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ABSTRACT 

Trace element analysis of skeletal remains and teeth is a common research 

technique in biological and forensic anthropology. In particular, LA-ICP-MS has become 

a widely-accepted tool for analyzing and mapping the distribution of trace elements in 

teeth. Investigation into the relative spectral intensities and spatial distribution of thirteen 

trace isotopes (13C, 24Mg, 27Al, 31P, 44Ca, 47Ti, 52Cr, 55Mn, 56Fe, 66Zn, 88Sr, 138Ba, 208Pb) 

within teeth was undertaken using LA-ICP-MS. The total archaeological sample of teeth 

(N=26) was comprised of four tooth types (UCI, ULI, UPM1, and UPM2) and 18 

individuals from a Postclassic Lamanai site. In preparation for analysis, teeth sectioned 

down the center using a low-speed saw. Maps were created using the laser ablation 

system and MATLAB® software. The frequency of each isotope detected at low, 

moderate, and high intensities at each of the six defined tooth locations was calculated. 

The inner dentine and the outer root border were the two areas that most commonly 

exhibited the highest intensities of isotopes. Detection of major structural isotopes (44Ca 

and 31P) was similar in both spatial locations and relative intensity across all teeth. In 

comparison, detection of more minor isotopes, while similar in spatial locations across all 

teeth, varied in relative intensity per individual sample. The frequency that each isotope 

was detected also varied by tooth type. These findings demonstrate the disparities 

between different types of dental tissue for retaining trace elements and serve to 

illuminate possible sources of external exposure and internal bioavailability influencing 

interindividual variation within the Lamanai sample population. Variation in isotope 

frequency based on tooth type may be due to developmental properties and/or changes in 
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diet during early life. Ultimately, teeth act as storehouses of trace elements, and maps of 

isotopic distribution in teeth help reveal how individuals are influenced by both 

biological processes and cultural activities. 
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CHAPTER ONE: INTRODUCTION  

Under the discipline of biological anthropology, bioarchaeology is considered to 

be the study of ancient and historic human remains with a biocultural perspective and 

often involves the holistic interpretation of life history, culture, and environmental factors 

influencing a group of individuals from the past (Martin et al., 2013). In comparison, 

forensic anthropology is focused on the analysis of human remains from the very recent 

past and within a legal context, often for the purpose of interpreting manner of death or 

making an identification (Christensen et al., 2014). In both of these fields of study, it has 

become an increasingly common research practice to conduct trace element analyses of 

skeletal materials, including bone and teeth.  

Trace element analysis has multiple applications and can illuminate various 

avenues within biological anthropological research, including diet and dietary changes 

(Dolphin et al., 2005; Kohn et al., 2013; Reynard and Balter, 2014), residence and 

mobility patterns (Cucina et al., 2011; Galiová et al., 2013), environmental influence on 

health (Asaduzzaman et al., 2017; Budd et al., 1998; Shepherd et al., 2012), impact of 

diagenesis on buried remains (Kohn et al., 1999; Martin et al., 2007), discrimination 

between ages and sexes (Castro et al., 2010; Kumagai et al., 2012), and manner of death 

(Fortes et al., 2015). Due to their highly calcified tissue and higher level of preservation 

than bone (Kang et al., 2004), teeth have become a valuable biological material utilized 

within a variety of chemical analyses, such as trace element analyses and stable isotope 

analyses (Balasse, 2002; Humphrey, 2016).  
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In recent years, there has been a steady technological advancement in the fields of 

analytical chemistry and forensic science, from highly destructive to minimally 

destructive or completely nondestructive techniques, with the purpose of increasing 

measurement precision and preserving the sample. One such minimally destructive 

technology that has emerged as a prominent instrument in analytical chemistry is Laser 

Ablation Inductively Coupled Plasma Mass Spectrometry (LA-ICP-MS), as this 

instrument allows for more precise measuring, via a highly sensitive ICP-MS, and 

requires minimal sample preparation (Pozebon et al., 2017). Thus, LA-ICP-MS yields 

maximum information with minimal destruction of the material itself (Speakman and 

Neff, 2005). LA-ICP-MS has become a widely-accepted method for studying minor trace 

elements present within solid samples in geochemistry, environmental sciences, 

archaeology, biology, and medicine (Fricker and Günther, 2016; Limbeck et al., 2015; 

Pozebon et al., 2017). In particular, LA-ICP-MS has been demonstrated useful as a 

method for chemically characterizing and mapping the distribution of minor trace 

elements present in human tissues and in particular teeth (Arora et al., 2011; Becker et 

al., 2010; Farell et al., 2013; Hare et al., 2011; Guede et al., 2017; Pozebon et al., 2017). 

In both clinical and bioarchaeological literature, trace elements found in teeth 

have been reported to be a valuable indicator of the natural bioavailability and 

environmental history of exposure to individuals and populations (Brown et al., 2004; 

Dolphin and Goodman, 2009; Shepherd et al., 2012). Research has demonstrated that 

teeth serve as a useful source of measuring and comparing the abundance of biologically 

essential trace elements needed to sustain homeostasis and overall health, such as calcium 

(Ca), magnesium (Mg), and zinc (Zn), with the abundance of functionally nonessential 
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trace elements, such aluminum (Al), barium (Ba), and lead (Pb) (Brown et al., 2004; 

Fraga, 2005; Reynard and Balter, 2014). Thus, it is expected that essential trace elements 

would appear more abundantly within teeth relative to nonessential trace elements. 

Circumstances in which nonessential trace elements exhibit an unnaturally high presence 

in teeth could indicate a prolonged exposure or toxicity (Fraga, 2005; Humphrey, 2016). 

Fluctuations in levels of certain trace elements can also illuminate bioavailability and 

potentially inform the biocultural influences on diet and health of a past population 

(Dolphin and Goodman, 2009).  

It is important to note, however, that trace element presence and abundance can 

vary naturally, based on tooth location in the oral cavity and location within the tooth 

structure itself (Arnold and Gaengler, 2007; Fischer et al., 2009). Teeth are heterogenous 

in structure, comprised of an exposed, highly mineralized tissue called enamel and an 

internal, less mineralized tissue called dentine. Since the processes which allow for 

elemental absorption and retention differ between enamel and dentine (Antoine and 

Hillson, 2016; Tang et al., 2016), it is also expected that trace element detection and 

distribution will vary based on whether the elements are found in the enamel or the 

dentine.  

Previous research examining elemental distribution in human teeth has largely 

focused on deciduous (juvenile) teeth (Arora et al., 2011; Austin et al., 2013; de Souza 

Guerra et al., 2010; Dolphin and Goodman, 2009; Farell et al., 2013; Hare et al., 2011). 

However, currently, there are limited studies examining elemental distribution in 

permanent (adult) teeth (Arruda-Neto et al., 2010; Fortes et al., 2015; Guede et al., 2017; 

Tacail et al., 2017). In addition, while many studies in bioarchaeology, chemistry, and 
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dentistry have produced two-dimensional distribution maps of various trace elements in 

teeth, these studies are often limited by one or multiple factors, including small sample 

size (Duval et al., 2011; Galiová et al., 2013; Hare et al., 2011), limited number of trace 

elements selected (i.e. less than ten elements) (Arora et al., 2011; Austin et al., 2013; 

Hare et al., 2011), and/or producing maps that are focused on just one tooth location, 

rather than mapping an entire cross-sectional area of the tooth (Tacail et al., 2017; 

Willmes et al., 2016).   

The purpose of this study is to evaluate the relative spectral intensity and spatial 

distribution of selected trace elements within an archaeological sample of human teeth. 

This study will also involve an assessment of the viability in utilizing human teeth as a 

source material when conducting a trace elemental analysis using LA-ICP-MS. The 

levels of certain trace elements detected within the harder and softer teeth tissues may 

infer environmental influences on tooth physiology. Data obtained from this research 

may serve to illuminate some biocultural context of a sample group of individuals 

recovered from the archaeological site of Lamanai, Belize (Maya Postclassic 900-1521 

CE) (Dormon, 2007), as well as generate information on how LA-ICP-MS may best be 

applied in future anthropological study. The research questions addressed in this study 

include the following: 

(1) What are the relative spectral intensities of selected trace elements/isotopes at 

defined locations in the tooth? 

(2) How do the relative spectral intensities and distributions of selected trace 

elements/isotopes compare and contrast across four tooth types? 
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(3) How does the presence and distribution of essential and nonessential trace 

elements/isotopes inform the bioavailability and environmental exposure of a 

Maya sample group from Postclassic Lamanai? 

The following chapters will assess these research questions. A sample group of 26 

adult teeth (N=26), comprised of 18 individuals, will be analyzed using LA-ICP-MS as a 

method. It is important to note that only eight of the individuals (10 teeth) acquired for 

this study came from individuals in which the biological sex was known; thus, it was not 

possible to use this demographic indicator as a means of further analysis in this study.  

Chapter Two provides a review of relevant literature pertaining to tooth anatomy, 

development, and chemistry; trace elements found in teeth; the bioavailability of trace 

elements examined; previous research applying LA-ICP-MS trace element analysis on 

teeth; and a brief archaeological background of the sample group being used in this study. 

Chapter Three outlines the materials and methods used in this study. Chapter Four 

presents the results of LA-ICP-MS mapping for each trace element/isotope examined at 

each tooth location for each tooth type, as well as relative frequencies of each trace 

element/isotope detected. Chapter Five examines the similarities and differences of the 

trace element/isotope data according to defined tooth locations, tooth types, and 

essentiality and nonessentiality. Chapter Five also includes a discussion regarding how 

patterns of these trace elements/isotopes identified in the teeth may inform environmental 

exposure and bioavailability of a Postclassic Lamanai sample population. Finally, 

Chapter Six summarizes the analysis and provides a conclusion, as well implications, 

limitations, and future research directions of this study. 
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CHAPTER TWO: LITERATURE REVIEW  

With increasing precision and calibration improvements in chemical and 

analytical methods, trace element analysis has become more prominent, and sample 

materials have expanded to include various biological tissues, such as teeth. Since this 

research relies on human teeth as the sample material, it is important to understand the 

basic biological components and chemical properties of human teeth and the method 

being used to conduct the trace element analysis. This chapter includes four major 

sections: an overview of relevant human tooth anatomy, physiology, and chemical 

properties; an examination of trace elements commonly found in teeth and their 

bioavailability; a review of current LA-ICP-MS applications, with a focus on trace 

elemental analysis of teeth in the disciplines of dentistry, bioarchaeology, and forensics; 

and a brief archaeological background of the sample group being used in this study.  

Human Dentition 

Tooth Anatomy 

In humans, a complete, permanent or adult dentition is comprised of 32 

heterodont (or morphologically mixed) teeth in total, with a dental formula of 2123/2123 

(Harris, 2016). As indicated by this dental formula, there are four different classes of 

teeth contained within each quadrant of an adult human: two incisors, one canine, two 

premolars, and three molars. Each tooth type is comprised of a different structure and 

serves a different function in the breakdown of food to provide nutrition (Harris, 2016).  
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For example, incisors are the most anterior of the teeth, are generally flat and 

spatula-shaped, and are used for guiding and gnawing food particles into finer pieces that 

may more easily fit into the mouth and lead to further chewing by other teeth (Hillson, 

2005; White and Folkens, 2005). There are two types of incisors, central incisors and 

lateral incisors. Central incisors are larger than lateral incisors and are the most ñcentralò 

(most anterior) of all the teeth. Canines are also located in the anterior portion of the 

mouth but are also distal in relation to the incisors; canines bear a distinct tusk-like shape, 

used for gripping and puncturing food (Hillson, 2005; White and Folkens, 2005). 

Premolars are considered cheek teeth, as they are located towards the cheek (distal to the 

canines, mesial to the molars). There are two types of premolars, first (or third) premolars 

and second (or fourth) premolars. Premolars are round in shape and usually have two 

cusps. First premolars have a larger buccal cusp compared to a smaller lingual cusp, 

whereas second premolars have cusps of fairly equal size (White and Folkens, 2005). 

And upper first premolars often have two roots, whereas upper second premolars have 

one root (White and Folkens, 2005). Due to their shape, premolars allow for slicing food 

into smaller particles to aid in the digestive process (Hillson, 2005). Finally, molars are 

the largest of human teeth and bear a more square-like shape and contain multiple cusps. 

Molars are used for crushing or grinding purposes in food digestion (Hillson, 2005).  

A single tooth is also a heterogenous structure within itself, containing multiple 

structures. Each tooth is comprised of two distinct structures: the crown and the root(s) 

(see Figure 1). The crown of the tooth is covered by a layer of a hard, primarily 

mineralized and avascular substance called enamel, while the internal core of the tooth is 

composed primarily of dentine, and living, avascular and mineralized tissue, though not 
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as mineralized as enamel (White and Folkens, 2005). Within the inner dentine at the 

center of the tooth lies the pulp cavity, which supplies blood and nutrients necessary for 

sustaining the living dentine tissue during life (Legge and Hardin, 2016). Covering the 

outside of the tooth root is the cementum, which is a layer of calcified tissue that helps 

anchor the roots via the periodontal ligament (White and Folkens, 2005; Tang et al., 

2016). Finally, the distal end of the tooth root contains an opening called the apical 

foramen, or apex, to funnel blood vessels and nerves into the pulp cavity (White and 

Folkens, 2005). The boundary between the enamel and the dentine is referred to as the 

enamel-dentine junction (EDJ). In addition, the boundary between the inner dentine and 

the pulp cavity is referred to as the dentine-pulp border (DPB).  

 

 

Figure 1: Cross-sectional anatomy of a single tooth and its respective features. 



9 

 

Tooth Development 

Teeth undergo formation, development, and eruption in a continuous, sequential 

manner. Although the first set of primary (deciduous) teeth do not initially begin to 

emerge until around seven to eight months, initial teeth soft tissue formation and 

mineralization can begin as early as week five in utero (Harris, 2016). The morphological 

stages of tooth development include bud, cap and bell. The crown template forms first, 

followed by the root formation. During the first stage of initiation, the oral ectoderm 

induces the mesenchyme within the dental lamina to form the enamel organ and the 

dental papilla, called the tooth germ (Harris, 2016). A dental sac then forms from the 

ectomesenchyme, creating the first appearance of a tooth bud in the bud stage (Harris, 

2016). During the next sage, the cap stage, the tissues undergo condensation and cell 

proliferation, in which ectomesenchymal cells arrange in a cluster and eventually 

differentiate into odontoblasts to begin forming the crown matrix during the bell stage 

and later the dentine (Harris, 2016).  

Cuboidal cells differentiate into ameloblasts to deposit the enamel, moving from 

the EDJ to the enamel surface over time, producing microstructures along the way that 

are referred to as enamel rods (or enamel prisms) (Guatelli-Steinberg, 2016; Harris, 

2016). Ameloblasts secrete cross-striations of the enamel matrix in daily circadian 

rhythmic, metabolic activity, creating short-period lines (Antoine and Hillson, 2016; 

Guatelli-Steinberg, 2016). At regular intervals throughout all developing teeth within the 

individual, the enamel-forming matrix simultaneously slow their secretion, creating a 

series of growth planes called the planes or striae of Retzius (Guatelli-Steinberg, 2016; 

Hillson, 2005). These striae are referred to as long-period lines and contain layers of 
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short-term period lines interspaced between throughout the growth layers of the enamel 

up to the occlusal (biting) surface (Guatelli-Steinberg, 2016). At the occlusal surface, 

long-period lines overlap one another and so become hidden, whereas on the lateral (side) 

enamel, long-period lines manifest as perikymata, appearing as waves and troughs along 

the surface (Hillson, 2005). Once the enamel crown has form completely, the enamel 

organ terminates in its growth.   

In association with enamel apposition, the inner dentine fill s the space between 

the growing enamel cap and the pulp cavity, by continuously increasing its surface area at 

the horn tip, followed by expanding apically in order to complete the tooth root and 

filling in all the fringes of the tooth root(s) with odontoblasts (Harris, 2016; Tang et al., 

2016). Dentine is formed through the mixed deposit of both inorganic and organic layers 

(Tang et al., 2016). During growth, two types of dentine are commonly formed via 

odontoblasts (primary dentine and secondary dentine), and these structurally similar 

tissues are secreted in incremental striae (Tang et al., 2016). Primary dentine rapidly 

forms first along the border of the enamel, located along the EDJ, while also forming 

around the pulp cavity as well (Shepherd et al., 2012; Zilberman and Smith, 2000). 

Secondary dentine results from the continual yet slowed apposition of primary dentine 

(Zilberman and Smith, 2000); secondary dentine may form alongside primary dentine, 

though its formation is more uneven around the pulp cavity (Shepherd et al., 2012). 

However, according to previous research, there appears to be a substantial time delay 

between primary dentine secretion completion and the onset of second dentine secretion, 

as some research has suggested that root formation is completed prior to the formation of 

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

(Shepherd et al., 2012). 

While there can be some variation, the development and eruption of maxillary 

teeth per quadrant generally follows this pattern: Molar 1 Ą Central Incisor Ą Lateral 

Incisor Ą Premolar 1 Ą Canine Ą Premolar 2 Ą Molar 2 Ą Molar 3 (Harris, 2016). 

The first upper tooth to erupt is the first molar, occurring around six years of age, 

followed by the central incisor erupting at around seven years of age (Ubelaker, 1989). 

The next tooth to erupt is the lateral incisor at eight years of age, followed by the first 

premolar at ten years of age and the second premolar at eleven years of age (Ubelaker, 

1989). The canine also erupts around eleven to twelve years of age (Ubelaker, 1989). 

Finally, the second molar erupts at 12 years of age, and the third molar erupts at around 

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

Tooth Chemical Composition  

Properties of Enamel 

Tooth enamel is a highly inorganic material. Because enamel has a higher mineral 

content and tissue preservation than bone, enamel is susceptible to the same chemical 

processes that impact and decompose bone content so easily (Burton et al., 2003; Hollund 

et al., 2015; Scott, 2008). Tooth enamel is approximately 96-97% mineralized 

(inorganic), containing mostly hydroxyapatite (composed mainly of calcium and 

phosphorus) (Antoine and Hillson, 2016; Hillson, 2005). These types of tissue do not 

undergo the same level of remodeling or turnover that bone does (Balasse, 2002); thus, 

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

studies (Balasse, 2002; Cucina et al., 2007).  

Properties of Dentine 

Tooth dentine is also mineralized, though less mineralized than enamel, is richer 

in organic content, containing approximately 80% mineralization (80% inorganic, 20% 

organic) (Asaduzzaman et al., 2017; Hil lson, 2005; Tang et al., 2016). Throughout life, 

odontoblasts aligned along the pulp cavity within the dentine continually produce more 

dentine until that tooth is lost (Asaduzzaman et al., 2017). In addition, because dentine is 

encased within the enamel, it does not come into contact with the oral environment in the 

way enamel does (Asaduzzaman et al., 2017).  

Properties of Pulp Cavity 

During life, the pulp cavity serves to maintain proper functioning of the living 

dental tissues with proper blood supply and other nutrients (Legge and Hardin, 2016). 

The number of roots in the tooth (e.g. one, two, or three) indicates the number of canals 

leading into the pulp chamber (Legge and Hardin, 2016). For example, an upper central 

incisor would have a single pulp canal leading into the pulp chamber, whereas an upper 

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

Trace Elements in Teeth  

There are two different classes of elements that can accumulate within a living 

system: major elements and minor or trace elements. Of the 50 known elements that can 
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occur in measurable quantities within living systems, only about a dozen of these 

elements are considered to be trace elements (Fraga, 2005). Examples of major elements 

commonly found in enamel are phosphorus (P), calcium (Ca), sodium (Na), magnesium 

(Mg), and chlorine (Cl) (Reitznerová et al., 2000). In contrast to major elements, which 

are measured in higher concentrations in analytical chemistry, trace elements are 

elements that are detected at low concentrations, including parts per million (ppm) or 

even parts per billion (ppb) level.  

Generally, trace elements have been considered to occur in two forms, as 

functionally or nutritionally essential (bioessential) elements and as nonessential 

elements. Although some nonessential elements may not be biologically necessary, they 

can be viewed as essential from an analytical perspective (e.g. minor, trace elements that 

are often found in comparatively larger quantities, even though these elements have no 

known biological function).  

  In optimal quantities, biologically essential elements are vital for supporting 

proper reactions, growth, and development in their interactions with enzymes and 

proteins in biological systems (Mertz, 1981). Thus, essential elements are maintained 

within tightly regulated concentration thresholds (Reynard and Balter, 2014). It is 

important to note that although nonessential elements are considered innately toxic, 

essential may become toxic to living systems when their concentrations surpass what is 

necessary to maintain biological function (Fraga, 2005). Some essential trace elements 

include iron (Fe), copper (Cu), zinc (Zn), and manganese (Mn) (Fraga, 2005; Mertz, 

1981; Reynard and Balter, 2014).  
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In comparison, nonessential elements can often mimic the reactivity and chemical 

metabolism of essential elements and can even be detected in unusually high quantities 

depending on the exposure. Thus, their distribution and concentrations are best 

understood in comparison to essential elements, most commonly Ca (Reynard and Balter, 

2014). Examples of nonessential trace elements include aluminum (Al), chromium (Cr), 

strontium (Sr), barium (Ba), titanium (Ti), and lead (Pb) (Brown et al., 2004; Reynard 

and Balter, 2014). Due to their calcified tissues, bones and teeth in particular have a high 

affinity for accumulating metals and heavy metals (Asaduzzaman et al., 2017). During 

life, alakali-earth elements such as Mg, Sr, and Ba can enter and become incorporated 

within the body at high levels, while divalent, heavier metals such as Zn, Cu, and Fe 

become incorporated at lower levels, since these elements cannot easily enter the body 

(Reynard and Balter, 2014; Wright, 1999).  

Previous chemical and bioarchaeological studies have demonstrated that trace 

elements vary both in distribution and concentration depending on the specific dental 

tissue type being examined (Arnold and Gaengler, 2007; Guede et al., 2017; Kang et al., 

2004; Tanaka et al., 2004). In particular, major differences have been observed in number 

of elements detected, types of elements detected, and their concentrations between 

enamel and dentine (Table 1). For example, using LA-ICP-MS, Farell et al. (2013) found 

that trace element Zn had the highest concentration in the pulp, the next highest 

concentration in the enamel, and the lowest concentration in the dentine; in comparison, 

Pb increased in concentration from the outer to the inner tooth, with the enamel being the 

lowest in concentration and the pulp being the highest in concentration.  
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Table 1: Summary of previous relevant literature comparing trace element concentrations 

found at inner enamel and inner dentine. 

Inner Enamel > 

Inner Dentine 

Inner Dentine > 

Inner Enamel 

Enamel = 

Dentine  
Source 

Ca, P C  Arnold and Gaengler, 2007 

 Mn  Arora et al., 2011 

 Pb  Budd et al., 1998 

P, Ca, Fe, Zn, Cu Mg, S  de Dios Teruel et al., 2015 

Ca   de Souza Guerra et al., 2010 

 Pb, Zn  Farell et al., 2013 

Na, Mg, Al, Cr, 

Mn,  

Ti, V, Zn, Sr, Ba, 

Pb 

Fe, Cu Guede et al., 2017 

Ca Al, Sr, Ba  Hanĺ et al., 2013 

 Sr, Zn, Pb Cd Hare et al., 2011 

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

Al    Tanaka et al., 2004 

 

Increased age (i.e. prolonged exposure time) leads to increased concentration 

levels of most heavy trace elements or metals (Asaduzzaman et al., 2017). For example, 

in more contemporary populations, Pb appears to be the most commonly noted element 

that exhibited significant increases in concentrations over large age brackets 

(Asaduzzaman et al., 2017; Budd et al., 1998). Current research on some trace elements 

provides various and sometimes opposing information about the same trace elements, 

depending on the geographical location and age of the humans remains. For example, 

previous studies have demonstrated that enamel accumulates more zinc especially on the 

outer surfaces, which come into contact with saliva (Asaduzzaman et al., 2017; Castro et 

al., 2010). However, other studies have reported increasing zinc from the upper enamel 
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surface to the area of the pulp region, with the pulp exhibited the highest content of zinc 

(Anjos et al., 2004). 

While carbon (C), Ca, P, and Mg are generally referred to as major elements in 

other fields of study, for the purposes of this study, all elements selected for analysis 

were classified as trace elements and were grouped according to whether or not the 

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

Bioavailability of Trace Elements 

The bioavailability of a trace element can directly affect the presence and 

distribution of that element found within a tooth (Brown et al., 2004). Bioavailability 

refers to the amount of a micronutrient (e.g. trace element) that is ingested and absorbed 

into the body and then used in regular physiological processes. This phenomenon helps 

explain how elements can interact with one another, as bioavailability influences which 

minerals are available for use within the body, based on the interplay of diet, other 

elements present, and molecular inhibitors and enhancers, such as enzymes (Dolphin and 

Goodman, 2009; Mertz, 1981). Several intrinsic factors influencing the bioavailability of 

trace elements include age, sex, pregnancy, trauma, gastrointestinal infections, and the 

occurrence of other diseases or illnesses (Freeland-Graves et al., 2015). Extrinsic factors 

influencing bioavailability include geographical location and biocultural practices, such 

as food preparation and processing (Freeland-Graves et al., 2015).  
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Bioavailability of Mg 

The functional and nutritional essential trace element and heavy metal Mg is 

prevalent throughout nature and in the human body, with about 53% of Mg content 

present in the skeleton (Rude, 2014). Mg binds to ribosomes and other macromolecules, 

most especially serving to bind to substrates and interacting with enzymes (Rude, 2014). 

Some of the reactions Mg is involved in include amino acid activation, protein kinases, 

and lipid metabolism, (Rude, 2014). Mg is widely distributed among various plant and 

animal food sources, and thus is usually prevalent within the diet (Rude, 2014). Studies 

have shown that Mg absorption and retention is not significantly affected by Ca intake; 

however, increasing Zn intake does significantly lower Mg absorption and retention 

(Rude, 2014; Spencer et al., 1994).  

Bioavailability of Al 

The nonessential element and heavy metal Al is an abundant element often found 

within the earthôs crust; however, it is only detected in very small amounts in living 

organisms (Tanaka et al., 2004). Al has been associated with dental caries prevalence in 

dental studies, while other studies have noted that Al salts may inhibit the growth of oral 

bacteria (Tanaka et al., 2004). Additionally, previous studies have detected the presence 

of Al in trace amounts in Maya ceramics and pottery dating from the Classic and 

Postclassic periods (Little et al., 2004). Thus, it is possible for individuals to become 

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

Considered a major element, P is uniquely essential to maintaining human life, as 

P is a component within the DNA structure (OôBrien et al., 2014). This element is also 

key part the bodyôs energy source, integrated with sugar, protein, and enzyme reactions 

(OôBrien et al., 2014). P is a foundational component to the mineralized structure within 

the human skeleton, as well as in teeth, forming a portion of hydroxyapatite 

(Ca5(PO4)3(OH)) (OôBrien et al., 2014). Sources of P for dietary intake include milk, 

meat, poultry, fish, eggs, nuts, and grains (OôBrien et al., 2014). P absorption may be 

affected by the presence of other minerals, such as Ca, Mg, and Al (OôBrien et al., 2014). 

Bioavailability of Ca 

Also considered a major element, Ca is an abundant mineral and pivotal to the 

mass of the body, including the strength of bones and teeth (Wolinksy and Altchuler, 

1983; Wright, 1999). Ca is present throughout nature, found in various minerals and 

rocks, such as limestone and marble, as well as pearls, eggs shells, and animal antlers 

(Weaver and Heaney, 2014). Ca is also the other major component of hydroxyapatite 

found in bone and teeth (Weaver and Heaney, 2014). Ca absorption occurs in the small 

intestine and can be affected by multiple dietary factors, mainly milk and other dairy 

products serving as a major source of Ca (Cashman, 2002), as well as vegetables 

(Fairweather-Tait and Hurrell, 1996). Deficiency in Ca can lead to various health issues, 

such as osteoporosis (loss of bone mass) (Cashman, 2002; Weaver and Heaney, 2014).  
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Bioavailability of Ti 

Ti is a nonessential element and heavy metal toxicant, generally associated with 

environmental pollution and dental implants in more contemporary studies 

(Asaduzzaman et al., 2017; Bosshardt et al., 2017). Previous studies have detected the 

presence of Ti in trace amounts in Maya ceramics and pottery dating from the Classic and 

Postclassic periods (Jadot et al., 2016; Little et al., 2004). Thus, it is possible for 

individuals to become exposed to Ti through manufacturing and dietary processes.  

Bioavailability of Cr 

Cr is a nonessential trace element and heavy metal, available through various 

dietary sources, such as peppers, mushrooms, nuts and a few vegetables, including corn 

and maize (Fairweather-Tait and Hurrell, 1996). Regardless of dose amount, Cr intestinal 

absorption is generally less than 3% (Fairweather-Tait and Hurrell, 1996). While higher 

compounds of Cr are toxic, Cr deficiency can also cause glucose intolerance in the body 

by increasing insulin activity (Fairweather-Tait and Hurrell, 1996). Cr interacts with 

various other metals, such as Zn, Fe, Ca, and vanadium (V); in particular, because Fe and 

Cr share a common gastrointestinal transport mechanism, the presence of Fe can inhibit 

the absorption of Cr in the small intestine (Fairweather-Tait and Hurrell, 1996).  

Bioavailability of Mn 

 Though a heavy metal, Mn is considered to be a functionally essential trace 

element and is necessary for maintaining neuronal functions (Asaduzzaman et al., 2017). 

This element is used in amino acid, lipid, and carbohydrate metabolism, particularly as an 
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enzyme activator (Buchman, 2014; Fraga, 2005). Mn has also been associated with bone 

development, and some sources of dietary intake for Mn include tea, rice, nuts, and grains 

(Fraga, 2005). Mn deficiency has not been well documented, but some studies suggest 

that deficiency in Mn can lead to unnatural blood clotting neurological issues, since it can 

cross the blood-brain barrier (Aschner, 2000; Keen et al., 1999). 

Bioavailability of Fe 

The functionally essential trace element Fe is important for supporting various 

metabolic functions, including red blood cell production, oxygen supply, and energy 

metabolism (Wessling-Resnick, 2014). Fe is found within several classes of protein, 

including proteins for storage and transport (Fraga, 2005). Sources of Fe include 

vegetables, fruits, and various dairy products (Fraga, 2005; Hare et al., 2015). Fe is also 

highly disrupted within meat (Fairweather-Tait and Hurrell, 1996). While Fe deficiency 

can cause anemia, an overload of Fe can also lead to Fe poisoning (Fraga, 2005); older 

individuals especially are more susceptible to these two phenomena (Wessling-Resnick, 

2014). Fe and Zn have varying affects depending on the food source carrying these 

micronutrients; for example, high quantities of Zn within aqueous solutions will impair 

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

Bioavailability of Zn 

The functional and nutritional essential trace element and heavy metal Zn serves 

multiple catalytic functions, including binding to enzymes, lending structural support, 

and helping regulate functions (Fraga, 2005; King and Cousins, 2014). Zn helps support 
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growth and development from prenatal through adolescence (Fraga, 2005). Generally, Zn 

seems to be found in higher quantities within meat-source foods and less within 

vegetation, eggs, or dairy (Dolphin and Goodman, 2009; Fraga, 2005). Zn interacts with 

Cu and Fe at the level of absorption between tissues, while Zn availability and absorption 

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

Bioavailability of Sr 

Also a heavy metal, Sr has been debated on its essentiality to the human body. 

While Sr has no known biological function, many anthropological studies consider Sr to 

be an essential trace element, since it is found in such high quantities in human remains 

(Brown et al., 2004; Guede et al., 2017; Reynard and Balter, 2014). Plants contain a 

higher level of strontium than animals; thus, individuals that are primarily vegetarian will 

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

Bioavailability of Ba 

Ba is a nonessential trace element for terrestrial organisms and is potentially toxic 

at higher concentrations (Brown et al., 2004; Lamb et al., 2013). Although Ba is 

functionally nonessential, this element has become increasingly studied in anthropology 

in comparison to Sr and Ca (Austin et al., 2013; Dolphin et al., 2005). Divalent cations of 

Ba and Sr can interact with and replace isovalent Ca sites within the dentine and enamel 

matrix hydroxyapatite (Asaduzzaman et al., 2017). Ba absorption in humans (especially 

those that are chronically ill) is still not well understood, though animal studies reveal 

that Ba levels can influence every biological system in the body (Kravchenko et al., 
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2014). Ba has been found generally within soil, with elevated levels documented due to 

nearby mining activities and modern sources of contamination (Kravchenko et al., 2014; 

Lamb et al., 2013).  

Bioavailability of Pb 

Pb is a nonessential trace element and one of the more abundant heavy metals 

(Amr, 2011; Brown et al., 2004). Pb is the most common heavy metal toxicant, generally 

associated with environmental pollution in more contemporary studies (Asaduzzaman et 

al., 2017). However, in more recent years, Pb uptake by crops and aquatic animals may 

also introduce lead into the food chain and thus introduce lead exposure to human bodies 

(Asaduzzaman et al., 2017). Additionally, previous studies have detected the presence of 

Pb in trace amounts in Maya ceramics, pottery, and structures dating from the Classic and 

Postclassic periods (LeCount et al., 2016; Little et al., 2004). Thus, it is possible for 

individuals to become exposed to Pb through manufacturing and dietary processes.  

LA-ICP-MS and Trace Element Analysis 

 Due to the instrumentôs high sensitivity and multidata acquisition within a single 

analysis, mapping of elemental distribution and bioimaging at the µm level has become a 

common technique for analyzing various living tissues, including individual cells, blood, 

hair samples, proteins, skeletal elements, dental tissues, vegetation tissues, and shells 

(Pozebon et al., 2017).  In comparison to traditional mass spectrometry, the combination 

of laser ablation with inductively-coupled-plasma and mass spectrometry allows for more 

precise data collection and ease of replicability of study. LA-ICP-MS also allows for 
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detection beyond other nondestructive chemical analyses, such as X-Ray Fluorescence, 

can measure elements in parts per billion (ppb) or even part per trillion (ppt), whereas X-

Ray Fluorescence can only provide trace element analysis at the parts per million (ppm) 

level. In this way, due to its precise sample extraction and measurement and minimal 

destruction of sample, LA-ICP-MS can be seen as beneficial to bioarchaeology and 

forensic anthropology studies, particularly in cases involving highly fragmented artifacts 

or skeletal remains that need to be chemically analyzed. 

Overall, LA-ICP-MS is a precise, minimally destructive method that can be 

applied to both solid and liquid sample analysis (Figure 2) (Limbeck et al., 2015; 

Speakman and Neff, 2005). The three major stages of this method include (a) ablation of 

the sample surface generating aerosols, (b) generated aerosol transport, and (c) 

atomization, vaporization, and ionization. To begin, the analyst places a small sample 

inside the first chamber, a holder cell (which is approximately 2 cm by 5 cm in size), and 

then uses the small mounted video camera inside the cell to identify areas of interest to be 

ablated by the laser (Speakman and Neff, 2005). By using the image projected on the 

computer screen, the analyst may also superimpose spots, lines, and/or rectangular 

scanning patterns known as raster patterns onto the targeted area to assist with making the 

ablation more precise (Speakman and Neff, 2005).  

During analysis, the pulsed laser beam first ablates (vaporizes) a small portion of 

the top, surface layer on the sample with intense heat, and the ablated material is then 

transported via flowing argon (Ar) gas into an ICP-MS torch system, containing plasma 

(Speakman and Neff, 2005). 
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Figure 2: A simplified schematic of the overall  process of LA-ICP-MS. 

 

In the first chamber, a high-intensity laser beam focuses on the sample surface, 

removing the top layer of the surface sample (Delmdahl and von Oldershausen, 2005; 

Speakman and Neff, 2005). This produces vaporized plasma that is then transported to a 

second chamber, where sample becomes ionized, before being transported to a mass 

spectrometer for analysis (Limbeck et al., 2015; Speakman and Neff, 2005). When the 

vaporized sample is carried into the plasma, the plasma ionizes the sample, and these 

newly-formed ions transition from atmospheric pressure to the vacuum chamber of the 

ICP-MS system (Speakman and Neff, 2005). Through high voltage acceleration, ions 

produced in plasma are drawn into the mass spectrometer and then separated according to 

their individual mass/charge ratios, due to the varying strength of a magnet within the 

mass spectrometer (Speakman and Neff, 2005). Although the detector can only record a 

small atomic mass range at a given time, the use of the magnet allows an entire mass 

range to be scanned in a relatively short period of time, thus accelerating and analytical 

process (Speakman and Neff, 2005). In this way, this method is an improvement over 

traditional mass spectrometry, because LA-ICP-MS machinery involves direct 
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vaporization of a solid sample, thus reducing preparation time and destruction of the 

sample material itself (Speakman and Neff, 2005). 

Regardless of machine model, some parameters that the analyst may control and 

adjust according to the specificity of the sample itself include the following: the amount 

of power applied to the sample (i.e. laser energy or intensity), how many pulses or shots 

the laser will fire per second (i.e. laser pulse rate, measured in Hz), and how fast the laser 

will scan across sample surface area (i.e. scan speed or scan mode) (Speakman and Neff, 

2005). Although laser ablation creates a small crater (approximately 50ɛm in diameter 

and 80ɛm in depth) on the surface of the sample, the process is still considerably 

nondestructive, as compared to other chemical analyses that visibly alter the overall state 

of sample composition beyond repair, such as stable isotope analysis (Cucina et al., 

2007). A solid state laser (Nd:YAG) with a wavelength of emitted energy of 266nm emits 

a short light wavelength with low energy output and quadrupled frequency (as compared 

to a laser with 230nm), thus generating more complete vaporization within the plasma 

(Fricker and Günher, 2016). 

There have been a number of studies which have utilized LA-ICP-MS to 

determine the distribution and concentration levels of various biologically essential and 

nonessential trace elements present within human dental tissues (Table 1). In a recent 

review published the Journal of Analytical Atomic Spectrometry, Pozebon et al. (2017) 

provide an overview of current applications and mapping strategies for elemental analysis 

within biological tissues utilizing the LA-ICP-MS system. Two currently emerging 

applications of LA-ICP-MS involve mapping elemental distribution and determining 

elemental migration within the teeth (Pozebon et al., 2017).  
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Trace Element Analysis in Dentistry 

 In the field of dentistry, LA-ICP-MS is being applied as a novel laboratory 

method for two-dimension mapping of trace elements present across the whole tooth 

structure. For example, one study found that the concentrations of Sr, Zn and Pb varied 

based on different types of tissue that were produced at different growth stages in 

juvenile incisors (Hare et al., 2011). Thus, this technique may allow researchers in 

dentistry to further understand how certain elements found in teeth are related to the 

structural development and timing of eruption of teeth.  

Trace Element Analysis in Bioarchaeology 

 According to Shepherd et al. (2012), the use of dental tissue as a source material 

for LA-ICP-MS analysis has become a widely-accepted technique. In order to properly 

ablate teeth and for analysis results to be considered accurate, the specimen being 

analyzed must be homogenous and uncontaminated (Cucina et al., 2007). In this case, a 

homogeneous sample refers to a sample that contains an even, flat surface. Surface 

homogeneity is important. Even minute variation in surface topography can introduce 

unwanted variation regarding how laser beam interacts with the sample surface, which 

could potentially cause changes in vaporization and transportation process through the 

mass spectrometer, thus altering oneôs results (Cucina et al., 2007). To create this 

homogeneity and expose the inner dentine tissue, teeth must be thin-sectioned using a 

low-speed metallic blade, which does minimize the damage to the inner surface of the 

tooth (Cucina et al., 2007). Thus, while the application of laser ablation itself is 



27 

 

minimally destructive to the sample, the protocol required to prepare a tooth for analysis 

via LA-ICP-MS is somewhat destructive to the tooth (Cucina et al., 2007).   

The use of LA-ICP-MS has grown within archaeological research as a tool for 

characterizing and thus contextualizing material artifacts, from obsidian to ceramics 

(Speakman and Neff, 2005). The instrument configurations of LA-ICP-MS are able to 

produce a large quantity of trace element and isotopic data within a relatively short period 

of time (Simonetti et al., 2008). In the more specific subfield of osteoarchaeology, dental 

information can be especially valuable in order to answer questions concerning 

diagenetic changes, movement, lifestyle, and identity of ancient and modern populations 

(Budd et al., 1998; Cucina et al., 2007; Kohn et al., 2013; Willmes et al., 2016).  

Data provided from LA-ICP-MS also provide insight into how diagenesis affects 

bone/teeth composition (Galiová et al., 2013; Kohn et al., 2013). Over time, trace 

elements such as Ba and Sr can substitute for natural Ca in developing bone and dental 

tissues (Reynard and Balter, 2014). Dental tissues (e.g. dentine) representing different life 

stages may exhibit different ratios of trace elements to calcium (Tang et al., 2016). In 

addition, dentine may reflect temporally toxic exposure patterns (Tang et al., 2016). 

Thus, an abnormal abundance of one type of metal (such as Pb) may serve as a 

biomarker, allowing researchers to infer a life history of exposure to certain chemicals 

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

Previous studies using LA-ICP-MS have focused on geochemistry, environmental 

sciences, and extinct species dietary history (Galiová et al., 2013; Limbeck et al., 2015). 

In current bioarchaeological research, areas of application utilizing LA-ICP-MS include 

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

analysis, obsidian sourcing, and other chemical characterization studies (Cucina et al., 

2007; Speakman and Neff, 2005). In bioarchaeological studies, LA-ICP-MS can be used 

as a method to examine preservation and long-term exposure of elements and isotopes in 

human tissues, including the inorganic content of bone, inorganic dental enamel tissue, 

and organic primary and secondary dentine tissue (Budd et al., 1998; Cucina et al., 2007; 

Kohn et al., 2013). LA-ICP-MS may also be useful in bioarchaeological studies at the 

population level to address issues of health, frailty and survivability (Stojanowski et al, 

2007; Smith and Tafforeau, 2008). Additionally, LA-ICP-MS may be used to reconstruct 

paleodiet from archaeological bone (Djingova et al., 2004). This method may also aid 

bioarchaeologists in understanding heterogeneity of trace elements as biomarkers 

corresponding to specific structural and development features within teeth (Hare et al., 

2011). In addition, this technique can be used to evaluate environmental history and 

reconstruct dietary changes based isotopic analysis of tooth enamel (Balasse, 2002). One 

study in particular noted that variation in breastfeeding diets during their first year of life 

resulted in concentration and spatial distribution variation of Ba in juvenile incisors 

(Austin et al., 2013). Thus, this technique may allow researchers to further understand 

how dietary exposure influences the structure and physiology of teeth during early 

childhood development.  

Trace Element Analysis in Forensics 

For trace element analyses, studies have demonstrated that the presence and 

distribution of Sr in skeletal materials can tie human and faunal remains to a specific 
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region (Jones, 2014). Current studies in this field have demonstrated the value in 

measuring trace element concentrations among paleo teeth found in Idaho (Kohn et al., 

2013). In addition, trace elemental analysis comparisons have been made at burial sites 

(Martin et al., 2007). Previous research has involved trace element analysis and elemental 

mapping of enamel, primary dentine, and secondary dentine contained in the tooth crown 

and roots respectively (Cucina et al., 2007; Galiová et al., 2013; Kohn et al., 2013).  

Previous research involving the use of LA-ICP-MS and teeth has also 

demonstrated that it is possible to distinguish primary human dentine as a biomarker and 

examine lead exposure throughout life (Budd et al., 1998). This information can then be 

utilized to ascertain temporal and spatial distribution information regarding pre- and 

neonatal periods (Beaumont et al., 2015). LA-ICP-MS provides information regarding 

paleodiet and weaning, thus lending insight in past biocultural phenomena (Beaumont et 

al., 2015; Dijngova et al., 2004). When considering the impact of diet and diagenesis, the 

use of laser ablation on teeth has been considered a viable means of investigation, as teeth 

are less susceptible to the process of diagenesis as compared to bone elements (Hollund 

et al., 2015). LA-ICP-MS can also be used in forensics to analyze concentrations of 

metals present in bone, teeth, and hair, aiding researchers in determining the origin and 

possible identification of the remains (Stadlbauer et al., 2007). Finally, this method can 

also be used to answer questions concerning biodistance and hominid evolutionary 

history, as patterns of development may correlate with social stress, weaning, and 

ecological variables (Beaumont et al., 2015; Smith and Tafforeau, 2008). 

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

contexts in order to investigate the spatial distribution of metals in specific layers of 
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growth-related tissues in the dentine and the enamel (Kang et al., 2004). In current 

forensic and forensic anthropological research, other areas of application utilizing LA-

ICP-MS include the standardization of glass as a homogeneous substance and analyses of 

heterogeneous elements such as soil, bone, and teeth (Almirall and Trejos, 2016). 

Forensic anthropological researchers have utilized LA-ICP-MS as a method for 

identifying key trace elements at a very small scale of detection among individuals and 

within populations to differentiate between osseous and nonosseous material and sort 

commingled remains (Castro et al., 2010). The tool LA-ICP-MS may also be used for 

discrimination purposes, such as sorting individuals within commingled contexts based 

on unique chemical signatures (Castro et al., 2010). Additionally, previous clinical-based 

research has involved the use of two-dimensional imaging of trace elements to help 

dentists better understand the chemical nature of enamel, dentine, and pulp (Hare et al., 

2011; Kang et al., 2004). 

In addition, recent technological improvements in LA-ICP-MS methodology have 

allowed researchers to recognize diagenetic changes in fossilized human teeth through 

stable isotope analysis. This method may possibly allow researchers to recognize trends 

in mobility and dietary patterns bioarchaeologically without having to consider as heavily 

the potential long-term effects of taphonomy on skeletal remains (Willmes et al., 2016). 

Additional research in this area is warranted in order to address issues concerning 

calibration techniques used and replicability of forensic data produced. 

Other mapping using a similar method called Laser Induced Breakdown 

Spectroscopy has also allowed researchers interpret manner of death. For example, in 



31 

 

study by Fortes et al. (2015), individuals who had drowned exhibited a comparatively 

higher abundance of Sr distribution within their inner dentine.  

Archaeological Background 

Lamanai Location and Setting 

The sample population analyzed within this project originated from the 

archaeological site Lamanai, which is located approximately 80km northeast of Pacbitun, 

in the Orange Walk District of Belize, and on the western shore of the New River Lagoon 

(Figure 3) (Coyston, 1995; Pendergast, 1981a). Recorded history of Lamanai indicates a 

length, unbroken occupation that spans almost two millennia, from Middle Preclassic 

Period (1250-400 BCE) to the Historical Period (1520-1625 CE) (Coyston, 1995). The 

individuals to be analyzed in this study are associated with structures that have been 

dated to the Pre-Columbian, Postclassic time period (900-1521 CE) (Coyston, 1995; 

Dormon, 2007). 

This sample of individuals was also selected based on their collective association 

with the following structures: N10/1, N10/2, and N10/4, which are a cluster of associated 

structures located in the southern area of the site (Lang, 1990; Pendergast, 1981a). The 

longevity and stability of Lamanai is credited to its pivotal location near the New River 

for trade and transport and its political and social ties to other Maya centers (Coyston, 

1995). According to previous research, (Coyston, 1995; Lang, 1990; Pendergast, 1981a), 

there is sufficient structural and grave good evidence indicating that the sample group 

derived from the three structures listed above comprises a relatively homogenous, high 

status group of individuals from the Postclassic period.  
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Figure 3: Map of Belize depicting location of Lamanai archaeological site. Map created 

using Google Maps. 

 

One example of this fact is that some of the teeth used in this study have evidence 

of intentional dental modification, which is likely a symbol indicative of social or 

political importance (Williams and White, 2006). Another example of high status 

evidence is the fact that artifacts found in association with structure N10/1 were also 

found in some of the burials within structure N10/2 (Lang, 1990). In addition, artifacts 

likely attributed to wealth (i.e. gold sheet and copper objects) recovered in associated 

with N10/2 burials were also found in some of the N10/4 burials (Lang, 1990). 

Pendergast (1981a, 1981b, and 1984) also asserts that grave goods from all three of these 

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

The N10/1 structure has been described as a small platform at the center of the 

plaza, containing two total recovered burials, recovered ceramic samples that correspond 

to the early Postclassic period (12th century), and locally manufactured ceramics from a 

later, unspecified time period (Lang, 1990; Pendergast, 1981a; Pendergast, 1986). One 

individual from this structure is included in this study (see Table 2 in Materials and 

Methods chapter). 

N10/2 Structure 

The N10/2 structure has been described as a small, ceremonial building 

containing a total of 50 recovered burials, as well as ceramic vessels that correspond to 

the early and late Postclassic period (Lang, 1990; Pendergast, 1981a; White, 1986). A 

total of seven individuals from this structure are included in this study (see Table 2). 

N10/4 Structure 

The N10/4 structure contained 47 recovered burials and has been described as an 

acting graveyard during the Postclassic period (Lang, 1990; White, 1986). Based on 

associated grave goods, the burials at this structure appear to correspond to the late 15th 

or early 16th century (Lang, 1990; Pendergast, 1981a). A total of 12 individuals from this 

structure are included in this study (see Table 2). 
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Postclassic Maya Diet 

At the height of the Postclassic period, (11-12th century CE) (Pendergast, 1981a), 

the diet of the ancient Maya heavily involved maize consumption (White, 1986). 

Although, stable isotope and paleobotanical research also suggests that, following the 

Late Classic period, other plant resources still remained a major source of carbon as well 

(Coyston, 1995; Lentz, 1999). Stable isotope research also suggests that, due to enriched 

carbon levels, the Lamanai Maya diet during the Postclassic period may have involved 

greater incorporation of lipids and meats as food resources, as compared to the previous 

periods (Coyston, 1995; Emery, 1999). In particular, zooarchaeological evidence 

suggests that marine resources (e.g. fish and shellfish) were an important source of 

protein at Lamanai during the Postclassic period, with this increasing dependence on 

marine produces likely influenced by new trading systems along the coast and improved 

fishing technologies (Coyston et al., 1999; Emery, 1999). Stable isotope data of bone 

apatite and collagen support the interpretation of an increased dependence on marine 

foods during the Postclassic period, particularly among the most elite members of the 

Lamanai community (Coyston, 1995; Coyston et al., 1999).  
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CHAPTER THREE: MATERIALS AND METHODS  

The following protocol were undertaken for sample selection and preparation, 

data collection, and data analysis.  

Materials 

A population sample of 18 individuals was selected based on their collective 

association with a cluster of structures (including N10-01, N10-02, and N10-04) and 

located in the southern area of the Lamanai site (Lang, 1990) (Table 2). The total sample 

of teeth (N=26) was then divided based on tooth type. Upper central incisors are 

abbreviated as UCI (n=12); upper lateral incisors are abbreviated as ULI (n=1); upper 

first premolars are abbreviated as UPM1 (n=6); and upper second premolars are 

abbreviated as UPM2 (n=7). 

The sample used in this research was determined by a number of factors. The first 

criterion used in selection was that all individuals in this study should come from the 

same time period (i.e. Postclassic) and relatively the same social status, as indicated by 

previous archaeological and bioarchaeological findings at Lamanai (Lang, 1990; 

Pendergast, 1981a; Pendergast, 1981b; Williams and White, 2006). According to 

previous research (Lang, 1990), there is sufficient evidence indicating individuals 

belonging to the N/10 structures comprise a relatively homogenous and potentially high-

status population from the Postclassic era, as described in the previous chapter. 

 

 



36 

 

Table 2: Summary of sample group (N=26) from a Postclassic Lamanai site, containing 

teeth deemed suitable for this research and belonging to one of the four assigned groups. 

Data for individual determined sex obtained from Williams and White (2006) and White 

(1986).  

Group 

Number 

Individual 

Number 

Individual ID 

Number 
Sex* Tooth Types 

Dental 

Modification  

1 1 N10-1/2 M UCI + UPM1 Present 

1 2 N10-2/20A or B U UCI + UPM2 Present 

1 3 N10-2/21 U UCI + UPM2 Absent 

1 4 N10-2/21A U UCI + UPM1 Absent 

1 5 N10-2/42B I UCI + UPM1 Present 

1 6 N10-4/01 U UCI + UPM2 Present 

1 7 N10-4/43 M UCI + UPM1 Absent 

1 8 N10-4/46C Large U UCI + UPM2 Absent 

2 9 N10-4/19 I UCI Present 

2 10 N10-4/31 F UCI Present 

2 11 N10-4/35 U UCI Absent 

2 12 N10-4/46A M UCI Absent 

3 13 N10-2/49 U ULI  Absent 

4 14 N10-2/22  M UPM1 Absent 

4 15 N10-2/40 F UPM1 Absent 

4 16 N10-4/10 M UPM2 Absent 

4 17 N10-4/33 F UPM2 Absent 

4 18 N10-4/46C Small U UPM2 Absent 

*M=Male; F=Female; U=Unknown; I=Indeterminate 

 

Because the individuals within these structures share a common geographic 

location, as well as a similar social status, it is expected that the chemicals exhibited in 

teeth from these three structures should exhibit similar elemental patterns as well. 

The second criterion used in selection was relative age, which was consistently 

determined by the presence of multiple adult (i.e. permanent, non-deciduous) teeth in the 

individual. The third criterion was that individuals selected should exhibit the same tooth 
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types in both location and dental growth progression. In order for the data collected 

through this project to be consistent and comparable with other bioarchaeological and 

forensic literature (e.g., Austin et al., 2013; Castro et al., 2010; Dolphin et al., 2005; 

Dolphin and Goodman, 2009; Hare et al., 2011; Kang et al., 2004), only permanent 

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

In addition, to maintain as close a consistency in age range as possible, based on 

average development of maxillary teeth, only upper central incisors (UCI), upper lateral 

incisors (ULI) and upper premolars (UPM) were selected for use. These four types of 

teeth were selected for use in this project, since these were the teeth most available across 

all individuals. Permanent upper central incisors have a crown formation completion time 

of 4-5 years of age and an eruption time of 7-8 years of age (Logan and Kronfeld, 1933; 

Ubelaker, 1989). Permanent upper lateral incisors have a crown formation completion 

time of 4-5 years and an eruption time of 8-9 years (Logan and Kronfeld, 1933; Ubelaker, 

1989). Permanent upper first (third) premolars have a crown formation completion time 

of 5-6 years and an eruption time of 10-11 years (Logan and Kronfeld, 1933; Liversidge, 

2016). Finally, permanent upper second (fourth) premolars have a crown formation 

completion time of 6-7 years and an eruption time of 10-12 years (Logan and Kronfeld, 

1933; Liversidge, 2016). Thus, for this study, the maximum age range of dental tissues 

observed was 4-7 years for the crown portions and 7-12 years for the root portions. 

The final criterion used in selection was evaluating the teeth for any signs of 

cracks or trauma. The purpose in using teeth with few or no cracks present was to 

minimize the potential influence of diagenesis on the tooth preservation and 

consequential elemental distribution (Kohn et al., 1999; Willmes et al., 2016). It is 
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important to note that only highly visible cracks or trauma (i.e. broken teeth or cracks that 

could be seen with the naked eye or through magnification using a magnifying lens) were 

discounted. It is possible that some teeth exhibited microcracks which the observer could 

not recognize.  

Teeth exhibiting prominent pathological conditions (e.g. dental caries) were also 

excluded. However, teeth containing visible dental calculus deposits but maintaining an 

overall preserved shape were still considered viable for use in this project, as built-up 

calcified plaque is considered to be a pathological condition that primarily occupies the 

surface of the tooth enamel and dentine during its early stages (Hillson, 2005; Lieverse, 

1999). Only teeth containing surface calculus deposits that showed no clear evidence of 

penetrating into the dentine or enamel were utilized in this project. All dental calculus 

observed on teeth used in this project were scored following the Brothwell method 

(1981), prior to being removed through the cleaning process.  

In addition, following the same criteria listed above, three test teeth were also 

selected from a group of unprovenienced teeth from Lamanai. These teeth included one 

upper canine, one upper central incisor, and one upper premolar and were designated 

usable as test teeth for comparative purposes only, as they were not associated with a 

particular individual or group.   

Sample size consisted of 26 teeth (N=26) selected from 18 individuals. Some of 

the individuals selected still maintained teeth embedded within complete or mostly 

complete alveolar maxillary bone. Thus, to remove teeth as needed, dental picks were 

used to gently break away the alveolar bone until the tooth was able to be extracted 

without damage to the tooth root. Once removed, teeth were placed into small plastic 
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bags, separated and labeled according to their individual identification number. The teeth 

were then sorted into four groups based on availability and development (Table 3). 

 

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

availability. 

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

Group 2 (G2) Individual contains usable UCI. 

Group 3 (G3) Individual contains usable ULI. 

Group 4 (G4) Individual contains usable UPM.  

  

Teeth Preparation 

Cleaning  

 Selected and sorted teeth were cleaned in order to remove any excessive, adhered 

dirt or dried clay, as well as any adhered remnants of alveolar bone. All teeth (N=26) 

were cleaned using soft bristle toothbrushes and distilled deionized (DDI) water. After 

they were clean, teeth were left to dry overnight on brown masking paper before being 

placed back into sterile, air-tight plastic bags. Each tooth was placed into a separate 

sterile plastic bag, marked, and stored in the air-conditioned Anthropology Laboratory at 

the National Center for Forensic Science (NCFS) until embedding. 

Embedding  

In order to keep individual teeth mounted and to prevent cracking during the thin-

sectioning process, teeth were embedded in cold-setting epoxy resin. Materials included 

EpofixTM Cold-Setting Embedding Resin (Electron Microscopy Sciences, 1232-R), 
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EpofixTM Cold-Setting Embedding Hardener (Electron Microscopy Sciences, 1232-H), 

disposable paper cups, small wooden spatulas (tongue depressors), circular silicone 

molds (approximately 5cm diameter), a digital weight scale, and a depression chamber.  

During the embedding process, teeth were initially placed inside round silicone 

mold containers (two teeth per container). Each container was labeled with the 

individualôs identification number. The epoxy cold-setting resin mixture was made by 

combining 25 parts by weight epoxy resin with 3 parts by weight epoxy hardener. The 

two liquids were combined within a sterile paper cup and stirred for approximately two 

minutes until air bubbles could be seen within the mixture.  

 The epoxy resin mixture was then poured into the embedding container until the 

top of the teeth were completed covered by the mixture. In order to reduce the number of 

air bubbles and speed up the hardening process, the epoxy-filled containers were placed 

inside a pressure chamber, set at approximately 20-25 psi, for 24 hours, and then 

removed after releasing the pressure from the container (Figure 4).  

 

 

Figure 4: Two test teeth embedded in hardened epoxy resin (left) and the silicone mold 

previously containing resin with teeth (right).  
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Sectioning 

After embedding teeth in hardened resin, the teeth inside resin molds were 

mounted and sectioned in order to create thin, homogenously flat slices, as suitable for 

analysis via LA-ICP-MS. Sectioning materials included Buehler IsoMet® Low Speed 

Saw (IsometÊ 230V), Buehler 8ò 15HC diamond wafering blade (0.5in or 12.7mm arbor 

size), Buehler counter-balance weights, and distilled water (Buehler, 1992). During all 

sectioning, the wafering blade was lubricated in a distilled water bath to prevent 

overheating and to ensure effective, clean cutting each time. Counter-balance weights 

(totaling 100g) were also used to keep the level (arm) holding each embedded tooth 

sample steady during the cutting process. 

Prior to making sample cuts, the wafering blade was dressed using a dressing 

stick to expose the abrasive grain on the blade and to prevent contamination (dressed five 

times prior to using a new blade, dressed twice prior to using a previously used blade and 

twice between every two samples).  

Teeth within the same epoxy mold were first separated from each other by cutting 

the circular mold near the center, creating two semicircle pieces of resin, each containing 

one tooth. Afterward, each semicircle section containing one tooth was sliced down 

around the edges until the blade could be positioned in such a way as to cut the whole 

tooth (crown and root) directly in half down the center of the tooth, in the anterior-

posterior or lingual-labial direction (Figure 5). 

Once the tooth was cut in half down the center, an additional thin slice is cut 

across the top of each center half. For each tooth, two or three approximately two 1½-

2mm longitudinal sections were removed from the center, using 200-300 rpm speed 
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(Figure 6). After being cut, each tooth slice was placed and sealed into a new 50mm by 

100mm sterile plastic bag for storage and to prevent contamination prior to the elemental 

analysis. 

 

 

Figure 5: Example of a tooth embedded in resin attached to the support arm that has 

already been sliced down the center in the lingual-labial direction. 

   

 

Figure 6: Example of a tooth slice from tooth sample N10-4/33 UPM2.  
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LA-ICP-MS Elemental Analysis 

The analysis of elements was performed used a 266nm (Nd:YAG) J200 

Femtosecond Laser Ablation Instrument, located at NCFS near the University of Central 

Florida (UCF) main campus. Instrument parameters were established during the analysis 

of the initial three test teeth (Table 4).  

After these method parameters had been selected, they were saved under the first 

method file name ñ170615-Teeth1.mswsò Worksheet and maintained as the method 

throughout the remaining teeth sample analyses in order to promote the highest degree of 

accuracy for future quantitative analysis, while also reducing analysis time. Each new 

elemental analysis of a different tooth sample involved using the established protocol 

saved on the computer file and simply editing the file name with the corresponding date 

and/or tooth number and saving the new, edited file each time.  

Analyses were carried out with the focused laser ablation spot size at 100µm, 

maintaining a laser repetition rate of 10Hz, and maintaining a carrier gas flow rate of 

0.6L/min and a make-up gas flow rate of 0.58L/min. 

Following general LA-ICP-MS operating procedures, each morning the 

instrument underwent a startup procedure, first by turning on the cooling unit (vacuum 

system) and then waiting a few minutes before starting the ICP-MS plasma. It took 

approximately 15 minutes to warm the plasma. After the plasma had warmed, the system 

was brought online and the sample chamber was purged to minimize contamination of 

gases in the chamber. 
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Table 4: Operating parameters and conditions for elemental analysis by LA-ICP-MS. 

Parameters Values  

Laser Ablation  

     Laser type 

     Wavelength 

     Nd:YAG 

     266nm 

     Carrier gas (He) flow rate      0.6L/min 

     Make-up gas (Ar) flow rate 

     Spot size 

     Velocity 

     Laser repetition rate 

     Sampling scheme 

     Distance between ablation lines 

     0.58L/min 

     100µm 

     0.1mm/s 

     10Hz 

     Rastering (horizontal line pattern) 

     ~0.111µm (varied by sample) 

Pre-ablation 

     Pre-ablation time 

     Laser delay 

     Spot size 

ICP-MS 

     Plasma flow rate 

     Auxiliary gas flow rate 

     Nebulizer gas flow rate 

     Torch alignment sampling depth      

     Plasma RF power 

     Pump rate 

     Stabilization delay 

     Isotopes measured  

 

 

 

Ion Optics 

     First extraction lens 

     Second extraction lens 

     Third extraction lens 

     Corner lens      

     Mirror lens left 

     Mirror lens right 

     Mirror lens bottom 

     Entrance lens 

     Fringe bias 

     Entrance plate 

     Pole bias 

 

     11.00s 

     11.00s 

     100µm 

      

     9.0L/min 

     1.20L/min 

     1.12L/min  

     5.0mm 

     1.25kW 

     10rpm 

     10s 

     12,13C, 19F, 24Mg, 27Al, 31P, 32S, 44Ca,    

     47Ti, 51V, 52,53Cr, 55Mn, 56Fe, 60Ni,  

     63Cu, 66Zn, 83Kr, 85Rb, 86,87,88Sr,  

     116Sn, 137,138Ba, 206,207,208Pb 

 

     -82volts 

     -525volts 

     -525volts 

     -450volts 

     93volts 

     63volts 

     37volts 

     5volts 

     -2.5volts 

     -90volts 

     -2.0volts 
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After warm up, daily tuning or optimization was also conducted using the 

National Institute of Standards (NIST) Glass 610, as is standard when conducing 

optimization techniques (Lin et al., 2016). Prior to each tooth analysis that took place in 

the morning, the optimization would scan for approximately 30 minutes to prepare to the 

instrument. In addition, prior to each tooth sample being loaded into the sample chamber, 

the system glass chamber slot was also cleaned with a contamination wipe and a small 

amount of ethyl alcohol, and the gases in the chamber were also purged (approximately a 

five-minute process) to prevent contamination.  

Individual Tooth Sample Parameters 

Each tooth slice sample was mounted to a black loading disc (approximately 

5.5cm in diameter); to prevent movement during the laser ablation process, the tooth slice 

was also mounted to the loading disc, with the corners of the resin slice tapped to the disc 

to prevent the sample from shifting during the laser ablation process. Once secured to a 

disc, the tooth sample was then inserted into the platform disc space within the center of 

the loading stage, leaving a small depression/margin between the level of the tooth and 

the level of the top of the platform (approximately 5mm space). This was determined to 

be the best distance from the laser to the tooth to allow for optimal scanning and maintain 

minimal damage to the tooth surface itself during the scanning process. The disc was also 

rotated in order to keep the tooth slice parallel relative to the scanner. The loading stage 

was then inserted into the scanning platform. 

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

computer screen (Screen 1) contained all controls for sample loading, pattern creation, 
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and other manual laser parameters. The second computer screen (Screen 2) contained all 

automatic protocols of the elemental analysis method and was also the screen were each 

elemental analysis was recorded and stored.  

After a sample was inserted into the sample chamber, on Screen 1, the ñLoad 

Sampleò button was enabled, which brought the center of the platform (and the 

approximate center of the tooth) in line with the laser overhead. Once loaded into the 

sampling chamber, the chamber was ñpurgedò of possible gas contaminants using the 

ñPurgeò button located under the ñGasò tab on Screen 1. This process took approximately 

five minutes. Meanwhile, as the system was purging, a screenshot was taken using the 

macrocamera lens via the camera icon located under the ñOperationsò tab on the laser 

screen main page.  

The camera was then switched to the microcamera lens and refocused either using 

the ñautofocusò button or using the scrollbar located on the left-hand side of the screen to 

manually focus the lens in microcamera mode. Stitching protocol was then implemented 

using the ñStitchingò tab located under Operations. Stitching was set to either 14 or 15 

parallels lines, depending on the size of the tooth slice. The result of the stitching 

protocol produced a cross-lattice image (see Figure 7), which allowed for more precise 

placement of the pattern lines.  

After stitching, a pattern was established for each tooth using the pattern settings 

available under the ñOperationò tab (Figure 8). Patterns were created by first constructing 

a diagonal line between two points, one point being the top left corner of the stitching 

pattern, just above the tooth slice, and the other point being the bottom right corner of the 

stitching pattern, just below the tooth slice.  
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Figure 7: Example of stitching from tooth sample N10-4/10 UPM2. Note the boxes 

representing separate frames that have been stitched together. 

 

The number of lines of the pattern was then typed into the corresponding box, 

with this number varying depending on the size of the tooth. It is important to note that 

the number of lines per tooth sample was determined when the distance between each 

pattern line reached as close to 0.111µm as possible, as this spacing was determined 

optimal for generating optimal, consistent resolution across all samples and to reduce 

fractionation during ablation (Becker et al., 2010). 

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

covered the entire span of the tooth size. The pattern button of horizontal bars (  ) was 

always implemented (see Figure 8). After a large enough pattern had been established, 

vertical (y-axis) and horizontal (x-axis) dimensions and the number of lines per sample 

were recorded, as these numbers would later be used to create the two-dimensional maps. 

Finally, the microcamera was directed to the approximate center of the tooth and a final 

ñautofocusò was enabled to ensure all lasering occurred in focus.  
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Figure 8: Photo of pattern settings on Screen 1, including pattern icon and raster pattern 

(circled), pattern dimensions (bottom two arrows), and number of lines (top arrow). 

 

Laser ablation pattern lines count and dimensions varied relative to tooth size. In 

general, premolar slices exhibited larger dimensions and required more ablation lines 

than incisor slices, and thus premolars generally took about an hour longer to complete 

the elemental analysis than incisors.  

After a pattern had been established, the analytical method was edited using the 

ñEdit Methodò button located on Screen 2. In order to ensure that each elemental analysis 

incorporated the entire laser pattern each time a new scan occurred, the method was 

edited to adjust the elemental scanning time to match each sampleôs laser Array 

Completion Time. This updated method was then saved using the date of the analysis and 

tooth numberôs identity in the file name. 

When the purging was completed and it was time to commence with the 

elemental analysis, on Screen 2, the ñRunò button was enabled, followed by ñRead.ò 
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These buttons began the ICP-MS data collection, including initial background elemental 

scanning. After about 30 seconds of background scanning, the ñFire in Patternò button on 

Screen 1 was then selected. A laser delay of 11s was enabled (laser parameters, Table 3). 

After the laser delay of 11s and stabilization delay of 10s (laser parameters, Table 3), the 

laser then began firing in the established pattern for the allotted time, while the second 

monitor recorded all elemental intensities in the mass spectrometer. 

After each laser and elemental analysis was completed, the text file containing the 

element data was automatically saved. The tooth sample was then removed from the 

loading chamber and the glass platform was cleaned with a contamination wipe and a 

small amount of ethyl alcohol to prevent contamination. 

Mapping 

Maps were generated using MATLAB® software, which is an array-based coding 

language, used primarily within mathematical and engineering applications in order to 

create and process variables. The MATLAB® 2015a software was made available 

through the UCF license at the NCFS laboratory. In this project, all maps were generated 

within the Image Processing application, with maps created using matrices as variables 

and square brackets used to construct arrays. All coding was input into the Command 

Window located on the home screen.  

 In the MATLAB® software, an overall code for reading and generating maps 

was first established in the Command Window, which could then be edited each time a 

new tooth file needed to be read, adjusting only the parameters specific to that tooth file, 

including dimensions, number of lines, and color saturation (Figure 9).  
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Figure 9: Screenshot of overall coding parameters for creating maps. 

 

The command for data analysis was set to ñdata = readtable,ò which allowed the 

software to read the specific text file that was uploaded and typed into the code (line 3 in 

Figure 9). The matrix for each map was established using x and y boundaries that 

matched the dimensions of the pattern created during the laser ablation process. For 

example, lines 9 through 11 of code were manually changed to match the specific 

parameters (i.e. dimensions) of the laser ablation each time a new tooth file was uploaded 

and run. Line 9 refers contained the xL input and corresponded to the x-axis dimension 

(i.e. horizontal length of the pattern). Line 10 contained the yL input and corresponded to 

the y-axis dimension (i.e. the vertical length of the pattern). Line 11 contained the 

number of lines and corresponded to the number of lines scanned by the laser of the 

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

ICP-MS instrument, each isotope scan number was input into the program under ñprintò 

and generated a corresponding figure number (see Figure 10). For example, figure(1) had 

a print of óC13ô corresponding to the .M13 data from the text file, which is the isotope 

13Carbon). Every color map background was set to jet (blue) by default in order to 

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

 

 

Figure 10: Screenshot of coding for figure (1) map, which is the figure for 13Carbon. 

 

Although many isotopes were analyzed and stored via LA-ICP-MS, only a portion 

of isotopes were selected for mapping. Elements selected for mapping of teeth were 

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

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

research questions, in comparison with previous dental and anthropological research 

(e.g., Arora et al., 2011; Austin et al., 2013; Guede et al., 2017; Hare et al., 2011; 
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Humphrey, 2016; Tanaka et al., 2004). Of the trace elements selected, one stable isotope 

that is naturally occurring and generally abundant was also chosen per element to use for 

the mapping portion of this research. In addition, the stable isotopes of Ca and P, while 

they comprised the matrix of the tooth, were also mapped for comparative purposes. 

These selected stable isotopes are presented in Table 5.  

 

Table 5: Abbreviations of selected elements for mapping, their corresponding isotopes, 

and the minimum number selected for the map spectral intensity. 

ICP-MS  

Scan Number 

Isotope Minimum Starting 

Spectral Intensity  

M13 

M24 

M27 

M31 

M44 

M47 

M52 

M55 

M56 

M66 

M88 

M138 

M208 

13Carbon (13C) 
24Magnesium (24Mg) 
27Aluminium (27Al)  
31Phosphorus (31P) 
44Calcium (44Ca) 
47Titanium (47Ti) 
52Chromium (52Cr) 
55Manganese (55Mn) 
56Iron (56Fe) 
66Zinc (66Zn) 
88Strontium (88Sr) 
138Barium (138Ba) 
208Lead (208Pb) 

50000 

5000 

5000 

50000 

50000 

5000 

50000 

50000 

130000 

10000 

50000 

50000 

500 

 

After the text file was uploaded to the MATLAB® program and parameters were 

adjusted according to the specific tooth dimension, the ñRunò icon was pushed, 

generating a map corresponding to each scan number.  

Mapping parameters were adjusted, and maps were rerun as needed. For example, 

the saturation of color in the map (i.e. the color scheme scale seen on the right-hand side 

of the map) was adjusted at the %caxis code line (e.g. line 35 in Figure 10) in order to 
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maximize color diversity depicted inside the tooth. Each isotope was given a minimum 

spectral intensity level (or saturation level), varying depending on the expected levels of 

intensity to be seen (according to previous chemical and anthropological research) and in 

relationship to the background intensity level. It is important to note that the minimum 

and maximum spectral intensity numbers were adjusted according to the relative 

intensities exhibited per individual tooth slice (see Table 5). All generated maps (338 

images in total) were saved as .png files and are available in the Appendix. 

Maps were scored according to the relative spectral intensity of the sample 

background and the color spectrum scale made available on the right-hand margin for 

each individual map. The relative intensity of each isotope at each defined tooth location 

for all teeth (N=26) was recorded using the following four-point qualitative scale: no 

intensity detection (N/A), low intensity (LOW), moderate intensity (MOD), and high 

intensity (HIGH). These descriptive values were assigned according to where on the 

relative scale the detection occurred (Figure 11).  

 

 

Figure 11: Example of relative spectral intensity scale with assigned qualitive values. 



54 

 

No detection was defined at 0 or as matching the background indigo color. Low 

was defined between the dark blue and light blue region. Moderate was defined between 

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

Statistical Analysis 

Using Microsoft® Excel 2016, frequencies were calculated of relative intensities 

of each isotope observed at each tooth location. For statistical purposes, the four-point 

scale was also converted to the following ordinal values: no intensity detection (N/A)=0, 

low intensity=1, moderate intensity=2, and high intensity=3. Relative frequencies of each 

isotope observed at all tooth locations for all teeth was calculated by adding up the total 

number of times the isotope was detected (whether low, moderate, or high) and dividing 

by the maximum mummer of times an isotope could be detected. Total frequencies of 

isotope occurrences based on tooth location and tooth type were also calculated.  
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CHAPTER FOUR: RESULTS 

 Results consist of four main sections focusing on tooth location and tooth type 

(UCI, ULI, UPM1 and UPM2). Results are presented in the following summary tables 

(Tables 6 through 14), a scatter plot (Figure 12), and example image maps (Figures 19 

through 30). Relative frequency data is also presented in Figures 13 through 18, while 

total frequency data is also presented in Figures 31 and 32. Results for the detection of 

relative intensities of each isotope will be presented in the following order: 13C, 24Mg, 

27Al, 31P, 44Ca, 47Ti, 52Cr, 55Mn, 56Fe, 66Zn, 88Sr, 138Ba, and 208Pb. Results for isotopic 

detections at each tooth location will be presented in the following order: Enamel 

Surface, Inner Enamel, Inner Dentine, EDJ, DPB, and Outer Root Border.  

Overall Detection and Distribution of Isotopes 

All 13 isotopes selected for analysis and mapping using the LA-ICP-MS were 

detected throughout the entire sample of teeth (N=26) at some capacity, whether at low, 

moderate, and/or high intensity and with the majority of isotopic detection being at low 

intensity. However, at only moderate and high intensities, the overall detection and 

distribution of isotopes in teeth was more limited (Table 6).  

Isotopes 44Ca and 31P, which help comprise the fundamental chemical 

composition of teeth, were detected at the highest frequency of all isotopes and were 

commonly distributed throughout the entire cross-sectional area of the tooth (Table 7). In 

addition, 44Ca and 31P exhibited more consistent, homogeneous distributions throughout 

the tooth, with overall moderate-to-high intensity detection occurring at all defined tooth 

locations. The isotope 47Ti also exhibited a generally homogeneous distribution 



56 

 

throughout the tooth but had an overall low intensity detection. In comparison, the 

remaining 10 isotopes exhibited more heterogeneous distributions, with the two most 

common locations for low, moderate, and/high intensity detection being the enamel 

surface and the outer root border (Table 7). 

 

Table 6: Summary of isotopes detected at moderate and high intensities only at each 

defined tooth location. 

Location Isotopes Detected 

Crown 

Enamel Surface 

 

 

Inner Enamel 

 

EDJ 

 

Root 

Inner Dentine 

 

 

DPB 

 

 

Outer Root Border 

 
13C, 24Mg, 31P, 44Ca, 47Ti, 55Mn, 56Fe, 
66Zn, 208Pb 

 
24Mg, 31P, 44Ca, 47Ti, 55Mn, 88Sr 

 
13C, 24Mg, 31P, 44Ca, 55Mn, 88Sr, 
138Ba 

 
 

13C, 24Mg, 31P, 44Ca, 47Ti, 52Cr, 
55Mn, 66Zn, 88Sr, 138Ba 

 

 13C, 24Mg, 27Al, 31P, 44Ca, 52Cr, 
55Mn, 56Fe, 66Zn, 88Sr, 138Ba, 208Pb 

 
13C, 24Mg, 27Al, 31P, 44Ca, 47Ti, 52Cr, 
55Mn, 56Fe, 66Zn, 88Sr, 138Ba, 208Pb 
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Table 7: Average frequencies of isotopes detected and highest detection locations across 

all teeth (N=26). This included moderate and high intensities only. 

Isotope  Detection  Highest Detection Location Classification 

44Ca 69% Inner Dentine Essential  

31P 67% Inner Dentine Essential  

88Sr 54% Inner Dentine / Outer Root 

Border 

Nonessential 

138Ba 53% Inner Dentine / Outer Root 

Border 

Nonessential 

56Fe 38% Outer Root Border Essential 

66Zn 36% Enamel Surface Essential 

24Mg 28% Inner Dentine Essential 

208Pb 24% Outer Root Border Nonessential 

13C 21% Inner Dentine / Outer Root 

Border 

Essential 

55Mn 16% Outer Root Border Essential 

27Al 8% Outer Root Border Nonessential 

52Cr 7% Outer Root Border Nonessential 

47Ti 4% Outer Root Border Nonessential 

 

Total Frequency of Detection 

 Overall, all of the teeth exhibited some level of each isotope at varying intensities. 

The average of 44Ca displayed the most moderate to high frequency of detection with 

69%, followed by 31P with 67% detection and 88Sr with 54% detection (Table 7). 52Cr and 

47Ti had the lowest frequency of detection with 7% and 4% respectively (Table 7). In 

addition, Figure 12 presents a scatter plot that shows the average frequency detection for 

the majority of isotopes lies in the low to moderate intensity range.  
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Figure 12: Average detection of intensities of each isotope across entire tooth sample for 

all teeth (N=26). N/A=0, Low=1, Mod=2, and High=3. 

Frequency of Detection by Tooth Location 

Enamel Surface 

 At the enamel surface, all isotopes were detected at low intensity, nine isotopes 

were detected at moderate intensity, and five isotopes were detected at high intensity 

(Figure 13). Isotopes that exhibited the most detection (including low, moderate, and high 

intensity detection) at the enamel surface are 31P, 44Ca, 55Mn, 56Fe, and 66Zn.  
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