihgir corresponding isotopes,
and the minimum number selected for thapspectral intensity.

ICP-MS Isotope Minimum Starting
Scan Number Spectral Intensity
M13 13Carbon 3C) 50000

M24 2"Magnesium *Mg) 5000

M27 ZTAluminium (7Al) 5000

M31 3phosphous £*P) 50000

M44 44Calcium (“Ca) 50000

M47 ATitanium ¢'Ti) 5000

M52 52Chromium f2Cr) 50000

M55 **Manganese®fMn) 50000

M56 56ron (°Fe) 130000

M66 66Zinc (66Zn) 10000

M88 88Strontium ¢8Sr) 50000

M138 138Barium ¢3%Ba) 50000

M208 208 ead ¢o%Ph) 500

After thetext file was uploaded to the MATLAB programand paramiers were
adjusted according to tFRwuencompasepusiHed,c t oot h
generating a map corresponding to esedmn number.

Mapping parameters were adjusted, and maps were rerun as needed. For example,
the saturation of colan the mag(i.e. thecolor scheme scale seen on the Hgand side

of the map) was adjusted at the %caxis dode(e.g. line 3 in FigurelO) in order to
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maximize color diversity depicted inside the todElach isotopavas given aninimum
spectral intensity levebf saturation levg| varyingdepending on the expected levels of
intensity to be seen (according to previous chemical and anthropological research) and in
relationship to the backgroummatensity levellt is important to note that thainimum
and maximunspectral intensityyumbes were adjusted according to the relative
intensities exhiled per individual tooth slicésee Tablé&). All generated maps (338
images in total) were saved as .png files and are available in the Appendi
Mapswere scored accoirt to the relative spectral intensity of the sample
background and theolor spectrunscalemade available on the righand margirfor
each individual maprlhe relative intensity of each isotope at eafinedtooth location
for all teeth (N=26) was recded using the following foypoint qualitative scaleno
intensity detectioiN/A), low intensity (LOW), moderate intensity (MOD), and high
intensity (HIGH). These descriptive values were assigmmedrding to where on the

relative scale thdetection ocurred(Figure 11).

HIGH (YELLOW-RED)

MODERATE (TEAL-GREEN)

LOW (DARK BLUE-LIGHT BLUE)
NO DETECTION (INDIGO)

Figurell: Example of relative spectral intensity scale with assigned qualitive values.
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No detection was defined at O or as matching the background indigo color. Low
was defined between the dark blue anttliglue region. Moderate was defined between

the teal and green region. And high was defined from yellow up to the red region.

Statistical Analysis

Using Microsoft® Excel 2016 frequencies were calculated of relative intensities
of eachisotopeobserved agach tooth location. Fatatisticalpurposesthefour-point
scale waslsoconverted to the following ordinal value® intensity detectio(N/A)=0,
low intensity=1, moderate iansity=2, and high intensity=Relative fequencie®f each
isotope obsered at all tooth locations for all teeth was calculated by adding up the total
number of times the isotope was detected (whether low, moderate, or high) and dividing
by the maximum mummer of times an isotope could be detebieal.frequencieof

isotopeoccurrence based otooth location and tooth typeere also calculated.
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CHAPTER FOUR: RESULTS

Resultsconsistof four mainsections focusing on toothcation and toothype
(UCI, ULI, UPM1 andUPM2). Results are presented in the following summabieta
(Tables 6 throulg 14), a scatter plot (Figur&)l andexampleimagemaps (Figures4
through30). Relative frequency data &sopresentedn Figures B through B, while
total frequencydatais also presenteid Figures 31 and 2. Resultsfor the cetection of
relativeintensities of each isotopeill be presented in the followingrder:*3C, 2*Mg,
27, 3P, #4Ca, 4Ti, 52Cr, >*Mn, >°Fe, ®Zn, 88Sr, 138Ba, and?*®Pb. Results for isotopic
detectiors at each tooth location will be presented in théotwing order: Enamel

Surface, Inner Enamdhner DentineEDJ,DPB, and Outer Root Border

Overall Detection andistributionof Isotopes

All 13 isotopesselected for analysis and mapping using thelCR-MS were
detected throughout the entire sampleéeath (N=26) at some capacity, whether at low,
moderateand/or high intensitgndwith the majority of isotopic detection being at low
intensity.However, at only moderate and high intensities oeralldetection and
distribution of isotopes teeth vas mordimited (Table 6).

Isotopes“Ca ancf!P, which help compristhe fundamental chemical
composition of teeth, were detected at the highest frequency of all isotopes and were
commonly distributed throughout the entire cresstonal area of the tab (Table 7. In
addition,*Ca and®'P exhibited more consistent, homogeneous distributions throughout
the tooth, with overall moderate-high intensity detection occurring at all defined tooth

locations. The isotop&Ti also exhibited a generally homemeous distribution
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throughout the tooth but had an overall low intensity detection. In comparison, the
remaining 10 isotopes exhibited more heterogeneous distributions, with the two most
common locations for low, moderate, and/high intensity detectioglibe enamel

surface andhe outer root border (Tablg.7

Table6: Summaryof isotopes detected at moderate and high intensitiesabelgch
defined tooth location.

Location IsotopedDetected

Crown

Enamel Surface 13C,2*Mg, 3P, **Ca, *Ti, >Mn, °Fe,
662n1 208Pb

Inner Enamel 2%Mg, 3P, *Ca, 4'Ti, Mn, 88Sr

EDJ 13C, 24Mg, 31P,44C3, 55Mn, SBSr’
1388a

Root

Inner Dentine
13C, 24Mg, 31P,44Ca, 47Ti, 52Cr’
55Mn GGZn 88Sr 1388a
DPB
13C, 24Mg, 27A|, 31P,44Ca, 52Cr’
55|\/|n 56Fe GGZn 888r 13883. 208Pb
Outer Root Border
13C, 24Mg, 27A|, 31P,44Ca, 47Ti, 52C|',
55|\/|n 56Fe GGZn 888r 13883. 208Pb
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Table7: Average frequenciesf isotope detecte@ndhighest detectiotocatiors acrcss

all teeth (N=26)This includedmoderate and high intensitiesly.

Isotope Detection | Highest Detection Location Classification

“Ca 69% Inner Dentine Essential

31p 67% Inner Dentine Essential

883y 54% Inner Dentine / Outer Root Nonessentil
Border

13834 53% Inner Dentine / Outer Root Nonessential
Border

56Fe 38% Outer Root Border Essential

66zn 36% Enamel Surface Essential

2"Mg 28% Inner Dentine Essential

208pp 24% Outer Root Border Nonessential

13C 21% Inner Dentine / Outer Root Essntial
Border

55Mn 16% Outer Root Border Essential

27A 8% Outer Root Border Nonessential

52Cr 7% Outer Root Border Nonessential

AT 4% Outer Root Border Nonessential

Total Frequency of Detection

Overall, all of the teeth exhibited some level of eaclojgetat varying intensities.
The average df'Ca displayed thenost moderate to higlhequency of detection with
69%, followed by>P with 66 detection a