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Abstract

The number of human remains found annually that are stitlemtified after investigation
using conventional means is unacceptable. The main olgeatithis thesis has been to
develop a set of new forensic human identification toolswikhelp to reduce the num-
ber of remains that go unidentified each year. Stable andgadic isotopes and trace
elements found in human tissue can provide a chemical fiyistban individual’s origin
and migration during life. This information may prove invable in a forensic investiga-
tion. Application of isotopic and elemental intelligen@e forensic human identification
is in its infancy and to date there are no validated publissygatial prediction isotope
models (isoscapes) for human tissue other than for hairIf1his study, a collection
(adult) human teeth originating from 5 countries (Iranglr®man, UAE and Yemen)
in the Middle East were analysed for their oxygen and stuomtisotopic and trace ele-
mental composition. The results yield information aboet $patial isotopic variation in
the Middle East and show great potential for isotopic andetr@lement information as a
forensic tool. The major fruits of this thesis are: the datitn of a model describing the
relationship between drinking water and tooth enamel gaat®oxygen isotope compo-
sitions, and the development of new tooth enamel oxygen taodtgim isoscapes for the
Middle East. A multivariate trace element model has alsamlpFeduced for the Middle
East. All the models have been shown to improve the likelihofidentifying the origin
of human remains, particularly when the methods are combiAkso investigated in this
thesis is a new probabilistic approach for the presentati@patial isotopic data that will

greatly facilitate the presentation of isotopic evidentéhe courtroom.






Destitutus ventis, remos adhibe

If the wind will not serve, take to the oars.

Latin Proverb
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Chapter 1

Introduction

1.1 Unidentified human remains: ‘A mass disaster over

time’

At the end of 2010, the bodies of 989 individuals found in th€ &ver the past 60 years

remained unidentified by conventional means [4].

The requirement for additional research into forensic huidantification has been high-
lighted in the past decade by a number of mass disastersatashocked the world. The
terrorist attack on the World Trade Centre on September 101 Bt 2,749 dead, 1,100
of whom remain unidentified after the forensic effort ende@®05 [5]. More recently,

the devastating Tohoku earthquake that hit Japan in Marth @@imed 15,642 lives with
5,001 missing or unaccounted for [6]. With losses like thesaurring in isolated disas-
ters, it is easy to overlook the scale of the problem occgrevery day. According to the
National Policing Improvement Agency - Missing Persons Buee[7], around 15 new
unidentified body cases are recorded each month in the UK.oA study by Cattaneo
[8], illustrated that from eight European countries (Denkndinland, Greece, Ireland,
Portugal, Luxembourg, Spain and Germany), of the 3035 dases/ing unidentified

human remains between 1994 - 1998 almost one third (807)eointthividuals remain



2 Introduction

unidentified. Nancy Ritter [9], suggests that in the US aldmezd are more than 40,000
sets of human remains held in evidence rooms that cannoebéfidd by ‘conventional

means’.

The reason for the high number of human remains that are ntrfiee globally can be

attributed to a number of confounding factors. Forensiouases and personnel involved
in the identification of human remains are overwhelmed bynilmmber of cases [8, 9,
10]. Commonly used techniques such as DNA, fingerprintingamparison of dental

records rely heavily on reference databases such as the GetnbBINA Index System

(CODIS) inthe US and the National DNA database in the UK. Tliesabases are heavily
biased towards convicted criminals hence a large numbenideatified remains do not
appear in the databases. DNA evidence may also become ddgrétti time and become
unmeasurable. This is particularly true if the individuaktbeen buried for a long period
of time as is often the case in mass graves from war crimesasittiose from the Spanish

Civil War.

Identification is further complicated by the fact that thejoniéy of the modern human
population has access to international transportatiostwnas led to diverse multicultural
populations in many countries around the world. Keepingktiat such rapidly changing
populations is near impossible and unidentified remainsodanger be assumed to have
originated locally, or even nationally in a great numberades. Of course it is often the
relatives who suffer worse when a family member goes missinghen a body cannot
be identified from a mass disaster. They are left not knowihgtier their loved one will
return or if they will ever be given a proper burial. In criralrcases it is very difficult to

prosecute when the victim cannot be identified, hence gpisannot be served.

Analysis of stable and radiogenic isotope composition aacktelement concentrations
in human tissue can provide forensic investigators withitamfthl information that may

prove vital in the identification of unknown remains. Due hemical and environmental
processes that shall be discussed later in this thesissdhapic and trace element com-

position of human tissue varies spatially across the glolibat analysis of these signals
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may allow an unknown individual to be linked to a geograpkigion.

1.2 Research objectives

The number of human remains found annually, that remainemtified is unacceptable
and highlights the need for the development of new forermatst Therefore the main
objective of this thesis is to produce a new forensic tootteridentification of origin of

unidentified remains. This new tool shall be based on thesotind elemental compo-

sition of human tooth enamel.

In order to achieve this objective, this thesis aims to deiee the extent to which it is

possible to predict the origin of unidentified human remdased on the oxygen and
strontium isotope and trace element ‘fingerprint’ storedooth enamel. This is not a
novel question in itself, as strontium and oxygen isotopegarticular have been used
for over a decade in archaeological studies to identify atign patterns of ancient pop-
ulations ([11, 12, 13], see Chapters 2 and 3). However thdcgtian and the methods
of data analysis used in this thesis offer an innovative @ggr to the provenancing of
modern human remains. Only a handful of studies have atehriptapply these tech-
niques to modern humans and those based on ancient popslat®generally limited to

small geographical regions. This thesis aims to answer sfitie questions that are not
answered by these previous studies and provide the firstgasha spatial prediction

model based on the isotopic and trace element composisosdape, [14]) of modern
human tooth enamel. Most previous examples in the forentsialure have been based
on individual case studies, focused on a small geograpareal [15, 16, 17, 18]. These
studies have mainly compared values measured in the saripieiest to a number of

reference samples from possible locations of origin, setebased on forensic intelli-
gence. There are currently no published spatial modelshiptediction of origin of

human tissue except fét*0 andsD in human hair from the US [1].

This thesis attempts to examine the spatial isotopic amdesial variation in tooth enamel
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samples from the Middle East and to use the information gatht produce the first
spatial exclusion models (isoscapes, [14]) for the deteation of origin of unidentified
human remains in the study region. This is an area of inteseatnumber of reasons that
will be discussed further in Section 1.6. The thesis wilbatensider the way in which
isotopic and trace element data are presented. Until igdsatopic information gathered
in a forensic investigation has been used for intelligenog@ses but is not necessarily
presented in court. This study will use statistical methaaisently being employed for
the tracking of bird migration [19, 20] in order to transfosmatial isotopic data into spa-
tial probability of origin. By presenting isotopic evidenas a probability or likelihood
it is more likely to be understood by a jury and is thereforaerikely to be admissible
in a court of law. This is the first example of a ‘probabilitytscape’ being produced to

present isotopic data from human bone and tooth material.

1.3 Research assumptions

A number of assumptions have been made when producing tie@usaspatial models
presented in this thesis. These will be covered in the ratesfzapters. However a number
of general assumptions have to be made that cover the extinig thesis and may apply

to other isotopic and elemental studies of human remains.

The main difficulty that arises from the provenancing of ntodeuman tissue samples
based on the isotopic and trace element analysis is that siggzals are determined by the
diet consumed by an individual. In today’s developed modewiety, particularly in the
western world where people have convenient access to fosup@rmarkets, individuals
have a much wider choice of food products than they did juStyi€ars ago. Non-local
foods, imported foods and mass produced foods are now alinmotly available to the
modern consumer thanks to improved transportation and poeservation methods. As
will be discussed further in Section 1.5.1 consumption af-texal food products could

lead to a significant shift in isotopic composition of humasue, limiting the extent to
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which an isotopic signature could be linked to a geographagion. The scale of the
isotopic shift will depend largely on the proportion of nlmeal food consumed and will

be different for different cultural populations (see Sewti.5.1).

For the purpose of this study, an assumption has been madbetraain source of hydra-
tion of the sampled individuals, including water for washend food preparation, will
have come mainly from local water sources and that at leasi@ogtion of the diet con-
sumed will have originated locally. The validity of this aggption should be fairly easy
to determine as if individuals are not consuming local waied food then one would

expect no spatial pattern in the isotopic or elemental walue

The second assumption is that due to the Middle East teethlsarbeing modern, they
will not have undergone any diagenesis that may alter analyneasurements and that
any surface contamination has been removed by the samptesptenent. This is a rea-
sonable assumption as none of the samples used in this stwdyelrer been buried or
submerged in a reactive agueous environment so there hasbegpportunity for con-

tamination or secondary mineralisation that has been shoV@ad to a change in isotopic

or elemental composition in archaeological samples [21].

A third assumption is that the location of origin providedthg sampled individuals is
accurate and that the individuals did not travel from thgior for a significant period of
time during their childhood. All individuals who donatedhgales were asked to fill in
some personal information by Al Na'imi [22] and it has to bewsed that the information
provided is accurate. This is an assumption that has to be nmadny study utilising

spatial data derived from human samples. As with all foressidies, a good chain of
custody for the samples can reduce the chance of error.e@uitthi the data may provide

some indication of inaccurate spatial data for known sasple
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1.4 Research hypotheses

Based on the overall research objectives and assumptionsylaen of hypothesis will be

tested during the scope of this thesis:

1. Thed'80 isotopic composition of human tooth enamel carbonateréstly related
to thes'®O isotopic composition of local drinking water and therefehould prove

a viable method for the determination of origin of an indivedl

2. It is predicted that current isoscape models of tH® isotopic composition of
precipitation may not sufficiently explain the variationthre Middle East due to

limited data for this region.

3. The®"SrfoSr isotopic composition of human tooth enamel is directlgitesl to the
87SrP°Sr composition of an individuals diet which in turn is rethte the®”SrfSr
composition of the source region based on underlying sall gaology. Hence
87SrPSSr composition of an individuals tooth enamel should offeiralication of

their origin assuming that the majority of their diet waseual locally.

4. Trace elements are transfered from underlying geologytire food chain. These
trace elements can be incorporated into human tissue thiiatary sources. Hence
it should be possible to differentiate between modern hupmgulations consum-

ing diets from different regions based on trace elementeatnation.

5. The oxygen and strontium isotope and trace element ctnat®m models can be
used to exclude regions of unlikely origin for an unknownwbal. By combining
each of these ‘exclusion layers’ into a multi-layer ‘siayiprobabilistic model it
should be possible to significantly reduce the area of plessiigin of an individual
therefore increasing the likelihood that an individual tenidentified as shown in

Figure 1.



1.5 The elemental and isotopic ‘fingerprint’ in human tissue 7

(A) —_— (B) _— ()]

Figure 1: Anillustration of a multi-layer exclusion ‘siexg’ model where each layer A-C
reduce the possible area of origin of an individual.

1.5 The elemental and isotopic ‘fingerprint’ in human

tissue

The phrase ‘you are what you eat’ has become almosté&litmodern western culture: a
term used to describe the importance of healthy eating feadiliy body. From a chem-
ical perspective this phrase is not far from the truth, wiit ¢heing the main source of
nutrients for the growth of human tissue. A number of archagoal studies in particular
have been able to take advantage of this to determine tharglieabits of ancient civili-
sations. For the purpose of this thesis, it is not ‘what yauteat is important but ‘you
arewhere you eat’. Chemical signatures in food vary spatially acrbssgiobe due to a
number of environmental, chemical and geological factdreat ‘signature’ can become
incorporated into human tissue so that if the spatial vianadf that chemical signal is
understood, it could be used to deduce where that humar tisgyinated. This thesis is
concerned with oxygen and strontium isotope compositiahteace element concentra-
tions of human tooth enamel: the factors leading to the apairiation of these chemical

systems will be discussed in Chapters 2,3 and 4.

Within the tissues of the human body is a wealth of spatiafraébal information dating
from early childhood through to present day that can be @il gignificance to the iden-
tification of unidentified remains. Blood, urine and body watee in constant chemical

equilibrium with an individuals diet, with a turnover timéloours to a few days and can
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be used to give an indication of an individuals most recenteneents. Hair and nalil
contain a chemical record of between 14 days up to 20 mon8jsajid can be used to
track recent migration of modern individuals [23]. Hair amall have been mostly used
in modern cases due to the non-invasive nature of samplimggdnic material such as
the bio apatite in bone and teeth offers an insight into aividdals past migrations but
are only useful in cases involving the identification of aeksed individual due to the
invasive nature of sampling. As such there are very few tepafrbone or teeth being
used in modern forensic cases although the archaeologerakure is relatively rich (e.qg.
[24, 16, 13] etc.). Bone is in constant equilibrium with bodgter but takes approxi-
mately 5 - 10 years for full turnover in trabecular bones. (r®) and around 25 years
for full turnover in long bones (i.e. femur). Hence bone offa good indication of an
individuals later migrational history. Human tooth enariwems during early childhood
(~ 0 - 14 years [25]) and can offer chemical information on thegyaphical origin of

an individual. It is tooth enamel that shall be the main foolithis study, although the
methods used to produce spatial prediction models of awithdils origin in the later

chapters of this thesis are transferable to any tissue.

1.5.1 The effect of modern ‘supermarket’ diet on the isotopic com-

position of human tissue

The isotopic composition of a human population at a giveatioo is determined by the
food and water that they consume. A number of archaeologtogies have been able
to use stable and radiogenic isotopes to successfullyifgentgrants in a given pop-

ulation as the majority of food and water consumed withinsthpopulations would be
locally sourced due to the limited availability of importeEmbdstuffs [13, 24, 26, 11, 16].
However, in our modern 21st century population, intermeglly imported foodstuff has

become readily available thanks to globalisation [27] arelitnproved accessibility of
supermarkets. In one of the most influential papers conegtrontium isotopic compo-

sition of human skeletal material Beard and Johnson [28} ¢hatt ‘in the case of humans,



1.5 The elemental and isotopic ‘fingerprint’ in human tissue 9

the utility of using Sr isotopes to infer geographic infotraa is probably more difficult

than it was just two or three decades ago, because of increasienal and international
diversity of Ca (and Sr) sources in food’. As will be discusfather in this section, the
extent to which ‘supermarket culture’ has limited the usefgs of oxygen and strontium
isotope analysis in human provenancing studies is larggheddent on the proportion of
non-local foodstuff consumed which in turn is dependentepopulation being consid-

ered.

The proportion of imported foods consumed by humans is lsigheeconomically devel-
oped regions such as the United States, Western Europe pad [29] and therefore it
would be expected that the isotopic signal of human popmuriatin these regions would

be the most diluted from that found in local food and water.

The majority of stable isotope studies on human tissue hagesed on populations from
the United States of America. Due to the vast geographicdésuf the US, one would
expect the average food miles (i.e. the distance from fiefdrg of the general human
population to be large, even for foodstuff grown within tleiotry. The US Department
of Agriculture (USDA) [30] have shown that the average foatesfor a product in the
US is 619 miles. This is largely due to the spatial distribatof growing regions within
the US. For example the majority of sugar cane that is preecksito sweet products
originates in the southern states, Florida, Louisiana a3 while the majority of corn
is grown in the Corn belt in the Mid-West states. Therefore woald not expect to see
a correlation between the isotopic composition of foodstuén individuals average diet
and the isotopic composition of local drinking water. A nwenlf studies have shown
that this is indeed the case. O'Brien and Wooller [31] havenshiiat thed'*O andd*H
isotopic composition of the average human diet between wagphically distinct US
populations, East Greenbush (NY) and Fairbanks (AK) weaissically indistinguish-
able. The averag&'®O isotopic composition of food products for the two regiorerev
26£6 %0 and 247 %o but the range of isotopic compositions of food products laege
(3.0 - 32.4 %0). A study on the isotopic composition of food gwots from the US by
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Chessoret al [32] yielded a similar national average oxygen isotopic position (22.1
and 22.6 %o for supermarket bought food vs. restaurant bofagitt respectively) al-
though again the author concludes that there is signifiaffietehce between the isotopic
compositions of food types (i.e. dairy, carbohydrates, tineBhese results support the
existance of an US ‘continental supermarket’ culture. Aeotstudy by Ehleringeet al

[1] assumed that the isotopic composition of the human dietss the US could be con-
sidered to be the same due to the existence of this ‘conahsapermarket’ culture and
applied a value of 26 %o for th&'*O isotope composition of diet although they concluded
that the precision of the model produced in this study wagditnby scatter around this

dietary value.

Despite the evidence that there is no spatial differeotiatn the isotopic composition of
food stuff in the United states, the studies of Ehleringteal [1] and O’Brien and Wooller
[31] still succeeded in differentiating between indivitkirom different regions in the
US due to the maintained relationship between local dropkrater and hair keratin. This
suggests that the volume of locally consumed water is gjiliscant. O’'Brien used a two
member mixing model with local drinking water and averagaifoomposition as the two
inputs to determine that approximately 27% and 36% of oxyaysh hydrogen found in
human hair is incorporated from locally sourced drinkingieva Ehleringer produced
linear regression models between the oxygen and hydrogé&spis composition of hair
vs. drinking water (Figure 2) and a first order interpretaid these results suggest 35%
and 27% of oxygen and hydrogen in hair respectively is ino@fed from locally sourced
drinking water. Ehleringeet al used these results as the basis of a mechanistic model for
the prediction of5'*O andd?H in human hair that successfully describes 85 % of the

observed isotopic variation.

In a similar study based on individuals from Asia, Thompsobal [34] derived linear re-
gression models between the oxygen and hydrogen isotopeasaimon of hair vs. drink-
ing water (Figure 2) and a first order interpretation of theseilts suggest 40% and 42%

of oxygen and hydrogen in hair respectively is incorporétenh locally sourced drinking
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Figure 2: The relationship between drinking water and hutmgnA) 62H (a)y=0.78x-
49.5 [33], b) y=0.42x-75 [34] and c) y=0.27x-79 [1]) and 8YO (a) y=0.70x+19.2 [33],
b) y=0.40x+16.4 [34] and c) y=0.35x+15.2 [1]) isotopic camsftion reported in the lit-
erature

water. Clearly a higher proportion of locally sourced food aater is consumed in Asia
compared to the US population and this is to be expected dilne tiower proportion of
imported foods consumed in these countries [34]. Using nedahparameters it was
calculated that an average of 15 % of human diet comes froallyoproduced food-
stuff. Bowenet al[33] present data from geographically isolated indigenmysulations
collected during the 1930’s-50’s. Due to the isolation @l populations from the devel-
oped world it would be assumed that the majority of food anttweonsumed would be
locally sourced. The results suggested that approxima@dy and 78% of oxygen and
hydrogen found in the hair keratin was incorporated fronalaktinking water (Figure 2).
It was calculated that approximately 60-80% of foodstuféuwacally sourced. This study
also highlighted the danger of misinterpreting informaticom populations consuming a
high marine diet as the isotopic composition of hair is digantly enriched in the heavy

isotopes of oxygen and hydrogen in this case.
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1.5.2 The development and composition of human teeth

It is useful to briefly consider the biology of human teetheRyd Croft [25] provide a

good, basic introduction for forensic geoscientists. Maghans grow two sets of teeth
during their lifetime. The first set, known as the decidudaebfy) teeth start to develop
during gestation and are generally fully grown between tieect 2 to 6. The deciduous
dentition comprises 20 teeth. The deciduous teeth are gignést between the ages
of 6 to 14 years and replaced with a second set, known as tieapent (adult) teeth,

comprising 32 teeth. Each tooth consists of two main feafute crown and the root

(Figure 3).

Enamel

\

CROWN

\ Dentine
£ 5

Dentine

Cementum
—

Figure 3: A photo of the internal structure of a human tootthwie major components
labeled.

ROOT

The crown is the section of the tooth that is visible aboveghe and is comprised
of a hard outer layer of enamel with a softer inner layer oftiben The root com-
prises a cementum outer layer with a dentin inner layer. A malvity runs through
the centre of each tooth containing blood vessels that gupgigen and minerals for the
healthy development of the tooth. Tooth enamel dentin antkodum are all composed
mainly of the mineral apatite (carbonate-hydroxy apatiteich has the general formula
[Ca;o(PO,)s(OH),] butis more accurately represented by the formula [(Ca, g JMP Oy,
HPQO,, CO;)(OH,F,CI,CQ,0,[])] [35] due to the substitution of the phosphate and hy-

droxide moieties with ions of similar charge and radius sasltarbonate and fluoride.
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Trace element ions are able to substitute into the calciwndooation site of the mineral.
Tooth enamel is the hardest substance in the human body,ocseaf 96 - 97 % inor-
ganic mineral apatite [36]. Enamel is generally fully fouray the age of 14 [25] and is
not subject to exchange after formation due to its high Btalbnaking it a good indicator
of dietary inputs during the early stages of an individudésand may therefore provide

information about their origin.

1.5.2.1 The effect of tooth type on isotopic and elemental cqrosition of enamel

Crown mineralisation of human permanent teeth (other tharsétond and third mo-
lars) begins intra-utera and continues into the early yefekildhood with completion at
around 3-5 years of age. Second and third molars being faymkter in childhood and
continue to mineralise up to the ages~of and~16 years of age respectively [36]. Iso-
topic or elemental composition of tooth enamel in incisoes)ines and first molars may
be altered by the effect of the mothers diet during pregnasaysumption of breast milk
as an infant, diet during weening and early childhood pHggipas well as the isotopic
composition of local water and dietary sources. As suchrsgend third molars are the
tooth of choice in previous studies [16, 15]. Obtainingai¢ second and third molars
for large scale studies is challenging and as such the talction used in this study
is a collection including incisors, canines and premolas)e only 66 % of the collec-
tion are the more suitable second and third molars. Whileishiot ideal, the dataset
produced by this collection will be invaluable for futuresearch. Care will be taken to
ensure that data from non molar teeth is not significantfiggght from molars of similar

geographical origin.

1.6 Case study: The Middle East

A collection of modern human teeth (referred to hence fogtihe 'Middle East Col-

lection’) , gathered during the Masters study of Khudoomal 24 Na'imi [37], was
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provided by the University of Lancashire for further anaéysThe collection consists of
68 teeth (molar [n = 34], premolar [n = 26], incisor [n = 6], ca[n = 1]), sourced from
5 countries (The United Arab Emirates [n = 11], Oman [n = 1ddql[n = 10], Iran [n =
19] and Yemen [n = 15]), from 62 subjects (male [n = 33], fenjale 29], age 11-70).
All teeth were collected from living donors with the exceptiof 4 Iragi samples which
were collected from deceased donors with permission framéxt of kin. Donors were
asked to provide details of their place of origin (Figure Sumples were provided to the
Centre of Forensic Provenancing with sample codes relatitiget location of origin but
no personal information was provided so that donors remadmymous. It has not been

possible to discriminate between first second or third nsolar

The Middle East (Figure 4) is a region of great global intecee to the political unrest
that has affected a number of countries for over twenty yéldre most obvious examples
being the war on terror (2001 - ) and the war in Irag (2003 -)okhwere catalysed by
the 9/11 terrorist attack on the World Trade Centre. In 201liraber of uprisings and
protests occurred in a number of Arab states including S¥#gypt and Yemen which
resulted in a number of deaths and a many reports of missioglg@e There is interest
in the US and UK and by the United Nations for any techniquas itight facilitate the
identification of terrorists from the Middle East, in padiar the provenance of suicide
bombers. However this is only one possible application of tbsearch. The Centre of
Forensic Provenancing worked in collaboration with theelasic Science service of the
United Arab Emirates in the identification of origin of unkmo remains of a woman

found in Abu Dhabi.

The problem of missing people and unidentified remains isres¢rved for only the
countries of the West. Most recent forensic isotopic andnelgal studies of human
tissues have been focused on the US [1, 39, 28] and Europd(23The availability of

this collection of teeth samples from the Middle East offetsique opportunity to look
at the previously unexplored isotopic and elemental vianaif modern humans from the

Middle East. The sample set contains teeth from individoatgnating from 19 different
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Figure 5: A map illustrating the sample distribution for tMeddle East tooth collection.

cities from within 5 countries across the Arabian Peninsudd greater Middle East as
shown by Figure 5 and Table 1. The sampling density is noy f@presentative of the
Arabian peninsula, as can be see in Figure 5 the samplesasedbio a transect from
Baghdad in Iraq to Mashhad in Iran and to a handful of citiebégouth and east of the
peninsula. However this should offer sufficient informatuaf the isotopic and elemental
variation in the study region for this preliminary study. Aas already been mentioned,
obtaining suitable human tissue for this type of study ifidift. In the case that these
preliminary samples show potential for the prediction afjiorof individuals in the study
region more samples can be obtained and measured to fuefvee the model in the

future.

1.6.1 Economy and diet in the Middle East

The Middle East is best known for its production of oil, whatcounts for the majority

of the income in the region. However the countries withinNhiddle East do not benefit
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equally from this natural resource. In this study, samplesazailable from Iran, Iraq,

Oman, the United Arab Emirates and Yemen (See Figures 4 aaddb}hese will be

the focus of this thesis. Oman and the United Arab Emiratehah income countries
[41] with GDP (Gross Domestic Product) per capita of $25,800 $49,600 respectively
[42]. Iran and Iraq are considered intermediate or middterne countries [41] with GDP
per capita of $10,300 and $3,700 respectively [42]. Yemeaoissidered a low income
country [41] with a GDP per capita of $2,700 [42]. The econmahstatus of a country

has a marked influence on the available dietary sources.

The traditional diet in the high income Gulf countries, Onzamd the UAE, consists of
dates, milk, fresh vegetables, fruit, whole wheat breadahajh proportion of fish and
seafood, due to the successful fishing industry in thesetdesr{41]. However, like
many more developed and affluent countries around the wihiksldiet has become in-
creasingly diversified due to the availability of importedernational foods. There has
been a massive increase in the intake of sugar and fat ridsfimcOman and UAE in the

last decade which is thought to be due to availability andsthft in social classes [41].

Around half of the dietary intake in the intermediate incoooentries, Iran and Iraq, is
from cereal crops such as wheat and rice [41] along with soeshfvegetables and meat.
Chicken and lamb are popular meats in Iran [43]. The diet ig isdargely influenced
by Iranian food. Like the high income countries, there hasnb& large increase in the
amount of sugar and fatty foods consumed in Iran and Iragelkaramong the richer

classes [41].

Around 60 - 80 % of the dietary intake of the low income cowedisuch as Yemen is from
cereal crops such as wheat or rice [41]. The proportion oftinethe diet is low for the
general population although the higher social classes raag imore access to meat, fish
and speciality food similar to those found in the interméeagliar high income countries

[41].
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Table 1: Middle East teeth samples used in this study. Cityrigirowas provided by
the sampled individuals. Coordinates were obtained fromgl&oBarth. Teeth types are
coded as follows: M = adult molar, PM = adult premolar, | = adntisor, C = adult

canine, m1 = deciduous molar.

Sample ID Type Origin Country Latitude (°) Longitude (°)

TEO64 M Esfahan Iran 35.37 51.26
TEO065 M Tehran Iran 35.42 51.26
TEOG6 M Kermanshah Iran 34.18 51.26
TEOG7 M Tehran Iran 35.42 51.26
TEOG8 M Tehran Iran 35.42 51.26
TEO069 PM  Rodehen Iran 35.44 51.54
TEO70 M Ghazvin Iran 36.14 50.2
TEO71 M Ghazvin Iran 36.14 50.2
TEO72 M Sabzevar Iran 35.42 51.26
TEO73 M Sabzevar Iran 35.42 51.26
TEO74 M Tehran Iran 35.42 51.26
TEO75 M Mashhad Iran 36.17 59.36
TEO76 M Tehran Iran 35.42 51.26
TEO77 M Tehran Iran 35.42 51.26
TEO78 M Tehran Iran 35.42 51.26
TEO79 M Tehran Iran 35.42 51.26
TEO80 M Tehran Iran 35.42 51.26
TEO81 M Tehran Iran 35.42 51.26
TEO39 PM  Waset Iraq 32.41 45.33
TEO40 M Waset Iraq 3241 45.33
TEO41 M Baghdad Iraq 33.18 44.23

Continued on Next Page. ..
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Table 1 — Continued

Sample ID Type Origin Country Latitude (°) Longitude (°)

TEO042 I Baghdad Iraq 33.18 44.23
TEO43 M Baghdad Iraq 33.18 44.23
TEO44 PM  Baghdad Iraq 33.18 44.23
TEO045 C Baghdad Iraq 33.18 44.23
TEO46 PM  Baghdad Iraq 33.18 44.23
TEO47 I Deyali Iraq 34.4 45.7
TEO48 I Baghdad Iraq 33.18 44.23
TEQO27 I Sur Oman 22.34 59.31
TEO028 PM  Muscat Oman 23.37 58.29
TEO29 I Ibra Oman 22.41 58.32
TEO30 M Muscat Oman 23.37 58.29
TEO31 M Muscat Oman 33.18 44.23
TEO032 PM  Sur Oman 22.34 59.31
TEO33 PM  Sur Oman 22.34 59.31
TEO34 PM  Salalah Oman 17 54.32
TEO35 PM  Baloshistan Oman 28.8 65.33
TEO36 PM  Bidbid Oman 23.24 58.7
TEO38 PM  Muscat Oman 23.37 58.29
TEO16 M AlAin UAE 24.13 55.45
TEO17 PM  AlAin UAE 24.13 55.45
TEO18 PM  AlAin UAE 24.13 55.45
TEO19 PM  AlAin UAE 24.13 55.45
TEO020 PM  AlAin UAE 24.13 55.45
TEO21 PM  AlAin UAE 24.13 55.45
TEO22 PM  Hili UAE 24.17 55.46

Continued on Next Page. ..
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Table 1 — Continued

Sample ID Type Origin Country Latitude (°) Longitude (°)
TEO023 PM Um-Ghafa UAE 24.5 55.54
TEO024 PM  UAE UAE 24.13 55.45
TEO025 PM Um-Ghafa UAE 24.5 55.54
TEO049 I Taiz Yemen 13.34 44.1
TEO50 M Al-Ghail Yemen 15.17 47.48
TEO51 M Al-Ghall Yemen 15.17 47.48
TEO52 M Al-Ghall Yemen 15.17 47.48
TEOS3 PM  Al-Ghail Yemen 15.17 47.48
TEO54 M Al-Ghall Yemen 15.17 47.48
TEO55 PM  Al-Quada Yemen 15.17 47.48
TEO56 M Al-Ghail Yemen 15.17 47.48
TEOS57 PM  Al-Ghall Yemen 15.17 47.48
TEO58 M Al-Ghall Yemen 15.17 47.48
TEO59 M Habayer Yemen 15.17 47.48
TEO60 PM  Al-Ghall Yemen 15.17 47.48
TEO61 PM  Al-Ghail Yemen 15.17 47.48
TE062 ml  Al-Ghalil Yemen 15.17 47.48
TEO63 M Al-Oyon Yemen 15.17 47.48
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1.7 Thesis outline

This thesis is concerned with the development and validatiooxygen and strontium
isotope and trace element models for the prediction of huoniggm. The main focus of
this study has been the Middle East due to the availabilitgashples from that region
as described in section 1.6. Each chapter in this thesisneecned with one aspect of
the study. Each chapter includes an introductory sectiaiméaechniques being used

followed by experimental, results, discussion and conchsmade.

Chapter 2 describes the oxygen isotope analysis of the toatimel carbonate from the
Middle East tooth collection, development of a new drinkivegger isoscape for the Mid-
dle East based on measured samples and values from theaulieegad the development

of a tooth enamel carbonate isoscape based on the measetited te

Chapter 3 describes the strontium isotope analysis of th sxeamel from the Middle
East tooth collection and the development of a strontiursdape for the study region

based on the underlying geological units.

Chapter 4 is concerned with the trace element analysis of tkddIi®East tooth collec-
tion by LA-ICP-MS and the differentiation of the samples lzhsa their trace element

‘fingerprint’ by multivariate statistical methods.

In Chapter 5 the isoscapes produced in chapters 2 and 3 areasiskd foundation for
a new multi-isotope probability-scape for the Middle EaRtat is, an inverted isoscape
which returns a probability of origin rather than a band otape space. In this chapter,
two simulated and one real forensic case are described bdighg the potential of this

new probabilistic approach to isotope mapping in forensics

Chapter 6 provides some final conclusions and thoughts omnitheefof the use of isotope

and trace element data for the identification of human resaain
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Chapter 2

Stable isotope analysis

2.1 An introduction to the processes governing isotope

fractionation in nature

Stable isotope analysis is a well established analyticdktbat has been applied to a num-
ber of scientific disciplines during its 100 years of devetemt [44]. In the last decade,
the potential of stable isotope analysis has been recagjbiséhe forensic science com-
munity resulting in a wide and rapidly growing body of literee on the subject. Examples
of applications of stable isotope analysis in forensic aese include; the determination
of origin and authentification of food [45], wildlife foreits [46, 47], determination of

origin of contraband substances [48, 49] and forensic hudentification [25, 1, 50, 51].

Stable isotope analysis can be applied to forensics in tweswahe first approach is to
produce an isotopic ‘fingerprint’ or ‘signature’ for an objef interest in order to compare
it to samples in a database or to samples related to a particase (for example, deter-
mining whether drugs found on a suspect are related to daigsdcsin a raid). The second
approach takes advantage of the systematic spatial \ariaticertain stable isotope sys-
tems in order to link a sample of interest to a source regiorthé provocatively titled

chapter 'Stable Isotope Fingerprinting - Chemical ElemedA}52], Meier-Augenstein
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draws attention to the similarity between the specificityduced by a multi-isotope fin-
gerprint of a sample of interest with that of human DNA. Altigh stable isotope analysis
is unlikely to compete with DNA analysis as the main anabjttool for the identification
of human remains, it can provide a large amount of infornmatar a forensic investi-
gation to complement other analytical techniques in ordairaw a conclusion. Stable
isotope analysis may prove particularly useful for aidihg identification of human re-

mains where DNA identification is not possible.

This chapter provides an introduction to stable isotopdyaigaas an analytical tool and
its application in forensics before describing how, in #tisdy, stable isotope analysis of
tooth enamel carbonate has been used to produce the firgttpmednodel (isoscape) for

the identification of origin of human remains in the MiddlesEa

2.1.1 An introduction to stable isotope fractionation and the pro-

cesses that lead to isotope fractionation in nature

The majority of the 92 naturally occurring elements on thelEexist as combinations of
two or more isotopes. That is each elemental atom contagsaime number of protons
and electrons but may vary in the number of neutrons. Hemtepss of an element have
different atomic mass values. For example oxygen, the maiment of interest in this
chapter has three stable isotop¥sg), 1’0 and!®0. Stable isotopes are those that do not
undergo radioactive decay. As the stable isotopes do natydecer time their average

natural isotopic abundance is constant (see Table 2).

However, isotopologues of compounds containing the ligable elements (C, N, O,
H, S, Li, B and Si) can undergo isotope fractionation due t@srdependent processes
(and some mass independent processes which are outsiamfieed this study) such as
evaporation or metabolic reactions in a living organismadlag to large natural ranges
in the isotopic composition of these compounds (see Se@tibri.1). Note that mass

dependent fractionation processes also affects the isptaffheavy elements (see Chapter
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Table 2: Average relative abundance of the stable isotopesmomonly measured light
stable elements

Element Stable Isotope Average abundance, %

Hydrogen 'H 99.985
’H 0.015

Carbon L2c 98.9
BC 1.1

Nitrogen Y 99.63
157 0.37

Oxygen 160 99.762
170 0.038

180 0.2

3) but these processes are more easily observed in the ésotdpight elements due to

the large mass difference between isotopes.

Isotopic data for the light stable elements is measured as@(R) of the heavy isotope
abundance divided by the light isotope abundance of a gieempound relative to the
isotopic ratio of a standard reference materiak{#Rand is reported as a deltd {alue in
'per mil’ (%o) units as given by Equation 1. Reporting isotopmmpositions in this way
has a number of advantages. Firstly, by dividing the isatogiio of the sample by that
of the standard, noise and fluctuations in the signal dunradyais are removed leading
to improved precision. Furthermore, using internationaticepted standards means that
measurements have been normalised to IAEA guidelines antharefore comparable to
data produced by other laboratories. Finally, delta vagies a larger range of integer
values compared to absolute ratios (R) making them easienmtember and more user

friendly.

o Rs - Rstd

0R
Rstd

.1000 1)

WhereR, is the isotopic ratio of the sample (e.§0/'°0), R, is the isotopic ratio of

the international reference standard and results are in %eo.

Examples of international reference materials includenva standard mean ocean water
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(VSMOW) (6'80 and§?H), Vienna Pee Dee Belemnite (VPDB)'{C and §'¥0) and
atmospheric Air (AIR) §*°N).

The variation in the isotopic composition of the light salglements is an important
tool for the understanding of natural processes as theseeals are abundant within the
Earths crust, the biosphere, the hydrosphere and the at@@spThe isotopic composi-
tion of light element containing compounds can provide altwes information describ-
ing the environmental conditions of their formation where fractionation processes are

understood [53].

2.1.1.1 Isotopic fractionation processes

The range in isotopic compositions observed for a given @amg in nature are generally
driven by mass dependent chemical reactions or physioda¢miocesses. In principle
there are two types of isotope effect that lead to isotogictionation, kinetic fractiona-

tion caused by the mass dependence of the chemical reactetick and thermodynamic

fractionation caused by the mass dependence of phase cdsge

The difference in mass between the common and rare isotdpe$ ¢f a light element
is proportionally very large when comparedrtmst heavier elements. For example the
oxygen isotope ratio is calculated from tHé€ and!®O isotopic abundances adin is 2
mass units or 12.5 % of the mass of the most abundant isotogeniparison the heavier
strontium isotope ratio®(Sr/*¢Sr) has aAm of 1 mass unit or 1.2 % of the mass of
the common isotope. Hence for reactions where mass is anateg factor the change
in isotopic composition is much more pronounced in the stadbtopes of the lighter

elements.

Mass dependence of bond strength (vibrational energy) is ultimately responsible for
the large range of isotopic compositions of a compound eksdn natural and synthetic

materials. As such it is useful to consider a few basic pygdnciples of a chemical
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bond in order to understand why the heavier isotopologue adrapound reacts at a

different rate to the lighter isotopologue.

The kinetic energy of a rigid body is defined by the moment eftia / and its angular

velocity w as given in Equation 2:

1
Evib = 5]&)2 (2)

The moment of inertid for a system containing two masses (i.e. a diatomic molgcule
is dependent on the reduced mass of the sygtemd the bond length and is given by

Equation 3:

I = pr? 3)

where the reduced magsof a two atom system with masses, andm, is given by

Equation 4:

mims

p= (4)

mi + Mo

Measuring the vibrational absorption (Equation 5 of a malewsing spectroscopy en-

ables the calculation af and hence bond length

h

dr2e]

AE =2B = (5)

The bond length and hence bond strength has been shown téabedr the reduced
mass of the system. Hence reaction rates for isotopologuse same compound will

also be dependent on the reduced mass of the system.

Kinetic isotope fractionation is the most significant isotope effect [15] and refers to

the fractionation that occurs during reactions involvihg formation or braking of a
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chemical bond. As has been shown, bond strength is massdgeand hence bonds to
heavier isotopes of an element will be stronger than thoteetbighter isotope and hence
the lighter isotopologue will tend to react faster than teawvy isotopologue leading to a

product that is isotopically lighter than the precursors.

Isotopic fractionation during physiochemical processes such as diffusion, evapora-
tion and two-phase partitioning is the result of mass dependifferences in the kinetic
energy (diffusion) or vibrational energy (phase changa$atopologues of a given com-
pound. Such isotope effects are commonly, incorrectly ¢grkinetic isotope effects.
Meier-Augenstein [15] suggests that a more chemically mteuerminology is théher-

modynamic isotope effect

If one considers the reaction rate constant (k) of a reaairogphase change between a
precursor and its products to actually be comprised of tviatlgulifferent reaction rate
constants:;, andky for the light and heavy isotopologues respectively, the r@itthese

two constants becomes the fractionation fact@s given by Equation 6.

_ Fu
-

Q

(6)

In the case wheré,, is larger thanky, i.e. the reaction rate of the light isotopologue
is faster than that of the heavier isotopologue thewill be <1 and the product of the
reaction will have an isotopic composition that is lightean the precursor compound.
The fractionation factotx can be related to the equilibrium constant (K) and the number

of atoms exchanged (n) by Equation 7 and toy Equation 8.

a=K'" @)

6A+1O3

T op + 103 (8)

QAB
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2.1.2 Isotopic fraction of meteoric water

It was noted that the heavier isotopologues of meteoricm@t®O and H'#0) are pre-
cipitated preferentially due to their lower saturation @appressures causing them to
concentrate in the liquid phase [54]. The controls that govke fractionation between
the heavy and light species are considerably more complewatiare than equilibrium
processes described previously. Environmental processegenerally not closed sys-
tems and so the fractionation cannot entirely be descrilgedjbilibrium reactions. Craig
and Gordon [54] describe a series of models consideringastngly complex systems
of mass transfer between liquid water and water vapour irathesphere. In a closed
system, fractionation between liquid water and water vajgshown to be proportional
to the kinetic transport effects at the boundary layer betwliguid and vapour (conden-
sation and escape, molecular diffusion through the lamagar and turbulent diffusion
in the turbulent section). The fractionation between limd vapour is also proportional
to the relative humidity of the different layers and henaeperature and pressure. In an
open system equilibrium is only achieved at the liquid - wvagmoundary where relative
humidity = 100 %. Water vapour can be removed from the systgaitmasses causing
the liquid phase to become increasingly enriched in the ibe@otopic species. This

process can be quantified by the Rayleigh fractionation eguéEquation 9).

R, = Ryf4=® 9)

where R is the initial isotope ratio of the phase of interest,if&the isotope ratio at time
t, ais the fractionation factor between the two species as diydbquation 7 and is the

fraction of the phase of interest remaining at time t.

2.1.2.1 Temperature dependence of fractionation

The relationship between the isotopic fractionation faetand temperature for liquid

water and water vapour at equilibrium was described by Ma#gd@]. For oxygen isotope
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fractionation the equation is:

ol (*BO) = 0.9845exp(0.7430/T) (10)

o
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Figure 6: The temperature dependence!df®0O) at equilibrium as given by Majoube[2],
Equation 10

and the curve is shown in Figure 6. From this relationshimit be shown that under
equilibrium conditions the fractionation factors for liguvater and water vapour at 0°C,
20°Cand 40°C are 1.0116, 1.0098 and 1.0082 respectivelycdndensation/ evaporation
reactions occurring at low temperatures lead to greatetiéraation than those occurring
at higher temperatures. However the difference in fraetiiom factors (3.6 %. between 0
°C and 40 °C) at equilibrium does not account for the large @angsotopic values that
are observed in nature. This is due to the complex non-égiuith conditions that deter-
mine the evaporation, transport and condensation of watie real world. The driving
factor for the large amount of fractionation is the Rayleiggtitiation effect previously
described in Equation 9, and the Clausius-Clapeyron law (faqual) which describes

the relationship between temperature and the saturatjpouvgressure [55].
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po = Ceap(—D)/T) (11)

where C is a constant for water, D is L/G (L is the molar heatvafperation (44.4x10

J/mole) and G is gas constant 8.3 J/Kmole) and T is the teriyveria Kelvin.

Van der Veeet al determined an empirical relationship between&tsO of global mete-
oric water and temperature based on observations from tH@ @ata stations, Equation

12.

—5.9exp(—0.041T,,) — 2.4 (12)

whereT,, is the mean temperature of the coldest quarter. Van der Vlearly demon-
strates that there is an exponential relationship betwerapérature an isotopic composi-
tion of precipitation and that th&#®O composition tends towards that of VSMOW (0 %o)
at high temperatures (Figure 7).
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Figure 7: The temperature dependencé'dd of global meteoric waters from the GNIP
database as determined by Van der \&eal [3]
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2.2 Literature review: How have stable isotopes been utilised

in forensic research?

Over the past decade the use of stable isotope analysis fiearhidentification has be-
come more widely reported in forensic literature and has evade its way into the public
eye through documentaries such as 'History: A cold casd'\\ich demonstrated how
stable isotope analysis might be used to help build a maratiprofile of archaeological
human remains. The majority of the literature focuses oividdal cases [23, 16, 57]
where the isotopic composition of the human tissue from aketmains is compared
to a database such as the Global Network of Isotopes in Fi®p (GNIP, see Section
2.2.1). Other than for human hair [1], there have been nalatdd prediction models for

the identification of human geographical origin.

The creation of isotope based prediction models or ‘isos€d4] has been greatly ad-
vanced in recent years by studies covering a wide range oiptlises. One research
objective of this study is to examine the spatial isotopid alemental variation in tooth
enamel samples from the Middle East (Section 1.2) and to hibdespatial variation
in isoscapes in order to investigate the hypothesis thatyttO isotopic composition of
human tooth enamel carbonate is directly related td tH@ isotopic composition of local
drinking water and therefore should prove a viable methodhe prediction of origin of
an individual’. The following sections provide a concisgiesv of the literature relating
to the use of stable isotope analysis in forensics beforangamn to provide a more com-
prehensive review of the literature concerning the devaleqt and applications of stable

isotope analysis of human tissue.
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2.2.1 Understanding the mechanisms of oxygen isotopic fractiona-

tion in precipitation

In order to understand the isotope ratio variation in a matfiinterest it is necessary to
first understand the isotope ratio variation of the inpute that matrix. In the case of
hydrogen and oxygen isotopes in most natural (plants, dsjmtz.) and some man made
systems (chemical synthesis), more often than not the maint is water. The fraction-
ation of water in the hydrological cycle is well describedthg Craig-Gordon model,
mentioned previously (see Section 2.1.2), and a concisgigaen of these fractionation
processes is given by Dansgaard [58]. In 1961 the Intematidtomic Energy Agency
(ILA.E.A.) and the World Meteorological Organisation (W®) initiated a world wide
survey of oxygen and hydrogen isotopes in precipitatiore gitoject was initially intro-
duced to analyse the tritium content of precipitation affter testing of atomic weapons
during the 1950s. Since then the Global Network of IsotopeBrecipitation (GNIP)
has provided monthly and annual isotope data for over 508¢t@n stations around the

world (Figure 25).

This database has been the basis for a numbeglobl spatial precipitation models that
have attempted to provide a tool for the estimation of oxyaash hydrogen isotope ratios
of rain water anywhere in the world. Initial attempts by aemver and Gat [60] to map
the oxygen and hydrogen isotope ratios around the world lnasid contouring between
the GNIP stations; linking IAEA stations with similar is@® composition with contours.
Birks et al[61] attempted to interpolate the point data using geoapaterpolation meth-

ods. Bowen and Wilkinson [62] first proposed modeling the @ygnd hydrogen isotope
values of the IAEA collection stations against geograpghreaiables (Latitude and Alti-

tude, Equation 13) to take into account Rayleigh distillatd atmospheric vapour.

60 = —0.0051LAT? 4+ 0.1805LAT — 0.002ALT — 5.247r* = 0.80  (13)

Where LAT is the absolute latitude and ALT is altitude in mstre
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Figure 8: An isoscape of the glob&PO variation in precipitation based on Bowenal
2003 [59]. The black circles represent the locations of tled& Network for Isotopes in
Precipitation (GNIP) sampling stations upon which the nigglbased.

Bowen and Revenaugh [59] further improved on this model byyapgla nonlinear least
squares method and introducing a spatial correlation foméb take into account the vari-
ability not described by latitude and altitude (Figure 253ifferent model was published
by van der Veeet al[3] who considered climatic factors such as temperature&im,
[63]) as independent variables in the model. The model of Boared Revenaugh [59]
has been used in subsequent papers to produce models gitatem [64], tap water [65]
and bottled water [66]. These models are commonly used Entditerature to predict
the isotope composition of source waters of samples ofasteLittle research has been
done into the errors and uncertainty associated with the=iqgtion models, nor into the
deviation from the models at a local or regional scale. Blipgli@ation of these models,

particularly in the field of forensic science could lead tpercussions in the future.
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2.2.2 Stable isotope analysis as a forensic tool

IRMS started to make an appearance in the literature as asfor@ol towards the end
of the 20th Century. In the past decade the number of pulditsitand applications for
the technique have increased as illustrated in the reviggrday Benson [67]. Forensic
science is concerned with the analysis of evidence in oalard a legal dispute. IRMS
is a useful tool to this end as it can be used both to compar&iieenical fingerprint’
of a piece of evidence found at a crime scene to that of cavreipg evidence found
with a suspect, or, where the chemical processes involvieiaynthesis of the evidence
material are understood, IRMS can be used to link the evidintesource materials (for
example drug production). The later case is the concerneofrt@jority of the literature.
In order to fully utilize IRMS, a better understanding of tlsetope fractionation factors

during chemical processes is required.

The application of IRMS in forensics has been wide rangintuotiog examples of: the
determination of authenticity and origin of food produet§[68, 32, 69], the determina-
tion of origin of illicit drugs [49, 48], tracing explosive aterials to the precursor materials
[70], wildlife forensics [66, 46] and the identification ofitman remains [23, 71, 51]. A
number of organisations have been founded to raise awarenstable isotope analysis
in the field of forensics and to produce recognised operatrotpcols to allow for com-
parison between laboratories. The Forensic Isotope Rat&sN@ectrometry Network
(FIRMS) was established in 2002 and has since held 6 interdatny comparisons and
4 international conferences, details of which, as well @srnétwork mission statement
and technical strategy are available on their website [V2¢ Natural Isotopes and Trace
Elements in Criminalistics and Environmental ForensicsSTENCRIME) network was an
EU funded project started in 2001 which aimed to developriggles for trace element
and isotopic analysis of forensic samples. The EU funded TRAG]ect [73] estab-
lished in 2005 aimed to develop techniques including IRMStierauthentification and

provenancing of food products.
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2.2.3 Stable isotope analysis of human tissue

The analysis of stable isotopes in human tissue was initisl/eloped for paleoclimate
studies [74, 75, 76, 77] (See Section 2.2.3.1) due to therebdeelationship between
the 6'*0O values of biogenic apatite in bones and teeth of mammals fzwgk tof local

meteoric water (see Tables 3 and 5).

Human migration and identification studies can apply sinplanciples, although great
care must be taken when working with modern samples as thenasion that the largest
input of oxygen into the bone is local meteoric water needsetgalidated. The 'globali-
sation’ of food sources and modern supermarket culture sndemt a large proportion of
human diet is not sourced locally and could act to reduce ¢gesd of isotopic 'identity’

of regional populations [25]. In fact it has been shown thetitde as 27% of oxygen
found in human hair from the US [1] is derived from local diimx water while this fig-

ure is slightly more (40 %) in Asia [34] where the diet is mavedlly sourced and 70 %

for isolated indigenous populations [33] (see Sectionl).5.

Stable isotope analysis has proved a useful tool for ardbgeal studies on migra-
tion and residential histories of ancient populations, reheis assumed that the pro-
portion of 'imported’ or non-local food and water would haveen limited. A concise
review of earlier archaeological studies implementindpletégsotope analysis is provided
by Schoeninger and Moore [78]. Whig¢al[79] used oxygen isotope techniques to show
statistical significance between populations of threeagological sites in Mexico. Vari-
ation in the results for the site in Tiotihuacan (Mexico) vwggothesised to be caused
by immigration of women and children from areas north of tihg dhe study also high-
lighted the importance of all possible water sources beimgiclered, especially in a large
city where much of the drinking water may have come from gbwater wells as well

as from precipitation.

Hoogewerff [16] and Muller [57] investigated the origin o&Qi, a prehistoric 'iceman’

found naturally mummified in the Hauslabjoch pass in theregé®tlps. Trace element
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concentrations and oxygen, carbon and strontium isotofgefdam the iceman’s bones
and teeth were combined to reconstruct the migrationabtyigif the iceman. It should
be noted that Hoogewerdt aland Mulleret alreached different conclusions concerning
the migrational history of the iceman. This highlights tlaetfthat conclusions from
archaeological studies are often open to interpretationfolensic studies there must
not be scope for interpretation as this could mean the diffeg between conviction or

freedom for an individual.

Buzon and Bowen [13] utilised carbon, oxygen and strontiurto®ratios to determine
the proportion of immigrants within the population at Torskmn the river Nile. These
cases highlight the importance of combining isotopic tégines for the understanding of

human population movements.

Fraser et al [71] have made first steps towards combiningagjisbtopic data (C, N, O
and H) for modern humans, reporting a range from 9.2 - 19.0 g&'f@) of modern hu-
man hair allowing differentiation between regions, paitacly Europe, Africa, America
and Asia. By taking a longitudinal profile of hair or nail saeglnatural variation in iso-
tope signal over time was recorded and changes in geogedptwation were identified
over the short term [717]. In conjunction with the other stable isotope data Fratex
conclude that inter and intra- individual variation shobklconsidered globally in order
to determine the significance of the observed differemtathey also state that more re-
search is required at a national level to determine whektgegéographical differentiation
within a country is possible. Meier-Augenstein and Fra&8t present the first successful
study in which stable isotope analysis was applied to a nmodiy forensic case. Multiple
isotopes of a deceased subjects hair and nails were med&ynddO, H) and the results
compared to samples of a control subject. The informatidiected enabled the police
to identify the victim and subsequently the murderers incidge. Ehleringest al present
the first validated isoscape model for the prediction'df) andé D values of modern hu-
man hair. The fractionation of oxygen and hydrogen that ccouthe formation of hair

keratin was modeled based on series of fractionations asguhre inputs to be drinking
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water (measured from tap waters across the US [80]) andrdiet@er (assumed to be
homogeneous due to the 'continental supermarket’. The hegeains <85 % of the
variation observed. This is currently the only validateediction model for human tissue

in the literature.

2.2.3.1 Methods for thes'®O analysis of biogenic Phosphate

Oxygen isotope analysis of biogenic phosphate has seefficigm advances in the past
50 years, due to its importance as an indicator of paleoteatyres and paleoenviron-
ments. Tudge first isolated the PO anion as BiPQin 1960 [81] by a series of quan-
titative precipitation reactions. The oxygen was releasech the phosphate group by
fluorination with Bri and measured using a Nier type double collector IRMS instru-
ment. Initially the technique was applied to the analysishlls and skeletons of modern
and fossilised marine species. The research of Bteyt in the 1950s [82, 83] concen-
trated on using oceanic calcium carbonate as a paleo-timeeteo, making the assump-
tion that calcium carbonate deposited by marine creatsrgsthermal equilibrium with
the surrounding water. This research was later complindeinyethe research group of
A. Longinelli during the 1960s when they were able to estdibé method, again using

flourination, for the analysis of phosphate deposits fromimesorganisms [84, 85, 86].

Longinelli later proposed [86] that the analysis of phosphHfeom the bones of mam-
malian species could provide paleoclimate informatioredasn the assumption that the
oxygen in bone phosphate is precipitated from body watettlaaithe isotopic composi-
tion of the body water should be in agreement with the localkiing water and hence an
indicator of the isotopic composition of local meteoric @atAn advantage of working
with mammalian bones is that mammals are homeotherms amdctmhation caused by
temperature should be constant and independent of enveatattemperature. A pio-
neering paper in this field by Longinelli [74] was a catalyst further investigation into
the §'80 values of human bone phosphate. Longinelli reportedith@ results for hu-

man body water (blood, n =62, 7 regions) and human bone phatsfpih=59, 10 regions)
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compared with the local drinking water from each regiondiigd the relationships given

in Equations 14 and 15.

6" 0pw = 0.60(£0.03) * 5Oy + 0.68 (r = 0.98) (14)

§®0pp = 0.64(£0.03) * 6Oy + 22.37 (r = 0.98) (15)

whered'8Opw, 0180w and 5 0gp are thed'®O of the body water, local meteoric
water and bone phosphate respectively. Subsequent pa@er87, 77] have published
similar linear relationships between phosphate and dignkvater, the linear regression

from these papers are shown in Table 3.

Frike et al [88, 89] present two studies into the seasonal variatiof'@ in herbivore
mammalian tooth enamel. Stuart-Williams and Schwarczp@@$ent a similar study. The
longitudinal5'®O signature of tooth enamel samples of modern beavers wasarechfn
that of ancient Giant Beaver (Castoroides Ohioensis). Flogagolling the variation of
the 620 signal were modeled. The study concluded that beavers wgoedindication
of seasonal variation @f®O composition of precipitation due to their rapid tooth gtiow
and high sensitivity to small isotopic changes in meteoten Samples were taken in a
longitudinal pattern down the tooth sample where positiearest to the crown represent
the oldest material.

Table 3: Linear regression parameters for the relationsetpeeny'®*O of human bone
phosphate and drinking water reported in the literature

Reference Gradient  Intercept R
Longinelli (1984) [74] 0.644¢0.03) +22.37 0.98
Luz (1984) [75] 0.78 +22.7 0.97
Levinson (1987) [87] 0.46 +19.4 0.93
Daux (2008) [77] 0.58 +21.5 0.87

The biogenic fractionation from meteoric water to bone jphage of~ +22.37 %o (hu-

mans) was not explained in the Longinelli paper [74]. A sufipg paper by Luzt al



40 Stable isotope analysis

[75] attempted to quantify this fractionation in a numben@mmalian species (including
humans), by considering a flux model approach. This papeyesig that the oxygen iso-
tope composition of body water is a function of the net inmatsus the net outputs. The
inputs are drinking water, atmospheric oxygen (respiriteamd oxygen ingested through
food. The outputs to consider are urine, sweat, exhaledrwapour and”'O, (respira-

tion) (see Figure 9).

F X(F, +F,i
Hzo e — :ﬁ-{) H,0,
6 B pw
F, 80DY (1-XHF,+ Fq) o
e ——— s H
02 23 $ Haﬂ am_a 2¥ v
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Figure 9: A box model (from Luzt al (1984), [75]) illustrating the fluxes of oxygen
isotopes through a mammalian body. The inputs are wategsgheric oxygen and food
bound oxygen. Outputs are waste water (excretion), watgowa(breath) and carbon
dioxide (respiration). F1-5 represent these fluxes.

The results from [75] suggest that the isotopic compositbribody water of certain

species are more reliant on drinking water than others. Afsrwith high water inputs
and low metabolic activity would be more suited to a paleoalic study. Langlois et
al [91] and Kohn et al [92] present concise studies into orylliexes affecting the iso-
topic signal of bone and tooth enamel within mammals. Lasgbwesents a detailed
box-model that has been compared with success to resutisdtioer published studies.
Cerling et al [93] conducted a study to model isotope turnover rate in atsrasing the

reaction progress variable In(1-F), where F is the proportf the input signal that has
been transfered to the product (F=0 att = 0 and F=1 at equifif); to determine the rate

constants of the turnover. Cerlirgg al describe how mass change of the subject during
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the measurement period has an effect on the rate constaatfradtionation of oxygen

that occurs within the body is still mostly a black box. Seglsuch as those mentioned
are slowly beginning to provide some understanding of thetionation processes. Fac-
tors such as metabolism, health and age of the subject ndeddonsidered when using
isotope analysis on human samples as there will be a fratiwmnfactor that is dependent

on the individual.

Another focus of recent studies has been the developmeme @fét chemistry to produce
improved reproducibility and to decrease the amount ofit@siamel of bone required.
The BiPQ reduction by fluorination method is labour intensive dueh®mmulti step pre-
cipitation reactions. This method also requires a largewarnof apatite sample and is
hazardous due to the hygroscopic nature of Bif$2]. In 1960, around the same time
that Tudge [81] developed the BiR@olation method, two research groups were work-
ing on an alternative method for the isolation of phosphatsilwer phosphate. Anbar
et al [95] titrated a solution containing orthophosphate ionthwilver perchlorate and
sodium hydroxide to precipitate crystals of &0,, which was later pyrolysed at 1000
°C to produce a 10% yield of Ogas. Firsching [96] quantitively precipitated large silve
phosphate crystals from solution by the volatization of ania (ammoniacal solution).
The method of reducing the silver phosphate to,®@s progressed from the hazardous
fluorination by Brk method [94] to pyrolysis by graphite [97, 98]. This less hdpas
method has opened th& O analysis of phosphate to the wider scientific community [99]

and provides comparable reproducability (Table 4).

2.2.3.2 Isotopic composition of biogenic carbonate

Mammalian biogenic apatite contains oxygen bound as catbams well as phosphate
(see Section 1.5). Analysing the carbonate rather thanpblads fraction of modern

enamel or bone samples is attractive as sample size regsisathll (1-10 mg) and there
is relatively little sample preparation required [100].€eTimodern method of apatite car-

bonate analysis is based on the method of analysing gealagficbonate by the reaction
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Table 4: Reproducibility for thé'®*O analysis of phosphates cited in the literature

Sample n 0%0+(lo) Method Reference
NIST SRM 120c 15 19.6#0.08 Fluorination [94]
5 21.8:0.34 Graphite pyrolysis [97]
13 21.36:0.18 Fluorination [100]

21.8+£0.2  Graphite pyrolysis [88]
21.8+0.15 Graphite pyrolysis [89]
21.74-0.37 Graphite pyrolysis [98]

3 22.58t0.09 Fluorination [101]
2 21.2#0.02 Graphite pyrolysis [101]
18 20.09-0.51 TCEA [101]

17 21.75:0.2 Graphite pyrolysis [76]
21 21.76:0.14 Graphite pyrolysis [77]

Ag3POy (Aldrich) 11 19.64£0.08 Fluorination [94]
14 10.42-0.25 Fluorination [98]
NISTSRM 694 20 19.620.18 Fluorination [100]

with >100% phosphoric acid to produ€&), as proposed by McCrea [102]. Originally
this reaction would take place in sealed vessels at26ntil the reaction was considered
complete. Subsequent studies have improved the efficiempr@cision of the technique

by using an automated online system with a common acid bathidrdosing [103].

There are a number of limitations to the application of teshinique to biogenic apatite
carbonates that must be considered. Firstly there is ddratton factorasc_co, asso-
ciated with the conversion of the structural carbonate (8@arbon dioxide (Equation
16). The fractionation factor for geological materialstsas calcite are well documented
[102, 104, 105]. However itis not possible to measure thatifsaation factor for biogenic
apatite as it contains oxygen as phosphate and hydroxidetiemias well as carbonate
which means that the totat*Og- cannot be measured. It is therefore necessary to make
the assumption that the fractionation of structural caavem the biogenic apatite is the
same as in calcite and so samples are normalised to a ca#oi@asd (.q;cite—co, (@90

°C) = 1.00795+ 0.00003 [105]).

180/16050

ASC-COy = 50/%000, (16)
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Bryantet al[100] have shown that the fractionation factog{_ p) between the structural
carbonate and phosphate fractions of modern horse and wid dpatite is 1.0086-
0.0007. Similar results were obtained from modern mammadi@ne by lacumiret al
[21], asc—p = 1.0090. The'®Og values were compared to local meteoric water and
showed a strong linear relationshig? (= 0.98). The regression equations from these

studies are shown in table 5.

A second limitation that must be considered is that of diagaheration [21]. It is gen-
erally accepted that phosphate bound oxygen is stableitfttarmation and does not
exchange with the surrounding environment and hence itgedigsis is negligible [75].
Carbonate however reacts rapidly with its surroundinggjqudarly in an aqueous envi-
ronment. Diagenesis of carbonate can occur due to dissolugiprecipitation reactions,
ion exchange at the mineral surface or precipitation of seéany minerals in the apatite
matrix [106]. Kochet al [107] suggest a method for the 'clean up’ of diagenically al-
tered hydroxy apatite and suggest that tooth enamel is negistant than bone material
due to the lower organic content. A later study by Zaetral [106] concluded that both
phosphate and carbonate are susceptible to diagenesisnardeal inorganic conditions
(deionized water) although the exchange rate for carbenatapproximately 10 times
that for phosphate. Under organic conditions (microbiairemment) phosphate reacted
at a faster rate than carbonate. Again enamel was found tesBesusceptible to diage-
nesis than bone material. lacumin et al [21] describe araatemethod for determining
the extent of diagenesis by analysis of the correlation eetwbone phosphate and bone

carbonate. Thé'®0 of both carbonate and phosphate in bone is proven to be delate

Table 5: Linear regression parameters for the relationseigreens'*O values for mam-
malian bone and enamel structural carbonét&¥s-), phosphatef*Op) and meteoric
water 618OMw)

Reference Sample n Regression r?
[100] Modernhorse 42  §%®0gc=1.02"%0p + 8.3 0.986
[21] Modern mammals 31  6%0p =0.98®0g¢ - 8.5 0.98
[21] Modern deer 31 68040 = 0.998%0,1 + 33.63  0.98

odern humans sc = L. Mmw t 21, .
[50] Modern h 5 §80g0 = 0.356180 276 0.85
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the 5180 of body water (and hence drinking water) with good correla(R = 0.98).

The small amount of sample preparation required and thethiglughput ofs'*O anal-
ysis of carbonates makes it an attractive method for theyaisabf modern human tooth

samples in forensics and will be the method used in this study

2.2.4 Isoscapes: Modeling and mapping spatial stable isotope varia-

tion for forensic application

Spatial mapping of geochemical data is not a new conceptdécades chemical maps
have been used as an important tool for geologists, prassesd mining companies. In
the last decade geochemical mapping has seen increasiligpipp across the scientific
community as online datasets have improved availabiligpatial geochemical data [108,
109]. Jason West and Gabe Bowen recognised the interdrsmiplimportance of spatial
maps of isotopic fractionation and coined the term ’'Isostapdescribe the development
of ’'Isotope landscapes’; maps of the spatial isotope vanabf a material of interest.
Isoscapes can be based solely on the spatial interpolatioreasured isotope values,
however it is often more useful to relate measured isotopioposition at a given point
to some environmental, physical or climatic variable. tsmes have already been applied
to a wide range of applications including ecology [47, 11111 ,1112], paleoclimate [113]
, forensic science [50, 1, 114] and hydrology [115, 62, 5%]11

2.2.4.1 Forensic isoscapes in the literature: Potentialsd pitfalls

Forensic science investigation often involves deterngire origin of a crime scene sam-
ple of interest, whether that be linking a DNA swab to a sug@edrug sample to a certain
drugs shipment or a soil sample from a suspects shoe to the sgene. In Section 2.2.2
the use of stable isotope analysis for the determinatiorrigfroof a sample of interest
was introduced. The next step forward for isotope forenside be able to determine

the spatial location of origin of a sample based on its isetipgerprint. This has led
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to a new field of research in the forensic community with guwmwrking towards the
understanding of spatial isotopic variation in forensimpées, particularly human tissue.
Development of forensic isoscapes is at the cutting edgeblesisotope applications [50]
and as understanding of the processes contributing tcaspsdtopic variation improves
and databases of measured samples grow the accuracy argiopret these isoscapes

should be improved.

Spatial isotope variation of a matrix of interest can be weteed by modeling the pro-
cesses and mechanisms that determine fractionation. Tieegée based on climate and
environmental variables. Alternatively the isotope tioia may be determined by lin-
ear regression between the isotope signature of the maitixaaource material such as
water. The precision of these prediction models is limitgdte understanding of the
processes involved. The isotopic composition of a matesidetermined by the isotopic
composition of the source materials and the conditions andgsses that are involved in
the formation of the material. In the case of oxygen isota@ation, which is the main

focus of this thesis, the main source material is generalyrenmental water.

As has been described in Section 2.2.1 a great deal of réskascbeen carried out on
the globalé'®O andéD isotopic variation in precipitation, most of which are don
the GNIP database. Models that have been published basdisatataset ([62, 59, 3])
are very useful at a large inter-continental scale, explgim6 - 79 % of the isotopic
variation of the GNIP database [117]. However these mod&ldimited at a smaller
regional scale due to local climate conditions and limitaehpling density in some areas.

This limitation must be considered when using data fromdaheedels.

In the case of human tissue, oxygen and hydrogen isotopatsignis mainly derived
from drinking water which may not necessarily be the sameea precipitation. Dutton
et al[64] present river water isoscapes 6fO andsD for the conterminous USA. It was
shown that in the western United States the isotopic diffezebetween river water and
precipitation is between -1 and -12 %o for oxygen. That ismwater in the western United

States has a lighter isotopic signature than would be eggéfatnean annual precipitation
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was the source. This was attributed to a high input of isa#l}yi lighter precipitation in
river catchments at high elevation. Bowenal [65] present a first Isoscape of tap water
isotope ratios. Again it is shown that in the western Unitedes tap water has a distinctly
lighter isotopic signature than the modeled annual preatipn (-2 - -5.6 %o). In Texas and
the central US tap water is significantly heavier than thabcdl precipitation (2.6 - 10.5
%0) [65]. The lighter tap water regions are attributed totatte and seasonality effects as
well as the effect of old, pre-Holocene groundwater. Haa@gions are attributed to post

precipitation evaporation.

This thesis is concerned with the spatial oxygen isotopritatian observed in modern
human tissue, in particular human tooth enamel. At predeminumber of validated
isoscapes for human tissue is limited. Ehleringeal [1] present the first example of a
validated isoscape for the prediction of origin of humar Bamples for the USA which
was able to explain 85 % of the isotopic variation in the papah. The remaining
variation was attributed to local variation in diet. In a sauent study Thompsat al
[34] performed a similar study based on individuals froma&fbserving that there is
a higher consumption of locally produced foods than was dofan the USA resulting
in a larger gradient for the relationship between the drigkivater and human hait®*O
andé?H isotopic composition (Sectio®?). Ehleringeret al [50] present a first attempt
to use tooth enamel carbonate forensically to identify dwation of origin for modern
humans. A tap water isoscape of the USA was calibrated tt toamel carbonate by
linear regressiondt®0.=0.350'%0,,, + 27.6 %o, ¥ = 0.85). This was based on only
5 samples but indictates that tooth enamel carbonate iy likebe a useful matrix for

forensic investigation of human origin.

When isoscape models are used to predict the origin of an wrkeample the result is a
band of isotopic space from which the sample may have otigghdf only one isotope is
used and there is no supporting forensic intelligence fernnkiestigation this may result
in a band covering several thousand square kilometers outtipike continents. Single

isoscapes are most useful where there is sarpgori knowledge of the sample so that
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questions such as: could this sample come from location Xdothis sample come from
location A or location B can be answered. It is hypothesikatilty combining Isoscapes
of multiple isotope systems the band of isotopic space frdnclwthe sample could have

originated can be significantly reduced in cases whera paori knowledge is available.

The most important consideration for these examples igtteaision of Isoscape predic-
tions is limited by the level of understanding of the proessthat determine the spatial
isotopic variation. If a box model approach is taken [1],caéitary and environmental
inputs need to be understood to maximize the isotopic wvandhat can be described by
the model. As well as this the fractionation between inpatsthe matrix of interest (i.e.
keratin) need to be understood. If a regression approachbe tised, a large sample size
is required and multiple samples from the same locationemidible the understanding of
local variation. Ehleringeet al [50] highlight the fact that the same forces that shape the
isotopic composition of water are likely to be reflected ia botopic composition of both

hair and tooth enamel.
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2.3 Analytical methods

2.3.1 Isotope Ratio Mass Spectrometry: An introduction to IRMS

instrumentation

Isotope Ratio Mass Spectrometry (IRMS) encompasses over 8@ pf research and
development [44]. The first description of an instrument timauld be considered to be a
mass spectrometer came in 1912 by J. Thomson [118]. In thg 8t@ mass spectrometer
was used to obtain a mass spectrum of carbon dioxide. Thealunttion of the Nier mass
spectrometer in 1947 [119] provided the basis for modenos®ratio mass spectroscopy
and was the first instrument described containing all thenefds that are still present in
IRMS today: a gas source, magnetic sector, multiple ion ctals and an inlet system for
handling the sample and reference gas. The following secpoovide a description of the
elements of modern IRMS instrumentation. For the purposaisfstudy the following
sections are concerned with the Dual Inlet - IRMS analysig'd® of water samples,

carbonate (from bioapatite) and phosphate (from bioagatit

2.3.1.1 Sample preparation

Analysis of the isotopic composition of water and aqueous &dions became estab-
lished during World War Il due to the large amount of heavyewditeing produced for
the 'Manhattan Project’, the US initiative to develop thetfiatomic bomb. Subsequent
development has lead to the application of IRMS in a wide rasfgisciplines includ-
ing chemistry, biology, geology, hydrology, forensic sae and archeology (see Section

2.2).

In order to measure thH&0 isotopic composition of water samples they must be congterte
into a form that can be introduced into the mass spectromdtthods include the direct
introduction of water, chemical conversion to £€énd the method that will be used in

this study, the equilibration of water with carbon dioxid20]. The equilibrium of water
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with carbon dioxide is based on the research of Harold Ur2¢][1

A few mL of water are injected into an evacuated vessel, then &®&xnown isotopic
composition is introduced. The vessels are shaken for agbefi>6 hours to facilitate

the equilibrium reaction which is described by Equations1B/and 19:

K.
CO?(Q) — CO?(aq) (17)
Ky, K;
COag + HiOpy = Hy,COy = H + HCO; (18)
C'%0y,) + HI Oy =2 000y, + HIOy, (19)

where K., K;, and K are the equilibrium constants for gas exchange, hydratioindss-
sociation respectively. ¥; is the equilibrium constant of the overall reaction,,kKan be
substituted into Equatiof? to calculate the fractionation factar(aflfg =1.0412 at 25

°C [120]). The equilibrated C&can then be introduced into the mass spectrometer.

Analysis of hydroxy apatite in human bones and teeth can involve complex chem-
istry in order to transform the bound oxygen into a form treat be easily introduced into
the mass spectrometer such as CO or, @$8e Sections 2.2.3.2 and 2.2.3.1). Analysis
involves converting the isotope of interest into a gas pl@asmtroduction into the mass
spectrometer. Until recently the sample preparation wa®peed offline and the ana-
lytical precision was highly dependent on investigatoperModern techniques utilise
elemental analysers containing a reducing agent such bercar an autosampler con-

nected to a common acid bath for reaction with00 % phosphoric acid [15, 122].
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2.3.1.2 Sample inlet system

A system consisting of valves and capillaries is utilisednsure that the gaseous sample
is introduced into the mass spectrometer at a constant fliew @enerally the system is
constructed of stainless steel that is inert to the sam@¢1§8]. There are two types of
inlet system for IRMS, continuous flow and duel-inlet. All nsegements in this study
were performed using duel-inlet IRMS. A Duel-Inlet IRMS worss the premise that
the sample is measured alongside a reference standard ghsrioating between the two
gases multiple times during the analysis. This is achieyestdring the gases in separate
reservoirs and using a changeover valve which allows mel&fiernative measurements
of the sample and reference gas while maintaining equaspresand flow parameters.
The gases are transferred from the reservoirs to the chaagealve by capillary (0.1
mm i.d.) with crimps at the ends to produce the viscous gas fldwe use of capillaries
and crimps prevents the direct effusion of the sample ingoidim source which would

lead to kinetic fractionation.

2.3.1.3 lon source

In order to separate the gas molecules by mass they mustisedaas in standard mass
spectrometry. lonisation is achieved by the bombardmethefias molecule (M) with

electrons (g) produced by a hot filament (Equation 20):

M+e —M' e42e” (20)

The efficiency of the ionisation reaction is determined by ibnisation cross section,
the number of electrons produced in the ion source, the gradrthe electrons and the
number of molecules present. The more efficient the iomisgirocess the more sensitive
the mass spectrometer will be [123]. Electrons are prodbgea heated tungsten (W)
filament which are accelerated across the ion box by an efatic potential (E = 50-

150 eV) and collected at the other side by an electron traj. péth of the electrons is
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controlled by a magnetic field. The generated ions are aetilsfcom the ion box using a

series of ion lenses at specified electric potentials.

2.3.1.4 Magnetic sector

lons, accelerated to velocity (v) at the exit of the ion seyenter into the magnetic sector
of the instrument which consists of a permanent or electgmegthat deflects the path of
the ions perpendicular to the initial path. The radius ofde#ection is given by Equation

21.

r?=""x — (21)

Where r is the radius of deflection, V is the accelerating gaia is the strength of the
magnetic field, m is the fragment mass and z is its charge [Af)m this equation it is
clear that heavier ions will have a larger radius while leghibns will be deflected more
and have a smaller radius providing they have the same itraige (most positive ions

produced in the source are +1) and are subjected to the santaeand magnetic field.

2.3.1.5 lon detector

The ion detector consists of 2 or more Faraday cups, whideatahe ion species of
interest and turn the signal into an electrical impulse. iftreduction of the dual detector
by Nier (1947) [119] revolutionised isotope analysis asudianeous analysis by separate
amplifiers completely cancels fluctuations of the ion curchre to temperature changes
or electron beam instability [123]. Modern IRMS systems insed or more Faraday cups
which minimise false detector currents and allows for eaghto be accurately tuned to
measure one mass exclusively. When measuring the bulk isatomposition of CQ
the Faraday cups are tuned to collect the most abundantspeauniasses 44 (80'°0'9),

45 (C'*0'60'6, C'20170'%) and 46 (C20'0', C'*0'7016).



52 Stable isotope analysis

2.3.2 Cavity ring down spectroscopy

Cavity Ring Down Spectroscopy (CRDS) is an optical techniquetties advantage of
the mass dependency of molecular vibrations in order torehate the stable isotopic
composition of a sample. Electromagnetic energy is absidrpe molecule as described

by the Beer-Lambert Law (Equation 22).

I —ol
— = €eX
b p

()

(22)

where | and | are the intensity of transmitted light and incident lighspectively,o is
the absorption cross section and | is the pathlength. Colvettinfrared spectrometers
have limited sensitivity at low concentrations of a trace.g@RDS overcomes this lim-
itation by utilizing a mirrored cell (see Figure 10) thatreases the effective pathlength
to many kilometers, hence improving absorption and sentgitiRadiation is introduced
to the cavity by single-frequency laser. Ring down is measbgeswitching off the laser
source and observing the time taken for the signal to decpgrentially to zero. If the
cell is empty the decay is only caused by radiation lost froedlightly transparent mir-
ror. When a sample is present signal can also be lost by abmogdtthe energy by the
molecules hence the decay is quicker. The decay signal caorherted into an iso-
topic composition by the instrument software. Currentlytrmmsients are commercially
available for the analysis of liquid and vapourised waiét@ andd?H), carbon dioxide

, methane and nitrous oxided*°> /N an .
(6'3C), methane{'3C) and ni ided® N and§'®0)

2.3.3 Analysis of drinking water from the Middle East by CRDS

Drinking water samples from the United Arab Emirates (n =i &man (n = 1) were
collected by colleagues travelling in those areas. Water sadlected in 50 mL HDPE
bottles, ensuring that no headspace remained when theduitire sealed. Bottles were

further sealed with parafilm and were refrigerated untilgsia. Time between collection
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Figure 10: Schematic of a cavity ring down cell, illustratie increased path length and
the process of measuring the ring down signal. (Source:/httpw.picarro.com)

and analysis was 1 week. The samples were pipetted into 2 mL chromatograpdg vi
(( 400 pL)) with PTFE septa and analysed by Picarro CRDS (see SectihR)4124].
Three calibrations standards with known isotopic compmsst (VSMOW scale), USGS
W64444 ¢80 = -51.4+ 0.03 %o,0D = -399.1+ 0.4 %0), GISP §**0 = -24.76+ 0.09
%o, 6D = -189.54 1.2 %o) and USGS W67400 0O = -1.97+ 0.02 %o0,6D = 1.25+
0.4 %0) were run at the start and end of the analysis. Sampldtsesere calibrated to
these calibration standards by linear least squares sgres\ laboratory standard NTW
(Norwich Tap Water) was measured along with the standana®totor reproducibility of
the results. Each sample was measured 6 times and the festrtfgasurements discarded

to account for the memory effect [124].

2.3.4 Direct analysis of§'®O of human tooth enamel carbonate by

IRMS

Tooth surface was cleaned with Milli-Q water. A small amoahenamel was removed
from the crown of each tooth using a diamond cutting wheeintakare to do mini-

mal damage to the tooth. 1.3 mg of the tooth enamel was weigitedtainless steel



54 Stable isotope analysis

reaction capsules which were then placed into a 47 posigoausel and evacuated to
high vacuum. The samples were reacted wittD0% phosphoric acid (d = 1.92 g/ém
in a common acid bath. The evolved €@as cryogenically purified and analysed by
DI-IRMS (Europa-SIRA 1l DI-IRMS). Results were reported verSMBDB. An in-house
carbonate reference material UEA-CMST80y ppp = -2.04 %0) was measured along-
side the samples (12 replicates per batch) to allow for ctaoe due to matrix effects
by single point calibration in accordance with the standasthod applied by SIL. An
in-house enamel reference material THCB-RP10 (-6.8.2 %0, n = 15) was prepared
from enamel material removed from a number of human teeteated for method de-
velopment and homogenising by first powdering with a diamauiting wheel followed
by further grinding and mixing using a pestle and mortarsThference was measured in
triplicate along with each batch of case study teeth in oralebserve the reproducibility

of the analysis.
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2.4 Results

2.4.1 Middle East drinking water analysis

5 drinking water samples collected from the United Arab Eteis and 1 from Oman
were measured in triplicate using a PicarrgCHCRDS. Measurement precision of the
triplicates was< 0.1 for §'*O and< 0.3 for §°H. Results for each of the water samples
are shown in Table 6. The range of isotopic compositionsiwitie 7 samples was small
which is to be expected as all of the samples originated fratfmnva small geographical
area. They'®*Oysyow cOomposition of the water samples range from -2.1 to - 2.4 %0 and
the 52Hy g0 composition range from -12.6 to -15.3 %o with the exceptiosaple
CFP-TW-014 (Masafi mineral water) which hasy 5,01 composition of -4.9 %..
This sample is significantly enriched in the heavier isotopéydrogen than the other
samples. This may be due to evaporation at the source orgpuirification and packag-
ing. These results will be combined with published isotagata from water within the
study region to produce an improved water isoscape of thelldifast (Section 2.6).

Table 6:5'%0 andj?H isotopic composition of drinking water samples from thedile
East. Values are reported against VSMOW

Sample Source LatY Long() 6®0+oc 6D+o
CFP-TW-009 Oman tap water 23.579 58570 -208.0 -13.5+0.3
CFP-TW-013 Abu Dhabi tap water 24,462 54.371 28.0 -15.3+0.1

CFP-TW-014 Abu Dhabi ‘masafi’ mineral water 24.462 54.371 220 -49+0.2

CFP-TW-015 Abu Dhabi ‘hilton’ mineral water 24.462 54.371 -28.1 -14.2+0.1
CFP-TW-017 Abu Dhabi tap water 24.462 54.371 20.1 -12.9+0.3
CFP-TW-018 Al Ain Mineral water 24,206 55.749 -2420.1 -12.6+0.3

2.4.2 Middle East tooth enamel carbonate analysis

Samples of enamel extracted from the collection of MiddlstH&eth (Section 1.6, Fig-
ure 5) were measured using Dual Inlet IRMS. Instrument pi@tizas monitored by re-
peated analysis of an in house carbonate standard and wasither 0.2 %o (o) for 60O

(4 replicates of the standard were run at the beginning add&erach batch). Enough
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tooth enamel was collected from 26 samples to perform rafg@ianalysis, which resulted
in an average precision &f 0.3 %o for§'80. Reproducibility was monitored by the tripli-
cate analysis of a homogenised tooth enamel powder (THCB-RB&@)as a laboratory
standard with each batch. Precision of the triplicates wa9® (1o) for 6**0O for each
batch (with the exception of the first batch which had a preci®f 0.2 %.). Over the
course of the 5 batches the medOy ppp of the THCB-RP10 lab standard was -6:4
0.2 %o (1o). Of the 68 samples, results were obtained for 58. The ran@itD samples
were either considered too decayed for measurement, or lagreluring analysis due
to low CQ, yield. 6**Oysy0on for the tooth enamel carbonate was calculated from the
relationshipp'8Oy g0 = 1.03092%80y pp 5 + 30.92 %o as given by Shagd al[125].
380y suow for the Middle East Teeth range from 21.8 %o to 29.2 %o (medin() = 25.0
(£1.8) %o).

2.5 Discussion

In order to test whethef'®*Oy 510w Can be used to differentiate between locations in the
Middle East, summary statistics for each of the 19 locatair@igin were calculated and
are reported in Table 8. A boxplot (Figure 11) was producedgoalise the population
statistics for each of the cities of origin. From the boxptatan be seen that two main
groups can be differentiated. The cities from the south efAhabian peninsula (Taiz -
Um-Ghafa) are enriched #iO compared to most of the cities from the north of the study
region (Waset - Mashhad). Deyali in Iraq and Kermanshahan bre enriched iffO
compared to the other northern cities. This could be due tswmption of desalinated
water or due to dietary inputs. However n = 1 for each of thesatlons so they could
represent outliers from the general population. More sample required to test this.
The sample from lbra is the most enriched'#®. The four cities with n> 5 samples
can be used to get an impression of the expected local isotapiation in human pop-

ulations from the Middle East. Local variation is likely dteea combination of dietary
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sources available at a location, sex and fitness of the ohals, number of drinking wa-
ter sources. More samples are required to further undetstenlocal variation within
human populations but this data can be considered a praignestimatation. Tehran,
Iran (n = 12), has a range of 2.3 %e £ 23.2,0 = 0.7 %o). Al-Ghail, Yemen (n = 8), has a
larger local range of 3.3 %q(= 26.7,0 = 1.1 %0). Al Ain, UAE (n=7), has a local range
of 3.3 %0 (u = 26.6,0 = 1.1 %0). Baghdad, Iraq (n=7) has a much smaller local range
of 1.2 %o (u = 22.9,0 = 0.4 %o). This may be an artifact of the small sample size but it
may represent a more averaged diet and water intake of thdgiimm which would be

expected in a developed capital city such as Baghdad.

Analysis of variance was performed between the samplenstighNOVA confirms the
observations from the boxplot, there is significant differe between the different lo-
cations at the 95 % confidence level (F value = 15.2, F Crit = R(8F) = 2.2E-12).
Tukey’s honestly significant difference test compares tleamon each location to every
other location. Of the 171 comparisons, only 30 were sigaifily different at the 95
% confidence level. As was observed in the boxplot (Figuretiid3e differences were
between cities in the southern Arabian Penininsula congp@aréhe cities in the north of

the study region. The comparisons that were significantferdint are listed in Table 9.



Table 7: Measured!'®Oy ppp values of the Middle East tooth enamel samples. The

childhood origin of the teeth is presented along with cataitks and altitude for each

location. Replicates were measured for samples with sutticieaterial available, for

these samples the mean and standard deviationaie reported along with the number

of replicates measured (n).

Sample ID Origin Country  Latitude (°) Longitude (°) Altitude (m) 6®¥Oyppp 1o n
TEOG4 Esfahan Iran 35.37 51.26 933 -6.4

TEOG5 Tehran Iran 35.42 51.26 967 -7.6

TEO066 Kermanshah Iran 34.18 51.26 900 -5.0 0.3
TEOG7 Tehran Iran 35.42 51.26 967 -7.1

TEOG8 Tehran Iran 35.42 51.26 967 -6.8

TEO69 Rodehen Iran 35.44 51.54 926 -6.6 0.4
TEO70 Ghazvin Iran 36.14 50.20 1221 -7.0

TEO71 Ghazvin Iran 36.14 50.20 1221 -7.0

TEO72 Sabzevar Iran 35.42 51.26 967 -7.9

Continued on Next Page. ..
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Table 7 — Continued

Sample ID Origin Country  Latitude (°) Longitude (°) Altitude (m) 0®¥Oyppp 1o n
TEO73 Sabzevar Iran 35.42 51.26 967 -8.8 0.7
TEO74 Tehran Iran 35.42 51.26 967 -7.6

TEO75 Mashhad Iran 36.17 59.36 1777 -6.7

TEO76 Tehran Iran 35.42 51.26 967 -6.7

TEO77 Tehran Iran 35.42 51.26 967 -6.6

TEO78 Tehran Iran 35.42 51.26 967 -1.7

TEO79 Tehran Iran 35.42 51.26 967 -7.9

TEO80 Tehran Iran 35.42 51.26 967 -7.8

TEO081 Tehran Iran 35.42 51.26 967 -7.7

TE082 Afghanistan Afghanistan 36.42 67.60 1321 -7.5

TEO39 Waset Iraq 3241 45.33 15 -6.2

TEO040 Waset Iraq 32.41 45.33 15 -5.6

TEO41 Baghdad Iraq 33.18 44.23 31 -7.8

TEO42 Baghdad Iraq 33.18 44.23 31 -7.1

Continued on Next Page. ..
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Table 7 — Continued

Sample ID Origin Country  Latitude (°) Longitude (°) Altitude (m) 06®¥Oyppp 1o n
TEO43 Baghdad Iraq 33.18 44.23 31 -8.2 0.0 3
TEO44 Baghdad Iraq 33.18 44.23 31 -7.8

TEO045 Baghdad Iraq 33.18 44.23 31 -8.0

TEO46 Baghdad Iraq 33.18 44.23 31 -7.6

TEO47 Deyali Iraq 34.40 45.70 513 -4.9

TEO048 Baghdad Iraq 33.18 44.23 31 -1.7

TEO27 Sur Oman 22.34 59.31 209 -4.7

TEO28 Muscat Oman 23.37 58.29 1268 -5.3

TEO29 Ibra Oman 22.41 58.32 346 -1.7

TEO30 Muscat Oman 23.37 58.29 1268 -4.1 0.3 2
TEO31 Muscat Oman 33.18 44.23 31 -5.3

TEO32 Sur Oman 22.34 59.31 209 -4.2 0.2 2
TEO034 Salalah Oman 17.00 54.32 17 -2.8 0.2 2
TEO35 Baloshistan Oman 28.80 65.33 970 -4.2

Continued on Next Page. ..
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Table 7 — Continued

Sample ID Origin Country  Latitude (°) Longitude (°) Altitude (m) 0®¥Oyppp 1o n
TEO36 Bidbid Oman 23.24 58.70 340 -4.6 0.4
TEO38 Muscat Oman 23.37 58.29 1268 -5.3

TEO16 AlAin UAE 24.13 55.45 175 -5.4 0.2
TEO17 AlAin UAE 24.13 55.45 175 -4.3

TEO18 AlAin UAE 24.13 55.45 175 -4.4 0.2
TEO19 AlAin UAE 24.13 55.45 175 -3.6

TEO20 AlAin UAE 24.13 55.45 175 -2.3

TEO21 AlAin UAE 24.13 55.45 175 -3.8

TEO022 Hili UAE 24.17 55.46 216 -4.8

TEO23 Um-Ghafa UAE 24.50 55.54 240 -4.1

TEO24 UAE UAE 24.13 55.45 175 -4.1 0.7
TEO025 Um-Ghafa UAE 24.50 55.54 240 -4.4

TEO49 Taiz Yemen 13.34 44.10 1651 -5.2

TEO50 Al-Ghall Yemen 15.17 47.48 1524 -4.7

Continued on Next Page. ..
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Table 7 — Continued

Sample ID Origin Country  Latitude (°) Longitude (°) Altitude (m) 06®¥Oyppp 1o n
TEO052 Al-Ghall Yemen 15.17 47.48 1524 -5.1 0.1
TEO54 Al-Ghail Yemen 15.17 47.48 1524 -3.5

TEO55 Al-Quada Yemen 15.17 47.48 1524 -2.1

TEO56 Al-Ghall Yemen 15.17 47.48 1524 -3.5 0.2
TEO57 Al-Ghail Yemen 15.17 47.48 1524 -3.6

TEO059 Habayer Yemen 15.17 47.48 1524 -5.2

TEOG3 Al-Oyon Yemen 15.17 47.48 1524 -4.9
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Table 8: Summary statistics for each of the sample locationghe Middle East tooth
enamel carbonat®®O measurements (n = 58). Results are reported against the WVBMO

standard.

Origin Meand®Oysyowr o N

Al-Ghail 26.7 1.1 8
AlAin 266 1.1 7
Baghdad 229 04 7
Bidbid 26.2 1
Deyali 25.9 1
Esfahan 24.3 1
Ghazvin 23.7 00 2
Hili 27.0 1
Ibra 29.2 1
Kermanshah 25.7 1
Mashhad 24.0 1
Muscat 258 06 4
Rodehen 24.1 1
Salalah 28.0 1
Sur 264 0.3 3
Taiz 25.5 1
Tehran 23.2 0.7 12
Um-Ghafa 264 04 3
Waset 248 04 2

2.5.1 The effect of tooth type ony'®*O composition of tooth enamel

As was mentioned in Section 1.5.2.1 only 66 % of the teeth uséhis study are sec-
ond or third molars and earlier erupting teeth (incisorsiimas and premolars) are not
considered as reliable for forensic purposes [15]. Forrématon it is important to ascer-
tain whether the results from the non molars are still udeiuletaining isotopic identity.
Figure 12 shows boxplots comparing €0 isotopic composition of tooth enamel for
the different tooth types for A) the whole population, B) Yem€) Oman and D) Iraqg.
The collection from Iran contains all molars except for omenpolar and the collection

from UAE contains only premolars and therefore these ctitles could not be used to

compare tooth type.

From the figure it can be seen that if we compare tooth typeai/krcations there is sig-

nificant overlap between the populations but the mediaregdior incisors and premolars
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Figure 11: A box plot of the/'*Oy 51,01 composition of the Middle East teeth (n

based on location of origin. The city of origin of the tootimgaes is shown on the X axis.

The cities are ordered according to country where A

Irag and E

=UAE, D

Yemen@@nan, C

Iran. For each of the 'boxes’ the thick black lispresents the median (or

the sole value where n = 1), the box represents the intetifpueange and the whiskers

show the range. Open circles are possible outliers.
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Table 9: Locations of origin for tooth enamel that can beedéhtiated using'®*O com-
position at the 95 % significance level by Tukey's HSD test.

Location A Location B P
Al Ghall Baghdad <0.001
Al Ghalil Ghazvin 0.002
Al Ghail Tehran <0.001

Al Ain Baghdad <0.001
Al Ain Ghazvin 0.004
Al Ain Tehran <0.001

Baghdad Bidbid 0.03
Baghdad Hili ~ 0.002
Baghdad Ibra <0.001

Baghdad Muscat <0.001
Baghdad Salalah <0.001
Baghdad Sur <0.001
Baghdad Um-Ghafa <0.001
Bidbid Tehran 0.047

Esfahan Ibra 0.008
Ghazvin Ibra <0.001
Ghazvin Salalah 0.006
Ghazvin Sur 0.042
Ghazvin Um-Ghafa 0.049
Hili Tehran 0.004

Ibra Mashhad 0.003
Ibra Muscat 0.032
Ibra Rodehen 0.005
Ibra Tehran <0.001

lbra Waset 0.005
Muscat Tehran <0.001
Salalah Tehran <0.001

Sur Tehran <0.001
Tehran Um-Ghafa <0.001
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Figure 12: A box plot of thé'®Oy 1,01 composition of the Middle East teeth comparing
tooth type. A) All teeth, B) Yemen, C) Oman and D) Irag. For eddhe’boxes’ the thick
black line represents the median (or the sole value where )y thd box represents the
inter-quartile range and the whiskers show the range. Opeles are possible outliers.
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is slightly elevated compared to that of molars and ANOVA loa data set confirms that
there is indeed significant difference between the tootlkegyfpr the whole population.
The elevated values for incisors and premolars could bectggelue to the enriched na-
ture of mothers milk during weaning. However the number etheof each type from
each region is not equal, hence this statistical signifieamaconclusive and may be due
solely to the small number of samples and the fact that the@keset is not representative
of the whole population. If one observes the boxplots foritftdvidual locations it be-
comes clear that there is no systematic pattern in the isntoppositions of the different
teeth types and there is overlap in all three of the locatiéisthe data lies well within
a range of 3 %o which is the range observed for individual liocet in previous studies
in the US [31] and the UK [126]. Therefore, for the case of #iiedy one can conclude
that the non-molar teeth are representative of the loctdpsocomposition in the Middle

East cities and all results shall be used in the followindisas.

It has been shown that thé®O composition of tooth enamel carbonate can be used to
differentiate between populations in the Middle East stuetyion. However with this
small database it is only possible to look at differencesvben the 19 cities for which
there are samples (and multiple samples are available figr®of these sites). It is
therefore necessary to use the measured data to study a@tienship between th&80
composition of tooth enamel and th&O composition of drinking water so that a spatial
model can be produced to model the expedté® composition of tooth enamel over the
entire study region. The following sections describe ¢$ftw produce a new isoscape for

the prediction of tooth enamel carbonat€O composition.
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2.6 Development of a new drinking water isoscape for the

Middle East

It is hypothesised that the ability of currently availablelgl precipitation isoscapes to
describe thé'®O variation in the Middle East is limited, due to the low numbeGNIP
sampling sites in the region, combined with a complex lodiahate. In an attempt to
elucidate the spatial isotopic variation of the Middle Eeaststudy region, isotopic data for
water samples from a number of published sources and 7 uspatllsamples measured
in lab have been compiled into a small database. The refdtiprbetween the collected
water data and a number of climate variables has been coedideorder to develop a
spatial isotope model that explains the highest amountrdtvan. The following section
describes in detail the processes involved in the develapofehe new drinking water

isoscape of the Middle East.

2.6.1 Water and climate data from the study region
2.6.1.1 Climate and geographical data for the Middle East

High resolution global climate data is now readily avai&atd the scientific community
thanks to online sources [127]. In this study, climate datenfthe WorldClim BIO
database [63] ('bicom_esri.zip’, [128]) was used. This database includes spairaier-
polated climate layers for 19 variables, created from betwi4,900 and 24,500 stations.
The resolution of the raster data is 5 arc minutes (appraeiiya00 kn?). Elevation data

were acquired from the USGS 1-km digital raster (GTOPO86gsdem).

2.6.1.2 Isotopic data for water samples from the Middle East

There is relatively little isotopic information from watér the literature covering the

Middle Eastern peninsula compared with other areas in tielwbhe majority of the data
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that is available comes from hydrological studies conagméh aquifer recharging in this
arid environment. For this study®O anddD data for water from 8 publications have been
chosen due to spatial data being included. The water in fhdsleations is from various
sources within the hydrological cycle, long term averageejmitation [129, 130], spring
water [131, 132, 133], ground water from wells or bore hotE32] 134] and bottled
mineral water [80]. Also included were; long term mean guéation values for the
three GNIP stations on the Arabian Peninsula that have dedasufficient data (Tehran,
Tehran East and Bahrain, [135]); unpublished data from 5 &tpvsamples collected and
a mineral water sample collected by the Centre of ForensiePeoncing and measured in
house and a tap water sample measured at the University afdaunt is suggested that
the isotopic composition of these long term averaged ssuscenore representative of
local water supply which mainly comes from deep aquiferser€&tare a number of values
in the literature for individual precipitation events whibhave been excluded as they are
not representative of the water consumed by human popnotaiiothe study region. In
total the database contains data from 31 locations acressully region (Figure 13). The
database is shown in Table 10. For the purpose of this stusyagsumed that the water
sources in the database are representative of drinking imatee region. The Middle East
is an arid region and as the human population increases ithewer increasing demand
for water. Some of the water has to be supplied by desalimaticea water which may
have an impact on the local isotopic signal in some areas. eMemthe main source of
water in the Middle East are deep aquifers. Therefore therglwater and spring water
compiled in this database should be representative of vimgielg pumped for human

consumption.

2.6.2 Comparison of published water data to existing global isotope

models

In order to test the hypothesis that existing global isoesdp, 59] of6'*O composition

in precipitation have limited predictive power in regionghwlow sampling density such
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Table 10: Isotopic composition of water samples from the diicEast. 510 andéD
have been reported as per mille values against VSMOW. Stdrtldaviations have been
reported where multiple samples from the sample locatiale weeasured. Water samples
are from a number of long term averaged sources: A) Long tegamprecipitation,
B) Spring water, C) Groundwater, D) Bottled mineral water, Ep Veater. Data was
compiled from a number of sources as described in sectiofh.2.6

Location Type Lat(°) Long(°) 680 (o) dD(+c) n Reference
Bahrain A 26.27 50.62 0.4 5 1 [135]
Tehran A 35.68 51.32 -5.3 36 1 [135]
Tehran East A 35.74 51.58 -4.3 50 1 [135]
Shiraz B 28.79 51.45 -4.6 -18 1 [133]
Isfahan A 35.37 51.26 -7.0 -39 1 [130]
Shiraz C 29.58 52.62 -6.5 36 1 [132]
Shiraz B 29.63 5255 -6.7 33 1 [132]
Shiraz C 29.29 53.31 -7.3 -39 1 [132]
Baghdad D 33.32  44.39 -6.6(.2) -43(29) 7 [80]
Raudhatain C 26.99  47.65 -35.3) -11(+2) 11 [134]
Umm Al Aish  C 26.77 4777 -2.90.4) -10(x4) 3 [134]
Muscat E 23.58 58.57 24 14 1 CFP
Batinah C 23.64  57.88 -3.40.1) -15&1) 3 [136]
Salalah A 17.04 54.09 -0.8 5 1 [129]
Qairoon Hairitti A 17.25 54.08 -0.6 7 1 [129]
Saiq A 23.10  57.70 0.1 10 1 [129]
Khayber B 25.83  39.29 -2.80.2) -11(x2) 3 [131]
Madinah B 24.45 39.64 -2.80.1) 3(+2) 3 [131]
Jeddah B 2150  39.20 -140.9) @ -4(x4) 2 [131]
Makkah B 21.44 39.82 -2.68(0.4) -5(+2) 3 [131]
AL-Lith B 20.15  40.27 -4.2¢0.3) -23(+1) 3 [131]
Jizah B 16.89 4257 -3.30.3) -14&1) 2 [131]
Al-Quatif B 26.67  49.96 -3.70.3) -27(+2) 6 [131]
Al-Gharra B 31.06 37.62 -4.1 30 1 [131]
Al-Hasa B 2533 4963 -58(0.1) -371) 7 [131]
Jizan D 16.88 42.57 -1.9 -13 1 [80]
Dammam E 26.28 50.20 -5.2 34 1 Dundee
Abu Dhabi D 24.46 54.37 -1.9 -13 1 [80]
Abu Dhabi E 24.46 5437 -220.1) -12(t5) 4 CFP
Al Ain D 24.21 55.75 -2.2 -13 1 CFP

Sana’a A 15.48 44.22 -15 2 1 [129]
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Figure 13: A map showing the origin of the water samples us@uddate the Middle East
drinking water isoscape. Blue circles represent the lonaifesampling.

as the Middle East, measured data must be compared to thdadodéues. The most
commonly used precipitation isoscape is the Online Issapéd°recipitation Calculator
(OIPC) [137] which is based on the model of Bowen and Wilson @2j refined by
Bowen and colleagues in [59] and [114] and is described ini@e2.1. This model
describes approximately 76% of the isotopic variation e @NIP database. OIPC pre-
dictions were obtained from the public website for each ef geographical locations
from the Middle East water database described previousgeaddnd model that was pro-
posed more recently is the temperature based approach dd&aNeeret al [3]. This
model is not available online so values have been predicieeich spatial location from

the Middle East water database using Equation 23:

518Oprecip = —5.961’])(70'041*71) —24 (23)

where T is the temperature of the coldest quarter which wa<limate variable that
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explained the most (79 %) of the isotopic variation of the Bataset.

2.6.2.1 Statistical comparison of the measured and modeléd®O data

The mean measurett®O isotopic composition of the water samples was -8.42.1,
10) %o with a minimum and maximum of -7.3 and 0.1 %0 respectiveljre population
statistics for the OIPC predicted values is comparable withean of -3.3+ (2.0, Iv)
%o with a minimum and maximum of -7.6 and -0.7 respectivelye Man Der Veer tem-
perature model seems to be biased towards lighter isot@pnpaosition with a mean of
-5.3+ (1.0, Iv) %0 and minimum and maximum of -7.6 and -4.4 %o respectivelguFe
14 shows histograms of the residuals between measured asheledovalues 0§80 for
each of the models. For the OIPC model the mean differend@ % (d) is not signifi-
cantly different from zero. Howeved|>1 %o for 55 % of the population and| >3 %o. for
13 % of the population. The histogram for the Van Der Veer terafjure model clearly
shows that the modeled values are significantly lighter thaasured values with a mean
difference @) of 2.22 %.. This is due to the fact that the variation in the eidd much
larger at high temperature (See [3]) and due to the nature ekponential model the rate
of isotopic change with temperature rapidly decreasesgit teamperatureX30 °C) so
predicted values at high temperature are considerablielighan found in naturgd|>1

%o for 74 % of the population anfi| >3 %o for 29 % of the population.

Two paired T tests were performed using Equations 24 and BB.fiist T test between
the measured and OIPC values suggested that there was ifcargrdifference at the 95
% confidence level (t = 0.35, p = 0.74). The second T test betweemeasured and the
Van Der Veer modeled values suggested that there was sagttificdference between the

measured and modeled values at the 95 % confidence level¥8=F= 0.00).

d = 618Omeasm'ed - 5180modeled (24)

whered is the difference between paired samples.
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Figure 14: Histograms showing the residuals (d %) betweeth)OIPC model and B)
the Van Der Veer (2009) temperature mod&lO predictions and measurééfO values
of water samples (n = 31) from the Middle East. The curvesesgnts the expected
normal distribution of the data.



74 Stable isotope analysis

t =dv/n/sq (25)

whered is the mean difference between paired samplessarisl the standard deviation

of d.

Sum of squares of the response variable (SSY, Equation 26)hensum of squares of
error (SSE, Equation 27) were calculated for each of the msated these were used to
calculater? values (Equation 28) for each of the models. The OIPC explairy 17% of
the isotopic variation observed in the Middle East samplés(0.17) while the Van Der

Veer temperature model explains none of the variatidn=(-0.83).

SSY =Y (y-9)° (26)

wherey is the measured'®O composition of the water samples apis the mean of y.

SSE =Y (y—yx)* (27)

wherey* is the modeled'®*O composition of the water samples.

, SSY — SEE

SSY (28)

r

It has been shown that, within the Middle East, the OIPC mpdeduces values that are
not significantly different to the measured values at the 9&o¥fidence level. However
the model residuals are high with over half of the predictidiifering from the measured
values by> 1 %o and the model explains only 17 % of the isotopic variatiothie study
region. The Van der Veer temperature model produces predécthat are significantly
different to the measured values at the 95% confidence leitkl aimost 75% of the
predictions differing from the measured values-byl %o. Of the two models the OIPC
explains the isotopic variation of the Middle East more aataly but for the purpose of

this study a better model is required in order to reduce tra ef final predictions.
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2.6.3 Derivation of a new water isoscape based on geographical and

climatic variables

It is the aim of this study to link thé!®*O composition of human tooth enamel to drinking
water in order to be able to predict the spatial origin of aknawn tooth enamel sample.
In order to achieve this it is necessary to first accuratedgiot the isotopic composition
of drinking water. As described in Section 2.1.1.1 both ewvapon and condensation frac-
tionation events are temperature dependent according teiBayrocesses [58]. It has
been shown that the global temperature based model [3]deqmaate for describing the
isotopic variation of the study region. The study region &iasrid climate characterised
by low annual rainfall and high temperatures (Figure 16). <taeration of local climate

variables may lead to improved understanding of the isotegiiation in the region.

2.6.3.1 Climate of the study region

The study region covers the Arabian Peninsula, Irag anddnahis an area characterised
by extreme climatic and geographical conditions. The nitgjoif the region is classified
as arid or semi arid. Annual rainfall is variable and typigé¢ss than 150 mm on the
Arabian Peninsula and less than 50 mm in the Rub’ Al Khali (Bn@uarter) [138]. The
Zagros Mountains in Western Iran and Eastern Iraq, the AaHEjountains in Oman
and the elevated region in Western Yemen may receive signtficmore precipitation
a year (150 - 1200 mm) although again this is highly variaBligu{re 16). There are
two major sources of precipitation. The first consists oftesircyclones, which carry
water from the Eastern Mediterranean and are funneled doevtabian Peninsula by
northwesterly winds known as the 'Shamal’ [138]. The secsoutce is from the summer
Indian Monsoon system carried by southeasterly winds, kvimay contribute a small
amount of rainfall to the UAE and the southern coast of Omah¥¥emen (see Figure

15).

Temperatures in the study region are extreme, with summepdeatures in the central
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Arabian Peninsula reaching above 48 °C and dropping beleezing in the winter. At
high altitude in the Zagros Mountains temperatures in wirntay drop to -20 °C while
areas along the southern coastline of Yemen and Oman raqeérience temperatures
below 10 °C. The annual temperature range is highest in Irdnraq ((;ax — Tayn

= 35-45 °C) and decreases towards the south of the Arabiam&éaj with lowest tem-
perature range occurring on the Yemen and Oman coasflingx — 7,y = 10-15 °C)
(Figure 16. Annual mean temperature in the study regioresdrom around O °C at the
peaks of the Zagros mountains*@0 °C in The Rub’ Al Khali desert in Saudi Arabia,
Oman and the UAE (based on values from the WorldClim datal&&dfigure 16).
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Figure 15: Seasonal prevailing wind direction in the Aralf&ninsula. From 'Hydrology
of and Arid Region’ [138].
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Figure 16: A) Annual mean temperature (°C), B) Annual tempeeatange (°C and C)
Annual Precipitation (mm) of the Middle East. Data is frore iWorldClim Bio database
[63].

2.6.3.2 A new Local Meteoric Water Line (LMWL) for the study region

A new Local Meteoric Water Line (LMWL) has been prepared frdra tollated water
data from the Middle East study. Least squares linear regnesvas used to define the
LMWL for the region (Figure 17). The gradient of the LMWL, 74 Q.6) is significantly
shallower than that of the Global Meteoric Water Line, 7.96(.02) [139] which is
characteristic of a non-equilibrium evaporative envirem[58]. This is to be expected in
the dry, hot and arid climate of the study region and sugdkatgshe isotopic variation of
the region may be more complex than that of areas effectedlgyequilibrium processes.

The Deuterium Excess of the study region is 6:22(4) and ¥ for the regression is 0.83.

2.6.4 The relationship betweeny'®O of water and geographical and

climatic variables in the study region

As has been shown in Section 2.6.2, existing global modefd®@¥ in precipitation are
unsuitable for the study region. This is likely due to the ptex climate creating local
fractionation conditions that deviate from equilibriunbid therefore necessary to create

a local waters'*O model based on the local conditions. Considering the clirfthe



78 Stable isotope analysis

y=7.13x +6.23 o
r’=0.83

5'®Ovsmow(%o)

Figure 17: The Local Meteoric Water Line (LMWL, solid line) tbfe study region, calcu-
lated by least squares regression of the available Middé water data (n=31) is given
by the equation in the figure. The Global Meteoric Water LIGMWL, dashed line), y

= 7.96x + 8.89 [139] is included for reference.
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study region it is clear that th#®0O composition of drinking water will be a mixture of
two signals. The first is winter precipitation originatingin the Mediterranean which
provides the majority of the regions water [138]. The se¢candhmer precipitation orig-
inating from the Indian ocean will provide a small fractianthe final drinking water
but is be expected to be considerably enriched in the hemsatpe due to higher tem-
peratures (temperature effect) and lower volume (amodetgfcompared to the winter
precipitation [138]. It is hypothesised that the isotopégiation in the study region can
be explained mainly by the temperature effect due to themdrtemperatures observed
but the amount effect must also be considered due to the avidbement. There may
also be a distance effect as the majority of rainfall origgsan the Mediterranean and this
will also be considered in the modeling approach. In orddesb these hypotheses and
to create a new local'®*O drinking water isoscape for the study region, climatealads
from the WorldClim database [127] and a number of geographeaables (Latitude,

Altitude, distance from source) will be tested as modelalags.

2.6.4.1 Geographical variables

Least squares linear regression was used to determinel#étiemship between th&®O
composition of the Middle East waters (n = 31) and four geplgical variablesAltitude
andlatitude were chosen according to the OIPC method [62]. As can be adégure 16
the annual mean temperature increases from north to sobtile precipitation increases
south to north, hence latitude may be a good proxy for the éeatpre and amount effects
that lead to the isotopic fractionation in the region. Poesistudies have shown that the
global trend in oxygen isotope fractionation can be descrtly a polynomial relationship
with latitude [62, 59, 114]. Linear regression was chosethigstudy as the study region
is small enough that curvature in the isotopic data is négiég A number of studies have
also shown that there is a significant linear ‘altitude dffex isotopic composition in high
altitude regions [62, 59, 114Distance from the Mediterraneananddistance from the

coast(calculated using ArcGIS - Near tool) were also chosen ireotd test whether
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Table 11: An overview of the model coefficients for the relathip between thé'®*O
composition of meteoric water (n = 31) and local climate ables in the Middle East.
Exponential models fitted are in the form y = A - B*exp(-C*x). Ih @ases A was not
significantly different to 0. Linear models are in the form yA%x + B. Where there
was no clear relationship between the dependent and indepewariable, no model was
fitted. A number of the more significant correlations are shawFigures 18, 19 and 20.

Model Variable Model Fitted A B cC
Annual Temp.range Exponential 0 045 -0.07 0.59
Temp. seasonality Exponential 0 0.82 -0.0002 0.54
Mean Temp. wettest quarter  Exponential 0 1.19 0.01 0.49
Latitude Linear -0.26  3.16 - 048
Precip. Coldest quarter Linear -0.3 -1.65 - 047
Min. Temp. coldest month Exponential 0 5.01 0.05 0.37
Mean Temp. coldest quarter  Exponential 0 7.19 0.05 0.37
Distance from coast Linear -0.65 -2.53 - 031
Precip. wettest quarter Linear -0.02 181 - 0.24
Mean Diurnal Range Linear -0.03 0.85 - 0.22
Annual Precip. Linear -0.01 -1.88 - 021
Mean Annual Temp. Exponential 0 10.91 0.05 0.2
Precip. wettest month Linear -0.04 -2.14 - 0.16
Isothermality Exponential 0 991 0.03 0.14
Precip. Warmest quarter Linear 0.03 -3.71 - 0.13
Distance from Med Linear 0.11 -5.28 - 0.09
Precip. driest quarter Linear 0.1 -3.76 - 0.08
Altitude Linear -0.0006 -3.04 - 0.04
Max. Temp. warmest month  None - - - -
Precip. Seasonality None - - - -

Mean Temp. driest quarter None
Mean Temp. warmest quarter None
Precip. driest month None
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the distance from these two points influences the isotopigposition of precipitation in

the region. Figure 18 confirms that there is a weak negativesletion betweer'80O

composition and latitude, explaining around 48% of thedpit variation (f = 0.48).

There is no correlation observed for altitude or distanomfthe Mediterranean and only

a very weak negative corrlatior? (® 0.31) with distance from the coast. Fitted coefficients

and ¢ values for all the models are reported in table 11.

Figure 18: Scatter plots showing the relationship betwbea'fO composition of mete-
oric water (n = 31, Table 10) and geographic variables: Ajtdde (m), B) Latitude (°),
C) Distance from the Mediterranean (°) and D) Distance froendbast. Least squares
linear regression lines are shown (black lines) along whith model 95 % confidence
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2.6.4.2 Temperature effect

Non linear exponential regression in the fodtiO = A + B*exp(CT) (where T is the
temperature variable), was used to fit models between'ti@ composition and temper-
ature variables from the BlOclim database. An exponentialehwas chosen due to the
predicted relationship between temperature and isot@pigosition as described in Sec-
tion 2.1.1. Figure 19 shows the correlation between foupenature variables and®*O
composition Mean annual temperature maximum temperature, minimum temper-
ature andtemperature range). Fitted coefficients andf values for all 10 temperature
variables are reported in Table 11. The asymptotic coeffigi®) was not significantly

different from O (P> 0.05) for all of the temperature variables.

The temperature variables measured in sumieafh Temp. warmest quarter, Mean
Temp. driest quarter and Max Temp. warmest month) showed no correlation with
the 5180 composition of drinking water so no models were fit for theagables. This
suggests that the small amount of summer precipitation doelsave a significant effect

on the overall isotopic composition.

There was an acceptable correlation for mean temperatuifeeofvettest quarter {r=
0.49) confirming the suggestion that the bulk drinking watgnal will be dominated by

the seasonal winter rainfall.

The best correlation of the temperature variables was gmeannual temperature
range which explained almost 60% of the variation in the study @agiThis was also
the variable that explained the most variation out of alllef variables tested. There is
a negative relationship between temperature range @@ Areas with a small range in
temperature tending to have isotopically heavier watetendrieas with large temperature
range tend to have isotopically lighter water. This can h@ared by the fact that areas
with the largest range in temperatures have cold wintere (C), hot summers> 30
°C) and receive the higest rainfall. Areas with small tempeearange are hot{ 30 °C)

all year round and receive little rainfall. Using temperattange to model the isotopic
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variation in the study region takes into account tempeeatseasonality and to a small

degree, amount effect.
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Figure 19: Scatter plots showing the relationship betwbed O composition of me-
teoric water (n = 31, Table 10) and temperature variablesM@an annual temperature
(°C), B) Maximum temperature of the warmest month (°C), C) Minimtemperature of
the coldest month (°C) and D) Annual temperature range. N@atiexponential regres-
sion lines are shown (black lines) along with the model 95 #fidence intervals (green
lines) except for B which had no clear correlation.
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2.6.4.3 Precipitation effect

Least squares linear regression was used to fit models betiveé'®*O composition of
drinking water and the precipitation variables from the Bi@alatabase (Figure 20, Ta-
ble 11). The precipitation variables measured in sumiezdip. driest month, Precip.
driest quarter andPrecip. warmest quarter) again showed little or no correlation sug-
gesting that the small amount of precipitation that falldhe summer has little effect
on the bulk isotopic composition of drinking water. Theraisasonable correlation for
precipitation in the coldest quarter (r> = 0.47) suggesting that the isotopic composition

of the drinking water may be affected by an amount effect dbageby temperature.

2.6.4.4 Multiple regression approach

From Table 11 it is clear that temperature range explainsrtbst variation in the iso-
topic composition of drinking water for the study region.efé is however a significant
correlation for precipitation in the coldest quarter suglog that it may be possible to
improve the temperature model by addition of an amount effagable. A histogram
of the residuals of the temperature range model is shownguar€i22. Precipitation in
the coldest quarter was plotted against the temperatureelmesiduals (Figure 21). A
linear model with intercept set to 0 was fitted through thed&here is a very weak neg-
ative correlation observed’ér 0.04). However the gradient is not significantly different
from 0 (P>0.05) so it was concluded that there is no relationship betvtke residuals
and precipitation. Temperature range is accepted as thedm@sble for the explanation
of isotopic composition of drinking water in the study regiorhe§'80 drinking water
model (referred to from here as the DiVod) that will be used to create the isoscapes in

the following sections is given by equation 29, whére= -0.45 and3, = 0.07 :

5180dw = Bl * exp(ﬁg * Trange) (29)
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Figure 20: Scatter plots showing the relationship betwbed'fO composition of mete-
oric water (n = 31, Table 10) and amount effect variables: éalTannual precipitation
(mm), B) Precipitation seasonality * 100), C) Precipitation in the warmest quarter
(mm) and D) Precipitation in the coldest quarter. Least sggiinear regression lines are
shown (black lines) along with the model 95 % confidence viatisr(green lines) except
for C which had no clear correlation.
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Figure 21: Scatter plot showing the relationship betweenrdsidual variance from the
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Figure 22: Histogram showing the residuals between therexmtal temperature range
model §**0 predictions and measuréd®O values of water samples (n = 31) from the
Middle East. The curves represents the expected normabdisdn of the data.
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2.6.5 Spatial interpolation of the drinking water model

Previous studies involving the creation of precipitatisngcapes ([62, 3]) have taken
into account the spatial variance of the residuals by usimgle kriging. Kriging is a
spatial interpolation algorithm that estimates a valuafgiven point based on a weighted
average of the surrounding points. The distance weightisgsl in kriging are assigned
by using measured data to create an experimental variogramresidualsd) from the

DW_mod (Figure 22) were calculated using Equation 30:

E=Y,—-Y (30)

whereY; is the measured'®O,smow value of the water samples andis the modeled
value. The residuals were used to generate an experimeartagxam which is defined
by Equation 31:

1 O

= 5, 2 (s = (st )Y (31)

v (hy)
whereZ(s;) is a value at location; andZ(s; + h) is a value at a distance of h from the
initial point. N}, is the number of data pairs at distarice The semivariogram for the
residuals of DWmod is shown in Figure 23. There is no clear spatial cor@taith the
data and this is largely due to the low number of samples amdrteven coverage of the
Middle East water data. Using the gstat package in R (Statistoftware) a nugget semi-
variogram was calculated (nug = 1.91, Figure 23) and theskrigsiduals were added to
the water model. However this did not improve the DWod and it was decided that as
there was no spatial correlation in the data the original limear exponential D\Amod
would be used. In order to improve on this model more sampidsatter spatial cov-
erage is required in order to observe the spatial variahahe study region. However,
with the data available, Occam’s razor will be observed sihglest available model is

the best.
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An isoscape of the modeléd®O composition of drinking water was created by applying
the model from equation 29 to the Worldclim BIO annual tempeerange grid and is
shown in Figure 24. The expected range indH&® composition of drinking water in the
study region is 7.2 %0(-8.5 - -1.1). The isotopically lightesinking water is predicted
in the north of the study region in highlands of Iran and Irage isotopically heaviest
drinking water is expected along the southern coast of tlaidn Peninsula. It was the
aim of this section of the study to create a new drinking wistescape for the Middle East
that improved on the existing global models. It has been shiowection 2.6.2.1 that the
Van der Veer model [3] was unsuitable for predicting drimkimaters'®O composition
for the Middle East study region. The OIPC model [62] expairi7% of the variance
in the isotopic compostion of drinking water in the studyioegand the residuals from
the model ranged from -4.03 %o to 3.29 %0 (mean = -0.12%%s; 1.88 %o). The newly
developed isoscape presented here explains 59 % of theisatariation of drinking
water in the study region. The residuals from the new modejedrom -2.19 %o to 2.39
%0 (Mean = -0.01 %og = 0.59 %0). The new model could be further improved by more
rigorous sample collection and improved sampling densityctv would allow for the

spatial variation to be considered.

2.6.5.1 Model variance

In order for the newly produced isoscape to be useful forrfsieapplication the error
associated with the model predictions must be considengatelviously mentioned exam-
ples ([3, 59]) spatial kriging of the residuals was appliduch allows for an estimation
of the spatial variance in the model. In this example a simpie linear exponential re-
gression is applied without kriging of the residuals as ratigpcorrelation was observed.
Therefore it is assumed that the variance in the model itmifor all locations. As such
the variance in the model is described by the population ®@féisiduals from the model

predictions given by Equation 32:
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Figure 23: A semivariogram of the Middle East water modeldeasl values. The points
show no spatial correlation and only a nugget value of 1.%1bleen applied (black line).

, Y- @)

S =
dw n—1

wheret is the residual value between the modeled and measured ofadigO as given
by Equation 30 and is the mean value of the residuals from the modet ¢0.01 %o).
The exponential model varianeé, = 0.35 %.. From this the 95 % confidence intervals

of the model predictions can be calculated based on Equa8on

C.1.(95%) = +£2.044/2, (33)

where 2.04 is the critical t value at the 95 % confidence levéle 95 % confidence

interval for the model predictions is 1.2 %o.
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Figure 24: An isoscape showing the spatial variatiodfftO composition of drinking
water in the Middle East. Values are reported in %o relativ& BMOW. Filled circles
represent the sample locations used to create the modehantblours (see key) are
representative of the meak® Oy 5,0 cOmposition of the water samples.
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2.7 Calibration of the isotope model for tooth enamel car-

bonate

In order to be a useful tool for forensic provenancing,&H®© in drinking water isoscape
must be calibrated to the matrix of interest. In this casentlagrix of interest is human
tooth enamel. In this section, the method presented by Wuiitie¢]) has been used to

calibrate the drinking water model to tooth enamel carb®®&0.

2.7.1 Model assumptions

A number of assumptions have been made in the developmeme ohtibrated isoscape.
As was shown in Section 2.2.3 the over@ftO isotopic composition of human tissue is
determined by oxygen from drinking water, food water andgetyfrom the atmosphere.
For the purpose of this model it is assumed that the largestrast significant input to

the system is drinking water.

Secondly it is assumed that drinking water is sourced lgcaltcording to Alsharhaet

al [138] this is not unreasonable as precipitation rechargedrgiwater provides around
60-70 % of the water needs in the Arabian Peninsula. Howé&esetis depletion in the
Arabian aquifers and desalination plants are used to réectetjuirements of the human
population. Desalinated water is produced by distillatbtomeverse osmosis of seawater.
Where desalinated water is the main source of drinking waef'O composition of

human tissue may be significantly enrichedd® (5'*Oy sar01 Seawaters 0 %o).

Thirdly it is assumed that the origin of the teeth used tobtate the drinking water
model were recorded accurately and the individuals didnawtt significantly during the
first 14 years of their lifetime [25] so that the isotopic carsjion of the tooth enamel
is representative of the local isotopic inputs. While thia imther large assumption it is
necessary as children who traveled a significant distangegichildhood would be likely

to have an isotopic composition that is altered from thaeegd for the town of origin.
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In the case of individuals from the Middle East it is probahlyairly safe assumption
due to the relative geographic isolation of the populatgibres in these countries caused
by the arid environment and the relatively low income of undiials in these countries
making travel a luxury for these populations. In the cas¢ @imaindividual has moved
significantly during their early years of life one would expthe isotopic composition to

be an outlier in that local population and will be treatedashs

Finally it is assumed that any local difference in fractioma between drinking water and
tooth enamel caused by individual metabolism, health orisewegligible compared to

the overall isotopic variation. Further study is requiretbithese variables.

2.7.2 The relationship between isotopes of water and tooth carbonate

Thed'*O composition of tooth enamel can be related to that of dnipkiater by the cal-
ibrationy;; = f(x;)+ €;;, wherey;; is the measured'®O of tooth enamel carbonate from
samplei which originated from locatior, f(z;) is a function that relates the measured
valuey;; to the drinking water isoscape valueat location; ande;; is the residual value
from the calibration. Drinking water values 60 were estimated from the new Mid-
dle East drinking water isoscape (Equation 29). The fraetion factor between tooth
enamel carbonate and drinking watef,£¢) for the measured tooth enamel samples was
calculated using Equation 855¢ = 1.029 @ 0.001, b). This is in agreement with the
aTES of 1.030 reported by lacumiet al [21]. As shown by Figure 26, the relationship
betweeny'®O of drinking water and tooth carbonatg({;)) can be defined by a simple

least squares linear regression in the form:

Yij = Bxo + Brix; + € (34)

wherefx, and %, are the carbonate model coefficients( = 28.1, 5%, = 0.77). z; is
the 5180 composition of the drinking water at locatignwhich was predicted from the

drinking water model¢ is the model residual.
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Figure 25: Comparison of the measured regression betweédneéoamel carbonate and
drinking waters'®O and that of previously publish data. a) The measured rsigre$or
the Middle East tooth collectiod, *O¢ 4y = 0.77%'80,w + 28.1, b) USA [50],0¥O¢art

= 0.3%'80,w + 27.6 and c) Europe [74§,"*O¢,,s, = 0.62'%0,,, + 31.3
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If the regression model for the Middle East teeth collecimeompared to the prelim-
inary data presented by Ehleringetral [50] for the US ut is clear that the gradient is
significantly higher (0.77 vs. 0.35). This is likely due toaader input of local drinking
water in the Middle East diet compared to the ‘Continentaksoqarket’ diet of the US
that was discussed in Section 1.5.1. A first-order integpi@t of these results is that
only 35 % of the oxygen in tooth enamel was derived from locallking water in the
US compared to 77 % in the Middle East confirming the assumghat the majority
of the water consumed in the study region is sourced locagpie the arid conditions.
The slope of the US model is almost identical to that of the ehddr oxygen in hair
keratin described in an earlier study by Ehleringeal [1] further confirming that only
around 35 % of oxygen in the US diet is from local sources. Adthodel derived from
the study of Longinelli [74] for individuals from early 20tBentury Europe has a slope
of 0.62 suggesting a fairly localised diet (62 %) but the ealare significantly enriched
in the heavier isotope compared to the Middle East model. €nepostulate that this
shift may be due to differences in physiology between theogean caucasian popula-
tion and the Middle Eastern Arabic population. While manyhaf proccess base models
in the published literature include consideration of wdlexes and metabolic activity
[50, 75] there have been no studies actively comparing @ojomis with different ethnic
backgrounds. This preliminary comparison of the carbomatdels clearly shows that in-
dividuals from different populations around the world cahbe predicted by one global
model but should be considered seperately in order to ingptloe effectiveness of these

models.

The new tooth enamel carbonate (TEC) model (equation 34)idesc/0 % of the overall
isotopic variation in human tooth enamel from the study afé®e remaining variation is
likely due to differing diets or physiology of the individisafrom whom the teeth came.
In order to improve the model it would be useful to study th@apic composition of
local diets from the Middle East study region and to deteentire proportion of the diet

that is produced locally. It has also been observed thatiohals from a more wealthy
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background are more likely to have access to internatiprsalurced delicacies where
as the more impoverished proportion of the population mafphzed to source cheaper,
locally produced foods, hence social status may need to t&d=red when using these

prediction models for forensic purpose.
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Figure 26: Scatter plot showing the least squares lineaessgn correlation (black line)
between the/'®*O composition of human tooth enamel carbonate from the Mididist
(n =58) and the locally available drinking water. the 95 %faence intervals of the
regression are shown (dotted black lines). Isotope cortipnsiare reported as per mille
(%0) values against VSMOW.

The TEC model (Equation 34) was used to calibrate the Middist Elrinking water
isoscape (Figure 24) resulting in the tooth enamel carleoft&© isoscape, Figure 27.
The expected range ¢t*0O composition in tooth enamel carbonate across the study re-
gion is approximately 6 %o (21.7 - 27.3 %o). The lightest toottammel isotopic composi-
tions are expected in the north of the study region in thelaighareas of Iraq and Iran,
with the highest composition expected along the south coiadte Arabian peninsula
(Yemen and Oman) as well as along the southern Iranian clsasbpic composition of

tooth enamel is expected to increase as one moves soutlheasgih the Arabian penin-
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sula. The coloured circles in Figure 27 represent the m&#,,,., of the measured tooth
samples at those locations. The residuals between the redaand modeled isotopic

composition for these samples are shown in figure 28.
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Figure 27: An isoscape showing the spatial variatiod#t® composition of human tooth
enamel carbonate in the Middle East. Values are reportedrieléive to VSMOW. Filled
circles represent the sample locations used to create thelrand the colours (see key)
are representative of the me&iO, SMOW composition of the tooth enamel samples.

2.7.2.1 Model variance

The variance in the carbonate mode},J was calculated from the residuals between the
measured and modeled values as in the drinking water isestsapg Equation 32. The
carbonate model variance?() was 1.0 %o.. The 95 % confidence interval of the model

predictions ist 1.96 %eo.
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Figure 28: Histogram showing the residuals between thehtenamel carbonat&®O
predictions and the measurédO values of the teeth (n = 58) from the Middle East.

2.7.3 Application of the5**O,,,; isoscape

In this section, the newly developed tooth carbondf® isoscape shall be applied to

three case studies to illustrate how the isoscape may beedppla forensic case and also

to highlight some of the limitations of such models. The fistl second case studies are
based on samples selected from the Middle East tooth colless hypothetical examples.

The third case study is taken from an actual forensic casgvimg the remains of an

unidentified female found in Abu Dhabi (UAE).

2.7.3.1 Case study 1

Sample X3 is taken from an official forensic case from the Athah police Forensic
Services. The remains of an unidentified female were foundllin Dhabi (UAE). It
was hypothesised that the woman may have originated in lmabad on anthropologi-

cal features.d'®*Oysionr cOmposition of the tooth enamel carbonate was carried out at
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the University of Dundee and the results compared to the @Q8®Cand van Der Veer
[3] precipitation models. Here the results are comparedh¢onew Middle East model
to determine whether it is likely that the woman could haviginated from the United
Arab Emirates. Thé'®Oy 5,01 composition of the tooth enamel carbonate was 28.7
%o (+ 0.6, 1Iv). Figure 29 shows the possible regions of origin in the Meddhst. The
580y snmrow composition of the tooth is not consistent with any locatidthin the Mid-

dle East although the 95 % confidence limit does cover thehscaodst of the Arabian
peninsula. It is unlikely that the woman originated in thetga Arab Emirates.
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Figure 29: An isoscape showing the likely origin of an unitfead tooth sample (X3)
based o '*O composition (28.7 %o).

2.7.3.2 Case study 2

Sample X1 is taken from the Middle East teeth collection ardchown to have originated
from Muscat, Oman. In this hypothetical example it shall ksuaned that the tooth
is from unidentified remains with no information about likarigin. Thed*®*Oysyow

composition of the tooth enamel carbonate was 26.4%0.G3, 1r). Figure 30 illustrates
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the band of likely origin based on this isotopic composifidark green). The light green
area illustrates the 95 % confidence interval of the modedartbe seen that the sample
is likely to have originated from the south of the Arabian ipenla in Oman or Yemen
but it is also possible that it could have originated from UAESaudi Arabia. Without

further information, the conclusions that can be drawn fthimisoscape are limited.
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Figure 30: An isoscape showing the likely origin of tooth gden(X1) based o '*O
composition (26.7 %o). The red box shows the known origin (8usOman) of the tooth
sample.

2.7.3.3 Case study 3

Sample X2 is taken from the Middle East teeth collection a&rdcbwn to have originated
from Tehran, Iran. In this hypothetical example it is assdrieat tooth is from uniden-
tified remains and that the individual is thought to have bieem Tehran, Iran. The
580y sarow composition of the tooth enamel carbonate was 24.019%9.@, 1r). Figure

31 illustrates the band of likely origin based on this isatagpmposition (dark green).

As in the previous example, the light green area illustréte95 % confidence interval
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of the model. The/'*O.,,, composition of the tooth is consistent with that expected in
Tehran. However the band also covers a large area of thefreanhand Iraq. The band
representing the 95 % confidence limits of the model preshesticover the majority of
the study region. It can be said that the sample could not fiereitiated from Tehran
based on the isotopic composition but the same could be baidt a large portion of the
study region. In Chapter 5 a new probabilistic approach tecape modelling will be

introduced from which a likelihood of the tooth originatimgTehran can be calculated.
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Figure 31: An isoscape showing the likely origin of tooth gden(X2) based o'*O
composition (24.0 %o). The red box shows the known origin (@ahlran) of the tooth
sample.
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2.8 Conclusions

In order to us&f**O composition to determine the origin of a sample of forendierest,
the spatial isotopic variation of that sample must be uridets This often means cali-
brating thed'®O composition of that sample to its source materials whicthéncase of
biological samples is generally water. The availabilityoofine 5'*O information from
the GNIP database and isoscapes such as the Online Isotopecipitation Calculator
[59] has lead to an increase in spatial isotopic studies. Dubke relative ease of gen-
erating spatial data from these models, it is easy to coathiindly and overlook the
limitations in the generated data. The global models basethe GNIP database are
limited in some areas of the world due to complex climates ¢hase the isotopic com-
position of precipitation to deviate from global patterriBhese areas are often further

limited by low sampling density. The Middle East is one susion.

Thes'®O composition of measured water samples from within the Mi@ichst have been
compiled into a small database. This data was used to testntlyr available global
5180 in precipitation models and to create a new model that bekplains the spatial
5180 variation of water within the study region. The né#O model was based upon an
exponential relationship with the annual temperature egBjOclim [127]) in the study
region. The factors controlling the isotopic compositidprecipitation in the region are
complex, and the new model is inevitably over simplified. Bilemiing more samples
and including further climate variables (such as relativenitity) it may be possible to
further improve upon the model. This may be an area of intdoeduture study. The
new model has been shown to explain 59 % of the isotopic vamiaan improvement of

42 % on the OIPC model.

Following on from this the new drinking watét®O isoscape was calibrated to 68 tooth
enamel carbonate samples from known origin within the stadion to produce a human
tooth enamel carbonaté®O isoscape that explains 70 % of the isotopic variation withi

the tooth samples. The correlation between these variahlggests that the assumption
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that the main source of hydration and theref®& composition of individuals is local
drinking water is valid. The unexplained variation is dueoiygen input through diet,
non local water and the natural variation in drinking wasatopic composition in the
study region. The carbonate model could be improved by ciotig food from the study
region and including a dietary variable in the model and &lgaollecting further tooth
samples so that the intra-population variation can be énrtimderstood. This is the first
example of a tooth enamel carbonate isoscape for the pi@dict human origin in the
Middle East. This is a preliminary model with more researetjuired to improve both
the drinking water 'O predictions and the calibration to human tooth enamelcate.
However, the initial findings show great potential, alreagglaining 70 % of the isotopic
variation in the study region and showing a clear ability iftedentiate between samples
from within the study region, particularly between samglesn the southern Arabian
Peninsula and Iraq and Iran in the north. In Chapter 5 theseages will be used as the
foundations for a new probabilistic approach for the presteon of spatial isotopic data

that it is hoped will improve on the differentiating powertbe models.
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Chapter 3

Strontium isotope analysis

3.1 Introduction

It has been suggested in the literature that by measuringttbetium isotope composi-
tion (7.Sr /%6Sr) of a biological material such as human bioapatite, it isspals to infer
the geological environment from which the sample origidatkie to food chain transfer.
This chapter will examine the research hypothesis, *il8e£°Sr isotopic composition of
human tooth enamel is directly related to #i8rF°Sr composition of an individuals diet
whichin turn is related to th& Srf%Sr composition of the source region based on underly-
ing soil and geology. Henc&Srf%Sr composition of an individuals tooth enamel should
offer an indication of their origin assuming that the majpwf their diet was sourced
locally’ (Section 1.4). Strontium isotope analysis of humtne has been discussed for
over 30 years in the archaeological literature and it is ddpat it is a useful variable to
include in a multi-isotope approach to prediction modelifignis chapter will present a
concise introduction to strontium isotope fractionation ghe transfer of that signal from
bedrock to humans, before describing how, in this studgnsiim isotope composition
of tooth enamel samples has been used to produce the firatistnoisoscape for the

provenancing of human remains from the Middle East.
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3.1.1 Strontium isotope fractionation

Most rocks contain detectable amounts of strontium andirufn at trace levels. Rb is a
Group IA alkali metal with two naturally occurring isotop€$Rb and®” Rb with natural
abundances 72.17 % and 27.83 % respectively. Rubidium is nemeentrated enough to
form its own minerals. However the rubidium ioRK", ionic radius = 1.48\) can sub-
stitute in all the main potassiunk(", ionic radius = 1.333\) containing minerals due to
its similar ionic radius . Rubidium concentration is higheghe igneous mica and potas-
sium feldspar minerals but low in plagioclase feldspar duthé smaller sodiumNa,
ionic radius = 0.95&) coordination site. Strontium is a group llA alkaline daretal
with four stable isotopes®Sr, 87Sr, 8¢Sr and®* Sr. The isotopic composition of stron-
tium is not constant and is dependent on the initial Rb/Sr*a8d°® Sr ratio of the target
sample. Nier [140] reported abundance ratios for pure tnonmetal to be 3" Sr /565y

= 0.7119,%65r /%8 Sr = 0.1194,%4Sr /% Sr = 0.0068. In modern strontium isotope anal-
ysis Nier's value for®Sr /%8 Sr is still used to correct for mass dependant fractionation
of samples. Strontium ionss¢2*, ionic radius = 1.13) are commonly concentrated in
calcium containing minerals and potassium feldspars whnenecan substitute faf'a?*
(0.99,&) and K" (1.33,&) respectively. Strontium favours 8-fold coordinatiotesiwhere
as calcium can form 8 and 6 fold coordination sites, henckkeinubidium, strontium
can become concentrated in the liquid phase and form its owarais (i.e. strontianite)

[141].

The importance of rubidium concentration in relation tmstium isotope ratios is due
to the radioactive decay 6fRb, one of the naturally occurring isotopes of rubidium, to

87Sr by the mechanism (Equation 35):

SRb =% Sr+ "+ v+ Q (35)

Wheres~ is a beta particle with negative chargds a neutrino and Q is the decay energy

(Q 8"Rb = 0.275 Mev). This means that the level*65r within Rb containing rock is
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constantly increasing. The half life 8Rb is generally considered to be 50 0.2) *10'°
years [142]. The relationship between time dhgl- concentration is given by Equation

36:

87Sr  8Sr  STRb
%5 S5rg | %5y

% (exp™ —1) (36)

Where®"Sr /% Sr is the ratio of the isotopes at the time of analy§isir /*¢Sr is the
ratio of the isotopes at the time of mineral formatiéhizb/%6Sr is the ratio of the iso-
topes at the time of analysig,is the decay constant (1.39¢!! yrs™1, [142]) and t is
time in years since the mineral formation event. From thisa¢ign it can be observed
that the®”.Sr /%6 Sr ratio of a given sample is proportional to the5r /%¢Sr at the time
of formation, the initial concentration &f Rb in the original mineral and the age of the
mineral. Due to the differentiation of these three contiiogy factors in global geology
it is expected that different geological units, formed undifferent chemical conditions
and at different periods in time will exhibit differintj Sr /56 S isotope ratios and hence

87Sr /% Sr may be a useful indicator for spatial origin.

It is useful to express the abundance®dfr as a ratio against’Sr as it is easier to
accurately measure a ratio in the laboratory. When consigerigeological sample the
8 Sr, 86Sr and® Sr abundance in the rock are constant as these isotopes dee stahce
variation occurs only due to the radiogenic decay’dtb. When considering biological
samples it is important to consider mass-dependent fraatimn effects that occur during

transfer up trophic levels.

Strontium is a high mass element and therefore fractionadftects are small and their
effects are removed during measurement by normalisatidinetstable®® Sr /%8 Sr ratio
(0.1194, Nier (1938) [140]). This means that only fractibma effects caused by the
radiogenic decay of b and hence those caused by geological and temporal effects ar

considered.
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Using Equation 36 with initial values®{Srf®Sr), = 0.701, Rb/Sr = 0.18 and t = 2.5
billion years the averag¥ Sr/%Sr of the Earths’ crust can be estimated to be 0.719
[141]. This ratio is highly variable, depending on the Rb amad&tent and the age of
the rock, hence different geologies yield different sthamtisotope ratios. As previously
mentioned strontium and rubidium substitute selectivety certain minerals and hence
the initial rubidium and strontium concentration of a roaktuepends on the mineral
content. The rocks of the continental crust are enrichedlicates, alumina and alkali
metals compared to the upper mantle which is enriched iocasilron and magnesium.
Therefore the rocks of the continental crust (granitesYaiora higher Rb/Sr ratio than
those formed from the upper mantle (basalts). From equ&tahcan be predicted that
the strontium isotope ratios of basalts will be lower thamsthof granites. Research has
confirmed this prediction with" Sr /%¢Sr values of basalts ranging from 0.702-0.706 and
a proposed estimate for continental crust of 0.719 basedeasunement of surface water

[141].

Sedimentary rocks are composed of minerals and rocks tigahate from weathering
of pre-existing rock formations. TH&Sr /%6 Sr ratios of sedimentary rocks are therefore
dependent on the composition of the source material andinieedt which they were
deposited. A high proportion of marine sediments are comgboasainly of calcium car-
bonate derived from biological processes. As such thealriitisr /%6 Sr ratio of marine
limestone or marine clays should be close to that of the oae#me time of deposition.
Faureet al [143] demonstrated that tHéSr /%6 Sr ratio of the ocean is 0.7098 0.0005
and is essentially homogeneous. They also suggest thatrtimtism isotopic composi-
tion of the ocean is dependent on contributions from weatgef old silicate continental
crust, weathering of volcanic rocks and weathering of caab® and sulfate rocks. The
contribution of each factor was modeled and it was conclutiet up to 80 % of the
strontium in the oceans is contributed from a carbonatecgoustrontium isotope ratios
in different geological units are well documented in therlitture over the past 50 years

and it is beyond the scope of this study to provide a detadgkw of strontium isotope
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ratios in global geology.

The geology and expected strontium isotope ratios of the stagly region is described in
section 3.1.4. Faure and Powell [141] compiled a useful@taodthe strontium ratios of
different rock types with citations to major studies whicii tve useful when considering

the expected Sr ratios for the areas of my study.

3.1.2 Transfer of strontium isotope ratios from geology to the bio-

sphere

Strontium input into the local biosphere is from a combioaf local surface mineralogy
(which is determined by underlying geology unless thereldggs significant movement
of surface deposits), water (precipitation, surface wageyund waters and seawater in
marine systems), anthropogenic sources, atmospheriddpssition and in coastal re-
gions - sea spray. Weathering of bedrock allows strontiutvettransferred into surface
deposits, soils and the ground water which can then be tgkéy plants and eventually

animals [144].

The 87Sr /% Sr of the local surface mineralogy is determined by the geolagyvhich

it was formed according to the relationship given in Equatd®. Strontium ratios of
many geological units have been reported in the literatndethhose that have not may be
inferred from areas with similar mineral deposits formediatilar times. Modeling of
strontium ratios from geological information availabldivae discussed in the literature

review.

The®"Sr /%6 Sr ratio of ground water is determined by the strontium isot@i® of sol-
uble minerals from the surrounding soil and bedrock thatadste to exchange with the
water of the local geology. Voerkeliwgt al [145] determined the range 8fSr/%¢Sr
isotope ratios of European mineral waters to be from 0.708%feas containing young
basaltic rocks to 0.7777 for areas rich in old Lower-Paléomack. The®”Sr /%05y ratio

of precipitation is approximately equal to that of the ocearhich is generally agreed
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to be homogeneous with a value of 0.7093 @.0005) [146]. It has however been ob-
served that aerosols derived from the sea, terrestrial@ushthropogenic sources can

significantly alter this ratio.

Strontium from soil and water is transferred to plants arichats through the food chain.
The concentration of strontium tends to decrease with asing trophic level due to the
increased elemental selectivity of animals compared tatpld his is a characteristic that
has been used in the study of paleodiets as the Sr/Ca ratizmredas ancient populations
can help to determine the proportion of meat and vegetabldget [144]. However the
87Sr /86 Sr composition is not significantly changed as strontium isgfarred through
the food chain and as mentioned previously , mass dependatiohation is corrected
for by normalising to the stabféSr/®Sr ratio (0.1194, [140]). Hence th&Sr/%¢Sr

composition of the soil and water is maintained up the foarcinto plants and animals.

The range of”Sr /% Sr composition within bedrock is large. Even within one geelog
ical unit the minerals that comprise it may show significamtifferent Sr signals. As
mentioned by Price [147] there is significantly less différation in strontium isotopic
composition within a region as you move up the food chain wisadue to an averaging

effect caused by the larger feeding ranges of animals fudh¢he food chain.

Dahl [148] presents a concise paper outlining the biochahpicesses that lead to the
Sr deposition within human bones. Bone and teeth are compoagdy of hydroxy ap-
atite mineral C'a1o(PO4)s(OH );) and similar substituted calcium carbonate minerals.
As mentioned previously (Section 3.1.9)%*" can substitute fo€'«?* in rock minerals
due to the steric and ionic similarities between the ionsorium can substitute for the
Ca** ions in the hydroxy apatite matrix of human bones and teeth &iynilar process.
Studies involving the administration of known concentrasi of strontium into the diet of
mice and rats observed two mechanisms for the uptake oftgtnomnto the bone. The
first being a rapid process of ionic exchange betw@€ef” andSr2*, the second being a

slower process ofr2* incorporation into the mineral matrix [148]. Rate of incoration
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of strontium into bone was shown to be dependent on the deskdestrontium and also
on the sex of the subject. It should not be assumed that galijem the same population
consuming the same diet will contain the same concentratigtrontium within their
bones or teeth as it is dependent on individual metabolispweder, strontium isotope
ratios are not dependent on the concentration ingestechanefore should represent the
average strontium isotope ratio of ingested strontium.fidilty will arise when con-
sidering a modern population with multiple dietary souroéstrontium as it cannot be
assumed that every subject in the population can be deddripthe same mixing model.
However it may be possible to capture the populations isotegriation either by mea-

surement of human samples or by determining the range ihbaza@vailable strontium.

The strontium isotope composition of human bone mater@disrmined by the ‘concentration-
weight average of the Sr that was ingested’ [28]. If it is ased that the dietary input of a
subject was produced locally then it can be inferred thastientium isotope ratio of the
subject will be reflected by the range in local bio-availatitentium. The alternative hy-
pothesis is that, assuming that the diet of modern humars iecally sourced (modern
supermarket culture), tH&Sr /% Sr ratio of human bones and teeth will take on a more

global average and therefore not be proportional to thd paiogy.

3.1.3 Literature review: Strontium isotope analysis as atool for foren-

sic human identification

Strontium isotope ratios have been used by geologists tocage and minerals for over
50 years and by archaeologists to understand ancient pimputaigrations for the past
30 years. However the use of strontium isotope analysisdmnisic applications has
been much more recent. Despite its infancy, strontium @oforensics has shown great
potential as a tool for the determination of origin of a numdieforensically interesting

samples. Aggarwadt al[149] and more recently Oulhot al [150] have published re-
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view papers outlining the potential applications of stiemt isotope analysis. Aggarwal
et al [149] suggest that the technique has only recently beeiied in forensics due to
expensive instrumentation, difficulty of measurement dreddomplex sample prepara-

tion.

Strontium isotope analysis has been successfully apmiadtimber of forensic applica-
tions as highlighted by the aforementioned review papet8,[150]. In particular, stron-
tium isotope analysis has proven a useful tool for the auifigation and provenancing
of a number of food products [45]. Food authentication haeb® an important area of
forensic research due to the multi-billion dollar food adration and food fraud industry
[68]. Strontium isotope analysis has been applied to a wateety of food products in-
cluding; wine [151, 152], cheese [153], butter [154], mdd&T] and milk [156]. These
examples are preliminary studies based on relatively ssaatiple sets but they highlight
the potential of the technique where suitable databasesodested [45]. An alternative
to the database approach is to anchor measured values iistmsaape model. Voerkelius
et al (2009) present a mineral water strontium isoscape baseaioplss collected as part

of the EU funded TRACE project [145].

In a pilot study by Weset al[157] it has also been shown that strontium isotope analysis
may also been used for the determination of provenance dfithitessubstance, marijuana.

In this example the strontium isotope composition of marja was shown to correlate
with underlying bedrock, although the age only based moidgéard and Johnson (2000)
[28] consistently predicted lower ratios than those mesuiStrontium isotope analy-
sis has also been used for the determination of origin ofamwlogical artifacts [158],

wildlife samples e.g. ivory [159, 160] and human remains R&) 16].
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3.1.3.1 Determination of local bioavailablé”” Sr /%6 Sr signal for human provenance

studies

The affinity of theSr2* ion for calcium containing minerals is well documented chuthe
relationship between Ca/Sr ratios in bone material and tedptel, which has been used
to provide an insight into paleodiets [144]. The use of diton isotopes as an indicator
of migration of human populations was first suggested bysernd161]. In this concise
study Ericson suggested that the strontium isotope rateézsnred in bone material could
be linked to diet and hence to a geological region. It was siggested that tooth enamel
might be a good indicator of ‘premarital’ residence (4 - 1angold) where as the turnover
rate of bone material of approximately 6 years makes it a gadidator for recent migra-
tion history. The study also highlighted some importaniti#tions to the technique that
are still very relevant, especially for modern human popore: Geological variation be-
tween catchments, catchment distance (particularly al@molor modern 'supermarket’
cultures), characterisation of bioavailable strontiumtfe catchment, biogenic contam-
ination of exterior tooth enamel, diagenic contaminatidraecient samples. Ericson
used published values for the underlying geology of theystedion as an estimate for
bioavailable strontium. Ericson also made the observdkiahcoastal populations with a
large dietary input from marine sourcé€${r/%6Sr ~ 0.7091) will be difficult to differ-
entiate between, although this may be a useful charaatetosallow the differentiation
between coastal and inland populations. Subsequent aolgasal studies have applied
strontium isotope analysis to determine the migratioronysbf human populations or to
identify migrants within a population. Price and colleag{62, 26, 11, 147] used stron-
tium isotope ratios to describe the dynamics of a 13th Certiurgan population from

Grasshopper Pueblo, Arizona, US.

Price [147] suggests that using small mammals or insectsdamithe best method for
spatial prediction of strontium ratios within unknown hum@ones. A number of studies
have utilised small mammals as an indicator of the locainsimm signals, particularly

in archaeological studies [163, 11]. Surface water may leel ts get an estimate of the
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87Sr /%6 Sr signal for an area. Sillen [164] reported values for fielderticat were indis-
tinguishable from that of the local water source.

Evanset al [165] measured plant and water samples (n = 319) from mosteofrtajor
lithologies across the UK. The results for each lithologyevaveraged and the resulting
values applied to a geological map of Great Britain to crdaefitst published Isoscape
map for the UK. The authors highlight that the model is a prglary attempt to model the
complex system of Sr /3¢ Sr across the UK and it is expected to become a more powerful
tool as more data is added. The main limitation of these elesnpthat in order to define
the strontium isotope variation at a large (internatiogkdbal) scale, hundreds of biolog-
ical samples are required. On the smaller scale areas oéstti@ archaeological studies
[163, 11, 164, 166], proxies such as small mammals have hemessful in predicting
resident and migrant populations at archaeological sitesnodern forensics however,
it would be much more useful to understand strontium vammtit a much larger scale
due to the increased mobility of the modern human populatEvanset al [165] was
the first study example to demonstrate how multiple samplgbtrbe used to produce a
spatial model at a national scale but it was a preliminargysand many more samples
are required to improve the spatial coverage and furth@lreghe isotopic variation of

each geological unit.

Hoogewerffet al [16] applied stable isotope (C, O) and strontium isotopesdid deter-
mine the migrational history dtzi, a prehistoric male found mummified in the Central
Alps. The strontium isotope ratios of the subjects rib (8636+ 6) and femur (0.717970
+ 6) were measured as a proxy for the last 5-10 years of the iwsrtife. The local
bioavailable strontium was determined by measurement ofl@ation of archaeological
skulls from the limestone region in the south (0.7088 - 08j@hd the central crystalline
Alps (0.7120 - 0.7320). It was concluded from the strontisotope data that the Iceman
had his domicile in the crystalline region of the Alps.uNér et al present a follow up
study of the iceman’s remains [57]. In this study the stramtisotopes in the iceman’s

teeth (0.7203 - 0.7206) and femur (0.7175 - 0.7181) were nmeds The femur values are
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in agreement with those measured by Hoogewerff. Howevesstindy concluded that the
Iceman had lived in a region south to that suggested by Hoexew he local bioavail-
able strontium in this study was predicted from soil leaebdtom the various lithologies.
This does not take into account strontium input from preatmn but is a rough indicator
of the local variation. Bentley [24] and Aggarwet al [149] provide detailed reviews of
the use of strontium isotope ratios for human archaeolbgtcaies. More recent stud-
ies highlight difficulties in resolving populations thatginate from areas with similar
bioavailable strontium isotope ratios. Montgometyal [167] considered mixing mod-
els for regional populations based on two end members: gitation (0.7092 for coastal
regions but varying inland where there are terrestrial @rsources) and food (depen-
dent on the underlying geology). However there are a numhbissoes with this method
that make it undesirable for forensic studies. Firstly thmlei is concentration weighted.
This assumes that if the population eats the same diet thamtisim will be deposited in
skeletal tissue in similar concentrations. This is knowhtadoe the case. Secondly there
is the possibility that the mixing lines are due to post-reoridiagenesis. Comparison of
enamel to dentin measurements suggests that diagenesisttadtered the enamel. Dia-
genesis is a problem that must be considered when dealihgandhaeological remains.
Budd et al [168] present a study of diagenesis effect on tooth mates@icluding that
diagenesis of the strontium isotopic ratio in tooth derginommon and variable so could
not be modeled. Tooth enamel remains the material of choicarthaeological studies

due to its greater mineral content making it resilient tadisesis.

In what has become one of the most influential papers on 8ironsotopes in human
skeletal material, Beard and Johnson [28] presented th&afiget scale (Continental USA)
'iIsoscape’ map of strontium isotope ratios. The model issHasn Equation 36 and as-
sumes that th&” Sr /% Sr, is 0.705 for all geologies and hence only takes into account
the age of the rock. From the model the range of strontiunootatios across the USA
is 0.70485 for young Quaternary rocks to 0.73198 for anddeahean rocks. The paper

highlights the problem of internationally sourced food amed by humans in the last
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30 years making it difficult to link modern remains to a locgingl. They also suggest
that the best way to determine local strontium signal is tmgite a database from like
samples (i.e. tooth enamel). It is also suggested thattgtronsotopes are more useful
if the forensic questions are general such as "Was the pé&@onin place A or place B?’

rather than open questions such as 'Where does this persanfomm?’.

The literature review has shown that strontium isotope nreasents are widely accepted
for the determination of origin of archaeological human agm and that a number of
studies have tried to characterize regions of interest kgsoméng sources of bioavailable
strontium such as water, vegetation, small mammals, seihles or skeletal material of
known origin. This seems to be the most reasonable methodappimg®"Sr /565,
however it relies on the availability of a large number oflbgical samples from the
region of study. To the knowledge of the author, no studies lH@een undertaken to
determine the bioavailabféSr /%¢Sr of the Middle East study region which is the area

of interest for this study.

3.1.4 Geology and strontium chemistry of the Middle East

The Middle East can be separated into two geologicallyrtistireas. The first is a stable
platform of Archean rock overlaid by marine sedimentarya$#s in the south which
includes most of the Arabian Peninsula. The second is a moehger, highly disturbed
folded region in the north (including Iran and northern Jrigat has been greatly affected
by the movement of the Asian tectonic plate [169]. Geoldgmaps of Iran and the
Arabian Peninsula are available in digital format from th@&S and are based on open
file reports OFR-97-470-B and OFR-97-470-G [170, 171]. Thdaggcal layers were
joined using ArcToolbox functionality in ArcMap 9.2 (ESRI treate the geological
map of the study region (Figure 32). The Arabian Peninsulesists of two distinct
geomorphological areas. The Arabian shield to the westeoP@ninsula is bound by the

Red Sea and extends approximately half the distance acregsethnsula and include



3.1 Introduction 115

the majority of Saudi Arabia and Western Yemen. The Arabihiel8 is an exposure
of Precambrian crystalline rock that is visible across tmabdan desert and in areas of
the Yemeni Highlands. The east of the peninsula consistfymfsyounger Cenozoic to
Paleozoic sedimentary deposits including limestone, stané and shale. This region is
rich with petroleum deposits which formed between the sediary layers. The majority
of the study region is formed from sedimentary rock (mairdpdstone and shale) with
only a small region of intrusive volcanic material, the Yemeap series in the Yemeni
highlands. The geological layer in Figure 32 was simplifieth igeological Era in order
to facilitate the analysis of the strontium isotope dataftbe tooth enamel samples. The

resulting 'simplified’ geological map of the study regiorsisown in Figure 33.

In order to interpret the tooth enamel strontium isotope damay be useful to com-
pare the measured data with data available in the literditane previous studies in the
Middle East. To the knowledge of the author there have beepregous studies of
87Sr /86 Sr composition of modern human samples of known origin in theld& East
but there have been a number of geological studies that ¥ansgime indication of the
expected strontium isotopic composition in the underlygaplogy. The Omani Jabal
Akhdar mountains and Batinah coastal plain in Oman were extiubly Weyhenmeyest
al [172] as part of a hydrological investigation. They reptr/%6Sr composition of
0.7200 for Pre-Permian sediments found in the mountainsDar@b7 - 0.7080 for the
younger Mesozoic limestones. THeSr /%6,Sr composition of groundwater found on the
Batinah coastal plain ranged from 0.7120 at the foothillshef dabal Akhdar mountains
to 0.7095 further onto the coastal plain. Chiesal (1989) [173] report strontium isotope

ratios for the Yemeni trap series between 0.7036 and 0.7062.
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Figure 33: A simplified map of Middle Eastern geology (Modiffeom USGS geological
layers). Origins of the Middle Eastern teeth samples (n =aB8marked (filled triangles).
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3.2 Analytical methods

3.2.1 Multi Collector - Inductively Coupled Plasma - Mass Spectroscopy
(MC-ICP-MS) instrumentation

MC-ICP-MS is a relatively new mass spectrometry techniquefitist instrument being
produced by VG Elemental in 1990 and developed further dwetdst 2 decades. This
technique was initially developed in order to determine iftgopic composition of el-
ements with high ionisation potentials (i.e. Lu, Hf and Wtagme systems) that were
difficult to determine by the traditional thermal ionisatimethod (TIMS). MC-ICP-MS
combines an Inductively Coupled Plasma (ICP) ionisation swith a magnetic sec-
tor mass spectrometer equipped with multiple Faraday ciudke cups (see Figure 34.
The coupling of the plasma source to the magnetic sectortia trvial task as will be
discussed in detail in Section 3.2.1.3. MC-ICP-MS has beewsho rival TIMS for
accuracy and precision for the measurement of isotopic ositipn of elements such as
Sr and Nd and surpass TIMS for measurement of high ionisgimbential elements. It

also greatly surpasses the limited precision of quadru@eMsS instruments [174].

3.2.1.1 Sampleinlet

Samples are introduced into the ICP by injection via an autgp$er. The sample volume
introduced into the plasma must be carefully controlled»azgss sample would extin-
guish the plasma. Control is achieved by passing the samer®y self-aspiration or
by peristaltic pump) through a nebuliser which produces aagkosol containing sample
droplets of various size [175]. Droplets of an intermedsse 10 um, approximately

1-2 % of the sample injected) are able to form a vapour whithea passed into the ICP.
It is important to acheive a uniform aerosol with constanftate in order to maintain

short-term signal stability.
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Figure 34: IsoProbe: Multi Collector - Inductively Couplecfina - Mass Spectrometer
(Source : Micromass, Isoprobe User’s guide [175])

3.2.1.2 Generation of an argon inductively coupled plasma

Inductively Coupled Plasma (ICP) is generated by argon gassthassed through a series
of concentric quartz tubes in the plasma torch. The gas exs@tghe tip passing through
an induction coil, supplied with an AC current (Frequency iz, Power = 2kW) by
a radio frequency generator. The current passing througitdii creates a stabilising
magnetic field according to Flemming’s rules (Figure 35)e Ptasma is ignited by the
introduction of free electrons from a high-voltage sparkeElectrons are accelerated by
the magnetic field and collide with argon molecules with hegiergy producing Argon
cations and free electrons which are also accelerated byalgeetic field causing further
ionisation events releasing thermal energy which resnl& plasma at temperatures of
6000 - 10000K [175]. The sample aerosol is introduced froensipray chamber into the
base of the plasma where it undergoes four changes of steselvdtion from aerosol
to a dry particle, vaporisation from particles to indivitlmaolecules, dissociation from
molecules into individual atoms and finally ionisation fratoms to positively charged

cations. The ionisation energy required to remove the flestten of an atom varies
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between elements but the high energy of the ICP is sufficieionise 80 % of elements.
The first ionization potential of Strontium is 5.7 eV and the ICP is able ionise almost

100% of the strontium sample [175].

i)

Current =—p- (ﬁ

Flow ofions
and electrons

Magnetic field
Figure 35: Generation of an argon ICP (Source : Micromaspytdee User’s guide [175])

3.2.1.3 Plasma - MS interface

The interface section of the Isoprobe links the ICP to the raigsector of the instrument
and is vital for the efficient transfer of ionised sample. i@ sample from the plasma
is passed through a primary 'sampler’ cone (orifice diamet&rl mm) into a partially
evacuated expansion chamber and then through a seconariskiroone (orifice diam-
eter = 0.7 mm) before being accelerated into the hexapole’bgllamator’ cone [175]
(Figure 36). The skimmer cone selectively samples the iatens and photons in the
sample removing any larger molecules increasing analygiegision of the instrument.
Sensitivity can be optimised by changing the distance batvibe plasma and sample
cone to allow the most efficient transfer of sample, also lsuang that the sample and

skimmer cones are free from sample residue that may causkslgjes.

The RF hexapole has two functions. Removal of neutral atoresfrehs and photons

allowing only the positively charged ions in the sample teglirough into the magnetic



3.2 Analytical methods 121

sector of the instrument and to reduce the energy spreaceabtts by collision with
neutral helium collision gas. The sample jet that is pasa&mthe hexapole collision
cell is scattered by inelastic collisions between sampté @ollision gas. Non charged
particles are lost and the positively charged ions are ticemto the centre of the axis
of the hexapole where they undergo further collisions, ceduthe energy spread of the
ions from~ 15 V to <1 V in a process known as thermalisation. This is important as
the magnetic sector separates ions by mass and velocityssgeadpread in the kinetic
energy of the ions results in blurring of the mass peaks [1T4E ions are accelerated
and focused by a lens stack to an energy of 6 kV before entdrmgragnetic sector of

the instrument.

Sampling cone Flight tube
LOS valve
Acceleration
&?;ga Skimmer cone Lenses
==}

Hexapole collision
cell

- \l
. —%—.—:—:‘TVH I ” Mass Spsc
|

Expansion Intermediate " Collision chamber Acceleration
volume Pump Pump Pump Chamber
Pump

Figure 36: A schematic of the plasma interface and hexapdlision cell of the IsoProbe
MC-ICP-MS (Source : Reldmper (2001) [174])

3.2.1.4 Magnetic sector

The magnetic sector of the instrument is capable of the largss dispersion required
for isotopic analysis [174]. The wide flight tube allows foetsimultaneous collection of
isotopes with up to 17 % mass dispersion (i.e. 17 amu at m&3s The magnet separates
the the ions according to their momentum which is propogidmthe energy and mass to

charge ratio of the ion. As shown in figure 37 the fast, lan@dahagnet of the IsoProbe
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uses90° extended geometry ion optics [175] which allows for ion sapian and reduces
ion beam reflection. The nominal radius of the magnet is 27Q mhe magnetic field

required for separation is expressed by equation 37 [175].

B = 143.95(mV)/r (37)

Where B is the magnetic field (Gauss), m is the atomic mass abthé/ is voltage and

ris the radius (cm).
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Figure 37: A schematic illustrating the sample introdutti@cusing and mass separation
within the IsoProbe MC-ICP-MS (Source : Micromass, Isoprokerd guide [175])

3.2.1.5 The multi collector array

Using a detector array with multiple Faraday cups permissimultaneous collection of
the separated isotopes [174]. Flat top peaks are generagetbdhe low energy spread
of the separated focused ion beams. This enables minor dhimts in the magnetic
field, ion focusing or plasma stability to be canceled arvadlaccurate measurement of
isotope ratios. The IsoProbe instrument used in this staditted with nine Faraday
collectors. The Faraday collectors can be positioned amebitseparately to allow a wide

range of elemental isotope signatures to be measured. Tleetoo configuration used
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for strontium analysis in this study is shown in Table 12. Ekasitivity of the Faraday

cups is sufficient for measurement of ppm to ppt concentratid analyte.

Table 12: IsoProbe Faraday cup configuration for strontswtojpe collection

Faraday Cup Isotope collected

H5 SSSr
H4 87Sr
H3 865y
H2 Rb
H1 841Gy
Axial 82Kr

3.2.1.6 Mass bias

Due to the preferential transport of heavy isotopes from@f into the mass analyser,
isotopic ratio measurements deviate from true values. gifoisess is known as mass bias
and is more prominent during the measurement of low massegieniFigure 38). Mass
bias is expressed as the deviation of a measured isotope(Rti,;) compared to the
known isotope ratioR;,..), normalised to a mass differenc& /) of 1 amu as shown in

Equation 38:

Massbias = ((Rmeas/ Rirue) — 1)/ AM (38)

Mass bias in measurements of radiogenic isotope composigg 2" Srf°Sr) can be cor-
rected for by normalising to to a known constant isotoperatithe same element [176].
The®®Srf8Sr ratio found in nature is constant and so can be used tootdoremass bias
in the®7SrP%Sr ratio. The difference between the measured and refefé8c Sr ratio
of the reference standard (NIST SRM 987 = 0.1194) can be edémilsing Equation 38

and the measuredSrf5Sr can then be corrected accordingly [177].
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Figure 38: Mass bias per amu (%) of elements commonly medsisiag MC-ICP-MS.
Source: [176]

3.2.2 Strontium isotope analysis of human tooth enamel
3.2.2.1 Sample preparation

53 teeth from the 'Middle East’ case study (as described uti@e 1.6) were analyzed
for their 8" SrfSSr isotope ratios. 8 aliquots of NIST SRM 1400a bone ash stdadd0
mg, NIST, Gaithersburg, MD, USA), were prepared alongsigesamples as a reference
standard. The teeth were pre cleaned by sonication (15 esjpirt Milli-Q water, dried
overnight in a drying oven and a small amount of surface eham&der (~ 200 mg)
was then removed using a Dremel® diamond cutting wheel. dbhthtenamel { 40
mg) was digested>12 hrs) in Savillex vials (5 mL) by the addition of concengt

laboratory distilled, nitric acid (1 mL) and concentratedtya-pure, hydrogen peroxide
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(0.5 mL). The digested samples were dried on a hotplate ancetiidue resuspended in

8 M HNO; (0.5 mL).

3.2.2.2 Strontium and lead extraction by Eichrom ion exchang resin

Both strontium and lead were extracted from the digestedhtenamel in separate frac-
tions using the method described here. Note that lead isstoygre collected for a sep-
arate study and will not be included in this thesis. Strantiand lead were both ex-
tracted using Pb.Spec™ ion exchange resin supplied by &itHiechnologies (Darien,
IL) [178]. The method for dual extraction using the lead mesas developed in lab by A.
Hoogerwerff-Gergellj (unpublished) by taking advantagéhe ion retention of the lead
resin at different acid concentrations as reported by Hareti al [178]. IEC columns
were prepared using nitric acid cleaned syringes (1 mL)wiia@h a thin layer of glass
wool was inserted followed by Pb.Spec™ resin 450 L) and a final layer of glass
wool. The column was washed with 0.1 MINO5 (5 mL) to remove contamination and
conditioned using 8 MH NO; (5 mL). The samples were then loaded onto the prepared
columns and the eluent discarded. Rubidium and other consarts were eluted from the
columns with 8 MH NO5 (8 mL) and the eluent discarded. Strontium was eluted fram th
columns with 1 MH NO; (8 mL) and the eluent collected in acid cleaned Savillexsvial
(15 mL) for analysis. Lead was eluted from the columns wifbM ammonium oxalate
(8 mL) and the eluent collected in acid cleaned Savillexsv{ab mL) for analysis. The
collected Sr and Pb eluents were dried on a hotplate andpeisded in 2 %4 NO3 (3
mL).

3.2.2.3 Strontium isotope ratio analysis by MC-ICP-MS

Determination of Strontium concentration in the extractedeluent. The samples (0.5
mL) were diluted with 2 % N O3 containing a 10 ppb internal standard (Rh, Ge and Pt).
Merck KGaA (Darmstadt, Germany), multi element standatdtgm VI (110580) was
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used to prepare a set of 6 calibration standards (100x - 2080@ions in 2 % H N O3

plus internal standard). 5 aliquots of NIST SRM 1640 standefefrence water (NIST,
Gaithersburg, MD, USA), was measured as a reference mlat€na strontium and lead
concentrations were determine by Agilent 7500CS ICP-MS (se#@d 4.2.1). Strontium

concentrations for the teeth sample strontium extracigaedfrom 12.6 ppm to 75.5 ppb.

Analysis by MC-ICP-MS  Strontium and lead isotope ratios of the samples were mea-
sured in 6 batches over 3 days using an Isoprobe Multi Colledtaductively Coupled
Plasma - Mass Spectrometer (MC-ICP-MS). Samples with strantioncentration of-

200 ppb were diluted to 200 ppb and run in 5 batches and wecgédnation corrected
using a 200 ppb NIST SRM 987 SrGGQtandard, (NIST, Gaithersburg, MD, USA). 12
samples had strontium concentrations<o200 ppb. These were diluted to 100 ppb (n =
10) and 50 ppb (n = 2) and measured in one batch with 100 ppb@pgbNIST SRM

987 fractionation correction standards.
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3.3 Results

3.3.1 Middle East tooth enamef’Sr/6Sr

The teeth from the 'Middle East’ collection (n = 53) were ais&ld for their strontium
isotope composition by MC-ICP-MS. Samples were measured mt¢hbs over 3 days.
Instrument precision was determined by repeated analysid\dST 987 standard [0
=0.000021). Reproducibilitylg = 0.000056) was determined by triplicate analysis of 8
samples. Thé”Sr/%Sr ratios of the enamel samples ranged from 0.70770 to 0.71120
with a median of 0.70895. The data is presented in Table 1fBulda and longitude were
obtained using Google Earth based on the city of origin. Tragigraphy and rock type

for the Middle East samples was obtained from the USGS gealbmaps described in
the open-file reports 97-470B [170] and 97-470G [171].

3.3.2 Discussion

By plotting the®”Sr /%6 Sr isotopic composition of the Middle East tooth samples again
strontium concentration (measured by LA-ICP-MS, see Chapigrthe teeth can be vis-
ibly separated into three regions of strontium elementatspThe first region is defined
by higher strontium isotope ratios of approximately 0.70@967110 and strontium con-
centration between 70 - 320 ppm. This region contains 5 sssnglof which were from
Muscat, Oman and the fifth sample from Sur in Oman. The secegion, containing
the majority of the samples (n = 40), is defined by strontiuatape ratios of between
0.7075 and 0.7092 and strontium concentrations of 70 - 320. pphe samples in this
region are mainly from Iran, Iraq and the UAE with two sampiesn Oman. The fi-
nal region is characterised by strontium isotope ratioseativben 0.7080 - 0.7086 and
strontium concentrations of 320 - 890 ppm. The samples #ibinside this region all
originated from cities in Yemen. The most interesting olaggon from this plot is that

the third region can clearly be distinguished from the otiegions based on strontium



128 Strontium isotope analysis

concentration. Strontium concentration in human toothhmezias determined mainly by
diet and is an indicator of trophic level as concentratiamdteto decrease up the food
chain. Hence the higher concentrations observed in the esaenples may be due to a
higher percentage of vegetables and lower percentage dfimise diet. All of the sam-
ples in this region originated from Al-Ghail in Yemen excémt one sample originating
in Taiz. The large spread in strontium concentrations maytieative of a large range

of diets being consumed in the region.

® ran * UAE
® Irag ® Yemen
® Oman

87Sr/86Sr

200 400 500 800
Sr (ppm)
Figure 39: A scatter plot 6f Srf°Sr composition and strontium concentration for human
tooth enamel samples from the Middle East. Error bars shotaridard deviation of
the replicate measurements. The points are coloured angawthe country of origin

(Legend). Three areas of elemental space have been hitgdigly free hand ellipses to
highlight the different signatures observed in the studyae.

If each of the 18 cities for which there are teeth samplesrisicered to be a population
with its own dietary sources, strontium isotope ratios mayseful for distinguishing be-
tween those locations. Summary statistics were calcufateshch of the 18 locations of
known origin (Table 14). The summary data for each of thetlooa has been visualised

as a box plot in Figure 40. From the box plot it is clear thatrttegority of the locations
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have a strontium isotope ratio of between 0.708 and 0.709.

Great care must be taken when interpreting the data in tgisnmeof the box plot as the
majority of the locations are only defined by one sample. tasimon in provenance
studies based on small sample sizes to conclude that tharsigsificant difference be-
tween two regions when in reality the sample size is too sto&ke into account the total
variance in the population. If the sample size is increasieelaomes clear that the regions
cannot be differentiated BYSr /% Sr alone. From the summary table (Table 14) it can be
observed that the locations from which larger sample siage been measured (n5),
the populations have a standard deviation of between 0.8080.0003. Baghdad has the
smallest population variance (0.00011) which is conststéth the 5180 measurements
in the previous chapter suggesting that the population imBad consume a fairly aver-
age diet which may be expected in a developed capital cityevtiee majority of people
consume a diet bought from the supermarket. If it is assuim&ideiach of the locations
has a variance of 0.0001 - 0.0003 there is likely to be sigmifioverlap between almost
all of the locations. Sur and Muscat are the only exceptioitis strontium isotope ratios

of > 0.709.

Analysis of variance was performed with origin as the gragpiariable. ANOVA shows
that there is significant difference between locations at3% % confidence interval (F
value = 11.3, F crit = 1.9, B{F) = 1.4E-09). Tukey’s HSD was performed, of the 153
comparisons only 22 showed significant difference at the ¥@ffidence level. Of these
21 were between Muscat, Sur and the rest of the locationsgagested by the box plot
(Figure 40). There is also significant difference betweemrde (Iran) and Al Ain (UAE).
Clearly the differentiating power 6f Sr/%¢Sr on its own is limited in the Middle East
study region. However it has been shown that there are signifidifferences between
Muscat and Sur in Oman and the rest of the study region. It Isasbeen shown that
when combined with strontium concentration (Figure 39)ghmples from Yemen can
also be differentiated from the rest of the study region.nfFeoforensic perspective this

may prove very useful. Particularly in the case of a closesstjon such as was sample
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X from location A or location B.
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Figure 40: A box plot comparing the measuré&rf5Sr composition of human tooth
enamel based on the city of origin. The thick central line@spnts the median value, the
box represents the interquartile range and the whiskeresept the extreme values. The
box plot has been split into 5 sections by country, A = Yemenr,Bman, C = UAE, D =

Irag and E = Iran

The strontium isotope composition of tooth enamel obseatezhch location is directly
related to the strontium isotope composition of the diet th@onsumed in that region.
If it is assumed that the majority of food and water is souroeally to the location in

question it can be hypothesised that the strontium isotopeposition observed in the
local diet and hence, human tissue will be directly relatethé underlying geology. The
underlying geology for each sample location was assigraed the simplified geological

map of the study region (Figure 33) as described in Sectibd 3.

Of the 53 samples measured from the study region, 45 orgifiatn locations over-
lying Cenozoic sedimentary rock. The me&sr/%¢Sr composition of this group of
samples was 0.7085%(0.00044, ¥). 4 samples originating from Mashhad (Iran), lbra

(Oman), Taiz (Yemen) and Kermanshah (Iran) overlay Mesogedimentary rock and
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have a mea’ Sr/%6Sr composition of 0.708454 0.00020, &). 4 samples from Mus-
cat (Oman) overlay Paleozoic-Mesozoic sedimentary rockteave a meaf’ Sr/56Sr

composition of 0.710254 0.00041, &).

The box plot of the strontium isotopic composition compat@dinderlying geology is
shown in Figure 41. From the figure it is clear that there is igniScant difference
between thé”Sr /% Sr composition of tooth enamel from the locations overlying Gen
zoic and Mesozoic bedrock. However, the samples from Mustath overlay older
Paleozoic-Mesozoic bedrock have considerably hi§hgr /% Sr isotopic composition.
One outlier in the Cenozoic group has a high&sr /%¢.Sr composition which is more
comparable with the samples overlying Paleozoic-Mesazedrock. The outlier is from
Sur on the Eastern Omani coast approximately 150 Km from kludtis possible that
the food sources for Sur are similar to those from Muscat vhiould explain the similar
isotopic composition. However, with only one sample fronm Bis impossible to tell if

this outlying value is representative of the population of & if it is indeed an outlier.

Analysis of variance and Tukey’s HSD were performed to cantlie observations from
Figure 41. ANOVA confirmed that there is significant diffecenbetween the simple
geologies (F value = 30.6, F Crit = 1.9,>FF) = 2.1E-9). Tukeys HSD confirmed that
there is no significant difference between the Mesozoic amb@®c populations at the
95 % confidence level (P = 0.89) and there is significant difiee between samples
from the Paleozoic-Mesozoic bedrock with both Cenozoie<(P001) and Mesozoic (P

<0.001) geologies.
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Figure 41: A box plot comparing the measuré&rf5Sr composition of human tooth
enamel based on underlying geology of the sample locatiba.tiick central line repre-
sents the median value, the box represents the interqueatipe and the whiskers repre-
sent the extreme values.



Table 13: The*”Srf%Sr composition of the Middle East tooth enamel samples. The

childhood origin of the teeth is presented along with camaites and for each location.

Stratigraphy and rock type were extracted from the simpliieological layer (Figure

33). Replicates were measured for samples with sufficienemadtvailable, for these

samples the mean and standard deviatiar) @re reported along with the number of

replicates measured (n).

Sample ID Origin Country Lat(°) Long (°) Stratigraphy Rock type 87Gr /86 Sy 1o
TEO16 AlAin UAE 24.13 55.45 Cenozoic Sedimentary 0.70922
TEO17 AlAin UAE 24.13 55.45 Cenozoic Sedimentary 0.70893
TEO18 AlAin UAE 24.13 55.45 Cenozoic Sedimentary 0.70896
TEO19 AlAin UAE 24.13 55.45 Cenozoic Sedimentary 0.70890
TEO020 AlAin UAE 24.13 55.45 Cenozoic Sedimentary 0.70824
TEO21 AlAin UAE 24.13 55.45 Cenozoic Sedimentary 0.70885
TEO022 Hili UAE 24.17 55.46 Cenozoic Sedimentary 0.70875
TEO023 Um-Ghafa  UAE 24.5 55.54 Cenozoic Sedimentary 0.70884

Continued on Next Page. ..
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Table 13 — Continued

Sample ID Origin Country Lat(°) Long (°) Stratigraphy Rock type 87Gr /86 Sy 1o
TEO024 UAE UAE 24.13 55.45 Cenozoic Sedimentary 0.70894
TEO025 Um-Ghafa  UAE 24.5 55.54 Cenozoic Sedimentary 0.70883
TEO27 Sur Oman 22.34 59.31 Cenozoic Sedimentary 0.71018
TEO028 Muscat Oman 23.37 58.29 Paleozoic-Mesozoic Sedanent 0.71035
TEO029 Ibra Oman 22.41 58.32 Mesozoic Sedimentary 0.70856
TEO30 Muscat Oman 23.37 58.29 Paleozoic-Mesozoic Sedanent 0.71008
TEO31 Muscat Oman 23.37 58.29 Paleozoic-Mesozoic Sedanent 0.70979
TEO032 Sur Oman 22.34 59.31 Cenozoic Sedimentary 0.70907
TEO34 Salalah Oman 17.15 54.32 Cenozoic Sedimentary 0.70895
TEO38 Muscat Oman 23.37 58.29 Paleozoic-Mesozoic Sedanent 0.71076
TEO40 Waset Iraq 3241 45.33 Cenozoic Sedimentary 0.70817
TEO41 Baghdad Iraq 33.18 44.23 Cenozoic Sedimentary 0.70849
TEO42 Baghdad Iraq 33.18 44.23 Cenozoic Sedimentary 0.70819
TEO043 Baghdad Iraq 33.18 44.23 Cenozoic Sedimentary 0.70829

Continued on Next Page. ..
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Table 13 — Continued

Sample ID Origin Country Lat(°) Long (°) Stratigraphy Rock type 87Sr /86 Sy 1o n
TEO44 Baghdad Iraq 33.18 44.23 Cenozoic Sedimentary 0.70843

TEO045 Baghdad Iraq 33.18 44.23 Cenozoic Sedimentary 0.70840

TEO46 Baghdad Iraq 33.18 44.23 Cenozoic Sedimentary 0.70843

TEO47 Deyali Iraq 34.4 45.7 Cenozoic Sedimentary 0.70834 O00DD 4
TEO048 Baghdad Iraq 33.18 44.23 Cenozoic Sedimentary 0.70829

TEO49 Taiz Yemen 13.34 441 Mesozoic Extrusive volcanics70864

TEO052 Al-Ghail Yemen 15.17 47.48 Cenozoic Sedimentary (G008

TEO054 Al-Ghail Yemen 15.17 47.48 Cenozoic Sedimentary (8308 0.00001 2
TEO55 Al-Quada Yemen 15.17 47.48 Cenozoic Sedimentary 0908

TEO56 Al-Ghail Yemen 15.17 47.48 Cenozoic Sedimentary aLB808

TEOQO57 Al-Ghail Yemen 15.17 47.48 Cenozoic Sedimentary (%08

TEO59 Habayer Yemen 15.17 47.48 Cenozoic Sedimentary (97084

TEO063 Al-Oyon Yemen 15.17 47.48 Cenozoic Sedimentary 0.5085

TEO64 Esfahan Iran 35.37 51.26 Cenozoic Sedimentary 0.70870

Continued on Next Page. ..
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Table 13 — Continued

Sample ID Origin Country Lat(°) Long (°) Stratigraphy Rock type 87Gr /86 Sy 1o n
TEO065 Tehran Iran 35.42 51.26 Cenozoic Sedimentary 0.70824.00001 2
TEO66 Kermanshah Iran 34.18 51.26 Mesozoic Sedimentary osawy

TEO67 Tehran Iran 35.42 51.26 Cenozoic Sedimentary 0.70832

TEO068 Tehran Iran 35.42 51.26 Cenozoic Sedimentary 0.70835

TEO69 Rodehen Iran 35.44 51.54 Cenozoic Sedimentary 0.70858

TEO70 Ghazvin Iran 36.14 50.2 Cenozoic Extrusive volcanics0918

TEO71 Ghazvin Iran 36.14 50.2 Cenozoic Extrusive volcanics 0823

TEQ72 Tehran Iran 35.42 51.26 Cenozoic Sedimentary 0.70778

TEO73 Tehran Iran 35.42 51.26 Cenozoic Sedimentary 0.70770

TEO74 Tehran Iran 35.42 51.26 Cenozoic Sedimentary 0.70855

TEOQO75 Mashhad Iran 36.17 59.36 Mesozoic Sedimentary 0&081

TEQ76 Tehran Iran 35.42 51.26 Cenozoic Sedimentary 0.70826

TEO77 Tehran Iran 35.42 51.26 Cenozoic Sedimentary 0.70823

TEO78 Tehran Iran 35.42 51.26 Cenozoic Sedimentary 0.70799

Continued on Next Page. ..
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Table 13 — Continued

Sample ID Origin Country Lat(°) Long (°) Stratigraphy Rock type 87Sr /86 Sy 1o n
TEOQ79 Tehran Iran 35.42 51.26 Cenozoic Sedimentary 0.70798

TEO80 Tehran Iran 35.42 51.26 Cenozoic Sedimentary 0.70809

TEO081 Tehran Iran 35.42 51.26 Cenozoic Sedimentary 0.70835.00001 2
TEO082 Afghanistan Afghanistan - - - 0.70904

TEO083 - Oman - 0.70931

TEO84 - Oman - 0.71120

TEO85 - Yemen - 0.70862
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Table 14: Summary statistics for each of the sample locatadrthe Middle East tooth
enamel strontiund” Sr /% Sr measurements (n = 53).

Origin  Mean®'Sr /%6 Sy o N
Al-Ghail 0.70840 0.00021 7
AlAin 0.70886 0.00030 7
Baghdad 0.70836 0.00011 7
Deyali 0.70834 NA 1
Esfahan 0.70870 NA 1
Ghazvin 0.70871 0.00067 2
Hili 0.70875 NA 1
Ibra 0.70856 NA 1
Kermanshah 0.70840 NA 1
Mashhad 0.70818 NA 1
Muscat 0.71025 0.00041 4
Rodehen 0.70858 NA 1
Salalah 0.70899 NA 1
Sur 0.70963 0.00078 2
Taiz 0.70864 NA 1
Tehran 0.70815 0.00025 12
Um-Ghafa 0.70884 0.00001 2
Waset 0.70817 NA 1

3.4 Development of a tooth enamel strontium isoscape

for the Middle East

At present there are no published isoscape models of blaalaistrontium { Srf%Sr)
for the Middle East. In Section 3.3.2 it was shown that*fl&r/°Sr isotopic composition
of tooth enamel from 53 samples of known origin in the MiddesEstudy region could
be partially differentiated based on the underlying gepldg this section a new isoscape
of strontium isotope ratios in human tissue is produce basdtie population data from
the Middle East teeth. This shall be compared to modelecegdbdased on the Beard and
Johnson age model [28] in order to determine whether usingpies age based model is
suitable for the large scale (international and globalyjmtéon of ¥"Srf%Sr composition
in human samples. The aim of the new isoscape is to compleimes*O TEC isoscape

for application in modern forensic human identificationds&s in the Middle East.
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Table 15: Locations of origin for tooth enamel that can béedéntiated using’ Sr/56Sr
composition at the 95 % significance level by Tukey’s HSD.test

Location A Location B P
A-Ghalil Muscat <0.001
A-Ghalil Sur 0.001

AlAin Muscat <0.001

AlAin Tehran 0.002
Baghdad Muscat <0.001
Baghdad Sur <0.001

Deyali Muscat <0.001

Esfahan Muscat 0.005
Ghazvin Muscat <0.001

Hili Muscat 0.008
Ibra Muscat 0.002
Kermanshah Muscat<0.001
Mashhad Muscat <0.001
Mashhad Sur 0.032

Muscat Rodehen 0.002
Muscat Salalah 0.051
Muscat Taiz 0.003
Muscat Tehran <0.001
Muscat Um-Ghafa <0.001
Muscat Waset <0.001
Sur Tehran <0.001
Sur Waset 0.03
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3.4.1 Prediction of®"Sr/*"Sr isotope composition based on the age of

underlying geology

As has been described in Section 3.1.1 strontium isotopigpesition within the food
chain is determined by weathering of strontium containingerals in the Earth’s geol-
ogy. The strontium isotopic composition of a mineral in alggal unit is determined

by the initial concentration 6f Rb and the age of the rock unit as given by Equation 39:

87 87 87
Sr Sr Rb exp™ —1) (39)

oy~ Wy | wgr

The geology of the Middle East study region is shown in FigB8eand is described
in Section 3.1.4. Underlying geology for each of the tootmgke points of origin was
extracted from this geological map. As can be seen in theogexl map (Figure 33),
the underlying geology of the majority of the Arabian penias Iraq and Iran is young,
Cenozoic rock (Age = 0.01 - 65 Ma) and is mainly sedimentaryharacter. 47 of the
53 samples originate from areas with underlying Cenozoidoggo 2 samples originate
from the Omani mountains which are composed of mesozoic (fagk = 65 - 251 Ma).

The remaining 4 samples originate from Muscat in Oman wisotharacterised by un-

differentiated Paleozoic-Mesozoic bedrock (Age = 200 - MEj.

The most basic model available for the prediction of strantisotope ratios is based
on the age of the geology as used by Beard and Johnson (20Q0)TB8 Beard and
Johnson (2000) model was applied using an inffigr/£°Sr, of 0.705 ([28]) and an initial
8"RbP®Sr 0Of 0.677 (calculated from values in [141]). As can be seeRigure 42 the
Beard and Johnson model predicts significantly lighter [@ietoompositions than those
of the measured tooth enamel samples. It is notoriouslycdlffio predict the strontium
isotopic composition of sedimentary rock as the initiZrf°Sr, is determined by the
weathered material from which that the sediment has deawethe model value 0.705
may be significantly lower than the actual starting valueorder to accurately predict

the strontium composition more information is required lo@ $ource of the sedimentary
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material and individual model coefficient¥’ §r/%¢Sr, and Rb/Sr) should be used for
each geological unit rather than a bulk earth estimate. iBhigitside the scope of this

thesis but will be considered in future publications.

m

0.705 0.706 0.707 0.708 0.709 0.710 0.711
1

Cenozoic Mesozoic Paleozoic-Mesozoic

Figure 42: A box plot comparing the measuré&rf5Sr composition of human tooth
enamel based on the local geology (ME). The thick centra fepresents the median
value, the box represents the interquartile range and thekeits represent the extreme
values. The ‘Beard and Johnson’ modeled rang€ $ff”Sr values based on geological
age are included for each geology ( Red lines = Cenozoic limitsg lines = Mesozoic
limits, green lines = Paleozoic-Mesozoic limits).

3.4.1.1 Prediction off”Sr/*"Sr isotope composition based on European soil samples

from similar geological units

Other than the teeth samples, there are no biological oogeall samples from the Mid-
dle East available to this study for the estimation of thallycavailable strontium. An
extensive database of soil samples was compiled by the @socal Mapping of Agri-
cultural and grazing land Soil project (GEMAS) [179]. Stiiam isotope measurements

were performed by the Centre of Forensic Provenancing (Heede2011in prep).
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87SrPSSr isotope values from geological regions with closest Isity to those found
in the Middle East were compared to the measured values déaiotith enamel samples
from the Middle East (Figure 43). From the box plot it can bersthat the tooth enamel
strontium isotope composition falls well within the randetlee soil values. The range
in values is much smaller for the teetk@.0015) than for the soils~{0.011). This is
due to the strontium isotopic signal being averaged out e®ites up the food chain as
suggested by Pricet al[147]. The mean of the soil samples were compared to the mean
of the tooth enamel samples by two sample t test for each gealainit. Statistically the
mean®” SrP°Sr isotopic composition for the soils from Cenozoic and Mesogeologies
are significantly different to that of the teeth t = 5.63<(P05) and t = 3.54 (R0.05)
respectively. The soil and teeth values for the Paleozasddoic units (t = 1.47, P =

0.15) cannot be differentiated.

Despite statistical difference between the means of thleasal teeth populations for
Cenozoic and Mesozoic sedimentary geologies the Europeasurezl soil values are
clearly a better proxy for bioavailable strontium than tige enodel predictions described
previously. Due to lack of suitable samples from the studyome, for the purpose of this
study geological units for which there are no measured tentimel " Srf°Sr composi-
tion shall be approximated using the corresponding GEMAEsamples. The range in
values has been shown to be much higher (approximately 5inE3} in the soil sam-
ples than in the tooth enamel samples due to food chain angrafp account for this in
the prediction model the assigned standard deviation of 8 Sr population for each

geological unit shall be one third of the standard deviatibtine soil samples.

3.4.2 Construction of a new strontium isoscape

A new strontium isoscape was produced for the predictiorrigfroof tooth enamel sam-
ples from the Middle East study region based on underlyimgaggy. Sufficient tooth

enamel samples (n = 45) are available for the prediction afmand rangeo() of tooth
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Figure 43: A box plot comparing tHgSrf5Sr composition of human tooth enamel based
on the local geology (ME)"SrfSSr isotope composition of European soil samples from
similar geological units are included for comparison (GE®)A

enamel composition of individuals originating on Cenozaditock. This makes up the
majority of the study area. It has been shown in the previegtan that the measured
87SrPSSr values for samples from Mesozoic (n = 4) and Early Paleo@o+ 4) units fall
within the range of those of the GEMAS soils from correspagdiedrock units in Eu-
rope. The meaf’ Srf°Sr composition of these geologies shall be given by the nmedsu
teeth samples but due to the small sample size for thesegiealanits, the variance
(o) has been estimated as one third of the standard deviatithe @EMAS soil samples
from the corresponding geological unit. TH&Ir%Sr composition of the GEMAS soils
for each of the geological units in the Middle East isoscapeshown in Figure 44. The
assigned mean and standard deviation for each of the gealagits in the new isoscape
are shown in Table 16. The new strontium isoscape for the Migdst study region is
shown in Figure 45. The standard deviation for the predigtddes is shown in Figure

46.
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Figure 44: A box plot comparing tHéSrf%Sr composition of the GEMAS soils based on
the local geology (ME).

Table 16: Expectedf Sr°Sr composition of tooth enamel samples from the Middle East
based on underlying geologyValues that are based on measured tooth enamel samples.
The remaining values are predicted from the GEMAS soils asrized.

Geology ®"SrF°Sr o
Cenozoic 0.7085 0.0004
Cenozoic-Mesozoic 0.7090 0.0003
Mesozoic 0.7084 0.0004
Mesozoic-Paleozoic 0.7105 0.0016
Paleozoic 0.7188 0.0029

0.7099 0.0012

0.7111 0.0048
0.7129 0.0019
0.7179 0.0038

Late Paleozoic

Early Paleozoic
Paleozoic-Precambrian

Precambrian
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Figure 45: An isoscape of the expect€&@rf®Sr isotopic composition of human tooth
enamel in the Middle East.
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Figure 46: Expected standard deviatiB®rfSSr isotopic composition of human tooth
enamel in the Middle East for each geology.
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3.5 Conclusion

The geology of the Middle East is largely dominated by youngd2eic sedimentary
rocks. The majority of the samples measured in this studyirated from areas over-
lying this rock type and could not be differentiated basedantium isotope composi-
tion. However it has been shown that five samples origindtimgp areas overlying older
Mesozoic-Paleozoic sediment in Oman contained signifigéngher strontium isotopic
compositions and could therefore be differentiated froenrerst of the Middle East pop-

ulation.

This observation suggests that a significant proportiorhefdiet originated from lo-
cally produced food. It is known that the region of Oman oyieg the older Mesozoic-
Paleozoic rock is one of the main growing regions for datewed and other fruit in Oman
[41]. As strontium is highly concentrated in plants it isgiik that these fruit sources may
provide a large proportion of the dietary input of strontitmthe region. This observation
may also be useful for forensic cases in Oman as it has beamghat individuals from
the region around Muscat have a local strontium signal thate differentiated from the
rest of the Middle East and therefore might be useful formeiteng whether unidentified

remains from Muscat are from a local or an immigrant.

A new isoscape describing the isotopic composition of adable strontium has been
produced based on the measured samples and underlyinghehits. WWhere no human
samples were available values have been predicted basée wotopic composition of
soil samples collected from similar geological regions urdpe. It has been shown that
strontium isotopic composition is useful for identificatiof individuals from the Mus-
cat region of Oman. It is also likely that individuals frometbld Precambrian Arabian
shield in Saudi Arabia would exhibit higher isotopic comiioss. However no samples
were available to confirm this hypothesis. This is the firest@pe that has been pro-
duced describing the isotopic composition of bioavailattentium in the Middle East

and should be treated as a preliminary model due to the bihsiéenpling density of the
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study. However as more samples become available it is hgpéhts model will become

more refined.
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Chapter 4

Trace element analysis

4.1 Introduction

Due to the spatial variation of trace elements in natureay toe possible to determine
the source region of a sample of interest by measuring ite telement ’fingerprint’.
The occurance of this spatial trace element variation has beploited for decades in the
fields of geology and mineral prospecting and much more tckem the provenancing of
samples in forensic casework. This Chapter will examine ¢isearch hypothesis, ‘trace
element concentrations of human tooth enamel may varyfggntly between regions
due to differences in diet’, by examining the measured teleeental concentrations
tooth enamel from individuals from across the Middle EashisTsection will briefly
discuss the distribution of trace elements in the earthst @nd the processes that lead to
spatial elemental fingerprints in the biosphere, beforkitapin more detail at the forensic
applications of trace element fingerprinting and the chgks of measuring trace element

concentrations in human tissue, particularly tooth enamel
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4.1.1 An introduction to the factors leading to the trace element dis-

tribution observed in the Biosphere

Trace elements are those other than the eight principalfosokng elements of the Earth
(Fe, O, Si, Mg, S, Ni, Ca and Al), occurring in minute quansti@pm - ppb) within
geological and organic materials. Despite the low abunelahthe trace elements, many
are vital for the continuation of life on the planet. For exden14 trace elements are
known to be essential for the growth of all plants (B, Br, Cl, Co, Eu, Mn, Mo, Ni,
Rb, Ti, V and Zn) [180], while 10 trace elements are essentiattfe optimal function
of the human body (Mn, Co, Cu, Zn, Mo, |, F, Se, Cr and V) [181]. Tlepakition
of trace elements within the Earth’s crust is not uniform aad been determined by the

culmination of over 4 billion years of complex geochemiaad &nvironmental processes.

41.1.1 Chemical differentiation of the Earth

The trace elements became differentiated early in the foomaf the Earth by separa-
tion into shells of different chemical composition (Figuté). The large differences in
temperature and pressure between the Earths centre aadesled to the separation of el-
ements and minerals within the Earth. The lithosphere imddfas the rigid outer portion
of the Earth consisting of the crust and the uppermost podiahe upper mantle [53].
The upper mantle is found approximately 40 km below the cemiis at the Mohorovi-
cic discontinuity and stretches down about 400km. The uppeentle is heterogeneous
because of the formation of magma from the continental @ustibduction zones found
at destructive plate boundaries and has been found to becsadpnainly of olivine, py-
roxene and garnet. The Continental crust mainly consistgredaus and metamorphic
rock (95 %) and sedimentary rock (5 %) [53]. 98 % of the masfiefdontinental crust
consists of just 8 principal rock forming elements (Fe, OMgJ, S, Ni, Ca and Al) [182].
Most elements are found as minerals, combinations of twoareralements [53]. Rocks

comprise of a mixture of these minerals. Trace elementstdeg@ substitute for the ions
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in some minerals, hence the rock type is an important factdine distribution of trace

elements within the crust.

Crust

(mainly granitic and
basaltic rocks)
5-40km

Lower mantle
(silicate materials)
~2200km

Outer core
(Iron, nickel and sulphur)
~2270km

Upper mantle
(silicate materials)
~700km

Inner core
(Iron, nickel and sulphur)
~1216km

Figure 47: Cross section of the Earth, illustrating the défe layers present and the basic
properties of those layers.

Comparison of the abundance of the trace elements in thesarht to their abundance
in the solar system indicates that significant differeidgrahas occurred and led to enrich-
ment of some elements in the Earths Crust, particularly the Barth Elements (REES),
and depletion of others [183] (Figure 48. The differencel@meental abundance between
the Earths crust and the solar system can be illustrated Ibylagon of the enrichment
factor (Equation 40). The natural abundances of the tragaets found on Earth can be
attributed to their geochemical properties described byGbldschmidt classification of
elements [184]. By illustrating the enrichment factors & #tements in the crust it can
be observed that the Earth’s crust is enriched in most Ihitefsilicate liquid) elements
(e.g. the REES), but depleted in most siderophile (iron éijand chalcophile (sulphide

liquid) elements.

. Abundance in the Earth’s crust
Enrichment Factoe . (40)
Abundance in the solar system

The enrichment of certain elements in the Earths crust caisé@ as an important tool for

geochemical provenancing, as abundances of individualezles change depending on
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the type of bedrock. This can be attributed to the geochdmpiocperties of the elements
and the physical conditions present during the formatiothefbedrock. Igneous rocks
for example are greatly differentiated due to the diffee=nin geochemical properties
such as pressure and temperature present during theirttomaad also, as the chemical
composition of igneous rock is greatly dependent on the naafjom which it forms.
The composition of the magma in turn is dependent on the saoik and the extent of
melting. The chemical compositions of igneous rocks hawnbedely studied and the
data produced is very useful for determining which elemémisxpect in abundance in
different types of bedrock. For example, ultramafic (low &nient) igneous rocks tend
to be concentrated with Fe, Co, Ni Cr and Pt group elements|tizasad intermediate
rocks (~25 % Si content) are enriched in Cu, Zn, Ag, Cd, Ti, Mn, Mo and Ré, law-
Ca granites (high Si content) are abundant in REEs, Li, Be, TalAVU, Sn and Hg.
Sedimentary rocks are also highly differentiated due tosay conditions and transport

steps during their formation [184].
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Figure 48: Line graph showing 1) The enrichment of elememtthé Earth’s crust in
comparison to the solar system and 2) The concentratioreafesits in the Earths crust

(ppm).
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4.1.1.2 Chemical differentiation of the Earth: From rock to biosphere

Soil is the interface between the lithosphere and the bergdi84]. Approximately 99 %
of the worlds soil is derived from mineral parent materiattWas formed by the weather-
ing of bedrock, hence the trace element composition of aseardeposit is dependent on
the trace element composition of its parent material. H@yev combination of external
factors have a strong influence on the final composition oftig185] and therefore the

trace element composition.

Transport processes such as glacial or fluvial transporezahto a soil composition that

is not directly related to the underlying bedrock [184].

Anthropogenic sources also have a large impact on the faae #lement composition of
soils. Up to 1984 an estimated 0.5, 20, 240, 250 and 310 mitbones of Cd, Ni, Pb,
Zn and Cu had been mined and ultimately deposited into thebers [186]. Since then

it is likely that these values have increased significart§0]. Anthropogenic sources
of trace elements that impact the biosphere include feetii, pesticides, sewage sludge,
fossil fuel residue, general waste and pollution from nmgrémd smelting. It is suggested
that in urban and agricultural environments, anthropagsources are likely to outweigh
natural sources of trace elements in the biosphere. Heace édlement concentration of

modern soils can be significantly altered from the sourcedmdmaterial [186].

‘Soil is the ultimate and most important sink of trace eletsen the terrestrial environ-
ment’ [186]. A soil's capacity for trace elements is detered by its ability to store
trace elements in each of the following forms: 1) dissolvedail solution, 2) attached
to exchange sites in organic or inorganic constituents,x@dfinto soil minerals (from
bedrock), 4) precipitated with other compounds in the switj 5) incorporated into bio-
logical material (i.e. bacteria) [186]. Of these trace edatristores’, only trace elements
in soil solution and attached to exchange sites are mobdeasailable for transfer into
the food chain. Trace elements from these stores are knowoagailable sources. The

remaining stores may become mobile with time.



154 Trace element analysis

Bioavailability of trace elements in soils is determined bg pH and cation exchange
capacity (CEC). Soils’ affinity for trace elements is gengralcreased with increasing
pH and hence bioavailability of trace elements is highecidia soils compared to neutral
or basic soils [186]. The cation exchange capacity is detedby the number of cation
binding sites within a soil. Soils with high organic and clagntent tend to have higher
CEC and therefore contain higher concentrations of bioabkaltrace elements. Excess
of trace element availability in soils can lead to phytotityiin plants. Hence a great deal
of research has been conducted into producing the optimirgrewing conditions for

plants [186].

4.1.1.3 Chemical differentiation of the Earth: Trace elemets in plants

Plants can be considered an intermediate reservoir ofahe #lements between primary
sources and the food chain [186]. Plants absorb trace eterfiem the soil, groundwater
or atmosphere (Figure 49) by: 1) diffusion from the soil, djiecn exchange from the
surface of clay deposits occurring at the roots due to theinsgn processes, and 3)
foliar absorption from the air [180]. As previously mentgah 14 trace elements are
known to be essential for the growth of all plants (B, Br, Cl, Co, Eu, Mn, Mo, Ni,
Rb, Ti, V and Zn) [180]. Deficiency in these essential elemeats lead to abnormal
growth, failure of life cycle and death [186]. Itis also trilrat an excess in these essential
elements can also lead to phytotoxicity [180]. A number ai Besential and potentially
toxic trace elements may also be absorbed by plants undeigtiteconditions including

Cd, Pb, Hg, and Sbh.

Plant capacity for trace elements depends on a number ofr§acrace element absorp-
tion, selectivity and sensitivity varies greatly betwedanp species. Grasses and corn for
example are very tolerant of toxic trace elements and catireento grow even in soils
with very high Cd concentration 100ppm) [186]. Leafy vegetables such as lettuce and
spinach are much less tolerant. Different genetic strditisase crops have shown differ-

ent reactivity to harsh environments, a characteristitltha been taken advantage of in
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agriculture.

Trace element concentration in plants is not homogenedusbes between tissue types.
The general trend of for trace element concentration inidsei¢ of trees and shrubs is,
roots> foliage > branch. In grasses and cereal crops the trend isdesiém> husk>
seeds, [186]. In general seeds tend to have the lowest doatien of trace elements in
plant material. The distribution of trace elements wittie tifferent tissues of a plant
is influenced by xylem transfer and the concentration in @ifipaissue is related to the

evapotranspirational loss of water from that tissue [186].

Soil conditions and climate also play a large role in the emiation of trace elements
in plants. Deficiencies in trace elements may occur wheraviaitability is reduced by
abnormal climate conditions. Cold wet soils and hot dry smsult in reduced ionic

mobility and hence lower bioavailability which can lead eavlyields.

4.1.1.4 Chemical differentiation of the Earth: Trace elemets in animals

Trace elements are transferred from plants into the animgtiom by ingestion. Animals
may also ingest trace elements to a lesser extent througisted water or inhaled from
the atmosphere (see Figure 49). A significant proportiorhefttace elements ingested
by grazing animals comes directly from intake of soil, whaan account for up to 14
% by weight of an animals diet [186]. Therefore the trace eleihntoncentrations found
in farmed animals such as cows, sheep and pigs are likely sighédicantly affected by
anthropogenic sources of trace elements that have beed eithe soil such as fertilisers.
Farms close to urban areas may also be affected by tracergkeommmon in fossil fuel

pollution such as lead.

Like plants, a number of trace elements are essential féthyagrowth and development
of animals which include: Mg, K, V, Cr, Mn, Fe, Cu, Zn, Se, Sr and [I87]. Essential
elements for animal development are defined as elemente#uhto a significant growth

response when the element is supplemented, and the aniova$ Siigns of deficiency
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when the element is excluded [186]. The physiological fiomst of the essential elements
are well defined and are generally associated with the dictivaf specific enzymes or as

a component of a vitamin or hormone [188].

Animals can also absorb non essential elements from theiragid as many species of
animal have no homeostatic control over the non essengataits, they may become
accumulated in animal tissue over time. For toxic elememtd @s Cd, Pb, Hg and As,
accumulation of high concentrations may lead to healthlprob [188]. This is a concern
in agriculture as accumulation of toxic elements in meahfonan consumption can lead

to health problems in the human population.

Despite a number of elements being essential for all anipediss, a wide variety of el-
emental concentrations are observed within differentisgeaf the animal kingdom. For
example Cu concentration in meat commonly consumed by huraagss from 644 ppm
in sheep to 270 ppm in cattle and only 22 ppm in swine (dry widigér [188]). The large

variety of elemental compositions observed across thearkingdom is largely deter-
mined by the type, quality and amount of vegetation ingeatedell as the composition

of any meat that may also be consumed by animals higher irotieedhain.

Like plants, the concentrations of trace elements in an ahisnnot homogeneous but
varies greatly depending on the tissue. When consideringsswf trace elements in a
human diet this may be important, as the concentration oeseantial and toxic elements
tends to be higher in the liver of commonly consumed animaispared to the muscle
flesh [188]. Calcified tissue such as bone and tooth has a Higiityafor the alkali and

alkali earth metals as these can substitute into the minaitide [189]. Lead is also

accumulated in calcified tissue. Sharma and Shupe presehttacentrations from liver
and bone tissue from rock squirrels which ranged from 1.3.7 ppm and 45.5 - 195.0

ppm respectively [190].

Clearly the trace element inter-relationships between ptahts and animals are com-

plex. Sharma and Shupe conducted a study on heavy metalntoataens in rock squir-
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rels. They show that there is a good correlation betweendgheemtrations of cadmium
and arsenic found in soil and plants, but only a moderate t@kveerrelation for lead.
There was little correlation between the elemental comaganh found in plants and that
of the squirrels other than for cadmium which showed a maddeeationship. [190].
This is a simple ecosystem, isolated from anthropogenuateas far as possible), where
the animal in question has a limited diet and small home raRgelarger animals and hu-
mans the number of factors that control the concentratioraoé elements is significantly
larger due to the range in diet, larger home range and a lapé from anthropogenic

sources (Figure 49).

4.1.2 Trace elements in the human body

As in all animals, trace elements are essential for the @bgparformance of the human
body [181] performing vital functions such as controllingzgmatic activity, hormone
activity and the development of teeth and bones. Trace elenshall be used in this
thesis in an attempt to link unidentified human remains taogggghical region. However,
as has been shown by Sharma and Shupe [190], trace elememtisnal tissue are not
necessarily correlated to the trace element concentrafitre local available diet. This
difficulty is amplified in humans due to the complex transsieps involved between

bedrock and humans as illustrated by Figure 49.

4.1.2.1 Sources of trace elements in the human body

Diet is the main source of trace elements in the human bodyi(€i49). Modern humans
(generally) consume both plants and animals (terresthhaarine). As discussed in Sec-
tions 4.1.1.3 and 4.1.1.4, the trace element concentsatibserved in plants and animals
are dependent on multiple factors including species, ¢issavironment and availabil-
ity. The diet of modern humans, particularly in developedrddes, is diverse due to the

availability of multiple species of plants and animals, iImo€which will have been trans-
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Table 17: Ranges of trace element concentrations obsengad jiiplants, animals an hu-
mans. Concentrations observed in soil are from multiplereefees as cited in [186]. The
range in concentrations observed in plants from [180] a®@]&nd represent measure-
ments from a variety of plant species and tissues. The rangmnicentrations observed in
animals are from cattle, sheep and swine (liver and mussgad)) samples [188] and rock
squirrels [190] (liver and bone tissue). The range in cotregions observed in humans
are from [17], [191] and [181] and represent measurementsath enamel, liver, hair
and blood samples.

Trace Element Soil(gg~!) Plantsfigg ') Animals @gg ') Humansfgg ')

Ag 0.01-8

As <0.1-97 0.6 - 654.6 <0.01-9.4 <0.01-0.3
B 2-300 09-24 0.7

Ba 10 - 5000 0.07-6.2
Bi 0.01-40

Cd 0.01-2 0.4-9.9 <0.1-26.7 03-41
Co 0.05-80 0.1-0.9 0.02 - 41.
Cr 1-3000 0.3-4.8 0.02-4.1
Cs 0.3-20

Cu <1-700 1.2-35 14-1151 0.024-1
F <10-3700 3.2-39
Fe Major 5-7171 44.6 - 105.5 0.03 - 88
Hg <0.01-4.6 0.01-1 0.03-12.2

Mg Major 1811 - 9945

Mn <2 -10000 50 -740 <0.1-12.8 0.2-44

Mo 0.1-40 0.1-0.8
Ni 2-800 0.3-6 <0.01-1.25
Pb 2-700 0.1-282.6 0.2-195 0.11-2.2
Rb 0.074-4.6
Sb 0.2-8.8 0.1

Se 0.01-12 0.01-7.71 0.19-1.4
Sn <0.1-200 0.2

Sr 4 - 3000 4.6-82

Ti 70 - 25000 1-46 0.1

T 0.1-0.8

\Y 3-500 05-2.8 0.3

w 0.5-83

Zn 1-2900 59 - 180 0.05-243 3.23-320
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ported for hundreds of kilometers from its growing regioartks to improved packing,

and preservation methods.

The trace element signature in plants and animals farmefidoran consumption are
likely to have little to no correlation with the natural teaelement signature of the grow-
ing region due to the input of anthropogenic sources sucleréifiders, pesticides, man
made animal feed and nutritional supplements. This sigregl be further complicated
during the manufacturing process by the addition of pregams, colours and contami-

nants from processing machinery.

A further difficulty, particularly in the US and the develapeestern world, is the avail-
ability of dietary supplements. In the increasingly healbimscious modern human pop-
ulation in the west, people are becoming more aware of thess#y of vitamins and
minerals in a balanced diet. In a survey completed in 200Q][iBwas shown that ap-
proximately $ 1.7 billion was spent on vitamin and minerggements by the US public.
Between 24 % (2 - 11 year old) to 55 % (70 years +) of the Americgrufation use daily

supplements.

Trace elements may also be inhaled from the atmosphere.ibhadticular is associated
with airborne environmental pollutants such as fossil ared industrial processes. Both
cadmium and lead can be inhaled from tobacco smoke [193]h Eagncentrations of
these elements in human tissue may be indicative of proxitaipolluted industrial or

urban areas which may be useful in forensic provenanceestwdihuman remains.

4.1.2.2 Essential elements in the human body

Fluorine is predominantly deposited in bones and teeth (98.9 % off boidy content)
[181]. Fluorine is necessary for increased resistanceathtenamel and possibly bones

[194, 187]. Deficiency can result in caries and a higher risksteoporosis.
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Magnesium is one of the most common elements in the body accountingpioroi-
mately 0.05 % of the total body mass. Around 50 % of magnessufound as a mineral
constituent of bones or teeth. It is important for the atibraof enzymes involved in
metabolism as well as nerve activity. Deficiency can leadiscte cramps, anorexia and

depression [187].

Potassium is one of the most common elements in the body accountingpfproi-
mately 0.2 % of the total body mass. It is important for engygduction and membrane

excitability and transport [187].

Vanadium is predominantly deposited in fat-00 %) [181]. Although its function in
the human body is not well understood it is likely that it mayé a role in the control of

cholesterol [181].

Chromium s distributed throughout the body but is most concentratete skin (37
%) [181]. It is responsible for the activity of insulin anccieases uptake of amino acids
into the heart and liver [187]. Deficiency results in impagattose tolerance and elevated

cholesterol [181, 187].

Manganese is mainly concentrated in the bones and teeth (43.4 %) [18d]is an
essential element in a number of biochemical processeswiiite human body including

glucose and lipid metabolism and amino acids breakdown][187

Iron is mainly present in the hemoglobin complex in blood (70.5%8)1] and is vital
for oxygen transport. Iron is also required for the actiatyhe Cytochrome complex that
is an essential component of the electron transport chagficiency can lead to anemia

[194].
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Cobalt is found predominantly in bone marrow (18.6 %) [181] althlouigis the least

concentrated element in the human body. It is vital for thevig of vitamin B, [181].

Copper is concentrated predominately in muscle tissue (34.7 %d][18is mainly re-

sponsible for the activity of oxidative enzymes and deficyeran result in anemia [194].

Zinc is concentrated predominantly in muscle tissue (65.2 %) ][18inc is important
for the activity of a number of enzymes involved in metabuligell growth and protein
synthesis [187]. Deficiency can result in growth depresaiwh reduced immune system

response [194].

Selenium is found predominantly in muscle tissue (38.3 %) [181]. Skl acts as an
antioxidant and is involved in regulating the immune systB@ficiency can lead to heart

failure (Keshan disease) and increased risk of cancer [187]

Strontium  follows the physiological pathway of calcium and therefsréound almost

exclusively in bone and teeth (99 %) [181]. Strontium hasdeones and teeth.

Molybdenum is concentrated predominantly in the liver (19 %) [181] aswksponsible
for the breakdown of toxic chemicals and drugs as well asctieity of enzymes involved

in metabolism.

lodine is mainly concentrated in the thyroid (87.4 %) [181]. It isafved in the syn-
thesis of thyroid hormones [187]. Deficiency in pregnant wanfeads to an increased
chance of still born or infant death after birth. Deficiennythe general population can

result in goiter and hypothyroidism.
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4.1.2.3 Non-essential elements in the human body

A number of elements are found in human tissue but either hawssential function or
their function have yet to be deduced. As mentioned prelydaad and cadmium can be
inhaled when present as environmental pollutants or astabemoke. Lead has a strong
affinity for bone and tooth apatite with 91.6 % of the totalde@ntent being found in
these tissues [181]. Cadmium is predominantly depositeddrkidneys and liver (27.8
%) [181]. Arsenic may be an essential element at low conagatrs in the human body
although this has yet to be confirmed. The major source oharge humans is through
food although proximity to industry or mining or smeltingeoptions may cause elevated
levels [181]. All of these elements are potentially toxictlasy can accumulate in tissue

over time to reach toxic levels [181].

4.1.3 Literature review: Trace element analysis for forensic prove-

nancing

The idea that geological material might be used to link arnviddal to a crime scene
was first introduced in the late 19th century by the most fasnmiucriminal investiga-
tors, Sherlock Holmes in the writings of Sir Arthur Conan DmylThe first recorded
case of geological evidence being used to solve a crimirsd came in 1908. By ex-
amining the macroscopic properties (colour, shape, an@nmaiogy) of a soil found on
a suspected poachers shoes, Georg Popp was able to sulbgédisgfthe individual to
the crime scene. Since then the armory of geochemical fierégshniques has evolved
and developed, incorporating many techniques from thénessiences such as particle
size analysis [195], scanning electron microscopy [198jtdpe ratio analysis (IRMS)
[52, 23, 25], and trace element analysis [197, 25, 198]. @sement analysis in partic-
ular has seen an increase in interest over the last decagle€rs0). This is largely due
to improvements in instrumentation, allowing simultaneamalysis of around 50 trace

elements per sample with greater accuracy and precisioreguidting less sample [198].
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Where sample size is not a limitation X Ray Fluorescence (XRF) neaused although

it has become more common to utilise ICP spectrometry (ICP-ARSEICP-MS).

Publications per year

1960 1970 1980 1990 2000 2010 2020

Year

Figure 50: Number of publications per year for trace eleragalysis in forensics (Based
on Scopus.com search with keywotdsce elementandforensicy

As described in Section 4.1.1 trace element concentratioggeological material vary
spatially due to the physical and chemical conditions uadech the material was formed.
Hence rock, soil and sediment samples that may be visualigtinguishable may now
be differentiated at a chemical level [198]. Rateal [199], produced a study of soil sam-
ples from two small sample sites in the UK separated by apmabely 10km. The main
objectives of the study were to provide an indication of thteai and inter-site variation
of soil samples based on a number of techniques including:AE8 and ICP-MS trace
element analysis. Relatively little consideration has lggeen to the small scale spatial
variability of soils which limits the extent to which it carelused in forensic investiga-
tion. It was shown that there was significant difference leetwthe 2 sites for 41 of the
49 measured elements with 4 elements below detection laniis4 elements, Zr, Hf, Tl
and Pb showing no significant difference. Using PCA the twomarpopulations were
clearly separated. The intra-site variation was signifigatifferent at the two sites for a
number of the measured elements. This highlights the fattithce element concentra-
tions in geological samples are the result of complex prEthat makes it difficult to

model. Even within a 1 fharea there may be a difference of betweenxb0 % RSD.
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Hence in studies utilising trace element analysis to diffiéiate between samples of in-
terest it is important to have a database of reference sarttpeis sufficient to describe
the inter and intra-site variation. Conchetial [200], present a very recent case where
soil particles found in a suspects car could be linked to teme of a murder by trace
element analysis. The results of the analysis were usedyasvigence in the judicial
court (Italy). Again the case highlights the necessity ahpding a suitable database
with which to compare the suspect samples. It also cleadyvshhat if measured and
reported correctly, trace element analsis can prove aluseénsic tool that is applicable

in a court of law.

Trace elements from the lithosphere can be transfered tbitisphere and hydrosphere
by biological and environmental processes as describedlyorn Section 4.1.1. This
means that not only can forensic trace element analysisleedo geological samples
but also to plants, animals and many man-made products @khatriatural starting mate-
rials. One of the main applications of forensic trace elena@alysis in the literature in
recent years has been for the provenancing and authembificdthigh cost and specialist
foodstuff such as wine [201, 202], tea [202, 203], olive 8D4], coffee [202] and cheese
[153]. As with soils, the trace element distribution withaodstuff if determined by mul-
tiple variables including: geochemical environment at libeation of growth, climate,
health of the plant/ animal and anthropogenic contaminadiaring growth and process-
ing. Modeling the complex system would be nearly imposs#deagain it is important
to compile databases of sufficient sample size to describétha and inter-population
variation of the sample of interest for areas of intereste EbJ funded TRACE project
(www.trace.eu.org) is one organisation working to compileuropean database of trace
element and isotope information of food products as a focareserence tool to combat
food fraud. In the future it would be useful to produce a samdatabase for human tis-
sue. It is often difficult to obtain reference samples of hartissue at a large enough
scale to take into account the full variation in the popolatf the areas of interest. By

compiling a global database in collaboration with otheeegsh groups around the world
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the potential of trace element analysis for forensic hurdentification would be greatly
increased. As well as food products trace element analgsisatso been applied to the
identification of origin of document paper [205], glass [RQfullet lead [207] and human
tissue [16, 17, 25].

4.1.3.1 Trace element analysis of human tissue in forensievestigation

As discussed previously (Section 4.1.2), trace elemermsrbe incorporated into human
tissue through diet and the atmosphere. However absorpfitnace elements into the
various tissues of the human body is a complex process dleattwy multiple variables
which means that interpretation of trace element data indmuissue is not straight for-
ward [208, 209]. In the last decade a number of archaeolbgiudies have shown the
value of trace element analysis for determining geograpigins of human populations,
where suitable reference samples are available [210, Z¥, 1I6]. Hoogewerffet al
[16], illustrated the potential of trace elements (in suppEd isotopic measurements) for
the identification of origin of an unknown sample. Again imstexample, the trace el-
ement composition of the Iceman’s bone tissue was comparaddatabase of human
remains from the region. Until recently trace element asialjor the provenancing of
human material was restricted to archaeological casesreTia/e been relatively few
examples of trace elements being used to determine the thoigaahistory of modern
humans in the forensic literature [17, 25]. In a recent p&waestroet al use LA-ICP-MS
to determine the trace element composition of modern huroae (n=12) and teeth sam-
ples (n=14). 75 % of the individuals could be differentiabgdrace element composition
of femur bones while principal component analysis of theli@mamel samples enabled

the successful identification of a simulated unknown sample

The main limitation of trace element composition for proaece studies is clearly the
almost unpredictable fractionation of trace elementsétihman body [208]. In order to
successfully utilise trace elements in forensic invesiigea representative population of

reference samples is required that describe the majoritigeointer and intra site varia-
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tion. It is likely that trace elements will be most useful retconfirmation or disproving
of forensic intelligence suggesting a particular locatidrorigin. Compilation of large
global empirical datasets is probably the most useful aggrdor trace element forensics
in the future. However compilation, management and quabtytrol for such a dataset is
likely to be expensive and time consuming. In this study &ctibn of 63 teeth of known
geographic origin within the Middle East is available. Tééseth shall form the founda-
tions of a forensic database for the identification of indiials within the Middle East. It
is hypothesised that trace element analysis shall comptistable and radiogenic isotope
information and provide an extra layer of information foe tthetermination of origin of

unknown samples.

4.1.4 Trace element analysis by LA-ICP-MS

Due to the unique nature of this teeth collection (see Sedti6), analysis must be carried
out with minimal damage to the teeth themselves. Laseriahl®€P-MS is a visually
non-destructive technique in that the damage the laseesdaghe tooth during the ab-
lation is at a micrometer scale and is practically invisitighe naked eye [210]. LA-
ICP-MS requires minimal sample preparation, reducing tleaf contamination and the
need for sample dilution and allows for a high throughputashples [211]. The common
technique for sample preparation found in the literatuveles preparing a thin section
of the tooth by cutting with a diamond saw followed by ablataf the inner section of
the enamel as laser ablation is ideally performed on a piyrfemooth surface to avoid
coupling issues between the laser and the surface of thie tioat may result in loss of
precision and poor reproducibility [210, 212, 213, 214].isTimethod is unsuitable for
the current study due to the destructive nature of the sapnglearation. Instead it is
proposed that a surface profile is measured after pretreatmeemove any surface con-
tamination. As the teeth in the Middle East collection arelera samples and have never
been buried they should not have undergone any diagenesie Barface contamination

should be minimal. By thoroughly cleaning the surface withexdollowed by preab-
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lation of the tooth surface before analysis any contanonashould be removed. Most
studies utilise a raster ablation pattern for analysisithis case it may be more suitable

to use a sequence of point ablations because the surfaceoivile perfectly flat.

One of the main issues affecting the application of LA-ICP-fM&quantitative analy-
sis of forensic samples is the lack of suitable 'matrix matttcalibration and reference
standards [210, 215]. Laser ablation standards need torbpasitionally similar to the
material to be analysed as physical properties signifigantluence the ablation profile
[216]. There are no available tooth enamel or hydroxy apatiandards available cur-
rently. As this technique advances this problem will neetdécaddressed and a small
number of groups have begun working on solutions to thislprab Castro [17] uses a
calibration method proposed by the NITE-CRIME (Natural Ipet®and Trace Elements
in Criminalistics and Environmental Forensics) projectislihvolves preparation of cali-
bration 'pellets’ of NIST-1400 (bone ash) and NIST-1486r{eoneal) (National Institute
of Standards and Technology, Gaithersburg, MD, USA). Tlaesenatrix matched to the
samples in the study as the teeth were also ground and pdepaellets. The samples
were also analysed against the NIST-612 glass standard.tdilre destructive nature
of the sample preparation, this method is not suitable irctlreent study. A number of
papers report the elemental composition of tooth enamelsasrg-quantitative concen-
tration relative to the NIST 610 and 612 glass standardsTNEaithersburg, MD, USA),
normalised td"*Ca which is predominating in hydroxy apatite samples [210].eDoi a

lack of a more quantitative alternative, this is the methad will be applied in this study.
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4.2 Instrumental

4.2.1 Laser Ablation - Inductively Coupled Plasma - Mass Spectroscopy

(LA-ICP-MS)

Inductively Coupled Plasma - Mass Spectroscopy (ICP-MS) wststiade commercially
available in 1983 [217, 218] and has since been used to dietethe trace element con-
centration of a plethora of samples from across a multitudéisziplines. The main
attractions of ICP-MS as an analytical tool are: its abildymeasure concentrations of
almost all the elements, low detection limits (sub ppt) dudigh sensitivity and low
background and fast analysis times of around 4 minutes farasorement of all elements
[218]. By coupling the micrometer scale resolution of Lasetadion (LA) with the sen-
sitivity of the ICP-MS technique it is possible to quickly geate a large amount of trace
element data from a sample with little sample preparatignired and virtually no dam-
age to the sample (visually nondestructive) [219]. This esaik an attractive technique
for the analysis of the teeth samples in this study as discuissSection 4.1.4. LA-ICP-
MS works on the same principal as MC-ICP-MS described in Se@i@.1 where and
high energy plasma is used to atomise and ionise the samplse\dr the electrostatic
quadrupole and detector of the LA-ICP-MS are designed to acange of mass units in
order to generate multi-element data. In this section tmepaments of the LA-ICP-MS

instrument will be described.

42.1.1 Laser Ablation

Laser Ablation (LA) is a ‘visually nondestructive’ methoélteansferring a microscopic
amount of a material from a sample into the ICP-MS for traceel® analysis. The width
and depth of the ablation crater is dependent on the injeaisd beam width used during
analysis and the ablation pattern required. For sensiaveptes these settings can be

optimised to produce minimalin scale) damage to the sample. The sample is placed in
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the LA cell, sealed and purged with argon gas. The samplasair$ then irradiated with
a pulsed UV frequency laser, in this case a New Wave 213nmA@ f#ser (neodymium
doped yttrium aluminum garnet crystal) [219]. The high gygohotons from the laser
remove material from the sample as a fine aerosol. The yietjeated particles is de-
pendent upon the intensity and beam width of the laser [22®)ated sample is then

transfered in to the ICP via argon carrier gas.

4.2.1.2 Generation of an Argon Inductively Coupled Plasmaad the Plasma-MS

interface

Generation of the ICP and the transfer of the ablated samfehie magnetic sector is
similar to the processes described in Section 3.2.1. Rurtfemation for the quadrupole

ICP-MS can be found in 4.2.1.

4.2.1.3 The mass analyser

The mass analyser in a ICP-MS is used to separate ions acgdodimeir mass to charge
ratio (m/z). In the case of the instrument used in this study mass analyser is a
quadrupole mass filter. This is the most common type of maatyser, used in ap-
proximately 90 % of all ICP-MS instruments [218]. The quadrepmass filter consists
of four parallel metal rods arranged in a square, on axis thighion beam. Ideally the
rods have a hyperbolic cross section as this is the mostesffishape for generating the

hyperbolic fields required for mass seperation [218].

In order to achieve mass separation of the ions, a dynamierhgpc electric field is
generated by applying a direct current (DC) voltage andradtérg current (AC) voltage
to the rods. The AC voltage is the same for all the rods (2 MH&H& [218]) but is out
of phase between the two pairs of rods. The DC voltage isipesn one pair of rods
and negative on the other. The electric field produced acditier, allowing only the set

mass unit to pass through. lons of lighter or heavier madshaile unstable trajectories
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through the field and is lost from the ion beam [218]. The DC A@dcurrent can be
varied very quickly so that all mass units (2 - 260 amu) can leasured in around 4

minutes.

4.2.1.4 lon detection: Electron multiplier

One of the main reasons for the high sensitivity of ICP-MS ysialis the use of an
electron multiplier detector as this allows the signal fjoist one ion to be multiplied into

a measurable signal against the background. The importanacteristics of a detector
in such a system are high sensitivity, a wide linear dynaraige and a low random
background (determined by the plasma and ion lens systel8).[Zhe principle behind
an electron multiplier involves the positive ion that hasged through the quadrupole
striking the negatively charged dynode in the detector. ifrtpact carries enough energy
to release two or more electrons from the dynode which thgraanwith the second
dynode. This releases more electrons. A detector genaratfitains 12 to 24 dynodes
[218] and can multiply a signal by0® times. The signal is then given as an output in

counts per second that can be converted into ppm using sthoalbration methods.

4.2.2 Trace element analysis of human tooth enamel by LA-ICP-MS

The collection of 63 human teeth from the middle east studgwwealysed for trace ele-
ment concentration using Laser Ablation - Inductively CeggPlasma - Mass Spectrom-
etry. Samples were first sonicated in Milli-Q water (15 mes)tand dried to remove any
surface contamination. A New Wave UP-213 nm laser ablatystesn (ESI®, Portland,
OR, USA) was used for the ablation of the samples. The samfilevas purged with
argon prior to ablation. A line was ablated (60 %, 8 hz, 25 on the surface of each
tooth to further remove surface contaminaion. 5 spots welaged (60 %, 8 hz, 100m,
60 seconds ablation period) within the pre-ablated tremchthe trace element concen-

trations of 15 elements (Mg, K, Ti, V, Cr, Mn, Fe, Ni, Cu, Zn, Se,80, Cd, Ce and Pb)
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were measured using a Thermo ICP-MS. The raw data were delilbsami-quantitatively
to NIST SRM 612 and NIST SRM 610 glass standards (NIST, Gaiblegs MD, USA)

andCa*® used as an internal standard to normalise the data as in. [Pk@tision and
accuracy were monitored by repeated measurement (n=2he MiST SRM 610 glass
standard for quality assurance (Table 18). The perecertagefrom the NIST certified

values was less than 1 % for all elements with the exceptid®ao@.15 %).

Table 18: Measured and certified trace element concemgafjgpm) of the NIST610
glass reference standard

Element Measured value Certified value Error (%)

Mg 467+8 465 0.44%
K 486+10 486 0.06%
Ca 852285687 81833 4.15%
Ti 435+14 434 0.33%
\% 44149 442 0.07%
Cr 405+8 405 0.02%
Mn 433+8 433 0.05%
Fe 45912 457 0.33%
Co 405t8 405 0.07%
Ni 443+9 444 0.16%
Cu 4299 430 0.20%
Zn 456+9 456 0.17%
Se 10921 109 0.00%
Sr 498+8 497 0.12%
Mo 377+6 377 0.01%
Cd 2594 259 0.20%

Pb 413t8 413 0.18%
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4.3 Results and discussion

Mean elemental concentrations of 14 trace elements mehsué@ Middle Eastern teeth
of known origin are presented in Tables 25 - 27. Each toothakéested in 5 locations in
order to take into account the inhomogeneity in human too#meel. Values reported are
the mean of the 5 ablation measurements. The standardidewédthe replicates is pre-
sented in Tables 25 - 27. The population distributions of&Bsamples for each element
are shown by the histograms in Figure 51. Eleven of the el&rae log normally dis-
tributed (Mg, K, V, Cr, Mn, Fe, Cu, Se, Sr, Mo and Pb) so in ordetdtrulate summary
statistics for these elements the values have been lodgdrared prior to calculation and

the results then transformed back into ppm by inverse lagstoam.

Summary statistics for the total population are shown indaB. The elements present at
highest concentration were Mg (638 - 77489~ '), K (75 - 5519 g !), Zn (201 - 1274
pg gt)and Sr (73 - 1273g g!) . This is to be expected as Mg, K and Zn are amongst
the most highly concentrated elements in the human body.Kvemd Sr all have a high
affinity for the hydroxy apatite mineral in human bone andheses they are able to easily
substitute into the Ca- position in the mineral matrix [181]. The remaining elensent
were present at mean concentrations<df0 g g~!. The majority of the mean trace
element concentrations observed in this dataset are caivipawvith values previously
cited in the literature (Table 17). However it is observedt for a number of samples, Ni,
Cu, Se, Srand Pb appear at higher concentrations in theséesaimm has been observed
previously. This may be an effect environmental or anthggmic sources specific to
regions in the Middle East. This may prove useful for différating between populations
and will be discussed further in Section 4.3.1. Results trexevbelow detection limit

were substituted with half the detection limit.
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Table 19: Summary statistics (Concentration medjan ) (Min - Max)) for the 15

trace element concentrations measured by LA-ICP-MS basatieopopulation of 63
human teeth from the Middle East

Element

Concentration(Min - Max) Element Concentration(Miax)

Mg 1036(638 - 7713) Cu 2.46(0.01 - 65.80)

K 194(75 - 551) Zn 819(201 - 1274)

\% 0.21(0.00 - 2.81) Se 11.4(0.11 - 33.66)

Cr 0.64(0.03 - 2.27) Sr 215(73 - 1273)

Mn 2.80(0.62 - 94.43) Mo 0.35(0.02 - 1.61)

Fe 3.28(0.05 - 31.27) Cd 0.73(0.04 - 1.67)

Ni 3.14(0.02 - 6.29) Pb 7.65(0.57 - 45.98)
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4.3.1 Differentiation between geographical locations in the Middle

East based on trace element concentration

Itis the aim of this section to determine whether the toathdrelement concentrations are
useful for the differentiation of origin of individuals fne the Middle East. The samples
were divided into 19 subsets representing the 19 locatimra fvhich the tooth sam-
ples originated (Table 20). This study is based on a smalptasize (n = 63) and as
such many of the locations are represented by very few samp locations are rep-
resented by5 samples and 10 of these have only 1 sample. It is the natstidies
involving human tissue to be based on a small number of sandpie to the difficultly of
obtaining suitable samples of know origin. It must be recegph that the following sta-
tistical models presented in this chapter are limited bystin@ll sample size and should
be considered preliminary data. Models can be improvedarfuture as more samples
become available. It would be beneficial for data measuraddyyidual research groups
to be compiled into a central database for public accesshasigstsomething that can be

addressed in future research.

In order to determine which of the measured trace elemeatasaful for differentiating

between the human populations from the Middle East, sumstatistics have been cal-
culated for each element for each of the 19 locations andegerted in Tables 20-23.
The summary data is visualised in the spider plot (Figureabi2) box plots (Figure 53 -
56) to facilitate interpretation of the data. Analysis ofisace (ANOVA) was performed
on the dataset to determine which of the elements showedisag difference between

the populations. The results for each of the measured elsnsatiscussed in this section.



Table 20: Mean, standard deviation and range of trace eletoacentrations of the Middle East teeth for each of the $agnppocations

Origin code Origin n Mg K
A Esfahan (Iran) 1 988 214
B Tehran (Iran) 12 10224(638 - 3896) 13&1(75 - 255)
C Kermanshah (Iran) 1 719 182
D Rodehen (Iran) 1 1033 225
E Ghazavin (Iran) 2 716164(709-723) 1462(89 - 240)
F Mashhad (Iran) 1 969 111
G Waset (Iraq) 2 13561(1160-1584) 1291(119-139)
H Baghdad (Iraq) 7 100B2(861-1123) 1861(94 - 277)
I Deyali (Iraq) 1 1103 234
J Sur (Oman) 3 9342(801 - 1069) 1381(126 - 160)
K Muscat (Oman) 4 9261(888-975) 179-1(157 - 204)
L Ibra (Oman) 1 2154 459
M Salalah (Oman) 1 898 140
N Bidbid (Oman) 1 983 157
O AlAin (UAE) 7 1313+1(841-7713) 2161(177 - 274)
P Hili (UAE) 1 1408 323
Q Um Ghafa (UAE) 2 9741(957 - 991) 23%1(208 - 255)
R Taiz (Yemen) 1 1392 271
S Al Ghail (Yemen) 14 156%3(1242-2064) 25@1(156 -551)
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Table 21: Mean, standard deviation and range of trace elecogwentrations of the Middle East teeth for each of the diagppocations

ctnd.....
Group.1 V Cr Mn Fe Ni
A 0.14 0.62 4.76 2.81 1.07
B 0.07£3.70(0.01 - 0.33) 0.4¥%1.54(0.23-0.82) 2.861.93(1.36-10.37) 1.883.18(0.14-5.93) 1.050.75(0.04 - 2.38)
C 0.26 0.41 1.30 4.44 1.36
D 0.20 0.41 2.80 2.90 1.43
E 0.00+1.6(0.00-0.17) 0.381.02(0.37-0.39) 5.166.08(1.44-18.51) 5.201.15(4.79 - 5.85) 1.3%0.55(0.98 - 1.75)
F 0.09 0.57 1.20 4.27 1.07
G 0.38+:1.35(0.31-0.48) 0.881.14(0.76-0.92) 5.561.03(5.45-5.67) 5.6¥1.41(4.45-7.22) 3.480.68(2.95-3.91)
H 0.314+1.93(0.13-1.17) 0.581.50(0.34-0.96) 4.481.86(1.80-8.71) 6.922.57(2.49-31.27) 4.061.21(2.28 - 5.83)
I 0.09 1.09 94.43 3.54 4.32
J 1.33t1.93(0.83-2.81) 0.651.50(0.41-0.86) 3.085.46(0.97-21.65) 2.942.73(1.01-7.46) 3.461.04(2.50 - 4.56)
K 0.75+1.41(0.46 - 1.01) 0.682.07(0.32-1.65) 2.4%1.44(1.80-4.03) 1.7#4.57(0.23-7.56) 3.861.53(2.19-5.81)
L 0.90 0.81 1.12 2.42 2.27
M 1.09 0.94 2.42 5.86 3.06
N 1.16 0.19 4.66 5.38 5.41
@) 0.90+1.34(0.59 - 1.40) 0.8%¥2.14(0.24-2.27) 2.462.17(1.03-10.19) 3.761.70(1.38-6.80) 3.091.75(0.88 - 6.29)
P 0.76 1.72 0.90 0.50 2.32
Q 0.70+1.15(0.64 - 0.77) 1.081.63(0.73-1.46) 1.262.51(0.62-2.30) 1.591.89(1.01-2.49) 1.741.50(0.68-2.81)
R 0.05 0.33 1.86 2.87 3.31
S 0.12:3.13(0.01-0.73) 0.452.44 (0.03-0.93) 3.581.80(0.99-9.14) 1.983.87(0.05-7.28) 1.721.19(0.02 - 3.94)
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Table 22: Mean, standard deviation and range of trace eletoecentrations of the Middle East teeth for each of the dagpfpcations ctnd..

Group.1 Cu Zn Se Sr Mo
A 2.51 1011 7.84 192 0.07
B 0.83+2.98(0.18 - 2.84) 1026207(665-1274) 10.191.54(4.21-17.72) 1981(126-313) 0.162.10(0.02 - 0.32)
C 2.14 1069 10.74 150 0.07
D 2.20 602 8.34 187 0.31
E 2.42+1.02(2.38-2.46) 119#14(1181-1201) 6.9%2.06(4.14 - 11.53) 172(129 - 236) 0.0#2.05(0.04 - 0.12)
F 2.39 704 8.09 261 0.05
G 0.214+3.51(0.09 - 0.51) 681236(514 - 848) 14.991.47(11.32-19.62) 1421(126 - 159) 0.541.05 (0.52 0.56)
H 0.12+:6.45(0.01-1.06) 924171(713-1206) 18.401.58(8.85-33.66) 1791(142-226) 0.591.51(0.35-1.01)
I 0.25 593 26.17 238 0.42
J 8.74+2.06(5.20 - 19.96) 85%#134(735 -997) 1.862.57(0.69 - 4.58) 1061(86 - 144) 0.12:1.84(0.07 - 0.23)
K 8.07+t5.52(1.70 - 65.80) 91666(847 - 981) 6.012.75(1.51 - 17.10) 1522(73 - 294) 0.09-2.38(0.03 - 0.17)
L 2.49 265 22.39 179 0.11
M 3.11 809 1.44 174 0.08
N 11.03 905 8.13 226 0.06
@) 5.114-3.66(1.29 - 53.11) 8656205(653 - 1240) 3.9¥6.10(0.12 - 30.11) 1662(74 - 289) 0.19:2.65(0.05 - 0.63)
P 3.59 945 5.16 233 0.25
Q 4.12+1.52(3.06 - 5.54) 870©31(848 - 891) 8.861.68(6.14 - 12.79) 2451(231-260) 0.5145.07(0.16 - 1.61)
R 0.09 473 22.77 809 1.06
S 0.65:5.45(0.03-3.19) 434128(201 - 626) 5.994.35(0.11 - 21.41) 711(322-1273) 0.3%2.18(0.07 - 1.07)
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Table 23: Mean, standard deviation and range of trace eleroecentrations of the Middle East teeth for each of the diagocations ctnd..

Group.1 Cd Pb
A 0.87 4.97
B 0.56+0.53(0.04 - 1.26) 7.2%£1.56(2.71 - 13.06)
C 0.97 4.62
D 0.98 4.64
E 1.00+0.10(0.93 -1.08) 3.261.04(3.17 - 3.36)
F 0.95 10.62
G 0.54+0.38(0.26 - 0.81) 7.583.49(3.13 - 18.36)
H 0.86+0.23(0.69 - 1.29) 11.921.61(5.33-21.21)
I 0.85 45.98
J 0.48:0.09(0.39 - 0.57) 5.442.05(2.57 - 10.80)
K 0.52+0.02(0.50 - 0.54) 12.863.00(2.54 - 29.35)
L 0.38 0.57
M 0.43 15.20
N 0.56 19.95
O 0.67:0.53(0.14 - 1.67) 6.641.88(3.05- 17.59)
P 0.63 1.01
Q 0.44+0.05(0.40 - 0.47) 4.681.07(4.42 - 4.85)
R 0.68 3.35
S 0.90t0.30(0.43 - 1.45) 5.8%¥2.65(1.12 - 24.14)
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4.3.1.1 Magnesium

Magnesium was the most concentrated element measuredivhdbie East tooth enamel
samples. The lowest mean concentration (Z§9') was observed in the sample from
Kermanshah (C) with the highest (216#4:g g~') being observed in lbra (L). The spider
plot (Figure 52) shows little differentiation between thepplations. The boxplot (Figure
53) shows that there is considerable overlap between mdkegopulations with con-
centrations of close to 10Q@y g~*. Five of the locations (G, L, P R and S) show slightly
elevated magnesium concentrations>df300 g g and two outliers exceed 300@
g~! (3896 and 7713:,g g'). ANOVA suggests that therie not a significant difference
in the magnesium concentrations of teeth within the studjoreat the 95 % confidence

level (Table 24).

Magnesium is an essential element that is one of the mostiabtim the human body and
is readily available in human diet which may explain why #isro significant difference
observed for this element. Wheat is a particularly good soofanagnesium [187] and
the slightly elevated magnesium concentrations observéatations G, L, P, R and S

may be indicative of a higher percentage of wheat in the diet.

4.3.1.2 Potassium

The lowest mean concentration of potassium (L) was observed in Mashhad (F)
with the highest (459.g g ') in Ibra (L). The spider plot (Figure 52) shows little differ
entiation between most the populations although it can be &t Ibra (L) is separated
from the other locations. The boxplot (Figure 53) confirms thbservation. Some dif-
ferentiation may be possible (i.e. J and O) but there is Bagmit overlap between most
of the locations. ANOVA suggests that thasesignificant difference in the potassium

concentration of teeth within the study region at the 95 %idence level (Table 24.

Potassium is an essential element and is readily availabteihuman diet. Good sources

include: fish, seeds, dried fruits, chocolates and datessdltommodities are more
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available in the wealthy countries of the Middle East inahgdOman and the UAE [41].
The high potassium concentration observed in lbra, Omaargd)Hili, UAE (P) may be

indicative of a wealthier diet.

4.3.1.3 Vanadium

Observed mean vanadium concentrations were highest atdB{tii(1.2 ug g—!) and
lowest in Tehran (B) (0.1:g g~!). The spider plot (Figure 52) shows clear differentiation
between the locations. From the boxplot (Figure 53) it isuctbat the locations are split
into two groups. The populations from Iran (A-F), Iraq (Gahd Yemen (R-S) exhibit
significantly lower vanadium concentrations than thosenf@man (J-N) and UAE (O-
Q). ANOVA confirms that there is significant difference in tr@adium concentration of

teeth within the study region at the 95 % confidence levellgras.

The clear distinction in vanadium concentration betweera®and UAE with Iran, Iraq
and Yemen is likely due to a higher consumption of vanadiwmh seafood in Oman and

UAE.

4.3.1.4 Chromium

The lowest mean concentration of chromium (@ g') was observed in Bidbid (N)
with the highest (1.7:g g=') in Hili (P). There is little visible differentiation betves
locations in the spider plot (Figure 52). The boxplot (Fg®3) shows that there is
overlap between most of the locations. The population frdrAiA (O) has a large range
of values describing almost all of the variation of the stuelyion. ANOVA suggests that
thereis not a significant difference in the Chromium concentrations ethewithin the

study region at the 95 % confidence level (Table 24).
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4.3.1.5 Manganese

Manganese is significantly higher in Deyali, Iraq (I, 8¢ g~!) than any other location
in the study region €10 g g!) and over 20 times higher than anything previously
published. Only one sample is available originating frony&eso it is not possible to
conclude whether this is a characteristic of a localised aliesimply an outlier in the
data. Manganese acts as a co enzyme in the human body. Itlyscammon in food,
occurring in most fruit, vegetables, eggs and fish. It iskeli that the dietary intake
of individuals at this location would be almost 10 times geedhan that of the rest of
the Middle East. It is possible that this individual was aomgng a high manganese
diet or manganese supplement for health reasons resuitihg iobserved concentration.
However without more samples it is uncertain if this samplepresentative of the Deyali
human population. Performing ANOVA on the dataset , exelgdhe possible outlier
suggests that thers not a significant difference in the manganese concentratiotestt

within the study region at the 95 % confidence level (Table 24)

4.3.1.6 Iron

There is over a factor of 10 difference between the minimudhraaximum concentration
of iron for the locations. Hili (P) in the UAE has the lowestseloved iron concentration
(0.5 g g!) while Baghdad had the highest (6.98 g='). The spider plot (Figure 52)
clearly shows this differentiation. From the boxplot (Figb4) however it is clear that
the range in iron concentrations for all locations représgby more than one sample are
similarly large causing overlap between all locations. ABZonfirms that theres not

a significant difference in the iron concentrations of tegithin the study region at the

95 % confidence level (Table 24).
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4.3.1.7 Nickel

The lowest mean concentration of nickel (Ld.g~') was observed in Tehran (B) with the
highest (5.41ug g!) in Bidbid (N). The highest reported value for nickel coneation
found in the literature was 1.26g g~! (Table 17) so clearly nickel intake is high in the
Middle East. The spider plot (Figure 52) shows some diffea¢ion between most the
populations. The boxplot (Figure 54) clearly shows thatiie&el concentration observed
in Iran (A-F) is significantly lower than those observed iad(G-1) and Oman (J-N). The
range of nickel concentration in UAE and Yemen overlap withhbgroups. ANOVA
confirms that therés a significant difference in the nickel concentrations otheeithin

the study region at the 95 % confidence level (Table 24).

Nickel concentration is highest in soy beans, chocolatis, @dole wheat and is generally
higher in vegetables than in meat [221]. The lower nickelemtration of Iran compared
to the other countries may be due to limited access to thegkdources. Nickel can also
be inhaled from the atmosphere and is a common environmgoitatant. However it is

unlikely that the nickel content of the air in Iran is signémtly lower that the rest of the

study region.

4.3.1.8 Copper

Taiz (R) and Baghdad (H) are characterised by the lowest campwentration (0.9
g~'), while Sur, Muscat and Bidbid in Oman contain the highesteaoirations of copper
(8.7, 8.1 and 11.Qug g ! respectively). The spider plot (Figure 52) shows clearediff
entiation between the locations. The boxplot (Figure 5éakdy shows that the copper
concentration observed in Iraq (G-l), Yemen (R-S) and TeliBgnis lower than those
observed in Oman (J-N) and UAE (O-Q) although there is soneglay between these
populations. ANOVA confirms that therg a significant difference in the copper concen-

trations of teeth within the study region at the 95 % configdegel (Table 24).

The lower copper concentration found in the samples from Ba@d R-S is consistent
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with previously published values (Table 17). The higheueal observed in Oman and
UAE suggest a high copper dietary source or an anthropogenicce. Cu is found in
high concentration in shellfish [187]. As the vanadium conicgion in these samples

was also high, a high percentage of seafood in the diet isgtglthe most likely cause.

4319 Zinc

The lowest mean concentration of zinc (26§ g—!) was observed in Ibra (L) with the
highest (1191ug g!) in Ghazavin (E). The spider plot (Figure 52) shows someediff
entiation between the locations with Ibra being much lovwantthe other groups. The
boxplot (Figure 55) shows differentiation between a nuntfeihe locations. Taiz (R)

and Al Ghail (S) in Yemen and Ibra (L) in Oman exhibit signifitlg lower zinc con-

centrations than the rest of the study region. Esfahan (@&)ran (B), Kermanshah (C)
and Ghazavin (E) in Iran have slightly elevated zinc conegioins compared to the rest
of the study region. ANOVA confirms that theig a significant difference in the zinc

concentrations of teeth within the study region at the 95 #idence level (Table 24).

Zinc is an essential element and is one of the most abunddémé inuman body. Zinc is
found in the highest concentration in red meat. Populat®m@sd S from Yemen and L

from Ibra may have low zinc concentrations due to a low peeaggof meat in the diet.

4.3.1.10 Selenium

The lowest mean concentration of selenium (dgtg—!) was observed in Salalah (M)
with the highest (26.2.g g~!) in Deyali (). Concentrations observed in the Middle East
teeth were generally higher than values previously redartehe literature (Table 17).
However the values reported were for soft tissue and to ttreesiknowledge, selenium
in tooth enamel has not previously been reported. The splde(Figure 52) shows some
differentiation between locations with a reasonable rasig@ean concentrations. The

boxplot (Figure 55) shows that there is significant overlafween the locations although
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the median concentrations of Waset (G) Baghdad (H) and D&yati Iraq were higher
than the rest of the populations. ANOVA suggests that tleemet a significant difference
in the Selenium concentrations of teeth within the studyore@t the 95 % confidence

level (Table 24).

4.3.1.11 Strontium

Taiz (R) and Al Ghail (S) in Yemen contained significantly reghevels of strontium
than the rest of the study region (809 and 7&g ' respectively). The lowest observed
strontium concentration (106g g—') was in Sur (J). The spider plot (Figure 52) and
boxplot (Figure 55) both show differentiation between R &dnd the remainder of
the populations. Locations A-Q show significant overlap torgtium concentrations.
ANOVA confirms that thereas a significant difference in the strontium concentrations of

teeth within the study region at the 95 % confidence levellgra8).

Strontium is an indicator of trophic level as it tends to @ase in concentration as trophic
level increases [222]. Previous studies have reportedtaira concentrations in teeth up
to 82 g g~ (Table 17). The majority of the Middle East teeth measurethis study
contained a higher concentrations with most exhibiting aceatration of between 73
- 300 ©g g~ t. This may indicate a higher proportion of vegetables anealsrin the
diet of individuals from the Middle East. The teeth from Yentead significantly higher
concentrations of strontium. Yemen is the poorest of thenti@s in the study region
and the majority of diet is expected to come from cereals yich could explain this

observation.

4.3.1.12 Molybdenum

The lowest mean concentration of molybdenum (Oglg~!) was observed in Mash-
had (F) with the highest (1.g g ') in Taiz (R). The spider plot (Figure 52) shows

clear differentiation between the locations. The boxptaggre 55) shows that generally
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the median molybdenum concentrations in Iran (A-F) and O(da) were lower than
those for Iraq (G-1), UAE (O-Q) and Yemen (R-S) although thersome overlap in the
populations. ANOVA suggests that thasea significant difference in the molybdenum

concentrations of teeth within the study region at the 95 #idence level (Table 24).

4.3.1.13 Cadmium

The lowest mean concentration of Cadmium (Ogdg') was observed in lbra (L) with
the highest (1.Qug g ') in Rodehen (D). The spider plot (Figure 52) shows little dif-
ferentiation between the locations. The boxplot (Figurg &hfirms that there is little
differentiation with the majority of the locations overfaipg in a range from 0.1 - 1.5g
g~'. ANOVA suggests that theris not a significant difference in the Cadmium concen-

trations of teeth within the study region at the 95 % configdeegel (Table 24).

Cadmium is introduced into the human body mainly as an atmesgppollutant from
anthropogenic sources. One sample from Al Ain was an outheing higher than the
remainder of the samples (18 g !). This could be indicative of a heavy smoker or

someone who works at or near an industrial area .

4.3.1.14 Lead

The lowest mean concentration of lead (0% g—') was observed in Ibra (L) with the
highest (46.Q:g g') in Deyali (1). The spider plot (Figure 52) shows significdifferen-

tiation between the locations. The boxplot (Figure 56) shtvat the main difference in
concentrations is between the extremes Ibra (L) and Déyuali{ile the remainder of the
locations show significant overlap. ANOVA suggests thatdliea significant difference
in the lead concentrations of teeth within the study regiotha 95 % confidence level

(Table 24).

Lead is introduced into the human body mainly through infr@hefrom pollution (Figure

49) and has a high affinity for bone and tooth tissue. The Bogmitly higher lead concen-
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tration observed in the individual from Deyali may indicdigly exposure to high levels
of pollution, possibly a job in a factory or similar. Both cadm and lead were lowest
in Ibra suggesting that there is low pollution in this citigrd is an ancient city with little

industry and a main income from tourism.
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Figure 52: Spider diagram showing the average concentrggpm, log scale) of 15
elements found in the tooth enamel of individuals (n = 63frd9 locations within 5
countries of the Middle East. Grey scale lines (A - F) repnegmcations within Iran, red
lines (G - 1) Iraq, blue lines (J - N) Oman, green lines (O - (@ United Arab Emirates
and the orange lines (R - S) Yemen.
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Figure 53: Box plots showing the elemental concentrationd@fK, V and Cr for a collection of modern human teeth from theltle East.
Each box plot has been split into the locations of origin (As8 that differences in concentration can be observed legthhaeations. The
central thick black line of each box represents the mediarceatration for that population, the box represents theriguartile range and
the whiskers show the maximum and minimum concentrationsations where only 1 tooth was available are shown by aesinigick line.
Elements are plotted as log concentrations (lggy—') due to the log normal distribution of those elements.
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Figure 54. Box plots showing the elemental concentrationslof Fe, Ni and Cu for a collection of modern human teeth fromNhedle
East. Each box plot has been split into the locations of 0rigiS) so that differences in concentration can be obsepeddeen locations.
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Figure 55: Box plots showing the elemental concentratior&ofSe, Sr and Mo for a collection of modern human teeth fraerMiiddle East.
Each box plot has been split into the locations of origin (As8 that differences in concentration can be observed leetlaeations. The
central thick black line of each box represents the mediaceatration for that population, the box represents therdiqtiartile range and the
whiskers show the maximum and minimum concentrations. limeswhere only 1 tooth was available are shown by a singlekdline. Zn
is plotted inug g~! while the remaining elements are plotted as log conceatrat{log;:g g-') due to the log normal distribution of those
elements.
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Figure 56: Box plots showing the elemental concentratiorfScband Pb for a collection of modern human teeth from the Miédist. Each
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in ug g~! and Pb is plotted as log concentration (Jogg—') due to the log normal distribution.
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4.3.2 Principal component analysis of the trace element data

Principal component analysis (PCA) is a multi variate stiatiechnique used to deter-
mine a small number of linear combinations from many vadalih order to differentiate
between groups. Here PCA is used to distinguish between tidl®liEastern populations
A-S. The ‘princomp’ function in R [223] was used to calculdte weightings for the
principal components and to visualise the data. The 8 elessiermined by ANOVA
to show significant differences between groups (K, V, Ni, Cn, &r, Mo and Pb) were
assigned as the variables for the multivariate model. Eigarillustrates the proportion
of the variance in the data represented by each of the pahecgmponents. The first two
components describe 50 % of the variance (Figure 58) andhiftedomponent represents
a further 16 % of the variance (Figure 59). The remaining Spaments describe the final

34 % of the variance.

Figure 58 is a bi-plot of the first two principal componentsantple points are shown
as a letter referring to the location of origin (A-S) of thergde as defined in Table 20.
Red arrows show the loadings of each element on the princgmponents. Strontium
and potassium show strongest negative loadings on PC1 whde rickel, copper and
vanadium have the strongest positive loadings on PC1. Leddziae have strongest
positive loadings on PC2 and copper, nickel, vanadium anaisgsatm have the strongest

negative loading on PC2.

The direction of the elemental loadings can be describedhgidering dietary sources
of these elements. To the left hand side of the plot strontumah potassium have the
biggest loadings with molybdenum also in that directione3énthree elements represent
a high cereal or vegetable and low meat diet which might be&egal in the poorer Middle
Eastern countries. Samples originating from Taiz and AliGh&emen (R and S) lie in
this area of the bi-plot which is expected as Yemen is the ggiaf the countries from
the study. The sample from Ibra in Oman also falls to the ladt side of the which might

suggest a vegetarian or low meat diet for that individual.
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The right hand side of the plot can be split into two groupse Tdp right group has a
strong zinc loading which is indicative of a diet rich in rectat. Samples originating
from Esfahan (A), Tehran (B), Kermanshah (C), Ghazavin (E)adhhad (F) in Iran
fall into this area of the plot along with an individual from gdadad (H) and one from Al
Ain (O). The bottom right group has strong copper, nickel ealadium loadings which
are nearly identical. These elements are indicative of la $&@food diet and are found in
high concentrations in more expensive foods such as checata dates. Samples from
Sur (J), Muscat (K), Salalah (M) and Bidbid (N) in Oman and AhAD) and Hili (P)
in the UAE fall into this area of the plot. UAE and Oman are tlohest of the Middle

Eastern countries and are have a large trade in seafood te=d[d4].

Lead has a small loading compared to the other elementsgestigg that the dietary

elements describe most of the variation in the study region.

Figure 59 is a three dimensional plot of the first three ppatcomponents. The points
have been colour coded by country of origin as nationaltcaltidentity is most likely
to be the best predictor of dietary traditions. The plot dleshows that the individuals
from the different countries form clusters although thersome overlap between these

clusters. Yemen (light blue) is clearly differentiatedrfréhe rest of the study region.

Figure 60 is an ellipse plot of the two major principal coments. Ellipses show the
extent of the 95 % confidence intervals for each countryp&ds were plotted using the
VEGAN package available in R [223]. From this plot the growgs of samples can be
clearly seen. There is significant overlap of the ellipse&tds the centre of the plot (0,0),
but there is more possibility of differentiation towarde tbdges. The ellipse defined by
the samples from Yemen is seperated from the remainder clttmples with very small
areas of overlap with the ellipsis for Iran, Iraq and UAE. Etigpses representing Iran,
Irag, UAE and Oman all show considerable overlap. Howevartajpom Iraq which
completely overlaps with the other contries, the ellipseshdve regions that could be

differentiated.
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Table 24: The results of analysis of variance on 15 trace @i¢oncentrations between
sampling locations (Fcrit=2.07)

Element Fvalue PrxF) Element Fvalue PxF)

Mg 1.29 0.24 Cu 298 <0.01
K 281 <0.01 Zn 7.35 <0.01
\% 3.66 <0.01 Se 1.06 0.42
Cr 0.99 0.5 Sr 9.58 <0.01
Mn 0.99 0.5 Mo 3.38 <0.01
Fe 0.79 0.7 Cd 0.79 0.7
Ni 3.35 <0.01 Pb 2.19 0.02
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Figure 57: Scree plots showing the proportion of variangeesented by the individual
principal components of the Middle East human tooth samples
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Figure 58: Bi plot of the principal components of the MiddlesEauman tooth samples
calculated using Principle Component Analysis (PCA). Sarppiets are shown as letters
A-S representing the 19 locations of origin of the teeth. Reales represent the direction
and magnitude of the loadings of each trace element coratemtr
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Figure 59: 3D scatter plot of the three principal componearitthe Middle East hu-
man tooth samples calculated using Principle ComponentyAisa(PCA). The points
are coloured to indicate country of origin where: black =njreed = Iraqg, green = Oman,
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Figure 60: Ellipsoid plot of the principal components of td&ldle East human tooth
samples. Ellipsoids show the 95 % confidence extent for ehtliedocations of origin
where n>1 and were calculated using the ordiellipse functionatityhe VEGAN pack-
age for R. Points are coloured so that the country of originbmnlearly seen, black =
Iran, red = Iraq, blue = UAE, green = Oman and grey = Yemen.
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4.3.3 Using trace element concentrations to determine the origin of

an unknown sample

Three samples from the Middle East tooth collection weresehdo be treated as ques-
tioned samples in order to test the suitability of trace &etanalysis for the differenti-
ation of human samples from the Middle East. Sample X1 is kntmwhave originated
in Tehran, Iran, sample X2 from Muscat, Oman and sample X3 f&d Ghail, Yemen.
The principal components calculated previously were ueedansform the questioned
samples and these were added to the ellipse plot for intetpe (yellow circles, Figure

61).

Sample X1 can be seen to fall within the ellipse for Iran alfffoit is close to falling
outside of the 95 % confidence limit. Refering to the bi plot B8 tegion of the plot is
defined by high red meat consumption and the questioneddgivmay have consumed

more than average for the region.

Sample X2 can be seen to fall within the ellipses of Oman an& U#is also close to the
Iraqi ellipse although it is outside of the 95 % confidencatlibcan be concluded that it
is unlikely to have originated from within Irag. As has beescdssed, UAE and Oman
are the richest of the countries considered in this studythedliets consist of a large
proportion of seafood. It can be concluded that sample Xiké&y to have originated

from either UAE or Oman based on the samples measured inttiag. s

Sample X3 falls within the ellipse of Yemen to the left of tHetp This individual is likely
to have been consuming only a small proportion of meat andlagrioportion of cereals
or vegetables. It can be concluded based on the samples mee@asuhis study that the

individual is likely to have originated from Yemen (95 % cal&nce limit).
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Figure 61: Ellipsoid plot of the principle components of tieldle East human tooth
samples. Ellipsoids show the 95 % confidence extent for ehtfiedocations of origin
where n>1 and were calculated using the ordiellipse functionatityhe VEGAN pack-
age for R. Points are coloured so that the country of originlmamrlearly seen, black
= Iran, red = Iraq, blue = UAE, green = Oman and pink = Yemen.lovekE unknown
samples.
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4.4 Conclusions

LA-ICP-MS has been used to determine the trace element ctatiens of 14 trace
elements in the tooth enamel of 63 human teeth from the Mildkt. Laser ablation has
proven to be an ideal technique for this study as minimal samspequired and minimal
damage is produced. This method is limited by the lack ofablst certified reference
materials which meant that results are only semi-quaiviitatalibrated to NIST 610 and
612 glass standards and normalised®@a. In order for this technique to be used in
official forensic investigations, a suitable standard Iste¢d developing and a number of

studies have worked towards that end as described in Settich

Analysis of variance using the location of origin of the teas the grouping variable
determined that 8 of the measured elements, K, V, Ni, Cu, ZnM8rand Pb showed
significant difference in the concentrations between tkations. The reason for the ob-
served differences in the populations is most likely dueittady differences between
the different locations. The 8 elements showing significkiférence between the groups
were subsequently used as the variables in a multi-vari@#e ieodel. There is consid-
erable overlap between the locations except for the sanfiges Al Ghail and Taiz in
Yemen which were significantly different from the other séesmt the 95 % confidence
limit. From the PCA plots (Figures 58 and 59) it is clear th&t mhain differences are be-
tween countries and this is likely due to cultural and ecocatifferences in diet. Yemen
for example is characterised by low meat, high grain dietWhwould be expected in this
poorer country. The ellipse plot (Figure 60) shows the 95 #fidence limits of each of
the 5 countries from the study. There is significant overkeveen Iran, Iraq, Oman and
UAE although there are also areas for each country that catifieeentiated. Samples

from Yemen were almost completely differentiated from th®eo countries.

It should be noted that the model is based on a limited numbsamples and may not
be representative of the overall population of each coutsymore samples are included

the overlap between the countries is expected to incredse.tliis model only takes into
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account the Middle East. It is highly likely that samplesnfrother areas of the world
may overlap with those in this model. Therefore there mustdree indication that the
guestioned individual originated form within the studyimegto justify using this model

for comparison.

The trace element PCA model was applied to three samplesedraa questioned sam-
ples. It was not possible to pinpoint the origin of the unknasamples to one location
due to the overlap between locations. It could be deterntimetdsample X1 is most likely
to have originated in Iran, X2 from Oman or UAE and X3 from Yamg&his information
may be useful if there is no previous intelligence as to thigimof the questioned individ-
ual, or to support a previous forensic hypothesis. Howewsrnot possible to refine the
possible location to a smaller scale than ‘national’ asithest element concentrations are
largely defined by national or cultural eating habits. Tralegnents may however be use-
ful for gathering information on individuals based on elexbor reduced levels of certain
elements. Exposure to anthropogenic elements such asreadmium for example may
indicate someone who works or lives in close proximity tousitly. Elevated strontium

and very low zinc may be indicative of someone consuming atee@n diet.



Table 25: Measured trace element concentratipiigs ') of the Middle East tooth

enamel samples (n=63)

SampleID Mg +lo K +l¢ Ti +lo V +1lo Cr +lc Mn +£l0 Fe +lo
TEOG4 988 +92 214 +9 9 43 0.14 +0.47 0.62 +0.26 5 +4 3 +1
TEOG5 748 148 75 £4 10 +2 0.33 £0.21 0.46 +0.15 2 +0 4 +1
TEOG6 719 +76 182 +15 6 +7 0.26 +£0.19 0.41 +0.19 1 +1 4 +2
TEOG67 855 +35 88 +£2 17 +5 0.17 +0.23 0.68 +0.44 2 +1 5 42
TEOG8 3896 +£1120 118 +4 8 +2 0.12 +£0.26 0.43 +0.21 1 40 6 +1
TEO69 1033 +22 225 +9 12 +5 0.20 +£0.09 0.41 +0.14 3 +1 3 +1
TEO70 723 +27 240 +87 9 +2 0.00 +£0.26 0.39 +0.25 19 411 5 +£5
TEO71 709 +24 89 +£8 11 42 0.17 £0.30 0.37 +0.25 1 40 6 £2
TEOQO72 769 48 172 +4 5 +1 0.17 £0.10 0.64 +0.19 3 +0 3 +2
TEO73 763 +15 173 +4 9 +£2 <DL 0.29 +0.28 3 +1 2 +1
TEO74 638 +32 101 43 11 43 0.27 £0.22 0.34 +0.23 2 +1 0 £0
TEO75 969 +24 111 43 11 43 <DL 0.57 +0.15 1 40 4 +1

Continued on Next Page. ..
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Table 25 — Continued

SampleID Mg +lo K #£l¢ Ti +lo V +lo Cr +lc Mn +lo0c Fe +lo
TEO76 1329 +22 131 43 14 +2 <DL 0.36 +0.18 2 +0 2 +1
TEO77 1007 +26 182 +4 10 +1 <DL 0.23 +0.34 3 +1 0 +2
TEO78 924 +35 107 46 12 +2 <DL 0.38 +0.12 2 +0 3 +1
TEO79 1063 +61 153 +12 10 £2 <DL 0.76 +0.43 2 +0 4 +1
TEO8O0 1086 +37 255 +3 16 +2 <DL 0.78 +0.81 10 46 1 +£2
TEO81 979 +61 198 +7 11 £2 <DL 082 £0.53 10 +3 2 +1

TEO82 1396 +110 330 £45 22 £5 <DL 0.65 £0.34 14 +3 4 +3

TEO39 1160 +20 119 45 0 45 0.31 +0.34 0.76 +0.41 6 +2 4 46
TEO40 1584 +110 139 +4 4 +2 0.48 +0.13 0.92 +0.64 5 +3 7 7
TEO41 910 +38 94 +6 6 +2 0.31 +1.09 0.75 +£0.54 9 +1 14 +3
TEO42 997 +11 200 +10 4 +3 1.17 +£1.09 0.78 +0.49 7 +1 31 +17
TEO43 1108 +14 164 45 4 +2 0.36 +0.41 0.34 +0.37 4 +1 5 42
TEO44 1123 +48 277 +9 3 47 0.25 +0.64 0.68 +0.29 2 +1 12 43
TEO45 985 +12 159 +11 6 +4 0.26 +0.93 0.45 +0.55 6 +1 3 43

Continued on Next Page. ..
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Table 25 — Continued

SampleID Mg +lo K #£l¢ Ti +lo V +lo Cr +lc Mn +lo0c Fe +lo
TEO46 861 +13 224 +7 4 +5 0.28 £0.55 0.96 +0.74 2 +1 2 +£3
TEO47 1103 +32 234 +18 5 48 0.09 +£0.52 1.09 £0.45 94 +27 4 +6
TEO48 1089 +22 247 +£7 <DL 0.13 +0.23 0.37 £0.51 6 £3 4 +1
TEO27 951 +35 126 +28 11 +7 <DL 0.86 +0.53 22 45 7 =£3
TEO28 941 +18 204 +4 13 48 <DL 165 +£1.35 2 +1 4 +1
TEO29 2154 +26 459 +26 8 £3 <DL 0.81 +0.46 1 +1 2 +1
TEO30 975 432 182 +20 10 £5 <DL 0.32 +0.51 2 +1 2 =£3
TEO31 904 +30 157 +10 10 +4 <DL 0.46 +0.64 2 +0 0 43
TEO032 801 +22 160 +7 9 +£3 <DL 0.41 +0.97 1 +1 3 +1
TEOS33 1069 +156 130 +14 9 3 <DL 0.80 +0.72 1 +1 1 +£2
TEO34 898 +118 140 +14 8 2 <DL 0.94 +0.85 2 +1 6 £2
TEO35 993 +5 206 +3 14 +5 <DL 1.28 +0.60 9 +2 <DL

TEO37 983 +23 157 +25 15 +4 <DL 0.19 +0.86 5 2 5 43
TEO38 888 +29 179 40 8 ¥4 <DL 0.93 +0.46 4 +3 8 =+10

Continued on Next Page. ..
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Table 25 — Continued

SampleID Mg +lo K #£l¢ Ti +lo V +lo Cr +lc Mn +lo0c Fe +lo
TEO16 841 +19 194 437 0 +£3 0.59 +0.55 <DL 3 2 5 +1
TEO17 923 +30 224 +12 9 +4 <DL 1.21 +0.36 4 +1 3 44
TEO18 1108 +92 177 +£11 13 +7 <DL 0.96 +0.44 2 +1 3 +7
TEO19 1096 +45 252 +6 8 3 <DL 146 £054 10 +1 7 £1
TEO20 7713 £810 274 +34 17 +£17 <DL 0.24 +0.66 2 +2 5 423
TEO21 894 +22 195 49 9 +£5 <DL 0.97 +0.76 1 +1 1 +1
TEO22 1408 +53 323 +£15 16 £3 <DL 1.72 +£0.45 1 +2 0 43
TEO23 957 +28 208 +9 12 +16 <DL 146 +£0.59 2 +2 1 +1
TEO24 1036 +43 211 +14 10 +1 <DL 2.27 4+2.13 1 +1 4 +1
TEO025 991 +47 255 +18 9 £3 <DL 0.73 #£0.12 1 +£2 2 +1
TEO49 1392 +43 271 +19 9 +3 0.05 £0.40 0.33 +0.23 2 +0 3 +1
TEO50 1302 +89 247 +25 15 +16 0.09 +0.40 0.67 +0.44 8 +1 3 +1
TEO51 1453 +29 240 +11 10 +9 <DL 0.60 +0.51 3 +1 3 +1
TEO52 1801 +58 321 +12 7 +3 0.22 +£0.28 0.57 +0.79 5 +1 3 £2

Continued on Next Page. ..
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Table 25 — Continued

SampleID Mg +lo K #£l¢ Ti +lo V +lo Cr +lc Mn +lo0c Fe +lo
TEO53 1242 +43 236 +3 6 £3 <DL 0.36 +0.24 1 +1 3 +1
TEO54 1587 +39 310 +16 5 +£2 0.06 +0.77 0.66 +0.38 5 +2 1 +2
TEO55 1978 +182 248 +20 6 +2 0.15 +0.50 0.57 £0.23 3 £1 3 +1
TEO56 1705 +£65 178 46 9 44 0.05 =£0.37 0.20 +0.44 3 +1 2 £1
TEO57 1664 +84 301 +26 20 £3 0.51 +0.28 0.93 +0.32 3 +2 4 43
TEOS8 2064 +57 551 +33 10 +2 0.73 +1.02 0.91 +0.43 4 +1 0 +1
TEO59 1666 +£100 258 47 16 +1 0.36 £1.12 0.64 +0.21 4 +1 5 43
TEOG0 1442 +21 278 +4 8 +2 0.10 +0.14 0.53 +0.26 3 +0 7 +1
TEO61 1495 +75 193 +16 12 +4 <DL <DL 9 43 2 +1
TEO62 1383 +126 171 48 13 +2 0.16 +£0.14 0.59 +0.32 1 40 0 +1
TEO63 1397 +57 156 +21 14 +9 0.20 +£0.23 0.48 +0.33 5 +3 3 +2
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Table 26: Measured trace element concentratipiigs ') of the Middle East tooth

enamel samples (n=63)

SampleID Ni +lo¢ Cu +lo Zn +£loc Se #lo Sr +lo Mo +lo
TEO64 <DL 251 +0.87 1011 +32 8 +6 192 +4 0.07 +0.26
TEOG65 <DL 2.84 =£0.82 1200 £74 18 +7 141 +£3 <DL
TEOG6 <DL 2.14 +0.74 1069 +38 11 +4+15 150 +4 <DL
TEOG7 <DL 2.16 +0.95 1274 +66 17 +9 134 +4 0.32 4+0.95
TEOG8 <DL 195 +0.58 805 +£15 15 +£11 140 43 0.09 £0.20
TEO69 <DL 2.20 £0.23 602 +35 8 +10 187 +6 <DL
TEO70 <DL 2.46 +0.12 1181 +86 12 +12 129 43 <DL
TEO71 <DL 2.38 +£0.51 1201 +45 4 +17 236 £4 <DL
TEO72 <DL 1.63 +0.80 1057 +60 8 +9 301 +4 <DL
TEO73 <DL 248 +1.04 942 +43 14 +8 313 46 0.11 +40.20
TEQO74 <DL 2.40 +0.72 842 +35 15 48 126 +1 <DL
TEO75 <DL 2.39 =£0.35 704 +23 8 +6 261 +4 <DL

Continued on Next Page. ..
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Table 26 — Continued

SampleID Ni +1lo¢ Cu +1lo Zn +loc Se +lo Sr +lo Mo +lo
TEO76 0 +1 <DL 665 +29 7 5 298 £5 <DL

TEOQO77 0 40 <DL 805 +14 4 44 182 +6 <DL

TEO78 0 +£0 <DL 1262 486 9 +4 181 +2 0.15 +0.12
TEO79 1 £1 <DL 1192 +82 9 48 203 £3 <DL

TEO80 0 +1 0.35 +£0.97 1150 +57 10 +6 220 +6 0.26 +0.34
TEO81 1 +1 <DL 1120 445 8 +2 256 +8 0.04 +0.15
TEO82 0 +1 1.54 +3.75 797 +54 8 +6 136 £4 <DL

TEO39 4 +3 0.51 +2.10 848 +39 20 £12 126 +5 0.52 4+0.23
TEO40 3 43 0.09 +1.34 514 +25 11 +13 159 43 0.56 +0.37
TEO41 2 43 0.17 £0.91 1206 +63 17 £17 226 +6 0.77 +£0.31
TEO42 6 +2 0.63 +1.03 713 +21 14 +10 185 +2 0.35 +0.67
TEO43 3 +1 <DL 992 +24 16 +17 215 +1 0.77 4+0.32
TEO44 4 +2 <DL 987 +22 31 +21 165 +4 1.01 +0.27
TEO45 5 +1 <DL 992 +22 9 +18 173 44 0.51 +0.41

Continued on Next Page. ..
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Table 26 — Continued

SampleID Ni +1lo¢ Cu +lo Zn +loc Se +lo Sr +lo Mo +lo
TEO46 3 43 1.06 +1.14 823 +23 20 £15 142 43 0.67 +0.62
TEO47 4 +2 <DL 593 +13 26 £15 238 18 0.42 40.40
TEO48 4 +2 <DL 758 +35 34 +8 162 +4 0.35 +0.47
TEO27 5 43 6.42 +8.30 735 +23 5 +24 144 48 0.07 £0.57
TEO28 2 +2 240 £3.11 861 +17 17 +£51 294 +5 0.17 +40.66
TEO029 2 45 249 +1.65 265 +37 22 +24 179 43 0.11 +0.40
TEO30 4 +2 15.76 +31.66 981 +£22 <DL 268 +4 <DL
TEO31 3 +5 1.70 +1.55 949 +35 <DL 73 £2 <DL
TEO32 2 44 5.20 £9.11 997 +57 <DL 86 +2 <DL
TEO33 3 £3 1996 +13.63 819 +105 <DL 95 +6 <DL
TEO34 3 43 3.11 £7.85 809 +94 <DL 174 +£6 <DL
TEO35 4 +4 <DL 577 +31 2 +34 275 +6 0.02 +0.66
TEO37 5 +4 11.03 +7.14 905 +41 <DL 226 +5 <DL
TEO38 6 +4 65.80 +£136.18 847 +104 <DL 93 +£3 0.17 40.37

Continued on Next Page. ..
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Table 26 — Continued

SampleID Ni +1lo¢ Cu +1lo Zn +loc Se +lo Sr +lo Mo +lo
TEO16 <DL 193 +0.78 1240 +19 30 +27 74 £2 0.31 +0.58
TEO17 3 43 2.46 +1.87 855 +26 <DL 130 +£2 <DL
TEO18 6 +6 <DL 1034 +117 <DL 289 +11 <DL
TEO19 3 +2 431 48.10 752 +36 0 £25 191 46 0.42 +1.65
TEO20 2 43 <DL 653 +213 <DL 177 +£7 <DL
TEO21 4 43 4,26 +3.42 802 +21 <DL 177 +2 <DL
TEO22 2 43 3.59 +2.86 945 +75 5 +17 233 +4 <DL
TEO23 3 +1 3.06 +4.02 891 +31 6 +24 260 +3 <DL
TEO024 3 +4 1.29 +2.46 717 +23 <DL 202 +3 <DL
TEO025 1 +£3 5.54 £3.21 848 +33 13 +27 231 +6 <DL
TEO49 3 3 <DL 473 +20 23 £5 809 43 1.06 +1.49
TEO50 1 £2 0.03 +£1.99 626 +32 18 +21 804 +10 0.70 +0.19
TEO51 3 +1 <DL 496 +42 19 +7 1073 +44 0.35 +0.42
TEO52 3 +2 0.10 £1.52 509 +24 21 +£6 790 +£13 0.54 £0.18

Continued on Next Page. ..
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Table 26 — Continued

SampleID Ni +1lo¢ Cu +lo Zn +loc Se +lo Sr +lo Mo +lo
TEO53 0 +£10 <DL 499 +18 4 +10 868 +19 0.31 +0.41
TEO54 3 +1 <DL 360 +25 5 +£5 588 +21 0.38 £0.16
TEO55 4 +2 <DL 620 +42 19 +8 411 +26 0.69 +0.91
TEO56 1 £2 0.12 +0.89 410 +£34 10 +£33 322 +9 0.52 +0.27
TEO57 <DL 298 =£0.73 344 +55 1 +15 889 +34 1.07 +1.17
TEO58 <DL 2.69 =+0.65 201 +72 0 +7 642 +87 0.32 +£0.23
TEO59 <DL 284 =£0.71 437 +16 15 +8 570 48 0.16 +0.24
TEOG0 <DL 2.10 £0.49 473 +18 2 +13 933 +81 <DL

TEO61 <DL 3.19 +0.66 257 +23 15 +12 788 +14 0.11 +0.39
TEO06G2 <DL 2.48 +0.95 310 +12 11 43 1273 +£35 0.14 +0.31
TEO63 <DL 296 =+0.40 538 +83 5 +13 600 +66 <DL
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Table 27: Measured trace element concentratipiigs ') of the Middle East tooth

enamel samples (n=63)

SampleID Cd +1lo0¢ Pb +lo
TEO64 0.87 +£0.24 5 £0
TEOG65 1.03 £0.23 7 +1
TEOG6 0.97 4+0.12 5 +1
TEOG67 1.13 +0.19 5 40
TEOG8 0.92 +0.11 3 £0
TEO69 0.98 +0.14 5 +1
TEO70 0.93 +0.10 3 +1
TEO71 1.08 +£0.10 3 £0
TEQ72 1.04 +0.10 4 +0
TEO73 1.26 +0.11 5 £1
TEO74 0.98 +0.12 8 +1
TEO75 0.95 £0.08 11 +1

Continued on Next Page. ..
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Table 27 — Continued

SampleID Cd +1lo0¢ Pb +lo
TEO76 0.09 £0.05 11 +1
TEOQO77 0.06 +0.08 10 40
TEO78 0.05 £0.05 10 +1
TEO79 0.05 +0.07 9 +1
TEO8O0 0.11 +0.07 9 +1
TEO81 0.04 +0.06 13 +2
TEO82 0.01 +0.07 2 +0
TEO39 0.26 +1.48 18 43
TEO40 0.81 +0.21 3 +3
TEO41 0.69 +£0.09 9 +£2
TEO42 1.29 £0.25 12 +1
TEO43 0.75 £0.21 18 +1
TEO44 0.77 £0.17 10 +2
TEO45 0.77 £0.23 21 45

Continued on Next Page. ..
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Table 27 — Continued

SampleID Cd +lo0¢ Pb +lo
TEO46 0.70 £0.18 15 +1
TEO47 0.85 +0.14 46 +10
TEO48 1.06 +0.38 5 £2
TEO27 0.49 +£0.24 11 +1
TEO28 0.53 +£0.05 29 +2
TEO29 0.38 £0.21 1 +0
TEO30 0.54 +0.19 20 +2
TEO31 0.50 +0.33 18 +1
TE032 0.39 +0.28 6 +0
TEO33 0.57 +0.16 3 £2
TEO34 0.43 +£0.29 15 44
TEO035 0.99 +0.98 3 +1
TEO37 0.56 +0.09 20 43
TEO38 0.53 +0.17 3 +1

Continued on Next Page. ..
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Table 27 — Continued
SampleID Cd +1lo0¢ Pb +lo
TEO16 0.14 +£0.67 11 #+1
TEO17 1.67 £0.30 18 +1
TEO18 0.73 +1.58 3 +3
TEO19 1.01 +£1.12 8 +1
TEO20 0.33 +1.37 4 +1
TEO21 0.38 +0.75 7 +0
TEO22 0.63 +0.41 1 40
TEO23 0.47 4+0.19 5 +1
TEO024 <DL 4 +1
TEO025 040 £0.19 4 +£2
TEO49 0.68 +0.31 3 +£0
TEO50 0.87 +£0.20 14 43
TEO51 0.73 +0.12 9 +£5
TEO52 0.67 +0.07 8 +1

Continued on Next Page. ..

9T¢

sisAjeue juswajo aae.]



Table 27 — Continued

SampleID Cd +lo0¢ Pb +lo
TEO53 <DL 13 +2
TEO54 0.43 +0.16 1 40
TEO55 1.05 +0.45 7 £1
TEO56 0.60 +£0.27 13 +£2
TEO57 1.45 +0.39 9 +2
TEOSS8 1.11 +0.23 2 +1
TEO59 1.11 +£0.22 9 +0
TEO60 1.03 £0.14 6 +0
TEO61 1.24 +0.18 2 +0
TEO62 0.75 £0.25 2 +0
TEO63 1.07 £0.17 24 +3
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Chapter 5

‘Probability scapes’: A model for the
prediction of origin of human remains

INn the Middle East

5.1 Introduction

One of the aims of this study to determine the spati&D and®"Srf%Sr isotopic varia-
tion of human tooth enamel and to provide a new spatial ptieditool for application in
forensic human identification investigations. In Chaptean@ 3, empirical isotopic data
collected from samples of known origin were combined withiemmental and geologi-
cal variables to produce oxygen and strontium isoscapdwsedfiiddle East study region.
Isoscapes have proven a useful tool for the understandisgatfal isotopic variation in
a number of biological, environmental and geological syst§l4]. The use of isoscapes
as a forensic tool is still in its infancy and as such theresamember of limitations to be
overcome. One limitation of this method is the nature of thgpot produced. As seen
in Chapters 2 and 3, an isoscape can be used to highlight this lb&arsotopic space that

relate to the measured value from a questioned sam88 0o C.I.). This can be useful
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for intelligence gathering in a forensic invesitigatioayficularly if there is no prior infor-
mation available as to the victims origin. However the higiiled band may often cover
a large geographical region with no indication of which areaght be the most likely
origin. The isoscape may also be interpreted to mean there possibility of an indi-
vidual originating outside of the highlighted band. Thergynonly be a small probability
of the individual originating outside of the isotopic band [gnoring this possibility may
result in an individual remaining unidentified. It would bera useful to determine the
likelihood of a person coming from a location based on ttesitapic composition, firstly
to offer more information than a band of isotopic space amdrsdly, by presenting the
data as a likelihood or probability of origin, it is more lliggo be understood in a court

of law, which is vital when presenting expert witness data.

In this chapter, a probabilistic approach that has beeaduatred recently for the tracking
of bird migration will be adapted as a possible method fospn¢ing forensic isotopic data
([19, 224, 225]). The chapter also presents the first exaofenulti isotope probability
scape for identification of human provenance and proposestfzoah for the use of human
population density information to further resolve the peedn of origin of unidentified

human remains.

5.1.1 Expert witness reporting: Why would a probabilistic approach

to isotope analysis help in the court room

‘There are important differences between the the questdtn tn the courtroom and the
quest for truth in the laboratory’, [226]. It is the respdnléy of forensic scientists to en-
sure that the methods used in forensic investigations aferpeed with the greatest care
and yield reproducible results with high precision and aacy Failure to do so could
potentially lead to false conviction of innocent individsieor the release of a guilty party
if substandard evidence is deemed inadmissible in coure. UK currently has no legal

documentation controlling the admissibility of expertstific evidence in court. The UK
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Law Commission published a consultation paper in 2009 anéf Griminal Evidence
(Experts) Bill was submitted in March 2011 advising thatakliity based admissibil-
ity tests should be applied to expert witness evidence. Thésleturrently awaiting a
response from the government. The proposed measures @@ iyasn the American
criminal justice system and the Daubert standard (Daubekierrell Dow Pharmaceu-
ticals [226]). This set of legal guidelines ensures thakeeixpitness evidence submitted
to court is reliable, relevant to the case and based on atsigenethod that is widely

accepted by the scientific community [227].

Stable isotope analysis is not yet used frequently as expatence in the courtroom.
However, as analytical techniques improve, and as undwlisig of global and local iso-
topic variation of materials of interest increases, allgyvior more accurate and precise
models to be produced, it is expected to become more comn@t. [As described by
Ehleringer and Matheson in the Utah Law Review 2010 ([227] dssential that when
stable isotope analysis becomes more commonplace in thieafdaw, a framework is in
place to ensure that data is reproducible, reliable anetbexr admissible in court. Iso-
tope analysis is a relatively mature technique and opeyatiatocols for more common
samples such as water are now fairly routine. A number ofarebegroups work towards
a better understanding of spatial isotopic variation oéfsically interesting samples and
to ensure that suitable reference materials are avail@bkrefore isotope analysis should
be easily transferable to the courtroom as long as suitaliielines are in place. One ma-
jor difficulty that is foreseen by the author is that stabtg#ape fractionation is a complex
process and presentation of isotopic data to a jury of laywigmot be trivial. Rule 403
of the US rules of evidence states: ‘Although relevant, enae may be excluded if its
probative value is substantially outweighed by the dangenéair prejudice, confusion
of the issues or misleading the jury, or by considerationslue delay, waste of time, or
needless presentation of cumulative evidence’. Explgispecialist scientific areas to a
non-scientific audience is always challenging; an audieaoeée quickly lost if too much

specialist terminology is used. Rule 403 is vitally impottanthe justice system as if a
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jury are presented with evidence from an ‘expert’ or ‘spkstiahere is a danger that if
the science presented is too complex, the jury are likelgferdo the experts opinion and
do not have the experience to assess the reliability of tiikerge. This again may lead to
false conviction. In a study of the common factors assodiatigh 86 cases of wrongful
conviction it was shown that forensic science testing esomurred in 63 % of the cases

and false or misleading testimony by forensic scientists agactor in 27 % [228].

DNA typing is one of the most commonly used methods for hundantification and is
often referred to as the ‘gold standard’ of forensic scientiee great strength of DNA
typing is that results are presented to the jury as a prababfltwo samples being from
the same source based on a database. By presenting the dasanvay the jury are able
to get a clear indicication of the scientific conclusionshwiit being blinded by a stream
of scientific jargon. The techniques presented in this a@rapty prove invaluable for the

presentation of isotopic data in a court of law.

5.1.2 Literature review: Applications of isoscape based probability

surfaces

The idea to use Bayes probability inversion for the presemtatf forensic isotopic data
was inspired by a number of recent bird migration studie24[29, 20, 225]). Monitoring

bird migration patterns can be challenging as extrinsickerarsuch as ringing and radio
collars tend to be inefficient due to low recapture rates. Bgsuang the stable isotope
(6%H, 613C) composition of avian feather keratin, spatial informatibout the origin of

a bird can be inferred. The limitation of using isotopic d@anfer migration patterns is
that unlike ringing, isotopic models do not produce an exéservation. Due to natural
isotopic variation the isotopic signature of avian bregadjrounds may overlap, making it
difficult to differentiate between populations from theges Royle and Rubenstein [225]
suggested calculating the conditional probability of al lb@ather with isotopic composi-

tion y originating from a population bf(y|b)) based on the population distribution of a
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breeding site. The aim was to infer the breeding ranges akklaroated blue warblers
from the northern United States. The study region was sgiit ihree breeding ranges
(NW, NE and S). The average isotopic compositiotH, 6'3C) and the isotopic variance
for each of the breeding ranges was calculated from emputeta measured from bird
feathers (n=266) collected from breeding sites within tiree ranges. A normal pop-
ulation distribution was assumed for the three breedingean The probability density
(referred to as likelihood in the paper) for a bird feathethva 6°H isotopic composi-

tion y* originating from breeding range b can be calculatsthg the normal distribution

function (Equation 41):

fy* |, 03) = 21 S eXp — (M) (41)

2
moy, 20’b

wherey, is the population average isotopic composition for bregdange b and? is
the isotopic variance for breeding range b. Using this netireeding regions were cor-
rectly assigned to 50.8 % of the birds usifigC and 53.5% using'®0. By using both
sets of data simultaneously 58.7% of the birds were cogras8igned which shows slight
inprovement over the single isotopic predictions. It maybeful to combine isotope sys-
tems in this study for improved assignment of origin. Royld Rubenstein combine the
two isotope systems by calculating the covariance betwasm This assumes that there
is some correlation betwee@AD ands'*C which is not necessarily true. For the purpose
of this thesisi'®O and®”SrfSSr isotope composition of tooth enamel will be considered
to be independent events and the combined probability leaéml accordingly. Royle
and Rubenstein also consider the effect of relative aburedandikelihood predictions.
Consider two populations, A and B. If A contains 90 individuatel B contains 10 indi-
viduals and an individual is selected at random, it is reabtEnto suggest that there is a
90% chance that the sample will originate from populatioBf.using Baye'’s rules for
conditional probability Royle and Rubenstein are able to tat@ account the effect of
the a priori relative abundance inforamtion on the isotope based likeli predictions.

Relative abundance could be applied to human studies sutlisatésis, as population



‘Probability scapes’: A model for the prediction of origihftuman remains in the
224 Middle East

density information is readily available. However untilygopulation density informa-

tion has not been considered in support of human isotopiestu

Wunder and Norris [224] present a study on the populatioilgasgent of American Red-
starts using stable isotope analysis of bird feather kerdthe aim of the study was to
consider the effect of analytical and spatial interpolagoror on assignment probability
for the birds breeding ground. It was shown that by modelireganalytical error asso-
ciated with each individual sample had a significant affectlee assignment of origin.
This is to be expected due to the overlapping isotopic coitipn®of the defined breeding
regions. In this paper the breeding regions were defined lyirsp the breeding range
into 5 geographical regions and the mean and standard ievits?H for each of the 5
breeding regions were calculated from the precipitatioséape defined by Bowen and
Revanaugh [59]. This method is limited as the average andatdmleviation of thé?H
composition calculated from the isoscape grid may not beesgmtative of the drink-
ing water consumed by the bird population. This method assuimat each of the grid
squares provides an equal contribution to the averagepmotomposition of the region
when in actuality this may not be the case. However, whemetisdimited empirical data
available for defining the regional isotopic compositiotaesic modeling approach may

be the only option available.
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5.2 Method: Development of &'*0 and ®'Sr/*°Sr based

probability-scape

Thed'®0 and®"SrfSSr isoscapes developed in Chapter 2 and 3 can be consideredmo b
estimate of the mean isotopic composition of tooth enantblareaate at each grid location

j in the study region. If the isotopic composition of an unknogample is measured
(6" Oysmow =xi; OF 'SIFOSK = 2;;), the isoscapes can be used to show the isotopic bands
from which it may have originated. However the isoscapesiges no indication of the
likelihood that the unknown sample originated at a give fioca Nor do they take into
account possible population heterogeneity at each latatishich could result in false
negative result. Here, th#80 and® SrF°Sr isoscape models generated in Chapters 2
and 3 are used as the basis for two probability-scapes, lwas#te Bayesian approach
described by Royle and Rubenstein [225] and more recentlyfraddidy Wunder [19].
Using the new probability scape models it is possible tordatee the likelihood of tooth

i originating from a given locatiop.

5.2.1 Structure of the probability model

The tooth enamed®*O and®SrFSSr probability models consist of two components.
The first component being the oxygen and strontium isoscdessribed in Chapters 2
and 3. Thed'®0 isoscape is defined by Equation 34 (see Chapter 2). Theistront
isoscape is defined by empirical data based on underlyinipgieal units (see Chapter
3). The isoscapes can be considered to be an estimate of Hreisadopic composition

((6"®Oysmow =;; Or 87SrFOSr = z;;) at each grid location.

The second component (referred to as the stochastic compbypéNunder [19]), ¢?)
represents the variance around the mean isotopic congositiserved for each grid lo-
cationj and can be considered to be an indication of the limitatidrtti@® model. For

example it can take into consideration the error in the i@psanodel based on analyt-
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ical precision, interpolation error, sample heteroggnaitd also represents the range in
isotopic composition of the population at locatignin an ideal situation the stochastic
component would be small and the deterministic isoscapddadescribe almost all of
the variation in isotopic space for the study region [19].discussed in Section 2.7 this
is not the case due to limitations of sample size and lackfofimation about some vari-
ables (such as dietary input of oxygen). The mean isotopigposition and stochastic
component can be combined to define a probability densitgtre based on a sample of
interest. The probability density function for a normaltdisution is defined by Equation

42:

N2
e 2)

where y is the measured isotopic composition of a measunmeglea.. is the average

isotopic composition of the population and is the expected variance in the population.

For the§'®0O isoscape¢ (Equation 34) represents the residual 'error’ in the caaben
model at a given location. This residual error is due to thetd of the current under-
standing of the oxygen isotope variation in human tooth exlamthe study region. The
residuals from the TEC model show an approximately normstribution around the
mean (0 %o). The variance of the residuatsS)(is 0.99 %o.. In order to further understand
the local variance structure, information about diet angtses of water is required that
are not available for this study. Until this information betes available, the model resid-
ual variance (0.99 %o) shall be considered to represent tteps: variance for each grid
locationj in the isoscape, and a normal distribution will be assumeaghvasn by Equation

43:

PU = sl o) = e (U0 (43)

wherey; is the measured'®O isotopic composition of sample y; is the means'*O

isotopic composition at locatiopgiven by Equation 34 (see Section 2.7.2) arids the
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expected population variance predicted based on the mesidiuals (0.99 %o).

The stochastic component in tRESrFSr probability scape is defined by the calculated
variance §¢2) of the measured tooth and soil samples for each of the gealagnits as
shown in Table 16 and Figure 62 (see Chapter 3). The probatiéiisity distribution for

strontium is given by Equation 44

P o) = L (=2
=jlz,0 )—Wexp 557 (44)

where z; is the measured’SrF®Sr isotopic composition of sample z; is the mean
87SrPSSr isotopic composition at location and o2 is the population variance at each

location.
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Figure 62: A histogram illustrating th&€SrfSSr isotopic composition of the different
geological units in the Middle East study region.

By substituting the measured isotopic composition of an omkntooth into the)'*O or
87SrPSSr probability model, a probability density layer is retedrthat can be visualised as
a probability density map or ‘probability scape’. It is usktio normalise the probability

density Cn.orm = Pj/Pmas) to return a scale from 0 - 1, with 1 being the areas from
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which it is most likely the tooth will have originated. Thisakes easier to visualise the
most likely regions of origin. However, for the presentatiaf results in a court room
environment it might be more useful to report the probabiit a sample occurring at a
given location. The probability that a tooth with an isotmpompositiorny originated at a
given grid location;j can be calculated by integration of the probability den&ityction
f(y|u, o) between limitg, + o* andy - o* (whereo* is the intra-sample standard deviation

calculated from replicate measurements) to give:

y+o*
P(A) = / Fli o) (45)

This can be achieved relatively easily using the pnorm fonelity in the R base package.

5.2.1.1 Combined isotope model

Royle and Reubenstein [225] demonstrated that by combiniogtwnore isotope sys-
tems, it is possible to improve the likelihood of a correabg@phical assignment. They
included a parameter for the covariance betw#&éhands'*C to combine the likelihood.
However this method suggests that there is some correlagbmeen isotope systems
which is not the case. For the purpose of this studyQ and®'Srf°Sr are considered
to be independent events. That is tH&O isotopic composition is not influenced in any
way by the®”SrfSr isotopic composition and vice versa. This is a valid aggion as
the two isotope systems are influenced by different factarsd the formation of tooth
enamel. Plotting'80 against”SrF®Sr clearly shows that there is no correlation between
these variables. The probability of a sample at a given graétionj having a given
50O compositionz shall be called P(X) and the probability of a sample at a giyad
location; having a givert”Srf5Sr composition: shall be called P(Z). The intersection of
the independent events X and Zr{X), that is the event where both X and Z occur, can

be given by the multiplication rule for independent evemeigin Equation 46:
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P(XNZ) = P(X)P(Z) (46)

Again, the results can be normalised to produce a map wittale $om 0 - 1, with 1

being the areas from which it is most likely that the tootlgorated.

5.2.1.2 Including human population density information tofurther aid identifica-

tion

As was shown by Royle and Reubenstein [225], considerationeofdlative abundance
of a population can further help to determine the potentigjio of an unknown sample

(see Section 5.1.2). In case study 2 (Section 5.3.1.3),dpalation density of the study
region shall be considered as supportagriori information for the measured isotopic

data to further improve the likelihood of identifying theidentified individual.

A population density grid for the Middle East was preparenhfithe Global Population
of the World data set (CIESIN) [229] using ArcGIS desktop (ESE), shown in Figure
63. From the population density map it is clear that the nitgjof the human population
of the study region is concentrated into three main areasge#st coast of Oman and
UAE, the west coast of Yemen and Saudi Arabia and finally Inath lagq with most
of the larger cities situated near to the border betweenwioe A large portion of the
Arabian peninsula has a population density<df0 individuals per krh due to the arid
environment. The Rub’ al Khali (Empty quarter) desert in thath of the peninsula is

largely unpopulated.

The multi-isotope probability model Equation 46 can be aber®d the probability of an
individual from the population at locationexhibiting both thej**O compositionz and
the87Srf5Sr compositiore. If this information is combined with tha priori knowledge
about the population density distribution of the sampleaeghe number of people who
would be expected to exhibit bothand z per square kilometer can be inferred by the

equation:
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Figure 63: A map of the human population density of the Midglest. The values are in
individuals per km. The population density grid used is from the Global Popoiabf
the World dataset (CISEN 2005) [229] using ArcGIS desktopRE&A). Black circles
represent the major cities whose populations>at80,000 (UN 2002).
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Ng. = nj*x P(XNZ) (47)

wheren; is the population density at locatign By using the population density infor-
mation areas areas expected to contalnperson per square kilometer with the expected
isotope signature can be excluded. It must be noted thatrdipility of a person com-
ing from a region is not increased where the population dgishigher. However it is
logical for investigating officers to begin preliminary gstigation in areas with higher

population density.
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5.3 Results

The performance of th&®O, 87Srf%Sr and combined probability scapes was assessed by
considering the results for 53 measured tooth enamel sarfipla the Middle East tooth
collection for which both isotopic systems had been meaisurke teeth originated from
19 cities within the study region (Figure 5). In order to tést efficiency of the model
it is assumed that the teeth can only have originated fronobtiee 19 known locations.
The measured'®O and®"Srf%Sr values for each tooth were inserted into the respective
models. The (normalised) probability that the tooth oraged from each of the 19 cities
was extracted from the probability scape using the ovedagtion in R [223] and ranked
according to the likelihood of the sample occurring at a gileation. There is a 5.3 %
chance that the correct origin could be selected at randdhout considering any other

information (1/19).

Using the'®O probability scape, only 1 sample (2 %) could be solely assigto the
correct city of origin based on probability. 9 other samglesld be assigned to the correct
city of origin or 5 other cities that also shared the highéslihood of origin to give a
total of 10 of the 53 samples (19 %) assigned. If more sampézs available so that the
population structures of the individual cities could becodédted rather than assuming a

homogeneous variance across the study region, this codldther improved.

Using the®"SrfSSr probability scape , 4 samples (8 %) could be solely asdighe
correct city of origin. 2 samples could be assigned to theecbity of origin or 2 other
cities that shared the highest likelihood of origin to giveotal of 6 of the 53 samples
(11 %) assigned. 13 samples also resulted in cities of ovighim the highest likelihood
of origin, but these could not be differentiated from 13 otleeations and so were not

included as successful assignments.

Combining the probabilities using the rules for independsmints (Section 5.2.1.1) re-
sulted in significant improvement to the assignments. 6 $ss1{i1 %) could be solely

assigned to the correct city of origin, 1 sample could begassl to their city of origin
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or one other location with similar likelihood, 5 samples lcbioe assigned to their city of
origin or 2 other possible locations and 1 sample could bigyasd to their correct city
of origin or 4 other possible locations. This gives a total8fsamples (25 %) correctly
assigned to their city of origin. Two samples resulted inyJew likelihood of originat-
ing from their known origin. There is a possiblity that thesenples are outliers in the

population, or an incorrect origin was supplied.

Consider the performance of this model in the gathering cdrfsic intelligence. In a
hypothetical case where the unknown individual origindtedn one of a possible 19
locations, with no further information, a forensics teamyrhave to make inquiries to
all 19 cities about possible missing people before a lonatfoorigin can be determined.
However if the strontium and oxygen isotope ratios of theviddial are measured then
the number of possible locations of origin can be drasgiaatiuced. Of the 53 samples
tested with the combined probability model, 96 % could begassl to the correct city
of origin upon enquiring to the 8 cities with the highest raed probability (Figure 64).
Origin could be assigned to 11 % of the sample population bgstigating only 1 city.
By using this technique the number of possible origins carebdeaed by 68 % or more

which could greatly improve the possibility of identifyirggn unknown individual.
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Figure 64: Cumulative frequency curve illustrating the nemof cities that need to be
investigated to ensure that the origin of the unknown samspletermined.
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5.3.1 Example case studies

In this section the probability models are applied to sona¢ samples to illustrate their
potential to provide forensic intelligence that may aidhe tdentification of human re-
mains. Interpretation of the model will depend on the quedbeing asked by the forensic
investigation but it is assumed that there is some suggestat the remains in question
have originated from within the study region. The first exéwas taken from an actual
forensic case involving the remains of an unidentified fenalind in the United Arab
Emirates. The woman was expected to be Indian by origin artkbisncase, the model
is used to determine whether it is likely that the woman cdnade originated from Abu
Dhabi. The second and third case studies are based on sasaf@eted from the Middle
East tooth collection as hypothetical examples to illustrow the models might be used
in a forensic case to constrain the possible regions ofrariGine study region covers ap-
proximately 6.4 million square kilometers. In the case dfnown samples it is possible
that the individual could have originated from anywherehmtthat area. It is the aim
of these models to reduce the area that a forensic invastiga¢eds to cover in order to

improve the likelihood of identifying remains.

5.3.1.1 Case study 1

The first example (X3) is taken from an official forensic casarf the Abu Dhabi Police
Forensic Services. Measurements were performed at theetditiv of Dundee and the
University of East Anglia. The new Middle East predictionaebwas not completed in
time to use in this case, but here it is demonstrated how tliehveould have been useful
were it available. The remains of a human female, expectée tof Indian origin were
found in Abu Dhabi, UAE. The aim of the investigation was tdestmine whether or not
the individual could have originated from Abu Dhabi. T#éO,,, composition of the
tooth enamel carbonate from the remains was 28(.6 %.. The®’Srf*Sr composition

was 0.71134 0.00002.
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The 680 probability density grid for sample X3 was calculated frBoguation 43 and is
shown in Figure 65a. The maximum probability density fordheple area was 0.15. The
probability density model was integrated between limits/38 0.55 (1) to produce a
layer of probability as shown in Figure 65b. Almost 90 % of gtady region has a
probability of < 5 %. The maximum probability of origin was 17 % for the soutlasio
of the Arbian peninsula. From the model it can be concludatlttiere is less than a 5 %
chance that the sample originated in the United Arab Ensraide probability that the
sample originated in Abu Dhabi is 1.1%. If the sample oritgdarom within the study

region it would most likely have originated on the Southeralfian coast.
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An 87 SrPeSr probability density layer was prepared (Figure 66a). fagimum returned

probability density was 51.8 but if the scale is normalisgdhaFigure 66a it is clear that
there is little differentiation between geological unitstihe study region. The probabil-
ity of this strontium isotope composition was calculatedriggrating between limits as
with the previous examples. The resulting probability tageshown in Figure 66b. It is
unlikely that the woman originated from the Middle East asléhan 5 % of the popu-
lation for the majority of the study region would be expectedhave a similar isotopic
composition. The probability that the woman originated ibuADhabi which overlies

Cenozoic bedrock is much less than 1 % (6E(-14) %). If the woh@&horiginated from

within the study region it is most likely (8.5 %) that she anigted from an area on or
near to Paleozoic-Mesozoic bedrock or Late Paleozoic lo&d@3 %). The remainder
of the geological units in the study region are unlikely tovdhaesulted in the isotopic

composition observed{5 %).



Figure 66: a) Normalised probability density scape and lop&bility scape based on tReSrf°Sr isotope composition of a tooth enamel
carbonate sample (X3) from the remains of an unknown indaidiscovered in Abu Dhabi, UAE. Abu Dhabi is highlightedtbe maps (red

square)
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At this stage it can be concluded that it is highly unlikelgatththe unidentified woman
originated from Abu Dhabi. The likelihood of an individuaibbim Abu Dhabi having
the measured'®Q,,,; isotope composition is 1.1 %. The likelihood of an indivilua
having the measured strontium isotopic compositior {s1%. It must be noted that is
not impossible for the individual to have originated in Abbdbi but it is highly unlikely
(<1%). Meier-Augenstein and Hoogewerff concluded that thenaw had an oxygen
isotope composition consistent with Sri Lanka or India. €ntly there are no global
models for the relationship betweétO,,,, and§'80Q,,,. This would be a possible area

of interest that could expand on this thesis.

5.3.1.2 Case study 2

The second example is a tooth taken from the Middle East toaltbction (referred to
here as X1), known to have originated in Muscat, Oman. Inhf@othetical example

it is assumed that no further information about the samplkn@wvn other than it has
originated from within the study region. The®O,,, composition of the tooth enamel
carbonate was 26.70 %d4-(0.3, 1Ir), measured by IRMS as described in Section 2.3.4.
The®SrFSr composition of the tooth enamel was 0.710350(0002), measured using
MC-ICP-MS as described in Section 3.2.2.

Firstly the measured oxygen isotopic composition of saffilevas inserted into th&*O
probability model given by Equation 43 to return the probgbdensity at all locations
() within the study region. The maximum probability densiggurned was 0.40. The
results were normalised to this maximum valé,(,,, = P;/F,,..) to return a probability
layer with a scale from O - 1 as shown in Figure 67a. The prdibadensity model was
integrated between limits 26.70 0.3(1o), returning a layer showing the probability of
the tooth originating from each location)(in the study region (Figure 67b). 50 % of the
study area can be excluded from the preliminary investgadis the probability or origin
is less than 5 %. The highest returned probablility of origir24 %. An investigator

can use the probability scape to show that it is most like+2Z8 %) that the remains
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originated in the South of the Arabian Peninsula (Yemen, @oraEastern UAE), the
West coast of Saudi Arabia or the South coast of Iran. Thig eogers 25 % of the study
region. It is highly unlikely &5 %) that the remains originated from Iran, Iraq or central

Saudi Arabia.
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Further information is required to further constrain theaaof possible origin, therefore
the 8"SrP%Sr isotopic composition of the tooth was measured (0.7H9360002). This
value was inserted into the strontium probability modgl Equation 44) a probability
density grid is returned with a maximum probability dengity52.55. If the probability
density is normalised to return a scale from 0 to 1 (Figure @&secomes clear that there
is little differentiation across the study region. By intatyng between limits (0.7103%
0.0002) the probability of an individual having the measistrontium isotope composi-
tion is returned (Figure 68b). The maximum probability reed by the model was 12.4
% which corresponds to the area of Late Paleozoic geologydgfanes the edge of the
Arabian shield (shown in dark green on the map). The nextdsgbrobability was 9.9 %,
corresponding to the small units of Paleozoic-Mesozoiénsedt. The tooth originated
from Muscat which lies on one of these Paleozoic-Mesozoitswas shown by the red
box in Figure 68b. The probability of the tooth originatingrm any of the remaining
geological units is less than 5 % with over three quarterhefstudy region returning a
probability of less than 1 %. If it assumed that the tooth dideed originate from the
Middle East study region then using the probability modeP®®f the study region can
be excluded from initial investigation with a probabilityless than 5 %. It can be con-
cluded that the tooth is most likely to have originated witbne of the areas lying on or
close to late Paleozoic or Paleozoic-Mesozoic geology hatiween 12.4 to 10 % of the

population expected to have a similar isotopic composition
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Combining the two probability scapes using Equation 46 catinén reduce the area of
possible origin in the study region. Figure 69 shows the radised combine probability
scape for tooth X1. The combined probability describes tiopgrtion of the population

at each location expected to have the sami€0O and®”Srf®Sr isotopic composition as
the unknown sample. From Figure 69 it can be seen that by congbihe probability

scapes the locations of possible origin have been narroovidotregions in the south of
the Peninsula; either from the small area of Paleozoic-Mgsageology in Oman in the
East (P = 2.3 %) or, the area of Late Paleozoic geology in thth@m Yemeni highlands
(P = 2.8 %). These represent approximately 0.5 % of the stegipmn (and includes the

area of known origin).
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Figure 69: Normalised probability scapes based8i® and®’ SrF°Sr composition of

tooth enamel carbonate sample from Muscat, Oman. Valuestegpbare the normalised
combined probability (independent events) of dH&0 and®”Srf°Sr composition occur-
ring at each grid location. The actual origin of the sample is shown (red square)..

Using the combined'®0O,,.4, and®” SrF°Sr probability scape it is possible to conclude that
sample X1 of unknown origin, is most likely to have origirdifeom either a small region

on the east coast of Oman which corresponds with the cajigabicMuscat or the area
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in northern Yemen surrounding the capital city Sana’a. 98.6f the study region has
been excluded for the purpose of the preliminary investigadue to the low likelihood
of origin. However this does not mean that the sample coutchawe originated from

these regions. Only that the likelihood is significantly éawhan the areas not excluded.
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Figure 70: A human population layer based on the combit&@ and®” Srf°Sr composi-
tion of tooth enamel carbonate sample from Muscat, Iranud&teported are the amount
of individuals per grid locatiorj likely to return the same isotopic signature as that of the
measured sample.

Trace element analysis may now be useful for further refitineglikely location of ori-

gin as it was shown in Chapter 4.1 that the trace element cdtiggosf Yemen was

significantly different to that of Oman at the 95 % confideneeel. The trace element
composition of sample X1 was transformed using the prina@paiponents calculated
in Section 4.3 and shown in Figure 58 and has been plottedeoprthcipal component
bi plot for comparison (Figure 71). Based on the trace eleroemposition of the tooth
enamel from sample X1 it can be concluded that the sampleddidriginate from Yemen
(based on 95 % C.1.). The trace element composition is ca@migtith someone originat-

ing from Oman or the UAE. Combining this information with ttiedm the oxygen and
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strontium probability scape it is likely that the individwaiginated in or around Muscat,

Oman.
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Figure 71: Ellipsoid plot of the principal components of tieldle East human tooth

samples for the identification of unknown sample X1. Ellidsashow the 95 % confi-

dence extent for each of the locations of origin where hand were calculated using
the ordiellipse functionality in the VEGAN package for R. R@iare coloured so that the
country of origin can be clearly seen, black = Iran, red = |idge = UAE, green = Oman

and grey = Yemen.

5.3.1.3 Case study 3

The third example is a tooth taken from the Middle East toollection (referred to here
as X2), known to have originated in Tehran, Iran. In this haptical example it assumed

that the individual in question is unidentified but there hasn some indication that they
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may have originated in Tehran, Iran. The aim in this case @dvide the investigating
officer with the likelihood of the sample originating in Telnrcompared to other areas
in the study region. Thé'®Oysyonr cOmposition of the tooth enamel carbonate was
23.99 %o measured by IRMS as described in Section 2.3.45T31&°Sr composition of
the tooth enamel was 0.7082% (0.0002), measured using MC-ICP-MS as described in
Section 3.2.2.

The measured oxygen isotope composition of tooth X2 wastedénto thes'*O prob-
ability model given by Equation 43 to return the probabilignsity at all locations;{
within the study region. The maximum probability densityureed by the model was
0.4. A map of normalised probability density is shown in Fg@2a. The probability
density model was integrated between limits 23190.3 (1), returning a layer of prob-
ability as shown by Figure 72b. The highest probability afior was 24 %, found in
areas of Iran and Iraq. Approximately 30 % of the study re@®outhern and western
region of the Arabian Peninsula and the south coast of Irar)ahpredicted probability
of < 5 % and can be excluded from initial investigation. 30 % ofshely area (areas in
Iran and Iraq) returns a predicted probability>20%. The probability that the sample
originated from Tehran based on the to6thO composition is 21.4 % so it can be said
that it is not possible to exclude Tehran, but further infation is required as the tooth
could also have originated from approximately 30 % of thelgtegion with the same or

higher likelihood.
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Further information is required to further reduce the hkedgion of origin, therefore the
87SrPSSr isotopic composition of the tooth was measured (0.7@825002). This value
was inserted into the strontium probability mode] Equation 44) to produce a proba-
bility density model (Figure 73a). The maximum returnedgadaility density was 53.27.
The probability density was normalised and the resulting fragure 73a) shows that a
tooth with this isotopic composition could have potenyialiginated from anywhere in
the study region. Integrating the probability density eufgr each geological unit be-
tween limits (0.70825- 0.0002) returns a map of the probability of the tooth origjima
from each location (Figure 73b). The maximum probabilityegirned for the Mesozoic
geology (48 %, dark green). The probability of the tooth ioaging from an area near or
on a cenozoic geological unit is 34 %. If the population stuie (Figure 62) for each of
the geological units is considered it is clear that theregsiicant overlap between the
isotopic composition of the Mesozoic and Cenozoic geoldieshis case the strontium
model alone can only offer limited information about thegariof the tooth. Tehran lies
on cenozoic bedrock hence the probability that the samplerKgnated from Tehran is
34 % so Tehran cannot be excluded based ofdBE*°Sr composition. However it can-
not be differentiated from the remainder of the study regippart from the areas of older

Precambrian and Paleozoic bedrock in the west of the stgignméP < 1 %).
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By combining the probability scapes it may be possible towkelmore of the study
region. The normalised, combined probability scape is shimwFigure 74. The maxi-
mum probability returned by the model was 11 %. This is sigaiftly higher than the
previous example (X1) due to the fact that the isotopic casitjpm of this tooth is more
of an average signal for the study region hence it is expeabttdmore individuals will
fall within these isotopic ranges. Using the normalisedophumlity map it is logical that
an investigating officer would concentrate their prelinnjnsearch in the areas of highest
probability. If 0.5-1 (, P=5.5- 11 %) is taken as the rangestered in the initial inves-
tigation then 66 % of the study region can be preliminarilgleded, an improvement of
36 % on they'*O probability scape and a 52 % improvement on®t&/°Sr probability
scape when used on their own. The probability of an individiwen Tehran having the
same strontium and oxygen isotopic composition is 7.3 %onflatised = 0.65). It can be
concluded from this information that Tehran cannot be ed@tuas a possible origin of
the sample X2. However 25 % of the study region has an equagbehprobability of

origin.

It may be useful to consider the human population distrdsutrf the study region to

further refine the model. It has been shown (Section 5.2223)) that the relative abun-
dance of a species may have a significant effect on the pildpadfiassignment. If the

unknown sample X2 is considered to be a randomly selecteglsahmat could originate

from anywhere within the study region, it is clear that it isna likely that the sample
will have originated from a city with a high population rathiean a desert with a small or
no population. Using this logic it may be possible to furthreduce the area from which
the tooth may have originated. Each grid locatjoim the combined probability scape
(Figure 74) for sample X2 was multiplied by the human popatatiensity (people per
km?) for that location, as given by the modified GPWv3 grid ([223ction 5.2.1.2). The
result is a grid showing the number of people per square kiten(:,;) expected to have

the same oxygen and strontium isotope composition as sax2p|Eigure 75).

By considering the population density it is possible to edela further 5 % of the study
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Figure 74: Normalised probability scapes based onith® and®"SrféSr composition
of tooth enamel carbonate sample from Tehran, Iran. Vakeyesrted are the normalised
combined probability (independent events) of 8 and®”Srf°Sr composition occur-
ring at each grid locatiof. The actual origin of the sample is shown (red square).
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region by excluding those areas with a population density bf As shown by the com-
bined probability scape and now confirmed by the additiorhefgopulation variable it
is most likely that the tooth in question originated from tharth of the study region.
The large box highlights the most likely region of origin whicovers western Iran, east-
ern Iraq and Kuwait, however it is possible that the tootlgioated from outside of this
region the areas where the number of people per kilometexcta@ to exhibit the mea-
sured isotope signature is greater than 1. The major citifeel study region (population
>100,000, UN) are shown in Table X and Figure 63. It might bdulge the investigator
to determine the number of individuals (per Rnexpected to exhibit the measured iso-
topic signature in each of these cities and rank them aaeglgdso that the investigation
may be concentrated in those areas that it is most likelyttteatooth originated. The
10 most likely cities for the origin of X2 are listed in Tabl&.2It has been shown that
Tehran is the most likely origin of the major cities (797 widuals per km). At this stage

it can be reported that, in support of initial intelligenbased on the isotopic and pop-
ulation density information available, the sample X2 is Mik®ly to have originated in
Tehran. It may be required to report the likelihood that taeagle could have originated
at some other location. The next most likely city of originsa@aghdad (124 individuals
per kn?). The likelihood that the sample X2 originated from TehraardBaghdad can be
given by the equationRy,.,, = n..(Tehran)h,.(Tehran + Baghdad). The probability of
the sample originating in Tehran is 87 % with only a 13 % (agpnately 1 in 8) chance
of the sample originating from Baghdad. Table 28 includeptbeabilities of the sample

orignating from the other major cities ranked in the top 1Gtdiely origins.

The trace element composition of the tooth enamel may peostigbporting evidence for
this conclusion. The trace element composition of samplen$® transformed using
the principal components calculated in Section 4.3 and showrigure 58 and has been
plotted on the principal component bi plot for comparisoig(ife 76). The trace ele-
ment composition of sample X2 is consistent with an indigidoriginating in Iran (95

% confidence limit). The individual is not consistent withgimating in Iraq at the 95 %
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Table 28: Table showing the top 10 most likely locations aefjiorof sample X2.n,., is

the number of individuals per khiikely to have the same isotopic composition as sample
X2. P(XNZ) is the probability of an individual having the same isotopienposition

as sample X2. P vs Tehran is the probability of the sample mgrfitom that location
compared to Tehran.

City n,. P(XNZ) PvsTehran

1 Tehran 797 7% -
2 Baghdad 124 7% 13%
3 KuwaitCity 96 6% 11%
4 Miandoab 27 8% 3%
5 Hamadan 23 11% 3%
6 Esfahan 22 7% 3%
7 Borujerd 21 8% 3%
8 Sanandaj 20 8% 2%
9 Mashhad 20 10% 2%
10 Shiraz 15 8% 2%

confidence limit so it can be confirmed that the individualnéikely to have originated
in Baghdad and therefore is most likely to have originatedehran, Iran based on the

oxygen and strontium isotope and trace element concesrirdéta for the tooth enamel.

5.4 Conclusions

By using knowledge of the isotopic variation within the hungapulation at each grid
location j within a chosen study region it is possible to calculate tfabability of an
unknown sample originating from each location (Sectior).5The returned probability

scape offers an investigating forensic scientist morermédion than a standard isoscape.

The probability models were tested by observing the amofisamples that could be
assigned to the correct city of origin based on the 19 citesvhich teeth were available
in this study. 25 % of the samples could be assigned to thectocity of origin using
the combined probability scape, an improvement of 4 % o th@® model, 17 % on the
87SrPSr model and 20 % when assignments were made randomly witotapic infor-
mation. If it is assumed that the investigation will work icajly through the cities based

on the likelihood of origin and that the individuals couldidentified when the location
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Figure 76: Ellipsoid plot of the principal components of td&ldle East human tooth

samples for the identification of unknown sample X2. Ellidsashow the 95 % confi-

dence extent for each of the locations of origin where hand were calculated using
the ordiellipse functionality in the VEGAN package for R. R@iare coloured so that the
country of origin can be clearly seen, black = Iran, red = lidge = UAE, green = Oman

and grey = Yemen.
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of origin is discovered, 96 % of the individuals could be itied within enquiries to 8

cities, reducing the workload of the investigating team kyr@than half.

Three case studies have been presented to illustrate hoprabability scape models
might be used to provide valuable information about the iicaeorigin of unidentified
human remains. Case study 1 (Section 5.3.1.1) was an exanopteaf real forensic
investigation. Using the combined probability scape itlddae concluded that the tooth
was unlikely (P< 1 %) to originate from Abu Dhabi. In case study 2 (Sectionh33,
using the combined!®*0 and®"Srf°Sr model, 99.5 % of the study region was able to be
excluded from preliminary investigations leaving two maneas of likely origin, Sana’a
in Yemen or Muscat in Oman. The known origin of the tooth wassbéd. In case study
3 (Section 5.3.1.3), the combine probability scape for #rae was used in conjunction
with information about the human population density in thalg region to exclude 80 %
of the study region from preliminary investigation. Thendmnsidering the major urban
areas in the study region it could be conluded that Tehrarheasost likely origin for the
unknown tooth, supporting the initial intelligence. Tradement composition provided
useful supporting evidence in these cases, further refthi@gprediction of origin of the

unknown samples.

In previous studies spatial isotope data has only been asapproximate the potential
area of origin for an unknown sample at large regional ormr@gonal scale. In this study
it has been illustrated that spatial isotopic data has thenpial to narrow the origin of
an unknown sample to a much smaller scale. When combined wititah population
density and any othex priori intelligence, there is the potential to differentiate betw
cities. There is still a significant amount of work requiredrther refine the isoscapes
upon which the probability scape models are based, bothdwcesthe error in model
predictions and also to provide a better understanding efigbtopic variation among
the human population. The strontium model in particulaingted by the number of
reference samples, hence the more samples that are metdsiredre representative the

models can be.
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Chapter 6

Conclusions and future directions

There is a requirement for new methods to aid in the identifinaof human remains in
forensic studies as conventional methods leave hundredsliefduals unidentified each
year. The intention of this study was to produce a new foreiosil to aid the identification
of human remains. This thesis presents a number of new jgestal probability scape
models which, it is hoped will facilitate the identificatiah unidentified remains in the
Middle East. In order to achieve this outcome, a collectib6® modern human teeth
of known origin from within the Middle East were analysed foeir 5'*0 and®’SrF¢Sr
isotopic composition and their trace element concentatioUntil recently there have
been no spatial prediction models available to enable siceinvestigators to link the
isotopic signature measured in modern human tissue to ag@ug area and indeed there
are currently no published examples of isoscapes for theigiren of modern human

origin based on tooth enamel.

Of the limited number of modern human forensic studies thaelutilised isotopic data,
almost all have been conducted in the US or Europe. Thisglwdfar the first insight
into the§'80 and®”SrF°Sr isotopic variation in the Middle East, an area which isrefag

interest (Section 1.6).

The results from the Middle East teeth collection have mteglithe framework for a
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number of new tools and novel ideas that can be applied torthespancing of human

remains.

» A new drinking water isoscape for the Middle East has beerldped, having con-
cluded that current online global precipitation models db sufficiently describe
the isotopic variation observed in the study region. The is®scape improves on

the commonly used OIPC model by 42 %.

» From the new drinking water isoscape it was possible to yreda linear model
relatings*®O of tooth enamel carbonate to the'O of drinking water. The model
explained 70 % of the variation within the Middle East tootlection and is the
first example of a direct correlation between modern humathtenamel carbonate

and drinking water.

A strontium isoscape was produced for the Middle East atibagh limited due
to the relatively invariable geology of the study regionhas shown potential for

differentiating between modern human individuals.

» The trace element data collected has shown some potentidifferentiating be-
tween individuals from different regions in the Middle Easd provides the foun-
dations for a new reference database that could be develyp&dure studies as

new samples become available.

 Finally, a probabilistic approach to isoscape modeling &pplied as a potential
new method for presenting isotope data in court. Using aifrmatope approach
(0**0O and®'SrP°Sr) and including population density as a prior probabittis

method has the potential to improve the likelihood of idigimig human remains.

The merits and limitations of the new models and technigessribed will be discussed
in this chapter. The implications of this research for theefigic science community in

the future will also be considered.
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6.1 §'%0 drinking water isoscape of the Middle East

In order to link the oxygen isotopic composition of humanttoenamel to a geographical
region it is necessary to first have a suitable spatial mantelife isotopic variation in
drinking water. It was hypothesised that publically avaligaglobal models of isotopes
in precipitation [137, 3] would not sufficiently explain tisotopic variation in the study
region due to the limited number of GNIP sample collecticatishs and the complex
climate in the Middle East. By compiling water isotopic datanh the Middle East into

a small database and comparing with predictions from theaglmodels this hypothesis
was confirmed. The OIPC [137] explains only 17 % of the isatoairiation and the van
Der Veer model explains none of the variation. One of the kegames of this thesis has
been the development of a néWO in drinking water isoscape for the study region that

explains almost 60 % of the isotopic variation.

6.1.1 Model limitations

As oxygen and hydrogen isotope signatures in most biolbgiegerials have some con-
nection to source water, it is important that the base watescapes available capture as
much of the isotopic variation of the area of interest as iptsssSince the launch of the
Online Isotopes in Precipitation Calculator (OIPC) it hasdmee very easy to generate
spatial isotope data and a number of studies use values figrsdurce in their studies.
The launch of the IsoOMAP online software [230] in spring thear (2011) further fa-
cilitates the generation of spatial precipitation datéerirfig facilities to create isoscapes
online. These facilities have made spatial precipitatestape data accessible to the
general scientific community, enabling isotope analysiset@pplied to new, developing
fields including (isotope) forensics. However there is agdairthat blind application of
these models without consideration of the associateddtraits and errors could lead to
false conclusions which might have repercussions in theduparticularly in the field of

forensic science.
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One of the main lessons from this thesis is that these globdéis are particularly limited
in regions with low sampling density or complex climate sys$ such as the Middle East.
Predictions from the OIPC have been shown to vary as much a3 @) from measured
water values. Ideally water samples should be availablalif@ct measurement when
conducting research in a geographical area that is poofipateby available models.
If this is not the case, an isoscape can be developed by atingeisotope values from
the literature with geographical (latitude, altitude) bmatic (temperature, precipitation,
relative humidity) variables. In this study the developedal isoscape explained 43 %

more variation than the best global model.

6.1.2 Future directions: A global isotopic database

A hindrance experienced during this study was the lack afyeascessible isotope data
for the study region. The GNIP database forms the basis giubgcally available global
models [137] but this database only includes informatiomfiGNIP collection stations of
which there are three in the study region. Stable isotoplysisaf water is now common
across a wide range of disciplines from hydrology to foremsind as such there is a
wealth of§'80 andsD isotopic information available in the literature. Howeeempiling
relevant data is time consuming and frustrating work foniitlial researchers. One of the
main suggestions made during the recent Isoscapes cooédneid in September (2011)
is the requirement for a database that compiles publisio¢énoiie data. ISOMAP [230] have
been developing resources to allow researchers to creatalgprecipitation isoscapes
online, but this is still dependent on the GNIP dataset whglpreviously mentioned is
massively limited in some areas of the globe. One solutionlgvbe to expand the GNIP
project to improve sampling density in under representedsar However, as the IAEA
depend mainly on volunteers for the collection of precipitafor the GNIP database this
is not really a viable option. Another solution may be to teesn open source database
compiling the wealth of published isotopic data that is k@e so that it is more easily

accessible for researchers.
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6.2 %0 carbonate isoscape for the Middle East

It is generally accepted that due to the simple sample patiparinvolved,§'*O anal-
ysis of tooth enamel carbonate would be the most efficienhatebf 5O analysis for
modern human samples in forensic cases. However there feare durprisingly few
studies of tooth enamel carbonate and, other than the pnaliynrelationship shown by
Ehleringer [50], there have been no studies describingetationship between'®O of
tooth enamel carbonate and local drinking water. Previtugies have transformed car-
bonated'®O composition into a predicted drinking water signal via ghesphate rela-
tionship described by Bryant [100], a two step process thatead to large prediction

errors.

The Middle East tooth collection was analysed for &% composition of enamel car-
bonate. As information about the origin of these teeth iglabvke, this dataset afforded
the unique opportunity to directly determine the relatiipetween drinking water and

tooth enamel carbonate:

50y sarow —cary = 0.77 % (6" Oy sprow —aw) + 28.1 (48)

This new model describes 70 % of the isotopic variation of &nrtooth enamel car-
bonate. The remainder is attributed to difference in digg, daealth and metabolism of
individuals. This is the first time that the relationshipveeén drinking water and tooth
enamel carbonate from the Middle East has been derivedyoond the hypothesis that
the §'80 isotopic composition of human tooth enamel is directhated to that of local

drinking water. This model will facilitate future forensimiman identification studies in

the Middle East.
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6.2.1 Limitations and future implications of the carbonate model

One of the main questions arising from the new carbonatenkig water model is, can
this relationship be applied to other regions of the world® pheviously mentioned the
50O composition of human tooth enamel is determined by thetsfdrinking water,
food and oxygen from the atmosphere) and fractionationdbatirs during the carbonate
formation which is a function of individual metabolism. 1BQ % of the isotopic compo-
sition was provided by local drinking water one would expegradient of 1 in the linear
regression model. In the Middle East model, the gradient43 @&hich suggests that
approximately 20 % of the isotopic signal originates frorhestsources. Compare this
to the preliminary relationship for the US and the interseqe comparible ([50] = 27.6
%0) but the gradient is much shallower (0.35) suggesting tiratAmerican population
gets the majority of its’ isotopic composition from food amlocal water. As previously
suggested (Section 2.2.3) this is to be expected, as thalgapermarket culture of the
western world threatens to ‘reduce the degree of isotopiatity of regional populations’

[25].

From this observation it is clear that the relationship lestwdrinking water and tooth
enamel carbonate is dependent on the proportion of oxyganighprovided by local
drinking water and hence different models are requiredifégrént populations as shown

in Figure 77.

In order to use this carbonate model at a global scale in theefuit would be useful
to determine an estimate for the percentage of oxygen ioncatpd from local drinking
water for different populations around the world. Ideahlistwould be achieved by mea-
surement of samples of known origin in order to create region national regression
models as has been demonstrated with success in this stodsevidr, it is very difficult
to obtain suitable modern human teeth samples. An altematay be to estimate the
gradient of the regression based on survey data about diet.cf@ar conclusion of this

research is that it is not satisfactory to calibrate a glgatipitation or drinking water
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Figure 77: A model describing the relationship betwé&® of tooth enamel carbonate
and local drinking water based on the percentage of oxygengimcorporated from local
drinking water.

isoscape to modedt®O carbonate values using one global model.
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6.3 87Sr/*Srisoscape for the Middle East

In one of the most influential papers concerning strontiuskieletal material Beard and
Johnson [28] suggest that ‘in the case of humans, the ubfitysing Sr isotopes to infer
geographic information is probably more difficult today rihid was just two or three
decades ago, because of increased national and interalatiiversity of Ca (and Sr)

sources in food'.

The results presented in this thesis provide evidence figastrontium isotope compo-
sition of modern human tooth enamel from individuals frora Middle East is linked

to the underlying geology and can be a useful tool for difiéeting between modern
populations. Although the results presented were limitee @ the relative geological
homogeneity of the study region (45 of 53 samples measurgohated in areas overly-
ing Cenozoic sediment), 4 samples originating in Muscat (@raad 2 samples from Sur
(Oman) which lies on or near to an older Paleozoic-Mesozdasentary unit, displayed
significantly higher strontium isotope ratios than thoserfrthe younger geologies. This
result has two implications. Firstly that strontium isatopomposition can be used to
differentiate between locals and migrants in the moderndrupopulation in and around
Muscat (Oman), a characteristic that may be useful for teatification of human re-

mains in this large capital city. Secondly, the results ssgghat the modern human
population in the Middle East maintains a strontium isata@@mposition that is linked to

the local underlying geology as predicted in the thesis hygses (Section 1.4).

Using the measured strontium isotope results from humath teeamel, and assigning
strontium isotope values for the unmeasured geologicabmsgoased on European soil
samples from similar underlying bedrock, it was possiblprtauce the first bioavailable
87SrPoSr isoscape of the Middle East. Further measurements of insai@ples are re-
quired to validate the predicted isoscape values for théogemal units where no tooth

enamel was available. As such the isoscape should be coedidg@reliminary estimate.
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6.3.1 Application of 3"Sr/%0Sr isotope analysis in future human iden-

tification cases

A major point of discussion during a breakout session attbhedape conference this year
(2011) was the requirement for better resolved isoscapethéoprediction of bioavail-
able®"SrPfSr composition, both for archaeological and forensic aagilbns. There are
very few published strontium isoscapes available and axitbesl in Chapter 3 they are
very limited and have not been validated using human sangblkesown origin. In this
study it has been shown that predictions from the Beard anasdohage only model are
significantly lower than the strontium composition obserire human tooth enamel. A
promising development in this field is the research of Ba(flardue) who is in the pro-
cess of creating a model based on rock type and mineraloggkhssvage in an attempt
to improve on the Beard and Johnson model [231]. This new nmdehises to explain
more of the isotopic variation within the underlying bedtoElowever it is inevitable that
the model will require validating with a large number of hungmples before it can be

applied to forensic case work.

Important research that needs to be conducted in the neae istthe measurement of hu-
man tooth or bone of known origin in other forensically i&ting regions of the world.
It would be particularly interesting to look at the humarostium signature from around
the US or Great Britain to establish whether the global supeket culture of the west
has indeed led to the loss of local isotopic character. Eurdsearch is also required to
determine the proportion of strontium that is provided by diiet. Strontium concentra-
tion is highest in plants and therefore diet is likely to pd@/the majority of strontium in
the human body. However strontium may also be inhaled fraratmosphere as dust or
pollution. Itis currently uncertain as to what proportidrtlee strontium signal in humans
is due to this atmospheric strontium. It is quite possibb gtrontium may only prove
useful in less developed regions of the world where a highgpgrtion of local foods is

produced and consumed.
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6.4 Trace Elements

Recent studies have shown that trace elements are usefufféoedtiating between sam-
ples of forensic interest (particularly specialty foodgwots) from different geographical
regions [45]. However relatively few studies have appliede element analysis to mod-
ern human tissue. In this study, trace element concentiaiio 63 human teeth from
19 locations within the Middle East were measured in ordegesb the hypothesis that,
it is possible to differentiate between modern human pdjuria consuming diets from

different regions based on trace element concentration.

This thesis represents the largest study of trace elememsdern human teeth to date,
and the results provide the foundations of a database fopaoson to future forensic
samples. Of the 14 elements analysed in this study, 8 weeerdigied to show significant
difference between the human populations (ANOVA, Table @fthese 8 elements, 7 are
good indicators of dietary sources (K, V, Ni, Cu, Zn, Sr and Mabl)le lead is an indicator
of environmental pollution. PCA was applied to the datasstiltang in 3 main groups
(Figure 58). The first mainly contains samples from YemencWlare characterised by
high strontium, low zinc content which is likely due to a loveat, high cereal diet which
IS common in a poorer country such as Yemen. The second gretmainly from Iran
and contain higher zinc concentrations indicative of a lpgportion of red meat in the
diet. The third group were mainly from UAE and Oman and areattarised by higher
Cu, Ni and V concentrations which are indicative of consuomptf seafood and more
expensive products such as chocolate and dates. Oman andtgABe richest of the
countries in the study region and have large fishing traddwey Rre also neighboring
countries so it is reasonable that individuals from UAE amda@ should exhibit similar
trace element concentrations. Trace element differémia limited to a national scale as
the major determining factor is diet and diet is likely detared by national and cultural
preferences and economy. The limited discriminating powidrace element analysis
means that it is not overly useful as a technique on its ownweyer it may provide

valuable support to other techniques such as isotope asmalybas been shown in Section
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5.3.1.

6.4.1 Limitations of trace elements in human identification studies

The main limitation of trace element analysis in human sas that it is not possible
to model the expected trace element concentration for alatquo as it depends on too
many variables. Instead, questioned samples must be cethfzea database of measured
values of known origin. Obtaining suitable reference saspf human tissue is difficult
due to the invasive nature of the sampling process. Thisl@mols exacerbated by the
fact that different types of tissue contain different cartcations of trace elements so it is
necessary to compile a new database for all tissues of gttddsing trace elements for

human provenancing will be limited by the standard of thenafice database available.

Compilation of a suitable database will be time consumingexpgnsive, and may only
provide limited discrimination between regions as has t&wnvn in this study. As such
it is unlikely that trace element analysis will be used toireht answer open forensic
guestions such as ‘where did this person come from’. Traamaeht analysis will be more
useful in the support of other evidence to answer closedtiquass for example ‘could

individual A have originated at location X’ or ‘did individli A originate at location X

or Y’. These questions can be answered by measuring suitafdeence samples for

comparison when required.

One practical limitation of this technique is that although-ICP-MS allows for fast

analysis of samples and generates a large amount of datarfgraczison, there are cur-
rently no matrix matched calibration standards for hydraggtite samples. As such only
semi-quantative results can be reported. It is necessatguvelop an internationally ac-
cepted calibration standard in order for the results of CRIMS to be acceptable in a

court of law.
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6.5 Probability Scapes

One of the most important outcomes of this thesis has beeastetredopment of the multi-
isotope (%0, 87SrFSSr) probability scape of the Middle East described in Chapter
Applying the probabilistic approach to isotope mappingiusebird ecology [232] has an
advantage over traditional isoscapes for two reasonstlyripsesenting isotopic data as
a likelihood of origin will greatly facilitate the commuration of isotopic data to a jury
in a court room environment. Secondly, by producing a mapabability of origin for a
sample of interest, forensic investigators can focus #féorts on regions with the highest
probability of origin and work systematically to the lessipable regions until they reach
a conclusion. This is an improvement on the traditionaltopic band’ approach, as this
band of isotopic space is often very large at a global scate # priori information is
available. This also gives the false impression that thidigal could not have originated

from outside the given band which is not the case.

In this study the oxygen and strontium isoscapes were iegteid produce probability
scapes based on a normal probability distribution. Theadviity scapes were then com-
bined using the multiplication rule for independent eventsrder to investigate the hy-
pothesis that combining oxygen and strontium isoscapesdmayprove the likelihood of

a successful prediction of origin. In all of the case studgnseios tested (see Section
5.3.1), the likelihood of a successful conclusion being enads improved by combining

the two isotope systems.

The probability models were applied to three case studidhistrate their potential for

answering forensic questions. There are two types of quresitiat might be asked in a
forensic investigation. The first is an open question; ‘veheid this person originate’?
This may be asked if no other forensic intelligence is alddla The second is a closed
question such as ‘could this person originate from locafi@hThese are more common
and may be asked when a hypothesis has already been fornmesti drasther evidence.

Previous studies have applied isotope analysis to closestigns [23]. In this study, the
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new probability scape models has been applied to both tyjpgseaario with promising

results.

In case study 1 the model was applied to evidence from analffariensic case. Thisis an
example of a closed question scenario as there was evidesiché woman in question
originated from India and the question asked was, ‘couldl itidividual have originated
in Abu Dhabi’? Based on the multi-isotope probability scapeould be concluded that
the tooth was very unlikely (B 1%) to have originated in Abu Dhabi. It was also highly

unlikely that the woman originated from anywhere within Migldle East study region.

In case study 2 the models were applied to a simulated opendir question where it
was assumed that the sample could have originated from argwhithin the Middle
East study region. 99.5 % of the study region could be exdBe< 5 %) based on the
multi-isotope probability scape. This is an important iefar application of isotopes in
forensics in the future, as it clearly shows that isotopiadaan significantly reduce the
possible locations of origin for an individual, even whenatber forensic intelligence is

available.

In case study 3 the model was applied to a simulated closestiqong'is it likely that the
individual could have originated in Tehran, Iran’? Based lo@ multi-isotope model it
was not possible to exclude Tehran as a possible origin b& 2bthe study region was
shown to have the same or higher likelihood of origin. Pojatadensity was added as
a prior probability variable in the model in order to stramayt this conclusion. Based on
the population density it was possible to calculate the remobpeople (per km) expected
to have the same oxygen and strontium isotopic range as kmowm sample. Using this
approach it could be shown that it was 8 times more likely thatindividual originated
in Tehran than any of the other major populated areas in tliy segion. This is the first

time that population density has been used to support isotizpa.

The advantage of this new method is that a list can be prodofcée most likely cities/

towns of origin so that an investigation can work systenadlifdoased on the probability
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of origin. This should reduce the workload of the policefiogtthe time taken to identify

human remains and hence increase the number of identifisatiossible, even when
no prior evidence is available to guide the investigation. ddysidering the 53 teeth
samples measured in this study as a set of unidentified ddls, it has been shown
that using the multi-isotope approach (assuming that amidhaal can be identified once
their origin is determined) 11 % of individuals coul be idéatl by enquiring to the most
probable location of origin. In 96 % of cases, the workloagined in the identification

of unidentified remains could be reduced by 68 % or more byguskygen and strontium
isotope evidence alone. Based on these figures, using oxygest@ntium isotopes in
human identification could help to identify hundreds of induals worldwide who would

have remained unknown using conventional methods.

6.5.1 Limitations

The main limiting factor of the probability scape modelshes fjuality of the underlying

isoscapes. The discriminatory power of an isoscape wilagsbe limited by the natural
isotopic variation observed in the system of interest foivergregion. By improving

the general understanding of the processes leading to d@apis variation observed,
isoscape model error can be reduced. By reducing the isosuaghel error and hence the
stochastic component of the probability mode), (it will be possible to exclude more of
the study region as the location of origin for unknown sampiecreasing the likelihood

of identification.

A current limitation of the model is that due to lack of suimbeference materials it must
be assumed that the local isotopic variation is normallyrithsted. Variation from a nor-
mal distribution may be caused by a number of factors suctheaqroportion of wealthy
individuals who can afford to eat imported food, the amoundesalinated water con-
sumed in a region or the health and age distribution of theiladipn. As more samples

become available these variations can be incorporatedhiatmodel in order to improve
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predictions.

A further limitation of the approach taken in this study i tieentralisation’ effect of
using population density as a prior in the prediction modeirge cities will always be
highlighted as having the highest probability of origin da¢he significantly higher pop-
ulation, even if suburban towns and villages fall within §ane probability band in the
initial probability scape. As has been shown in this thgsigulation density is a useful
prior predictor in regions such as the Middle East where, tduthe arid environment,
the human population tends to be concentrated into urbasandowever, in a region
such as Europe where a significant proportion of the humaalptpn live in rural areas,

population density may not be so useful.

Interpreting these results and deciding which techniqtiesisnost useful for forensic pur-
poses is a matter for debate and will depend on the type afis@euestion being asked.
This study has shown how population density can be used tircofor disprove) a hy-
pothesis formed, based anpriori evidence (Case study 3). Where agriori evidence

is available, using population density may bias the ingasion to urban areas when in
reality the sample comes from a small rural population. |a tase it it might be more
useful to present the original multi-isotope probabilibage. The author suggests that
by considering both the original probability scape and aytaipn weighted probability
scape, an investigating team can determine the most effanehsystematic investigative

approach to individual cases.

6.6 The future of forensic human identification isoscapes

The number of human remains found annually that are stitlemtified after investigation
using conventional means is unacceptable. This thesiegepts one of the first major in-
vestigations into the value of isotopic and trace elemealyais of modern, 21st Century,
human tooth enamel as an indicator of geographic originrerfsic studies. The meth-

ods used in this thesis are built upon the foundations laid mymber of forensic and
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archaeological isotope geochemists such as Meier-Augien§?1, 23, 15]), Ehleringer
([2, 50, 227]), Bowen ([33]), Bell ([233]), Lee-Thorp ([23432]) and many other who
have been mentioned throughout this thesis. By continuindet@lop the understand-
ing of isotopic and elemental signals found within the hurbady it is hoped that they
will become a standard tool in the arsenal of the forensiestigator that will enable the
identification of a larger number of bodies found who havenbgetims of crime or war

atrocities.

One of the main concerns about using isotopic data in thex§iceeommunity is the fact
that the input of dietary products from international s@srenay overwhelm the local
isotopic signature in modern humans. However there have beetudies until now to
prove this point. This thesis has clearly shown that, at iesghe Middle East study re-
gion, oxygen isotopic composition is related to the locaiking water signal in a strong
linear relationship and can be therefore linked to a spatidliction isoscape to deter-
mine regions of possible origin. Strontium has also shovenpibitential to differentiate
between individuals living on older geological bedrockigading a link to local food
sources. Trace elements have also been shown to diffaeeh&awveen populations based
on dietary intake. By combining this chemical intelligencéwsomea priori informa-
tion about population distribution it has been possibleetduce possible ares of origin
down to< 1 % of the study region and even produce a list of the top teesotf origin

with corresponding likelihood.

The Middle East has not been affected by ‘global supermatiaire’ to the extent of the
United States or the UK. However it is reasonable to assuatdfttsotopic information
can be used to determine a city of origin for unidentified resan the Middle East,
then isotopic and trace element data will be useful in moveld@ed countries too. Most
likely at a coarser resolution, but any information thatldomprove the likelihood of
a successful identification of an individual is important.isbtope analysis of human
remains resulted in the identification of one or two more efthl5 unidentified bodies

found in the UK every month, that is one or two more familieowhn be offered comfort
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and one or two more cases that can be taken to court and rdsolve
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