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Abstract 

From 1960-1996 Guatemala suffered an internal conflict where military forces waged war against 

the indigenous Mayan population. When the remains of individuals are found, identification efforts 

are often complicated, as families were displaced or disappeared, meaning reference samples often 

remain unfound. Consequently, the process of identifying individuals and returning them to their 

region of origin presents a challenge based on DNA evidence alone. Strontium isotope ratios in the 

body (such as from teeth, bone, and hair) can be used to provide region of origin and migration 

information during life. Therefore, the main aim of this thesis is to assess the degree to which 

strontium isotope ratios from the hair of modern living individuals can be used to distinguish 

between regions where individuals were reported missing. The literature has neglected to record 

modern human strontium isotope ratios from the country, which are influenced by modern dietary 

and water sources, a shortcoming this thesis overcomes. In this study, 129 hair samples were 

collected from 10 areas in Guatemala (Guatemala City, Villa Nueva, Chichicastenango, Lacama II, 

Santa Cruz, Rabinal, Coban, Chimaltenango, Jalapa, and Escuintla) were analysed for their strontium 

isotopic composition. The samples were leached with hydrochloric acid and subsequently digested 

in nitric acid before analysis of 87Sr/86Sr. Using inductively coupled plasma mass spectrometry (ICP-

MS), an assessment was made in relation to whether external/leach (bathing water and 

atmospheric) or internal/digest (dietary) sources of strontium are suited to distinguish between 

such locations. Overall, with the 87Sr/86Sr of geographical regions grouped accordingly, from both 

field visits, a Kruskal-Wallis one-way analysis of variance was used to assess the degree of isotopic 

variation. All leach 87Sr/86Sr were found to be homogenous (p = 0.860). However, statistically 

significant differences were identified in digest 87Sr/86Sr between Guatemala City and Rabinal (p = 

0.001) and Guatemala City and Coban, respectively (p = 0.010). The same conclusion for the latter 

comparison was gained through a small supplementary study conducted using thermal ionisation 

mass spectrometry (TIMS). While the theoretical application of such 87Sr/86Sr generated using TIMS 

to those involved in the internal conflict is complex, the significance of this study is that it 

demonstrates that strontium isotope ratios from modern, human samples can be used to 

differentiate between certain regions affected by the internal conflict. Informing our empirical 

understanding of the forensic potential of isotopes for provenancing applications within the 

country.  
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Chapter 1:  Introduction 

 

1.1 Guatemalan context 

1.1.1 The modern Mayan population 

The modern Maya consists of approximately six million individuals, who still occupy territories 

within the parameters of the previous empire, including the country of Guatemala. Guatemala is 

heralded as the origin of the Mayan civilisation, and today, with the Maya constituting an estimated 

40% of the population, it represents one of the largest Mayan populations in Central America 

(Figure 1.1). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1: A map of Guatemala and surrounding areas (Rothenberg, 2016) 
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Despite influences from European conquests, today, the historical native tradition remains in the 

Mayan population. This is likely the result of inhabiting mountainous areas; it is here that the 

population was able to continue practicing the essential dogmas of their culture, avoiding Catholic 

missionaries’ eagerness to convert the population (Brown, 2004). Whilst the influences from the 

Spanish invasion, such as linguistics, are evident in the modern population, the Mayan population 

maintains its traditional fundamentals. Although Spanish is widely recognised as the national 

language of Guatemala, it is estimated that 40% of the population still maintains a practice of 

conversing in one of twenty-three known indigenous dialects (Gustafson et al., 2016). 

Contemporary religious practice consists of a hybrid, drawing on both Christianity and traditional 

deities with the worship of traditional gods often focused on providing good fortune in the form of 

natural resources (Anderson, 2016). Other factors of Mayan culture have remained unchanged 

throughout history, with in excess of 50% of the indigenous population working in agriculture, 

focusing predominately on the cultivation of corn and beans, staple components of the Guatemalan 

diet (Aguilar-Støen et al., 2016). Other traditional practices completed in contemporary Guatemala 

include dressmaking and weaving, resulting in characteristic clothing from different municipalities.  

 

Although the Mayan population has maintained many cultural practices, the population has also 

continued to suffer economic and political marginalisation, with 70% of landmass owned by 2% of 

the population (Lopez-Carr et al., 2017). Political and economic marginalisation has also served as 

a precursor to human rights abuses against the population, with the most notable being the 

country’s internal conflict, which officially spanned from 1960-1996. However, despite external 

interventions, human rights abuses have continued since the conflict, with external actors who 

have tried to promote the fair treatment of the Maya both judicially and politically, threatened not 

only by far-right groups but also by the governmental and military forces (Harbom et al., 2006).   

 

1.1.2 A political background to the Guatemalan internal conflict   

The deliberate marginalisation of indigenous populations by their respective governments is not 

exclusive to Guatemala but rather represents a historical epidemic in Latin America, where policies 

favour the private sector (Larsen, 2012). Repressive tactics or failure to acknowledge indigenous 

views are methods often attributed to strict authoritarian regimes; in Guatemala, this manifesto 

extended to the dissolution of unions and the criminalisation of the term sindicato (labour union) 

under president Jorge Ubico (Gay et al., 2013). By October 1944, led by a number of Guatemalan 

Nationalists, including university students and politically dissident military members, a revolution 

in Guatemala released Ubico from his 13-year tenure as the president of Guatemala (Jamail, 1972). 

Whilst the displacement of Ubico from his presidency offered hope that democratic elections would 

be held, General Federico Ponce Vaides seized power with the help of the military, who influenced 

congress with the threat of violence to install Vaides as acting president rather than civilian 
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representatives (Handy, 1988). As an Ubico loyalist, with Vaides in control of the country, repressive 

strategies remained (Reuter, 2014). In retaliation to the continued repression, on October 20th, 

1944, the Revolutionary Government Junta, comprising of students and serving soldiers, including 

Jacobo Arbenz, who would later serve a term in the presidency, sieged the National Palace (Handy, 

1986). Elections followed with Juan Jose Arevalo becoming the first democratically elected 

President in the Republic of Guatemala. Overall, Arevalo oversaw a major reconstruction of the 

Guatemalan government with the drafting of a new constitution and the initiation of social-

democratic reforms such as the initiation of the country’s social security scheme and redistribution 

of land to the indigenous communities (Sloan, 1971). With the subsequent election of Arbenz to 

the presidency in 1951, such reforms continued with the implementation of the labour code, 

granting workers’ rights, and would later implement a programme to reform agrarian practice 

tailored to the economic prosperity of the disproportionately poor (Kell, 2015). The Presidential 

terms of Arevalo and Arbenz constituted encouraged respect from the military and the law in a 

period dubbed ‘The Ten Years of Spring.’ This era was characterised by the promotion of free 

speech and democratic political activity, which promoted great belief of positive civilian governance 

in the country (Gere and MacNeill, 2008). In 1954 Jacobo Arbenz resigned as the president of 

Guatemala following a coup by Colonel Carlos Castillo Armas supported by the CIA, following 

Arbenz’s decision to redistribute uncultivated land owned by the United Fruit Company to the 

indigenous population (Brett, 2016). Armas served a relatively short tenure as president by forced 

decree before his subsequent assassination by a palace guard, after three years in office (Shapiro, 

1963; Harbour, 2008). Upon his death, General Miguel Ydigoras Fuentes assumed autocratic control 

initially despite losing democratic elections, with his tenure characterised by corrupt behaviour 

(Downes and O’Rouke, 2016).  

 

With Fuentes in power, November 13th, 1960, is widely regarded as the first day of the internal 

conflict (Rothenberg, 2016). On this date, a group of military officers and soldiers, disillusioned with 

Fuentes repressive policies and with Guatemala’s increasing efforts to entice United States 

involvement in political and military affairs, attempted to seize power. Whilst their efforts proved 

unsuccessful, survivors fled to the hills of the country, from here Guerrilla group RM-13 was formed, 

serving as the basis for the insurgent movement against the government (DeGennaro, 2016; 

Schlesinger and Kinzer, 1982; Ewing, 2018). This rebellion served as the catalyst which started a 

‘civil war’ between the government’s military and left-wing group, guerrilla groups, with much of 

the violence directed at the Mayan population, which the army claimed to be guerrilla supporters. 

By 1966, with the appointment of Cesar Mendez as president, Guatemala was once again under 

civilian rule; whilst the army continued to expand its counterinsurgency campaign, which served to 

increase violence and unrest within the country, feeding the conflict (Jenkins and Sereseres, 1977; 

Handy, 2017). By 1970, Carlos Arana, a military-backed political representative, placed Guatemala 
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under a state of siege, which restricted the mobility of individuals into and out of the country with 

the aim of providing the military with greater control over civilians (McSherry, 1990). Violent 

clashes between military-led governments and guerrilla/indigenous groups became more common 

across the country, leading to a growing number of protests across the country. In 1977, with the 

continuation of human rights abuses, Guatemala’s government came under increased pressure 

from President Carter to abstain from conflict, with the President taking action to ban all 

governmental and commercial sales of military equipment to Guatemala by 1980. However, all 

exports prearranged before this period continued to reach the country. By 1981, Ronald Reagan, 

sworn into office as President of the United States, decided to overturn the actions of Carter to be 

seen to take a stand against leftist organisations in Guatemala. He would later go on to meet 

General Erfan Rios Montt, who seized power, following the familiar course of a military coup in 

1982 (Sánchez, 2008). Proclaiming his high regard for Montt, support, both financial and tactical, 

found its way from the US to Guatemala before finally lifting the embargo on weapons in 1983. 

During this period, Montt’s regime saw the initiation of civil patrols, often inhabitants of rural 

communities, to act alongside the military in the indigenous regions (Warren, 2018). Montt’s 

attempts to reclaim guerrilla territory were seen as the bloodiest period of the conflict.  

 

The year 1985 saw the preparation of a new constitution with democratic elections held two years 

after Montt was removed in a coup d’état (Sánchez, 2008). By 1989, it was estimated that 

government violence accounted for over 100,000 deaths, with 40,000 individuals declared Missing. 

By 1994, peace talks were initiated under President Ramiro De Leon Carpio, who served as the 

human rights ombudsman in Guatemala (Holiday, 1997). During this period, the government and 

the Guatemalan Revolutionary National Unity signed agreements on a number of violations that 

occurred during the internal conflict. The election of Alvaro Arzu to the presidency in 1996 saw the 

completion of the peace talks, signalled by the signing of the peace accords in December of that 

year (Jonas, 2018). This signalled the official end of the 36-year internal conflict. 

 

1.1.3 Conclusions of Guatemala’s Truth Commission 

The end of the internal conflict signalled the initiation of a series of reports and an official truth 

commission backed by the United Nations in an attempt to document the atrocities which occurred 

during the internal conflict. Work conducted by the Guatemalan Catholic Church’s REMHI project 

(Interdiocese Project for the Recovery of Historical Memory) headed by Bishop Juan Gerardi, 

produced the report ‘Guatemala: Nunca Más’, with the subsequent murder of Gerardi, attributed 

to the report’s findings (Tepperman, 2002). This report consisting of a quartet of volumes, detailed 

the testimony of approximately 6,000 individuals regarding the crimes which occurred during the 

internal conflict (Doyle, 2012). The truth commission, a mandate by the United Nations Historical 

Clarification Commission (CEH), supported by the previous work of Gerardi, articulated its findings 
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in 1999, in the report ‘Guatemala: Memory of Silence’ (Rothenberg, 2016). Through the collection 

of evidence of human rights violations, the CEH was able to document specific instances of 

violations in international human rights. Overall the CEH recorded: 

• The details of 42,275 instances of human rights abuses.  

• Approximately 23,671 examples of indiscriminate executions and 6,159 enforced 

disappearances. 

• That up to 200,000 individuals were killed during the conflict; from individuals who were 

successfully identified, 83% were attributed as (Indigenous) Mayan and 17% Ladino 

(Kemp, 2004). The later population, in Guatemala, often referring to those individuals 

who either have European lineage, those who do not engage with Indigenous culture, or 

indeed both (Matthew, 2006).  

 

Whilst the CEH report concludes that upwards of 6,000 individuals were disappeared, it is estimated 

that 45,004 people were classified as ‘Missing’, a term relating to individual(s) who have not been 

located by family or through search and recovery efforts by forensic teams since the internal 

conflict (Amnesty International, 2012). Below, Figure 1.2 serves to illustrate the geographical 

spread of massacres, with Table 1.1 highlighting numerically the number of human rights abuses 

recorded by municipality.  
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Figure 1.2: A map of Guatemala with areas where massacres were particularly concentrated in red (GlobalSecurity, 
2019). 

Table 1.1: A breakdown of areas in Guatemala where reported human rights abuses were recorded during the internal 
conflict (Forensic Architecture, 2019). 

Areas Reported Arbitrary Executions Reported Forced Disappearances 

Quiche 

(Chichicastenango) 

(Santa Cruz) 

1181 566 

Huehuetenango 505 157 

Chimaltenango 150 177 

Alta Verapaz (Coban) 206 133 

Baja Verapaz (Rabinal) 46 27 

Petén 106 103 

Quetzaltenango 89 109 

Chiquimula 51 21 

Esquintla 52 106 

Guatemala City 99 116 

Izabal 66 41 

Suchitepéquez 4 1 

Retalhuleu 14 6 

Zacapa 8 1 
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It is believed that the term the ‘desaparecido’ or disappeared was first coined in Guatemala, with 

the term pertaining to a specific state practice particularly prevalent in Guatemala which has 

accounted for approximately 50% of missing individuals in Latin America, at the start of the 

millennium (Tucker, 2012). This term accounts for the individuals kidnapped by civilian death 

squads or by government forces, never seen again by relatives (Warren, 2018). Post-truth 

commission, Guatemala is still harboured by social insecurities, harboured from the ‘feebleness’ of 

National police which has led to the continued involvement of the military in domestic regulation, 

despite agreements made during peace negotiations (Sieder, 2011). By failing to accept 

responsibility in previous regimes, the current activities of the state are often viewed with 

scepticism due to their ambiguous relationship with death. Post-conflict attempts to uncover the 

true extent of such abuses have relied on the formation and intervention of forensic groups to 

facilitate exhumations and osteological analysis to serve as evidence to be presented on the 

national stage, with many individuals who committed such crimes still enjoying autonomy 

associated with freedom (Thompson et al., 2018).  

 

While the judicial context surrounding the conflict remains unstable, the need to identify the 

Missing remains unwavering. With the memories of the conflict embodied in an ageing population, 

the ability to identify the ‘region of origin’ or ‘geolocation’ of an individual as part of the 

identification process or as a process in its own right is required post-haste so that the involved in 

the countries internal conflict can be returned with their loved ones. Today, the topic of the Missing 

still captures Guatemalan discourse, not only in reference to the internal conflict but often as a 

result of the activity of both gang and Narco traffickers who are often attributed as key contributors 

to the disappearance of modern individuals through the kidnapping and murdering of individuals 

(Noriega, 2019; Devine et al., 2020). With the current judicial system ill-equipped to bring such 

individuals to justice, the topic of the Missing has extended from the conflict to the modern-day, 

resulting in the process of geolocation having both a historical and contemporary purpose.  

 

1.2 Geolocation  

The geolocation of an individual (often referred to as human provenancing) refers to the capability 

to detail an individual’s origin and history of residence as an empirical narrative, which is of major 

forensic significance to the disciplines of anthropology and archaeology. Conventional 

identification methods, such as DNA profiling, remain the most important application employed for 

the purpose of determining an individual’s identity. Although DNA is pre-eminent where biological 

relations are of interest, it is confined to such an application, offering no information pertaining to 

the narrative of one’s life, where they have lived or moved from or to (Lovell, 2016). With the 

application of isotope analysis for tracking human migratory patterns gaining momentum for just 
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over a decade for archaeological populations, it has become employed more routinely in 

contemporary forensics (Regan, 2006). When DNA profiling offers insufficient discriminatory 

information, isotopes, both stable and radiogenic, offer the ability to stratify residency to a 

topographical parameter. This offers the potential for further lines of inquiry, with strontium 

proving particularly effective. Of the four naturally occurring, stable strontium isotopes (84Sr, 86Sr, 

87Sr and 88Sr), 87Sr, and 86Sr are of particular importance. These isotopes prove to be indicative of 

geographical origin with particular rock types exhibiting differing 87Sr/86Sr depending on rock type 

and age (Hobson, 1999; Knudson et al., 2005; Shaw et al., 2016). Such ratios enter and remain 

unchanged through the food chain, entering through the weathering of bedrock, moving into the 

soil and groundwater where it is consumed by local plants, animals, and subsequently humans 

before finally being reflected in the long-lasting tissues of the body such as bone, teeth and even 

hair. Identification efforts may utilise a multi-isotope approach, analysing a matrix of additional 

elements such as hydrogen, oxygen, and lead, amongst others, offering the potential to increase 

the validity of a conclusion based on a singular geographic origin.  

 

1.3 Isotopic profiling 

Notwithstanding DNA success, there is a requirement to develop supplementary methods to aid in 

the identification process. Isotope analysis has been of significant interest in recent years in both 

forensic and archaeological contexts, offering a new tool in the identification of unknown skeletal 

elements. The analysis of the strontium composition in both teeth and bone has provided 

invaluable data for the residency estimations of both individuals and populations (Lee-Thorp and 

Sponheimer, 2003). The foundation of the technique relies on strontium variations in the geological 

environment and the fraction of strontium, which congregates in the hard tissues, that which is 

bioavailable, through the diet. Overall, it is the consensus that strontium ratios remain linear 

throughout the food chain, thus relating directly to the strontium ratio of the source (e.g., Frei et 

al., 2009; Bower, 2017; Krzewińska et al., 2018; Laffoon et al., 2019). Modern isotope analysis takes 

advantage of the physiological variances between bone, teeth, and, more recently, hair. Due to the 

differential developmental times of teeth, the strontium signature of each tooth is indicative of 

residence at a particular developmental time. Such a signature is usually completed by the age of 

two and, due to the absence of regeneration in teeth, remains undeviating (Britton et al., 2009). 

Concurrently, bone remodelling is persistent, and thus, the 87Sr/86Sr composition of bone provides 

a snapshot of residency at a specific point during an individual’s life, which varies depending on the 

respective bone. Rib and femoral samples are most commonly used, with the femur, as a dense 

cortical bone demonstrates a relatively slow turnover rate with the isotopic composition of 

representing an average ratio representing the last 10-20 years of life. Concurrently, 

cancellous/trabecular bone such as the rib has a must faster turnover rate with a large surface area 
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to volume ratio, representing approximately the last five years of life (Pye, 2004; Lamb et al., 2014; 

Bartelink and Chesson, 2019). Such developmental differences offer greater discriminatory value 

to identify subtle changes in residency during life, specifically between childhood and adulthood.  

 

1.4  The use of strontium for isotope profiling  

Strontium is a group IIA alkaline earth metal, found in the same group as calcium, radium, beryllium, 

magnesium, and barium. Strontium substitution for calcium is facilitated due to the similar size 

between strontium and calcium ions, 1.13Å, and 0.99Å, respectively (Li et al., 2007). Such 

substitution occurs most notably in igneous rock types, including calcic plagioclase and apatite 

(Faure and Powell, 2012).  

 

1.4.1 Strontium geochemistry 

Of the four stable, naturally occurring isotopes of strontium: 84Sr, is the least naturally abundant at 

0.56%, 86Sr (9.86%), 87Sr (7.0%) and 88Sr (82.5%). Whilst the abundances of strontium 84Sr, 86Sr, 88Sr 

remain stable, the radioactive decay of the rubidium (Rb) isotope 87Rb with a half-life of 4.88 x 1010, 

causes the abundance of 87Sr to increase over time (Pérez-Crespo et al., 2016). 86Sr and 87Sr are the 

isotopes of choice for human provenancing due to their similar abundance and respective atomic 

masses, with such characteristics serving to minimise instrumental errors (Georgiou and Danezis, 

2015). Strontium 90, with a half-life of 28 years, is a by-product of nuclear experiments. This is a 

non-natural isotope, the study of which, in its application to human provenancing of both 

archaeological and modern populations is unpractised (Frei et al., 2009). However, due to the 

extended duration with which 90Sr resides within the environment, a potential hazard resulting 

from nuclear fallout, this theoretical scenario has led to an increasing body of work detailing 90Sr 

transition through the tropic levels (food chain) and its subsequent amalgamation in the biological 

tissues (Bosco et al., 2016).  

 

As a lithophilic element, strontium tends to concentrate in silicate materials in conjunction with 

partner elements such as calcium and barium. Experimentally, such association manifests in all 

three elements, often demonstrating similar characteristics (White, 2015). Strontium substitution 

for calcium is common in both the body and natural environment, with this process occurring 

commonly in both apatites and calcium carbonates. This rule is not universal; in a number of 

calcium sites, the comparatively sizeable radius of 2+Sr prohibits its inclusion in the lattice 

arrangement (Kumar et al., 2015). In comparison to apatites and calcium carbonates, Micas and 

other potassium yielding materials often serve as sites for rubidium/potassium substitution (with 

ionic radii of 148pm and 133pm, respectively (Tang et al., 2017). The ratio between Rb/Sr in 
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minerals fluctuates significantly with lower values seen in high-calcium (Ca) maritime carbonates 

(0.005) when compared to low-calcium granites (1.7) (Faure, 1986; Montgomery, 2002).  

 

Chemical weathering is the primary process from which strontium is liberated from bedrock 

(Bataille and Bowen, 2012). Fractionation, the shift of a strontium isotope ratio, from this process 

including subsequent biological or low-temperature developments is, in contrast, trivial 

(Montgomery, 2002). Strontium’s limited fractionation is due to the small mass differences 

between heavier isotopes (i.e. 87Sr and 86Sr), when compared to ‘light’ elements such as oxygen (16O 

and 18O), and indeed hydrogen which fractionate more readily (Dufour et al., 2007; Lewis et al., 

2017). The greater abundance of neutrons can often cause a decrease in elemental reaction rates, 

with a smaller comparative disparity, observed between strontium (87Sr and 86Sr) as opposed to 

oxygen isotopes (16O and 18O) (Hoefs, 1997; Montgomery, 2010). As a result, the relative 

abundances of isotopes typical of specific rock types pass unchanged from rock into the 

surrounding ecosystem (Frei, 2012).  

 

According to both Marchev et al. (2002) and Montgomery (2002), the final 87Sr/86Sr of a particular 

rock is influenced by a myriad of variables such as the presence of any magmatic or metamorphic 

interaction that has arisen, in addition to both time elapsed since crystallisation and the subsequent 

Rb/Sr at formation, with both factors influencing the development of radiogenic strontium. 

Therefore, mature rocks containing rubidium will demonstrate a higher level of 87Sr than juvenile 

formations; contrastingly rocks which display no Rb amalgamation will demonstrate an unaltered 

Sr ratio. The projected 87Sr/86Sr at the earth’s formation is 0.699 with the value for the 

contemporary mantle at 0.704 ± 0.002, due to the evolution of 87Sr (Misra and Johnson, 2005; 

Burton and Hahn, 2016). As mentioned by Tommasini et al. (2018), the natural range of rock 

formations can range between 0.703 in contemporary volcanic rocks with rubidium/potassium rich’ 

granites, and decedents from mature crustal rocks, exceeding 0.750. Numerically, such variants 

may seem slight; however, with contemporary spectrometers regularly exhibiting an internal 

precision of ± 0.000007 for strontium, such differences are large instrumentally (Crowley et al., 

2017).  

 

Two factors can lead to a strontium isotope ratio far from the predicted ratio based in the 

underlying bedrock. Rock formations; heterogeneous in minerals may release a strontium isotope 

ratio which is not representative of the rock as a whole (Palmer and Edmond, 1992; Stevenson et 

al., 2018). According to Song et al. (2014), this occurs due to the differences in rates of weathering 

between separate components, creating a strontium isotope ratio representative of the 

components of the parent rock but not an exact representation of the rock formation as a whole. 

Additionally, relinquished strontium tends to have lower levels of radiogenic 87Sr; this is due to the 
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resistance of rubidium containing minerals against weathering compared to plagioclase and calcite 

(Fenner et al., 2016). Therefore, radiogenic 87Sr is found to be at greater levels in the persisting 

parent material (Faure, 1986). Concurrently, rock surfaces which have been uncovered within the 

last 10,000 years, can demonstrate depleted 87Sr levels due to superior weathering of radiogenic 

biotite (Capo et al., 1998).  

 

Furthermore, 87Sr/86Sr may be altered, for example, by fluid interaction such as in river water where 

two different sources amalgamate (Al-Aasm, 2000). Sr ratios derived from local sources may be 

contaminated with external strontium sources, including atmospheric dust and precipitation. The 

degree to which the ‘local’ strontium ratio will vary, depends on both the concentration and isotope 

ratio of the external source (Vautour et al., 2015). By way of illustration, the mixing of a copious 

amount of seawater (which has a low Sr concentration) and a small volume of stream water will 

result in a mixture which has a low Sr concentration but a strontium isotope ratio that falls midmost 

from both solutions (Montgomery, 2002). Marine Sr ratios have deviated over geological time, with 

chemical weathering of different rock types the largest contributing factor, as opposed to the 

increase in 87Sr due to radioactive decay (Faure, 1986). The impact of radiogenic 87Sr is insignificant 

in modern seawater due to the low Rb/Sr, which stands at 0.0012 (DePaolo and Ingram, 1985; 

Goddéris et al., 2017). Although temporal variations in the isotopic signature of seawater are useful 

for studying maritime sediments, throughout the Holocene period (last 10,000 years), pertinent to 

the collection of samples used in this doctoral project, it is agreed the Sr ratio of seawater has 

maintained a constant value although the value differs due to instrumental precision the value of 

seawater is considered precise at 0.7092 (McArthur et al., 2001).  

 

Rainwater in coastal regions shares a strontium isotope ratio close to that of local seawater, 

however, concentration varies differently between both water sources; with an average of 7.7ppm 

in seawater and <1ppb in precipitation (Faure, 1986). Grousset and Biscaye (2005) mention that 

across the enviroment, wind-blown particulates will impact on the original marine isotope ratio; 

with the level of influence dependent on a myriad of variables such as the proximity between the 

coast and area of interest as well as strontium ratio/concentration in foreign deposits. Marine 

based Sr derivatives may have a limited effect on terrestrial ecosystems due to the minute 

concentration of strontium in rainwater; however, its impact may be noticeable if coastal regions 

exhibit comparatively high precipitation with rainwater diluting the expected geological signal in 

saturated soils (Bentley, 2006; Madgwick et al., 2019). Contrastingly, water samples originating 

from rivers or streams are reported to to exhibit Sr ratios of the surrounding bedrock lithologies 

more closely (Peucker-Ehrenbrink and Fiske, 2019). As previously mentioned, various minerals will 

not contribute to such ratio homogenously, with any involvement from marine carbonates as 



 12 

opposed to other rock types such as granites, sandstone and shales, likely to dictate the resulting 

isotope ratio (Faure, 1986; Brennan et al., 2014).       

 

1.4.2 The strontium cycle 

As detailed by Voerkelius et al. (2010), as bedrock erodes, strontium is liberated and becomes 

incorporated in surrounding vegetation and water sources where the cycle continues through to 

local plants and animals and is taken further by rivers before being deposited in seawater. Seawater 

serves as a strontium basin contributing to marine rock formation with minimal bilateral transfer 

of strontium through precipitation back to the land. Due to strontium’s’ omnipresence in nature, it 

serves as an effective geochemical marker for tracing individual samples such as drugs and 

understanding the relationship between samples and their ecosystems with humans (Durante et 

al., 2013; Nakano, 2016). Human provenancing, however, relies on the knowledge of additional 

interrelated geochemical processes, including environmental and biological factors such as diet and 

the tissue under analysis. The strontium isotope ratio is dependent upon the mineral constituents 

of the rocks and their respective age (Hodell et al., 2004). Higher 87Sr/86Sr occurs in rocks with high 

potassium (K), and subsequently high Rb concentration such as igneous and metamorphic rocks, as 

well as sands and clays derived from these sources; with a positive correlation seen between both 

rubidium concentrations at formation/age and stable 87Sr. Rocks of a greater age with a high initial 

87Rb/87Sr demonstrate a relatively high Rb/Sr of 0.710 or above, while younger rocks will have an 

87Sr/86Sr below 0.706 (Slovak and Paytan, 2012; Willmes et al., 2014).  

 

The natural ratios for 87Sr /86Sr differ between various geological foundations between 0.702 and 

0.780. Within the continental crust, both igneous and metamorphic rocks, more specifically 

granites, have Rb/Sr values a factor of ten times that of rocks found in the upper mantle (basalts) 

(Faure and Powell, 2012). As stated by Delmonte (2003), higher Sr ratios tend to be found in mature 

continental crust, with basalts offering lower values, 0.720 to 0.750 and 0.702 to 0.704, 

respectively. As a result of the erosion of sedimentary rock, igneous and metamorphic types can 

have a range of strontium isotope ratios, which are reliant on the contribution of the hinterland 

highlands. Marine carbonates have an isotope ratio range indicative of the surrounding seawater 

during accumulation, with the strontium composition of seawater influenced by continental 

attrition over time (Huang et al., 2011). Contemporary seawater and maritime carbonates have 

been found to have an identical 87Sr/86Sr, which has found to be regular over time due to the 

duration in which Sr has been present in seawater with the fairly contemporary mixing of oceans, 

in geological terms (Burke et al., 1982; Pearce et al., 2015). 

 

Local dust has 87Sr/86Sr comparable, to local bedrock or surrounding bedrock, soil, and sediments 

(Neff et al., 2008). However, differences are often observed due to the use of pollution through 
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human activities such as the use of fertilisers, fuel combustion, and naturally occurring phenomena 

such as storms. Storms specifically can result in the transference of dust from surrounding areas, 

which can lead to the misinterpretation of ‘local’ Sr values (Tabouret et al., 2010; Goodman et al., 

2017). 

 

1.4.3 Strontium incorporation 

Strontium enters the body via a combination of food, water, and inhalation of atmospheric 

strontium. In the body, strontium accumulates in tissues due to its chemical similarity with calcium 

(2+Ca), with both elements sharing the same metabolic pathway. Through binding to calcium 

receptors, strontium is accidentally incorporated into the mineral foundation of the respective 

tissue (Gannes et al., 1998). Much of the research into strontium has taken the form of clinical trials 

involving radioactive 90Sr, including observation of the increase in the radioactive element in human 

subjects, a result of nuclear fallout through increased nuclear fission. It is estimated that modern 

diets account for the incorporation of approximately 5 mg of strontium each day, with cereals and 

vegetables providing the greatest contribution with 2 mg from fluid intake (Myttenaere, 1965; Font 

et al., 2012). Unlike calcium, which is maintained in the body through positive and negative 

feedback mechanisms of homeostasis, strontium levels are related to the dose ingested (Lugli and 

Cipriani, 2017). Foods such as leafy green vegetables, fish, and milk-based products show elevated 

levels of strontium compared to meat, which is strontium poor. The disparity between calcium and 

strontium have been used to distinguish between different hierarchical groups within the food 

chain, where the correlation between calcium and strontium has been found to decrease with 

ascending trophic groups (Mora et al., 2011). As a result of bio-purification, strontium absorption 

is observed at half the metabolic rate of calcium, from 20-40% compared to 40-80% in calcium 

(Lewis et al., 2017). This observation is affected by a number of variables, with biological 

parameters such as sex, age, and health causing deviations in the relationship between strontium 

and calcium. Although diet has a great impact on strontium isotope levels, high strontium 

concentrations do not necessarily result in high strontium ratios. Rather ratios are independent of 

ingested levels, and as such, ratios examined symbolise an average ratio of all consumables. 

 

1.4.4 Determining 87Sr/86Sr local bioavailability  

Underlying geology often serves as the primary step in order to approximate the 87Sr/86Sr for a given 

location; however, differences in bioavailable and geological ratios can differ significantly (Widga, 

Walker and Boehm, 2017). As a result, to determine bioavailable 87Sr/86Sr in humans, human 

samples are preferred (Blum et al., 2000). It is often advised that a range of local animals with 

minimal migratory habits, such as small rodents, should be examined in conjunction with such 

samples in order to confirm local bio-available 87Sr/86Sr. This method decreases the influence of 
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environmental inconsistencies with animals consuming a range of local vegetation leading to an 

average 87Sr/86Sr, which has been found to be closely related to human tissue ranges (Alt et al., 

2014). Studies utilising a diverse range of samples, including water, soil, snail shells, and tree leaves, 

have attempted to determine the most appropriate approach to determine local bio-available Sr 

(Bentley et al., 2004; Oelze et al., 2012; Hartman and Richards, 2014). Maurer et al. (2012) 

demonstrated that when comparing such materials to known 87Sr/86Sr from archaeological bone 

and teeth specimens, water and tree leaves provide the closest representation of the local 

biosphere without analysing modern human populations.  

 

1.4.5 Considerations 

Principally, in order for strontium isotopes to be successful in human provenancing, areas of 

interest must differ geologically so differences in strontium can be estimated, whilst homogeneity 

should exist completely or with minimal exceptions to ensure a ‘local’ Sr signal can be achieved 

(Knudson and Price, 2007). The variation in the final ratio is often observed in the fifth or sixth 

decimal place, around two to three orders of magnitude higher than instrument uncertainty. As 

stated by Grupe (1997), depending on the instrument of choice, in order to confidently distinguish 

between geological populations and potential anomalies, isotope values differing in excess of 0.001 

are required. Whilst this topic will be explored in greater detail in Chapter Two of this thesis, this 

numerical consideration is taken as individuals, especially in more globalised nations, will consume 

a diet of whose origin is likely to be more diverse in the source (Thompson et al., 2010; Valenzuela 

et al., 2012). Such a method is utilised due to the lack of comprehensive studies into the correlation 

between ratios gained through ingestion and subsequent deposition in the body’s hard tissues. 

Whilst understandably isotopic comparisons between families offer concise strontium ratios due to 

the limited isotopic variables, attempts to characterise a population isotopically rarely offer such 

conditions.  

 

Determining local Sr ratios for coastal regions also presents challenges, predominantly if seafood, 

exhibiting the strontium composition of the sea (87Sr/86Sr 0.7092), serves as a considerable staple 

of the local diet (Frei, 2012). Although this is likely to have a greater concern for archaeological 

populations, it is important to consider the modern dietary habits of contemporary populations 

who may ingest aquatic elements such as sea salt through exchange or primary harvest. The effect 

of sea salt in the Guatemalan diet has been shown, albeit archaeologically, to contort the bio-

available 87Sr/86Sr, with noticeable deviations achieved with a circadian consumption of 6g of salt 

(Wright, 2005). Consequently, any isotopic examination of a modern population requires 

knowledge of how food is sourced natively (Willmes et al., 2014; Pellegrini et al., 2016). In heavily 

industrialised nations, diet is a compilation of imported and domestically sourced produce through 

globalisation and mass production. The homogenising effect on Sr ratios to ‘supermarket values’ 
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has made the interpretation of isotopic data regarding strontium more complex; with many authors 

theorising that once diverse ratios may plateau to a uniform baseline if such a culture is maintained 

(Nardoto et al. 2006; Montgomery et al., 2006; Spivak-Birndorf, 2012). 

 

The collation and subsequent association of isotopic values from a number of separate tissues from 

a single individual (hair, teeth, and bone) have also been theorised as a potential development in 

distinguishing local vs non-local individuals (Radhakrishnan, 2011; Slovak and Paytan, 2012). 

Comparison of tooth enamel (which mineralises during early childhood) as a potential determinant 

of origin in contrast to the remodelling of bone can demonstrate any residential changes between 

adulthood and childhood.  

 

1.4.6 The need for databases 

Determining the area of origin for biological samples involves association with reference materials 

to determine or estimate the probability of samples sharing a similar source. Within the current 

literature, a deficiency of open-access databases or spatial isotopic data has resulted in an 

overreliance on geological maps and reference values pertaining to specific research goals for 

human teeth, bone, and hair (Willmes et al., 2014). The construction of databases that collate 

isotopic signatures from the methodical analysis of a variety of sample types would enable the 

accurate definition of isotopic signatures. Bataille et al. (2012) and Beard and Johnson (2000) have 

demonstrated the possibility of estimating strontium isotope ratios via prediction models based on 

the heterogeneity of bedrock. These models allow strontium isotopes to be estimated; this is 

particularly important when areas of interest have not been studied through the collection of 

locally derived materials previously. Although such models fulfil a niche until more comprehensive 

studies can be conducted, this ignores the impact of bio-available isotope ratios, which are 

significant in the determination of origin (Willmes et al., 2018; Laffoon et al., 2019). The 

contemporary focus on the mapping of spatial isotope variations through isotopic landscapes or 

‘isoscapes’ has led to isotopes becoming a powerful tool in geolocative studies. Such models find 

their use in detailing isotopic variations visually through the use of geographic information systems 

(GIS). Whilst there has been significant development and validation (mostly open access hydrogen 

and oxygen isoscapes), alternative isotopes such as lead often show more stratification in areas 

examined (Reimann et al., 2012; Hoogewerff-Gergelj, 2014).  

 

1.5 Suitability of hair for isotope studies  

Hair is a composite material that develops from the dermis via follicles. Forensically, hair is made 

of two distinct components: the root and the shaft, which protrudes from the dermis and is seen 

from the skin’s surface. The root serves as a source of nuclear material for DNA testing and, as such, 
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is not important in isotope research. The fibrous structure of hair or the shaft is the portion of the 

hair that exceeds from the root to the tip of the strand; this is predominantly circular in structure 

with an average diameter of 90-130 m (Raynaud, 2013). The shaft itself is contained within a 

cuticle, which exists as a defensive layer that is resistant to many chemical and bacterial activities 

(Figure 1.3). Hair fibres are comingled with other biological materials such as proteins, lipids, DNA, 

as well as inorganic compounds (Tobin, 2005). Hair serves as a method in which inorganic elements 

absorbed through the blood are excreted over a long duration.  

 

Figure 1.3: An illustration of the main structural components of hair (Dawber, 1996). 

In human provenancing studies, hair has a number of properties, which make it a useful material in 

which to determine an individual’s strontium isotope ratio.  As a result of the keratin matrix, hair is 

a robust material that can often remain relatively resistant to decomposition for many millennia in 

the right conditions (Von Carnap-Bornheim et al., 2007; Wilson and Tobin, 2010). Additionally, hair 

is naturally shed, with an individual shedding in excess of 100 hairs per day. Hair is also regenerative, 

with the growth of the shaft to be approximately 1 cm per month in humans, meaning that hair 

provides a month by month analysis of residency through 87Sr/86Sr. An exception to this rule is facial 

hair, which displays an interval of 14 days between change in diet and manifestation in the hair 

follicle (Font et al., 2012). As a result of each of the aforementioned factors, hair collection is often 

considered to be simple, and more importantly, non-invasive.  

 

With hair offering isotopic information relating to an individual’s area of residence and diet, a 

segment of hair offers a glimpse of an individual’s nutritional intake at a specific moment in time, 

with the remaining shaft composition presenting a sequential history of nutritional ecology (Lee-

Thorp and Sponheimer, 2003). The composition of hair is dominated by the protein keratin, which 
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contributes to 95% of the hair structure overall (Harkey, 1993). As a result of the high protein 

content, hair demands significantly less processing than bone and teeth samples.   

 

As stated by Yu et al. (2017), the composition of hair is made predominantly of keratin, with 

between 65-95% of the hair’s weight comprised of the protein. Elementally hair consists of five 

main elements, which are carbon (50.7%), oxygen (20.9%), nitrogen (17.4%), hydrogen (6.36%) and 

sulfur (5%), with elements such as iron, magnesium, and strontium found in trace amounts. As a 

result of its chemical composition, hair serves as a snapshot archive of potential residency through 

dietary input, as keratin remains unaltered once deposited. Additionally, the high keratinous 

component of hair allows the successful analysis of minor sample masses, a favourable trait in 

forensic and archaeological studies where materials may be in scarce supply. It is important to note 

that the growth of hair is highly variable, which can lead to discrepancies between the resulting 

dietary contribution and the respective tissue segment (Al-Delaimy, 2002). The rate of growth in 

hair is dependent on a number of factors, including, but not limited to season, physiological and 

gender-related variables (Fraser et al., 2006).        

 

1.6 Isotope Ratio analysis 

1.6.1 Inductively coupled plasma mass spectrometry (ICP-MS) 

Inductively Coupled Plasma Mass Spectrometry (ICP-MS) or more specifically Quadrupole-ICP-MS 

(Q-ICP-MS), is a popular technique used for the analysis of elemental compositions. The use of ICP-

MS has been widespread, especially since 1983, where the technique was inducted into commercial 

science (Hill et al., 2005). With the instrument offering greater sensitivity in regards to the analysis 

of rare earth elements (REE’s), the technique revolutionised the geochemical industry (Vanhaecke 

and Degryse, 2012). In comparison to alternative methods of elemental analysis such as atomic 

absorption spectrometry (AAS) or optical emission spectrometry (OES), or ICP atomic emission 

spectroscopy (ICP-AES), the use of ICP-MS offers a number of benefits. Such benefits include 

improved detection limits, the capability to analyse sample matrices, overcome due to the high 

temperature of the plasma (flame), and the ability to obtain isotopic composition (Michalke and 

Nischwitz, 2017). A diagrammatic representation of an ICP-MS instrument can be seen below 

(Figure 1.4): 
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Figure 1.4: A diagrammatic representation of an ICP-MS instrument (Van Hulle, 2004). 

This technique utilises a plasma (denoted as ICP in Figure 1.4 above), controlled to an extreme 

temperature and a mass spectrometer. The plasma is an integral part of the process, converting 

atoms into charged ions, which separate based on differences in mass and are then detected in the 

mass spectrometer. To analyse the samples instrumentally, solid samples must first be converted 

into a liquid form, either through digestion using an appropriate acid or through vaporisation by 

irradiating the solid sample with a laser (Hu et al., 2004). Once the liquid sample is prepared, it is 

introduced into the plasma as an aerosol. Upon reaction with the torch, the solvent is removed, 

and the sample and the elemental components present are converted into their atomic form and 

are subsequently ionised. With ICP-MS, the argon plasma serves as an efficient ion source with a 

temperature between 6000oC and 10000oC. Here positive ions such as M+ or M2+ are formed after 

interaction with the plasma; however, elements such as chlorine, iodine, and fluorine, which tend 

to result in negative ions, prove challenging to analyse using ICP-MS (Mohamad et al., 1989). 

Difficulties may also arise here when dealing with complex matrices, which can promote the 

introduction of competitor species, affecting the identification of the analytes of interest. 

 

Upon conversion to ions, the samples enter the mass spectrometer through interface cones. These 

cones facilitate the transition of ions at atmospheric pressure to the mass spectrometer at a 

decreased pressure (Thomas, 2013). Two cones are used to create a vacuum; this is created 

between the sampler and the skimmer cones, which are comprised of metallic disks, each 

containing an orifice, approximately 1 mm in diameter, at the centre (Belyaev et al., 2017; Wuyke 

et al., 2017). By analysing the centre of the ion beam, the ICP-MS accounts for ions coming from 

the argon source only. This minimises potential interferences from photons and other neutral 

species, which interfere with the sensitivity of the instrument causing instrumental drift or can lead 

to erroneous count estimations (Bruins, 1991; Ross and Hieftje, 1991). Although beneficial, the 
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cones small diameters require any solid material to be dissolved fully and in many cases diluted, as 

customary with rock samples, to ensure no blockages occur as this will result in both decreased 

sensitivity and instrumental detection limits (Thomas, 2013). 

 

Positively charged electrostatic lenses focus the ion beam, concentrating the beam to the aperture 

on the entrance of the mass spectrometer. Although the number of lenses between instruments 

differs, each system is tailored to the overall design of the instrument. Once ions have entered the 

mass spectrometer, they are segregated by their mass to charge ratio (Bolea-Fernandez et al., 

2015). In Q-ICP-MS, normally, four rods are used to construct the mass filter, also known as a 

quadrupole; the rods are subjected to both AC and DC voltages, which are constantly interchanging 

on opposite rods. In order to create an electrostatic filter, the voltages are alternated quickly with 

a radiofrequency field (Telgmann et al., 2016). The electrostatic filter serves to allow homogenous 

ions to pass through the mass spectrometer at a specific moment. The quadrupole mass filter filters 

ions sequentially, with settings alternating rapidly to accommodate each specific mass. These 

characteristics enable ICP-MS to detect and separate in excess of 2000 atomic mass units or AMU 

per second, providing ICP-MS with the attributes to conduct multi-elemental analysis (Khan et al., 

2014; Telgmann et al., 2016). The filtration of isotopes based on their mass to charge ratio allows 

isotopic information to be gathered, with isotopes of the same element having differing masses. 

ICP-MS is favourable for routine elemental analysis and isotopic information with typical 

resolutions of 0.7 to 1.0 AMU. However, isobaric interferences can occur with isotopes of similar 

masses, such as 40Ca and 40Ar, and 87Sr and 87Rb; although the analysis of such elements is difficult, 

it is not impossible, especially with high-resolution instruments (Bast et al., 2015; Liu et al., 2016).  

 

The use of high resolution and magnetic sector mass spectrometers have become sought due to 

the additional ability to distinguish between interferences more confidently. High resolution 

Inductively Coupled Mass Spectrometry (HR-ICP-MS) allows the manipulation of the aperture to 

the ICP-MS, adjusting the resolution. Such predetermined settings allow users to opt for low, 

medium, or high resolution with ease (Kivel et al., 2015). It is important to note that HR-ICP-MS will 

resolve a number of interferences but not all, such as 87Sr and 87Rb (Bolea-Fernandez et al., 2015). 

Although beneficial operationally, HR-ICP-MS has a number of drawbacks. Such instrumentation 

commands a price of approximately two to three times that of a conventional ICP-MS; in addition 

to start-up costs, overheads associated with maintaining and operating the instrument are also 

exceptional (Lum and Leung, 2016). Additionally, a negative correlation exists between resolution 

power and signal intensity. Such a relationship may inhibit the detection of the element of interest 

if it is present in low concentrations in the sample under interest (Bu et al., 2003). As described by 

Fietzke et al. (2005), such instrumentation is considerably more time-consuming with additional 

time required in order for the magnet to acclimatise to drastic adjustments in voltage in order to 
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facilitate mass changes. Such calibration times result in HR-ICP-MS, taking approximately four to 

five times longer than conventional ICP-MS (Bu et al., 2003). Thus, HR-ICP-MS is not the method of 

choice for analysis, which requires the rapid analysis of a large number of samples (Agarande et al., 

2001). As a result, the instrument is often reserved, exclusively for research institutions or private 

laboratories to facilitate the analysis of a small number of specialised samples.   

 

Multicollector ICP-MS or MC-ICP-MS, a variant of HR-ICP-MS, is an instrument routinely used for 

high precision isotope analysis. With multiple detectors, it allows the simultaneous detection of 

isotopes from a single element, resulting in high precision, thus making the instrument favourable 

in isotope ratio determination (White et al., 2000). The instrument’s main shortcomings arise from 

the need for all isotopes analysed to deviate within a narrow mass range, 15-20% of the normal 

mass, due to the magnetic settings remaining relatively stringent throughout the analysis (Bu et al., 

2003). As with HR-ICP-MS, this makes the instrument unsuitable for routine analysis of multiple 

elements, regardless of overall concentration.  

 

Upon separation via mass-to-charge ratio, ions must be recorded by an appropriate detector. This 

serves to construe the quantity of ions as an electrical signal, which must be converted to a 

numerical value in relation to the amount of atoms within a sample, achieved through the use of 

accepted calibration principles (Saito et al., 2016). With an extreme negative charge, the detector 

serves to entice the ions. Upon impact with the first detector, electrons are released, which proceed 

to a second detector, and this ultimately serves to create a more intense signal. Channel electron 

multipliers or CEMs were the detector of choice with traditional instruments; however, more 

recently, discrete dynode detectors have been utilised. These detectors offer dynamism in the 

concentrations that can be analysed; this is particularly important in ICP-MS, where variations in 

concentrations can vary between low-level ppt (part per trillion) measurements and higher ppm 

(part per million) measurements (Becker, 2005; Ha et al., 2011). Allowing the user to choose 

between both analogue and pulse counting functions can prolong the detectors’ use by defending 

it from continuous high-intensity signals. MC-ICP-MS offers a minor cost advantage over traditional 

quadrupole ICP-MS instruments, with Faraday Cup detectors commanding a lower price. Although 

Faraday detectors are able to withstand excessive count rates for a longer duration, they offer 

limited flexibility, a requirement of quadrupole ICP-MS (Zhian et al., 2016). Irrespective of cost, 

detectors are expendable with electron interaction removing the functioning film. Due to their 

degenerative characteristics, detectors are expected to last between 6-18 months in quadrupole 

ICP-MS instruments (Batsala et al., 2012).  

 

Detectors can degrade or become saturated when counts for elements exceed part per billion (ppb) 

or parts per trillion (ppt), meaning any resulting elemental measurement would be inaccurate. In 
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order to avoid inaccurate measurements, highly concentrated samples require dilution. 

Additionally, it is customary for manufacturers to include such measures within the instrument’s 

circuitry to ensure extraordinarily high ion counts do not disrupt the instrument (Pearce et al., 

2004). Due to the associated cost of approximately £1100 - £1800 per detector, steps are taken to 

minimise the potential risk of exposing detectors to light sources to which detectors have a high 

affinity (Egorov et al., 2001; Becker, 2002).    

 

ICP-MS overall is a widely used analytical technique, offering flexibility in multi-elemental analysis 

with low detection limits, with the technique routinely offering an industrial detection limit of <0.1-

1ppt for strontium (Wang et al., 2000). However, this represents the best possible theoretical 

detection proficiency. In practice, the Method Detection Limit (MDL) or Practical Quantification 

Limit (PQL) will be around two to ten times this value due to a number of variables such as the lab 

conditions, how the sample is prepared, the chemicals in the sample matrix and so on (Shi and 

Adams, 2009). In this instance, the Instrument Detection Limit (IDL) demonstrates a baseline for 

comparisons to be made to other techniques.  

 

1.6.2 Thermal ionisation mass spectrometry (TIMS) 

Thermal ionisation Mass Spectrometry (TIMS), serves as a popular instrument used to analyse 

isotopic ratios in geochemistry. TIMS is often the instrument of choice when analysing isotope 

ratios due to its capability of measuring such ratios with the highest precision, accuracy, and 

sensitivity (Georgiou and Danezis, 2015). 

 

Overall the TIMS instrument is comprised of three main components, 1) Ion Source responsible for 

the production and focusing of ions, 2) Analyser (magnetic sector), which separates respective ion 

beams based on the mass to charge ratio and 3) detector; where the beams are recorded (Picó, 

2015). A diagrammatic representation of the instrumental components of a thermal ionisation 

mass spectrometer is given below in Figure 1.5 below: 
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Figure 1.5: A schematic diagram representing the key constituents of commercial TIMS instruments (Potts, 2012). 

Initially, the sample is introduced to the instrument through mounting the filament onto a sample 

turret, commonly consisting of 13-20 filaments, allowing samples to be introduced automatically. 

The filament under vacuum is subjected to a potential of 8-10kV (Aggarwal et al., 2008). The 

filament is heated to the required temperature as a current is passed through it, causing the sample 

to atomise and ionise when the temperature of the filament exceeds the vaporisation temperature 

of the selected element. From the filament, serving as the ion source, ions are subject to an 

electrical potential gradient causing acceleration; a beam is created through the use of 

electrostatically charged plates and slits (Basak et al., 2017).  

 

The beam then reaches the magnetic sector, where the beam is separated into a series of dispersed 

beams as a function of the mass to charge ratio (m/z) of each species of interest. Here the moderate 

ionisation results in both minimal spectral overlap and a limited energy spread of the ions produced 

(Kafader et al., 2019). 

 

Finally, the mass-resolved ion beams are measured via a collector where the signal is registered as 

a voltage. Information from each ion beam is gathered concurrently with the final isotope ratio 

determined from the intensities of each respective ion beam (Potts, 2012). This can be completed 

using a single collector that measures ion beams sequentially or simultaneously with a 

multicollector. The use of a multicollector instrument enables highly precise isotope ratios to be 

achieved; this occurs as any deviations in the intensity of the ion beam is recorded by each detector 

simultaneously. The use of a multicollector regularly allows differences to be observed between 

isotope ratios at the sixth decimal place (1 x 106) in repeated measurements (Copeland et al., 2010).  
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The accuracy afforded to isotope analysis using TIMS can also be attributed to the use of additional 

quality control steps associated and often used in conjunction with the instrument. The use of 

cation-exchange resins such as Dowex™ AG50X8 or Eichrom™ AG50X8 works to focus the strontium 

in the sample by removing competitive ions, such as rubidium and calcium for strontium, based on 

their relative affinity for the resin at certain acidic concentrations. 

 

Secondly, the common use of dedicated strontium standards such as NIST 987, a strontium 

carbonate standard, allows the reproducibility of the instrument to be assessed by measuring the 

87Sr/86Sr of the standard across the run at sequential intervals but also allows the resulting ratios to 

be normalised to the accepted NBS 987 87Sr/86Sr value = 0.71024. Normalising 87Sr/86Sr through 

applying a correction factor (calculated as (0.71024/87Sr/86SrNBS)) allows for the comparison of ratios 

between laboratories (Laffoon et al., 2019).  

 

1.6.3 The use of both techniques 

Overall, while the use of TIMS (and associated preparatory steps) for the analysis of all 87Sr/86Sr is 

preferred, this cannot always be achieved. Resultantly, the combination of TIMS, after initial 

analysis with Q-ICP-MS, can be taken due to a number of factors. As a technique, ICP-MS has gained 

popularity for its use in both isotopic and elemental applications and is still the most routinely used 

instrument in a number of fields and thus remains a highly accessible technique (Zheng et al., 2013). 

Secondly, ICP-MS is useful for determining where large isotopic differences exist between samples 

of different sources. Therefore, the technique is a useful tool for proof of concept by providing an 

insight into the samples which exhibit large isotopic differences, allowing such conclusions to be 

confirmed on a stratified sample set using TIMS, generating highly precise 87Sr/86Sr ratios 

(Rodushkin et al., 2013). The steps taken to control for the issues surrounding the greater precision 

afforded to TIMS and relevant quality control procedures are explored further in the following 

sections (specifically, Section 2.2.1).     

 

 

 

 

 

 

 

   

 

 



 24 

Chapter 2:  Literature Review 

 

2.1 Guatemala’s internal conflict and identification efforts 

Often dubbed the ‘silent holocaust’, Guatemala suffered an internal conflict from 1960 to 1996 

(Harbury, 2015). The political roots of this conflict manifested in a divergence of interests from the 

United States who characterised the socio-cultural ethos of Guatemala’s indigenous population, 

where individuals fulfil a practical niche to contribute to the overall development of a harmonious 

society, as a precursor to communism (Carleton and Stohl, 1985; Forsythe, 2017). In reaction to 

this, the most economically prosperous of both the United States and Guatemala facilitated a 

military coup in 1954, backed by the Central Intelligence Agency (Immerman, 2010). As a result, the 

political paradigm that Guatemala had momentarily become accustomed to since the appointment 

of Jose Arevelo in 1944, which strove for political reform and freedom, was drawn to an abrupt end 

(Mahoney, 2001). It is important to note that Guatemala since the sixteenth century has been run 

in a strict authoritarian regime, where a moneyed elite often dictates the political agenda of the 

country to satisfy personal prosperity (Tusalem, 2010). Following the success of the 1954 military 

coup, the government served as a protagonist of military action against the indigenous Mayan 

population. The bloodiest period during the conflict was deemed to be from 1982-1983 under the 

leadership of the Dictator Efrain Rios Mott (Pereira, 2014). During this period the military-operated 

a scorched earth policy in Guatemala; with the objective to eradicate Mayan life physically through 

the act of military executions in addition to mass agricultural destruction, whose devastation had 

both economic and cultural significance in loss of status and affinity of the people towards it. The 

military attitude towards the treatment of the indigenous population is better understood by what 

Edkins and Pin-Fat (2005) term ‘bare life,’ where individuals were disappeared regardless of their 

role in society, justifying the killings through rhetoric, branding groups as communist sympathisers. 

The act of disappearing individuals (the action of removing individuals, often by the military, from 

their areas of residence by force or coercion) or prohibiting family members from burying loved 

ones without the traditional preparation and burial with associated objects is particularly important 

in Mayan culture, where subtle differences in this practice are seen amongst separate Mayan 

groups. Overall during the 36-year period, an estimated 200,000 individuals were displaced, 

disappeared, or killed (Chamarbagwala and Morán, 2011). This statistic came through the work of 

the Historical Clarification Commission, and the report of its findings represented a breakthrough 

in Guatemala’s injustice and led to the signing of the Peace Accords in 1996 (Historical Clarification 

Commission, 1999). While this represents an official figure, it should be viewed with some scrutiny. 

As mentioned by Macdonald (2001), such crime statistics should be viewed as a representation of 

the violence that occurred rather than an absolute figure, with some crimes (and therefore 

disappearances) never reported. Thus, the true figure of those either killed or forcibly disappeared, 
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collectively known as the ‘Missing’, as a result of the internal conflict, is likely to be higher than the 

reported estimate.  

  

When remains of the ‘Missing’ are located, identification efforts are focused on the use of DNA. 

Primary identifiers, of which DNA is categorised along with fingerprint and comparative dental 

analysis, are the most reliable forms of identification (Schuliar and Knudsen, 2012). As of 2016, the 

Forensic Anthropology Foundation of Guatemala (FAFG) has collected over 13,000 profiles, 

generated from both skeletal remains of the ‘Missing’ and reference samples from individuals who 

are searching for their loved ones. The collection of DNA has led to the positive identification of a 

number of individuals, but its success has been limited to 36.3% of cases to which it has been 

applied overall (Johnston and Stephenson, 2016). Whilst primary identifiers have the ability to 

provide an identity irrespective of any other contributing information, as Asturias et al. (2016) 

suggest, the lack of accessible dental care in Mayan areas, absence of soft tissue and potential 

solute absorption from the burial conditions in bone can render such techniques unsuccessful. Even 

if a DNA profile is collected, the application of such a profile in a post-conflict society is complex. 

This is due to a number of factors including, but not exclusive to, variables such as the absence of 

reference material for example where families were disappeared together or from reticent familial 

relatives unwilling to provide samples through fear of future persecutions (Rijn, 2011).    

 

Once primary identifiers have been tested, if unsuccessful, secondary identifiers are explored. 

Secondary methods of identification are those which in most cases do not serve to identify an 

individual solely, often due to their subjective interpretation, but rather serve to reinforce the 

conclusions of primary identifiers; such methods include personal descriptions, medical 

findings/records, and personal effects such as clothing. The use of clothing in Guatemala is 

particularly important in that currently (without the potential use of isotopes) it serves as the only 

indicator of the potential provenance from which an individual heralds. This ability to return an 

individual to their geographical residence has cultural significance with differing Mayan populations 

adopting specific burial rights (Levinson et al., 1995).  While there is great emotional value in such 

personal effects, the forensic relevance of such materials in region of origin assessments is often 

impaired. As a result of the taphonomic conditions of the burial, and potentially, the way in which 

individuals were treated during the conflict, an already subjective interpretation of the 

geographically characteristic patterns and styles of Mayan clothing is often compounded (Boylan, 

2007). The use of secondary identifiers has provided some success not only in Guatemala in the 

case of identifying the Missing but also in specific cases within a European jurisdiction, with 

secondary identifiers providing a tentative identification before confirmation with DNA or serving 

as a catalyst to spearhead an investigation and DNA efforts (Khoo et al., 2016). However, such 

identification efforts rely on the presence of materials, either possessions or biological samples, the 
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availability of references such as DNA databases or knowledge of cultural clothing or the creation 

of new or the utilisation of existing techniques to aid in the identification process.  

 

Forensic Anthropology makes use of reference material to aid in the determination of an 

individual’s age, sex, ancestry, and stature, which can be used to aid in the identification of 

individuals. The use of osteological techniques aided in the Historical Clarification Commission 

attributing 83% of the individuals reported as missing or forcibly disappeared as of Mayan descent. 

However, while the ability to categorise ancestral groups can aid in the identification process by 

limiting the number of potential identities associated with a set of remains, attempts to constrain 

geographical residency using osteological traits alone is often avoided. This is due to the lack of 

reference materials and therefore detailed studies into the skeletal differences across different 

ethnicities in the population, meaning such techniques are often only able to identify ancestral 

groups broadly (Cox and Mays, 2000; Spradley and Stull, 2018).  

 

When current forensic methods used in Guatemala are assessed, it is clear that the ability to 

provide geolocation information, specifically empirical, quantitative information, regarding an 

individual is absent. The associated drawbacks of the aforementioned methods highlight the 

potential benefits of isotopes as an additional forensic tool, where the distinction between 

subgroups within a population, based on geography, has been achieved in forensics for a number 

of years. However, as with many of the techniques used in forensic efforts to identify missing 

individuals, the utilisation of isotopes relies on the establishment of local bioavailable values in 

addition to the maintenance and regular updating of isotopic databases. During the last two 

decades’, the collection of isotopic reference values for the geolocation of individuals from Central 

America, particularly Mexico, has gained momentum (Juarez, 2008; Bartelink et al., 2020; Bataille 

et al., 2020; Kramer et al., 2020). At the time of writing, while geolocation studies involving Mexican 

populations have extended across and have been successful in the provenancing of both 

archaeological and modern civilisations, those from Guatemala have largely focused on the 

geolocation of archaeological populations with provenancing in relation to traditional Mayan areas 

(Hodell et al., 2004; Wright, 2005; Price et al., 2008, Price et al., 2010; Sharpe et al., 2016). 

Resultantly, a niche exists in the examination of isotopes within a modern Guatemalan population. 

Here the collection of such references values is pivotal in understanding the degree to which 

individuals from separate regions in Guatemala could be distinguished isotopically. With the need 

for such method highlighted by De Boer et al. (2018) who states that order to aid in the 

identification of missing individuals, additional methods are required in order to maximise this 

potential, of which currently in Guatemala, isotopes are not one.  
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2.2 Isotope ratio analysis 

As the central topic of this project, isotope ratio analysis, as a scientific tool is a relatively 

contemporary topic, with the earliest understanding of isotopes attributed to Frederick Soddy in 

1913 (Budzikiewicz and Grigsby, 2006). Isotopes are different atomic forms of the same element, 

with isotopes of the same element differing in atomic weight due to a differing number of neutrons 

in the nucleus with the number of protons and electrons remaining the same. Isotopes are utilised 

widely in science for varying purposes, with some isotopes exhibiting vast chemical characteristics 

to isotopes of the same element.  Such varying chemical properties have resulted in isotopes being 

applied to numerous industries, from healthcare to forensics (Eslinger et al., 2014). Forensic 

applications, for example, have largely been reserved for determining the origin of food and drugs 

via their respective isotope ratios (Bueschl et al., 2014). Within modern literature, delineation is 

often made between both stable and radioactive isotopes, with a prior appreciation of both sub-

groups essential to determine the quantitative information that can be collected from each. 

Radioactive isotopes are degenerative, with the prevalence of additional neutrons resulting in an 

unsustainable atomic structure. The chronological knowledge of the rate at which specific isotopes 

undergo radioactive decay, through the release of radiation or high energy particles is the 

fundamental premise of Carbon-14 dating (Ubelaker, 2014; Kusaka et al., 2015). The release of such 

particles often results in the formation of a stable isotope or indeed another element, such as the 

formation of lead-206 via the alpha decay of uranium-238. Concurrently, stable isotopes refer to 

an isotopic form which does not decay, whose abundance remains linear and not affected by time.  

 

The use of isotopes offers the ability to potentially distinguish between two samples which are 

indistinguishable based on their elemental composition and respective quantities (Aggarwal et al., 

2008). However, it is important to note that the inability to distinguish between reference and 

unknown samples isotopically suggests that both samples share the same origin, not that they are 

necessarily the same sample. Whilst the number of isotopic studies into human provenancing or 

geolocation has increased since 1996 most studies are based on limited datasets with both 

archaeological and modern biological human samples in scarce supply (Juarez, 2008; Raynaud, 

2013; Camin et al., 2016). A number of articles often proclaim that the specific study is preliminary, 

often meaning that only a small number of samples are collected to serve as a representation of 

the respective group(s), otherwise known as a stratified sample. This approach is often chosen in 

order to answer a specific research question, however, consequently, this method negates the 

isotopic variation of a country as a whole, although more extensive geolocative efforts have been 

explored in the United States (Bentley, 2006). Although such studies are essential in the 

development of isotopes as a forensic staple, due to the mobile nature of humans as opposed to 

faunal samples, considerations when analysing the results of isotopic analysis in humans is fraught 

with the need to understand the influences of wider society on particular countries. Factors which 
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influence what an individual consumes directly (such as trade routes and food chains) and indirectly 

(such as the migration of labour to neighbouring areas) are not constant, and therefore these 

factors must be established for the particular population of interest, be it archaeological or modern. 

This is essential in order to come to a conclusion as to why the isotopic signatures, the ratio of 

isotopes of particular elements in an item under investigation, are distinguishable or not. However, 

as many authors adopt a methodology based on current instrumental and financial capabilities, the 

absence of a standard method in which to analyse isotopes permits the submission of poorly 

executed studies without a relatable reference to proceed with an inquiry.  

  

2.2.1 Methodologies 

As instruments used to analyse isotopes have been developed disproportionately over time the 

most appropriate technique to analyse the isotope ratios in a given sample are dependent on two 

main factors which are 1) the isotope of interest 2) samples available. Table 2.1 below provides a 

summary of techniques used for isotope ratio analysis along with their associated benefits and 

drawbacks. 
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Table 2.1: A table outlining three popular techniques to analyse isotopes with their associated advantages and 

disadvantages. 

Technique Elements 
routinely 
measured 

Benefits Drawbacks References 

Q-ICP-MS B, Sr, Pb 

Provide elemental concentrations 
and isotopic information 
High sample throughput 

Sample can be submitted to 
instrument as solution or aerosol 

Flickers in signal 
intensity 

Fractionation in % 
range 

 

Castiñeria et al. 
(2001) 

MC-ICP-MS 
B, Mg, Sr, 

Os, Pb 

No flickers in signal intensity 
Ionisation efficiencies higher 

making instrument more sensitive 

Fractionation can 
be seen in % 

range 
Engström (2010) 

TIMS B, Sr, Pb 
Fractionation in TIMS usually in 

order of parts per thousands 

Greater sample 
preparation 

(sample must be 
presented as solid 

state) 

Walczyk (2004) 

IRMS 
H, C, N, 

O, S 

Most common technique used for 
light elements 

Array of international standards for 
comparison 

Not used for 
‘heavy’ elements 
such as Sr and Pb. 

Large and 
expensive 

Mani et al. (2017) 

LG-TLWIA O, H 

Can be used in field (portable) 
Used for novel applications such as 

the measurement of isotopic 
composition of water in other 

aqueous environments (such as 
wine) 

Limited range of 
samples analysed 

Ueda and Bell 
(2017) 

 

As seen in Table 2.1 above, differences exist in the isotopic capabilities offered by each respective 

instrument. Here both Isotope Ratio Mass Spectrometry (IRMS) and novel techniques such as the 

Los Gatos Triple Liquid Isotope Analyser (LG-TLWIA) are suited for the analysis of stable isotopes. 

LG-TLWIA is a relatively novel technique within stable isotope analysis. However, it is used solely 

for the real-time analysis of the isotopic composition of water molecules (O, H) (Newman et al., 

2009). Whilst the use of IRMS has been explored for human provenancing purposes, it is routinely 

used for elements that are readily turned to a gas (such as C, N, O, S, H). Therefore, as strontium 

(and lead) do not share these characteristics isotopic analysis of these elements are often confined 

to both ICP-MS and TIMS instruments (Ariyama et al., 2012). 

  

The use of Q-ICP-MS for elemental concentrations and isotopic compositions of materials has 

gained popularity since the 1980s, with ICP-MS, in the absence of additional sample processing such 

as laser ablation, offering a cost-effective method with some instruments offering sensitivity often 

associated with alternative measurements (Tykot, 2003; Takenaka et al., 2015). The instrument 

offers high sensitivity to analyse the majority of elements in the periodic table present in 

milligram/nanogram levels, with a high sample throughout allowing the instrument to analyse an 

array of elements in quick succession. Additionally, a semi-quantitative analysis can be used to 
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analyse the trace element composition and estimated concentration of an unknown material to be 

screened quickly for a large range of elements (Goullé et al., 2005; May et al., 2013). A semi-

quantitative analysis is achieved through the use of a standard reference material containing the 

element of interest and comparing the response of the standard to that of the unknown sample. 

Whilst a powerful tool, such accuracy based on this method has been shown to have an accuracy 

of 30-50% of the true concentration (Ingle et al., 2003). Furthermore, modern developments have 

provided instruments with the capacity to identify more than 50 elements simultaneously within a 

sample, which can be submitted to the instrument either as an aqueous solution or aerosol, often 

within the duration taken by alternative instruments to identify a singular component. 

  

Q-ICP-MS offers a number of benefits for elemental and isotopic research in terms of sensitivity 

and the number of analyses that can be completed within a given time period. However, such 

technique is susceptible to issues such as flickers in signal intensity, causing elemental abundances 

to rise and fall inaccurately as the instrument jumps between peaks. A consideration for Q-ICP-MS 

as oppose to TIMS, occurring as a result of the sample introduction, such as through changes in the 

efficiency of the plasma and pulsations in the peristaltic pump which can cause instrumental drift 

(Ingle et al., 2004). Modern quadrupole instruments are relatively robust against such fluctuations, 

however, through the monitoring of an internal standard element of known concentration to the 

sample, such as iridium which remains relatively stable during ICP-MS analysis, such drift can be 

identified and accounted for. However, as mentioned by Walczyk (2004) if the utilisation of MC-

ICP-MS is obtainable, this instrument operates without potential interferences from flickers in 

signal intensity as ions are detected instantaneously making the instrument more precise when 

compared to Q-ICP-MS (0.002-0.01% vs 0.02-2% RSD) respectively. 

  

Concurrently outside of ICP-MS instrumentation, TIMS offers precision identical to that of MC-ICP-

MS (0.002-0.01%) and therefore offers greater precision over Q-ICP-MS methods (Walczyk, 2004). 

Long term precision of TIMS is also considered to be greater than those provided by Q-ICP-MS, 

however, in TIMS this is normally conducted using repeated measures of NBS 987 (more 

contemporarily known as NIST 987). This can only be conducted if the samples have been purified 

before analysis using cation-exchange resin, as this is rarely done in Q-ICP-MS studies the reporting 

of precision based on NBS 987 would be inaccurate. Therefore, in this instance to provide a more 

accurate representation of precision requires repeated analysis of samples which are matrixed 

matched to those being investigated, such as quality control samples containing keratin in the case 

of the analysis of hair samples (Wilschefski and Baxter, 2019).  

 

 



 31 

Overall, while differences exist in the precision offered by Q-ICP-MS and TIMS, both instruments 

suffer from isotope fractionation during analysis, often referred to as mass bias. This relates to the 

phenomena that under certain conditions, lighter isotopes exhibit preferential evaporation from 

the plasma or sample filament (Douthitt, 2008). TIMS is less affected by fractionation, in general, 

with fractionation effects in parts per thousand as oppose to ICP-MS which dependent on 

instrumental parameters can exhibit fractionation effects evident in the % range (Ingle et al., 2004). 

However, with both instruments susceptible to mass bias issues, albeit to differing degrees, to 

minimise the effects of mass bias, correction for such effects is addressed for both instruments 

using the ratio of 86Sr/88Sr = 0.1194 as a form of internal normalisation with the ratio traditionally 

considered to be constant (Scher et al., 2014).   

 

While the use of TIMS (and MC-ICP-MS) and associated preparatory steps offers benefits over Q-

ICP-MS, the points above highlight the steps taken to control for the issues arising from Q-ICP-MS 

as oppose to TIMS. Without the use of NBS 987 and cation-exchange resin, an additional step is 

proposed by Gulson et al. (2018) that when work has been conducted using Q-ICP-MS, such trends 

and data should be checked using TIMS or MC-ICP-MS. Therefore, while some interpretations may 

be straightforward between areas or samples with a large isotopic spread, it is recommended if 

TIMS is not accessible initially, any assessment or trend made using Q-ICP-MS should be assessed 

subsequently with TIMS in order to produce precise normalised values which are required to 

provenance individuals and can be validated and shared across laboratories.  

 

2.2.2 Strontium Isotopes for geolocation  

The use of strontium isotopes for a geolocation application has been explored for a number of 

years. It has grown increasingly popular through its ability to provide region-of-origin information 

regarding many samples, both organic and inorganic (Chesson et al., 2018). Strontium isotopic 

signatures are geographically distinguishable; relying on the type and age of the bedrock on which 

a settlement is founded. The most common application of strontium isotope ratios is the 

comparison made between the abundance of stable 86Sr and radiogenic 87Sr; as a rock ages, the 

quantity of 87Sr (and therefore 87Sr/86Sr) increases, dictated by the radiogenic beta decay of 

rubidium 87, through the release of a negative beta-particle and an anti-neutrino into 87Sr (Vroon et 

al., 2008). Whilst the level of 87Sr theoretically increases over time, such strontium isotope ratio 

patterns are considered stable due to the extended half-life of 87Rb which standards at ~48.1 x 1010 

years. In humans, bioavailable strontium is concentrated in tissues such as hair, teeth, and bone. 

The incorporation of strontium is enabled through strontium’s chemical similarity to calcium, and 

through the small intestine, the element forms an integral part of the mineral matrix (Wright and 

Yoder, 2003). The rate at which strontium is incorporated into the tissues is dependent on the 

tissues’ metabolism, a feature of which has forensic significance. As reported by Bentley et al. 
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(2004), the strontium signature in teeth is often indicative of an individual’s birthplace given the 

relatively small timeframe in which the strontium is incorporated into the enamel. As a result, 

strontium incorporation into the enamel lattice occurs during childhood and is not remodelled 

through later life. Concurrently, as a result of osteogenesis and osteolysis, the processes by which 

bone remodels, bone provides a result of residence during the last 10-15 (trabecular bone) and 20-

25 years (cortical bone) years of life respectively. Lastly, hair provides a timeline of residency, given 

the estimation, that hair grows approximately one centimetre per month with strontium 

concentrations in hair averaging between 0.21-2.1 ug/g (Morita et al., 1986; Meridian Valley Lab, 

2006).  

 

Bioavailable strontium is a mixture of strontium sourced from an individual’s interaction with the 

environment, including ingested materials such as water and food but also externally through 

bathing water and pollution. Strontium isotopes have been applied heavily in archaeological studies 

to study ancient human history and prehistory. However isotopic values from contemporary 

populations require a more competent understanding of modern habits and variables which affect 

strontium ratios from the respective group of study, with modern populations, through 

globalisation, afforded greater autonomy in travel and choices of diet. In order to understand 

modern populations, a study conducted by Chesson et al. (2012) looked to characterise the 

bioavailable strontium available to a contemporary U.S. population through the collection of 99 tap 

water specimens from 95 municipalities in the United States. Here it was found that tap water 

exhibited 87Sr/86Sr that demonstrated a significant and positive correlation with anticipated 87Sr/86Sr 

from bedrock models. However, the bedrock model was only able to account for ~10% and 17% of 

the isotopic variation observed in tap water, suggesting that variations in municipal tap water 

87Sr/86Sr are affected by modern water systems such as municipalities alternating between 

groundwater and surface water sources, with surface water susceptible to 87Sr/86Sr changes 

through anthropogenic inputs (Jiang et al., 2009). This study highlights that whilst values gained 

through archaeological samples can be useful to provide an indication of an area's strontium 

signature, for direct comparisons to be drawn research must focus on samples of the same time 

period and indeed sample matrix as the unknown. This practice is not only confined to human 

subjects, as mentioned by Frei and Frei (2011) and Wright (2012) it is essential that studies involving 

the tracking of modern animal samples involve the analysis of modern comparative samples as 

modern farming techniques can result in disparities between prevailing animals and their 

ancestors. The theme of modern samples for modern ratios is paramount for modern forensic 

applications, with both Frei and Frei (2011) and Wright (2012) highlighting that the ideal method to 

determine the bioavailable strontium isotope ratio in humans is to examine human tissue from the 

time period of interest. The validity of this statement in human rights cases is contemplated by 

Price et al. (2002) who states that at a gravesite determining the origin of a single individual is 



 33 

complicated due to a myriad of factors whether the individual lived within a number of areas 

(multiple movements) and length of residence. This raises issues as to whether the individual lived 

within an area before tissue remodelling was significant enough to reflect the immediate isotopic 

environment. Although this cannot be ignored, for isotopes to be integrated into mainstream 

forensic practice the use of different tissues to create a timeline of an individual’s residency would 

appear to be the most effective method in which to stratify possible identities.  

 

2.2.3 Strontium isotope analysis in hair 

The application of strontium isotope analysis in hair for geolocative purposes offers a variety of 

benefits. Firstly, the strontium isotope ratios in the hair of an individual living in a defined space 

will also be reflected in the individual's bone and teeth. This is because isotopes such as strontium, 

with high atomic mass, will exhibit minimum fractionation with 87Sr/86Sr reflecting the geology of 

dietary inputs and exogenous strontium sources. Font et al. (2015) demonstrated such phenomena 

through the analysis of enamel and hair samples from the Netherlands, where the isotopic range 

for the country broadly, from both tissues, was found to be within 0.708899 ± 232. Whilst this point 

provides proof of the concept for using hair in determining bioavailable strontium within a given 

area, the regular turnover of hair (1 cm of growth a month) allows temporal changes within an 

individual’s residency to be assessed. Temporal changes were observed using hair by Font et al. 

(2012), who found by cutting hair into 1 cm section and analysing the sections sequential from the 

root to the most distal portions, hair showed a decrease from higher 87Sr/86Sr in India (0.7120-

0.7140) to less radiogenic 87Sr/86Sr in the Netherlands (~0.7091-0.7092) although the equilibrium 

of 87Sr/86Sr took more than 18 months to reach levels of those found in the Netherlands. Whilst this 

highlights the use of hair for an international application, domestically 87Sr /86Sr in hair has 

demonstrated the capability to distinguish between individuals within a single metropolitan area. 

Tipple et al. (2018) demonstrated through the analysis of 87Sr/86Sr in hair from three schools within 

Salt Lake City that with ratios of (School X) 0.70965 ± 0.0028, (School Y) 0.71342 ± 0.00152 and 

(School Z) 0.71125 ± 0.00142 respectively, the potential for hair to be used to distinguish between 

individuals within a city.  

  

Whilst hair 87Sr/86Sr is influenced by residency, it is found to be independent of factors such as 

pigment (hair colour) and sex. As reported by Tipple et al. (2019) whilst such factors are not 

essential to isotopic studies, strontium concentrations have been found to be elevated in red 

coloured hair (average= 26.3ug g-1) and depleted in salt and pepper coloured hair (average= 4.8ug 

g-1). As noted by Tipple et al. (2018), such similarities can be seen between the effects of sex when 

compared to strontium concentration and 87Sr/86Sr, respectively. Overall mean strontium 

concentration in hair from females (7.8 ± 5.0ug g-1) was found to be significantly higher than in 

male participants (3.7 ± 3.5ug g-1). However, 87Sr/86Sr were found to not exhibit a statistically 
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significant difference (Student’s t-test, p = 0.5210) with mean 87Sr/86Sr for females (0.71215 ± 

0.00193) and males (0.71150 ± 0.00139) respectively.   

  

Whilst the use of hair can provide a number of benefits in the estimation of region of origin, and 

for evidence of geographical movements, it is not without its challenges, both analytically and 

theoretically. The use of hair is often complicated further due to the number of potential options 

for sample preparation. Tipple et al. (2013) explored the topic of sample pre-treatment using hair 

the results of the experiment are summarised below (Table 2.2). 

 

Table 2.2: A comparison between the washing methods to analyse 87Sr/86Sr in hair (Tipple et al., 2013). 

Method Effect on Sr Concentration Effect  on 87Sr/86Sr  Conclusion 

 
Ultrapure 

water 

Minimal removal of Sr, 
11 ± 6% average change in Sr 
concentration from untreated 

hair 

N/A Use for bulk hair analysis 
 

 
Chloroform: 

Methanol 

Minimal removal of Sr, 
10 ± 16% average change in Sr 
concentration from untreated 

hair 

N/A Use for bulk hair analysis 

 
0.1 M 

Hydrochloric 
acid 

 
Greatest removal of Sr, 

93 ± 2% less Sr than 
concentration from untreated 

hair 

Hair (87Sr/86Sr): 
0.71052 ± 0.00004 

 
Leachate (87Sr/86Sr): 
0.71022 ± 0.00002 

Sr contents similar to newly 
erupted hair 

 
Best method to distinguish 
between exogenous (leach) 

and endogenous Sr (hair) 

 
International 

Atomic 
Agency (IAEA) 

Removed minimal Sr from hair 
19 ± 11% change in Sr 

concentration from untreated 
hair 

Hair (87Sr/86Sr): 
0.71029 ± 0.00001 

 
Leachate (87Sr/86Sr): 
0.71026 ± 0.00001 

Use for bulk hair analysis 

 
IAEA + 0.1 M 
Hydrochloric 

acid 

57 ± 7% change in Sr 
concentration from untreated 

hair 

Hair (87Sr/86Sr): 
0.71037 ± 0.00001 

 
Leachate (87Sr/86Sr): 
0.71026 ± 0.00001 

Leachate represents near-
term Sr exposure 

 

Table 2.2 above refers to two methods of hair analysis which are explained below: 

• Bulk analysis of hair refers to the analysis of bundles of hair without discerning between 

longitudinal differences associated with changes in residency.    

• Assessment of temporal changes by cutting hair into hair 1 cm intervals to ascertain any 

changes in residency. 

For geospatial applications, whilst both bulk analysis and temporal changes can be assessed it is 

important to remember that both 87Sr/86Sr and associated concentrations in hair are dictated both 

by diet (internal/digest signal) and through external sources such as bathing water and 

anthropogenic activity (external/leachate signal). With the use of 0.1 M hydrochloric acid removing 

the largest proportion of strontium, the resulting hair was found to contain the concentration of 
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strontium associated with newly erupted hair (with an Sr concentration of 0.75 – 1.20 ug-1). 

Importantly, newly erupted hair is often accredited with reflecting the dietary 87Sr/86Sr of the 

individual (reflecting the geology on food was grown) due to the limited time taken in which 

external deposition can contaminate such dietary values. Font et al. (2015) offer an alternative 

technique for distinguishing between leach and digest values by washing the hair in 2 M nitric acid. 

As demonstrated in the study conducted by Tipple (2014), it is found that a higher portion of 

strontium is found within the leached acid sample when compared to the hair (16.64 ug-1 and 1.93 

ug-1) respectively. Although both methods remove the majority of strontium from hair differences 

in their respective effects on the subsequent ratios are observed, with the isotopic composition of 

both the leach and digested (leach hair) ratios from using 2 M nitric acid found to be 

indistinguishable (0.708837 ± 6 and 0.708854 ± 8 respectively) and within analytical error 

(0.0064%). Concurrently, the use of 0.1 M HCl is unable to produce conclusively higher or lower 

ratios. Thus, although the use of an acid leach appears to be a popular method from which to 

distinguish between exogenous and endogenous signals, a number of methods exist due to the 

demands of the respective research (Rodushkin et al., 2013; Rijkelijkhuizen et al., 2015). Though 

there are a number of methods in which to prepare hair for strontium isotope ratio analysis, it is 

important that when drawing conclusions based on 87Sr/86Sr data that the cleaning method used is 

considered. Such a conclusion is particularly important as to date, there is no currently agreed 

method for the preparation of hair to discern between the exogenous (external) or endogenous 

(internal) strontium signal. However, it is agreed that the minimal use of reagents, in both methods, 

is preferred. As mentioned by Puchyr et al. (1998) by minimising the number of reagents into the 

sample matrix minimises not only the potential for cross-contamination but also avoids a 

complicated sample matrix which requires extensive knowledge of associated chemical reactions 

before results can be interpreted.  

  

Similarly, in addition to the selection of an appropriate method for pre-treatment, consideration 

must be given to the choice of storage medium for hair. This is an essential part of strontium 

analysis with many articles promoting the use of aluminium foil as an effective vessel for the 

transportation of hair (Font et al., 2012; Saul, 2018). Although the use of aluminium foils is 

considered an appropriate method for the storage of hair serving as a cheap storage medium, 

concerns exist if foil is coated as polymers which may deposit on the hair surface causing an 

equilibrium between strontium isotope ratios of the substrate and the foil in which it is 

contained. Whilst both the Aluminium Federation Ltd and the European Aluminium Foil Association 

confirm that common foils are free from such coatings more specialised forms should be avoided 

with manufacturers descriptions consulted to determine its applicability to isotope studies (Fraser 

et al. 2008). However, work conducted by Fraser et al. (2008) demonstrated that when analysing 

isotope ratios in hair, the effects of packaging on 13C, 2H and 18O are not as severe as those for 15N. 
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The effect on strontium however cannot be underestimated, with the potential for plastic to 

contain chemicals such as plasticisers and fillers often in the form of starch and chalk, of which 

strontium is often a component, which may cause changes in the resulting ratio (Gordon et al., 

2018).  

 

Lastly, consideration of other potential sources that may contribute to the overall strontium isotope 

ratio within hair is less uniform (Tipple, 2014). Resultantly, such studies often assume that dietary 

items are equal in their strontium signature for a given area. In order to remove such ambiguity, 

the use of a lifestyle questionnaire is suggested. Such method is promoted by both Nardoto et al. 

(2006) and Tipple et al. (2018) who suggest implicitly that the use of such information is needed in 

order for geolocative studies to withstand the judicial rigour of which forensic science is often 

subject too. Such information should also seek to understand the use of any treatments which may 

interfere with the ‘true’ 87Sr/86Sr composition. Styling treatments, such as dyes, have been found 

to interfere with isotopic signatures in hair from individuals of shared residence. As noted by 

Rodushkin and Axelsson (2000) styling but also an individual’s occupation exists as external 

influences which can cause variances in individuals from the same community. Direct comparisons 

between the 87Sr/86Sr of dyed and non-dyed hair are limited, with a common method to minimise 

such effects from bulk samples achieved through the reporting of the average strontium isotope 

ratio minimising the effect of such variables (and potential interferences from non-local 87Sr/86Sr). 

However, when controlling for such effects by examining the ratios from individuals within a given 

location, the effect of dyes on keratinous materials can be demonstrated with wool. In a study 

conducted by von Holstein et al. (2015) comparing dyed (N = 4) and un-dyed wool (N = 5), it was 

demonstrated that the process of dying keratinous materials caused a significant change in both 

concentration and ratio variability, with undyed samples on average exhibiting a concentration of 

between 1200 and 1700% less than dyed samples and less variable (0.2ppm vs 8.7ppm). Overall 

limited variability was observed between the 87Sr/86Sr of both dyed (0.00035) and undyed samples 

(0.00006) demonstrating that whilst 87Sr/86Sr of both dyed and undyed samples are homogenous in 

their respective categories, isotopic ratios between the two sample sets were unique.  

  

Traditionally, the determination of whether hair has been dyed has been restricted to light 

microscopy, where dyed hairs are identified through an artificial colour or shade which will also be 

present in the cuticle. The regular application of dye can also cause a number of pigmented 

boundaries in the hair, otherwise known as demarcations which can become more pronounced as 

the hair grows to allow the natural colour to become more prominent (Deedrick and Koch, 2004). 

Such a technique, however, is limited by the experience of the examiner and is thus subjective and 

open to misinterpretation. Alternatively, the use of analytical techniques such as Surface-enhanced 

Raman scattering (SERS) or UV-vis microspectrophotometry can provide quantitative data on dyed 
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hair through spectra relating to the chemical composition of the respective dyes (if present) 

however such confirmations rely on a reference database of manufacturers or brands (Barrett et 

al., 2010). However, in regard to the process of dyeing hair in the indigenous communities, this is 

often completed using natural concoctions rather than quality controlled batches, making such 

quantitative distinctions complex. Therefore, this example justifies the requirement to distinguish 

between both samples for geolocative studies through the use of a lifestyle questionnaire.   

 

2.2.4 Alternative isotopes for geolocation 

It is important to remember that within the context of human provenancing strontium is one of a 

number of candidate isotopes which are used specifically for geolocation studies, with others 

including oxygen (O), hydrogen (H), carbon (C) and sulphur (S) which constitute five of the most 

abundant elements in the body, and trace elements (of which strontium is included) and lead (Pb). 

 

Firstly, carbon and nitrogen isotopes are useful for the assessment of an individual’s diet. 13C values 

are dictated broadly by the consumption of vegetation both directly (through eating plants) or 

indirectly (through eating produce from animals which have fed on such vegetation) from C3 (e.g. 

wheat, rice barley and oats) vs C4 (e.g. corn and sugarcane) or CAM (crassulacean acid metabolism) 

plants (e.g. cacti, agave) (Layman et al., 2012). The differences between plants refer to the initial 

products produced through photosynthesis in C3 this is phosphoglyceric acid (a three-carbon 

compound) while C4 and CAM plants produce oxaloacetate (a four-carbon compound). Areas such 

as the USA show higher (less negative) 13C values as appose to regions such as Europe and Asia due 

to the incorporation of a greater proportion of C4 plants into their diet, with carbon used to 

distinguish U.S. service members from the local Asian population. Conversely, 15N ratios are 

generally related to the consumption of predominately animal produce, meat and fish, with a 

hierarchy of 15N values increasing through dietary choices. Understandably lower levels are 

observed in vegans and vegetarians existing as an intermediary with the highest levels observed in 

omnivores (Macko et al., 1999).  

 

Isotopes of oxygen and hydrogen are also of interest to geolocative studies. Isotopic compositions 

of these elements in the body’s tissues relate to the signatures found in water consumed, both 

through drinking and eating food. Oxygen and hydrogen also show varying isotopic compositions 

based on factors such as proximity to the coast and elevation with higher 2H and 18O levels seen in 

coastal regions with warmer climates (Jenkyns et al., 2004). 

 

Lead isotope ratios are made up of four stable isotopes (204Pb, 206Pb, 207Pb, and 208Pb) are also of 

interest due to their potential in distinguishing between geologically distinct areas. The lead 

isotopes mentioned previously, and subsequent ratios (208Pb/204Pb, 207Pb/204Pb, 206Pb/204Pb, 
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206Pb/207Pb) are dictated by the geological age and type of Pb ores and are therefore affected by 

the radioactive decay of 238U, 235U, and 232Th into 206Pb, 207Pb and 208Pb respectively (Weis, 2016). 

Unnatural factors that can cause deviations in the natural variation of lead in the environment 

include mining or gasoline containing tetraethyl lead popular between the 1920s-1980s as an agent 

to reduce engine noise (Bartelink and Chesson, 2019). Lead released into the atmosphere 

eventually enters the ecosystem when plants accumulate such ratios from the soil in addition to 

aerosols. Once in the food chain, lead substitutes for calcium in the body’s tissues, again entering 

the body through the diet and inhalation of external sources (such as dust).  

 

Finally, the last alternative isotope sulphur exists as four stable isotopes with varying abundances 

(32S (95.0%), 33S (0.75), 34S (4.20) and 36S (0.017) with 34S/32S utilised for human provenancing (Lee 

et al., 2002). Similarly, to strontium and lead, sulphur is dictated by bedrock geologies with 

sedimentary rocks serving as the chronic source of sulphur geologically with the isotopic ratios 

depending on relative age and type, bacterial activity in the soil and atmospheric sources (such as 

petrol, coal and sulphide ores) (Thode, 1991). 34S is particularly effective at determining whether a 

sample originates from coastal regions from one which is found inland with seawater enriched in 

34S (~+20‰) compared to that of freshwater (~-22-+22‰) (Privat et al., 2007). Preliminary work 

conducted by Rand and Grimes (2017) has identified promise that 34S may be used for geolocative 

purposes through the use of archaeological bone collagen from the Maya region, from the use of a 

predictive model based on bedrock and precipitation individuals from Caledonia exhibited 34S 

values of +7.8% to +13.8‰ which falls within the expected <-14‰ range. Whilst this study 

demonstrates the potential use of 34S in the Mayan region it should be noted that the effects of 

variables such as ‘sea-spray’, precipitation carried from the sea as an aerosol, or anthropogenic 

contaminants can impact such predictive models. 
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2.3 Isotope Analysis in Guatemala 

Geolocative studies involving the collection of samples from Guatemala have largely focused on the 

study of migration and trade in the traditional Mayan regions. These areas incorporate the: 

• Northern Lowlands, which now constitutes the southeast of modern Mexico. 

• Southern Lowlands, which encapsulates the northern central part of Guatemala (Petén 

region) and the Alta Verapaz region of Guatemala. 

• Metamorphic Province which is found to the east of the Guatemala Highlands and includes 

the Baja Verapaz region of Guatemala. 

• Volcanic Highlands, this encompasses a number of areas in the south of Guatemala such as 

Guatemala City and the south-southwest coast. 

• Motagua Valley/Copan, this area encompasses part of the Baja Verapaz region in 

Guatemala heading easterly to Honduras.    

• Maya Mountains, a mountain range which is found within central Belize but extends to a 

minor degree into north-eastern Guatemala.   

Work conducted by numerous authors have demonstrated that although strontium isotope ratios 

exhibit some degree of overlap between certain regions within the country (such as the 

Metamorphic Province and Southern Lowlands), generally six isotopically distinct regions can be 

seen, Figure 2.1 with the resulting ratios detailed in Table 2.3 (Hodell et al., 2004; Thornton, 2011; 

Sharpe et al., 2016). 
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Figure 2.1: A comparison between the major strontium isotope ratio regions identified by Hodell et al. (2004). 

Table 2.3: A table outlining the 87Sr/86Sr gained from studies involving samples collected from Guatemala- A Survey. 

 

As seen in Table 2.3 and Figure 2.1, whilst some overlap exists between regions, overall the use of 

87Sr/86Sr has been used to successfully distinguish between the regions, broadly, based on a 

geological model. However, as the studies aforementioned do not utilise human or more 

Analytical 
technique 

used 

Sample 
Type 
 Used 

Range of isotope ratios 
Key 

Conclusions 
Reference 

TIMS 

Water 
Bedrock 

Soil 
Plants 

Northern Lowlands = 0.7080-0.7092 
Average: 0.70888 ± 0.00066 

Southern Lowlands = 0.7070-0.7085 
Average: 0.70770 ± 0.00052 

Volcanic Highlands and Pacific Coast 
=0.7038-0.7049 

Average: 0.70414 ± 0.00023 
Metamorphic Province= 0.7041-0.7202 

Average: 0.70743 ± 0.00572 
Motagua Valley/Copan = 0.7042-0.7073 

Average: 0.7060 ± 0.0018 
Maya Mountains of Belize =0.7119-

0.7151 
Average: 0.7133 ± 0.00167 

Overall five 
distinct 

regions in 
Mayan region. 

Hodell et 
al. (2004) 

 
 

TIMS 

 

Bedrock 

Northern Lowlands:0.70806-070914 
Southern Lowlands:0.70733-0.70790 
Volcanic Highlands:0.70477-0.70499 

Metamorphic Province:0.70789-0.71529 
Motagua Valley/Copan:0.70528-0.74605 

Ranges fall within 
those reported by 

Hodell et al. 
(2004) 

Sharpe et 
al. (2016) 

TIMS 
Animal 
Teeth, 
Bone 

Northern Lowlands=0.7089-0.7090 
Southern Lowlands=0.7073-0.7084 

Motagua Valley/Copan=0.7046-0.7079 

Ranges fall within 
those reported by 

Hodell et al. 
(2004) 

Thornton 
(2011) 
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importantly, modern human ratios, the reader can only infer potential human values. This view is 

shared by Diamond (2001), who states that variation in isotopes, such as strontium is often 

significantly less than that which could be inferred by the regional geology. Such an example is 

demonstrated by the more concise 87Sr/86Sr exhibited by animal samples specified by Thornton 

(2011), where animals would incorporate both 87Sr/86Sr from plants and water within the local area. 

Resultantly, it would be expected, by using human samples, more discrete isotope values could be 

established. 

  

Similarly, whilst the studies mentioned previously provide a general understanding of the isotopic 

compositions of broad regions (macroenvironment) within the country, it is essential that sampling 

is conducted at the microenvironment (specific locations) as the geological heterogeneity within a 

country may be more variable than initially thought (Beard and Johnson, 2000). Desktop research 

into Guatemala’s underlying geology reveals some complex geologic substrata (Figure 2.2).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.2: A geological map of Guatemala highlighting the heterogeneity of geologies within the country (Daho Pozos, 
2018). 
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Such complexity is particularly true for Rabinal’s underlying geology, with the town based on 

Palaeozoic metamorphic rocks with close neighbouring Quaternary deposits to the East and 

Carboniferous Permian to the North. As noted by Hodell et al. (2004), large deviances in 87Sr/86Sr 

seen over short geographical differences in geographically diverse areas make it difficult to define 

the origin of particular individuals. Here Hodell et al.’s (2004) reference highlights the need to 

sample not only geological substrates and faunal samples to assess the gradient shift between 

isotope ratios of separate areas, but also human samples from a known location to provide 

reference data relating to bioavailable 87Sr/86Sr which reflect a weighted average of 87Sr/86Sr from 

dietary sources which may encompass a number of areas (Sternberg, 2009). 

  

It would be preferred that the collection of such bioavailable ratios would be achieved using teeth, 

more specifically, enamel, due to its resilience against residential changes past gestation (Harvig et 

al., 2014). The collection of teeth from the modern Maya is complicated with the dentistry afforded 

to the indigenous population often taking the form of extraction services which are often student-

led or are carried out by mobile technicians (Lao Pena, 2013). Whilst this represents a potential 

challenge to using teeth to study the modern Guatemala population, it demonstrates the need to 

facilitate the submission of samples through educating technicians and indigenous peoples of the 

humanitarian benefits afforded through donation. Said (1978) challenges this view, arguing that 

indigenous individuals would benefit more from the results of the work rather than serving an 

active role in the research. Although referring to a legal setting, Said (1978) ignores the role of the 

indigenous community as a source of information, rather than something which must be 

represented. As put forward by Banks (2009) involving indigenous populations, helps not only to 

gain greater volunteer participation but also helps to re-contextualise the project within the 

indigenous beliefs. Therefore, such dialogue with the indigenous population is essential, although 

less so in archaeological samples, where living descendants are unlikely to be known or found but 

of paramount importance in modern populations. Whilst the generation of modern 87Sr/86Sr from 

samples of those who have been identified from the internal conflict is possible in theory, this 

approach is complicated further by the ethical question of who has ‘ownership of the remains’ with 

permission only given by family members to forensic practitioners to analyse DNA. As mentioned 

by Sieder (2007), consultation with indigenous groups are often controversial due to the ambiguous 

term of what constitutes an adequate consultation. Whilst such recommendations are not 

mentioned explicitly in the literature, according to the Agreement on the Identity and Rights of 

Indigenous Peoples, bilingual education is essential in order to meet the needs of the Maya. This 

value is also an essential component of the Association of Social Anthropologists of the United 

Kingdom and Commonwealth, to ensure the notion of informed consent is obtained.  
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Although the studies mentioned above provide strong reference data on which to base strontium 

isotope data; information appears lacking surrounding other potential areas from which the 

individuals could have originated. By studying migration patterns in Guatemala Price et al. (2008) 

and Price et al. (2010) determined that defining ‘local’ versus ‘foreign’ strontium isotope signal 

relies on an appreciation of the numerical values in surrounding settlements either nationally or 

internationally. This point highlights that due to the heterogeneous geology within a county, 

inevitably similarities in strontium values can be shared between different parts of the world 

(Juarez, 2008). Thus, within the context of the Guatemalan internal conflict, the use of isotopes will 

not conclude that an individual is definitively Guatemalan, such information is inferred through 

context such as whether the individual was found in a mass grave within the country, a typical 

method of disposal during the internal conflict and any other artefactual associations if present 

(Budd et al., 2004). As such, any ratio gained through subsequent analysis will serve to exclude 

areas of residence rather than provide proof of a specific location, with 87Sr/86Sr serving as an 

exclusionary technique. 

 
Thought the studies mentioned previously are conducted on archaeological populations, studies 

conducted on more modern populations of Guatemala (20th Century – 21st Century) are scarce. 

Modern samples from Guatemala are often characterised by small subsets within a broader 

analysis, with researchers often coming across the samples by through analysing the isotopic 

variation in Central America, throughout the world or by chance (Lustig, 2013; Goad, 2018). Lustig 

(2013) analysing a modern population within New England was able to sample two individuals of 

Guatemalan origin, producing ratios of 0.706148 and 0.709148, respectively. Here the two ratios 

combined with samples from Honduras and El Salvador were combined to form the Central 

American sample. By categorising the samples by country rather than municipality, no further 

delineation can be made with respect to specific regions in Guatemala. Conversely, although not 

focusing on a modern population, the 87Sr/86Sr of contemporary faunal samples are detailed in work 

conducted by a number of authors (Wright, 2005; Price et al., 2008). Although such studies utilise 

faunal samples, the applicability of the baseline to bioavailable 87Sr/86Sr generated from these 

materials rely on the degree to which individuals consume food from the area in which they live.  

 

Thornton (2011) addresses this issue and uses modern animals of low mobility to ascertain baseline 

values for Mesoamerica. Here values of modern animals are found to fit broadly within the context 

of the baseline ratios reported by Hodell et al. (2004) collected from geological and faunal samples. 

A common theme within many of the aforementioned studies is the particular interest to classic 

Mayan regions, with the department of Petén of specific interest due to the volume of 

archaeological sites within the region. Price et al. (2008) while analysing the traditional Mayan areas 

of Petén aforementioned (e.g. El Mirador, Tikal, Buenavista and so on) also conducted the analysis 
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of samples from Kaminaljuyu (located near Guatemala City), Cocales (Suchitepequz), Victoria (San 

Marcos) and Abaj Takalik (Retalhuleu). For large urban sites, the mean 87Sr/86Sr was generated from 

fauna due to the variables associated with the potential contribution of immigrant populations. 

Here data from Price et al. (2008) and Price et al. (2010) as with the data derived from Thornton 

(2011) all fall closely with that data derived from topsoil, water and geological samples collected 

from Hodell et al. (2004).  

 

2.4 Considerations 

With archaeological areas often working with stratified datasets Hodell et al. (2004) to date, serves 

as the most extensive study for the country with the largest amount of areas analysed and as such 

is often used as the reference for 87Sr/86Sr in the modern literature. Whilst conformity exists 

between modern fauna, and those of archaeological remains, comparison to modern individuals 

has additional caveats.  

 

The main limitation of the original hypothesis that underlying bedrock will be reflected in 87Sr/86Sr 

ratios in tissues is that it does not consider potential variations in diet, water intake and movement 

of volunteers, which for the population studied in this thesis will be addressed in Chapter 5 and 6 

respectively. Here, modern bioavailable strontium will be dictated by the modern Guatemalan diet 

and will therefore reflect the consumption of a variety of fauna and foodstuffs resulting from 

modern food networks, preferences and materials used in the processing of foodstuffs as well as 

the specific locations for agricultural cultivation (Bogin et al., 2014; O’Brien, 2015; Lengfelder et al., 

2019). Within the literature, distinction is often made between the dietary preferences and habits 

of the Ladino and Mayan populations, respectively (Caumartin, 2005; Bermudez et al., 2008; Mayén 

et al., 2016). With the Ladino population of Guatemala often associated as being more economically 

prosperous, Mayén et al. (2016) comment that such differences in socio-economic status reflect 

the degree to which individuals consume non-traditional imported food, with a higher annual 

expenditure related to the consumption of a more ‘westernised’, rather than traditional diet.  

 

Many of the areas affected during the internal conflict were and are still represented by a 

predominantly Mayan population (Chichicastenango, 98.8% Rabinal, 81.9%; Coban, 80.9%, Santa 

Cruz, 83.5%; Chimaltenango 63.5%), however, areas such as Guatemala City and Villa Nueva 

demonstrate an almost entirely Ladino based population (91.3% and 94.1% respectively) (Instituto 

Nacional de Estadística, 2020). Tourism led developments resulted in a rapid rise in supermarket 

expansions, originating and emanating from Guatemala City, with conglomerates taking advantage 

of a largely more affluent Ladino population, something which has largely continued to this day 

(USDA Foreign Agricultural Service, 2018). The successful launch of Walmart and other subsidiaries 
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has led to the number of supermarkets doubling since the 1990s with the supermarket share of the 

retail food market growing by 10% annually until 2002 where it stood at 32%, with the Guatemalan 

diet remaining relatively homogenous until this time (Leatherman and Goodman, 2005; Hernández 

et al., 2007). Today, whilst dietary distinction is often made between Mayan and Ladino individuals, 

this should not necessarily be viewed as totally discrete. Rather this should be used to help make 

an informed assessment into the areas where individuals are more likely to choose (Mayan and 

Ladino) and be afforded (urban or rural) local or non-local food. This is exemplified by Marini and 

Gragnolati (2003) who state that modern individuals in Guatemala, who are overweight for 

example tend to be from non-poor non-indigenous households, with such individuals adopting 

more westernised diets comprising of more saturated fat and refined sugars).  Resultantly, such 

variables can bias modern bioavailable 87Sr/86Sr, causing such values to deviate from geological 

predictions and values gained from archaeological populations (Åberg et al., 1998). Therefore, 

when applying isotopic research for the provenancing of individuals, not only to Guatemalan 

individuals, such cultural understanding is important in order to interpret the subsequent 87Sr/86Sr 

and to determine how applicable such ratios can be to inform the geolocation of populations 

historically.  

 

2.5 Aims and Objectives 

2.5.1 Aim 

With information regarding bioavailable strontium data from modern Guatemalan populations 

relatively absent within the modern literature, the aim of this thesis is to:   

1. To establish whether the bioavailable 87Sr/86Sr, within the hair of modern individuals, 

characterising modern populations, is effective in discerning between locations within 

Guatemala which were particularly effected during the countries internal conflict.    

 

2.5.2 Objectives of the Study 

In order to answer the research, question the following objectives, which represent a combination 

of both socially and scientifically focused tasks, will be followed:  

1. To foster a collaborative relationship with the indigenous community of Guatemala.   

2. To work with forensic organisations and communities within the respective sampling locations, 

ensuring that through the distribution and explanation of informative material, informed 

consent is obtained.  

3. To analyse the composition of strontium in the hair of living volunteers residing in areas from 

which members of the community were reported missing.  

4. To determine the extent to which external (leach) or internal (digest) 87Sr/86Sr from hair can 

characterise a specific geographical population.  
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5. To identify such differences in 87Sr/86Sr assessed initially using Q-ICP-MS, with TIMS used to 

confirm results on positive leads through a subset of samples.   

 

2.5.3 Research Question 

As a study with the humanitarian purpose to explore 87Sr/86Sr in Guatemala so they may be 

understood to aid in the identification of the fundamental question, this research intends to answer 

is:  

1. Can 87Sr/86Sr from the hair of modern, living individuals in Guatemala be used to distinguish 

between regions from which individuals were reported Missing?  
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Chapter 3:  Methodological development for sample 

collection 

 

3.1 Considerations for sample collection in post-conflict Guatemala 

The collection of samples was initially compounded by limited research on methods which would 

enable researchers to engage positively with Mayan communities (Chino and Debruyn, 2006). 

Resultantly, to gain access to communities in this study, the help of a gatekeeper was sought. Nasir 

et al. (2016) note that gatekeepers, individuals associated with such populations who demonstrate 

an appreciation of current indigenous customs, can provide researchers with such information. 

 

Although the role of the gatekeeper can be seen as a function to allow research to transcend the 

social-linguistic disparities between both the researcher and stakeholders, this view offered is 

limited in scope. Here these individuals make the inaudible jargon into familiar words which can be 

pondered by the desired audience. On this basis, the individuals can be considered not to be 

neutral, rather as active instruments in the process of sample collection and project dissipation. 

Davidson (2000) shares this view when considering the use of Spanish speaking interpreters in 

medical discourse. Although Davidson (2000) considers the role of gatekeepers, his article does not 

consider the multi-faceted dimensions of human nature. He portrays the interpreter as uni-polar, 

working solely for the organisation rather than an individual immersed in the profession through 

the appreciation of the needs and wants of both parties. In the example presented by Davidson 

(2000), a medical interpreter serves solely as a narrator of patient discomfort so that the symptoms 

can be aligned to the specific source of ill health, rather than a humanitarian servant working to 

ensure that the patient’s wider needs are catered for. However, in Guatemala, gatekeepers took 

the form of dually-devoted individuals, who, whilst yielding from areas affected by the internal 

conflict (understanding cultural beliefs and customs), also shared the forensic initiative of which 

the project promoted, through prior experience of collaborating with forensic teams. These 

individuals served a dual-purpose as through working within the area previously, a report was held 

between the individuals and forensic professionals, which allowed trust to be gained, providing 

transparency to the institutional nature of forensic practice and revealing work of a personal 

nature. Through the endorsement of specific gatekeepers, individuals were willing to listen about 

the project’s aims and objectives, making individuals more receptive to parting with their hair, a 

symbol of social and sexual identity. However beneficial Rogers and Johannson-Love (2009) 

explains such problems with gatekeepers can be avoided by understanding that not only can 

multiple gatekeepers exist, but advice should be sought from a variety of different disciplines, which 

includes forensic investigators themselves. Such methods have been used to great effect with 
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organisations such as the Coordinadora vamos por el Cambio who through the use of academic 

institutions, indigenous peoples and NGO’s have come to define public policies in Latin America. In 

addition to such institutions, government officials are often sought as gatekeepers as they are 

perceived to have the authority to act on behalf of the population due to their democratic election 

(Gallo et al., 2012). Cherney and Fisk (2015) mentions that the role of governments as gatekeepers 

in post-conflict areas is void, with the inclusion of governmental actors posing a potential threat to 

the quality of information gained from partner populations. As a result, it appears that in order for 

the use of a gatekeeper to be successful, ownership must rest with the researcher to understand 

the socio-political context in which a conflict spawned in order to choose the appropriate 

gatekeeper’s so that the project appeals and adheres to even the most implicit facets of the Mayan 

culture.  

 

Without the involvement of a gatekeeper, it is clear that physical labour is a well-respected 

characteristic of Mayan heritage. The Mayan culture demands a laboured existence to ensure a 

cohesive and prosperous community. This is a slight variation of the notion put forward by Bassili 

(2003), who states that an individual’s culture can have an overriding bearing on an individual’s 

decision to conform to change. The author’s view is concerned with whether individuals are more 

willing to accept change, however, the observation here is regardless of the geographical distinction 

between Mayan neighbours, visually common Mayan characteristics serve as a uniform for unity. 

This was very much apparent, with acceptance of the programs principal’s gained once ratified by 

an accepted figure of the community not based on authority by ‘power’ but authority through 

respect. This view is echoed in the following example from which it can be determined that whilst 

it appears that ethical association is a major point of Mayan social identity; an essential self-concept 

is hard work. The social cue of rejection of the stereotypical white-bearded individual was removed 

through the observation of work and cooperation. With hard work proving one of the Mayan 

individuals most admirable traits yet historically one of their most threatening, with the 

Reagan/Montt administration associating this act, as communist and thus as a precursor for 

segregation and murder. The notion of using hard work as an engagement of practice is expressed 

by authors such as Lesser and Storck (2001) who would define this Mayan prerequisite as part of 

the Mayan community of practice (CoP) where engagement in hard work exercised rather a form 

of physical poetry by which each drop of sweat served as an unquantifiable albeit intangible 

currency of trust.  

 

Once trust is gained, one of the most complex issues regarding interaction with indigenous 

communities in scientific projects is the explanation of technical principles to individuals who are 

not familiar with the underlying principles. Fostering volunteer participation is complicated further 

due to the academic rather than legal mode of research, where there is no imperative to provide a 
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sample, especially the submission of samples to a cultural foreigner (Miller, 2011). Within the 

context of Guatemala, in order to form mutualistic relationships with the Mayan population 

emphasis was placed on an appreciation of the Mayan culture. This was completed using an 

ethnographic approach, defined as the study of a society’s culture from the viewpoint of the subject 

of the study (Eckert, 2012). Within cultural anthropology, a criticism of ethnographic studies is its 

exploitation of indigenous groups for the sole purpose of providing descriptive narratives of their 

attitudes towards certain topics, rather than using such data to engage with such groups more 

effectively. When utilising ethnography for forensic purposes, this disparity is often attributed to 

the incongruent nature of forensics and culture is the route of this. However, as noted by Tamatea 

(2017), such work is essential in it offers the opportunity to inform policy and practice. As noted in 

the NACLA Report on Guatemalan history, modern Mayan culture is often written by leftist 

supporters rather than Mayan individuals (Baird and McCaughan, 1979; Vilas, 1997). This disparity 

between first and second-hand interpretations has led to a disjunction between the recording of 

Mayan practices and writing sympathetic ethnographies indicting melancholic feelings to the 

current Mayan repression (Turner and Turner, 1992). Montejo (1999) offers a less hegemonic view 

of the contemporary Mayan but focuses on refugee camps and their experiences; a view limited to 

momentary condition. With the criticism of modern Anthropology ever-present for bestowing a 

dominant view of the ‘other’, the opportunity to liaise with modern Mayan individuals is essential 

for method development.  

 

Although the study at the basis of this thesis does not strictly constitute an ethnographic study, 

characteristics of such ideologies encountered through the research and the first-hand interaction 

with indigenous populations to gain quantitative information were utilised and in some instances 

avoided. Within many studies involving quantitative data, such information is often coded and 

interpreted thereafter; this post-reactive attitude can often mean that information is missed, which 

can result in the alienation of the partner population. In a paper conducted by Wolcott (1985) based 

on his ethnographic experience he claims that in order for someone to become a good 

ethnographer, it is their account rather than their persona which should be evaluated. The author 

neglects the use of etiquette in an attempt to gain the trust of post-conflict populations. This is 

described as an essential element of ethnographic research by Scougall (2008) who mentions that 

by implementing action lead research whose focus is on identifying the needs of the indigenous 

population this method serves to inspire both community confidence and participation. This is not 

to detract from the ethnographer’s main objective, rather, that an appreciation of how intangible 

aspects of an ethnographer’s methodology can be used to influence the mutualist aims of 

ethnographers and the emotional requirements of post-conflict populations (Higgins, 2004). It 

appears as outlined by Zuber-Skerritt and Farquhar (2002) that in order to become an effective 

research strategy the population of interest must be involved in the study, to maximize the 
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information collected and success of subsequent actions in the eyes of the community. The removal 

of the traditional ethnographic dogma of simply describing and interpreting cultural behaviour and 

moving toward an enlightened method of research, description/question, interpretation, and 

presentation is essential to Mayan populations. The development of a method which actively seeks 

indigenous input has led positively to the greater involvement of indigenous people in research 

(Hall, 2005).          

 

In order to gain such first-hand information, either quantitative or qualitative, from indigenous 

populations it is a widely held belief within the social sciences that questionnaires provide a cost-

effective way to gather past information on past behaviours. In mainstream science, the use of 

structured interviews has been utilized in order to gain information directly related to the research 

question at hand. Banning (2005) challenges this view, suggesting such methods are often inflexible 

in nature, resulting in key information being overlooked. More recently focus has been drawn to 

the use of unstructured interviews with a progressive structure in which to obtain information. Such 

a focus is essential in building networks and relationships, creating an environment in which the 

interviewee becomes comfortable. Although it appears that structured interviews form an essential 

role within scientific studies, there is no consensus on the order in which interviews should be 

conducted. As mentioned by Higgins et al. (1996), the method in which interviews are conducted 

should be driven by not only the research questions at hand but also from the disciplinary nature 

from which the researcher hails. Resultantly, it could be argued when conducting isotope research 

within a humanitarian setting that the use of a structured interview is initially required in order to 

collect information most imperative to the research question at hand. Brod et al. (2009) promote 

this view by insisting that participant feedback will enable the researcher to capture the issues of 

particular importance at the earliest instance, utilising their views and opinions rather than 

portraying individuals solely as victims or survivors of repressive or violent activities organised by 

the state. The utilisation of interviews to study modern populations is not uncommon, with the 

approach traditionally used in medicinal studies and more recently to compare reported dietary 

sugar uptake to actual intake using carbon isotopes (Davy et al., 2011). Whilst the benefits of 

gathering primary data cannot be understated, further explanation is essential (Wang and Jentsch, 

1998; Myers, 1999). This is demonstrated by the dichotomous nature of the term of local, which in 

isotopic terms pertains to the individual’s proximity to the area in which their food is grown rather 

than the area of purchase. In order to resolve such issues between dialects, Fox et al. (2006) state 

that the researcher can evaluate how to relate such complex information to current indigenous 

beliefs, by gaining access and working with communities directly, to come to a shared language.      

 

Overall it appears that whilst the literature on ethnographic methods is vast, the method utilized 

by the researcher is a matter of discretion. It appears that traditional methods of ethnography are 
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strictly results led, with the partner population often seen solely as a source of information 

pertaining to the research question at hand. However, with modern techniques, especially ones 

which require explanation, such as isotopes, a discourse between researcher and interviewee is 

imperative. This is not only required in gathering information to vital questions but is essential in 

determining how the questions should be asked in order to gain a better understanding of the 

relevant culture.   

 

3.2 Initial meetings with potential stakeholders 

Initially, for this study, a number of individuals were asked to provide their thoughts on various 

aspects of the project including the proposed sample collection method and how it would be likely 

perceived by the local community. Individuals consulted ranged from a variety of backgrounds and 

professions which included; Senior figures from widow groups, Members of the indigenous 

community and forensic practitioners.   

 

Indigenous representatives were able to share information on how the proposed sampling method 

would coincide with Mayan beliefs. Similarly, due to their familiarity with indigenous populations, 

forensic practitioners such as the Forensic Anthropology Foundations of Guatemala were consulted 

to divulge any related information through their experiences.  

 

3.2.1 Procedure 

Meetings conducted with the indigenous population took place through consultation in the 

presence of a gatekeeper, a trusted intermediate operating as a mediator between the 

communities and outside individuals such as researchers and forensic practitioners. Consultation 

with widow group representatives and forensic practitioners were conducted at each respective 

organisational headquarters due to the formal and sensitive nature of the project. All meetings 

were conducted with a brief explanation of the goals of the project and the intended outcomes 

before the method, and associated materials were discussed. The active involvement of volunteers 

in defining the process was taken imperatively, to not only increase volunteer participation but to 

also avoid the appropriation of Indigenous knowledge, that is the theory of collecting information 

about Indigenous populations solely for ‘Western’ gain (Roht-Arriaza, 1995; Ford et al., 2016). 

 



 52 

 

Figure 3.1: A meeting with a group of survivors from a massacre which took place in Chichicastenango. 

Meeting with village elders and other village representatives (Figure 3.1) proved essential, 

especially when hair collection was conducted during an exhumation. Whilst the focus of the 

exhumation is to document, and record remains along with other grave artefacts, antemortem 

information is collected in parallel during an exhumation often by social anthropologists. This allows 

the sensitive but bureaucratic nature of information collection to be gathered, from the relevant 

family members all at once.    

 

3.2.2 Debrief 

Once sample collection was completed, a debrief was conducted between both University team 

members and, where applicable, forensic groups. The debrief according, to the Disaster Victim 

Identification Protocol via INTERPOL, is noted as the procedure essential to gain the maximum 

benefit from past events to ensure reactiveness in the future (Sweet, 2010). This allocated time is 

an essential but often overlooked aspect of the quality management process. The debrief does not 

initiate an opportunity for criticism, but rather in this study it served as a chance to review collection 

protocols by discussing any observations made so they could be amended before being deployed 

in the future. It was not uncommon for a topic to require further research in order to satisfy 

volunteer demands whilst ensuring that the project conformed to the ethical and judicial legislation 

in the United Kingdom. In summary, as a result of feedback received the following points below 

were raised.  
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1. ‘Strontium’ does not exist in the Mayan Languages.  

a. Firstly, the word strontium was exchanged for calcium. In order to then detail how 

the strontium (calcium) manifested in the individuals’ body, reference was made to 

the Popul Vuh, (translated as the ‘book of the people’). As a creation story, here 

individuals are described as made from ‘Maize’, and that the earth’s presence in the 

subsequent food does not diminish with evidence of this being found in the 

individuals’ hard tissues. This provided an alternative, relatable and logical 

explanation as to why strontium could be found in the individual’s hair, via an integral 

part of Mayan culture.  

2. Many individuals were unable to sign their name. 

a. It was explained to the population that either a signature or a fingerprint could be 

provided, rather than mentioning the fingerprint as an alternative. This was essential 

to accommodate an increasing number of volunteers and to avoid separating 

individuals implicitly based on education.   

3. Greater explanation on what will happen to excess hair upon the completion of the analysis.  

a. Some individuals needed further reassurance regarding the subsequent disposal of 

hair, and thus, greater effort was taken to explain and negotiate the appropriate 

discarding of hair. This step was taken in response to a number of individuals who 

detailed the emphasis the community gives to the tissue in its beliefs. This issue 

highlighted the imperative interaction between researcher and volunteer in volunteer 

lead research.  

4. Manipulation of hair is seen to help influence the individual from which it originated.  

a. The collection of hair was originally met with some reservations, especially when 

sample collection involved around female members of the community. It was later 

detailed by the community that it is a traditionally held belief that the touching of an 

individual’s hair can induce feelings of love. It was then made part of the standard 

operating procedure that hair was to be collected with gloves which minimised any 

contact between the recipients’ skin and the volunteers’ hair.  

5. Prepare labelled sample bags before meetings.  

a. This step was completed in order to maximise the time spent with the local community, 

rather than preparing materials for sample collection. Before each meeting, a 

polyethylene bag was labelled with an appropriate nomenclature, such as GUAC-1 for 

the first sample from Guatemala City, to demonstrate forensic integrity.   
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In instances during the debrief where resolutions to issues could not be fulfilled, further research 

was conducted, extending the sample collection procedure, which is summarised below in Figure 

3.2: 

 

Figure 3.2: A diagram which details the data collection process during the visit to Guatemala. 

As seen in Figure 3.2 above, whilst the majority of the steps involved above may be seen as routine, 

due to the novel nature of the programme and the population studied a number of resolutions 

were accomplished through casual inference. This is revealing associations based on gathered 

knowledge in order to make more educated assumptions. This is a popular subject within social 

sciences where it is argued that such steps are pivotal in science where its fundamental premise is 

to identify the casual contrivances which govern the world itself (Winship and Sobel, 2004).   

 
 

3.3 Questionnaire 

It is common practice when dealing with isotope studies of hair to combine various samples from 

the same ‘locality’ through the collection of hair from barbershops or salons. In this study, such 

practice was avoided to sample the population directly to account for the effects of dietary or 

cosmetic variables which would present significant challenges in a homogenised sample where all 

the contributors could not be guaranteed. In order to factor and identify any potential factors which 

could lead to inaccurate isotope readings, a short questionnaire was created.  
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3.3.1 Design 

A short lifestyle questionnaire or antemortem form was provided to each potential volunteer (see 

Appendix A.1). Initially, this provided an introduction to the principal investigator, the project and 

how data would be presented, but also fulfilled the humanitarian and legal requirement of 

respecting the individuals’ anonymity. There is a persistent fear due to the ever-present political 

instability in the country and the presence of previous military members ever-present on the 

political roster (Schirmer, 1998).  

 

Within the realm of lawful obligations, it should be noted that whilst the keratin portion of hair is 

not governed by the Human Tissue Act 2004 (HTA) the topics of informed consent are of interest 

to both the HTA and the British Association of Social Anthropologists (ASA). Given the absence of 

legislation governing tissue and advice in handling indigenous peoples, to provide a judicially and 

ethically sound method by UK standards, recommendations by both organisations were followed 

extensively. Additionally, to show a tangible commitment to the legacy aspect of the project 

volunteers were given an option to view how their data would be represented before publication, 

providing evidence that the responsibility of the investigator was adhered too. In addition to the 

practical frameworks set out by both the HTA and ASA, the work was aligned with the University of 

Lincoln’s ethical framework, with approval gained on the 6th of June 2016 reference: CoSREC114.  

  

The final section of the form, as the most isotopically relevant, requested information on diet and 

nutrition. Information regarding individual habits, such as eating imported food, which can alter 

the ‘local’ strontium signal, were also requested. This is essential as specific or foreign foodstuffs 

can cause elevations in an individuals’ strontium isotope ratios. Work completed by Eckardt et al. 

(2009) and Lamb et al. (2014) demonstrates that through the comparisons of individuals with the 

same origin, that consumption of a largely pescatarian diet results in isotope ratios independent of 

the same population. This is a result of fish having the same strontium isotope ratio as seawater 

which is substantially different from terrestrial sources of the element.  

 

In addition to the isotopically relevant lifestyle information, section, such forms served as a medium 

to also demonstrate that informed consent has been agreed once the literature surrounding the 

project had been absorbed with any outstanding questions answered. The creation of a 

questionnaire in Spanish and subsequently, a translated copy in English helped to serve as a 

reference to categorise volunteer responses. Gatekeepers were available to relay any questions in 

an individual’s native language with subsequent interpretation with an example questionnaire and 

informative leaflet available to all supporting staff. Participants were required only to complete the 

donor survey and provide a sample. For this part of the investigation, standard factors that are 
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reported to affect isotope ratios were specified with the associated appropriate sources of such 

factors. The data collected from each individual is stated below: 

 

1. Name  

2. Sex  

3. Age  

4. Area of residence  

5. Travel habits for work  

6. Type of water consumed  

7. Type of water used in the kitchen 

8. Whether the origin of food was known  

9. Whether any hair products are used in the hair such as dyes  

 

The initial complete questionnaire displayed in Appendix A.1, was constructed before fieldwork 

with any difficulties or issues surrounding the questionnaire addressed through interaction with 

indigenous populations directly. However, prior to undertaking the second field visit, to ensure the 

isotopically important issues were covered each question was pre-coded, with individuals 

responding to a number of options based on the locality of the produce they consumed and their 

work habits. Each question was relevant to the study at hand as a deviation in such factors could 

lead to outliers or significant observations between the isotope ratios for individuals of the same 

provenience. Such form was fundamentally essential as some information is unobtainable through 

mere surveillance alone such as area of residence and age. Initially, the area of residence allowed 

for temporal associations between specimens and their respective underlying geologies to be 

made. Travel habits for work also served to aid in such a comparison, as the isotope ratio for hair is 

less conservative in comparison to dental and skeletal samples, minor differences between area of 

residence and area of work could lead to variations in the isotopes being studied.  

 

Originally biological factors such as age, sex and stature were largely ignored in isotope studies as 

it was believed such variables had little to no impact on the subsequent isotope ratio from 

individuals living in the same conditions. However, as of 2018, authors such as Tipple et al. (2018) 

have demonstrated that sexual differences may result in variable strontium isotope ratios, resulting 

in a two-tiered system within each area. Although such research is required to further understand 

isotope analysis, the effects of sexual differences are not conclusive. Irrespectively, the use of sex 

and age were maintained throughout the investigation to offer an opportunity to contemplate any 

potential sources of variation within the dataset, as well as examining the potential for additional 

comparisons to be made within the study, i.e. sex.  
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The form was to be completed in its entirety with exceptions made in some circumstances when it 

was shown to be against the volunteer’s wishes, implicitly, to divulge such information, with a 

number of individuals only failing to specify age in their responses. Although the quality of data is 

deemed to suffer as a result of incomplete questionnaires, in these rare cases, such individuals 

were not questioned further on this to avoid damaging rapport with volunteers. It was decided such 

isotopic information would be utilised, however, such results were to be omitted within any 

subsequent comparisons between isotope ratios based on age.  

 

Lastly, once the forms were completed, through the use of carbon paper between the two 

questionnaire examples, the volunteer was provided with a contemporaneous, identical copy of 

the lifestyle questionnaire, thus offering the volunteer the opportunity to reflect on the information 

obtained. This was to be used to serve as a reference of the material, to which the volunteer 

provided consent providing clarity if consensual preferences were to change.   

 

Upon completion of the first field visit, a number of amendments were made to the isotopic 

questionnaire based on feedback from volunteers and forensic practitioners. Initially, 

questionnaires were supplied with an introduction to the project, including a detailed description 

of how the data was to be used and processed and the amount of hair required. Although 

informative, due to the environment in which samples were collected, at an individual’s area of 

work or at an exhumation the feedback from volunteers was that the form was data-heavy and 

impractical for individuals with a limited amount of time. As a result, the isotope specific 

questionnaire for the second field visit was shortened (Appendix A.3), with a greater distinction 

between an informative leaflet and an isotope specific questionnaire. As a result, the informative 

questionnaire on reflection of first field visit experiences and feedback was shorted from five to 

three pages. It was decided that short questionnaires are important when dealing with the 

indigenous communities where participants were asked similar questions repeatedly, such as the 

source of water they consume in various settings. Although Konstabel et al. (2012) argue that short 

questionnaires cannot reliably represent the whole construct, their argument is applied to 

personality traits, qualitatively, rather than a specific number of quantitative factors.  

 

Amendments were also extended to the format in which questions were presented. Open-ended 

questions appeared to influence the degree to which volunteers engaged with the questionnaire. 

When open-ended questions exist the detail given by the participant varied from accepting that 

they drink ‘local water’ to local filtered water. However, the use of a multiple-choice format allowed 

individuals to appreciate the level information required in order to draw successful comparisons 

between samples. This is evident with only 36% of individuals providing a greater narrative with 

answers versus individuals who answered categorically with a simple ‘yes’ or ‘no ‘answer where 
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applicable.  Resultantly the phrasing of questions was altered between field visits, using shorter, 

more concise terms to portray the same meaning. This change accompanied with a number of 

preapproved responses relating to the origin of consumables reduced any possible ambiguities in 

the level of detail required by the volunteer, whilst serving as a reference for volunteers to 

introduce alternative sources of consumables if applicable.  

 

A major change between both field questionnaires was made in relation to understanding an 

individual’s residential history. Initially, asking an individual whether he or she had lived anywhere 

else for a month or longer in the last year proved too constrictive. In many cases submitted hair 

samples were longer than 12 cm, which would exceed the commonly described rule of hair growth 

at 1 cm a month which may have caused a misrepresentation in the final dataset. Resultantly 

questions regarding residential history were expanded to address the area where they originated 

from, their area of residency in addition to the duration in which they have resided at the particular 

location and finally travel habits. This provided a more comprehensive understanding of an 

individual’s residential background, with further questions regarding residency asked if an 

individual only lived at their current area of residency for a short period outside of that suspected 

for the subsequent length of hair.  

 

By understanding an individual’s residency on a greater temporal scale, specifically by asking and 

delineating between an individual’s region of origin and current residential location provided a 

solution to another issue observed after the first field visit. Initially, during this time, volunteers 

were originally asked to define the area where they live. What became apparent was that many 

people declared the area they currently lived in as the area from which they were born. However, 

the combination of questions specifying the origin of the donor as well as the current area of 

residence in addition to the geographical region from which the hair sample was taken helped to 

clarify this definition. This also helped identify any other areas in which the individual may have 

lived or worked in which could contribute to the individual’s strontium isotope ratio offering the 

potential help explain any significant shift from ratio of the overall population. By addressing the 

topic of an individual’s mobility habits during the second field visit were pertinent, especially in the 

case of Chichicastenango where many individuals lived in surrounding villages rather than in the 

town of Chichicastenango itself. Although such amendments provided greater detail on issues 

which could affect resulting 87Sr/86Sr, a number of individuals used this section to describe the mode 

of transport they used to get to their area of work rather than whether they have to travel to 

separate municipalities throughout the day. This issue represents a further opportunity to develop 

the informative literature provided to volunteers if any future visits were to be undertaken.  Overall, 

it would appear that such improvements to both the questionnaire, with a comparison between 

both field visits mentioned in Table 3.1, and the informative leaflet contributed to a positive uptake 
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in volunteer participation, with an additional 39 samples collected during the second field visit as 

opposed to the first.    

 

Table 3.1: A table outlining the differences between the content of the questionnaire between the first and second field 
trips. 

First Field Trip Questionnaire Second Field Trip Questionnaire  

Open-ended Multiple choice 

Where do you currently live (area) Area of residence 

Have you lived anywhere else for a month or 

longer in the last year? 

Origin of Donor  

Time spent in the area of residence 

Do you eat food from the local area?  Mobility habits for work or study 

Do you drink water from the local area? Type of water consumed 

 Water used in the house 

 Origin of the food consumed 

 What products are used on your hair, has your hair 

been dyed 

 

3.3.2 Leaflet 

The leaflet associated with the project served to outline the background to the project, the areas 

of interest, the benefits of the study and information relating to the subsequent use of the data for 

conference/paper presentations; this is in contrast to the antemortem form which served as a 

witnessed signed record to the consent of the volunteer’s participation in the study and lifestyle 

record. Information on the domestic and international development of the project was also 

included within the document (Appendix A.2), whose primary aim was to serve as a medium in 

which to facilitate both informative and ethical functions, providing a fundamental understanding 

to the project, the rationale and how it would benefit the community, both indigenous Maya and 

forensic communities. Initially, the leaflet contained five sections noted such as: 

 

1. Background  

2. Project 

3. What is needed from me?  

4. How will my data be presented?  

5. Outcomes  

6. Contact Information   
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The background presented on the first field visit leaflet presented a background to strontium as an 

element in general. This included where the element is found in nature and the tissues in which it 

resides, described strontium as an element, where it is found and the residency timeline which can 

be calculated from a specific tissue.  

 

In relation to the project, this section outlined the duration of the project, and what was to be 

achieved during this time, this was outlined for the volunteers to understand what could 

realistically be achieved within the duration of the PhD and the rationale/ humanitarian aim, behind 

the work. Furthermore, the areas from which samples were sought were also outlined to prompt 

the invitation of volunteers from such area and to foster potential collaborations. This section also 

detailed the advantages of using isotopes and the benefits of this over more traditional forms of 

identification, this was completed not to discredit other methods of identification; rather to 

demonstrate how isotopes could offer alternative information for forensic investigations.  

 

The segment entitled, ‘What is needed from me?’ outlined the topic of consent. Here it was asked 

if the individual would like to give generic consent that would permit the use of the data in the 

future for other applications such as papers, thesis and conference presentations. This section also 

posed the question to the volunteer of how they would like to be presented in the final data format, 

such as by name, group or location. Traditional modes of acknowledgement were outlined in the 

section ‘How will my data be presented?’, this section highlighted the limited information collected 

and used in the analysis to provide meaningful results and which is presented through such 

academic formats.  

 

Before the initiation of the second field visit the leaflet was amended (Appendix A.4), with a 

comparison between both the first and second field trips seen in Table 3.2, was based on both 

volunteer and forensic practitioner feedback. To provide credibility to the project as a researcher, 

the background was amended to provide a background to the work conducted in Guatemala 

previously and work conducted on strontium isotopes in England. This was completed with the aim 

of highlighting the novelty of this project in Guatemala and its humanitarian objectives.  

 

The next section of the leaflet, ‘Defining Strontium and Isotopes’ related strontium to the 

compound calcium, this was done to provide a comparative element rather than explaining 

strontium as an alien substance. Additionally, the fundamental principles of isotopes were 

explained, including how the isotopes are found in the bodies tissues.  The project section was kept 

as a method to emphasise the need for hair as a material outlining why this tissue was taken 

specifically, along with the request for teeth from grazing animals of known origin, from a more 

concise number of areas.  The methodology used in the project was explained to outline the 
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sequence of events which would allow the subsequent isotope ratio to be calculated. The four key 

components of the methodology (sample collection, analysis, database, distribution of results) 

were explained including the use of ICP-MS, such change prompted the explanation of the manner 

in which hair was disposed of. This face-to-face collection allowed for the adjustment for 

confounding factors. Such factors manifested in the trip, with many indigenous populations 

requesting that hair not required for analysis to be spared from digestion in acid. Preference was 

given to using the hair as part of the soil foundation in which to plant a tree or shrub which was 

seen as using human nourishment to help aid in the fauna’s growth. 

 

Results were discussed in terms illustrating the domestic benefits of the proposed project and the 

advantages of using isotopes in attempting to identify the Missing. Lastly, it was described explicitly 

that the results would be used to contribute to the field of isotope analysis through the production 

of academic materials such as papers. Lastly, the allocation of an allotted area in which to record 

the sample number served to acknowledge the individual’s consent to the project, both present 

and future. The reference to the individuals’ nomenclature ensured that if a copy of the final 

dataset was requested, the individual could identify the ratio which corresponded to their specific 

sample. The return of specific data also contributes to the creation of a collaboration advantage 

moving from social service to social justice, empowering individuals through demonstrating how 

their involvement has contributed to a growing field of knowledge. The return of information to 

the community adheres to the hierarchy of needs outlined by Maslow, by which individuals are 

motivated to achieve certain goals through a number of categories (Lussier, 2019). The use of 

negotiating consent provides individuals with security on the basis that their information is only to 

be utilised for the agreed principles while this also provides an ethical basis through which to 

facilitate a harmonious working relationship. Additionally, the return of data or recognition 

specified in both the questionnaire and leaflet provides a sense of accomplishment in contributing 

to a method with the aim of aiding in the identification of Missing individuals.   

 

Table 3.2: A table outlining the differences between the content of the leaflet during the first and second field trips. 

First Field Trip Questionnaire Second Field Trip Questionnaire  

Background (to project)  Background (to individual)  

Project Defining Strontium and Isotopes 

What is needed from me? (The volunteer) Project  

How will my data be presented?  Methodology  

Outcomes Results  

Contact Information Contact Information 

  Sample Number 
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3.4 Sample collection 

Once consent was given by the volunteer, ~25 mg of hair was cut and placed in a section of 

aluminium foil and wrapped. The wrap was then stored in a plastic sandwich bag accompanied with 

an appropriate nomenclature which consisted of the area, sample number, date and time. By 

providing a physical barrier between the hair and the plastic bag ensured that the hair would not 

be exposed to any plasticisers which could influence the resulting 87Sr/86Sr (Fraser et al., 2008; 

Gordon et al., 2018).     

 

Hair was collected from areas using a stratified sample, which is, using a specific selection of 

individuals from the whole population based on geographic location. Individuals were selected 

based on residency within one of the areas affected by the internal conflict, specified in 

Guatemala’s Historical Clarification Commission (CEH) report completed between 1997-1999 

(Historical Clarification Commission, 1999; Kemp, 2004). No further distinction was made based on 

additional biological factors such as age, sex and stature due to the then-contemporary view that 

such variables had minimal to no effect on subsequent strontium isotope ratios (Aggarwal et al., 

2008; Li et al., 2013).  

 

During the initial field trip, volunteers were sought from 9 out of the 12 recorded locations 

mentioned by the CEH and were analysed with 50 hair samples collected in total respectively. This 

non-exclusive approach was chosen to include as many volunteers as possible, with the aim of 

identifying isotopic heterogeneity within the country. Once the results from the initial field trip 

were analysed, the number of areas analysed were reduced to six. This figure was chosen to focus 

on increasing volunteer participation and thus sample size, with special attention paid to 

geologically diverse areas such as Coban and Rabinal, rural areas which required greater interaction 

with widows’ groups to foster collaboration.   
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Within the sample set, a small number of individuals regularly travel for work commitments, making 

a small subpopulation. These individuals provided a quantitative opportunity to evaluate the effect 

of mobility on the final strontium isotope ratio. The geographic spread of the samples between 

from the first and second field trip can be seen in Figure 3.3, with a detailed breakdown of the 

number of samples supplied by location seen in Table 3.3.  

 

Table 3.3: A List of hair sample locations and dates they were collected. 

Area 
Number 

Area Name Number of Samples Year 1 
(4th April – 1st May 2016) 

Number of Samples Year 2 
(12th May – 30th May 2017 ) 

1 Guatemala City 15 12 

2 Villa Nueva 1 11 

3 Chichicastenango 6 20 

4 Lacama II 1 0 

5 Santa Cruz 0 20 

6 Rabinal 14 6 

7 Coban 3 15 

8 Chimaltenango 2 0 

9 Jalapa 2 0 

10 Escuintla 1 0 

 Total Per Year 45 84 

 Total Samples 
Collected 

129 

 

 

Figure 3.3: An illustration, demonstrating the geographical range from which hair was given. Guatemala City (Red), Villa 
Nueva (Blue), Coban (Light Green), Rabinal (Burgundy), Santa Cruz (Yellow), Chichicastenango (Pink), Chimaltenango 

(Black), Escuintla (Brown), Jalapa (Teal) (Zee Source, 2018).  
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As seen in Table 3.3, sample collection took place over two periods spanning from the 4th of April 

2016 - 3rd of May 2016 and 12th May – 30th May 2017. Initially, 45 hair samples were collected from 

individuals from 9 of the 12 areas mentioned in the historical clarification report, with 84 samples 

collected during the second field visit, providing 129 samples in total. Hair was collected 

predominately using first-hand extraction where hair was cut as close to the root as possible, with 

two samples collected via volunteer self-sampling at the volunteer’s request.  

 

Sample identifiers were recorded with an abbreviated name pertaining to the location from which 

the individual heralded. With the prefix ‘GUAC’ as an example associated with a sample heralding 

from Guatemala City, associated order in which the sample was collected, i.e. number (1) and year 

the sample was taken, either 16 or 17. In all examples, hair was collected with the compromise that 

a sufficient mass of hair could be collected to enable subsequent analysis whilst ensuring minimal 

if any aesthetic differences in the original hairstyle. Such agreement was made with many 

volunteers concerned with not only the cosmetic ramifications of the extraction but also the 

cultural beliefs surrounding the hair.  

 

Hair was cut using sterile scissors, with the area of collection chosen as the nape of the neck. This 

served two purposes firstly the hair at the nape of the neck is characteristic of newly erupted hair 

demonstrating a strontium isotope ratio more indicative of the local area (Tipple, 2014; Frei et al., 

2017). Secondly, this area of extraction made volunteers more comfortable with individuals able to 

cover the respective site as opposed to areas such as the crown or temples. Hair was collected with 

disposable, powder-free, nitrile gloves to avoid any external contamination associated with corn-

starch, a common lubricant in latex gloves, which can serve as a source of strontium. A small set of 

jewellery scales were used to weigh the individual’s hair to the desired 25 mg before submission, 

however in travel the scales were damaged, and as a result, such measurements were taken with 

the use of a visual reference, a 25 mg quantity of hair in a labelled centrifuge tube. Once satisfied 

that the desired mass of hair had been achieved, hair was wrapped in aluminium foil and placed in 

a small polyethylene bag; with two associated labels attached to each bag including a label inside 

the bag to maintain the continuity of the sample in transport. The sample bag was then stapled to 

the corresponding questionnaire above the self-seal with questionnaires collated and subsequently 

separated based on the collection location and sealed.   

 

With the indigenous individuals made aware of the sampling procedure, the use of gloves to collect 

hair became symbolic. Indigenous communities uphold the spiritual value of hair, believing that 

handling of the hair by a male in the case of a female volunteer would result in the volunteer 

becoming attracted to the individual sampling the hair. As a result, hair was not collected without 

the use of gloves and in some albeit very few instances partners requested permission to cut their 
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spouse’s hair, the granting of which was unhesitant in all cases to maintain trust with the 

community demonstrating the projects moral foundation.  

 

Hair is not only symbolic in Guatemalan culture but throughout central, south and native American 

traditions where the cutting of hair is often reserved for two cases, one of which was used to 

humiliate individuals after battle and is common practice in the mourning process to symbolise the 

mental wounds felt once an individual has passed away. More specifically in Mayan culture hair has 

been used to denote rank within the community with men known to burn the follicles in order to 

create a receding hairline to ascertain a more elongated silhouette, with women choosing to braid 

the hair with ornaments and ribbons to mark themselves elite or for special occasions. Whilst 

modern attitudes and indeed style of hair are more consistent with western counterparts, the 

importance of hair in Mayan culture has remained linear in this contemporary period.  

 

As a prerequisite to understanding the Guatemalan socio-political background and in order to 

overcome this autochthonous knowledge, through reviewing the Mayan book of creation or the 

‘Popul Vuh’ it discovered that within the Mayan beliefs individuals were made from corn by two 

deities, a God and Goddess (Christenson, 2007). This belief was not relied on but facilitated the 

explanation of strontium incorporation from consumables into the body and into the hair, 

appealing to the Mayans wealth of wisdom and experience of nature passed orally over numerous 

generations. This allowed the facilitation of challenging concepts mediated by the learner’s 

environment, a view often associated with social constructivist ideologies. Recognising the social 

context of learning through beliefs is often attributed with contributing to a strong foundation for 

the successful explanation of foreign concepts (McKinley, 2015).  

 

Promoting scientific principles through the use of Mayan heritage compliments the pride which the 

Maya have of their history, one which has been repressed even in the post-conflict era. This practice 

sought to maintain the integrity of the indigenous culture based on indigenous concepts, a feature 

outlined by the United Nations (UN) as imperative in the education of indigenous individuals 

(Mazzocchi, 2006). As mentioned by Daes (1993), sharing heritage in this sense creates a 

relationship between the givers and receivers of knowledge. The givers retain the authority to 

ensure that the knowledge is used properly and the receivers continue to recognise and repay the 

gift. The involvement of indigenous communities in the development of the project in both its 

literacy and methodology goes against the traditional anthropological approach, which views the 

community members as passive subjects. Allowing such fluid design allows researchers to work 

with and for indigenous communities, as mentioned by Koster et al. (2012) the cooperation 

between community and researcher allows mutual benefit, especially when indigenous paradigms 

are followed. The incorporation of both indigenous beliefs and forensic practice has led to a 
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harmonious understanding between both aboriginal groups and forensic practitioners in the 

production of autopsy reports, written to incorporate language which aids indigenous communities 

in understanding if any magical interference has been detected within the deceased body. Such 

practices are beneficial for indigenous groups who may not have any societal or educational 

methods from which to understand the work at hand. As a result, finding such common ground 

may assist the merger of two systems which are often seen as antithetical. The use of a 

comprehensive communications strategy is an approach adopted by a number of authors (Swanson 

et al., 2016). With the multi-elemental approach, designed to empower all groups to express their 

thoughts on the informative process, through the use of a questionnaire/leaflet, as well as the 

sampling method, freely in line with their own beliefs.  
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Chapter 4:  Experimental 

4.1 ICP-MS 

4.1.1 Samples  

Hair samples were collected over two field visits, with a total of 119 samples analysed using ICP-

MS. Each sample analysed using the instrument, along with the associated lifestyle information, are 

described below. Overall, from the first field visit, 45 individuals volunteered to provide samples 

for analysis. Their respective responses to the lifestyle questionnaire (Appendix A.1) and the 

associated mass of sample provided are detailed below in Table 4.1. 

 

Table 4.1: A table outlining details of isotopic interest from individuals who provided samples during the first field visit. 

Sample Name Sex 
Area 

of 
residence 

Travel 
Habits 

Water 
consumed 

Origin 
of Food 

Hair 
Dyed 

Mass 
(mg) 

GUAC-1 F Guatemala City N/A Purified Local Local No 25.9 

GUAC-2 F Guatemala City N/A 
Local and 
Bottled 

Local No 27.4 

GUAC-3 F Guatemala City N/A Local Local No 25.3 

GUAC-4 M Guatemala City N/A 
Local and 
Bottled 

Local No 25.7 

GUAC-5 F Guatemala City N/A Bottled Local No 27.1 

GUAC-6 F Guatemala City N/A Local Local Yes 27.6 

GUAC-7 M Guatemala City 
Rabinal at 
weekends 

Local Local No 25.5 

GUAC-8 F Guatemala City N/A Local Local No 26.2 

GUAC-9 F Guatemala City N/A Local Local No 18.8 

GUAC-10 M Guatemala City N/A Bottled Local No 19.7 

GUAC-11 M Guatemala City N/A Local Filtrated Local No 26.3 

GUAC-12 F Guatemala City N/A 
Local and 
Bottled 

Local No 19.3 

GUAC-14 M Guatemala City 
Rabinal at 
weekends 

Local and 
Bottled 

Local No 20.2 

GUAC-15 M Guatemala City N/A 
Local and 
Bottled 

Local No 18.7 

GUAC-16 M Guatemala City N/A Bottled Local No 26.6 

RAB-1 F Nimacabaj N/A Local Local No 26.1 

RAB-2 M Zona 4 N/A Local Local No 26.7 

RAB-3 F Pachica N/A Local Local No 25.3 

RAB-4 M Pachica N/A Local Local No 26.5 

RAB-5 F Pachica N/A Local Local No 25.5 

RAB-6 M Pachina N/A Local Local No 26.6 
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Table 4.1: A table outlining details of isotopic interest from individuals who provided samples during the first field visit – 

continued. 

Sample 
Name 

Sex 
Area 

of 
residence 

Travel 
Habits 

Water 
consumed 

Origin of 
Food 

Hair 
Dyed 

Mass 
(mg) 

RAB-7 M Pachica N/A Local Local No 26.7 

RAB-8 M Pachalum N/A Local Local No 29.6 

RAB-9 F Pachalum N/A Local Local No 27.7 

RAB-10 F Chauperol N/A Local Local No 25.2 

RAB-11 F Pachalum N/A Local Local No 26.4 

RAB-12 M Pachalum N/A Local Local No 25.9 

RAB-14 F Zona 4 N/A Local Local No 27.3 

RAB-15 M Zona 4 N/A Local Local No 26.9 

CHICHI-1 F Chichicastenago N/A Local Local No 19.1 

CHICHI-2 M Chichicastenago N/A Local Local No 21.8 

CHICHI-3 M Chichicastenago N/A Local Local No 19.3 

CHICHI-4 M Chichicastenago N/A Local Local No 26.8 

CHICHI-5 M Chichicastenago N/A Local Local No 25.6 

CHICHI-6 M Chichicastenago N/A Local Local No 20.2 

COB-1 F Coban N/A Local Local No 21.5 

COB-2 F 
Canton Las 

Casas 
N/A Local Local No 27.3 

COB-3 M Coban N/A Local Local No 26.9 

CHIM-1 F Chimaltenango N/A Local Local No 27.1 

CHIM-2 M Chimaltenango N/A Local Local No 21.0 

JAL-1 F Jalapa N/A Local Local No 25.2 

JAL-2 M Jalapa N/A Local Local No 18.5 

LAC-1 F Lacama N/A Local Local No 19.9 

ESC-1 F Escuintla N/A Local Local No 21.8 

VIL-1 F Villa Nueva N/A Local Local No 17.2 
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During the second field visit, with amendments made to the isotope questionnaire (outlined in 

Section 3.3.1), the following responses were garnered from the indigenous population. From the 

84 samples collected during the second field visit, 74 were analysed using ICP-MS, with their 

responses to the lifestyle questionnaire and associated mass of hair provided, outlined in Table 4.2 

below:  

 

Table 4.2: Details of isotopic interest from individuals who provided samples during the second field visit. 

Name Sex Age 
Area of 

Residence 

Travel 

Habits 

Water 

Drank 

In 

Home 

Water 

Origin 

Food  

Origin 

Hair 

Dyed 

Mass 

(mg) 

GUAC-

1/17 
F 32 

Guatemala 

City 
None Bottled 

Water 

Well 

Piped 

Public 

Service 

Local Yes 26.4 

GUAC-

3/17 
M 40 

Guatemala 

City 

Yes 

frequent 

Bottled, 

Stream 

Bottled, 

Stream 
No Local No 25.1 

GUAC-

5/17 
F 36 

Zona 2,  

Mixco, 

Guatemala 

City 

None Bottled 

Piped 

public 

service 

Empresa 

Municipal 

De 

Agua 

 

Non 

local 

/ 

 local 

Yes 27.8 

GUAC-

6/17 
F 50 

Zona 18, 

Guatemala 

City 

Only 

travels 

from home 

Stream 

Filtered 

Piped 

public 

service 

No Local Yes 25.4 

GUAC-

8/17 
F N/A 

Zona 18, 

Guatemala 

City 

None 
Bottled, 

Stream 

Piped 

public 

service, 

Water 

Well 

Piped 

wells  

in  

the  

colony 

N/A No 27.5 

GUAC-

9/17 
F N/A 

Zona 5, 

Guatemala 

City 

Infrequent, 
Coban  

and  

Peten 

Bottled 

Piped 

public 

service 

Piped 

wells 

 In 

 colony 

N/A No 26.9 

GUAC-

10/17 
F N/A 

Zona 18 

Col Maya, 

Guatemala 

City 

Infrequent,  

Coban  

and  

Peten 

Bottled, 

Stream 

Piped 

public 

service, 

Water 

Well 

Piped 

wells in 

colony 

N/A No 25.3 
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Table 4.2: Details of isotopic interest from individuals who provided samples during the second field visit- continued. 

Sample 

Name 
Sex Age 

Area of 

Residence 

Travel 

Habits 

Water 

Drank 

In 

Home 

Water 

Origin 

Food  

Origin 

Hair 

Dyed 

Mass 

(mg) 

RAB- 

1/17 
M 23 Rabinal None 

Stream, 

Water 

Well, 

Bottled 

Piped 

Public 

Service, 

Spring 

Spring  

and  

Water  

Well 

N/A N/A 26.9 

RAB-

2/17 
F 23 

Pacux, 
Rabinal 

None Bottled 

Piped 

Public 

Service 

N/A N/A No 25.3 

RAB-

3/17 
F 28 

Rabinal, 
Zona 2 

None 

Water 

Well 

and 

Bottled 

Piped 

Public 

Service 

My  

home 
Local No 28.0 

RAB-

4/17 
M 38 

Rabinal, 
Zona 3 

5 times a 

month to 

Guatemala 

City 

Stream, 

Bottled 

Piped 

Public 

Service 

Spring  

and   

well 

 of  

the  

area 

N/A N/A 26.9 

RAB-

5/17 
F 20 

Aldea La 

Ceiba 
N/A Stream 

Piped 

Public 

Service 

Sánchez 

Spring 
N/A N/A 27.5 

RAB-

6/17 
F N/A 

Pacux, 

Rabinal 
Always 

Water 

Well 

Water 

Well 
Home N/A No 25.2 

COB-

1/17 
F 52 Coban 

Twice a 

month to 

Guatemala 

City 

Bottled 

Piped 

Public 

Service 

Municipal 

Water 

From 

the 

region 

No 26.4 

COB-

4/17 
F 32 

Coban, 

Zona 12 

Every 

week to 

the 

Cahabon 

Bottled 

Piped 

Public 

Service 

N/A N/A Yes 26.7 

COB-

5/17 
F N/A 

San Juan 

Chamelco 
N/A Stream 

Piped 

Public 

Service 

Sources 

of birth 
N/A Yes 25.8 
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Table 4.2: Details of isotopic interest from individuals who provided samples during the second field visit- continued. 

Sample 

Name 
Sex Age 

Area of 

Residence 

Travel 

Habits 

Water 

Drank 

In 

Home 

Water 

Origin 

Food 

Origin 

Hair 

Dyed 

Mass 

(mg) 

COB-

6/17 
M 36 Coban Each day Bottled Bottled N/A N/A No 27.5 

COB-

7/17 
F 30 Coban Coban Bottled 

Piped 

Public 

Service 

N/A N/A Yes 26.1 

COB-

8/17 
F 35 

Santa Cruz 

Verapaz 
N/A Stream 

Piped 

Public 

Service 

N/A N/A No 25.5 

COB-

11/17 
F 20 

Tamahú, 

Alta 

Verapaz 

Coban 

every day 
Bottled 

Filter 

Water 
Births N/A Yes 25.7 

COB-

12/17 
F 30 

Carchá, 

 Alta 

Verapaz 

N/A 

Stream, 

Spring, 

Bottled 

Piped 

Public 

Service 

N/A N/A Yes 25.4 

COB-

13/17 
F 22 Coban 

Zacapa for 

three days 
Bottled 

Filter 

Public 

Service 

N/A N/A Yes 26.3 

COB-

15/17 
M 32 

Aldea 

Pasmolón 

Tactic 

Translation 

needed 
Spring 

Piped 

Public 

Service 

Births N/A No 27.2 

CHICHI-

1/17 
M 32 

3a Calle, 

4a., Chichi 
N/A 

Piped 

Public 

Service 

Piped 

Public 

Service 

N/A N/A No 26.7 

CHICHI-

2/17 
M 42 

Canton 
Chucam, 

Sector 

Cementerro 

None Stream 

Piped 

Public 

Service 

Births, 

piped 

wells in 

the 

colony 

N/A No 26.2 

CHICHI-

3/17 
M 31 

Cautoú 
Chulumal 

Primero 

N/A Stream 

Piped 

Public 

Service 

Wells 

in 

Cautóu 

N/A No 25.4 

CHICHI-

4/17 
M 33 

8 av, 2.70, 
Zona 7, 
Chichi 

To capital  

city  

every  

8- 15 

 days 

Bottled 

Piped 

Public 

Service 

Births, 

piped 

wells in 

the 

colony 

No, 

Can 

Or 

Store 

No 26.6 
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Table 4.2: Details of isotopic interest from individuals who provided samples during the second field visit- continued. 

Sample 

Name 
Sex Age 

Area of 

Residence 

Travel 

Habits 

Water 

Drank 

In 

Home 

Water 

Origin 

Food 

Origin 

Hair 

Dyed 

Mass 

(mg) 

CHICHI-

5/17 
M 30 

Cautóú 

Chuabaj, 

Chichi 

Infrequent, 

Coban and 

Peten 

Bottled, 

Stream 

Piped 

public 

service, 

Water 

Well 

Piped 

wells in 

colony 

N/A No 26.1 

CHICHI-

6(1)/17 
F 26 Chichi 

Every 

week I to 

Santa Cruz 

del Quiche 

Stream 

Piped 

Public 

Service 

N/A N/A Yes 27.5 

CHICHI-

6(2)/17 
F 26 

Santa 
Cruz del 
Quiché, 
Zona 1 

Travel to 
Chichi 

because 

of work 

Water 

well 

Water 

well 

From the 

colony 

where I 

live 

N/A Yes 26.7 

CHICHI-

7/17 
M 27 

Chichi, 
Zona 1 

None Stream 

Piped 

Public 

Service 

Births, 

piped 

wells in 

the 

colony 

N/A No 25.0 

CHICHI-

8/17 
M 33 Chichi 

I live a 

kilometre 

from work 

Spring, 
Stream 

Piped 

Public 

Service 

Unknown 

I 

don’t 

know 

No 26.1 

CHICHI-

9/17 
M 37 

Zona 1 

Chichi 
None 

Bottled, 
Stream 

Piped 

Public 

Service 

N/A N/A No 26.8 

CHICHI-

10/17 
M 38 

Zona 1 

Chichi 
None 

Stream, 
Water 

Well 

Piped 

Public 

Service 

Well in 

Chichi, 

Piped 

Water 

N/A No 27.5 

CHICHI- 

11/17 
M 50 

Santa 

Cruz  

del 

Quiché 

Travel  

to  

Chichi  

daily 

Stream, 
Bottled 

Piped 

Public 

Service 

Water  

Well 

I  

don’t 

know 

No 26.4 

CHICHI- 

12/17 
M 49 Chichi 

Very  

little 
Steam 

Piped 

Public 

Service 

River  

and  

Springs 

N/A No 26.0 
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Table 4.2: Details of isotopic interest from individuals who provided samples during the second field visit- continued. 

Sample 

Name 
Sex Age 

Area of 

Residence 

Travel 

Habits 

Water 

Drank 

In 

Home 

Water 

Origin 

Food 

Origin 

Hair 

Dyed 

Mass 

(mg) 

CHICHI-

13/17 
M 49 Chichi None Stream 

Piped 

Public 

Service 

Natural 

Births 
N/A No 25.2 

CHICHI-

14/17 
M 62 Chichi 

Rarely 

 

Stream, 
Bottled 

Piped 

Public 

Service 

Natural 

Births 

Origin 

varies 
No 27.0 

CHICHI-

16/17 
M 26 

Chichi 

Urban 

Area 

None 
Stream, 

Bottled 

Piped 

Public 

Service 

Municipal 

Veg 

from 

Sololá 

 

No 26.6 

CHICHI-

17/17 
F 24 

Cantòn 

Pachoj 
None 

Stream, 
Bottled 

Piped 

Public 

Service 

Births 

Veg 
from 

Sololá 
 

Yes 25.9 

CHICHI-

18/17 
M 45 Chichi None 

Stream, 

Bottled 

Piped 

Public 

Service 

Municipal 

Births 

Veg 

From 

Solola 

No 26.1 

CHICHI-

19/17 
M 34 

Chulumal 

Primero, 

Chichi 

None Stream 

Piped 

Public 

Service 

Births 

Veg 
from 

Sololá 
 

No 25.9 

CHICHI-

20/17 
M 75 

Chichi 

(City) 
None 

Stream, 
Bottled 

Piped 

Public 

Service 

Municipal  

and 

local 

wells 

Fruit/ 

Veg 

from 

Solola/ 

South 

coast 

No 25.7 

SANTAC-

1/17 
F N/A 

Aldea El 
Carmen 
Chitatul 

 

Only 
within 
Quiché 

 

Stream Potable 

Birth 

of 

Choacaman 

Quiche Yes 26.8 

SANTAC-

2/17 
F 33 

Barrio 
Vienaxcap 

Cotzal 

Travel 
by bus 
every 
8 days 

Stream, 

Bottled 

Piped 

Public 

Service 

Birth 

Local/ 

Non 

Local 

 

No 27.0 
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Table 4.2: Details of isotopic interest from individuals who provided samples during the second field visit- continued. 

Sample 

Name 
Sex Age 

Area of 

Residence 

Travel 

Habits 

Water 

Drank 

In 

Home 

Water 

Origin 

Food 

Origin 

Hair 

Dyed 

Mass 

(mg) 

SANTAC-

3/17 
F 40 

Uspautáu,  
Quiche  

Weekly  

Well 

Water, 

Bottled  

Well 

Water  

The  

River  
Uspaután No 25.4 

SANTAC-

4/17 
M 25 Nebaj 

Travel 

to 

Santa 

Cruz 

to 

study 

Stream 

Piped 

Public 

Service 

N/A Local No 26.6 

SANTAC-

5/17 
M 20 

Sacapulas, 
Quiche 

Travel Bottled 

Piped 

Public 

Service 

N/A Local No 25.2 

SANTAC-

6/17 
F 21 

Santa 
Cruz 

Inside 

the 

Santa 

Cruz 

area 

Bottled 

Piped 

Public 

Service 

Of  

a 

water  

birth 

Local 

harvest 

and 

can 

No 25.0 

SANTAC-

7/17 
F 24 

Santa 
Cruz 

Xela 

2009-

2015, 

often 

during 

year 

Bottled 

Piped 

Public 

Service 

Well 

of 

colony  

Market of 

Santa Cruz 

del 

Quiché 

No 26.5 

SANTAC-

8/17 
F 23 

Chinique, 
Quiché 

None Bottled 

Piped 

Public 

Service 

Spring 

 

Local 

Market 

 

Yes 26.1 

SANTAC-

10/17 
F 20 

Tunajá I, 
Zacualpa, 

Quiché 

Travel Stream 

Piped 

Public 

Service 

From 

the 

births 

Local 

Food 
No 25.8 

SANTAC-

11/17 
F 22 

Barrio San 
Francisco, 
Sacapulas, 

Quiché 

Only 

from 

home 

to 

Quiché 

Stream, 

Bottled 

Piped 

Public 

Service 

From  

the  

local  

area 

 

Natural 

and 

Can 

No 25.1 
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Table 4.2: Details of isotopic interest from individuals who provided samples during the second field visit- continued. 

Sample 

Name 
Sex Age 

Area of 

Residence 

Travel 

Habits 

Water 

Drank 

In 

Home 

Water 

Origin 

Food 

Origin 

Hair 

Dyed 

Mass 

(mg) 

SANTAC-

12/17 
M 17 Sacapulas 

Santa 

Cruz 

for 

studies 

Spring 

Piped 

Public 

Service 

N/A N/A Yes 25.4 

SANTAC-

14/17 
F 19 

Patzité, 

Quiche 

I  

travel  

to 

 Quiche 

Spring 

Piped 

Public 

Service 

N/A No Yes 26.4 

SANTAC-

15/17 
F 21 

San Juan 

Ostuncalco 

Chichi for 

my work 

and 

study 

Stream 

Piped 

Public 

Service 

N/A 

From 

where 

I live 

No 27.1 

SANTAC-

16/17 
F 23 

Caserío 

san Jorge, 

Puente la 

Libertad, 

Sacapulas, 

Quiché 

Public 

Transport 

every  

8  

days 

Stream, 

Well 

Water, 

Bottled 

Piped 

Public 

Service, 

Well 

Water 

From 

 births  

Local 

and 

Non 

Local 

No 25.0 

SANTAC-

17/17 
F 27 

Santa 

Cruz 

del 

Quiché 

Hike Bottled 

Piped 

Public 

Service 

 

Well 

Of  

the 

place 

No 25.4 

SANTAC-

18/17 
F 23 

San 

Andrés 

Sajcabaja 

Bus Bottled 

Piped 

Public 

Service 

N/A 
From 

area 
Yes 26.2 

SANTAC-

24/17 
F 20 

Zona 2 
Santa  

Cruz  

del  

Quiché 

None 

Bottled, 

Well 

Water 

Piped 

Public 

Service 

Zone  

Well 
Local No 27.0 

SANTAC-

26/17 
F 31 Panajxit II 

Quiché 

None in 

last ~3 

years 

before 

 in USA 

Stream 

Piped 

Public 

Service 

Same 

as  

my 

 birth 

Local No 27.7 

SANTAC-

28/17 
F 23 

Aldea 
Chujuyub 
Santa Cruz 
del Quiché 

6 years in 

Chichi 

Well 

Water 

Well 

Water 

Same as 

my birth 
N/A No 25.6 
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Table 4.2: Details of isotopic interest from individuals who provided samples during the second field visit- continued. 

Sample 

Name 
Sex Age 

Area of 

Residence 

Travel 

Habits 

Water 

Drank 

In 

Home 

Water 

Origin 

Food 

Origin 

Hair 

Dyed 

Mass 

 (mg) 

SANTAC-

29/17 
F 34 

Zona 2 
Santa Cruz 

del Quiché 

None 

Well 

Water, 

Bottled 

Piped 

Public 

Service 

Well of 

the 

Colony 

Local Yes 26.2 

VIL-1/17 F 24 
Villa 

Nueva 
None Bottled 

Piped 

Public 

Service 

N/A Local Yes 26.1 

VIL-2/17 F 40 
Villa 

Nueva 
None Bottled 

Piped 

Public 

Service 

N/A Local Yes 28.0 

VIL-3/17 F 38 
Guatemala 

City 
N/A Bottled 

Well 

Water 
N/A Local Yes 25.9 

VIL-4/17 M 33 
Villa 

Nueva 
N/A Bottled 

Well 

Water 
N/A Local No 25.3 

VIL-5/17 F 60 
Villa 

Nueva 
None Stream 

Piped 

Public 

Service 

N/A Local No 25.4 

VIL-6/17 F N/A 
Col 

Marianita  
None Stream 

Piped 

Public 

Service 

Colony 

Well 
Local No 26.7 

VIL-7/17 F 17 
Villa 

Nueva 
None Stream 

Piped 

Public 

Service 

Colony 

Well 
Local No 25.6 

VIL-8/17 F N/A Marianita None Stream 

Piped 

Public 

Service 

Colony 

Well 
Local No 26.8 

VIL-9/17 M 27 Marianita  None Bottled 

Piped 

Public 

Service 

N/A Local No 26.5 

VIL-

10/17 
F 26 Villa 

Nueva 
None Bottled 

Public 

Service 
N/A Local Yes 25.9 

VIL-

11/17 
F 39 

Villa 
Nueva 

- 
Guatemala 

City 

None 

Water 

Well 

Filtered 

Well 

Water 

Colony 

Well 
Local Yes 27.8 
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4.1.2 Materials and methods 
 

4.1.2.1 Storage of samples 

All samples analysed using ICP-MS were stored within a locked drawer within the Analytical 

Laboratory at the University of Keele, Staffordshire, to be kept under dark and dry conditions before 

analysis. 

 

4.1.2.2 Leach and digest reagents 

In order to separate both external (leach) and internal (digest) 87Sr/86Sr signals, two reagents were 

made, with the respective components outlined in Table 4.3 below: 

Table 4.3: A breakdown of the relative components required in making leach and digest solutions. 

Reagent 1 – Leach Stock Solution Reagent 2 –  Digest Stock Solution 

Chemical Quantity/Unit Chemical Quantity/Unit 

Ultra-Pure Water 1800 ml Ultra-Pure Water 1800 ml 

1 M HCL 200 ml Iridium (1000 mg/l) 0.11 ml  

Iridium (1000 mg/l) 0.1 ml  EDTA 2 g 

EDTA 2 g   

 

Ultra-pure water from a Mili-Q water purification system (18.2Ω) was chosen to dilute the 1 M HCl 

(Analytical grade, Fisher Scientific,) to the desired 0.1 M to reduce the background ions put into the 

instrument. Iridium (1000 mg/l, Merck) was utilised as the internal standard, an essential 

component of quantitative analysis; this is a non-target element which is added to the sample 

matrix at a specific concentration prior to investigation. Iridium was chosen due to its stability in 

both HCl and HNO3 as the two acidic preparatory materials used within the study. The use of iridium 

was used in order to account for instrumental drift, with the instruments’ reaction to such internal 

standards surveyed throughout the sample run, ensuring that the ICP-MS response to the standards 

remained linear throughout. This real-time quality control allowed early identification of 

anomalous results arising from instrumental drift. Ethylenediaminetetraacetic acid, or EDTA 

(Analytical grade, Sigma-Aldrich) which was used to keep the metal ions soluble, ensuring that the 

element of interest did not stick to the plastic sample (centrifuge) tubes. An additional 10% of 

iridium was added to the hair digest stock solution (reagent 2), to compensate for the 1:10 dilution 

needed to reduce the 70% nitric acid to 7%. When compared to the leach solution, nitric acid was 

absent from hair diluting reagents, due to its use previously to digest the sample.   

 

4.1.2.3 Leaching of hair (external 87Sr/86Sr) 

In order to maximise sample recovery from the polythene bag in which the hair sample was held, 

an antistatic gun (Zerostat 3, Milty) was used to remove the triboelectric, or static, association 
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between the hair and the polythene bag. Once the static charge was removed hair was poured into 

a polystyrene weighing boat. The sample was weighed using an analytical balance (ABS-N/ABJ-NM, 

Kern) sensitive to 0.1 mg. Where possible samples were weighed to 25 mg (± 3 mg), this number 

was selected as the ideal mass based on the reported literature (Goullé et al., 2005; Batista et al., 

2009; Font et al., 2012). Once weighed, the sample was placed into a sterile 15 ml centrifuge tube 

(Fisher Scientific) and labelled with the appropriate nomenclature for each sample. Each sample 

was then mixed with the hair leach mixture (10 ml, reagent 2). To prepare the hair all reagents were 

made in sterile Falcon 50 ml conical centrifuge tubes (Fisher Scientific) to avoid contamination 

issues associated with Borosilicate in glass.  

 

Initially, the leach mixture (4 ml, reagent 2) was added to the sample, which was vortexed (TopMIX 

FB15024, Fisher Scientific), at 40 Hz for 30 seconds. The solution was then transferred to a new 

sterile centrifuge tube labelled (Sample Name)-Leach, ensuring no hair was removed from the 

original tube. The hair was subject to another wash with the leach mixture (3 ml, reagent 2) and 

vortexed for 30 seconds with the resulting supernatant collected, this step was completed once 

more making the total leach solution (10 ml). This volume was chosen to create a stock solution 

that would satisfy the volumetric demands of the instrument, allowing each sample to be analysed 

in triplicate, with each replicate consisting of 3 readings. The final value for each sample; therefore, 

was the average of 9 readings to increase the accuracy of the analysis.  

 

Once the leached solution had been collected for each sample, it was placed into a fridge at 4oC. 

Hair was poured from the sample tube onto a piece of filter paper on an antistatic weighing boats 

(VMR Disposable). Each sample along with the weighing boat was placed in an oven at 10oC 

overnight for approximately 14 hours to dry; this was completed in order to stop any further 

reaction between the hair and acid which could disrupt the keratin matrix causing the commingling 

of both the internal and external strontium signals. 

 

4.1.2.4 Digestion of hair (internal 87Sr/86Sr) 

Once dry, hair was disassociated from the filter paper through the use of an antistatic gun (Zerostat 

3, Milty) once more, and finally, the hair poured into a new centrifuge tube labelled (Sample)-

Digest. Concentrated nitric acid (1 ml, 70% Analytical grade, Fisher Scientific) was pipetted into each 

sample tube, with the tubes being placed subsequently into a thermostatically controlled water 

bath (Sonic Series 3000 Digital Ultrasonic Cleaner, James Products) at 30oC for 1 hour. After 1 hour, 

hair digestion solution (9 ml, reagent 2) was added to each sample in order to dilute the initial nitric 

acid solution to a concentration of 7%. This step was imperative to minimise any potential damage 

to the instrument and the associated tubing. The sample was then subjected to 4000 relative 

centrifugal force for 10 minutes (BS400 benchtop centrifuge, Denley), with the supernatant 
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transferred to a new, sterile, centrifuge tube. If hair was present in the final solution, the sample 

was transferred to a clean centrifuge tube and centrifuged until no solid material remained.  

 

4.1.2.5 Quality assurance for strontium isotope analysis  

In this study, both internal (iridium, Section 4.1.2.2.) and external standards were run with samples 

in both leach and digest runs. In order to quantify the strontium present in samples, external 

calibration was achieved using a certified standard reference material (CRM) (Multi-element 

Plasma Standard Solution 4 Specpure®, Alfa Aesar) with strontium standard solutions prepared at 

0, 20, 40, 80 and 100 ppb concentrations. This was completed by diluting the CRM in either of the 

respective reagents listed in Table 4.4 below, depending on which 87Sr/86Sr signal was to be 

analysed.   

 

Table 4.4: A breakdown of the relative components required in making the standard reagents. 

Reagent 3 – Strontium Standards (Digest) Reagent 4 – Strontium Standards (Leach) 

Chemical Quantity/Unit Chemical Quantity/Unit 

Ultra-Pure Water 900 ml Ultra-Pure Water 900 ml 

HNO3 0.11 ml 1M HCl 100 ml 

Iridium (1000 mg/l) 0.05 ml Iridium (1000 mg/l) 0.05 ml 

EDTA 1 g EDTA 1 g 

 

The arrangement of standards in ascending order was taken in order to ensure the impact of any 

carry over from one sample to the next was minimised. Once the signal for strontium was consistent 

with the incremental increase in the concentration of the standard, the respective samples (leach 

or digest) were added to the instrument for analysis. The reagents outlined in Table 4.4 also 

represent the respective procedural blanks used for each sample run. The blank was used to ensure 

that background levels of strontium could be determined prior to analysis. By understanding the 

contribution of the blank to the overall strontium isotope ratio gained from questioned samples, 

this allowed the signal from the blank to be subtracted from resulting samples. This process, known 

as blank subtraction, was used in order to improve the validity of the resulting ratios. Lastly, a 

quality control sample was made by combining, 200 µl of each of the prepared samples (depending 

on the 87Sr/86Sr signal to be analysed). Once the quality controls were made, each sample was 

placed into the auto-sampler in the corresponding slot programmed onto the instrumental 

software. Samples were run in a bracketed sequence, as seen in Table 4.5 below, here samples 

were bracketed by standards and quality control samples to detect any signs of carryover and 

instrumental drift.  
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Table 4.5: The run sequence for 87Sr/86Sr using ICP-MS. 

Position Sample Type 

1 to 3 Blank Samples Hair Leach/Digest reagents 

5 to 10 Standards Strontium elemental Standard 

11 Blank Hair Leach or Digest reagents 

12 Quality Control Mixture of all samples 

13 to 30 Samples Hair leach or Digest 

31 Quality Control Mixture of all samples 

32 to 49 Samples Hair leach/Digest  

50 Quality Control Mixture of all samples 

51 to 62 Samples Hair leach/Digest  

63 Quality Control Mixture of all samples 

64 to 69 Standards Strontium elemental Standard 

 

4.1.3 Instrumentation  

Strontium isotope ratios were analysed using a NexION 300 Q-ICP-MS (PerkinElmer®, Waltham, 

USA) at the University of Keele Analytical Laboratory. Before each sample run was initiated, the 

instrument was washed with a prewash of 5% HNO3 and a wash of 2% HNO3. For each sample, the 

87Sr/86Sr was recorded with a summary of the instrumental operating conditions provided in Table 

4.6 below: 
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Table 4.6: A table outlining the instrumental operating conditions used for 87Sr/86Sr isotope analysis. 

Instrument NexION 300 

Nebuliser Gas Flow 1.14 L min-1 

Oxygen Gas Flow 0.01 L min-1 

Auxillary Gas Flow 1.2 L min-1 

Plasma Gas Flow 18 L min-1 

ICP RF Power 1600 W 

Analogue State Voltage -1750 V 

Pulse Stage Voltage 1000 V 

Discriminator Threshold 10 V 

Deflector Voltage -9.5 V 

Detector mode Dual 

Process Spectral Peak Average 

Autolens On 

Process Signal Profile Average 

Measurement Unit Counts per second (CPS) 

Sample Flush 120 (secs) Speed (-24.0 ± rpm) 

Read delay 30 (secs) Speed (-20.0 ± rpm) 

Wash 120 (secs) Speed (-24.0 ± rpm) 

 

ICP-MS was run in standard mode; with the quadrupole settings developed to scan for four ions 

with a mass to charge ratio (m/z) at 84, 85, 86 and 87 (representing the four naturally occurring 

strontium isotopes). 

 

A sample flush, which is dependent on the speed of the peristaltic pump on the instrument and the 

length of tubing used was determined to be 120 seconds. This ensured that the sample reached the 

instrument before analysis. Similarly, a read delay of 30 seconds was adopted; this ensured that 

the sample was resident within the plasma, producing a stable signal before analysis began. Once 

the sample was introduced to the instrument, the autosampler was washed for 120 seconds to 

avoid any carryover between samples.   

 

The rinse period between each sample run was set at 30 seconds. This was used to help reduce the 

effect of memory interferences that can manifest when large differences between samples or 

standards are analysed sequentially (Gomez et al., 2003; Lin et al., 2016). The deposition of the 

sample on certain instrumental elements such as the skimmer cones, spray chambers, and 

peristaltic pump can affect the degree to which memory interferences are observed. 
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With the element of interest known, peaking hopping was used to maximise the relevant readings 

taken per m/z during the analysis, producing more accurate readings for each isotope. Likewise, 

the dual detector setting was selected in order to facilitate the reading of strontium in samples 

which may exist as a high or low concentration (Günther et al., 1997; Kmiecik et al., 2016). In this 

method, the analogue and counting signals are monitored by the instrument continuously. If the 

number of counts exceeds the security threshold (trip) of the detector, the analysis is disabled until 

the intensities are below the trip level specified by the security device. In order to calculate a single 

value for a specific mass from raw data, the average intensity algorithm was selected, as opposed 

to the sum or maximum of the respective masses (Cornelis and Hassellöv, 2014; McLean et al., 

2016). This determines the average intensity for each of the specified masses. In order to 

recuperate analytical precision, a total of 10 sweeps through each mass spectrum were completed.  

 

Counts per second were selected as the unit of measurement for the instrument. This is a digital 

measurement and counts events between the respective ion and the detector rather than ion signal 

height. As noted by Peters et al. (2015), this mode resultantly serves as a particularly sensitive mode 

of data collection and is often used for the detection of elements which are expected to be at a low 

concentration, with this mode operational in the detection range of 0 to 5 x 106 counts per second. 

During the collection of data, the number of occurrences between the ion of interest and the 

detector are used to generate the intensity information that is stored as a data file. 

 

Finally, the mass calibration was set at default, here the programme works to initiate the digital to 

analogue converter procedure to set the magnetic field on the instrument and the analogue to 

digital converter to determine the received intensity (Nelms et al., 2001; Laborda et al., 2011). The 

programme translates and adjusts the information available via the computer hardware into the 

appropriate information for the ICP-MS user such as the relative intensities of singular ions and 

isotopic patterns.  

 

4.1.4 Statistical analysis  

The results were output as an excel spreadsheet with each isotope registered in counts per second 

(cps), from these values, the ratio between 87Sr/86Sr was calculated. The relative isotopic 

abundances for each sample were collated in Microsoft Excel, with IBM SPSS® version 26.0 software 

package used to conduct statistical analysis and the production of the associated figures.  

 

4.1.4.1 First and second field visit 

Initially, datasets from samples collected during field visit one and two were treated exclusively, 

before results were combined due to slight differences in data collection. During the first field visit, 
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a single value was recorded for each sample, however, for the second field visit three repeat 

measurements were taken with the value for each sample represented by the mean of all three 

measurements. Multiple measurements were taken in order to assess the reliability of 87Sr/86Sr 

measurements made by the instrument statistically.  

 

Exploratory data analysis was conducted on each data set from field visit one and two through the 

use of summary statistics in order to ascertain the mean and standard deviation of the ratios gained 

from each location. Box plots were produced in order to highlight the isotope ranges for each area 

graphically. This method was chosen as opposed to hierarchical cluster analysis as although 

hierarchical cluster analysis allows the user to determine the relationship between such areas 

through the amalgamation of specific groups with the overall sample set, this method offers no 

additional benefit over plotting such ratios, due to the limited number of variables under 

investigation in this study. 

 

Statistical analyses were performed on 87Sr/86Sr to ascertain whether a statistically significant 

difference could be observed between locations. Traditionally, the collection of >30 samples per 

area is often considered as sufficient to approximate normality, however, such volunteer numbers 

were unobtainable during this study. As a result, all data were tested for normality using a Shapiro-

Wilk test, in order to ascertain the suitability of parametric or non-parametric analysis. If the 

dataset met the assumptions for parametric analysis, a two-way ANOVA was used to assess 

whether there was a statistically significant difference between 87Sr/86Sr based on location and sex 

and their subsequent interaction. A statistically significant interaction or difference observed in 

either of the variables mentioned, warranted further investigation to identify which groups differed 

specifically. The comparison of such groups was completed following normality testing, with 

pairwise comparisons conducted using independent t-tests (parametric) or Mann-Whitney U tests 

(non-parametric) with the resulting p-value amended to account for multiple tests using the 

Bonferroni adjustment. With the Bonferroni correction used to control the rate of false positives 

(type 1 error) associated with conducting multiple tests, referring to error when the null hypothesis 

is rejected when it should have been retained (Sainani, 2009).  

 

Conversely, if the dataset violated the assumption of normality, the non-parametric Kruskal-Wallis 

test, was adopted, with pairwise comparisons conducted using post hoc Dunns Multiple 

Comparison Test (prior to Bonferroni adjustment). With the Kruskal Wallis only capable of analysing 

one dependent variable across numerous groups, this test was used to ascertain whether a 

statistically significant difference could be found between the 87Sr/86Sr of separate locations. 

Subsequent comparisons regarding sex were conducted using independent t-test and Mann-

Whitney U tests, respectively. 
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During the second field visit, to assess the reliability of each measurement, an Intraclass Correlation 

Coefficient was used with a 95% confidence interval. Here the two-way mixed model was used as 

the rater (instrument) was the same throughout the process, however, subjects (individuals) used 

in the study were drawn at random in the population. As the test was used to assess intrarater 

reliability, reflecting the variation of isotopic data measured by the same instrument (rater) across 

one or more runs, ‘absolute agreement’ was chosen over ‘consistency’. Whilst consistency 

demonstrates whether there is a linear agreement between each reading (i.e. whether 87Sr/86Sr 

were consistently higher in the second reading) absolute agreement has been selected as the 

comparison of ratios would be unwarranted if repeated measurements were not in agreement (Koo 

and Li, 2016).    

 

4.1.4.2 Leach and digest ratios 

In order to compare leach and digest signals, paired t-tests were conducted on respective leach and 

digest 87Sr/86Sr for each location, with an appropriately Bonferroni adjusted p-value. Additionally, 

in order to establish whether a relationship exists between leach and digest ratios, a simple linear 

regression was conducted between both leach and digest values for the same location.    

 

4.1.4.3 Collating results of both year 1 and year 2. 

In order to draw comparisons between both first and second-year datasets, the mean ratios for the 

three replicate samples will be used. However, the median value for each area will also be 

presented, as the median of the resulting ratios collected for each sample is a technique often 

utilised as the most appropriate measure of central tendency. This is particularly useful, as was 

discovered in the data of this study, that upon inspecting the raw data it is found that initial ratios 

show large fluctuations in regards to the more stable additional measurements (Manikandan, 

2011). 

 

4.2 TIMS 
 

4.2.1 Samples 
 
During the second field visit, samples from Guatemala City (N = 5) and Coban (N = 5) were analysed 

using TIMS. The lifestyle responses with the relevant sample sizes analysed using TIMS are specified 

below in Table 4.7.   
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Table 4.7: A table outlining details of isotopic interest for samples analysed using TIMS. 

Sample 

Name 
Sex Age 

Area 

Residence 

Travel 

Habits 

Water 

Consumed 

In 

Home 

Water 

Origin 

Food 

Origin 

Hair 

Dyed 

Mass 

(mg) 

GUAC 

-2/17 
F 13 

Guatemala 

City 
None Bottled 

Piped 

Public 

Service 

The 

City 
Local No 27.3 

GUAC 

-4/17 
F 34 

Zona 6, 

Mixco 
None 

Stream, 

Bottled 

Piped 

Public 

Service 

Well 

from 

Colony 

Local 

/ 

N/A 

No 25.9 

GUAC 

-7/17 
F N/A 

Guatemala 

City 

The 

City 
Filtered 

Piped 

Public 

Service 

The 

City 
Local No 25.2 

GUAC 

-11/17 
M N/A 

Guatemala 

City 

Home 

To 

Work 

Spring 

Piped 

Public 

Service 

The 

City 

The 

nation 
No 27.7 

GUAC- 

12/17 
F N/A 

Guatemala 

City 

Zona 2  

to Zona 1 

(home-

work) 

Stream 

Piped 

Public 

Service 

The 

City 
Local No 26.4 

COB 

-2/17 
M 48 Carchá 

Coban 

to 

Study 

Purified 

Filtered 

Piped 

Public 

Service 

N/A N/A No 26.3 

COB 

-3/17 
M 37 Coban 

Travel 

to 

Senahu 

Water 

well 

Piped 

Public 

Service 

Piped 

Public 

Service 

N/A 

From 

local 

area 

No 25.5 

COB 

-9/17 
M 28 

San 

Cristobal 

Verapaz 

Coban 

to 

Study 

Stream/ 

Bottled 

Piped 

Public 

Service 

Births N/A No 27.7 

COB- 

10/17 
F 55 

San 

Cristobal 

Verapaz 

Coban 

to 

Study 

Stream/ 

Bottled 

Piped 

Public 

Service 

Local 

Spring 

 

N/A No 25.6 

COB- 

14/17 
M 45 

Aldea 

Pasmolón 

Tactic 

Coban 

to 

Study 

Bottled 

Piped 

Public 

Service 

From 

local 

area 

N/A No 26.2 
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4.2.2 Materials and methods 

4.2.2.1 Contamination prevention  

For this study, all chosen hair samples were prepared in a dedicated lab space at the radiogenic 

isotope clean suite within the amenities of the British Geological Survey, Keyworth, United 

Kingdom. Before hair samples were handled, clean laboratory conditions and suitable equipment 

were achieved using the following guidelines (Hoogewerff-Gergelj, 2014): 

A. Personal protective equipment such as gloves, Tyvek suits and masks were used at all times 

before entering the clean lab and during the handling of samples.  

B. All equipment used to handle and store samples were non-metal to prevent strontium 

contamination from an external source.  

C. All sample preparation and subsequent extraction was completed in laminar flow fume 

cupboards.  

D. All tools, sample tubes and laboratory instruments were acid cleaned before use. This 

consisted of rinsing instruments with Nitric Acid (1 ml, 2.5M, Fisher Scientific) before 

removing any excess with paper towels. In the case of sample tubes, these were rinsed 

before being placed on a thermostatically controlled hot plate set at 100 oC for one hour. 

 

Finally, in order to remove any possibility of contamination being introduced to the sample during 

preparation, all reagents used in this study were of ultrapure grade, supplied by Fisher Scientific. 

Additionally, a Milli-Q Element system was used to provide ultrapure water with a resistivity of 

>18Ωcm.   

 

4.2.2.2 Hair preparation  

Before hair was removed from the polythene bag, an antistatic gun (Zerostat 3, Milty) was used to 

remove any triboelectric charge between the hair and the bag itself. This was followed by removing 

any potential antistatic charge on the designated sample tube, which was subsequently labelled 

with the appropriate sample nomenclature before the hair sample was poured in. This process was 

completed for all samples.  

 

Teflon distilled HCl (0.1 M, Fisher Scientific) was added to each sample to serve as the leaching 

reagent, with the sample heated to 100oC for 20 minutes. The leach was then poured into a new 

sample tube, ensuring no hair was present in the leached fluid. Each sample was washed with 1 ml 

of Milli-Q water three times before being added to the leachate and again heated to 100oC for a 

total of one hour.  
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To dry hair, HNO3 (2.5 M, ultra-pure, Fisher Scientific) was added with the sample vortexed by hand 

to expose the entire sample to the acid. The sample was left on the hotplate at 100oC overnight. 

The following day, H2O2 (1 ml, ultra-pure, Fisher Scientific) was applied to digested hair samples and 

was returned to the hot plate at 100oC to evaporate for one hour. 

 

Each leach sample was rechecked to ensure no hair was present; once completed HCl (1 ml, 6 M, 

Fisher Scientific) was used to remove any inorganic compounds putting the sample in chloride form. 

The samples were then returned to the hotplate. 

 

4.2.2.3 Sequential extraction 

To prepare the Eichrom™ AG50 X8 resin, columns were first washed with HCl (5 ml, 6 M ultra-pure, 

Fisher Scientific) to remove any contamination and left for four hours for the solution to elute, 

before being conditioned with HCl (5 ml, 2.5 M ultra-pure, Fisher Scientific) and left overnight. The 

following day the elution was discarded. 

 

Both leach and digested samples were reconstituted in HCl (1 ml, 2.5 M ultra-pure, Fisher Scientific) 

for 30 minutes. After loading the samples on a specific column, HCl (1 ml, 6.5 M ultra-pure, Fisher 

Scientific) was sprayed around the top of each column to capture any residual sample for one hour. 

Once the elution was discarded, strontium was collected in a single fraction from the column using 

HCl (12 ml, 2.5M ultra-pure, Fisher Scientific) in twenty acid cleaned sample tubes. Eluted Sr 

solutions were then dried on a hotplate; leach samples were finally stored for analysis with digest 

samples requiring HNO3 (1 ml, 8 M ultra-pure, Fisher Scientific) to remove any organic material that 

remained before additional drying on the hotplate.  

 

Finally, eluted residues were re-dissolved in HNO3 (3 ml, 2% ultra-pure, Fisher Scientific) and 

submitted for analysis.  

 

4.2.3 Instrumentation  

Strontium was loaded onto a single Re Filament following the method of Birck (1986) and the 

isotope composition was determined by Thermal Ionisation Mass spectroscopy (TIMS) using a 

Triton™ multicollector mass spectrometer (Thermo Scientific™, Loughborough, UK). Samples ran at 

about 1350-1450oC with a beam size of 0.3 to 2 Volts (V). All samples were run for 100-200 scans 

and to an internal run precision average of ± 0.00012 (1SE). The international standard for 87Sr/86Sr, 

NBS 987, gave a value of 0.710270 ± 0.00006 (N = 8, 1σ) during the analysis with data corrected to 

the accepted value of 0.710250. The overall annual result for 2018 (the year in which the samples 

here were analysed) was 0.710276 ± 0.00008 (N = 64, 1σ).  
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4.2.4 Statistical analysis 

All samples analysed using TIMS were collected during one field visit, unlike those analysed using 

ICP-MS, and therefore no comparisons between field visits were possible. A Shapiro-Wilk test was 

used to test for normality before conducting the appropriate parametric/non-parametric test. Due 

to the sample demographic of individuals analysed using TIMS, no sex comparisons could be made 

with the male population of Guatemala City and the female population of Coban represented by 

one individual only (Section 4.2.1). Resultantly, a two-way ANOVA was conducted, assessing the 

main effect of location and treatment (leach or digest) on 87Sr/86Sr, in addition to any interaction 

between the two variables, before the relationship between leach and digest 87Sr/86Sr was assessed 

using a simple linear regression. Finally, comparisons between leach and digest 87Sr/86Sr from the 

same location were analysed using paired t-tests, with statistical conclusions drawn between 

treatment methods across locations drawn using independent t-tests.   
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Chapter 5:  Results 

 

5.1 Lifestyle information   

5.1.1 ICP-MS 

5.1.1.1 First field visit results 

In order to develop an informed hypothesis regarding the potential delineation of areas selected 

based on 87Sr/86Sr, in addition to the expectations presented in the literature (on nutrition, access 

and habits) three factors presented in the isotopic questionnaire were utilised: mobility habits 

(specifically if area of residence and work coincide), water sources consumed and origin of 

foodstuffs. Based on the information collected from individuals during the first field visit, Table 5.1 

details the response of each individual in relation to area of residence and work. 

 

Table 5.1: The mobility habits of individuals involved during the first field visit discerning between those who live and 

work within the municipality of residence and those who travel outside. 

Area N 

Live and work 

within the 

same 

municipality 

Proportion 

of population 

from 

area examined 

(%) 

Live and work 

in different 

municipalities 

Proportion of 

population 

from area 

examined (%) 

Guatemala 

City 
15 13 86.67 2 13.33 

Rabinal 14 14 100.00 0 0.00 

Chichi 6 6 100.00 0 0.00 

Coban 3 3 100.00 0 0.00 

Chimaltenango 2 2 100.00 0 0.00 

Jalapa 2 2 100.00 0 0.00 

Lacama 1 1 100.00 0 0.00 

Escuintla 1 1 100.00 0 0.00 

Villa 

Nueva 
1 1 100.00 0 0.00 

  

According to the lifestyle information presented in Table 5.1 above, during the first field visit, all 

individuals within Guatemala City recorded their area of residence as Guatemala City. Volunteers 

also recorded relative homogeneity in work habits with 86.67% of respondents stating that 

Guatemala served as both area of residence and work, with only two individuals reporting living 

outside the municipality (GUAC-7 and GUAC-14), specifically in Rabinal at the weekends.  
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Outside of Guatemala City, respondents from Rabinal reported greater diversity in their respective 

areas of residence. Here four individuals indicated they lived within the metropolitan area of the 

city with the remaining dataset living within nearby towns/villages. Of the areas outlined, 

Nimacabaj is classed as ‘Rabinal’ representing a small commune 3.8 miles on the outskirts of the 

urban city. Likewise, both Pachica and Pachalum also represent small village communities outside 

of the main urban hub, both 2.11 and 1.18 miles from the main city, respectively. Importantly, 

whilst such areas are outside of the main city they still fall within the municipality of Rabinal. A 

similar trend is noted for Coban whereby the majority of volunteers constituting the Coban sample 

set (67%) reported their area of residency as Coban (urban area) and one individual stating that 

they reside in Canton Las Casas. However, this represents an area within the department of Coban, 

specifically in Zona 8, with the term ‘Canton’ referring to a particular district within a city. Overall 

within the first field visit, with the exception of GUAC-7 and GUAC-12, all individuals work and 

reside within the same municipality.  

 

In terms of the type of water consumed, respondents from Guatemala City also demonstrated the 

greatest variation in water sources used. Here, a breakdown of the variety of water sources from 

each area is summarised in Table 5.2 below.  

 

Table 5.2: Water types consumed by individuals sampled during the first field visit by area. 

 Water Type Consumed 

Area N Local % Bottled % Mixture % 

Guatemala 

City 

15 7* 46.67 3 20.00 5 33.33 

Rabinal 14 14 100.00 0 0.00 0 0.00 

Chichi 6 6 100.00 0 0.00 0 0.00 

Coban 3 3 100.00 0 0.00 0 0.00 

Chimaltenango 2 2 100.00 0 0.00 0 0.00 

Jalapa 2 2 100.00 0 0.00 0 0.00 

Lacama 1 1 100.00 0 0.00 0 0.00 

Escuintla 1 1 100.00 0 0.00 0 0.00 

Villa Nueva  1 100.00 0 0.00 0 0.00 

* Also includes individuals reporting the consumption of ‘Local filtered’ water. 

 

As seen in Table 5.2. above, Guatemala City represents the only location from which individuals 

reported consuming a variety of water sources, with all other individuals stating that solely local 

water was utilised. Despite individuals from Guatemala City consuming a wider range of water 

types, local water represents the most widely utilised source with 46.67% of individuals either 
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relying on local water solely or as denoted by mixture in Table 5.2 above, consumed alongside 

bottled sources (33.33%). 

 

Finally, although volunteers from the first field visit reported some degree of variation within the 

water types consumed, in relation to the origin of foodstuffs consumed by each volunteer, the 

responses for each area are detailed in Table 5.3 below.  

 

Table 5.3: A breakdown of responses collected from individuals during the first field visit in relation to the origin of food 

consumed by area. 

Area N 
Local 

Food 

Proportion 

of 

population 

from 

area 

examined 

(%) 

Non-Local 

Proportion 

of 

population 

from 

area 

examined 

(%) 

Unknown 

Proportion 

of 

population 

from 

area 

examined 

(%) 

Guatemala 

City 
15 15 100.00 0 0.00 0 0.00 

Rabinal 14 14 100.00 0 0.00 0 0.00 

Chichi 6 6 100.00 0 0.00 0 0.00 

Coban 3 3 100.00 0 0.00 0 0.00 

Chimaltenango 2 2 100.00 0 0.00 0 0.00 

Jalapa 2 2 100.00 0 0.00 0 0.00 

Lacama 1 1 100.00 0 0.00 0 0.00 

Escuintla 1 1 100.00 0 0.00 0 0.00 

Villa 

Nueva 
1 1 100.00 0 0.00 0 0.00 

 

As Table 5.3 above demonstrates, despite some degree of variation in mobility habits and type of 

water, outlined in Table 5.1 and 5.2 respectively, in regards to the origin of foodstuffs 100% of 

individuals across all areas stated that food consumed was local in origin despite the potential to 

answer that such definitive assurances could not be given (i.e. unknown).  

 

Overall, during the first field visit whilst the majority of individuals from all areas provided relatively 

linear answers in regards to mobility and water sources consumed, individuals at Guatemala City 

did not follow such a trend. Interestingly, despite this variability, individuals heralding from a range 

of both urban and rural towns and cities recorded homogenously that food was local in origin.  
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5.1.1.2 Second field visit results 

During the second field visit, with amendments made to the isotopic questionnaire (outlined in 

section 3.3.1) volunteers from the second field visit provided various details regarding their areas 

of residence and respective mobility habits. Importantly, within this field visit, a number of 

individuals reported that their hair was dyed (N = 23). While such samples were used for 

comparative purposes (i.e. dyed vs non-dyed 87Sr/86Sr), are excluded from the interpretations of 

the 87Sr/86Sr from each area due to the associated variables surrounding dyed samples. Therefore, 

the responses, to all variables detailed within the second field visit are from individuals with non-

dyed hair with a summary of the responses to mobility habits, shown in Table 5.4 below.   

 

Table 5.4: The mobility habits of individuals involved during the second field visit discerning between those who live 

and work within the municipality of residence and those who travel outside. 

Area N 

Live and work 

within the 

same 

municipality 

Proportion 

of population 

from area (%) 

Live and work 

in different 

municipalities 

Proportion of 

population 

from area  (%) 

Guatemala 

City 

4 4 100.00 0 0.00 

Rabinal 6 5 83.33 1 16.67 

Coban 4 2 50 2 50 

Chichi 17 16 94.12 1 5.88 

Santa Cruz 14 7 50 7 50 

Villa Nueva 6 6 100 0 0 

 

For individuals heralding from Guatemala City, it was commonly reported that individuals’ mobility 

habits consist of regular travel between area of residence and work, both of which involved 

separate areas within the same city as exemplified by GUAC-6/17, who regularly travelled between 

zona 18 to work (zona 1, where the sample was taken). However, two individuals, represented by 

samples GUAC-9/17 and GUAC-10/17, explained that they travel to Coban and Petén, which are 

outside the capital and outside the municipality of Guatemala City. Notably, such travel was 

identified as infrequent, irregular and did not follow a predictable pattern (i.e. once a month). As 

seen in Table 5.4, similarly with Guatemala City, all respondents sampled at Villa Nueva reported 

working and residing within the city with a number of individuals specifying area of residency as 

Marianita, located within Zona 8 of the city of Villa Nueva.  

 

In reference to Chichicastenango (Chichi), within this dataset, 94.12% of respondents reported that 

they lived within the municipality of Chichicastenango. This includes individuals reporting as 

heralding from Cantón Chubaj (a small region within the centre of Chichicastenango), Cantón 
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Chucam Sector Cementerro (a village on the parameter of the urban city) and Cautoú Chulumal 

Primero all of which fall within a 0.81-mile radius of the town Chichicastenango and within the 

municipality of the same name. Of those sampled at Chichicastenango, CHICHI-11/17 reported as 

residing in Santa Cruz del Quiché, travelling to Chichicastenango each day for study. This area is 

found 26.72 miles from the municipality of Chichicastenango (although it falls within the same 

department, el Quiché).  

 

As with Chichicastenango, volunteers from Rabinal demonstrated some differentiation between 

the reported area of residence. Of the 83.3% of individuals residing in Rabinal, RAB-5/17 heralded 

from Aldea La Ceiba, a hamlet 3.8 miles outside of the town of Rabinal, whilst RAB-2/17 and RAB-

6/17 originated from Pacux, a small community 1.18 miles outside the urban capital which 

comprises of mostly indigenous individuals who were relocated during the internal conflict. 

Importantly, while both areas are found outside of the town of Rabinal, they fall under the 

jurisdiction of the municipality of the same name. From this location, one individual specified that 

they were required to travel for work outside of Rabinal (RAB-4/17) travelling to the capital 

Guatemala City five times a month.  

 

As seen in Table 5.4 above, of all the areas examined respondents from both Coban and Santa Cruz 

represented the most mobile populations by % of individuals sampled. At Coban, for 50% of 

volunteers, while the city represented the area of work, area of residence was represented by one 

of the municipalities neighbouring Coban. These individuals reported residing in the towns of Santa 

Cruz Verapaz (1) and Aldea Pasmolón Tactic (1) which are 9.20 and 22.56 miles outside of Coban, 

respectively. Within the responses detailed above, one individual (represented by COB-1/17) 

travels outside the region of Alta Verapaz to Guatemala City, representing a different department 

in the country. However, such travel, although regularly undertaken twice a month, is for a short 

duration ~3 days a month, with the individual regularly working in Coban from Monday to Friday 

each week. 

 

Similar results were gained from individuals sampled at Santa Cruz, with 50% of individuals working 

and residing within the city. Within this percentile, a number of areas were reported as area of 

residence. The areas of Panajxit II (SANTAC-26/17) and Aldea Chujuyub (SANTAC-28/17) all fall 

within an 11.93-mile radius of the city centre falling under the jurisdiction of the municipality of 

Santa Cruz del Quiché. Outside of the municipality of Santa Cruz Del Quiché, Sacapulas found 30.8 

miles outside of Santa Cruz del Quiché, represented the most common area of residency with three 

individuals heralding from the locality. While the individual represented by SANTAC-10/17 

(Zacualpa, 25.54 miles) resides outside of Santa Cruz Del Quiché, the presence of SANTAC-3/17 

(Uspautáu 44.11 miles), SANTAC-4/17 (Nebaj, 50.89 miles) and SANTAC-15/17 (San Juan 
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Ostuncalco, 51.20 miles) which represents the separate department of Quetzaltenango makes 

respondents from Santa Cruz the most geographically diverse in the study. In addition, individuals 

sampled at Santa Cruz represent the most notably mobile population, with individuals travelling 

from their respective areas of residence to Santa Cruz each day for study.   

 

In summary, whilst a number of individuals from each location reported some degree of mobility, 

of all the areas, examined Santa Cruz and Coban represent the most regularly mobile populations 

within the second field visit, from which individuals reported regularly travelling between the area 

of interest and another municipality daily. While a number of individuals sampled at Coban 

originate from municipalities directly surrounding the city, those sampled at Santa Cruz but living 

outside of the city demonstrate the greatest variability in terms of distance from the area of 

interest, with one individual travelling frequently from another department within Guatemala. 

 

Aside from travel, volunteers, when asked to confirm the types of water consumed provided the 

following answers detailed in Table 5.5 below. Here a number of individuals confirmed that they 

consumed more than one type of water source. Resultantly, due to the subsequent variation 

surrounding this, the % provided below represents the proportion of individuals who recorded one 

of the following water types in their respective answers. 
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Table 5.5: A summary of water types consumed by individuals during the second field visit based on area, detailing the frequency of which each water type was reported in each population. 

 

Water Type Consumed  

(% of responders who consume) 

Water Consumed in the Home 

(% of responders who consume) 

Locally sourced water Non-Locally Sourced Locally sourced water Non-Locally Sourced 

Area N Stream % Spring % Well % Bottled % Other % 
Public       

Service 
% Well % Rain % Other % 

Guatemala 

City 
4 3 75.00 0 0.00 0 0.00 4 100.00 0 0.00 3 71.43 2 30.00 0 0.00 1 10.00 

Rabinal 6 3 50.00 0 0.00 3 50.00 4 66.67 0 0.00 5 83.33 1 16.67 0 0.00 0 0.00 

Coban 4 1 25.00 1 25.00 0 0.00 2 50.00 0 0.00 3 90.00 0 0.00 0 0.00 1 10.00 

Chichi 17 15 88.24 1 5.88 1 5.88 8 47.06 0 0.00 17 100.00 1 5.88 0 0.00 0 0.00 

Santa 

Cruz 
14 8 57.14 0 0.00 4 28.57 9 64.29 0 0.00 12 85.00 3 15.00 0 0.00 0 0.00 

Villa Nueva 6 4 66.67 0 0 0 0.00 2 33.33 0 0.00 5 77.78 1 22.22 0 0.00 0 0.00 
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As Table 5.5 illustrates from the responses collected during the second field visit, overall, 100% of 

respondents from Guatemala City reported that they had access to and consumed bottled water. 

This represents the largest proportion of individuals within the dataset to consume bottled water 

with volunteers from Rabinal representing the second-largest consumers in bottled water by % 

(66.67%). In regards to water consumed within the home, generally across all areas, individuals 

reported the consumption of public service and/or well water as the most popular types of water 

consumed, with each water source consumed by 95% and 16% of the whole population sampled 

respectively, with no individuals reporting the utilisation of rainwater. Within this dataset only two 

responses (represented by two individuals) reported consuming other types of water within the 

home, with the two individuals, heralding from Guatemala City and Coban respectively, stating that 

bottled water was consumed both in/outside of the home. 

 

In summary, from the second field visit, Guatemala City represents the largest proportion of bottled 

water consumers. Here, 100% of individuals reported this as the water of preference outside of the 

home, with bottled water making a less significant contribution to the intake of individuals from 

other jurisdictions (33.33-66.67%). Despite this variation outside of the home, only two individuals 

reported the consumption of bottled water within the home with volunteers opting majorly for 

publicly supplied and well water of which the majority were able to confirm this was locally sourced.   

 

Lastly, when asked to provide information in regards to whether the food consumed was local or 

non-local in origin, volunteers provided the following responses (outlined in Table 5.6 below).  

 

Table 5.6: A breakdown of responses collected from individuals during the second field visit in relation to the origin of 

food consumed by area. 

Area N Local 

Food 

Proportion of 

population 

from area (%) 

Non-

Local 

Proportion of 

population 

from area (%) 

Unknown Proportion of 

population 

from area (%) 

Guatemala 

City 

4 1 42.86 0 0.00 3 57.14 

Rabinal  6 1 16.67 0 0.00 5 83.33 

Coban  4 1 10.00 0 0.00 3 90.00 

Chichi 17 0 0.00 4 23.53 13 76.47 

Santa Cruz 14 3 21.43 0 0.00 11 78.57 

Villa Nueva 6 6 100.00 0 0.00 0 0 

 

As Table 5.6 above demonstrates, overall, the tendency to report the consumption of local or non-

local food does not follow a particular trend and is highly variable. Here, 100% of respondents from 

Villa Nueva reported that local food was consumed in contrast to Chichicastenango where, despite 
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individuals heralding from both rural and urban areas, no participants were able to confirm that 

food was sourced locally.  

 

Despite five individuals from Chichicastenango corroborating that vegetables within the 

municipality are sourced non-locally from Sololá, the majority of individuals, with the exception of 

those sampled at Villa Nueva, could not specify whether food was local or non-local in origin. With 

at least 50% of volunteers from each location outside of Villa Nueva responding that the origin of 

foodstuffs was unknown.   

 

5.1.2 TIMS 
 
In relation to the individuals analysed using TIMS when asked to provide information regarding 

mobility habits, the following responses, outlined in Table 5.7 below, were provided.  

 

Table 5.7: The mobility habits of individuals who provided samples during the second field visit whose samples were 

analysed using TIMS. 

Area N 

Live and work 

within the same 

municipality 

Proportion 

of population from 

area examined (%) 

Live and work 

in different 

municipalities 

Proportion of 

population from 

area examined (%) 

Guatemala 

City 
5 5 100 0 0 

Coban 5 0 0 5 100 

 

From Table 5.7 above, here it can be seen that within the dataset of individuals analysed using 

TIMS, for those heralding from Guatemala City, all individuals reported the capital as area of 

residence. Here, 100% of individuals work and reside within the capital, either specifying this 

explicitly or stating that no travel is taken. Opposingly, for individuals sampled at Coban, all 

individuals reported residing in one of the towns or villages directly surrounding the municipality 

of Coban, residing within a 9.20-mile radius of the city itself (which all individuals noted as the area 

of work).  

 

Of the five individuals sampled at Guatemala City and Coban, respectively, the following responses 

(outlined in Table 5.8 below) were collected in relation to the source of water consumed. As 

conducted in Table 5.5, the results below document the proportion of individuals who recorded 

one of the following water types in their respective answers.   
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Table 5.8: A summary of water types consumed from each population whose samples were analysed using TIMS, detailing the frequency of which each water type reported based on each area. 

 
 
 
 
 
 
 

 

Water Type Consumed 

(% of responders who consume) 

Water Consumed in the Home 

(% of responders who consume) 

Locally Sourced Non-Locally Sourced Locally Sourced Non-Locally Sourced 

Area N Stream % Spring % Well % Bottled % Other % 
Public       

Service 
% Well % Rain % Other % 

Guatemala 

City 
5 2 40.00 1 20.00 0 0.00 2 40.00 1 20.00 5 100.00 0 0.00 0 0.00 0 10.00 

Coban 5 2 40.00 0 0 1 20.00 3 60.00 1 20.00 5 100.00 0 0.00 0 0.00 0 10.00 
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As denoted in Table 5.8 above overall both (local) stream and bottled water were found to be the 

most popular sources of water for individuals heralding from both Guatemala City and Coban. 

Within this dataset one individual from both Guatemala City and Coban respectively reported the 

consumption of purified water (indicated by other), however, the source of the water (whether this 

was bottled or purified at home) was not detailed. Resultantly, with the results detailed in Table 

5.8, while variation exists in the water consumed outside of the home within both groups, 100% 

reported that they relied entirely on state-supplied or tap water within the individuals’ respective 

area of residence.       

 

Finally, in regard to the affinity of individuals from both localities to consume local food, the results 

are expressed in the following table (Table 5.9) below.  

 

Table 5.9: A breakdown of responses collected from individuals during the second field visit, whose samples were 
analysed using TIMS, in relation to the origin of food consumed by area. 

Area N 
Local 

Food 

Proportion of 

population 

from area (%) 

Non-Local 

Proportion of 

population 

from area (%) 

Unknown 

Proportion of 

population 

from area (%) 

Guatemala 

City 
5 3 60.00 0 0.00 2 40.00 

Coban 5 1 20.00 0 0.00 4 80.00 

 

According to the data presented in Table 5.9 above, overall a greater proportion of respondents 

from Guatemala City, despite residing in a highly urbanised environment reported that they 

consumed local food with three individuals (60%) reporting such choice. Here, the remaining two 

individuals stated that food consumed was an amalgamation of food from the country in general 

or that it was likely that both local and non-local foods were consumed. In contrast, despite 

individuals residing from more rural environments, only one individual (20%) confirmed 

conclusively that local food was consumed. Importantly, remaining respondents did not confirm 

that non-local food was consumed rather that they could simply not confirm that all consumables 

were sourced locally.    

 

5.1.3 Informed Hypothesis 

Overall from this study, when the results from each field visit are compared (with the same trend 

observed when both field visits are combined), individuals from Guatemala City represent the 

highest percentage of consumers of bottled water, with 100% of volunteers during the second field 

visit reporting bottled as the most popular source of water consumed. Here, within the data 

generally, an inverse relationship is observed between the consumption of bottled water and the 

reliance of municipal water in the home. Comparatively, overall trends regarding the locality of 
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food consumed based on location are less clear and more are variable across populations, for 

example, within the second field visit 0% of respondents from Chichicastenango were able to 

confirm that local food was consumed with 100% of respondents from Villa Nueva recording that 

food consumed was sourced locally. Importantly, while 100% of individuals within the first field visit 

reported that local food was consumed, for those sampled during the second field visit it was 

common that at least 50%> of each population could not confirm whether food was local or non-

locally sourced. In this scenario literature surrounding the dietary habits of the respective 

populations was relied on further to help formulate an informed hypothesis on the expected 

87Sr/86Sr (Caumartin, 2005; Bermudez et al., 2008; Mayén et al., 2016; USDA Foreign Agricultural 

Service, 2018). Resultantly, based on the conclusions collected through the use of a lifestyle 

questionnaire and available literature, the following informed hypothesis can be made:  

 

1. For individuals from Guatemala City, this area represents a high Ladino population who 

according to the literature consume a less traditional diet, with the likelihood that in this 

scenario, through residing within the largest metropolitan area in the country, that both 

Ladino and Mayan individuals, despite a preference for traditional foodstuffs, have greater 

access to imported food. This is characterised in the questionnaire data with only 65% of 

respondents from both field visits stating that food was of local origin (based on both field 

visits). Based on this information, it is likely that an individual from Guatemala City would 

be expected to be excluded based on strontium isotope ratios from Rabinal and Coban. 

However, given the greater availability of imported foods some potential deviation from 

baseline values based on local fauna/bedrock values is expected but also that overlap in 

87Sr/86Sr will exist between the areas of Villa Nueva, Santa Cruz, Chichicastenango, 

Chimaltenango.   

2. With Rabinal existing as a largely rural and Mayan population, it is expected that 

individuals will be distinguished from all other regions in this study. Although within the 

survey data, only one individual (during the second field visit) confirmed that food was of 

local origin, this expectation is based on the reported Mayan preference towards local 

traditional food choices. Here the rural locality of Rabinal is also taken into consideration 

with all individuals working and residing from within a 3.8-mile radius of the city itself, with 

associated hamlets and villages mentioned also falling upon Palaeozoic metasediments.   

3. Similarly, it is expected that individuals heralding from Coban could be excluded from living 

in all other areas within the sample set. While some individuals report residency in 

surrounding towns, habitually, all individuals travel from their areas of residency to Coban 

for work. These areas represent large Mayan communities in both rural and semi-rural 

environments founded upon Cretaceous Limestone deposits.  
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4. Given the large Mayan population found in both Santa Cruz and Chichicastenango and the 

tendency to choose more traditional locally source foodstuffs it is expected that these 

areas would be distinguished from Rabinal and Coban. With the large heterogeneity in 

area of residency reported by individuals sampled from Santa Cruz, it is anticipated that 

this area will exhibit a wider 87Sr/86Sr range than Chichicastenango despite heralding from 

the same department.  

5. With respondents from Villa Nueva stating that food consumed is of local origin (100%) it 

is predicted that this area would be distinguished from Rabinal and Coban and falling 

within the range of areas founded on Quaternary deposits. However, despite a 100% 

commitment to the consumption of locally sourced foods, with greater access to imported 

goods (falling within the same metropolitan area as Guatemala City) and a greater Ladino 

population, it is expected that this region will be indistinguishable from Guatemala City 

also.  

6. For the three areas disproportionally represented in the data, Chimaltenango, Jalapa and 

Escuintla, these areas were collected during the first field visit where all individuals 

reported that local food was consumed. Therefore, when considering both the survey data 

and reported literature given its highly urbanised but predominantly Mayan population, it 

is expected that Chimaltenango would exhibit 87Sr/86Sr that fall within the range offered 

by Chichicastenango, Santa Cruz, Villa Nueva but that it should be distinguishable from 

Rabinal and Coban. Similarly, despite Escuintla and Jalapa being founded on Tertiary 

volcanic deposits, both areas are characterised by predominately Mayan populations, 

therefore, it is expected the 87Sr/86Sr from such locations to fall within the range offered 

by those areas founded on Quaternary deposits such as Santa Cruz, Chichicastenango etc. 

and therefore to be distinguishable from Rabinal and Coban. Overall the informed 

hypothesis is symbolised below in Figure 5.1.  

 

 

Figure 5.1: A visual representation of the informed hypothesis depicting expected isotopic ‘groups’. 
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As seen in Figure 5.1, four groups are expected based on dietary and travel habits using a 

combination of both survey and secondary data. Overall the arrow direction above illustrates the 

expected 87Sr/86Sr trend, with Group 1 and Group 2 interchangeable depending on the origin of 

imported goods.  

 

5.2 ICP-MS: First field visit results   

5.2.1 Leach samples (external 87Sr/86Sr) 

5.2.1.1 Descriptive statistics 

Initially, the leach strontium values for each sample were analysed (Appendix B.1), the descriptive 

statistics of which can be seen in Table 5.10 below.  

 
Table 5.10: Descriptive statistics gained from all leach strontium values collected during the first field visit. 

 N Minimum Maximum Mean Std. 
Dev. 

Skewness Kurtosis 

Statistic Std. 
Error 

Statistic Std. 
Error 

87Sr/86Sr 
Sample 
values 

45 0.6390 0.7130 0.7010 0.0122 -3.2599 0.3537 14.6813 0.6945 

 

As can be seen in Table 5.10, leach strontium values varied between 0.6821 and 0.7130, 

respectively, with a mean statistic (standard deviation in parentheses) of 0.7024 (0.0078). A value 

of 0.6390, however, represents an unnatural 87Sr/86Sr value with bioavailable strontium values in 

hair falling between 0.702 and 0.750 worldwide (Fornander et al., 2015). Within this dataset, such 

low values were reported for 15 samples, resulting from the limited sample originally submitted for 

analysis. Consequently, leach samples consisting of less than 25 mg of hair were removed from the 

sample set; with any sample under 25 mg challenging the limit of detection for the instrument 

(Section 4.1.2.3). Due to the omission of such results only results found to be within the reported 

range were used for subsequent interpretation with the descriptive statistics displayed in Table 

5.11. 

 

Table 5.11: Descriptive statistics gained from all successful leach strontium values collected during first field visit. 

 N Minimum Maximum Mean Std. 
Dev. 

Skewness Kurtosis 

Statistic Std. 
Error 

Statistic Std. 
Error 

87Sr/86Sr 
Sample 
values 

30 0.7015 0.7130 0.7067 0.0034 0.1268 0.4269 -1.0492 0.8327 

 

The removal of ineligible samples resulted in the inclusion of strontium values at a minimum of 

0.7015, a natural strontium isotope value. The exclusion of non-natural values also resulted in less 

skew and kurtosis within the dataset, from -3.2599 to 0.1268 and 14.6813 to -1.4092, respectively. 
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Of the 30 successful samples some areas were characterised by discretely smaller sample sizes 

((Chichicastenango (N = 2), Coban (N = 2), Chimaltenango (N = 1) and Jalapa (N = 1)), and while their 

ratios will be explored further these were omitted from the statistical analysis. With the largest 

samples sizes in the dataset Guatemala City and Rabinal were compared, the respective results 

from both areas are described in Table 5.12 and Figure 5.2 below:  

 

Table 5.12: Descriptive statistics gained from leach 87Sr/86Sr collected from Guatemala City and Rabinal. 

 

Overall, as seen in Table 5.12, when 87Sr/86Sr Guatemala City and Rabinal are analysed, overall the 

data presented a mean 87Sr/86Sr value of 0.7076 (0.0031) with a minimum and maximum 87Sr/86Sr 

of 0.7015 and 0.7130 respectively. The result gained for each area are distinguished in Figure 5.2 

below:   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.2: An isomap and tabulated report into the 87Sr/86Sr gained from successful leach samples collected during the 

first field visit. Figure produced using ArcGIS 10.7.1 (ESRI, 2019). 

 N Minimum Maximum Mean Std. 

Dev. 

Skewness Kurtosis 

Statistic Std. 
Error 

Statistic Std. 
Error 

87Sr/86Sr 
Sample 
values 

24 0.7015 0.7130 0.7076 0.0031 -0.1288 0.4723 -0.7526 0.9178 

Area N Mean Std. 
Dev. 

Median Minimum Maximum 

Guatemala City 10 0.7073 0.0027 0.7064 0.7038 0.7123 

Rabinal 14 0.7078 0.0034 0.7068 0.7015 0.7130 

Rabinal:
87Sr/86Sr

mean ratio 
0.7078±0.0034

Guatemala City:
87Sr/86Sr

mean ratio
0.7073±0.0027
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S.U.R.E.

E.S.

C.M.
G.U.

S.A.
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The results depicted in Figure 5.2 assert that samples from Rabinal exhibit on average a higher 

87Sr/86Sr than those from Guatemala City, whilst also exhibiting a larger range of values (0.7015 to 

0.7130 vs 0.7038 to 0.7123 respectively). Overall, the distributions of 87Sr/86Sr across both areas are 

demonstrated visually through the use of a box plot (Figure 5.3): 

 

Figure 5.3: A boxplot illustrating the distribution of ratios (external 87Sr/86Sr) for leach samples gained from the hair of 

individuals from Guatemala City and Rabinal during the first field visit to Guatemala. 

In addition to the data presented in Figure 5.2, Figure 5.3 highlights that while the medians of each 

respective group show some degree of variability when compared, considerable overlap exists 

between both Guatemala City and Rabinal. With Rabinal exhibiting the widest range of 87Sr/86Sr 

values emphasised by the broad whiskers at each end of the interquartile ranges (represented by 

the blue boxes) when compared to Guatemala City.    

 

5.2.1.2  Two-way ANOVA 

Before areas were compared statistically, a Shapiro-Wilk test was used to test for normality. The 

Shapiro-Wilk test indicated that the ratios were normally distributed, W(24) = 0.9590, p = 0.419. As 

the null hypothesis was accepted, with the data following a normal distribution, a two-way ANOVA 

was utilised. A two-way ANOVA was conducted to establish initially if there was a statistically 

significant difference between 87Sr/86Sr based on location or sex as well as determining whether 

any interaction between sex and location could be detected. Overall, the main effect of location on 

leach 87Sr/86Sr was non-significant, F(1,20) = 0.032, p = 0.860 nor was the main effect of sex on leach 

values F(1,20) = 0.306, p = 0.587. However, the interaction between area and sex on leach 87Sr/86Sr 

was significant, F(1,20) = 4.702, p = 0.042. The respective 87Sr/86Sr for male and female respondents 

from Guatemala City and Rabinal are plotted graphically (Figure 5.4) below.  
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Area Sex N Mean Std. Dev. Median Minimum Maximum 

Guatemala 

City 

M 4 0.7093 0.0032 0.7101 0.7048 0.7123 

F 6 0.7059 0.0013 0.7062 0.7038 0.7076 

Rabinal 
M 6 0.7063 0.0028 0.7066 0.7096 0.7108 

F 8 0.7090 0.0036 0.7099 0.7071 0.7130 

Figure 5.4: A scatter graph outlining the range of external 87Sr/86Sr gained from Guatemala City and Rabinal separated 

by sex with associated descriptive statistics. 

As can be seen in Figure 5.4 while male individuals from Guatemala City, on average, tend to exhibit 

higher 87Sr/86Sr, male and female 87Sr/86Sr from Rabinal show greater commingling with female 

typically exhibiting higher 87Sr/86Sr. In order to test which location(s) 87Sr/86Sr differed depending 

on sex, statistically, independent t-tests were conducted. Two t-test comparisons were carried out 

on the leach 87Sr/86Sr between male and females from Guatemala City and those from Rabinal 

respectively and tested against a Bonferroni-adjusted alpha level of 0.025 (0.05/2). When the leach 

87Sr/86Sr of males and females from Guatemala City were compared, on average, male individuals 

(M = 0.7093, SD = 0.003) had higher 87Sr/86Sr than female individuals from the city (M = 0.7059, SD 

= 0.001). However, as a result of the Bonferroni correction, this difference, 0.003, 95% CI [0.0008, 

0.0067], was not statistically significant, t(8) = 2.36, p = 0.046.  In contrast, for individuals heralding 

from Rabinal, leach 87Sr/86Sr were not found to differ between the sexes. On average males had 

lower leach 87Sr/86Sr (M = 0.7068, SD = 0.003) than female individuals (M = 0.7088, SD = 0.004). 

However, this difference, -0.0020, 95% CI [-0.0060, 0.0019], was not statistically significant, t(12) = 

-1.11, p = 0.287 even prior to Bonferroni correction. 
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Resultantly, after Bonferroni correction, no sexual differences could be observed between 

individuals sampled from Guatemala City and Rabinal respectively. However, it appears here that 

when each area is viewed in isolation, sexual differences in 87Sr/86Sr can be seen between male and 

female participants from Guatemala City. Therefore, in this example, the effect of sex on ratio must 

be considered based on which area is considered.   

   

5.2.1.3 Alternative areas       

For regions where areas were represented by a maximum of two individuals, statistical analysis 

was avoided due to limited sample size. Similarly, due to the low number of individuals sampled 

from each of the locations mentioned below, such ratios should not be considered representative 

of the area. Rather these ratios are used to provide an understanding of the type of values which 

are gained from a given location. Table 5.13 below outlines the respective 87Sr/86Sr gained for 

each of the areas which fall into this category.   

 
Table 5.13: A report outlining 87Sr/86Sr of successful leach samples and those from areas characterised by one individual 

only from remaining locations represented by <2 samples. 

Area N Mean Std. 

Deviation 

Median Minimum Maximum 

Chichicastenango 2 0.7032 0.0017 0.7032 0.7019 0.7044 

Coban 2 0.7044 0.0029 0.7044 0.7023 0.7065 

Chimaltenango 1 0.7026 - 0.7026 

Jalapa 1 0.7022 - 0.7022 

Villa Nueva 1* 0.6695 - 0.6695 

Escuintla 1* 0.6981 - 0.6981 

Lacama II 1* 0.6854 - 0.6854 

* Areas which have produced inaccurate 87Sr/86Sr based on the limited sample submitted for analysis. 
 

For such samples, isotopes were compared in relation to the precision of the instrument. The 

coefficient of variance (CV), otherwise known as the relative standard deviation (RSD), was used to 

assess the precision of the instrument. Calculated as the (standard deviation/mean) *100)) the 

analysis of the 87Sr/86Sr in the quality control samples used in the run showed a coefficient of 

variance of 0.5%. Resultantly, the instrument was found to maintain a precision of ± 0.004 for 

strontium, meaning isotope values can be distinguished at the third decimal place. Although such 

differences may be small numerically, such differences in isotopic research can represent large 

differences depending on the instrument used (Juarez, 2008). From Table 5.13, above it can be seen 

that a range of isotope values have been gathered despite all areas, with the exception of Coban, 

being founded on recent volcanic deposits. Off all the areas outlined in Table 5.13 Coban exhibits 

the highest 87Sr/86Sr overall (0.7044 ± 0.0029). Overall, while the areas of Coban (0.7023-0.7065), 
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Chichicastenango (0.7019-0.7044), Chimaltenango (0.7026) and Jalapa (0.7022) produced 

successful ratios, conversely, Escuintla, Lacama II and Villa Nueva here present unexpected 

strontium values due to the limited strontium present in each sample.  

 

5.2.2 Digest samples (internal 87Sr/86Sr) 

5.2.2.1 Descriptive Statistics 

Overall 45 digest samples were analysed (Appendix B.2), however, six areas (Coban, 

Chimaltenango, Jalapa, Villa Nueva, Escuintla and Lacama II) were omitted from statistical analysis 

due to the limited sample size collected for each location (<5). The descriptive statistics from the 

resulting 35 samples are shown below in Table 5.14. 

 

Table 5.14: Descriptive statistics of digested 87Sr/86Sr values collected from areas which contributed more than 5 
samples. 

 N Minimum Maximum Mean Std. 
Dev. 

Skewness Kurtosis 

Statistic Std. 
Error 

Statistic Std. 
Error 

87Sr/86Sr 
Sample 
values 

35 0.7039 0.7175 0.7095 0.0036 0.7353 0.3976 -0.2433 0.7778 

 
As shown in Table 5.14, the mean of digested strontium isotope ratios (with standard deviations in 

parentheses) were 0.7095 (0.0036) with the minimum and maximum value of 0.7039 and 0.7175, 

respectively. Figure 5.5, below provides details on the results for each area, respectively: 
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Area N Mean Std. Dev. Median Minimum Maximum 

Guatemala City 15 0.7071 0.0018 0.7067 0.7039 0.7102 

Rabinal 14 0.7127 0.0031 0.7129 0.7071 0.7175 

Chichicastenango 6 0.7079 0.0015 0.7076 0.7058 0.7102 

 
Figure 5.5: An isomap and tabulated report into the 87Sr/86Sr gained from digest samples collected during the first field 

visit. Figure produced using ArcGIS 10.7.1 (ESRI, 2019). 

The results depicted in Figure 5.5 asserts that samples from Rabinal exhibit on average the highest 

and most variable 87Sr/86Sr of all the areas analysed in this study (0.7127 ± 0.0031) with Guatemala 

City providing the smallest (0.7071 ± 0.0018). Overall the range of 87Sr/86Sr from each of the three 

locations mentioned in Figure 5.5 can be seen in Figure 5.6 below: 
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Figure 5.6 A boxplot illustrating the distribution of ratios (internal 87Sr/86Sr signal) collected from digested ratios, from 

hair collected during the first field visit to Guatemala. 

As seen in Figure 5.6, when individual samples are considered from all respective areas, 

interquartile ranges show considerable overlap between regions, although differences can be seen 

between the medians of Guatemala City/Chichicastenango and Rabinal respectively. However, 

upon further inspection, while Rabinal demonstrates a wider range of 87Sr/86Sr, overlap between 

Rabinal and Guatemala/Chichicastenango respectively only occurs between the lowest and highest 

values present between each population in this dataset.  

 

5.2.2.2 Kruskal-Wallis test 

The Shapiro-Wilk test indicated that the ratios were not normally distributed, W(35) = 0.9345, p = 

0.038. Resultantly, the null hypothesis was rejected, as the data was non normally distributed, a 

Kruskal-Wallis was conducted with subsequent pairwise comparisons made through the use of a 

Dunns Multiple Comparison Test with the resulting p value adjusted using the Bonferroni error 

correction for multiple comparisons, with the results are shown in Table 5.15 below: 

 

Table 5.15: The results of Dunn-Bonferroni test on each pair of groups when comparing digested 87Sr/86Sr. 

Areas Compared Test Statistic Std. Error Std. Test 
Statistic 

Sig. Adj. Sig. 

Guatemala City - 
Rabinal 

-16.545 3.805 -4348 0.000 0.000 

Chichicastenango - 
Rabinal 

12.107 4.997 2.423 0.015 0.044 

Guatemala City - 
Chichicastenango 

-4.367 4.946 -0.883 0.377 1.000 

 

A Kruskal-Wallis test showed that residency affects the subsequent strontium isotope ratio, H(2) = 

19.527 p = 0.0001. Post-hoc pairwise comparisons using a Bonferroni-adjusted alpha level of 0.017 
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(0.05/3) were used to compare all pairs of groups. The difference in strontium isotope ratios 

between Guatemala City and Rabinal was statistically significant p < 0.001. Additionally, a 

statistically significant difference was observed between Chichicastenango and Rabinal, p = 0.015; 

however, the difference between 87Sr/86Sr between Guatemala City and Chichicastenango were 

found to be statistically insignificant p = 0.377.  

 

5.2.2.3 Sex Differences 

In order to assess whether sex differences exist between 87Sr/86Sr at specific locations, after the 

normality of the distributions was established using the Shapiro-Wilk test, independent t-tests were 

conducted for each of the locations outlined in Table 5.15 above. However, with the female 

population of Chichicastenango represented by one individual, sexual comparisons for this location 

was avoided. Similarly, the comparison between 87Sr/86Sr from males and females at Coban, 

Chimaltenango and Jalapa was not made with only one individual in each population characterising 

a specific sexual population. Finally, with the areas of Villa Nueva, Escuintla and Lacama II, 

represented by one individual entirely, the analysis of sex on 87Sr/86Sr was reserved for Guatemala 

City and Rabinal. The respective ratios gained for individual sampled from Guatemala City and 

Rabinal are outlined in Figure 5.7 below. 

 

Area Sex N Mean Std. Dev. Median Minimum Maximum 

Guatemala 

City 

M 7 0.7086 0.0022 0.7080 0.7039 0.7102 

F 8 0.7063 0.0008 0.7064 0.7051 0.7072 

Rabinal 
M 6 0.7137 0.0027 0.7133 0.7097 0.7176 

F 8 0.7120 0.0033 0.7119 0.7072 0.7172 

Figure 5.7: A scatter graph outlining the range of internal 87Sr/86Sr gained from Guatemala City and Rabinal separated by 

sex and associated descriptive statistics. 
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As can be seen in Figure 5.7, while male individuals from Guatemala City, on average, tend to exhibit 

higher 87Sr/86Sr, male and female 87Sr/86Sr from Rabinal are less easily distinguished graphically with 

values closely associated between both sexes. Statistically, a Shapiro-Wilk test confirmed ratios 

were normally distributed, W(29) = 0.946, p = 0.146. As with leach comparisons, with two t-test 

comparisons used to compare the digest 87Sr/86Sr between the sexes at Guatemala City and 

subsequently Rabinal, a Bonferroni-adjusted alpha level of 0.025 (0.05/2) was utilised. Initially, 

87Sr/86Sr from male and female participants from Guatemala City were compared. As seen in Figure 

5.7, on average, males (M = 0.7080, SD = 0.003) exhibited higher 87Sr/86Sr than females (M = 0.7063, 

SD = 0.001) despite this, this difference, 0.002, 95% CI [-0.001, 0.004], was not statistically 

significant t(13) = 2.087, p = 0.057. Similarly, when comparing 87Sr/86Sr from male and female 

participants from Rabinal, on average males (M = 0.7137, SD = 0.003) exhibited elevated 87Sr/86Sr 

when compared to female participants (M = 0.7120, SD = 0.003). Overall, this difference, 0.002, 

95% CI [-0.002, 0.005], was also not statistically significant t(12) = 1.014, p = 0.331. 

                                                                                                                                                                                                                                                                                                                

5.2.2.4 Alternative areas 

With a disproportionally, less representative, smaller sample set (N≤3), collected from the 

remaining areas of the study, six locations were excluded from the statistical analysis. Overall the 

six areas that fall into this category are highlighted in Table 5.16 below:  

 

Table 5.16: A report outlining the 87Sr/86Sr gained for areas where only one successful digest sample was collected. 

Area N Mean Std. 

Deviation 

Median Minimum Maximum 

Coban 3 0.7123 0.0002 0.7123 0.7120 0.7125 

Chimaltenango 2 0.7157 0.0115 0.7157 0.7076 0.7238 

Jalapa 2 0.7092 0.0015 0.7092 0.7081 0.7102 

Villa Nueva 1 0.7066 - 0.7066 

Escuintla 1 0.7068 - 0.7068 

Lacama II 1 0.7050 - 0.7050 

 

 
As seen from Table 5.16, a wide range of 87Sr/86Sr are reported for the varying locations (0.7050-

0.7123. From the data presented in Table 5.16 above, overall, Chimaltenango exhibits the largest 

87Sr/86Sr (0.7157 ± 0.0115) followed by Coban (0.7123 ± 0.0002). However, all ratios here fall within 

the expected range for bioavailable 87Sr/86Sr (> 0.702).  

 

Finally, to determine whether differences could be observed between the leach and digest 87Sr/86Sr 

gained from the same sample statistically, both leach and digest 87Sr/86Sr from the same location 

were compared using paired t-tests. By selecting only samples which provided a successful leach 
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and digest reading, within both sample sets, Guatemala City and Rabinal exhibited sample sets that 

were considerably higher when compared to alternative locations (N > 3). As a result, comparisons 

between leach and digest values were reserved for Guatemala City and Rabinal only. Two paired t-

tests between leach/digest 87Sr/86Sr from Guatemala City, and Rabinal, respectively were carried 

out and tested against a Bonferroni-adjusted alpha level of 0.025. Overall there was no statistically 

significant difference between leach and digest 87Sr/86Sr between samples from individuals 

heralding from Guatemala City t(9) = -0.92, p = 0.929. However, the difference between leach and 

corresponding digest values from Rabinal was statistically significant t(13) -3.75, p = 0.002.      

 

A simple linear regression on all samples which existed both a successful leach and digest 87Sr/86Sr 

demonstrated that overall, leach 87Sr/86Sr did not account for a significant variance in digest ratios 

F(1, 28) = 0.668, p = 0.421, R2 = 0.023, R2
adjusted = -0.012 (as seen in Figure 5.8 below). The regression 

coefficient (B = 0.157, 95% CI [-0.243, 0.556]) indicated that an increase in leach 87Sr/86Sr 

corresponded on average, to an increase in digest 87Sr/86Sr of 0.157. Here the leach values 

accounted for only 2.3% of the explained variation in digest 87Sr/86Sr.  

 

 

Figure 5.8: A comparison of 87Sr/86Sr between both leach and digested values for each sample collected during the first 

field visit. 

As demonstrated by Figure 5.8 above, from the results gained in this study, there appears to be no 

interaction between both digested hair and leached hair with strontium isotope ratios neither 

consistently higher nor lower with each method.  
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5.3 ICP-MS: Second field visit results   
 

5.3.1 Leach samples (external 87Sr/86Sr) 

The analysis of leach samples from hair collected during the second field visit were largely 

unsuccessful with reported counts per second consisting largely of negative values indicating 

strontium levels below the detection limit of the instrument (Appendix B.3-Appendix B.7).  

 

5.3.2 Digest samples (internal 87Sr/86Sr) 

In order to assess the reliability of the instrument in collecting strontium isotope ratios, three 

replicate measurements were taken for each sample. The resulting 87Sr/86Sr for each replicate of 

each sample is detailed in Appendix B.8-Appendix B.12, respectively. An intraclass correlation 

coefficient (Table 5.17) was conducted on the resulting ratios to assess the repeatability between 

the repeated 87Sr/86Sr measurements. This test was undertaken during the analysis of the second 

field visit to assess whether the instrument was recording reliable 87Sr/86Sr for each sample.  

 

Table 5.17: The results of an intraclass correlation coefficient between the readings of all samples from the second field 
visit. 

  95% Confidence 
Interval 

F Test with True Value 0 

 Intraclass 
Correlation 

Lower 
Bound 

Upper 
Bound 

Value df1 df2 Sig 

Single 
Measures 

0.587 0.462 0.698 5.259 73 146 .000 

Average 
Measures 

0.810 0.720 0.874 5.259 73 146 .000 

 
As seen in Table 5.17 above, a high degree of reliability was found between repeated 

measurements for the strontium isotope ratio of each sample. The average measure ICC was .810 

with a 95% confidence interval from 0.720 to 0.874 F(73,146) = 5.259, p < 0.001.   

 

5.3.2.1 Descriptive Statistics 

Within the second field visit, a number of sample submissions consisted of dyed hair. A Kruskal-

Wallis showed a statistically significant difference between the ratios of undyed and dyed hair, H(1) 

= 6.822, p = 0.009. Resultantly, prior to conducting descriptive statistics, dyed (N = 23) and non-

dyed samples (N = 51) were separated to avoid another potential variable in the analysis. Within 

the sample set, Coban and Guatemala City were omitted from the statistical analysis with less than 

five samples gained for each area (N = 4) respectively. The descriptive statistics for the remaining 

43 non-dyed samples are outlined in Table 5.18 below.   
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Table 5.18: Descriptive statistics gained from all digested strontium values collected during the second field visit. 

 N Minimum Maximum Mean Std. 
Dev. 

Skewness Kurtosis 

Statistic Std. 
Error 

Statistic Std. 
Error 

87Sr/86Sr 
Sample 
values 

43 0.7067 0.7405 0.7175 0.0067 1.221 0.361 2.444 0.709 

 
As can be seen in Table 5.18, strontium ratios for digested samples varied between 0.7067 and 

0.7405, respectively, with a mean statistic (with standard deviation in parentheses) of 0.7175 

(0.0067). The details for each respective area are outlined in Figure 5.9 below.  

 

 

Area N Mean Std. Dev. Median Minimum Maximum 

Rabinal 6 0.7212 0.0022 0.7214 0.7176 0.7241 

Villa Nueva 6 0.7142 0.0025 0.7154 0.7107 0.7163 

Chichicastenango 17 0.7199 0.0088 0.7184 0.7101 0.7405 

Santa Cruz 14 0.7145 0.0042 0.7150 0.7067 0.7209 

Figure 5.9: An isomap and tabulated report into the 87Sr/86Sr gained from digest samples collected during the second 

field visit. Figure produced using ArcGIS 10.7.1 (ESRI, 2019). 

Overall the results presented in Figure 5.9 demonstrate that on average Rabinal exhibits the highest 

87Sr/86Sr when compared to all other areas analysed during the second field visit, with a mean of 

0.7212. Conversely, Villa Nueva exhibits the smallest 87Sr/86Sr when means are compared with a 

value of 0.7142. Chichicastenango displays the greater variability between samples with a standard 
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deviation of ± 0.0088. A graphical representation of the ratios gained from the areas outlined in 

Figure 5.9 is shown below in Figure 5.10.  

 

 

Figure 5.10:  A boxplot illustrating the distribution of ratios (internal 87Sr/86Sr signal) collected from digested samples, 

from hair collected during the second field visit to Guatemala. 

As demonstrated in Figure 5.10, Rabinal exhibits a minimal spread of ratios when compared to areas 

such as Chichicastenango and Santa Cruz. Additionally, the interquartile range (IQR) presented by 

Villa Nueva, Chichicastenango and Santa Cruz demonstrates that such ranges show overlap 

between these three areas. Chichicastenango demonstrates the largest interquartile range showing 

considerable overlap between all regions. The box plot for Rabinal demonstrates an outlier, 

denoted by the small circle; this value lies more than 1.5 x IQR below the first interquartile.  

 

5.3.2.2 Kruskal-Wallis test 

The Shapiro-Wilk test indicated that the strontium ratios were not normally distributed, W(43) = 

0.93, p = 0.008, resulting in the null hypothesis, that the data is normally distributed, being rejected. 

The results of the pairwise comparisons made using Dunns Multiple Comparison Test with 

subsequent Bonferroni correction are shown in Table 5.19 below:  
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Table 5.19: The results of the Dunn-Bonferroni test on each pair of groups when comparing digested 87Sr/86Sr ratios 

from the second field visit. 

Areas Compared Test Statistic Std. Error Std. Test 
Statistic 

Sig. Adj. Sig. 

Santa Cruz – Rabinal 16.643 6.127 2.716 0.007 0.040 

Villa Nueva – Rabinal 18.333 7.250 2.529 0.011 0.069 

Santa Cruz – Chichicastenango 7.731 4.532 1.706 0.088 0.528 

Villa Nueva – Chichicastenango 9.422 5.963 1.580 0.114 0.684 

Chichicastenango - Rabinal 8.912 5.963 1.495 0.135 0.810 

Villa Nueva-Santa Cruz 1.690 6.127 0.276 0.783 1.000 

 

A Kruskal-Wallis test showed that the area from which an individual heralds causes a statistically 

significant effect between strontium isotope ratios, H(3) = 9.88 p = 0.020. Post-hoc pairwise 

comparisons using a Bonferroni-adjusted alpha level of 0.008 (0.05/6) were used to compare all 

pairs of groups. Overall, a statistically significant difference was observed between 87Sr/86Sr 

between Santa Cruz and Rabinal (p = 0.006) However, all other comparisons were found to be 

statistically insignificant (all ps > 0.069).   

 

5.3.2.3 Sex differences 

To determine whether 87Sr/86Sr differed between the sexes, male and female participant’s values 

were compared for each location. However, within the dataset, sexual dimorphism was not 

completed for Guatemala City, with only one sample representing the male population. Similarly, 

Chichicastenango was excluded from such comparisons, with the area represented entirely by male 

participants once dyed samples were removed. Overall the ratios for both male and female 

participants are plotted visually in Figure 5.11 below. However, please note, areas marked with an 

Asterix (*) symbolise that such ratios are charecterised by less than five samples and therefore 

should not be considered indicative of the sex but rather have been included to analyse trends.  
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Area Sex N Mean Std. Dev. Median Minimum Maximum 

Rabinal 
M 2* 0.7217 0.0009 0.7217 0.7211 0.7224 

F 4* 0.7210 0.0027 0.7211 0.7176 0.7241 

Coban 
M 2* 0.7189 0.0010 0.7189 0.7182 0.7196 

F 2* 0.7198 0.0013 0.7198 0.7189 0.7208 

Santa Cruz 
M 2* 0.7169 0.0006 0.7169 0.7165 0.7173 

F 12 0.7141 0.0044 0.7150 0.7067 0.7209 

Villa Nueva 
M 2* 0.7161 0.0002 0.7161 0.7160 0.7163 

F 4* 0.7132 0.0026 0.7134 0.7106 0.7155 

Figure 5.11: A scatter graph comparing digest 87Sr/86Sr gained from male and female participants from hair collected 

during the second field visit to Guatemala. 

As seen in Figure 5.11, while it appears visually that a close association exists between the 87Sr/86Sr 

of male and female participants from all areas, such conclusion was assessed statistically with a 

Bonferroni adjusted α of 0.0125. When male and female 87Sr/86Sr for individuals heralding from 

Rabinal were compared, on average, males (M = 0.7217, SD = 0.001), had elevated 87Sr/86Sr when 

compared to female volunteers (M = 0.7210, SD = 0.003). However, this difference, 0.001, 95% CI 

[-0.0049, 0.0065] was not statistically significant, t(4) = 0.38, p = 0.727.  

 

Conversely, with a non-normally distributed population a Mann-Whitney test was conducted to 

compare 87Sr/86Sr between the sexes at Villa Nueva. Overall, 87Sr/86Sr values for males (Mdn = 

0.7161) were higher than females (Mdn = 0.7134). The Mann-Whitney test signified that this 

difference was not statistically different, U(NMale=2, NFemale=4) = < 0.001, z = -1.85, p = 0.133. This 

hierarchy was also reflected for individuals at Santa Cruz, commonly males (M = 0.7169, SD = 0.001) 

demonstrated higher 87Sr/86Sr than female volunteers (M = 0.7141, SD = 0.004). Overall, this 
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difference in means, 0.003, 95% CI [-0.0043, 0.0097] was not statistically significant, t(12) = 0.86, p 

= 0.409.  

 

Finally, male participants from Coban, also on average exhibited higher 87Sr/86Sr (M = 0.7189, SD = 

0.001) than their female counterparts (M = 0.7198, SD = 0.001). With this difference also, -0.001, 

95% CI [-0.0060, 0.0042] not statistically different, t(2) = -0.77, p = 0.524. Overall, for the second 

field visit no statistically significant differences were found between the 87Sr/86Sr of male and 

female participants.       

 

5.3.2.4 Alternative areas 

Overall, Guatemala City and Coban were removed from the statistical analysis, with both samples 

falling below the N = 5 threshold used in this study. The descriptive statistics for both areas are 

outlined in Table 5.20 below:  

 

Table 5.20: A report outlining the 87Sr/86Sr gained for areas where only one successful digest sample was collected. 

Area N Mean Std. 

Deviation 

Median Minimum Maximum 

Guatemala City 4 0.7149 0.0060 0.7126 0.7109 0.7236 

Coban 4 0.7194 0.0110 0.7193 0.7076 0.7238 

 
The results in Table 5.20 above highlight that on average, individuals from Coban, exhibit higher 

87Sr/86Sr (0.7194 ± 0.0110) than those from Guatemala City (0.7149 ± 0.0060). However, while a 

hierarchy based on the 87Sr/86Sr gathered for each location can be seen there the minimum, and 

maximum values for each location demonstrate that overlap exists between both locations.    

    

5.3.3 Both field visits 

5.3.3.1 Digest Descriptive Statistics 

To assess whether differences can be observed within the dataset as a whole, the results from both 

field visits were combined. Whilst no comparisons could be made between the leach 87Sr/86Sr 

gained during the first and second field visits this was attempted for the digested samples. Overall 

ninety-three digest 87Sr/86Sr were collected during both field visits, however with three areas 

represented by one or two samples (Chimaltenango, Jalapa and Lacama) respectively such areas 

were not included in the subsequent statistical analysis. Descriptive statistics for the remaining 

results are outlined below in Table 5.21.    
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Table 5.21: Descriptive statistics gained from all digested strontium values collected during both field visits. 

 N Minimum Maximum Mean Std. 
Dev. 

Skewness Kurtosis 

Statistic Std. 
Error 

Statistic Std. 
Error 

87Sr/86Sr 
Sample 
values 

90 0.7039 0.7405 0.7141 0.0066 1.159 0.2540 2.265 0.503 

 

Overall the digested strontium isotope ratios from both field visits provided a mean 87Sr/86Sr of 

0.7141 (0.0066) with values in the dataset extending from a minimum value of 0.7039 to a 

maximum value of 0.7405. The isomap below provides an illustrative summary of the results gained 

for each location across both field visits, in addition to a more detailed analysis of each area in 

isolation: 

 

Figure 5.12: An isomap and tabulated report into the 87Sr/86Sr gained from digest samples collected during both field 

visits. Figure produced using ArcGIS 10.7.1 (ESRI, 2019). 
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Area N Mean Std. Dev. Median Minimum Maximum 

Guatemala City 19 0.7087 0.0044 0.7072 0.7039 0.7236 

Rabinal  20 0.7153 0.0049 0.7144 0.7072 0.7241 

Chichicastenango 23 0.7167 0.0092 0.7135 0.7058 0.7405 

Santa Cruz 14 0.7145 0.0042 0.7150 0.7067 0.7209 

Coban  7 0.7163 0.0039 0.7182 0.7120 0.7208 

Villa Nueva  7 0.7131 0.0037 0.7154 0.7066 0.7163 



 120 

From Figure 5.12 above it can be seen that of the four areas with the highest sample size 

Chichicastenango demonstrates the highest 87Sr/86Sr when compared to all other locations within 

the dataset (0.7167). Coban presents the second highest mean (0.7163) value, followed closely by 

that of Rabinal (0.7153). A plot of the ratios gained for each area is presented below in Figure 5.13: 

 

 

Figure 5.13: A boxplot depicting the distribution of ratios (internal 87Sr/86Sr signal) collected from digested samples, 

through the combination of hair from both field visits. 

The results shown in Figure 5.13 highlight that when results are combined Chichicastenango 

demonstrates the greatest range of 87Sr/86Sr gained, highlighted by the large range of ‘whiskers’ 

extending to the minimum and maximum observation for the location. The interquartile ranges of 

all locations demonstrate that there is significant overlap between each location when individual 

ratios are considered. Two outliers are present within the data presented in Figure 5.13, as 

described previously, values denoted by a circle (Chichicastenango) representing values which are 

greater than the difference between the upper and lower quartile multiplied by 1.5, otherwise 

known as the interquartile range rule. The outlier identified with an Asterix, found within the data 

for Guatemala City, represents a ‘far out’ or ‘extreme’, this denotes a value which is greater than 

the sum of the difference of the upper and lower quartile multiplied by 3 (Bartel, 2019). 

 

5.3.3.2 Kruskal-Wallis test  

The normality of digested strontium values was assessed. The Shapiro-Wilk test indicated that the 

strontium ratios were not normally distributed, W(90) = 0.9295, p = 0.0001. A Kruskal-Wallis test 

was conducted to determine whether the distribution of ratios was the same across all categories 

of groups. The resulting pairwise comparisons using Dunns Multiple Comparison Test is shown in 

Table 5.22 below:  
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Table 5.22: A table outlining the statistically significant comparisons made between digested values of both field visits. 

Sample 1 – Sample 2 T statistic Std. Error Standard T 
Statistic 

Sig. Adj Sig. 

Guatemala City – Rabinal  -33.130 8.369 -3.959 0.000 0.001 

Guatemala City – 
Chichicastenango 

-31.388 8.099 -3.876 0.000 0.002 

Guatemala City - Coban -39.177 11.550 -3.392 0.001 0.010 

Guatemala City and Santa 
Cruz 

-30.820 9.201 -3.349 0.001 0.012 

Guatemala City-Villa Nueva -24.117 11.550 -2.093 0.036 0.545 

Chichicastenango-Rabinal 1.742 7.987 0.218 0.827 1.000 

Rabinal-Coban -6.046 11.472 -0.527 0.598 1.000 

Villa Nueva-Rabinal 8.954 11.472 0.780 0.435 1.000 

Chichicastenango-Coban -7.789 11.277 -0.691 0.490 1.000 

Villa Nueva-Chichicastenango 7.211 11.277 0.639 0.523 1.000 

Santa Cruz-Rabinal 2.311 9.103 0.254 0.800 1.000 

Villa Nueva-Coban 15.000 13.964 1.074 0.283 1.000 

Santa Cruz-Chichicastenango 0.568 8.855 0.064 0.949 1.000 

Santa Cruz-Coban 8.357 12.093 0.691 0.490 1.000 

Villa Nueva-Santa Cruz -6.643 12.093 -0.549 0.583 1.000 

 
The Kruskal-Wallis Test shows that the area from which an individual heralds significantly affects 

the subsequent strontium isotope ratio, H(5) = 23.475 p = 0.0003. Post-hoc pairwise comparisons 

using Dunns Multiple Comparison Tests with a Bonferroni-adjusted alpha level of 0.008 (0.05/6) 

were used to compare all pairs of groups. Overall, four groups were found to exhibit a statistically 

significant difference. Comparisons between Guatemala City and Rabinal were found to be 

statistically different p = 0.001. A statistically significant difference was also observed between both 

Guatemala City and Chichicastenango p = 0.002. Lastly, a statistically significant difference was seen 

between Guatemala City when compared to Coban and Santa Cruz (p = 0.010 and p = 0.012, 

respectively). None of the other comparisons were significant after Bonferroni adjustment (all ps > 

0.05). 

 

5.3.3.3 Sex differences 

Finally, the 87Sr/86Sr gained for males and females from both field visits were compared. However, 

with the female population of Chichicastenango represented by one individual, the area was 

excluded from such analysis. Overall, a graphical comparison of male and female 87Sr/86Sr from the 

remaining areas is presented below in Figure 5.14, however please, note as mentioned previously 

areas marked with an Asterix (*) denote that such ratios are formed from a population which 

consisted of less than five samples, therefore such ratios should not be considered indicative of the 

sex but rather have been included to analyse trends. 
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Area Sex N Mean Std. Dev. Median Minimum Maximum 

Guatemala  

City 

M 8 

 

0.7100 0.0059 0.7091 0.7091 0.7236 

F 11 0.7078 0.0029 0.7069 0.7051 0.7139 

Rabinal M 8 0.7157 0.0044 0.7146 0.7097 0.7224 

F 12 0.7150 0.0053 0.7144 0.7072 0.7241 

Coban M 3* 0.7168 0.0038 0.7182 0.7125 0.7196 

F 4* 0.7160 0.0045 0.7156 0.7120 0.7208 

Villa Nueva M 2* 0.7162 0.0002 0.7162 0.7160 0.7163 

F 5 0.7119 0.0037 0.7114 0.7066 0.7155 

Santa Cruz M 2* 0.7169 0.0005 0.7169 0.7165 0.7173 

F 12 0.7141 0.0044 0.7150 0.7067 0.7209 

Figure 5.14: A scatter graph comparing the digest 87Sr/86Sr collected from the hair of male and female participants from 

both field visits. 

From Figure 5.14 above it can be seen that overall, visually, there appears to be no clear distinction 

between the male and female 87Sr/86Sr with male and female samples largely closely associated. 

However, within the Guatemalan population analysed as part of this study, a grossly elevated value 

can be seen, signified in Figure 5.14 as point 16. Statistically, when 87Sr/86Sr males and female from 

Guatemala City were compared, on average males exhibited higher 87Sr/86Sr (Mdn = 0.7091) than 

female participants (Mdn = 0.7069). A Mann-Whitney test showed that the difference between 

both locations was not statistically significant U(Nmale= 8, Nfemale = 12) = 33.00, z = -0.909, p = 0.395. 

Similarly, male respondents from Rabinal (M = 0.7157, SD = 0.0044) commonly presented higher 

87Sr/86Sr than female respondents (M = 0.7150, SD = 0.0053). This variance, 0.001, 95% CI [-0.0041, 

0.0055], was not statistically significant, t(18) = 0.309, p = 0.761. The trend of males exhibiting 

greater 87Sr/86Sr, on average (M = 0.7168, SD = 0.0038) as oppose to female residents (M = 0.7160, 
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SD = 0.0045), was reciprocated in the area of Coban also. With this difference, 0.001, 95% CI [-

0.0075, 0.0091], not statistically significant, t(5) = 0.245, p = 0.816. Male inhabitants from Villa 

Nueva (M = 0.7161, SD = 0.0002) also reflected higher 87Sr/86Sr than those collected from females 

(M = 0.7119, SD = 0.0037). The variation between the means from both populations, 0.0042, 95% 

CI [-0.0029, 0.0114], was not statistically significant, t(5) = 1.524, p = 0.188. Lastly, 87Sr/86Sr from 

males from Santa Cruz (M = 0.7169, SD = 0.0005) were commonly found to be higher than those 

displayed by members of the opposite sex (M = 0.7141, SD = 0.0044). The difference between the 

both sexes, 0.0027, 95% CI [-0.0042, 0.0097], was also statistically non-significant, t(12) = 0.856, p 

= 0.409. In summary, overall males exhibited higher 87Sr/86Sr, on average, than those from female 

participants heralding from the same location. However, in all cases differences between both 

populations at the same location were not statistically significantly different (p > 0.188) even prior 

to comparisons to an adjusted Bonferroni alpha value of 0.01.   

 

5.4 TIMS 
 
With the areas of Guatemala City and Coban well-represented within the second field visit, five 

samples from each area were analysed using TIMS. The associated 87Sr/86Sr results from samples 

collected from Guatemala City (GUAC) and Coban (COB) are detailed in Table 5.23 below. 
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Table 5.23: Samples with associated strontium isotope ratios gained from the British Geological Survey. 

Sample Name Sample Preparation 87Sr/86Sr 

GUAC-2/17 Leachate 0.7043 

GUAC-4/17 Leachate 0.7047 

GUAC-7/17 Leachate 0.7050 

GUAC-11/17 Leachate 0.7048 

GUAC-12/17 Leachate 0.7043 

      

COB-3/17 Leachate 0.7073 

COB-2/17 Leachate 0.7069 

COB-9/17   Leachate   0.7072 

COB-10/17 Leachate 0.7076 

COB-14/17 Leachate 0.7074 

      

GUAC-2/17 Digest 0.7043 

GUAC-4/17 Digest 0.7055 

GUAC-7/17 Digest 0.7048 

GUAC-11/17 Digest 0.7050 

GUAC-12/17 Digest 0.7043 

      

COB-3/17 Digest 0.7078 

COB-2/17 Digest  0.7079 

COB-9/17 Digest  0.7072 

COB-10/17 Digest 0.7085 

COB-14/17 Digest 0.7079 

 

Overall samples from Coban were found to be enriched in 87Sr, resulting in higher 87Sr/86Sr 

compared to Guatemala City. Leach 87Sr/86Sr from Guatemala City were found to range between 

0.7043 - 0.7050 with corresponding ratios from Coban exhibiting a range of 0.7069 – 0.7076. 

Additionally, 87Sr/86Sr using digested hair from Coban were higher (0.7072 – 0.7079) than those 

from Guatemala City (0.7043 - 0.7055). The ranges here demonstrated that when comparing leach 

or digest 87Sr/86Sr values from different locations, no overlap occurred between the two areas, 

suggesting two distinct populations isotopically.  

 

5.4.1 Descriptive statistics 

In order to determine whether 87Sr/86Sr could be used to differentiate between Guatemala City and 

Coban statistically using Thermal Ionisation Mass Spectrometry, summary statistics for five samples 

from each location were calculated and reported in Figure 5.15 below. 
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Area  N Mean Minimum Maximum Std. 

Deviation 

Std. Error 

GUAC (L) 5 0.7046 0.7043 0.7050 0.0003 0.0001 

COB (L) 5 0.7073 0.7069 0.7076 0.0003 0.0001 

GUAC (D) 5 0.7048 0.7043 0.7055 0.0005 0.0002 

COB (D) 5 0.7079 0.7072 0.7085 0.0005 0.0002 

Total 20 - 0.7043 0.7085 0.0015 0.0003 

Figure 5.15:  An isomap and tabulated report into the 87Sr/86Sr gained from digest samples collected during both field 

visits. Figure produced using ArcGIS 10.7.1 (ESRI, 2019). 

From Figure 5.15, it can be seen that in addition to the ranges explained previously, the mean ratios 

from Coban volunteers confirm samples from this location are enriched in strontium (0.7073 and 

0.7079 v 0.7046 and 0.7048 respectively). Additionally, the results demonstrate the relative 

conformity of the results around the mean in both leach and digested samples. However, leached 

samples show the greatest conformity to the mean with a standard deviation of 0.0003 and 0.0002, 

respectively. The distribution of the data is made visual through the use of a box plot, see Figure 

5.16 below. 
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Figure 5.16: A box plot showing the distribution of data for leach and digested samples using TIMS. 

In Figure 5.16 above, the blue boxes represent the interquartile ranges (IQR) which is the difference 

between the first and third quartiles. The first quartile (bottom of the box) represents the data 

which holds 25% of the values in the dataset below it, with the third quartile (top of the box) holding 

25% of the data above it. The whiskers present at the end of each box represent the maximum and 

minimum values in the dataset. Two forms of outliers are present in Figure 5.16 above, representing 

one outlier (Coban leach) and two extreme values (Coban digest). Overall, no attempt was made to 

further delineate 87Sr/86Sr based on sex, due to the male and female population of Guatemala City 

and Coban respectively being represented by one individual. 

 

5.4.2 Two-way ANOVA 

A two-way ANOVA was conducted to determine firstly, whether there was a statistically significant 

difference between locations. There was a significant main effect on of location on 87Sr/86Sr F(1, 16) 

= 259.839, p = < 0.001. Overall 87Sr/86Sr were significantly higher in individuals heralding from Coban 

(M = 0.7076, SE = 0.0001, 95% CI [0.7072, 0.7090]) than those observed in digested sample from 

Guatemala City (M = 0.7047, SE = 0.0001, 95% CI [0.7044, 0.7050]). The main effect of method was 

non-significant F(1,16) = 4.319, p = 0.054, neither was the interaction between method and location 

F(1, 16) = 1.391, p = 0.255.  

 

A simple linear regression was used in order to quantify the association between leach and digest 

87Sr/86Sr. In this example, leach 87Sr/86Sr did explain a significant amount of variance in the digest 

87Sr/86Sr, F(1,8) = 157.78, p = < 0.001, R2 = 0.952 (as seen in Figure 5.17 below). Here leach 87Sr/86Sr 

accounted for 94.6% of the explained variance in digest 87Sr/86Sr.   
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Figure 5.17: A comparison of 87Sr/86Sr between both leach and digested values for each sample using TIMS. 

 
In order to determine which specific groups differed statistically independent t-tests were 

conducted between the leach and digest 87Sr/86Sr from Guatemala City and those collected from 

Coban. Conversely, when comparing leach and digest 87Sr/86Sr from the same location, paired t-

tests were utilised, with all 87Sr/86Sr comparisons were tested against a Bonferroni-adjusted alpha 

level of 0.013 (0.05/4).  

 

Firstly, when comparing leach 87Sr/86Sr across locations, individuals from Guatemala City (M = 

0.7046, SD = 0.0003) were smaller than those observed from individuals heralding from Coban (M 

= 0.7073, SD = 0.0003). This difference, -0.003, 95% CI [-0.0031, -0.0022], was statistically 

significant, t(8) = -14.69, p < 0.001. Similarly, digest 87Sr/86Sr from Guatemala City, overall, (M = 

0.7048, SD = 0.0005) were smaller than those observed from individuals heralding from Coban (M 

= 0.7079, SD = 0.0005). This difference, -0.003, 95% CI [-0.0038, -0.0024] was statistically significant, 

t(8) = -10.046, p < 0.001. 

 

Secondly, leach and digest 87Sr/86Sr for Coban were compared. On average, digest 87Sr/86Sr were 

higher (M= 0.7079, SD= 0.0005) than leach values (M= 0.7073, SD= 0.0003). This difference, -0.0006, 

95% CI [-0.0011, -0.0001], was not statistically significant after Bonferroni correction, t(4) = -3.27, 

p = 0.031. Similarly, when leach and digest 87Sr/86Sr from inhabitants of Guatemala City are 

compared, typically, leach 87Sr/86Sr (M= 0.7046, SD= 0.0003) were smaller than digest values (M= 

0.7048, SD= 0.0005). Meaning this difference, -0.0002, 95% CI [-0.0006, 0.0003], was not 

statistically different after Bonferroni correction also, t(4) = -0.930, p = 0.405.   



 128 

Overall, within this dataset, differences could be observed between Guatemala City and Coban 

when digest, or leach values are compared. However, no statistically significant differences could 

be observed between leach and digest 87Sr/86Sr for the same area.   
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Chapter 6:  Discussion 

 

6.1 ICP-MS 
 

6.1.1 Leach first field visit 
 
To our knowledge, no data exists currently on the expected external strontium values in such 

locations. However, based on previously reported values from the areas examined in this thesis, 

the following results from such areas were to be anticipated, with the reported 87Sr/86Sr ranges for 

Guatemala City and Rabinal (as the areas statistically compared) reported below in Table 6.1 below. 

 

Table 6.1: A comparison of the 87Sr/86Sr collected from the literature (Hodell et al., 2004). 

Area 87Sr/86Sr Bedrock 

Guatemala City 0.7038-0.7049 Recent volcanic deposits  

Rabinal 0.7110-0.7130 Palaeozoic meta-sediments 

 
Overall, no statistically significant differences can be observed between Guatemala City and Rabinal 

collectively, based on leach values with a mean of 0.7073 (± 0.0027) and 0.7078 (± 0.0034) 

respectively (Figure 5.2, Section 5.2.1.1). Where areas were represented by less than five samples 

comparisons were made in relation to the precision of the instrument. Although presumptive, 

based on the limited number of volunteers studied, outside the statistical analysis, of the areas 

which produced successful 87Sr/86Sr, Chichicastenango (0.7032 ± 0.0017) and Coban (0.7044 ± 

0.0029) could not be excluded from the ranges gathered from Guatemala City and Rabinal; such 

trend is also observed with Chimaltenango (0.7026) and Jalapa (0.720) albeit with both locations 

represented by one individual solely. However, based on two methods in the literature 1) a 

traditional bedrock model which anticipates 87Sr/86Sr based on the age as well as the type of rock 

2) 87Sr/86Sr from plants, soil and most importantly water from Guatemala it would be expected that 

three groups would exist. The groups are specified in Table 6.2 below:  

 

Table 6.2: A report detailing the expected 87Sr/86Sr groupings of all areas based on the literature. 

Group Number Areas 87Sr/86Sr  Source 

1 Guatemala City 
Chichicastenango* 

Chimaltenango* 
Jalapa* 

Escuintla* 
Lacama II* 

Villa Nueva* 

0.7038-0.7049  
 

Hodell et al. (2004); 
Wright (2005); Price et 

al. (2008) 

2 Coban* 0.7069-0.7085 

3 Rabinal 0.7110-0.7130 
*  Denotes areas that are represented in this thesis by 5< samples are thus were not included in any statistical analysis. 
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The inability to distinguish between regions in this thesis study is not reflected in the trends 

outlined in Table 6.1 and 6.2 above. However, it is important to note that the inability to distinguish 

between regions, specifically Guatemala City and Rabinal, does not conclude that the regions 

cannot be discerned, rather that the impact from external leach sources imparts an unequivocal 

87Sr/86Sr when the external strontium signal is taken into consideration. The overlapping of samples 

between geologically distinct areas, although rare is not exceptional (Blank et al., 2018). In the case 

of Guatemala, reference values produced by Hodell et al. (2004) are quoted based on a combination 

of both water and faunal data, however when the 87Sr/86Sr values for water are considered solely 

greater overlap between areas can be seen. Though the reference values represented by Hodell et 

al. (2004) originate from areas analysed in this thesis, with bathing water often attributed as the 

largest contributor to exogenous 87Sr/86Sr, in order to put such values into context modern water 

networks and washing methods must be considered.  

 

Within Guatemala City piped water comes from two aquifers, both within the city, with the 

remaining water demands of the city supported by surface waters. Concurrently, outside of 

Guatemala City, surface waters make up more than 70% of water utilised in both urban and rural 

areas with the ownership on municipalities to manage water supplies, often supported through 

relief agencies (Water for People, 2019). Here such organisations may source water through the 

building of irrigation systems or the collection and distribution of water from local and non-local 

streams in addition to well water and springs (USACE, 2000; Piedra et al., 2020). Therefore, while 

the source of water from Guatemala City can be identified with a major portion of the population 

with access to piped water sources, outside of the capital, the origin of water in both urban and 

rural locations is highly variable and thus can exhibit distinct 87Sr/86Sr. As noted by Tipple (2014), 

external strontium isotope ratios are impacted by exposure to external contamination through 

anthropogenic sources, such as aerosols, agricultural run-off and natural factors such as atmospheric 

dust. Such contamination can lead to vast differences between 87Sr/86Sr exhibited within an 

ecosystem as a result, in a study conducted Pett-Ridge et al. (2009) recording differences between 

0.70635 to 0.71395 which would not only suggest two separate regions but would also result in two 

samples being recorded as heralding from two environments. Overall, comparatively, leach values 

are seldom studied, with leaching often used as a preparatory technique to isolate the endogenous 

87Sr/86Sr indicative of dietary and therefore residential strontium signal; despite this, the use and 

potential application of leach values 87Sr/86Sr have been explored more extensively during the last 

decade (Font et al., 2012; Willmes et al., 2018; Hu et al., 2020). As such whilst the ranges offered 

by Hodell et al. (2004) serve as a useful basis for anticipating 87Sr/86Sr trends within Mesoamerica, 

with ratios coming from the areas directly studied in this thesis, in order to provide ratios more 

indicative of external 87Sr/86Sr influences it would be beneficial to analyse the water used for 

bathing hair with sampling from such water sources representing the ideal scenario (Hu et al., 
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2020). Such a point is emphasised by Font et al. (2012) who demonstrates that soil and soil 

leachates used in the generation of baseline 87Sr/86Sr, whilst useful in determining 87Sr/86Sr to be 

compared to internal 87Sr/86Sr, are not representative of the external strontium signal in hair.  

 

Noticeably, in regard to the ranges offered in this thesis study, those here occupy a much larger 

spectrum as oppose to those offered by Hodell et al. (2004), where differences between the ranges 

exhibited in both studies could be attributed in some part to the instrument used. Such conclusion 

is exemplified by both Juarez (2008) and Vorster et al. (2010) collectively who mention that 

quadrupole ICP-MS instruments have a 0.01% RSD with alternative instruments such as TIMS 

offering more precise measurements of 0.002% RSD with prior Sr isolation and subsequent 

normalisation with a Sr specific standard such as NIST 987 (previously known as NBS 987) (Yobregat 

et al., 2017). To illustrate, with the water demands of Guatemala City met majorly by the use of 

surface waters, such waters should exhibit closely related 87Sr/86Sr to the surrounding bedrock 

(USACE, 2000; Rodic-Wiersma and Bethancourt, 2012). While, not a like for like comparison, in the 

absence of normalisation capabilities, when the standard error for leach 87Sr/86Sr from individuals 

heralding from Guatemala City is compared to that reported in the literature, it can be seen that the 

standard error surrounding the individuals in this thesis study (0.00087) not only exceeds that that 

has been previously reported for the same location (0.00004), but also that found within the highly 

variable Metamorphic Province of the county (0.0004) (Hodell et al., 2004; Wright, 2005; Price et al., 

2008). Despite this comparison, based on the information collected during the first field visit it is not 

possible to discern the source of water used for bathing hair with Guatemala City representing the 

only defined water network within the country. Therefore, in order to understand the degree to 

which 87Sr/86Sr resulting from modern water networks is reflected within the leach samples, while 

the analysis of specific water sources represents the ideal scenario, at least an understanding of the 

type of water available to individuals in the home is needed.  

 

Overall, from results presented above it is likely, that despite water samples within Guatemala 

demonstrating greater homogeneity in terms of 87Sr/86Sr, the significant overlap between individuals 

from Guatemala City and Rabinal which herald from regions within the country which represent the 

largest and smallest 87Sr/86Sr ranges traditionally is likely to be impacted somewhat by the utilisation 

of Q-ICP-MS. Whilst the comparison between individual ranges are large, through the comparison 

of the means, a pattern emerges between the ratios gained between the regions. Traditionally, 

water from Rabinal founded on Palaeozoic meta-sediments would be expected based on the 

traditional bedrock model to have the highest 87Sr/86Sr when compared with Guatemala City. 

Rabinal in this experiment was found to have the highest 87Sr/86Sr at 0.7078 as outlined in Figure 5.2 

and Figure 5.3 (Section 5.2.1.1), with Guatemala City displaying the second highest mean ratio at 

0.7073, with comparisons made to Chichicastenango and Coban inhibited somewhat by limited 
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sample sizes. This preliminary assessment suggests that leach isotope ratios have the potential to 

be discriminatory despite the initial results, however in order to confirm this sample sizes would 

need to be increased to in excess of thirty samples for each location (Juarez, 2008; Raynaud, 2013).  

 

With any assessment of external strontium isotopes caution must be made, as stressed by Tipple 

(2014) because whilst strontium isotopes used in hair are used as a tool for historic and modern 

migration the contribution between exogenous and endogenous 87Sr/86Sr are complicated due to 

the still conflicting ability to distinguish between the true internal and external strontium signals. 

The results of paired t-tests considering leached 87Sr/86Sr and their respective counterparts (Section 

5.2.2.4), suggest that whilst for Guatemala City the factors influencing from external and internal 

87Sr/86Sr are indistinguishable (p = 0.929), these sources are conflicted for those studied at Rabinal 

(p = 0.002). However, as highlighted by Figure 5.8 (Section 5.2.2.4), a linear regression demonstrates 

that this relationship (between internal and external 87Sr/86Sr) is highly variable. Resultantly while 

the degree to which external and internal strontium isotope ratios impact their respective partners 

is still debated, what the results demonstrate here is that whilst the external 87Sr/86Sr ranges do not 

conform to the traditional bedrock models of 87Sr/86Sr prediction, nor do they provide the ability to 

discern between areas themselves, such differences between the mean values offers the possibility 

to discern between areas with not only a larger sample size, but also the utilisation of an instrument 

offering greater precision such as TIMS (Gulson et al., 2018). However, the inability to distinguish 

between Rabinal and Guatemala City, with the fluid exchange of labour, demonstrates through 

individual profiling, the need to fully understand the individual or population under examination if 

leach values were to be applied to forensic investigations in the future.  

 

Within the current dataset in an attempt to decipher the inability to distinguish between Rabinal 

and Guatemala City, sex differences were explored. Despite the uncertainty regarding the origin of 

bathing water between both locations, from the information presented in Figure 5.4 (Section 

5.2.1.2), it was established that while males were found to exhibit higher 87Sr/86Sr in Guatemala City, 

the converse trend was observed for Rabinal, with the prior comparison found to be significant 

statistically, prior to Bonferroni correction. Despite the effect of sex and location demonstrating, 

after subsequent Bonferroni correction, no differences statistically, when plotted the effect of sex 

and location on 87Sr/86Sr represents a ‘disordinal interaction’, whereby the interaction of the 

independent variables is contrasted across the separate levels of other independent variables, 

demonstrated in Figure 6.1 below.    
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Figure 6.1: An interaction plot comparing the mean 87Sr/86Sr for both sexes at Guatemala City and Rabinal. 

 
Therefore, despite the adjustment of alpha values existing as a common statistical practice, the use 

of Bonferroni correction is conservative and leads to a loss in resolution that could exist between 

both locations. Consequently, while the use of Bonferroni adjustment accounts for multiple 

comparisons when multiple areas are compared, when viewed in isolation sexual differences in 

87Sr/86Sr can be seen between male and female participants from Guatemala City. Within the leach 

samples which produced a successful 87Sr/86Sr, no respondents sampled at Rabinal reported that 

they worked outside the municipality, however in the case of Guatemala City, one male individual 

(GUAC-7/17) recorded that they were a migrant worker, working within Guatemala City during the 

week and returning home to Rabinal at the weekends. In order to assess the impact of such habits 

on the ratios collected within the population, the 87Sr/86Sr are presented below for illustrative 

purposes in Figure 6.2 below. 
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Figure 6.2: A comparison of leach 87Sr/86Sr between males and females sampled from Guatemala City and Rabinal. 

 
As can be seen in Figure 6.2 above, despite residing in Rabinal at weekends, the ratio exhibited by 

GUAC-7/17 (point 7) represents the third-highest value within the population sampled at 

Guatemala City. With individuals represented by GUAC-4/17 (point 4), GUAC-11/17 (point 10) 

exhibiting elevated ratios despite residing within Guatemala City indefinitely it suggests that the 

ratio gained for GUAC-7/17 exists as part of the natural variation in 87Sr/86Sr from the area. Such 

conclusion is also reaffirmed, with other factors associated with water use (seasonal changes in 

water sources) negated with all samples collected during the spring of 2017 (Wei et al., 2013; Han 

et al., 2019). Resultantly, from the data presented here, it would suggest that while the effect of 

sex on subsequent ratios appears to be dependent based on the area analysed, this trend is 

observed irrespective of the impact introduced by the differencing areas of residence (and 

therefore the potential differences associated bathing water and associated anthropogenic 

influences) in the case of GUAC-7/17.   

   

In conclusion, from the samples analysed here, initially, it appears that regions cannot be discerned 

based on the external 87Sr/86Sr, suggesting that each region is influenced by an external strontium 

source with a similar 87Sr/86Sr signature. Resultantly, the values gained for the external portion of 

hair are not reflective of the underlying bedrock lithology, however, water samples within the 

country, often attributed as the major factor influencing external 87Sr/86Sr, are reported to 

demonstrate greater overlap. Despite this trend being reflected in the 87Sr/86Sr gained within this 

thesis, regions incorporating locations such as Guatemala City and Rabinal represent both the 

lowest and highest 87Sr/86Sr within Guatemala and thus would be expected to differ based on water 

87Sr/86Sr within the literature. However, when comparing the results with the modern literature, 
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the ranges presented within this thesis are markedly larger for each area which is likely due to the 

limited precision offered by using ICP-MS as opposed to alternative instruments such as TIMS 

(Tipple et al. 2018). In order to provide a more representative measure of the external 87Sr/86Sr of 

each location focus should turn to not only increasing the number of samples for each area to >30 

but as opposed to the comparison to bedrock it is suggested that data based on tap water or street 

dust may prove to be a more representative measure of external strontium ratios (Tipple et al., 

2013). Though such factors would serve to aid subsequent interpretation when the means of each 

area are taken into account a hierarchy of values can be seen, this offers the potential that areas 

may be defined if a number of factors are accomplished. Therefore, while leach samples are studied 

infrequently in the literature, this initial study suggests it may provide another method in discerning 

between regions within the country.    

 

6.1.2 Digest first field visit 
 
Overall digest 87Sr/86Sr from the first field visit proved to be more discriminatory, with a statistically 

significant difference observed between both Guatemala City and Rabinal (p = 0.001) and 

Chichicastenango and Rabinal (p = 0.016) (Table 5.15, Section 5.2.2.2). However, the difference in 

87Sr/86Sr between Guatemala City and Chichicastenango were not statistically significant (p = 0.388). 

Overall, such differences would be expected based on the information collected from the lifestyle 

questionnaire, whereby, most importantly for bioavailable 87Sr/86Sr, all individuals reported that 

consumed foodstuffs were sourced locally and that work is conducted within the confines of the 

location to which individuals have been grouped. While a greater variety of responses were 

collected in relation to the water consumed for each participant, overall, the majority of individuals 

reported the consumption of local water with bottle water supplementing the daily intake.   

 

As noted by Price et al. (2008), bioavailable 87Sr/86Sr values are expected to be approximately that 

of the underlying geology if individuals are consuming local food, however, such bioavailable 

baseline values may be obscured, most notably in archaeological studies, due to the bias introduced 

by potential immigrants. However, in the study, at the basis of this thesis such, issue has been 

negated in this experiment through the use of studying a modern population with any questions 

regarding residency answered through an isotopic questionnaire. However, during the first field 

visit, the challenges when using modern individuals is highlighted through the use of the isotopic 

questionnaire, where 100% of individuals across all locations reported that local food was 

consumed (Table 4.1, Section 4.1.1). Based on the assumption that individuals are solely ingesting 

local consumables, based on local fauna data from Hodell et al. (2004) and Price et al. (2008) would 

suggest that the associated ranges for Guatemala City and Chichicastenango would be expected to 

range between 0.7038 and 0.7049 with Rabinal falling between 0.7110 and 0.7130. However, from 
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this thesis study, two out of the fourteen samples (14.29%) collected from Rabinal, one out of the 

fifteen samples (6.67%) collected from Guatemala City fall within these previously reported faunal 

values, whilst no individuals (0%) from Chichicastenango fell within such baselines.  

 

It is important to remember the values exhibited as part of this study represent the bioavailable 

strontium, as an amalgamation of the 87Sr/86Sr range of all consumed items. For Guatemala City in 

particular, while 100% of respondents reported that food was locally sourced, consultation with 

the United States Department of Agriculture (USDA), highlights that this trend should be viewed 

with caution. According to Mazariegos et al. (2016), this is particularly true for Guatemala City, 

whereby the where residents are afforded greater access to imported food. This point is 

exemplified by supermarkets such as PriceSmart (one of the three major supermarkets in 

Guatemala), who as of 2018, operated solely within Guatemala City with the exception of one store 

just outside of the city limit, in the municipality of Fraijanes (PriceSmart, 2019). This population is 

targeted specifically by supermarket chains with 63% of the country’s wealth held by only 20% of 

the country’s population, of whom are mostly concentrated in the Guatemala City (USDA Foreign 

Agricultural Service, 2018). Interestingly, for Guatemala City, while the ratios within this study do 

not fall outside of the lower range of the previously reported faunal 87Sr/86Sr, they do surpass the 

higher limits. When the two individuals who reside in Rabinal at weekends are considered, while 

one individual, GUAC-14, represents the highest 87Sr/86Sr within those sampled, GUAC-7 falls within 

the range offered by respondents who did not divulge any noticeable travel habits. With the ratio 

collected from GUAC-7 forming an amalgamation with ratios from less itinerant individuals, as a 

result, the highest 87Sr/86Sr value gained within this study cannot be attributed solely to the 

influence from sporadic residency in Rabinal at weekends. This is not to say that residency in Rabinal 

at weekends has not impacted the 87Sr/86Sr of such individuals, rather that the isotopic resolution 

offered by hair does not allow the opportunity to discern between such regular changes in 

residency, with a number of isotopic studies tending to focus on identifying shifts in 87Sr/86Sr along 

the hair of individuals in relation to permanent temporal changes in residency (White et al., 2009; 

Font et al., 2012; Vautour et al., 2015; Chau et al., 2017; Frei et al., 2017). Rather with Guatemala 

City, representing a predominantly larger Ladino population who are reported to consume diet less 

representative of traditional diets and indeed Mayan individuals who are afforded greater 

autonomy in food choices from living within a metropolitan city, it is likely that in this scenario such 

trends can be explained by the influence to some degree of imported foodstuffs (Bermudez et al., 

2008). However, with both Guatemala City and Chichicastenango indistinguishable statistically, 

despite Chichicastenango representing a more rural locality with a disproportionately Mayan 

population and both Chichicastenango and Jalapa exhibiting similarly high maximum values (both 

0.7102 and 0.7103 respectively) (Figure 5.5, Section 5.2.2.1 and Table 5.16, Section 5.2.2.4, 
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respectively) such conclusion would require the precision afforded to TIMS in order to identify 

subtle differences that may manifest as a result of imported goods. 

 

Though what constitutes ‘local food’ may cause confusion in that individuals may interpret this as 

either locally grown or more likely as bought locally and did serve as a catalyst to change the original 

isotope questionnaire, area of residency was much more unambiguous. For respondents sampled 

in Rabinal while a number of individuals reported residing within the town, a number of individuals 

reported residency in one of the nearby villages and hamlets. Despite the majority of individuals 

from Rabinal residing in local towns/villages, the 87Sr/86Sr gained from these respondents (0.7097-

0.7136) fall within the range of those reporting that they herald from the town itself (0.7072-

0.7176). Therefore, overall, with a comparatively similar sample size to that collected from 

Guatemala City, the larger range (and associated standard deviation) of 87Sr/86Sr for Rabinal can be 

attributed, not to any migrant 87Sr/86Sr, but to the nature of the surrounding geology. Whilst the 

Volcanic Highlands of Guatemala, on which Guatemala City is founded are relatively isotopically 

uniform; upon further inspection, Rabinal is less so. Rabinal, founded within the Metamorphic 

Province of the country, is at a confluence, surrounded by a number of geological substrates. 

Although this includes recent volcanic deposits seen surrounding Guatemala City, the area is 

predominantly composed of more radiogenic material (such as Carboniferous-Permian and 

Palaeozoic meta-sediments) where ratios have been found to vary considerably between 0.7042-

0.7202 (Wright, 2005). This observation, in addition to the understanding that for the majority of 

rural, predominately Maya areas in Guatemala it is common dietary practice to consume foods 

from local open-air markets, offers an informed hypothesis as to why higher 87Sr/86Sr values are 

seen at this location (Bermudez et al., 2008; USDA Foreign Agricultural Service, 2018). Whilst it 

would be advantageous to collect samples on the outskirts of town to characterise the 87Sr/86Sr 

range of Rabinal more concisely, the larger isotopic range gained from Rabinal collaborates with 

the reported literature (Hodell et al., 2004; Wright 2005; Price et al., 2008).  

 

Contrastingly, when compared to Rabinal, the range of values presented by individuals, sampled at 

Coban show minimal variation from the mean with a standard deviation of 0.0002 (Table 5.16, 

Section 5.2.2.4). Although such standard deviation is based on a small sample size of three 

individuals the standard deviation seen in Coban is less than that observed in both datasets offered 

by Jalapa and Chimaltenango (0.0015 and 0.0115). The minimal spread between the 87Sr/86Sr values 

and the higher mean demonstrated from the Coban dataset presumptively offers the potential that 

Coban could be distinguished from Guatemala City with an increase in sample size, with sample size 

often acting as a limiting factor in isotope studies (Juarez, 2008).   
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Villa Nueva, a municipality within the same department as Guatemala City, also fell within the same 

range for Guatemala City. All other areas examined, Escuintla, Lacama II and Jalapa were found to 

fall within the reported range for Guatemala City. Such results would be expected given that Villa 

Nueva is found within the same metropolitan area as Guatemala City, with Lacama II residing in the 

same metropolitan area as Chichicastenango. Such similarities are also reflected between Escuintla, 

Lacama II and Villa Nueva which when the precision of the instrument is taken into consideration 

do not differ by more than ± 0.004 and are thus indistinguishable based on the precision offered by 

the instrument.  

 

Of all the digested ratios studied, Chimaltenango shows the largest variation between the values 

with a standard deviation of 0.0115. When looking at Chimaltenango, the largest isotope value at 

0.7238 is the largest observed in the data set as a whole (Table 5.16, Section 5.2.2.4). This value is 

not only not characteristic of the geology on which the area is founded but is also outside the 

reported values of the Maya region with the exception of the Maya Mountains of Belize (Hodell et 

al., 2004; Wright, 2012; Price et al., 2008). 

 

When comparing the 87Sr/86Sr between this thesis study and the reported literature, a number of 

differences can be seen; this is illustrated in Table 6.3 below: 

 

Table 6.3: A comparison between the digest 87Sr/86Sr ranges gained from the three areas statistically examined in this 
study vs values reported in the literature. 

Area 87Sr/86Sr range 
(This study) 

87Sr/86Sr range 

(Literature) 
Bedrock Reference 

Guatemala City 0.7039-0.7102 0.7038-0.7049 Recent volcanic 
deposits 

 
Hodell et al. 

(2004); Wright 
(2005); Price et al. 

(2008) 

Chichicastenango 0.7058-0.7102 0.7038-0.7049 Recent volcanic 
deposits 

Rabinal 0.7071-0.7175 0.7110-0.7130 Palaeozoic meta-
sediments 

 

As seen in Table 6.3 above, a number of areas in this study have ratios which fall within the range 

reported in the modern literature such as Guatemala City (0.7039-0.7102 vs 0.7038-0.7049) and 

Rabinal (0.7071-0.7175 vs 0.7110-0.7130). However, for this thesis, participants exhibit ratios that 

are elevated outside the ranges reported by a number of authors who recorded correspondence 

between 87Sr/86Sr of biological samples and the underlying geology with inter-area variability 

infrequently surpassing ± 0.001 range between values in a given location (Hodell et al., 2004; 

Wright, 2005; Evans et al., 2006; Price et al., 2008). Within this thesis, interestingly, with the 

exception of those studied at the geologically diverse Rabinal, all ratios were found to be higher 

than those reported by the aforementioned authors. In contrast to the previous studies, the results 

generated during the course of this thesis represents modern bioavailable strontium data from the 
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country which would be expected to be influenced by modern food networks and preferences 

(Valenzuela et al., 2012; Valentine et al., 2015; Keller et al., 2016; Plomp et al., 2019; Plomp et al., 

2020).    

 

While the results from Guatemala City and Rabinal can be explained by the current literature 

surrounding the Guatemalan diet and the responses gained from volunteers, ratios exhibited by 

individuals from Chichicastenango represents an anomaly. Here, in contrast to Guatemala City, 

whereby a discord exists between what individuals believe they are consuming vs what the 

literature and market data detail is actually available, the 87Sr/86Sr results for Chichicastenango 

(0.7058-0.7102) are elevated above the reported range for faunal samples (0.7038-0.7049) (Table 

6.3). While such a trend is also observed throughout the remaining areas such areas, are only 

represented by one individual. However, of all the remaining areas, in the case of Coban while such 

notion is based only on three samples and therefore the range should not be considered 

representative of the area entirely, the ratios produced from this study for Coban (0.7120-0.7125) 

are also higher than expected (0.7069-0.7085) (Table 6.3). This is despite both Chichicastenango 

and Coban representing a largely Mayan population which are associated with having greater 

access to and consuming more locally sourced food, a sentiment echoed within the responses 

provided by volunteers within this study. International Business Publications (2016) reports that 

cities within Guatemala who have tourist attractions of historical or cultural interest, of which 

Coban is mentioned specifically, as of 2016 have seen an increase in western fast-food franchises 

with the population of such locations adapting to a change in taste manifesting through this 

increased cultural imperialism. A documented rise in interest from international food organisations 

could allude to why such values are higher in Coban despite the close collaboration of volunteer 

responses and associated literature regarding local food consumption. However, it should be noted 

that of the six largest multinational food franchises in Guatemala (McDonald’s, Burger King, Pollo 

Campero, Wendys, KFC and Pizza Hut) none were found within Chichicastenango despite a large 

urban population, with only McDonalds (N = 1), Pollo Campero (N = 2) and Pizza Hut (N = 1) having 

stores in the more rural Coban during the period from which the samples for this thesis were taken 

(McDonald’s, 2020; Pizza Hut, 2020; Pollo Campero, 2020). This is in stark contrast to Guatemala 

City, where collectively such organisations operate in excess of 200 stores across the city 

(Mazariegos et al., 2016). With the radiation of such organisations from the capital highlighting an 

important and no doubt fluid trend of changing dietary habits within the country, such figures 

highlight growing but still limited access to non-traditional foodstuffs within Chichicastenango (and 

indeed Coban). Therefore, with the dietary and market data available setting the expectation that 

ratios gained from Chichicastenango and Coban would be comparable to the local faunal data 

reported by Hodell et al. (2004), Wright (2005) and Price et al. (2008) it is likely that such ratios may 

be attributed to the limited precision offered by ICP-MS when compared to other methods utilised 
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for isotopic analysis such as TIMS and MC-ICP-MS (Walczyk, 2004; Reilly et al., 2020). While such 

results serve to highlight potential shortcomings when using Q-ICP-MS in regards to precision a 

positive pattern can be seen between the results gained in this study and work conducted by Hodell 

et al. (2004), Wright (2005) and Price et al. (2008) with the means and median results from areas 

increasing from the south to the north of Guatemala. With Guatemala City and Chichicastenango 

demonstrating both a relatively low mean and median value (0.7071 and 0.7067 and 0.7079 and 

0.7076) when compared to Coban (0.7123 and 0.7125) and Rabinal (0.7128 and 0.7128) such 

hierarchical trends reflect that of previously reported dietary and faunal data. Whilst such a 

conclusion in regards to Coban should be viewed with caution initially due to the limited volunteer 

volume from the area, the results here have demonstrated, albeit preliminary, that higher values 

characterise samples which are surrounded mostly by Cretaceous limestones (Coban) and 

Palaeozoic meta-sediments (Rabinal).   

 

Overall, the results discussed above are in relation to the 87Sr/86Sr gained from each population in 

the broadest sense. However, within the literature, a number of authors often discern between 

male and female participants (Rodushkin and Axelsson, 2000; Senofonte et al., 2000; Chojnacka et 

al., 2010; Tamburo et al., 2016). In this thesis study, when the areas of Guatemala City and Rabinal 

are stratified based on sex, on average, for both locations males exhibited higher 87Sr/86Sr than 

female participants, however, overall no statistically significant difference could be seen between 

the male and female values at each location. The 87Sr/86Sr ratios collected from each location, 

separated by sex, are illustrated in Figure 6.3 below.  

 

 

Figure 6.3: A comparison of 87Sr/86Sr between male and female populations examined from Guatemala City and Rabinal 

sampled during the first field visit, with travelling individuals numbered. 
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While the majority of individuals during the first field visit did not report any travel habits of 

interest, two male individuals represented by GUAC-7/17 and GUAC-14/17 reported residency at 

Rabinal during the weekends (represented by point 7 and point 13 respectively in Figure 6.3 above). 

Therefore, while the individuals within this dataset who pertain to be migrant workers are male, 

such conclusion is only represented by two individuals. Nevertheless, although within this dataset 

it appears that males are more apt to migrant work and on average exhibit comparatively higher 

87Sr/86Sr, as demonstrated by Figure 6.3, this trend is observed for both locations despite two 

individuals moving from Guatemala City to Rabinal for the weekends. Resultantly, while male 

87Sr/86Sr were found to be elevated when compared to those exhibited by female participants such 

trends cannot be assigned solely to migrant work and are likely the result of natural variation at the 

individual level due to the non-appearance of potential variables (such as dyed hair) disclosed 

within the isotopic questionnaire. While sexual differences have been reported in archaeological 

populations, such differences are often due to migration due to marriage or differential land use 

rather than short term visits such as those seen within this field visit (Bentley et al., 2012). With the 

absence of such trends within the modern Mayan population, the inability to distinguish between 

the sexes based on individuals presented is expected and reflects the responses provided by each 

volunteer. The inability to distinguish between male and female participants from the same 

location is also observed in work conducted by Tipple et al. (2018) who states that while no 

statistically significant difference could be found between the sexes in terms of 87Sr/86Sr, females 

exhibited a greater abundance of Sr in the hair, with longer hair demonstrating a greater time in 

which to incorporate strontium, however such characteristic is not pertinent to geolocation. 

In conclusion, from the digest 87Sr/86Sr gained from the first field visit an individual from Guatemala 

City or Chichicastenango could be excluded from living in Rabinal, however when compared 

statistically, individuals from Guatemala City and Chichicastenango were found to be 

indistinguishable. It must be noted that whilst statistical differences could not be observed for 

Guatemala City and Chichicastenango, not all locations are geologically distinguishable, however, 

such locations are culturally relevant in understanding the areas from which missing individuals are 

commonly reported (Historical Clarification Commission, 1999; Kemp, 2004). Within this study, the 

variable 87Sr/86Sr accumulated from Guatemala City and Rabinal align with reported modern dietary 

habits and in relation to the geological foundations surrounding each municipality respectively with 

no further stratification based on sex. With the 87Sr/86Sr from Rabinal particularly variable, 

reflecting the heterogeneous geology surrounding the locality. However, the elevated 87Sr/86Sr at 

Chichicastenango, as well as Coban and remaining locations challenge not only what is reported in 

the literature, but also the volunteer’s expectations in regards to the locality of their consumables. 

Here, despite the wide ranging and elevated 87Sr/86Sr values likely reflecting, to some degree, the 

precision afforded to Q-ICP-MS a hierarchal pattern in 87Sr/86Sr between areas can be seen. Though 



 142 

for the areas of Guatemala City, Chichicastenango and Rabinal such differences were confirmed 

statistically, the mean and median values of Coban offers an informed albeit presumptive analysis 

of such differences that could be expected with an increase in sample size. Therefore, while the 

results here should not be seen as ‘absolute’, these results demonstrate the potential to distinguish 

between areas, as a proof of concept, with the greater resolution afforded to instruments such as 

TIMS and MC-ICP-MS required to produce highly precise ratios and to assess the impact of imported 

food (Fortunato et al., 2004).    

 

6.1.3 Digest second field visit 
 
For the second field visit, despite leach 87Sr/86Sr providing unnatural values, of the 74 hair samples 

collected, only 50 were used to define the local 87Sr/86Sr for each area, respectively. The decision 

to remove dyed samples from the dataset was the result of the significant statistical difference (p 

= 0.006) observed between the two groups using the Kruskal Wallis test. Valenzuela et al. (2012) 

offer a potential method to include dyed samples into geolocative studies, by suggesting that 

observing the colour change in leaching solutions, that once clear, signals the removal of the dyed 

pigment, however, no quantifiable method is provided. As conducted by Valenzuela et al. (2012) 

leaching solvents formed an integral part of this study however, whilst not definitive proof of the 

impact of dyes on 87Sr/86Sr, with some level of variation undoubtedly due to the heterogeneous 

contribution of strontium in the diet, it was found that on average dyed samples were enriched in 

strontium compared to non-dyed samples. Using Coban as an example, with dyed samples 

registering three times the amount of counts for 87Sr and 86Sr ((24290 and 30211 (cps)) when 

compared to non-dyed samples ((7409 and 10301 (cps) respectively). Whilst the removal of 

traditional anthropogenic sources of contamination, such as dust, is the focus of research, such 

contamination is not only bound to the hair by physical association but also tends to concentrate 

on the outer portion of the hair (Font et al., 2012). This is in stark contrast to both semi-permanent 

and permanent dyes which can often be found reaching as deep as the cortex of the hair, and as a 

result, the chemical systematics of any potential exchange between the external and internal 

signals is complex (Da França et al., 2015). Therefore, as a result of the inability to quantify the 

effect dyes have on the subsequent 87Sr/86Sr, such samples were excluded from the 50 non-dyed 

samples used for defining the ‘local’ 87Sr/86Sr range for each area.    

 

From the statistical analysis of the digest 87Sr/86Sr from the second field visit, while a statistically 

significant difference was observed between volunteers at Rabinal and Santa Cruz (p = 0.006), none 

of the other comparisons were statistically significant after Bonferroni adjustment (Table 5.19, 

Section 5.3.2.2). Based on the information collected during the second field visit and the reported 

literature such difference would be expected, with respondents from Rabinal representing a largely 
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stationary population, who according to the literature have greater access to local rather than 

imported goods. Similarly, while this difference would be expected to manifest in individuals 

heralding from Santa Cruz when volunteer information is analysed, it can be seen that of the 14 

individuals sampled only 50% of respondents live and work within the local area, with the remaining 

individuals living outside of the municipality entirely (Table 4.2, Section 4.1.1). Here, samples from 

SANTAC-3/17, SANTAC-11/17 and SANTAC-4/17 for example, represent individuals heralding from 

areas such as Uspautáu, Sacapulas and Nebaj who report that local food was consumed from areas 

encompassing an array of geological deposits which include Palaeozoic metasediments and 

cretaceous limestones in addition to volcanic deposits (Anderson et al., 1985). Importantly, while 

such individuals reside outside of Santa Cruz (as exemplified by SANTAC-5/17), they travel to the 

municipality daily, only returning to their respective areas of residence at the end of the working 

day. Comparatively, while individuals heralding from outside of Santa Cruz did not alter the result 

of the statistical comparison (p = 0.002), the inclusion of individuals who travelled to Santa Cruz 

from alternative areas did result in a larger 87Sr/86Sr range as expected. This is illustrated graphically 

in Figure 6.4 below.  

 

 

Figure 6.4: A scatterplot comparison of 87Sr/86Sr from individuals who live in Santa Cruz vs individuals who travel. 

 
As seen in Figure 6.4 above, overall, there is a mingling of 87Sr/86Sr between individuals for which 

Santa Cruz represents both area of residence and work and those for which it only comprises of the 

latter. On average, individuals residing within Santa Cruz occupy a lower 87Sr/86Sr range (0.7067-

0.7174) compared to those who regularly travelled from outside of the city (0.7127-0.7209). With 

the highest values derived from SANTAC-3 and SANTAC-11 (represented by individuals travelling 

from Uspautáu and Sacapulas respectively) reflecting the trend that they reside and consume local 



 144 

food from regions of older bedrock with Uspautáu and Sacapulas founded on Palaeozoic 

metasediments (Solari et al., 2011). Therefore, while isotopic studies have tended to focus on long 

term residential changes, it appears from the data presented here that the influence of migrant 

workers has driven the larger range seen at Santa Cruz with a number of authors now reporting 

that regular sub-monthly visits have been reported to cause a convergence between 87Sr/86Sr of 

both locations (Font et al. 2012; Hu et al. 2020).   

 

The differences between Rabinal and Santa Cruz notwithstanding, from the information collected 

it would be expected that individuals from both Chichicastenango and Villa Nueva would be 

distinguishable from Rabinal also. In the case of Chichicastenango, it appears the wide-ranging 

87Sr/86Sr would go some way to explaining the inability to distinguish between both locations. In 

regards to Chichicastenango specifically, barring digest ratios collected from Chimaltenango (N = 2) 

during the first field visit, this shows the greatest level of variation out of all ratios gained from 

leach and digest samples for both field visits, with a standard deviation of 0.0088 (Section 5.3.2.1). 

As it is suspected that the large variation from Chimaltenango is due to a small sample size, with a 

standard deviation of 0.0115, Chichicastenango represents somewhat of an anomaly with such a 

large range gained with a large number of samples comparatively (N = 17). Upon further 

exploration, while respondents from Chichicastenango represent a largely static population, with, 

16 out of 17 respondents working and residing within the municipality, such respondents exhibited 

the most varied diet of all populations examined.   

 

From this location, no respondents confirmed that food was local in origin with the majority of 

individuals unable to confirm that local or non-local food was consumed. Although market and 

ethnographic studies suggest that such individuals are afforded to, and show preference to local 

foods, a number of individuals (CHICHI-16/17-CHICHI-20/17) (Table 4.2, Section 4.1.1) reported that 

many consumables such as vegetables came from Sololá, where it was later discovered that the 

more temperate conditions allow the cultivation of a wide variety of vegetables, maize and beans 

(Fenton, 2013). Thus, to ascertain whether the consumption of vegetables, which still form ~3.4% 

of the total diet (especially in rural locations) from Sololá was the driving factor for such changes, 

87Sr/86Sr from those who specified this area was compared to remaining population (Ford et al., 

2017). The comparison between 87Sr/86Sr is plotted in Figure 6.5 below. 
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Figure 6.5: A scatterplot comparing the 87Sr/86Sr from individuals who stated they consumed vegetables from Sololá and 

those who did not. 

Whilst it could be expected that the incorporation from another location may shift ‘local’ 87Sr/86Sr 

it is unlikely that a mingling of ratios has occurred, with Sololá also founded on quaternary deposits 

(Hodell et al., 2004). This theory is reflected within Figure 6.5 above where 87Sr/86Sr from individuals 

who confirmed that they consumed vegetables from Sololá (0.7119-0.7257) fall exclusively within 

the ranges offered by the general population at Chichicastenango; with such individuals exhibiting 

a wider 87S/86Sr range overall (0.7101-0.7405). Therefore, while the larger range and mean values 

exhibited by Chichicastenango cannot be attributed to the influence of vegetables from Sololá, with 

the literary expectation that individuals are consuming local foods, the area of Chichicastenango 

has become renowned for the use of artificial fertilisers, with the aid recorded as being used in the 

area since the early 1960s (Cruz-Castillo et al., 2006; Carey Jr, 2009). The introduction of synthetic 

fertilisers can significantly affect the ‘local’ 87Sr/86Sr signature for a given location, including the 

surrounding areas if such anthropogenic contamination enters the water supply (Hosono et al., 

2007; Thomsen and Andreasen, 2019). In addition to the potential variables posed by artificial 

fertilisers, while supermarkets are accredited with offering predominantly Ladino populations 

greater access to non-local produce, Chichicastenango represents one of the largest and most 

popular markets within the country to this day (Lugo-Morin, 2020). Here, while local food is often 

preferred, often due to price, produce here is sourced across the country and grown on a variety 

of geological deposits, including peaches and apples from Rabinal, cheese from Quetzaltenango 

and caged hens from Guatemala City (Fenton, 2013). Therefore, despite no respondents sampled 

at Chichicastenango reporting specifically that the market was a source of consumables, such 

consideration offers a potential explanation to the phenomena of unexpectedly broad 87Sr/86Sr 

observed at Chichicastenango. However, in order to address this theory in the future, from this 
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example to provide further clarification on the potential origin of foodstuffs it would appear that 

including an option for individuals to include where they purchase their goods would be beneficial; 

with the sampling of local soil, fauna and animals required before a conclusion on the definitive 

source of variation at Chichicastenango can be determined (Hedman et al., 2009; Frei and Price, 

2012).  

 

Comparatively, as seen in the sample demographic at Chichicastenango, Villa Nueva also represents 

a stable population that would also be expected to be distinguished from individuals that herald 

from Rabinal. Despite respondents from Villa Nueva confirming that they work and reside in the 

city and with 100% of volunteers reporting the consumption of locally sourced produce, no 

statistically significant difference was observed (Table 4.2, Section 4.1.1). Here, as seen in Figure 

6.6 below, when the ranges for both Rabinal and Villa Nueva are compared, it can be seen that both 

ranges exist exclusively.  

 

 

Figure 6.6: A scatterplot demonstrating the distinction between 87Sr/86Sr between Rabinal and Santa Cruz from samples 

collected during the second field visit. 

As seen in Figure 6.6 above, while such 87Sr/86Sr ranges are close based on the dataset above, no 

overlap occurs between the locations; with individuals from Rabinal exhibiting an 87S/86Sr range of 

0.7176-0.7241 and Villa Nueva 0.7107-0.7163. Resultantly, such comparison here is attributed to 

the use of Bonferroni correction, which as mentioned by VanderWeele and Mathur (2019) serves 

as one of the most conservative methods to counteract the issue of multiple comparisons, with 

significance values of 0.011 and 0.066 pre and post Bonferroni correction respectively. The use of 

Bonferroni correction is useful, particularly in cases when a single false positive would result in a 

completely different interpretation of a test such as in a fairly broad or universal null hypothesis 
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such as ‘all areas in Guatemala share the same 87Sr/86Sr’ (McDonald, 2009). However, as noted by 

Armstrong (2014) in the presence of an informed hypothesis, such results should be viewed with 

this context in mind. Therefore, based on the supporting information, with both Rabinal and Villa 

Nueva representing largely stationary populations (83.33% and 100% respectively) (Table 4.2, 

Section 4.1.1), who predominantly report or as indicated through secondary data, the consumption 

of local food, it is likely that Rabinal and Villa Nueva can be distinguished. However, in order to 

increase the confidence of such an assessment, it would be beneficial to increase the sample size 

for either, or ideally both, locations respectively.    

 

Overall, while the areas of Rabinal, Chichicastenango and Villa Nueva can be assessed statistically, 

in relation to Guatemala City and Coban, due to the limited sample volume collected for each site 

and subsequent removal of dyed samples such comparisons were not conducted. With the majority 

of respondents from both Guatemala City and Coban (57.14% and 90% respectively) (Table 4.2, 

Section 4.1.1), unable to confirm the origin of food consumed, it would be expected based on the 

sample demographic presented by the literature that individuals from Coban would likely exhibit 

higher 87Sr/86Sr than those observed from Guatemala City, with local produce heralding from 

Cretaceous deposits. With 87Sr/86Sr from individuals heralding from Carchá (COB-8/17) and Santa 

Cruz Verapaz (COB-15/17) respectively (0.7189-0.7196) falling within the range reported by those 

who live and reside in Coban (0.7182-0.7208), this trend is indeed reflected within the associated 

values where a hierarchy can be seen based on mean values, with respondents sampled at Coban 

(0.7194), demonstrating higher 87Sr/86Sr on average when compared to those exhibited by 

respondents from Guatemala City 87Sr/86Sr (0.7149) (Table 5.20, Section 5.3.2.4) While a hierarchy 

of values can be seen between Coban and Guatemala City, which reflects that of the expectations 

presented by the literature and sample demographic, the comparison between both locations 

highlights a trend throughout the results gained throughout the second field visit. Here, when 

comparing the results gained in this segment of the thesis study a number of differences can be 

seen, with all ratios reported in this section of the study elevated when compared to the modern 

literature, the ratios for this study and indeed the modern literature are contrasted in Table 6.4 

below: 
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Table 6.4: A comparison between the digest 87Sr/86Sr ranges gained from this study vs values reported in the literature. 

Area 87Sr/86Sr (This 
study) 

87Sr/86Sr 
(Literature) 

Bedrock Reference 

Rabinal 0.7176-0.7241 0.7110-0.7130 Palaeozoic meta-
sediments 

 
 
 
 

Hodell et al. 
(2004); 
Wright 

(2005); Price 
et al. (2008) 

Coban* 0.7182-0.7208 0.7069-0.7085 Cretaceous 
Limestones 

Villa Nueva 0.7107-0.7163 0.7038-0.7049 Recent volcanic 
deposits 

Chichicastenango 0.7101-0.7405 0.7038-0.7049 Recent volcanic 
deposits 

Santa Cruz 0.7067-0.7209 0.7038-0.7049 Recent volcanic 
deposits 

Guatemala* 0.7109-0.7236 0.7038-0.7049 Recent volcanic 
deposits 

* Denotes areas that are represented by <5 samples during this field visit and thus were not included in the statistical 

analysis. 

 

Using Rabinal as an example, as seen in Table 6.4, the 87Sr/86Sr ranges gained from individuals during 

the second field visit are higher than those observed in the literature with ranges differing at the 

second decimal point (0.7176-0.7241) in contrast to those reported in the literature (0.7110-

0.7130). When the population, literature and lifestyle data are evaluated collectively, participants 

from Rabinal represent a largely static population with 83.33% of respondents living and working 

within the municipality, who, in spite of the majority of the population unable to confirm that food 

consumed was local in origin are reported to have greater access to local consumables with limited 

interference from globalised supermarkets and fast-food outlets with none of the six major 

franchises found within the municipality (Mazariegos et al., 2016; USDA Foreign Agricultural 

Service, 2018; Chew et al., 2020). Resultantly, based on this information, while individuals from 

Rabinal reside in the most geological diverse region in Guatemala, such high ratios of ~0.72 which 

characterises five of the six individuals analysed in this study, is not expected. With such 87Sr/86Sr 

based on a relatively static population consuming food predominantly local in origin would suggest 

that such individuals heralded from the Mortugua River Valley in Guatemala, or most likely from 

the Mayan Mountains of Belize, where such ratios are found in only a small number of geographical 

niches (Hodell et al., 2004; Wright, 2005; Price et al., 2008).  

 

However, through an assessment of the population, taking into account the literature and 

accounting for individual specific travel habits through the lifestyle questionnaire an explanation of 

such differences is likely to reflect the capabilities of the respective instruments, with TIMS found 

to be one order of magnitude more sensitive than that of Q-ICP-MS (Vorster et al., 2008; Vorster et 

al., 2010). Whilst the benefits of TIMS outnumber that of Q-ICP-MS when available, the intraclass 

correlation coefficient demonstrates that in this study ICP-MS demonstrated acceptably precise 

results when repeated measures of the same sample were taken, with a value of 0.810 (Table 5.17, 
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Section 5.3.2). With the intraclass correlation coefficient demonstrating that the results presented 

here were measured consistently by the instrument, the higher 87Sr/86Sr are likely to be due to the 

interferences from other isotopes such as rubidium (Willmes et al., 2016). As noted in studies by 

Tipple (2014) as well as Almeida and Vasconcelos (2001) in order to gain isotopic ratios accurate 

enough for forensic investigations prior separation of 87Rb from 87Sr is required. Although outside 

the capabilities of this project, the use of a cation-exchange resin such as Eichrom™ AG50 X8 resin 

would allow the separation of rubidium from the sample matrix creating a more accurate 

representation of the bioavailable 87Sr/86Sr in line with reported literature. Whilst chromatographic 

separation of both elements was not undertaken, areas whose underlying geology contains high 

rubidium containing rocks are characterised by higher 87Sr/86Sr (Price et al., 2008). This is 

represented in the dataset with Rabinal displaying the highest mean and median 87Sr/86Sr at 0.7212 

and 0.7214 respectively; with Coban demonstrating the second highest mean value 0.7193, this 

trend reflects the results gained from the digested samples during the first field visit (Section 5.3.2.1 

and Section 5.3.2.4, respectively).    

 

Finally, when analysing the trends between the sexes, despite males exhibiting higher 87Sr/86Sr and 

a greater number of females reporting that they regularly travelled for work and study, such 

differences were not statistically significant (ps > 0.05). In order to illustrate the effects of those 

travelling on 87Sr/86Sr, the ratios for each location, stratified based on sex and travel are highlighted 

in Figure 6.7 below. 

 

Figure 6.7: A comparison of 87Sr/86Sr between male and female populations examined from four areas sampled during 

the second field visit, with travelling individuals numbered. 

Despite, no statistically significant differences observed between male and female populations at 

each location, as reported by Bentley et al. (2012), due to the female population sampled in this 
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study reporting greater heterogeneity between area of residence and area of work, it would be 

expected that female individuals would exhibit a greater 87Sr/86Sr range. This trend is exhibited 

within the population examined within this thesis study and the range at Santa Cruz is likely to be 

driven by the influence of individuals (highlighted numerically in Figure 6.7) travelling regularly to 

Santa Cruz from other locations. However, outside of Santa Cruz, as specified in Figure 5.11 (Section 

5.3.2.3), such variability is likely due to the female participants dominating the dataset (N = 22) as 

opposed to male samples (N = 8), with migrant workers from Rabinal (RAB-4/17, point 4) and Coban 

(COB-8/17, point 49 and COB-15/17, point 50) who infrequently travel outside of their respective 

departments (~3 days) falling within the range of stationary compatriots. Similarly, in the absence 

of any notable travel habits or other factors such as dyeing of the hair, while males were found to 

exhibit elevated 87Sr/86Sr when compared to female participants, it is likely that the unequal 

distribution of samples in regards to sex is the contributing factor, with mean values for males based 

on a limited number of comparative samples. Therefore, in order to fully assess the effect of sex 

(and the associated influence of travel) on 87Sr/86Sr, it would be beneficial if more male samples 

were collected, in order to establish if such variability is due to travel or unequal sample sizes.  

 

In conclusion, based on a statistical analysis of digest 87Sr/86Sr from the second field visit, while 

individuals heralding from Rabinal could be excluded from residing in Santa Cruz and vice versa, no 

other comparisons were statistically significant; with the inability to distinguish between Rabinal 

and Chichicastenango/Rabinal and Villa Nueva challenges the expectations based on both literary 

and participant revelations. The inability to distinguish between Villa Nueva and Rabinal appears to 

be impacted through the use of the Bonferroni adjustment, due to the precision offered by Q-ICP-

MS, the Bonferroni result highlights that caution should be exercised when interpreting such results 

statistically. Conversely, with the comparison between Chichicastenango and Rabinal non-

significant, statistically, prior to Bonferroni correction, challenges the expectations based on the 

available literature in regards to diet and participant mobility information. The revelation from 

participants that individuals consumed vegetables from Sololá, while not appearing to affect the 

87Sr/86Sr, has led to the understanding that individuals from Chichicastenango may have access to 

a greater array of domestically sourced foods offering a possible explanation as to why such large 

87Sr/86Sr variation exists for Chichicastenango. While such conclusion would require further 

exploration, in the context of the population overall, information collected from both primary 

(isotopic questionnaire) and secondary sources (dietary data) suggests that the majority of 

participants reside and work within the same municipality and have greater access to local food. 

Therefore, based on this information, the ratios collected here are outside the expected baseline 

values (Hodell et al., 2004; Wright, 2005). Further inspection has revealed that such ratios within 

the dataset will be effected through competitive interferences such as those posed by 87Rb. 

However, as seen in the previous sections the mean and median results for each location provide 
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a presumptive estimate of the differences that exist between areas, with a correlation between 

87Sr/86Sr and concentration of rubidium expected in the underlying geology (Zhang et al., 2018). The 

pattern demonstrated by the mean and median values presents a positive yet presumptive 

conclusion, that, whilst outside the capabilities of this study, the combination of a chromatographic 

resin to remove such interferences and the precision afforded by instruments such as TIMS would 

provide more precise, and thus potentially more distinguishable, results.    

 

6.1.4 Digest from both field visits 
 
Overall from the statistical analysis of results gained from both field visits a number of groups are 

found to be distinguished. Here, based on digest 87Sr/86Sr (Table 5.22, Section 5.3.3.2) an individual 

from Guatemala City could be distinguished from four locations; Rabinal, Coban, Chichicastenango 

and Santa Cruz with all comparisons demonstrating statistically significant results (p < 0.012). The 

ability to distinguish between Guatemala City and both Rabinal and Coban respectively would be 

expected based on the information gained from respective volunteers where the proportion of 

individuals for each location characterised largely (≥71.42%) by individuals who work and reside 

within the respective area of residence. With the literature, despite the tendency (84.21%) of 

respondents from Guatemala City to report that local food is consumed, pointing to individuals 

from Guatemala City having greater access to imported food in contrast to Rabinal and Coban 

(Caumartin, 2005; Bermudez et al., 2008; Mayén et al., 2016; USDA Foreign Agricultural Service, 

2018). Despite such comparisons falling in line with the informed expectations, the ability to 

exclude an individual from Guatemala City from heralding from Chichicastenango and Santa Cruz 

would not be anticipated based on the understanding of both populations based on the literature 

regarding population preferences and market data.  

 

When analysing the comparison between Guatemala City and Chichicastenango, two outliers were 

found, represented by GUAC-3/17 and CHICHI-11/17 respectively (Figure 5.13, Section 5.3.3.1). 

Here the largest value exhibited by Guatemala City belongs to GUAC-3/18, while this individual 

reported that they travel frequently they did not specify the destination and duration (Table 4.2, 

Section 4.1.1). With such value representing an extreme or ‘far out’ outlier within the dataset, a 

follow up with the individual revealed that at the time of collection they often worked within the 

departments of Alta Verapaz and Baja Verapaz, often for a month or longer, offering a potential 

explanation to the elevated 87Sr/86Sr with all other individuals sampled at Guatemala who reported 

residing outside the department either sporadically (GUAC-9/17 and GUAC-10/17) or regularly but 

for a small duration (GUAC-7 and GUAC-14). Conversely, in the case of CHICHI-11/17, this 

represents the largest value within the entire dataset (0.7405) and contributes to the area of 

Chichicastenango displaying the largest mean 87Sr/86Sr of all groups when both field visits are 
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combined. The large ‘whiskers’ shown in Figure 5.13 (Section 5.3.3.1) suggests that this value is 

unreliable, especially given the relatively small interquartile range. The removal of this sample 

results in a mean (with standard deviation in parentheses) of 0.7158 (0.002) for Chichicastenango 

resulting in Rabinal and Coban having the greatest means (0.7163 and 0.7158) respectively, 

reflecting the results found in both field visits independently. Although such result could be seen 

to show consistency amongst the readings from both field visits, traditional isotope methodology 

dictates that such outliers are deemed non-local when the area from which the sample heralds is 

unknown (Sjögren et al., 2009; Bentley et al., 2012). However, through the use of the isotopic 

questionnaire, the individual represented by CHICHI-11/17 lived in Chichicastenango and only 

travelled to Santa Cruz to work (Table 4.2, Section 4.1.1). Resultantly as the 87Sr/86Sr came from a 

sample collected from an individual from Chichicastenango, it must be deemed as indicative of the 

local area and is therefore kept in the statistical analysis. Importantly, the influence of GUAC-3/17 

(and CHICHI-11/17) are not the driving factors behind the statistically significant difference 

observed between both locations, with the same outcome observed without the inclusion of such 

samples (p = 0.001). Such conclusion also holds true for the comparisons made to Coban (p = 0.006), 

Rabinal (p = <0.001) and Santa Cruz (p = 0.005) respectively; despite this, the difference between 

Guatemala City and Santa Cruz should be viewed with caution. Upon further inspection, the 

statistically significant difference is driven in this case by the individuals residing outside of Santa 

Cruz, and thus it is likely that when characterising individuals from Guatemala City and Santa Cruz 

specifically the difference between both areas is statistically insignificant.  

 

The inability to discern between Santa Cruz/Villa Nueva and Rabinal when both field visits are 

combined is likely to be the result of the uneven contribution of samples from Santa Cruz/Villa 

Nueva and Rabinal from the second and first field visit respectively, particularly with all samples 

from Santa Cruz analysed during the second field visit. As seen from the results in Figure 5.5 (Section 

5.2.2.1) and Figure 5.9 (Section 5.3.2.1) respectively, it can be seen that overall results conducted 

on hair samples collected during the second field visit on average have higher means than those 

collected during the first field visit. As the reaction mixture used to digest the samples remained 

constant, the noticeable changes in mean values are likely to be the result of subtle changes in 

instrumental conditions affecting the ionisation efficiency between runs. Table 6.5 below serves to 

highlight the different means collected during both field visits.  
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Table 6.5: A comparison of the means from digest samples from hair collected during the first and second field visits. 

Area Mean 87Sr/86Sr First Field Visit Mean 87Sr/86Sr Second Field Visit 

Guatemala City 0.7071 0.7149 

Rabinal 0.7128 0.7212 

Coban 0.7123 0.7194 

Chichicastenango 0.7079 0.7204 

 
As Table 6.5 demonstrates, the means of 87Sr/86Sr gained in the second field visit are elevated at 

the second decimal place when compared to the previous field visit. While issues surrounding food 

availability and seasonality have been negated due to both field visits being conducted during the 

spring (specifically April to May); instrumentally, changes in ionisation efficiency may occur 

between runs. Nevertheless, the use of internal standard reflected that the instrument performed 

consistently across runs with a coefficient of variance of ~5% across the first field visit and 

respective second field visit runs, therefore while outstanding, in order to compare the results of 

both studies the use of a dedicated 87Sr/86Sr isotopic standard such as NBS987 would be beneficial.  

The absence of such standard means that the results presented here are not normalised, therefore 

while the differences observed between Rabinal and Santa Cruz (with Villa Nueva producing 

positively suggestive results initially) coincide with literary and first-hand sample demographic data 

when the second field visit results are viewed in isolation, disregarding any influence from 

Bonferroni correction with both comparisons insignificant before subsequent correction (p = 0.800 

and p = 0.435, respectively) (Table 5.22, Section 5.3.3.2), it appears the lack of such isotopic 

standard impacts subsequent interpretation. With such comparisons based on values from multiple 

runs not offered the desired clarity and indeed consistency with the differences observed between 

Rabinal and Santa Cruz/Villa Nueva insignificant when both field visits are combined (Paul, Skrzypek 

and Fórizs, 2017). The use of this external standard would allow the respective 87Sr/86Sr to be 

amended, allowing a comparison to be made not only between both runs but between laboratories, 

by amending the resulting ratios based on the accepted value of NBS987 87Sr/86Sr = 0.71024 with 

the use of cation-exchange resins (e.g. DowexTM AG50X8 or EichromTM AG50X8) focusing the 

strontium in the respective samples producing highly precise and replicable 87Sr/86Sr which are 

required for forensic work (Rüggeberg et al., 2008; Bickle et al., 2011). Here, the respective 

equation for the normalisation of collected ratios is presented below: 

 

Corrected 87Sr/86Sr = ((87Sr/86Sr (S))/ 87Sr/86Sr (Std M))) * ((87Sr/86Sr (Std A))) 

(J. Evans, personal communication, April 14, 2017). 

 

Here, where 87Sr/86Sr (S) relates to the 87Sr/86Sr of the sample, 87Sr/86Sr (Std M) the measured ratio of 

the NBS987 standard, with 87Sr/86Sr (Std A) the accepted value of NBS987 87Sr/86Sr = 0.71024. The 

utilisation of such standards would allow any differences between the respective datasets to be 

normalised undoubtedly closer to those expected in the literature, especially in the case of areas 



 154 

where the population are reported to consume more locally sourced goods, such are Rabinal, 

Coban and Santa Cruz, when the means are analysed (Worthberg et al., 2017). From both field visits 

based on the information collected from the literature and associated lifestyle questionnaire, it 

would be expected that in relation to mean 87Sr/86Sr values the following hierarchy would exist: 1) 

Rabinal, 2) Coban, 3) Guatemala City, Chichicastenango and Santa Cruz and Villa Nueva. However, 

based on the combining of the datasets the following order based on the rank of means manifest: 

1) Chichicastenango, 2) Coban, 3) Rabinal, 4) Guatemala City, Santa Cruz and Villa Nueva. While the 

elevated values at Chichicastenango require further attention to ascertain whether the 87Sr/86Sr 

from the population is impacted by the greater variety of consumables of one of the largest 

domestic markets within the country, based on the combination of datasets from both areas a 

contradiction exists between the means provided from Rabinal and Coban based on a field by field 

visit comparison and when the results are combined. The unexpectedly high mean from Coban 

when compared to Rabinal is most likely impacted by the limited sample set offered from the prior 

in comparison to Rabinal (with sample sizes of 7 and 20 respectively), with a number of authors 

recommending ideally that each area is characterised in excess of thirty samples (Juarez, 2008; 

Tipple, 2014; Whelton, 2018). As seen in Figure 5.5 (Section 5.2.2.1) and Figure 5.9 (Section 5.3.2.1), 

when both field visits are viewed in isolation, Rabinal exhibits both higher mean and wider-ranging 

87Sr/86Sr in each field visit when compared to Coban. With individuals from Rabinal and Coban 

across both field visits representing largely stationary populations (95% and 71.4%, respectively) 

who despite some ambiguity regarding the origin of foodstuffs, are largely accredited with 

consuming local food when both the isotopic questionnaire and literature are considered, with 75% 

of respondents from Rabinal and 57.14% of respondents from Coban reporting the intake of local 

goods. In this scenario and indeed the inability to discern between Rabinal and Coban can be 

attributed in some part to the absence of normalisation with Gulson et al. (2018) stating that with 

the method often absent from Q-ICP-MS studies unless areas exhibit large isotopic differences (with 

Coban and Rabinal serving as the expected intermediary and highest 87Sr/86Sr with individuals 

residing and consuming local produce derived from Cretaceous limestones and Palaeozoic 

metasediments) the discrimination between such locations with Q-ICP-MS can be very challenging.  

Whilst the use of an external strontium standard would allow both datasets to be compared directly 

when the mean values from both field visits are considered a pattern of values is provided that is 

more reflective of each independent field visit, providing a presumptive range on which to compare 

to unknown samples.   

 
In conclusion, whilst the use of strontium isotopes for geolocation is often reserved for 

archaeological studies in migration, what this section of the research has intended to do is to 

explore the degree to which 87Sr/86Sr in hair can be used to distinguish between specific areas in 

Guatemala, initially, before further exploration for positive leads are conducted with TIMS. As 
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recommended by Gordon et al. (2019), strontium in hair can serve as a valuable measure of 

bioavailable strontium when used in hair from individuals who are living, or alternatively recent 

remains which have not been exposed to groundwater or precipitation. In relation to this 

statement, whilst the results presented here are positive, further exploration would be needed for 

such ratios to be used forensically.  

 

Overall the successful leach values suggest that within this dataset set, samples are influenced by 

an external 87Sr/86Sr source with an indistinguishable 87Sr/86Sr based on the current capabilities of 

the method used. With the accreditation of bathing water, more recently, gaining momentum as 

the largest contributor to exogenous 87Sr/86Sr, while previous studies analysing baseline faunal 

samples from Guatemala suggest that water samples show greater overlap between locations, the 

analysis of Guatemala City and Rabinal for example, who would be expected to represent two 

diametric 87Sr/86Sr values did not produce a statistically significant result (Hodell et al., 2004, 

Wright, 2005; Price et al., 2008). With doubts regarding the effectiveness of such methods to isolate 

the external 87Sr/86Sr remaining, and indeed the complex nature surrounding the source of bathing 

water within the country; in order to provide an empirically driven expectation regarding the 

degree to which areas should be distinguishable based on expected external 87Sr/86Sr using this 

method, bathing water from each location should be collected.  

 

Conversely, in relation to digest 87Sr/86Sr, while results gained for both field visits differ in regards 

which comparisons produce a statistically significant difference due to the volunteer volume per 

field visit, overall it appears that largely statistical differences manifest between areas which 

reflects what would be expected from the underlying geology if individuals are consuming local 

produce, with distinctions between Guatemala City and Coban/Rabinal pertinent to this conclusion. 

Despite such differences, the revelation that the statistical difference between Guatemala City and 

Santa Cruz was driven by individuals residing outside of Santa Cruz highlights the need to 

understand the population under interest when trying to understand subsequent values.   

 

Although it is clear that the results here do not fall within the ranges reported in the literature, 

despite instances when individuals are reported to consume local produce, when the mean values 

are analysed a pattern appears in each field visit which reflects the expected hierarchy of 87Sr/86Sr 

when comparing the reported 87Sr/86Sr based the previous literature, current market data and first-

hand lifestyle information from volunteers (Hodell et al., 2004; Juarez, 2008). However due to the 

significant overlap between ratios when using ICP-MS, any assessment on the impact of imported 

food cannot be addressed directly, therefore in order for such work to be of the precision 

considered useful forensically a number of factors would need to be adopted (Kamenov and Curtis, 

2017). As demonstrated by the conflicting results regarding Rabinal and Santa Cruz, the use of the 



 156 

external 87Sr/86Sr standard that would allow the results of separate runs to be adjusted to aid in the 

reproducibility of results. Secondly, although reported 87Rb ranges are likely to correlate to the 

expected 87Sr/86Sr ranges for a particular geology, the use of chromatography-exchange resins 

would ensure that the impact of spectral interferences of competitor species such as 87Rb are 

removed providing a more precise 87Sr/86Sr, one that would be required for forensic applications 

(Gordon et al., 2019). Whilst improvements to the study can be made the results highlighted here 

provide a presumptive analysis, demonstrating that areas can be distinguished isotopically, 

highlighting particular examples, with the potential that more precise instrumentation would allow 

more conservative ratios to be collected offering the potential for discrete differences between 

areas to be identified.  

  

6.2 TIMS 
 
From the results produced using TIMS, as established through the use of a two-way ANOVA, 

samples from Coban and Guatemala City exist independently when 87Sr/86Sr is compared between 

both locations, with samples from Guatemala City found to be depleted in 87Sr manifesting in lower 

87Sr/86Sr when compared to those from Coban (Figure 5.15 and Figure 5.16, Section 5.4.1).  

 

First-hand nutritional data surrounding the samples analysed using TIMS (Table 4.7, Section 4.2.1) 

suggests that a larger portion of individuals from Guatemala City consume local food than those 

sampled at Coban, with the majority of respondents from the area largely unaware of the origin of 

their consumables. Though the declaration that 60% of volunteers from Coban studied using TIMS 

consumed bottled water, demonstrates that individuals from the region are likely to have access to 

vendors supplying foods outside the respective locality, literary and market information suggests 

that a diet high in imported goods is unlikely given dietary preferences and indeed the abundance 

of imported food in each location (Caumartin, 2005; Bermudez et al., 2008; Mayén et al., 2016; 

USDA Foreign Agricultural Service, 2018). Based on this understanding it would be expected that 

87Sr/86Sr from individuals heralding from Coban, whose diet would be anticipated to be 

predominantly composed of local foodstuffs, would be consistent with the previously reported 

baseline values. Here, according to various authors such as Hodell et al. (2004), Micklin (2015) and 

Sharpe et al. (2016) the Southern Lowlands which comprise of areas such as Coban and Belize have 

been found to consist of a strontium isotope ratio ranging from 0.7069-0.7085.  

 

Using digest values which reflect dietary and therefore geological 87Sr/86Sr influences, the isotope 

ratio range from individuals representing Coban in this study ranged from 0.7072 and 0.7085 (Table 

5.23, Section 5.4), falling well within the 87Sr/86Sr of previously reported baseline values. Such 

conformity exists despite the apparent presence of three outliers (illustrated graphically in Figure 
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5.15), represented by COB-2/17 (point 7), and COB-9/17 (point 19) and COB-10/17 (point 18) all of 

whom live outside the city in the surrounding suburbs (Table 4.7, Section 4.2.1), with such 

populations, characterised as having a preference for local produce formed similarly, on cretaceous 

deposits. Such distinction between area of residence and area of work is often not explored in 

isotope literature involving hair, offering a potential explanation as to why some metropolitan areas 

exhibit large intercity differences in strontium isotope ratios (>0.005) when using sensitive 

instruments such as TIMS (Tipple et al., 2018). However, in this example, individuals are likely to 

reflect Coban as a region due to: 

a) Sharing the same geology as, and are in close geographical proximity to Coban. 

b) The nature of strontium isotope ratios means such individuals will have a ratio that 

converges towards a collective average ratio between both areas (Tipple et al., 

2013).  

 

Fundamentally, this information serves to highlight the need to analyse or at least understand 

potential areas which may serve as a source of human labour, especially when alternative isotopes 

such as oxygen may differ between the two areas due to different sources of drinking water 

(Pellegrini et al., 2016). With Coban serving as an agricultural hub, as the countries central coffee 

and cardamom region, it should be expected that migrant workers form a staple of the labour force 

available to the city and as a result, should represent the region isotopically.  

 

Conversely, in contrast to Coban, while the majority of largely stationary respondents from 

Guatemala City analysed using TIMS reported the consumption of local food, this is in stark contrast 

to that depicted in the literature. As the most urbanised city and most economically prosperous in 

the country, limited land is available for farming and as such individuals heralding from Guatemala 

City are reported to consume a diet with a greater reliance, resulting from an increased availability, 

of imported goods (Plant, 2002). With this dichotomy between the expectations posed by the 

literature and responses from volunteers, based on the consumption of local fare from the Volcanic 

Highlands, upon which Guatemala City is founded, individuals would be expected to exhibit ratios 

ranging from 0.7038 to 0.7049 (Hodell et al., 2004; Sharpe et al., 2016). However, in this study, the 

isotope range gained from the area was 0.7043 to 0.7055 (Table 5.23, Section 5.4), with individuals 

represented by GUAC-11/17 and GUAC-4/17 falling outside the expected ratios if individuals were 

predominantly consuming local produce. The results here reflect the responses provided by both 

volunteers respectively with both individuals eluding to the consumption of both local and non-

local produce, explicitly, in the case of GUAC-4/17 or in the case of GUAC-11/17 stating that food is 

merely from the country of Guatemala (Table 4.7, Section 4.2.1). While it is likely that all individuals 

from Guatemala City especially consume both local and non-local food, the values gained for the 

remaining three individuals fall within a range that characterises the Volcanic Highlands in relation 
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to other areas within the country (Price et al., 2008). However, the presence of the elevated 

87Sr/86Sr for both individuals would place them firmly, based on traditional baseline values, within 

the Metamorphic Province of the country. Here in the absence of individuals reporting any travel 

habits outside of Guatemala City, such elevated values are likely to be due to the consumption of 

non-local foodstuffs.    

 

When comparing digest and leach values from samples analysed using TIMS, digest values were 

found to exhibit greater variability. This is expected given the variable and personal nature of 

dietary influences on the strontium isotope ratio; with variations in isotope ratios within the 

leached samples likely reflecting bathing water and pollution as more consistent 87Sr/86Sr between 

both locations respectively (Frei and Price, 2012). Although differences are observed between leach 

and digest values when analysing the mean 87Sr/86Sr, it should be noted that when looking at 

individual comparisons in some instances both leach and digest values were found to be equal 

(GUAC-2/17, GUAC-12/17, COB-9/17) (Table 5.23, Section 5.4). Although infrequent, as mentioned 

by Tipple et al. (2018) it is possible for leach and digested samples from the same location to share 

the same isotope ratio due to the complex relationship between exogenous and endogenous Sr in 

hair. This trend was reflected in this thesis study where, as demonstrated by a two-way ANOVA, 

there was not statistically effect between leach and digested samples F(1, 16) = 4.319, p = 0.054 

and this observation was consistent across both locations with no interaction observed between 

method and location F(1, 16) = 1.391, p = 0.255, with a linear regression confirming that the leach 

values account for 94.6% of the explained variation in digest ratios.  

 

Whilst such statistical tests demonstrate relative conformity between leach and digest values, with 

samples ran for 100-200 scans culminating in an internal precision of ± 0.00012 (1SE), the 

instrument was capable of discriminating between isotope ratios at the fourth decimal place, and 

therefore isotopically variation exists. As outlined in Table 5.23 (Section 5.4), the digest ratio for 

GUAC-7/17 is found to be less than that of the corresponding leach sample. Similarly, the digest 

ratio for COB-2/17 is found to be greater than 0.0010 compared to its preceding leach. The lack of 

variation between the 87Sr/86Sr of GUAC-2/17, GUAC-12/17 and COB-9/17 highlights that when 

individual isotope ratios are considered it is not always possible to detect differences between leach 

and digest values for the same location. As a result, when considering individual isotope ratios, two 

groups can be distinguished, however, differences between digest and leach values of the same 

location cannot always be achieved. In contrast, the dissimilarity between ratios is also significant, 

in regards to determining the effectiveness of the sample preparation procedure. If all samples 

were found to be homogenous, it could be argued that the aggressive nature of the leaching acid 

may have destroyed the keratin matrix and caused the amalgamation between the external and 

internal strontium signals (Tipple et al., 2013). As a result of these inconsistent differences observed 
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between leach and digest values, the argument must be made that the method for cleaning the 

hair has been successful by removing exogenous strontium derived from a combination of bathing 

water, dust, pollution and aerosols, with the resulting digest values representing the biologically 

available strontium. Such conclusions have been found by Tipple et al. (2013) and Tipple (2014), 

who found that strontium isotope ratios are not necessarily predictably higher or lower after being 

subjected to a leaching agent, with the endogenous and exogenous strontium pools present in hair 

potentially displaying unique or quite similar 87Sr/86Sr as a result of the respective strontium source. 

However, the irregular relationship between the leach and digested counterparts demonstrates 

that the leaching agent itself has not contributed to a shift in the overall isotope ratio. With any 

chemical separation and distinction between exogenous and endogenous strontium, it is often 

suggested that such cleaning methods can bias the overall 87Sr/86Sr value (Tipple et al., 2018). 

Despite this, the ratios found within this study coincide with the expectations presented in the 

informed hypothesis (Section 5.1.3) with individuals sampled in Coban exhibiting 87Sr/86Sr reflective 

of residency and consumption of foodstuffs originating from cretaceous deposits which 

characterise the Southern Lowlands of the country. Such trend is also found with those sampled at 

Guatemala City, who while largely fall within the 87Sr/86Sr associated with the Volcanic Highlands, 

are also found to extend outside such values, which in the absence of any notable travel habits are 

likely to reveal the influence of imported goods. However, with elevated values seen in both leach 

87Sr/86Sr (GUAC-7/17) and digest 87Sr/86Sr from Guatemala City (GUAC-4/17 and GUAC-11/17), in 

order to characterise the potential conflicting sources of strontium empirically, from both locations, 

the collection and analysis of alternative samples such as water (bathing in the case of leach 

87Sr/86Sr), fauna and small scavenging animals would allow a more comprehensive understanding 

of the likely bioavailable strontium ratios without the need for chemical cleaning steps which are 

necessary when analysing hair (Hedman et al., 2009). Whilst the sampling of other trophic samples 

such as water or fauna is advised, it is important to remember that in order to constrain the isotopic 

range for a region it is essential that the biologically available strontium is ascertained as an 

estimation of the strontium actually accumulated by organisms (Hedman et al., 2009; Bataille et al., 

2018).    

 

In conclusion, this study albeit with a small stratified sample provides evidence that 87Sr/86Sr in hair 

has the potential to distinguish between specific regions in Guatemala and thus identify region of 

origin in modern individuals, by demonstrating differences initially between the 87Sr/86Sr of 

individuals from Coban and Guatemala City. Whilst conclusions based on statistical outcomes can 

be used to make broad assumptions when comparing isotopic ratios, to ensure such conclusions 

are valid results must be analysed in relation to the capabilities of the instrument utilised for the 

investigation. The isotopic differences between Guatemala City and Coban can be expected given 

the differing geological foundations on which each area is founded and the relative reliance of each 
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population on such localities for associated resources, with a number of individuals analysed at 

Guatemala City demonstrating elevated 87Sr/86Sr. With such individuals working and residing in the 

locality, such values likely reflect the incorporation of non-local foodstuffs, reflecting the notion 

within the modern literature that individuals from the capital city are afforded greater access and 

have a greater preference for such foods (Marini and Gragnolati, 2003; Hernández et al., 2007; 

USDA Foreign Agricultural Service, 2018; USDA Foreign Agricultural Service, 2020). It must be 

suggested that within this study, the bioavailable strontium isotope ratios have been achieved 

through the sample preparation procedure. The lack of consistency between the variation exhibited 

between leach and digest values not only confirms that such variation does not result from any 

foreign signal introduced through sample preparation but also coincides with similar studies 

involving hair (Tipple et al., 2013; Tipple et al., 2018). Within this study, a number of caveats are 

yet to be addressed before the true impact of this research can be assessed. The future of this 

project would not only seek to increase sample size for each location with at least 30 samples per 

area but also to explore areas outside both Guatemala City and Coban (Juarez, 2008). This would 

provide a more comprehensive characterisation of the 87Sr/86Sr range for each area and therefore 

a better understanding of whether 87Sr/86Sr from other locations, such as Coban, do extend past 

traditional baseline values. Whilst a number of factors require addressing before the impact of this 

research can be assessed, 87Sr/86Sr results from this study demonstrate that such isotopes represent 

a powerful tool that can be used as an important step in the efforts to identify and repatriate 

Guatemala’s ‘Missing’.  

 

6.3 Comparison of the two studies 

When the results from each study are compared, it is clear that the work conducted utilising TIMS 

offers greater certainty in distinguishing between regions. The results of both techniques are 

summarised below in Table 6.6: 
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Table 6.6: A table comparing the strontium isotope ratios gained from Q-ICP-MS and TIMS analysis of samples from 
Guatemala City (GUAC) and Coban (COB). 

 
Although some natural variation between isotopic ratios can be expected given that each 

instrumental analysis involved different subjects, from Table 6.6 above it can be seen that the ratios 

gained from Q-ICP-MS are spread out over a wider range of values when compared to results 

gathered by TIMS. The standard deviation and coefficient of variance associated with results 

generated by TIMS are an order of magnitude smaller than those offered by Q-ICP-MS, regardless 

of sample size. This highlights the value of the increased precision offered by the TIMS analysis and 

its associated preparatory steps such as the chromatographic exchange resin, AG50-WX, which as 

discussed below is used to control for the effect of rubidium isotopes. Generally, ratios gained using 

TIMS differ at the fourth decimal point, maintaining a precision of ± 0.00012 for strontium (Knaf et 

al., 2017). Conversely, ratios generated using ICP-MS in this study were found to differ at the third 

decimal place, offering a precision of ± 0.004 for strontium (Section 5.2.1.3). Such results serve to 

reaffirm that, as expected, TIMS offers greater precision and indeed, accuracy by limiting the 

degree to which ratios spread from the mean when compared to Q-ICP-MS (Walczyk, 2004). This 

can be demonstrated visually in Figure 6.8 below: 

 

Sample 
Name 

Method N Instrument Average 
87Sr/86Sr 

1 STD Coefficient 
of 

Variance 
(%) 

Reported 
87Sr/86Sr 

Literature 

Reference 

        
GUAC 

0.7038-
0.7049 

Hodell et 
al. (2004), 
Sharpe et 
al. (2016) 

 

GUAC Leachate 
10 ICP-MS 0.7073 0.0027 1.10 

5 TIMS 0.7046 0.0003 0.04 

       

GUAC Digest 
4 ICP-MS 0.7149 0.0060 0.83 

5 TIMS 0.7048 0.0005 0.07 

        
COB 

0.7069-
0.7085 

COB Leachate 
2 ICP-MS 0.7044 0.0029 0.42 

5 TIMS 0.7073 0.0003 0.04 

       

COB Digest 
4 ICP-MS 0.7181 0.0030 0.42 

5 TIMS 0.7079 0.0005 0.07 
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Figure 6.8: A comparison between the range of 87Sr/86Sr collected using TIMS and ICP-MS, separated based on area and 

treatment. 

As seen from Figure 6.8, samples analysed using Q-ICP-MS show a greater spread of ratios, across 

all comparisons, regardless of sample size. In the context of this study, what this demonstrates is 

that the ratios gained from Q-ICP-MS cannot be used to define a concise 87Sr/86Sr range on which 

to provenance individuals heralding from specific locations, due to the significantly greater scatter 

associated with the instrument (Gulson et al., 2018). Though the statistically significant difference 

observed between Guatemala City and Coban is reciprocated using values from both instruments, 

it is important to remember that such statistical tests work on assessing differences between mean 

values. Therefore, while on average patterns can be seen in the data produced by Q-ICP-MS that 

suggest a hierarchy of values and in some cases statistically significant difference, values 

themselves show significant overlap, this is exemplified in Figure 6.9 below.  
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Figure 6.9: A comparison of 87Sr/86Sr gained for both field visits showing considerable overlap between individual 

values. 

As seen in Figure 6.9, while a visual hierarchy can be tentatively established between locations, 

with individuals from Guatemala City tending to demonstrate lower 87Sr/86Sr, all regions exhibit 

suffers from some degree of overlap, resulting from a greater scatter of 87Sr/86Sr. Although referring 

to lead, such degree of variability is documented by Poitrasson and Dundas (1999) and Santos et al. 

(2007) who state that in terms of defining accurate and precise values the use of ICP-MS can be 

problematic. Resultantly, within this study, with the higher error values associated with ICP-MS 

(Table 6.6) when compared with TIMS, upon reflection it appears that while the instrument had the 

capability to delineate between 87Sr/86Sr at the third decimal place such distinction between 

samples and indeed locations was rarely achieved. 

 

The large scatter and comparatively limited precision of the Q-ICP-MS compared to TIMS, is 

highlighted by the analysis of the coefficient of variance for ICP-MS (0.42-1.10%) with the values 

gained for TIMS in this study (0.04-0.07%) are more representative of those in similar studies (0.02-

0.09%) (Hodell et al., 2004; Price et al., 2008; Sellick et al., 2009). Despite the variation in precision 

between each instrument, when using the data produced to identify tends, the coefficient of 

variance (CV) observed for results gained for Guatemala City and Coban is still minor (<1.10%), 

providing credibility to the mean values produced, with a coefficient of variance of <2%, generally, 

considered acceptable (Burton et al., 2003). Subsequently, while the benefit of ICP-MS is that it 

exists as a more accessible technique that may be used to identify tentative trends between 

locations broadly, its comparatively limited precision means that interpretation is impacted, not 

only in creating defined ranges for human provenancing but also assessing the effect of modern 

dietary changes on the resulting 87Sr/86Sr value (Kylander et al., 2009; Gulson et al., 2018). As seen 
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in the case of Santa Cruz (Section 6.1.3) while individuals who travel to Santa Cruz were found to 

drive a higher 87Sr/86Sr range, this conclusion relied on the basis of the data collected through the 

isotopic questionnaire rather than the observation of ‘unusual values’. Such deviation from baseline 

values can be small as seen in the case of GUAC-11/17 (87Sr/86Sr = 0.7050) which exceeded the 

previously reported baseline values (87Sr/86Sr = 0.7038-0.7049) by 0.00008 (Table 5.23, Section 5.4), 

which while minimal numerically, is isotopically significant, with such distinction not possible with 

the Q-ICP-MS capabilities presented here. 

 

Finally, this study reiterates that put forward by Gulson et al. (2018), who states that the values 

produced using such a method should not be compared to directly to the values produced by TIMS. 

This limits the interpretation of such results in the grander context of the literature, with 

geolocation based on the recitation of values produced using Q-ICP-MS may lead to different 

interpretations and bias with ratios often falling outside of the expected ranges. The larger isotope 

values recorded from Q-ICP-MS analysis here are likely to be due not only to the lack of 

normalisation but also the presence of competing ions such as rubidium and other rare earth 

elements (REE), such as ytterbium (Yb) and krypton (Kr) causing isobaric interference, which cannot 

be distinguished by the instrument (Q-ICP-MS) in situ. Whilst REE are often reported as having a 

significant effect measurement of 87Sr/86Sr in bone and teeth, hair samples are noted as exhibiting 

disproportionally lower concentrations of such elements in their sample matrix such that their 

contribution is often considered to be negligible (Lugli et al., 2018). Whilst not relevant to this study, 

REE’s are influenced by diagenetic or external influences, such as soil, which have been found to 

increase the concentration of REE’s post-burial (Reynard and Balter, 2014).       

  

To ensure that instrumental deviations were not responsible for differences in 87Sr/86Sr 

measurements from the two approaches, calibration of the NexION ICP-MS instrument was 

included in the study; for strontium analysis, five-point calibration curves were made which 

demonstrated a good degree of linearity (average R2 > 0.996). Such linearity for each strontium 

isotope measured validates that both ICP-MS, and the experimental conditions within the analytical 

laboratory, provided the efficiency to provide reliable strontium isotope ratios. However, as 

mentioned by Walczyk (2004), the presence of rubidium and lack of normalisation will cause the 

strontium values to be offset against the true isotope value. To test this factor, the results of the 

ratios between both methods were plotted below (Figure 6.10 and Figure 6.11). 
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Figure 6.10: A graph comparing the isotope ratios collected from Guatemala City, utilising ICP-MS and TIMS, 

respectively. 

 

Figure 6.11: A graph comparing the isotope ratios collected from Coban, utilising ICP-MS and TIMS, respectively. 

The ratios measured using ICP-MS demonstrate a marked shift in isotope values compared to 

samples analysed by TIMS. Whilst the precision afforded by TIMS is higher than that offered using 

ICP-MS, the generation of such ratios is aided by the use of additional sample preparation steps, 

such as the use of NIST 987 as an external isotope standard and the Eichrom TM AG50 X8 resin, used 

to remove 87Rb (Vautour et al., 2015). As noted by Irrgeher (2013), recorded 87Sr/86Sr from 

untreated hair samples will be influenced by the presence of 87Rb. The degree to which the recorded 
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87Sr/86Sr will be affected will, in turn, depend on the concentration of rubidium present in the 

sample, with ratios from samples containing larger concentrations of rubidium affected more 

considerably (Dos Santos et al., 2013).  

 

Overall, it appears that in order for 87Sr/86Sr ratios to be used in a forensic context the precision 

afforded to TIMS and the preparatory steps associated with such analysis would represent an 

appropriate approach moving forward in efforts to characterise samples more accurately, and 

consequently minimising the risk of overlap between areas.  
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Chapter 7:  Conclusion and future work 

 

7.1 Findings and implications 

With the results from each part of the study having been presented and evaluated in the respective 

chapters, overall, in relation to the aim of this study, it has been demonstrated that strontium 

isotopes (from modern individuals) have the potential to become an important tool in discerning 

between locations within Guatemala which were particularly effected during the countries internal 

conflict, with differences existing between the ratios exhibited in a number of the regions studied.  

 

From the data collected using Q-ICP-MS, from the first field, no statistically significant differences 

were found between areas when leach values were compared. However, it appears that when 

digest samples (internal 87Sr/86Sr) are considered, Guatemala City and Chichicastenango can be 

distinguished from Rabinal which coincides with the dietary and travel habits of the respective 

populations based on volunteer and literary sources. Within the second field visit, such expected 

distinctions were also found between Rabinal and Santa Cruz. However, the inability to distinguish 

between Rabinal and Chichicastenango/Villa Nueva challenged such informed presumptions. 

Through a closer inspection, the inability to distinguish between Rabinal and Villa Nueva appears 

to be the result of the conservative nature of the Bonferroni adjustment for multiple comparisons. 

Therefore, while such differences are likely to exist between both locations the outcome of the 

Bonferroni correction suggests that such expectations should be viewed cautiously, especially when 

the precision of the ICP-MS instrument is considered (Almirall, 2013). Conversely, while 

Chichicastenango and Rabinal are indiscernible based on 87Sr/86Sr, this is irrespective of any 

statistical correction but rather due to the unexpectedly wide-ranging values exhibited from 

individuals from Chichicastenango. While such values were found not to be driven by the 

consumption of vegetables from Sololá, the disclosure of such information led to the discovery that 

Chichicastenango serves as a hub for the distribution of domestic goods, offering a potential 

explanation for such wide range ranging values and the respondents’ uncertainty of the origin of 

consumables.  

 

While Chichicastenango represents wide-ranging 87Sr/86Sr, overall, work conducted using Q-ICP-MS 

demonstrates that ratios gained in this study are outside those reported in the modern literature, 

despite the majority of individuals from each location working and residing within each location 

and expected to consume local food. However, the analysis of means demonstrates that a pattern 

can be seen between those areas, which would be expected to have higher 87Sr/86Sr and the mean 

values presented from the data.  
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When results from both field visits were compared, a statistically significant difference was found 

between Guatemala City/Rabinal and Guatemala City/Coban. When comparing results from 

Guatemala City/Coban, both ICP-MS and TIMS reached the same conclusion with differences 

between samples, reflecting the dietary and travel habits of each respective population. Whilst a 

significant difference was found between Guatemala City and Chichicastenango/Santa Cruz this 

was not expected, with the influence of imported food expected to result in a wider 87Sr/86Sr for 

Guatemala City rather than a complete shift given that individuals from the capital are still expected 

to consume in some part locally sourced foods (Section 5.1.3). While the source of distinction 

between Guatemala City and Chichicastenango, influenced by wider-ranging values, would benefit 

through reanalysis using TIMS, the distinction between Guatemala City and Santa Cruz was found 

to be driven by individuals who travel outside of the municipality with the subsequent removal of 

such samples resulting in no statistically significant difference being observed between both 

locations, as expected.   

 

When comparing leach and digest 87Sr/86Sr values for each sample, with the exception of Rabinal 

using ICP-MS, statistically no other significant difference was found between leach and digest 

samples using either Q-ICP-MS or TIMS. However, the greater accuracy afforded by TIMS 

demonstrated that when the precision of the instrument is taken into consideration differences 

between the leach and digest ratios for some samples can be seen at the fourth decimal place which 

is sufficient to distinguish between ratios in this particular TIMS study (Section 6.2). The distinction 

between leach and digest 87Sr/86Sr is not essential as only like for like comparisons (digest vs digest 

rather than digest vs leach) would be used for geolocation purposes.     

 

 

7.2 Limitations and future research 

The first point worth discussing is the number of samples collected for each area. In this study, no 

area exceeded 23 samples when both field visits are combined with the highest sample number 

coming from Chichicastenango (N = 23). In many isotopic studies, it is recommended that a 

minimum of 30 samples from each location should be collected, when available, in order to 

characterise the 87Sr/86Sr range for a location comprehensively (e.g. Trincherini et al., 2014; 

Lougheed et al., 2016; Karykowski et al., 2017). Indigenous beliefs and the challenges of conducting 

work in a post-conflict society were key barriers to volunteer participation, and this project was 

heavily reliant on local contacts to gain the trust of the communities. While the objective of 

fostering a collaborative relationship between the indigenous community and indeed forensic 

organisations were successful, this not only required meetings to explain isotopes and their 

associated benefits but also managing cultural customs with the requirements for the project, for 

example understanding the cultural importance of hair and therefore taking only what was required 
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(with such actions leading to the successful collection of over 100 hair samples). As well as building 

on these relationships, future studies should work closely with the relevant forensic groups to 

include the collection of hair as part of routine forensic work in conjunction with the collection of 

DNA swabs. Such an agreement would build on the relationships made in the project but would 

also provide the benefit of regular sample collection and access to areas not recorded initially in 

this study.  

 

The 87Sr/86Sr recorded in this study represents a subset of the total areas from which the individuals 

were reported as ‘Missing’ (Section 1.1.3). Resultantly before the widespread application of the 

project can be enforced, any future study should thereafter incorporate more regions within the 

country. As established previously in this thesis, isotopic research works on the basis of excluding 

an individual from living in a specific location rather than pinpointing a location. Therefore, a 

broader sample collection incorporating locations outside of those reported in the Historical 

Clarification Commission report would offer the potential for isotopes to be used on a wider 

Guatemalan population (Scheeres et al., 2013). This would be aided by the use of forensic teams 

who would be able to not only access such regions but who would also serve as trusted and 

recognisable members of the community. This would help avoid any potential apprehension that is 

often observed towards researchers who may appear to the community as an unrecognisable 

figure, with such efforts imperative to increase volunteer participation (Kohler and Brondizio, 

2017).  

 

This study has focused on human hair solely as the primary sample of study. A potential addition to 

future studies could involve the use of either finger or toe nail clippings, with fingernails often used 

as an additional sample for analysis. Whilst the use of nail material is seen as complementary to 

hair due to both samples offering non-invasive analysis of isotope ratios, a difficulty arises in the 

rate in which each tissue grows often denoted as ‘time correlation issues’ (Williams and Katzenberg, 

2012). When comparing the results from both samples, such factors would need to be considered; 

with the edge of the nails displaying isotopic signatures from dietary sources 4-6 months previous; 

with scalp hair displaying a month by month analysis correlating to 1 cm per month of growth 

(Dawber et al., 1994). Although isotopic analysis of hair is deemed to be more reliable, the use of 

nails within the Guatemalan context may prove beneficial, given the association between hair and 

femininity within the indigenous community, potentially leading to an increase in volunteer 

participation.  

 

The accuracy of the Q-ICP-MS when compared to alternative instruments such as TIMS and MC-

ICP-MS summarised in the previous chapter, is worth further discussion. Q-ICP-MS offers less 

precise results (>0.1%) when compared to those by TIMS and MC-ICP-MS (0.002-0.01% 
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respectively) (Fortunato et al., 2004; Dos Santos et al., 2013). As one of the objectives of the study, 

through the analysis of the strontium isotope composition of hair from living volunteers, trends 

have been identified using ICP-MS that would be expected to manifest given the mobility and 

dietary information provided by volunteers and the associated literature. However, while the 

positive results gained for Guatemala City and Coban using ICP-MS were confirmed using a TIMS, 

the ranges gained for ICP-MS were considerably wider due to the greater scattering of 87Sr/86Sr. 

Therefore, efforts to try and exclude an individual from a particular region in Guatemala, based on 

the data provided by ICP-MS would be hampered by such comparatively large 87Sr/86Sr ranges when 

compared to TIMS. Here, the use of a chromatographic resin such as AG50-WX would improve the 

accuracy of such ratios by helping to alleviate competitive species such as rubidium from the 

samples. The use of such resin would provide more accurate 87Sr/86Sr, which would be particularly 

important if such ratios were used in a judicial setting where successful prosecution may rely on 

the accuracy of evidence (Charlier et al., 2006). Additionally, the use of an isotopic standard such 

as NIST SRM 987, as an external standard, would allow isotope ratios to be amended based on the 

certified 87Sr/86Sr of this standard (0.71024) and allow comparisons to be made across laboratories 

and techniques (Madgwick et al., 2019). The use of this standard in future work would also increase 

the reliability of data when small samples are collected. In this study, in order to manage volunteer 

wishes, the amount of hair collected for analysis was only ~25 mg per volunteer. Whilst a relatively 

small sample collected may have been a factor in volunteer participation, this meant that samples 

from the same individuals could not be analysed using both TIMS and Q-ICP-MS. However, the use 

of NIST SRM 987 would allow the correction of both sets of ratios and allow the precision of the 

instrument to be assessed regardless of whether the sample originated from the same individual 

(Lewis et al., 2017). Given the rigorous assessment of data involved in forensic investigations and 

the need for increasingly sensitive techniques as mentioned previously, it would be beneficial, that 

after the positive results gained in this study, that future studies, where financially viable, are 

conducted using TIMS and MC-ICP-MS. Whilst within the forensic community there is no definitive 

answer regarding the method of choice (with TIMS historically used for such analysis), it appears 

that with modern advancements in MC-ICP-MS both instruments are appropriate, with MC-ICP-MS 

offering a potentially cheaper analysis with a higher sample throughout (Bartelink and Chesson, 

2019).  

 

In defining the scope of this thesis, while the data produced using Q-ICP-MS served to identify 

trends between each location, in the absence of normalisation such ratios should not be quoted as 

respective ranges on which to provenance individuals (Gulson et al., 2018). However, based on the 

values gained from TIMS it must be remembered that while regions examined in this study were 

chosen based on the particular attention received during the internal conflict, the population 

examined here represent a modern population, one with modern customs and habits. Based on the 
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results gained from TIMS, while it appears that those sampled from Coban fall within previously 

defined baselines values (0.7069-0.7085), a subset of those sampled at Guatemala City show a 

marked deviation from such comparative values (0.7043-0.7055 v 0.7038-0.7049) (Table 5.23, 

Section 5.4), suggesting based on the supporting literature that the resulting 87Sr/86Sr are influenced 

by imported foodstuffs; falling in line with the expectation that the majority of individuals in 

Guatemala City have access to and consume imported goods. Therefore, unlike those sampled at 

Guatemala City, while it would appear that the 87Sr/86Sr range gained from Coban could be used to 

province those involved during the internal conflict, this would require not only a larger sample set 

to provide a more comprehensive range but also would require the analysis of individuals from the 

region who have been positively identified using DNA. However, such a task is complicated due to 

a variety of factors, of which, the most ambiguous is that the identification of the overreaching 

authority who can provide permission, to sample the remains, remains convoluted. Given that the 

internal conflict and the associated ‘Missing’ is one of forensic significance, many indigenous 

individuals who have provided DNA samples may have been informed that only samples intended 

for DNA analysis were taken and as such any subsequent DNA submissions by volunteers were 

provided based on this fact. As a result, the use of additional biological materials for isotope analysis 

without prior consultation could be considered unethical and threaten participation in ongoing 

work. The use of samples for isotope analysis would, therefore, require consultation between 

forensic practitioners and the indigenous communities before samples are extracted or where 

existing samples were used for further analysis.     

    

Therefore, while the applicability to individuals of the internal conflict is questionable, the values 

represented here have a modern application. Unfortunately, today despite the ‘end’ of the internal 

conflict in 1996, Guatemala’s modern ‘Missing’ tend to take the form of murder victims or border 

crossers. As of 2019, individuals from Guatemala (in addition to El Salvador and Honduras) made 

up more than 52% of apprehensions at the US-Mexico border (Wilson, 2019). The successful 

provenancing of modern individuals based on hair has been used successfully in a number of 

reported circumstances (Meier-Augenstein and Fraser, 2008; Kamenov et al., 2014; Lehn et al., 

2015). However, it is important to reiterate that the hair samples in this study were taken from an 

extant population, and thus the results here do not represent any diagenetic changes which can 

occur following burial. Hair has been used in this study to generate baseline 87Sr/86Sr to characterise 

areas from which individuals have been reported Missing; providing reference values which would 

also be reflected in the bone and teeth of individuals from such locations. However, if hair taken 

from graves were to be used to provenance the remains of a missing individual, such diagenetic 

changes would need to be understood and where necessary addressed when making any 

comparisons. This would be particularly important in the case of analysing hair samples from the 

graves of those involved in the Guatemalan conflict, which occurred more than 23 years ago 
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because perimortem (before death) 87Sr/86Sr in hair are unrecoverable after a few weeks of contact 

with surrounding soil or submersion in water (Gordon et al., 2019). In this instance, strontium 

isotope ratios for provenancing from hair should be avoided with teeth, specifically the enamel 

serving as the most robust and reliable source of 87Sr/86Sr, due to the material being less porous 

than alternative specimens such as bone and dentine samples (Shellis and Dibdin, 2007). Whilst an 

important factor to consider when choosing the most appropriate sample from unidentified 

remains, this study has used hair to try to decipher if differences in bioavailable strontium can be 

seen between individuals heralding from different areas in the country. While data produced using 

TIMS represents modern 87Sr/86Sr values, it is important to remember they represent just that, 

modern values, with hair representing the here and now, the months or weeks represented by the 

length of hair you have. Therefore, while such values may be indicative of the population at the 

time of writing, such 87Sr/86Sr ratios require revaluation and interpretation based on the dietary and 

mobility habits of the population under examination. Even as of 2020, due to the coronavirus 

pandemic, stores in Guatemala have now introduced online delivery services which are now able 

to reach individuals who may have traditionally purchased goods from smaller, informal retailers 

offering more locally sourced goods at a smaller quantity (USDA Foreign Agricultural Service, 2020). 

While such luxury may fall out of the economic capabilities of a number of individuals throughout 

the country, such examples highlight the reactive and often spontaneous nature of the variables 

surrounding 87Sr/86Sr in hair.           

 

Though the examination of human samples is often sought when the goal of research is to ascertain 

the impact of dietary 87Sr/86Sr on 87Sr/86Sr in tissues, the use of additional samples such as those 

from fauna or locally scavenging animals such as cows or goats would serve as an ideal comparison 

to human data (Prowse et al., 2004). Furthermore, the analysis of bedrock samples, in both rural 

and urban areas would be beneficial to control for effects of pollution. Here the analysis of the 

parent bedrock samples would help ascertain whether any anthropogenic contamination of 

87Sr/86Sr has been introduced into the ecosystem or if any changes in modern land use, resulting in 

geochemical change, has occurred (Rundel et al., 2012; Antich et al., 2000). The use of a pyramid 

of samples would go some way in providing necessary reference data at an adequate quality and 

quantity. In addition, as exemplified by the unexpectedly wide range of values at Chichicastenango, 

this sample matrix could be used to assess whether human ratios are shifted by external influences 

such as food from other locations rather than relying on a questionnaire or indeed the literature 

wholly (Bartelink and Chesson, 2019).   

 

Given the geological heterogeneity surrounding Rabinal, an understanding of where crops are 

grown would be essential in understanding the appropriate ratio for the region. As put by 

Montgomery (2010) if communities consume crops from areas where the underlying geology was 
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largely basalt based, with livestock reared on granite, the resulting bioavailable ratio will be a 

combination of both values lying closer to the values characteristic of basalt. It is important to 

understand that, to date, there is no one method which allows the characterisation for all regions 

and individuals universally. Traditionally, two methods are used to characterise local individuals: 

these include statistical analysis and comparison by ranges established through local fauna (Slovak 

and Paytan, 2012). Whilst this study utilises a statistical approach, in order to encompass both 

approaches, providing a more conclusive understanding, future work would involve collecting such 

samples from each region of interest ensuring the characterisation of the bioavailable range for 

each area may be achieved.    

 

Future research should focus on the use of a multi-isotope approach, using strontium in conjunction 

with elements such as oxygen and potentially lead (Lustig, 2013; Sharpe et al., 2016). The use of a 

number of isotopes for provenancing studies has demonstrated, that despite potential 

impediments resulting from a globalised diet, the use of a multiple isotope approach can still 

decipher between individuals from different locations (Laffoon et al., 2017). However, the use of 

lead, using data based on archaeological populations, would not be applicable for modern 

populations given that anthropogenic sources of lead can be dynamic. Therefore, in order to test 

the validity of alternative isotopes such as lead, contemporary data would need to be generated 

rather than relying on a traditional bedrock model such as those often used in strontium analysis 

(Reimann et al., 2012; Keller et al., 2016). Finally, future research should establish agreed standard 

operating procedures (SOPs) that consider both the preparation and analysis of samples that have 

been validated at both the national and international level (Bartelink and Chesson, 2019). Such lack 

of principles results in variations amongst studies such as the most suitable leaching method in 

which to garner the external strontium signal. The validation of such methods and, as demonstrated 

in this thesis, greater exploration of how data can be translated to law enforcement in a way that 

is meaningful is essential for the development of isotopes in forensic practice.   

 

In summary, this study aimed to analyse the composition of strontium in the hair of individuals 

living in areas from which members of the community have been, and continue to be, reported 

missing, with the main objective being to determine the degree of variability amongst different 

municipalities. Using samples collected from people from a representative sample of areas with 

distinct geomorphology, the thesis here goes some way to demonstrate the effectiveness of the 

use of 87Sr/86Sr in human provenancing in Guatemala. In particular, initial analysis of hair samples 

by Q-ICP-MS demonstrated differences in 87Sr/86Sr between Guatemala City and 

Rabinal/Coban/Chichicastenango. These findings were confirmed in a subsequent analysis of a 

smaller number of samples using the more precise TIMS approach. This is not to say the work here 

is complete, rather the values here should serve as a presumptive indicator of areas, which can be 
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separated using the technique. The analysis of hair continues in the isotopic community both on a 

national and international scale with the creation of databases, which will only lead to a greater 

understanding of how isotopes in hair can be used in forensic investigations. The systematics in 

distinguishing between internal and external strontium signals in hair, which is yet to be fully 

understood, should be studied further in order for both signals to be used routinely. Whilst the 

results gained from Q-ICP-MS are promising, use of TIMS (or MC-ICP-MS) on samples could lead to 

a significant improvement in the accuracy and efficacy of analysis, providing a greater precision and 

thus greater distinction between areas; allowing the technique to be used routinely in forensic 

studies. It is hoped that this study has gone some way in aiding that venture, to aid in the 

identification of Guatemala’s ‘Missing’.   
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“The eyes of the buried will close together on the day of justice, or they will never close.” 

Miguel Angle Asturias, Guatemala’s Nobel Laureate for Literature 

(Historical Clarification Commission, 1999) 
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Appendices 

Appendix A.1: The questionnaire used during the first field visit to Guatemala. 

 

Appendix A.2: The leaflet used during the first field visit to Guatemala.  

 

Appendix A.3: The amended questionnaire used during the second field visit to Guatemala. 

 

Appendix A.4: The amended leaflet used during the second field visit to Guatemala. 

 

Appendix: B.1: Raw data and associated 87Sr/86Sr values for leach samples (external strontium 

signal) from all hair samples collected from first field visit. 

 

Appendix B.2: Raw data and associated 87Sr/86Sr values for digest samples (internal strontium signal) 

from all hair samples collected from the first field visit.  

 

Appendix B.3: Raw data and associated 87Sr/86Sr values for leach samples (external strontium signal) 

from hair samples collected from Rabinal and Coban during the second field visit.  

 

Appendix B.4: Raw data and associated 87Sr/86Sr values for leach samples (external strontium signal) 

from hair samples collected from Villa Nueva and Chichicastenango during the second field visit.  

 

Appendix B.5: Raw data and associated 87Sr/86Sr values for leach samples (external strontium signal) 

from hair samples collected from Chichicastenango during the second field visit.  

 

Appendix B.6: Raw data and associated 87Sr/86Sr values for leach samples (external strontium signal) 

from hair samples collected from Chichicastenango and Santa Cruz during the second field visit.  

 

Appendix B.7: Raw data and associated 87Sr/86Sr values for leach samples (external strontium signal) 

from hair samples collected from Santa Cruz and Guatemala City during the second field visit.  

 

Appendix B.8: Raw data and associated 87Sr/86Sr values for digest samples (internal strontium signal) 

from hair samples collected from Rabinal and Coban during the second field visit. 

 

Appendix B.9: Raw data and associated 87Sr/86Sr values for digest samples (internal strontium signal) 

from hair samples collected from Villa Nueva and Chichicastenango during the second field visit. 

 

Appendix B.10: Raw data and associated 87Sr/86Sr values for digest samples (internal strontium 

signal) from hair samples collected from Chichicastenango during the second field visit. 

 

Appendix B.11: Raw data and associated 87Sr/86Sr values for digest samples (internal strontium 

signal) from hair samples collected from Santa Cruz during the second field visit. 

 

Appendix B.12: Raw data and associated 87Sr/86Sr values for digest samples (internal strontium 
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Appendix A.1: Questionnaire first field visit 
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Appendix A.2: Leaflet first field visit  
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Appendix A.3: Questionnaire second field visit 
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Appendix A.3: Leaflet second field visit 
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Appendix B.1: Leach (external strontium signal) 87Sr/86Sr values of 
hair samples collected from first field visit – all samples. 

Sample ID 86Sr (cps) 87Sr (cps) 87Sr/86Sr Ratio 
GUAC 1 9705.8 6868.4 0.7077 

GUAC 2 36188.1 25547.4 0.7060 

GUAC 3 19227.4 13557.8 0.7051 

GUAC 4 22525.3 16045.7 0.7123 

GUAC 5 16790.6 11863.0 0.7065 

GUAC 6 97979.9 69206.2 0.7063 

GUAC 7 18375.4 13044.6 0.7099 

GUAC 8 33898.9 23856.6 0.7038 

GUAC 9 33168.4 23161.0 0.6983 

GUAC 10 24618.6 16794.9 0.6822 

GUAC 11 5624.9 3964.2 0.7048 

GUAC 12 20359.5 14257.8 0.7003 

GUAC 14 23145.1 16102.6 0.6957 

GUAC 15 5893.7 4083.5 0.6929 

GUAC 16 14666.6 10416.3 0.7102 

RAB 1 143049.7 100995.1 0.7060 

RAB 2 114914.5 81563.8 0.7098 

RAB 3 22234.8 15714.3 0.7067 

RAB 4 22336.2 15924.7 0.7130 

RAB 5 38634.7 27306.7 0.7068 

RAB 6 35132.8 24971.3 0.7108 

RAB 7 7982.8 5628.0 0.7050 

RAB 8 86898.6 61701.6 0.7100 

RAB 9 37733.4 26468.4 0.7015 

RAB 10 7697.6 5469.3 0.7105 

RAB 11 47195.0 33141.2 0.7022 

RAB 12 86798.5 60811.9 0.7006 

RAB 14 16865.0 11991.7 0.7110 

RAB 15 66086.4 46680.4 0.7064 

CHICHI 1 20126.7 14176.5 0.7044 

CHICHI 2 34868.7 24476.1 0.7019 

CHICHI 3 10029.6 6882.6 0.6862 

CHICHI 4 37544.9 26217.3 0.6983 

CHICHI 5 46533.1 32438.5 0.6971 

CHICHI 6 10080.8 6441.4 0.6390 

CHIM 1 81027.8 56930.9                 0.7026 

CHIM 2 7048.1 4873.8                 0.6915 

COB 1 26135.3 17825.8                 0.6821 

COB 2 36948.3 25950.3                 0.7023 

COB 3 259411.9 183274.6                 0.7065 

JAL 1 669332.9 469978.0                 0.7022 

JAL 2 31295.7 21839.5                 0.6978 

VIL 1 195912.3 137037.7 0.6995 

ESC 1 129604.7 90478.5 0.6981 

LAC 1 80334.4 55062.6 0.6854 
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Appendix B.2: Digest (internal strontium signal) 87Sr/86Sr values of 
hair samples collected from first field visit- all samples. 

Sample ID 86Sr (cps) 87Sr (cps) 87Sr/86Sr Ratio 
GUAC 1 103042.7 72868.8 0.7072 

GUAC 2 95017.2 67172.8                     0.7070 

GUAC 3 84008.7 59303.1 0.7059 

GUAC 4 26541.4 18837.7 0.7097 

GUAC 5 122867.8 86635.3 0.7051 

GUAC 6 120587.4 85085.4 0.7056 

GUAC 7 75829.8 53856.3 0.7102 

GUAC 8 136272.2 96140.5 0.7055 

GUAC 9 208630.1 147476.1 0.7069 

GUAC 10 16701.2 11756.9 0.7040 

GUAC 11 58016.8 41164.0 0.7095 

GUAC 12 52721.8 37285.2 0.7072 

GUAC 14 200483.2 141623.5 0.7064 

GUAC 15 18914.3 13403.0 0.7086 

GUAC 16 20829.3 14745.0 0.7079 

RAB 1 334272.1 238281.2 0.7128 

RAB 2 417375.3 296159.9 0.7096 

RAB 3 212970.9 151140.1 0.7097 

RAB 4 62424.8 44144.0 0.7072 

RAB 5 188197.5 134105.8 0.7126 

RAB 6 25874.7 18556.8 0.7172 

RAB 7 35511.3 25417.7 0.7158 

RAB 8 288722.7 205873.7 0.7130 

RAB 9 233346.0 166885.5 0.7152 

RAB 10 31102.0 22114.3 0.7110 

RAB 11 609868.0 432823.9 0.7097 

RAB 12 83170.0 59678.7 0.7176 

RAB 14 73437.3 52408.0 0.7136 

RAB 15 59437.0 42413.0 0.7136 

CHICHI 1 21367.3 15145.9 0.7088 

CHICHI 2 192959.7 136204.7 0.7059 

CHICHI 3 28437.6 20196.5 0.7102 

CHICHI 4 250606.4 177298.3 0.7075 

CHICHI 5 140737.5 99614.8 0.7078 

CHICHI 6 151848.9 107422.8 0.7074 

CHIM 1 126257.8 89342.6                 0.7076 

CHIM 2 8086.9 5853.8                 0.7239 

COB 1 285335.9 203180.1                 0.7121 

COB 2 230946.5 164506.3                 0.7123 

COB 3 45315.9 32288.3                 0.7125 

JAL 1 154227.5 109546.2                     0.7103 

JAL 2 22317.6 15804.0                 0.7081 

VIL 1 59930.8 42353.0                 0.7067 

ESC 1 146063.3 103241.3                 0.7068 

LAC 1 152716.9 107670.2                 0.7050 
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Appendix B.3: Leach (external strontium signal) 87Sr/86Sr values of 
hair samples collected during second field visit – Rabinal and 

Coban. 

Sample ID 86Sr (cps) 87Sr (cps) 87Sr/86Sr 87Sr/86Sr  Average 
RAB1 -318.6 3763.0 -11.8116 -18.6285 

 RAB1 2 -201.7 3747.0 -18.5789 

RAB1 3 -142.2 3626.1 -25.4951 

RAB2 4345.1 6570.8 1.5122 1.5049 
 RAB2 2 4393.5 6515.6 1.4830 

RAB2 3 4309.7 6547.9 1.5193 

RAB3 3267.4 5723.3 1.7516 1.7363 

RAB3 2 3309.5 5826.2 1.7605 

RAB3 3 3401.9 5772.4 1.6968 

RAB4 5787.9 7452.0 1.2874 1.2950 

RAB4 2 5773.3 7592.3 1.3151 

RAB4 3 5857.4 7512.5 1.2826 

RAB5 -1947.7 2136.1 -1.0967 -1.1486 
 RAB5 2 -1803.8 2131.4 -1.1816 

RAB5 3 -1827.4 2133.4 -1.1674 

RAB6 2568.3 5371.9 2.0916 2.1281 

RAB6 2 2481.6 5411.6 2.1806 

RAB6 3 2513.2 5307.5 2.1119 

COB1 -663.9 2667.0 -4.0171 -5.3010 
 COB1 2 -523.6 2694.7 -5.1465 

COB1 3 -417.2 2811.9 -6.7393 

COB4 20431.0 19931.8 0.9756 0.9658 

COB4 2 20101.1 19203.9 0.9554 

COB4 3 19974.2 19305.4 0.9665 

COB5 -521.8 2806.1 -5.3777 -5.5210 

COB5 2 -546.5 2909.3 -5.3239 

COB5 3 -489.9 2871.6 -5.8614 

COB6 -782.5 2576.8 -3.2932 -3.5380 

COB6 2 -750.1 2647.4 -3.5294 

COB6 3 -710.7 2694.4 -3.7913 

COB7 8089.0 9049.3 1.1187 1.1128 
 COB7 2 8144.2 9048.5 1.1110 

COB7 3 8212.5 9104.8 1.1087 

COB8 -1152.1 2244.7 -1.9484 -2.0301 

COB8 2 -1104.5 2261.4 -2.0475 

COB8 3 -1070.1 2241.1 -2.0943 

COB11 63412.5 48460.9 0.7642 0.7607 
 COB11 2 63954.5 48573.2 0.7595 

COB11 3 64389.9 48836.6 0.7585 

COB12 20923.9 17691.6 0.8455 0.8377 

COB12 2 20985.2 17572.7 0.8374 

COB12 3 21158.4 17568.8 0.8303 

COB13 19607.0 16980.0 0.8660 0.8608 

COB13 2 19731.2 16902.3 0.8566 

COB13 3 19730.9 16966.0 0.8599 

COB15 -983.5 1759.1 -1.7886 -1.7779 

COB15 2 -1028.9 1773.2 -1.7234 

COB15 3 -972.8 1772.3 -1.8218 
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Appendix B.4: Leach (external strontium signal) 87Sr/86Sr values of 
hair samples collected during second field visit continued – Villa 

Nueva and Chichicastenango. 

Sample ID 86Sr (cps) 87Sr (cps) 87Sr/86Sr 87Sr/86Sr  
Average 

VIL1 5608.0 6786.1 1.2101 1.1946 
 VIL1 2 5757.7 6838.4 1.1877 

VIL1 3 5826.3 6910.2 1.1860 

VIL2 11877.1 11298.2 0.9513 0.9438 
 VIL2 2 12144.8 11388.3 0.9377 

VIL2 3 12166.0 11466.4 0.9425 

VIL3 4948.0 6270.1 1.2672 1.2596 
 VIL3 2 5063.5 6351.8 1.2544 

VIL3 3 5038.4 6334.8 1.2573 

VIL4 -1458.6 1708.8 -1.1716 -1.1866 

VIL4 2 -1473.4 1770.3 -1.2015 

VIL4 3 -1469.3 1743.6 -1.1867 

VIL5 3892.7 5507.5 1.4148 1.4238 

VIL5 2 3882.6 5519.0 1.4214 

VIL5 3 4080.1 5855.8 1.4352 

VIL6 1071.5 3655.7 3.4118 3.2737 

VIL6 2 1153.0 3837.1 3.3279 

VIL6 3 1214.8 3743.1 3.0812 

VIL7 828.1 4383.2 5.2932 4.9770 

VIL7 2 922.0 4348.5 4.7161 

VIL7 3 888.1 4371.0 4.9217 

VIL8 7681.5 8263.1 1.0757 1.0761 

VIL8 2 7713.4 8286.4 1.0742 

VIL8 3 7752.2 8359.2 1.0783 

VIL9 -114.6 2546.9 -22.2177 -24.7171 

VIL9 2 -151.5 2616.0 -17.2718 

VIL9 3 -75.0 2600.7 -34.6618 

VIL10 19143.9 16251.7 0.8489 0.8463 

VIL10 2 17943.2 15205.0 0.8474 

VIL10 3 18186.0 15323.5 0.8426 
VIL11 24768.5 20109.5 0.8119 0.8138 

VIL11 2 24153.7 19669.5 0.8143 

VIL11 3 24701.4 20135.9 0.8152 

CHICHI1 9473.8 9225.1 0.9738 0.9698 

CHICHI1 2 8889.4 8677.6 0.9762 

CHICHI1 3 9000.0 8635.5 0.9595 

CHICHI2 -1057.7 1674.8 -1.5835 -1.6277 
 CHICHI2 2 -1028.0 1692.8 -1.6467 

CHICHI2 3 -1007.7 1665.7 -1.6530 

CHICHI3 -280.6 2253.8 -8.0324 -8.4668 
 CHICHI3 2 -267.4 2241.7 -8.3840 

CHICHI3 3 -252.9 2272.4 -8.9841 

CHICHI4 -481.3 2177.7 -4.5251 -5.0973 
 CHICHI4 2 -406.3 2186.3 -5.3809 

CHICHI4 3 -399.5 2151.8 -5.3859 
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Appendix B.5: Leach (external strontium signal) 87Sr/86Sr values of 
hair samples collected during second field visit – Chichicastenango. 

Sample ID 86Sr (cps) 87Sr (cps) 87Sr/86Sr 87Sr/86Sr  
Average 

CHICHI5 14682.7 11409.5 0.7771 0.7755 
 CHICHI5 2 14753.9 11467.4 0.7772 

CHICHI5 3 14958.2 11551.1 0.7722 

CHICHI6(1) 14148.7 10889.5 0.7696 0.7733 
 CHICHI6(1) 2 14276.5 11045.0 0.7736 

CHICHI6(1) 3 14225.0 11048.9 0.7767 

CHICHI6(2) 9708.5 7846.3 0.8082 0.8029 
 CHICHI6(2) 2 9914.1 7962.4 0.8031 

CHICHI6(2) 3 10069.4 8028.1 0.7973 

CHICHI7 6627.9 5640.9 0.8510 0.8447 

CHICHI7 2 6693.8 5662.7 0.8459 

CHICHI7 3 6670.9 5583.6 0.8370 

CHICHI8 1787.6 2219.5 1.2416 1.2312 

CHICHI8 2 1823.2 2290.4 1.2562 

CHICHI8 3 1980.8 2368.7 1.1958 

CHICHI9 3641.1 3409.1 0.9362 0.9278 
 CHICHI9 2 3618.1 3374.5 0.9327 

CHICHI9 3 3809.7 3484.2 0.9145 

CHICHI10 1662.8 2081.6 1.2519 1.2651 
 CHICHI10 2 1580.9 2037.4 1.2887 

CHICHI10 3 1627.5 2042.0 1.2547 

CHICHI11 3839.1 4249.3 1.1068 1.1155 
 CHICHI11 2 3838.4 4473.9 1.1656 

CHICHI11 3 3891.9 4179.6 1.0739 

CHICHI12 1420.9 1798.5 1.2657 1.2396 

CHICHI12 2 1482.1 1821.8 1.2291 

CHICHI12 3 1516.2 1855.7 1.2239 

CHICHI13 3799.0 3547.7 0.9338 0.9426 

CHICHI13 2 3718.1 3502.2 0.9419 

CHICHI13 3 3709.6 3531.4 0.9520 

CHICHI14 1906.1 2843.6 1.4918 1.4896 
 CHICHI14 2 1915.3 2805.1 1.4646 

CHICHI14 3 1909.5 2887.7 1.5122 

CHICHI16 2225.4 2409.9 1.0829 1.0876 
 CHICHI16 2 2238.2 2441.6 1.0908 

CHICHI16 3 2232.3 2430.9 1.0890 

CHICHI17 14663.7 11203.5 0.7640 0.7663 
 CHICHI17 2 14725.0 11350.0 0.7708 

CHICHI17 3 14675.0 11213.3 0.7641 

CHICHI18 136445.2 97076.5 0.7115 0.7131 
 CHICHI18 2 134239.3 96084.6 0.7158 

CHICHI18 3 134141.5 95508.4 0.7120 

CHICHI19 1728.5 2172.4 1.2568 1.3181 
 CHICHI19 2 1537.8 2056.4 1.3372 

CHICHI19 3 1510.3 2054.5 1.3603 
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Appendix B.6: Leach (external strontium signal) 87Sr/86Sr values of 
hair samples collected during second field visit – Chichicastenango 

and Santa Cruz. 

Sample ID 86Sr (cps) 87Sr (cps) 87Sr/86Sr 87Sr/86Sr  
Average 

CHICHI20 7907.7 6595.2 0.8340 0.7755 
 CHICHI20 2 7953.0 6587.3 0.8282 

CHICHI20 3 7987.3 6629.2 0.8300 

SANTAC1 16150.8 13195.1 0.8170 0.7733 
 SANTAC1 2 16374.7 13331.4 0.8141 

SANTAC1 3 16572.3 13293.2 0.8021 

SANTAC2 33443.6 24906.6 0.7447 0.8029 

SANTAC2 2 32860.7 24518.5 0.7461 

SANTAC2 3 33149.1 24567.1 0.7411 

SANTAC3 14460.4 11299.5 0.7814 0.8446 
 SANTAC3 2 14480.1 11271.7 0.7784 

SANTAC3 3 14634.1 11437.0 0.7815 

SANTAC4 14527.8 11509.6 0.7922 1.2312 
 SANTAC4 2 14509.5 11408.5 0.7863 

SANTAC 4 3 14552.3 11469.0 0.7881 

SANTAC5 11291.1 9104.9 0.8064 0.9278 
 SANTAC5 2 11289.7 9116.4 0.8075 

SANTAC5 3 11335.3 9066.0 0.7998 

SANTAC6 6397.0 6116.1 0.9560 1.2651 
 SANTAC6 2 6385.0 6025.8 0.9437 

SANTAC6 3 6377.1 5922.3 0.9286 

SANTAC7 5259.3 4707.8 0.8951 1.1155 
 SANTAC7 2 5369.1 4745.5 0.8838 

SANTAC7 3 5393.4 4707.2 0.8728 

SANTAC8 18123.5 13746.6 0.7584 1.2396 
 SANTAC8 2 18038.9 13769.8 0.7633 

SANTAC8 3 17863.5 13659.0 0.7646 

SANTAC10 23176.4 17471.1 0.7538 0.9425 
 SANTAC10 2 23206.2 17475.4 0.7530 

SANTAC10 3 22955.7 17288.8 0.7531 
SANTAC11 7607.3 7197.6 0.9461 1.4895 

 SANTAC11 2 7482.7 7071.7 0.9451 

SANTAC11 3 7633.3 7211.9 0.9447 

SANTAC12 8223.3 6821.3 0.8295 1.0875 
 SANTAC12 2 8068.2 6870.6 0.8516 

SANTAC12 3 8222.4 6746.9 0.8205 

SANTAC14 8181.1 7021.4 0.8582 0.7663 
 SANTAC14 2 8177.6 7082.1 0.8660 

SANTAC14 3 8379.8 7176.3 0.8563 

SANTAC15 11448.8 9576.9 0.8365 0.7131 
 SANTAC15 2 11124.7 9398.1 0.8448 

SANTAC15 3 11009.3 9169.0 0.8328 

SANTAC16 49319.4 35858.6 0.7270 1.3181 

SANTAC16 2 48812.9 35526.2 0.7278 

SANTAC16 3 49170.9 35995.0 0.7320 
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Appendix B.7: Leach (external strontium signal) 87Sr/86Sr values of 
hair samples collected during second field visit – Santa Cruz and 

Guatemala City. 

Sample ID 86Sr (cps) 87Sr (cps) 87Sr/86Sr 87Sr/86Sr  
Average 

SANTAC17 1233.1 1886.4 1.5297  
1.5469 

 
SANTAC17 2 1200.9 1900.2 1.5823 

SANTAC17 3 1253.5 1916.3 1.5288 

SANTAC18 13850.1 10911.3 0.7878  
0.7842 SANTAC18 2 14090.7 10974.4 0.7788 

SANTAC18 3 13959.9 10973.8 0.7861 

SANTAC24 2752.1 2869.8 1.0428  
1.0417 SANTAC24 2 2829.2 2958.5 1.0457 

SANTAC24 3 2822.9 2926.5 1.0367 

SANTAC26 4794.6 4603.1 0.9601  
0.9584 SANTAC26 2 4810.1 4589.0 0.9540 

SANTAC26 3 4853.1 4664.6 0.9611 

SANTAC28 2255.6 2701.2 1.1975  
1.1826 SANTAC28 2 2417.8 2842.7 1.1757 

SANTAC28 3 2466.4 2896.5 1.17439 

SANTAC29 21619.9 16358.6 0.8160  
0.7568 SANTAC29 2 21612.0 16490.8 0.7566 

SANTAC29 3 21026.0 15785.8 0.7630 

GUAC1 7501.0 6349.8 0.7508  
0.8420 GUAC1 2 7508.1 6255.1 0.8465 

GUAC1 3 7228.8 6117.2 0.8331 

GUAC3 1567.9 2187.3 0.8462  
1.4032 GUAC3 2 1615.4 2248.7 1.3951 

GUAC3 3 1611.9 2292.7 1.3921 

GUAC5 119593.0 85437.1 1.4224  
0.7159 GUAC5 2 118240.1 84351.8 0.7144 

GUAC5 3 116189.4 83661.7 0.7134 

GUAC6 16224.5 13088.5 0.7200  
0.8019 GUAC6 2 16612.6 13305.6 0.8067 

GUAC6 3 17014.8 13578.2 0.8009 
GUAC8 4719.1 4424.6 0.7980  

0.9382 GUAC8 2 4607.4 4319.6 0.7894 

GUAC8 3 4671.5 4388.5 0.9376 

GUAC9 2571.1 2820.9 0.9375  
1.1290 GUAC9 2 2499.3 2793.4 0.9394 

GUAC9 3 2354.0 2759.1 1.0972 

GUAC10 7624.9 6749.1 1.1177 0.8709 

GUAC10 2 7543.7 6593.4 1.1721 

GUAC10 3 7316.4 6246.2 0.8851 

 
 
 
 
 
 

 

 



 236 

Appendix B.8: Digest (internal strontium signal) 87Sr/86Sr values of 
hair samples collected from second field visit – Rabinal and Coban. 

Sample ID 86Sr (cps) 87Sr (cps) 87Sr/86Sr 87Sr/86Sr  
Average 

RAB4 42902.4 30876.4 0.7197  
0.7211 

 
RAB4 2 43245.0 31258.1 0.7228 

RAB4 3 42402.8 30567.7 0.7209 

RAB1 16271.1 11652.4 0.7161  
0.7224 

 
RAB1 2 15443.5 11245.6 0.7282 

RAB1 3 15256.1 11026.3 0.7227 

RAB2 122706.6 88464.3 0.7209  
0.7205 

 
RAB2 2 123219.2 88694.5 0.7198 

RAB2 3 123622.8 89107.1 0.7208 

RAB3 96036.4 68581.4 0.7141  
0.7176 RAB3 2 97207.1 69784.3 0.7179 

RAB3 3 97801.8 70506.7 0.7209 

RAB5 7268.9 5315.6 0.7313  
0.7241 RAB5 2 7060.5 5053.1 0.7157 

RAB5 3 6980.6 5063.1 0.7253 

RAB6 32226.3 23257.2 0.7217  
0.7217 RAB6 2 32020.7 23141.0 0.7227 

RAB6 3 32020.2 23075.3 0.7206 

COB5 9731.5 7075.8 0.7271  
0.7266 COB5 2 9644.2 7036.5 0.7296 

COB5 3 9761.8 7058.9 0.7231 

COB4 27829.0 20048.2 0.7204  
0.7150 COB4 2 27946.5 19898.2 0.7120 

COB4 3 28000.9 19955.4 0.7127 

COB1 7442.3 5344.5 0.7181  
0.7208 COB1 2 6895.7 4979.3 0.7221 

COB1 3 6372.8 4602.0 0.7221 

COB8 5964.2 4308.3 0.7224  
0.7189 COB8 2 6360.9 4569.7 0.7184 

COB8 3 5833.4 4176.1 0.7159 

COB7 70586.3 50131.0 0.7102  
0.7109 COB7 2 70274.2 50122.5 0.7132 

COB7 3 70348.7 49885.1 0.7091 

COB6 13496.6 9812.8 0.7271  
0.7182 COB6 2 13759.5 9760.0 0.7093 

COB6 3 13712.3 9848.8 0.7182 

COB15 14528.0 10469.2 0.7206  
0.7196 COB15 2 14161.7 10201.1 0.7203 

COB15 3 15089.5 10833.9 0.7180 

COB13 17429.1 12386.8 0.7107  
0.7138 

 
COB13 2 17578.5 12599.4 0.7167 
COB13 3 17479.4 12480.8 0.7140 

COB12 42873.7 30309.7 0.7070  
0.7145 COB12 2 42700.6 30773.1 0.7207 

COB12 3 43119.8 30863.7 0.7158 

COB11 12857.4 9142.1 0.7110  
0.7172 COB11 2 12895.3 9219.9 0.7150 

COB11 3 12736.9 9242.5 0.7256 
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Appendix B.9: Digest (internal strontium signal) 87Sr/86Sr values of 
hair samples collected from second field visit – Villa Nueva and 

Chichicastenango. 

Sample ID 86Sr (cps) 87Sr (cps) 87Sr/86Sr 87Sr/86Sr  
Average 

VIL5 81970.4 58224.7 0.7103  
0.7114 VIL5 2 71359.0 50812.6 0.7121 

VIL5 3 67177.3 47823.8 0.7119 

VIL4 6287.7 4497.4 0.7153  
0.7160 VIL4 2 6294.7 4526.0 0.7190 

VIL4 3 6194.8 4421.2 0.7137 

VIL3 98573.8 70116.6 0.7113  
0.7109 VIL3 2 99243.5 70647.8 0.7119 

VIL3 3 98766.7 70087.2 0.7096 

VIL2 70195.3 49956.4 0.7117  
0.7090 VIL2 2 70470.4 49806.1 0.7068 

VIL2 3 69548.2 49285.3 0.7086 

VIL1 34204.6 24386.7 0.7114 0.7120 

VIL1 2 58044.5 41294.9 0.7126 

VIL9 8868.9 6294.6 0.7097  
0.7158 VIL9 2 7675.6 5485.3 0.7146 

VIL9 3 7840.5 5669.6 0.7231 

VIL8 25460.7 18080.6 0.7101  
0.7107 VIL8 2 25584.6 18149.9 0.7094 

VIL8 3 25616.8 18249.8 0.7124 

VIL6 7352.3 5278.6 0.7180  
0.7155 VIL6 2 7372.5 5258.8 0.7133 

VIL6 3 7416.7 5305.0 0.7153 

VIL11 18233.0 12874.9 0.7061  
0.7110 VIL11 2 18223.7 12982.7 0.7124 

VIL11 3 18330.7 13094.2 0.7143 

VIL7 5472.3 3895.7 0.7119  
0.7154 VIL7 2 5347.4 3829.4 0.7161 

VIL7 3 5942.3 4267.4 0.7181 

CHICHI1 32863.0 23096.0 0.7028  
0.7112 CHICHI1 2 32586.2 23185.4 0.7115 

CHICHI1 3 32921.6 23681.8 0.7193 

CHICHI2 2835.2 2073.1 0.7312  
0.7220 CHICHI2 2 2356.6 1655.4 0.7024 

CHICHI2 3 2386.9 1748.1 0.7324 

CHICHI3 5395.4 3903.8 0.7235  
0.7272 

 
CHICHI3 2 5308.4 3868.5 0.7288 

CHICHI3 3 5280.2 3851.6 0.7294 

CHICHI4 3892.4 2787.4 0.7161  
0.7184 CHICHI4 2 3619.1 2617.7 0.7233 

CHICHI4 3 3545.5 2537.4 0.7157 

CHICHI5 71108.0 50145.8 0.7052  
0.7101 CHICHI5 2 70991.8 50427.7 0.7103 

CHICHI5 3 72143.0 51575.4 0.7149 
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Appendix B.10: Digest (internal strontium signal) 87Sr/86Sr values of 
hair samples collected from second field visit- Chichicastenango. 

Sample ID 86Sr (cps) 87Sr (cps) 87Sr/86Sr 87Sr/86Sr  
Average 

CHICHI6(1) 65466.4 46216.1 0.7060  
0.7097 CHICHI6(1) 2 66063.3 47088.0 0.7128 

CHICHI6(1) 3 67513.0 47959.6 0.7104 

CHICHI6(2) 27882.1 19900.4 0.7137  
0.7130 CHICHI6(2) 2 28262.7 20126.0 0.7121 

CHICHI6(2) 3 28583.3 20387.6 0.7133 

CHICHI7 28496.8 20292.9 0.7121  
0.7111 CHICHI7 2 29002.0 20583.5 0.7097 

CHICHI7 3 28951.4 20601.3 0.7116 

CHICHI8 8564.7 6161.5 0.7194  
0.7190 CHICHI8 2 8328.0 6041.4 0.7254 

CHICHI8 3 8563.4 6098.2 0.7121 

CHICHI9 8897.9 6367.6 0.7156  
0.7139 CHICHI9 2 8852.8 6375.8 0.7202 

CHICHI9 3 8982.5 6341.7 0.7060 

CHICHI10 2936.1 2150.7 0.7325  
0.7292 CHICHI10 2 2749.5 1977.0 0.7190 

CHICHI10 3 2773.5 2041.3 0.7360 

CHICHI11 3008.4 2212.8 0.7356  
0.7405 CHICHI11 2 2672.9 1964.1 0.7348 

CHICHI11 3 2666.4 2002.5 0.7510 

CHICHI12 4882.9 3488.9 0.7145  
0.7182 CHICHI12 2 4961.6 3573.7 0.7203 

CHICHI12 3 4933.5 3551.5 0.7199 

CHICHI13 15326.5 10932.5 0.7133  
0.7135 CHICHI13 2 15547.3 11110.0 0.7146 

CHICHI13 3 15792.7 11254.5 0.7126 

CHICHI14 2274.1 1655.3 0.7279  
0.7332 CHICHI14 2 2248.3 1650.7 0.7342 

CHICHI14 3 2316.6 1708.4 0.7375 

CHICHI16 3801.3 2757.4 0.7254  
0.7257 CHICHI16 2 3860.2 2802.8 0.7261 

CHICHI16 3 3875.8 2812.3 0.7256 

CHICHI17 92267.4 65945.1 0.7147  
0.7128 CHICHI17 2 92914.9 65795.2 0.7081 

CHICHI17 3 91922.9 65764.5 0.7154 

CHICHI18 130925.4 93263.0 0.7123  
0.7119 CHICHI18 2 130339.6 92690.3 0.7111 

CHICHI18 3 130218.9 92738.6 0.7122 

CHICHI19 6679.4 4852.1 0.7264  
0.7206 CHICHI19 2 6619.3 4771.9 0.7209 

CHICHI19 3 6715.2 4797.0 0.7144 

CHICHI20 12042.5 8635.3 0.7171  
0.7119 CHICHI20 2 12052.5 8564.2 0.7106 

CHICHI20 3 11999.2 8496.5 0.7081 
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Appendix B.11: Digest (internal strontium signal) 87Sr/86Sr values of 
hair samples collected from second field visit – Santa Cruz. 

Sample ID 86Sr (cps) 87Sr (cps) 87Sr/86Sr 87Sr/86Sr  
Average 

SANTAC1 5866.6 4261.9 0.7265  
0.7199 SANTAC1 2 6040.0 4300.1 0.7119 

SANTAC1 3 6057.5 4368.8 0.7212 

SANTAC2 70463.2 50366.5 0.7148  
0.7142 SANTAC2 2 70726.5 50624.1 0.7158 

SANTAC2 3 72325.4 51492.0 0.7119 

SANTAC3 13764.8 9955.7 0.7233  
0.7209 SANTAC3 2 13801.6 9965.2 0.7220 

SANTAC3 3 13991.0 10037.7 0.7174 

SANTAC4 13721.3 9907.9 0.7221  
0.7173 SANTAC4 2 14127.7 10066.9 0.7126 

SANTAC4 3 13872.1 9948.7 0.7172 

SANTAC5 9618.5 6856.6 0.7129  
0.7165 SANTAC5 2 9436.7 6757.2 0.7161 

SANTAC5 3 9785.4 7051.3 0.7206 

SANTAC6 21522.7 15526.4 0.7214  
0.7150 SANTAC6 2 21688.4 15429.6 0.7114 

SANTAC6 3 21498.1 15310.2 0.7122 

SANTAC7 10684.7 7627.1 0.7138  
0.7150 SANTAC7 2 10836.3 7761.9 0.7163 

SANTAC7 10610.1 7589.5 0.7153 

SANTAC8 49784.8 35641.1 0.7159  
0.7150 SANTAC8 2 50977.8 36384.5 0.7137 

SANTAC8 3 50596.6 36201.2 0.7155 

SANTAC10 32499.6 23247.1 0.7153  
0.7167 SANTAC10 2 32458.1 23306.6 0.7181 

SANTAC10 3 32337.4 23175.3 0.7167 

SANTAC11 15683.8 11204.6 0.7144  
0.7189 SANTAC11 2 15462.3 11141.8 0.7206 

SANTAC11 3 15515.1 11198.5 0.7218 

SANTAC12 15090.5 10810.7 0.7164  
0.7183 SANTAC12 2 14886.5 10712.8 0.7196 

SANTAC12 3 15085.2 10842.2 0.7187 

SANTAC14 54265.0 38520.1 0.7099  
0.7119 SANTAC14 2 54592.2 38963.2 0.7137 

SANTAC14 3 54602.3 38879.1 0.7120 

SANTAC15 15011.1 10719.9 0.7141  
0.7150 SANTAC15 2 15101.4 10790.2 0.7145 

SANTAC15 3 15069.4 10794.4 0.7163 

SANTAC16 88593.4 62855.8 0.7095  
0.7127 SANTAC16 2 88613.5 63164.8 0.7128 

SANTAC16 3 89295.0 63910.7 0.7157 

SANTAC17 8999.2 6460.9 0.7179  
0.7174 SANTAC17 2 8966.1 6429.9 0.7171 

SANTAC17 3 8902.9 6383.8 0.7171 
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Appendix B.12: Digest (internal strontium signal) 87Sr/86Sr values of 
hair samples collected from second field visit – Santa Cruz and 

Guatemala City. 

Sample ID 86Sr (cps) 87Sr (cps) 87Sr/86Sr 87Sr/86Sr  
Average 

SANTAC18 59760.8 42660.4 0.7139  
0.7152 SANTAC18 2 59217.2 42470.4 0.7172 

SANTAC18 3 60336.9 43113.2 0.7145 

SANTAC24 20896.7 14762.2 0.7064  
0.7067 SANTAC24 2 20787.6 14649.4 0.7047 

SANTAC24 3 20255.5 14361.6 0.7090 

SANTAC26 50701.0 35670.0 0.7035  
0.7069 SANTAC26 2 50927.7 35885.9 0.7046 

SANTAC26 3 50832.7 36221.2 0.7126 

SANTAC28 15811.4 11232.3 0.7104  
0.7103 SANTAC28 2 15711.6 11168.3 0.7108 

SANTAC28 3 15423.9 10947.6 0.7098 

SANTAC29 37162.3 26294.5 0.7076  
0.7062 SANTAC29 2 37126.0 26223.4 0.7063 

SANTAC29 3 36907.9 26011.8 0.7048 

GUAC1 20872.4 14751.0 0.7067  
0.7063 GUAC1 2 21298.6 15002.6 0.7044 

GUAC1 3 20969.8 14843.9 0.7079 

GUAC3 3200.9 2332.1 0.7286  
0.7236 GUAC3 2 2777.7 2014.3 0.7252 

GUAC3 3 2982.1 2138.8 0.7172 

GUAC5 24560.0 17449.6 0.7105  
0.7115 GUAC5 2 24646.1 17606.2 0.7144 

GUAC5 3 25284.5 17946.0 0.7098 

GUAC6 13052.5 9286.6 0.7115  
0.7085 GUAC6 2 13071.3 9186.9 0.7028 

GUAC6 3 13143.6 9347.1 0.7111 

GUAC8 12339.1 8755.7 0.7096  
0.7113 GUAC8 2 12386.0 8810.9 0.7114 

GUAC8 3 12346.8 8801.3 0.7128 
GUAC9 5014.6 3592.5 0.7164  

0.7139 GUAC9 2 4868.1 3502.9 0.7196 

GUAC9 3 4984.7 3517.6 0.7057 

GUAC10 29722.5 21107.0 0.7101  
0.7109 GUAC10 2 29862.3 21203.6 0.7100 

GUAC10 3 29921.0 21321.0 0.7126 
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