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Abstract: Within post-conflict communities, attempts to identify and repatriate unidentified 

and missing individuals poses a difficult task. As current forensic strategies commonly lack 

the capacity to provide region of origin assessments, forensic anthropologists/investigators are 

often unable to identify sources of DNA for kinship analysis. Using Thermal Ionization Mass 

Spectrometry (TIMS), hair samples from 10 volunteers were used to assess the variation in 

strontium isotope ratios (87Sr/86Sr) between extant people in Guatemala City and Coban; with 

a leach (external) and digest (dietary) signal analysed for each sample. A two-way ANOVA 

demonstrated that the difference between 87Sr/86Sr of Guatemala City and Coban was 

statistically significant (F (1,16) = 259.839, p < 0.05), with no statistically significant 

differences observed between leach and digest 87Sr/86Sr (F (1,16) = 4.319, p = 0.054). Overall, 

individuals from Coban demonstrate 87Sr/86Sr comparable to previously recorded baseline 

values, demonstrating a minimal change in diet which is reflected in associated surveys. 

Volunteers from Guatemala City, however, show a marked shift in 87Sr/86Sr away from 

predicted values highlighting the potential influence of imported goods. The results here 

highlight the applicability of 87Sr/86Sr in hair to serve as a potential tool to support the 

identification of unknown individuals in Guatemala in a forensic context.   

 

KEYWORDS: forensic anthropology, strontium isotopes, Guatemala, hair, region of origin, 

geolocation, human provenancing, Thermal Ionization Mass Spectrometry and TIMS 
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Highlights 

 

• 87Sr/86Sr from the hair of living individuals from Guatemala were analyzed and 

compared. 

• For each sample, a leach (external) and digest (internal) 87Sr/86Sr signal was collected.  

• Guatemala City and Coban could be distinguished based on 87Sr/86Sr.    

• Presence of elevated 87Sr/86Sr in Guatemala City suggests the influence of non-local 

food. 

• Caution when using modern 87Sr/86Sr for provenancing remains from Guatemalan 

internal conflict.  
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1. Introduction     1 

The discourse of identification and repatriation in Guatemala has been a reoccurring theme for 2 

the country’s forensic expertise, due to a history of the displacement of individuals through 3 

migration or enforced disappearances. This trend has been observed since the 1960’s whereby 4 

Guatemala’s internal conflict, fought until 1996 between governmental forces and guerrilla 5 

groups mainly drawn from indigenous populations, saw approximately 500,000 to 1.5 million 6 

individuals fleeing the country or internally displaced. Despite estimates that 200,000 people 7 

were killed or disappeared, of those identified, the Mayan population represents more than 80% 8 

of documented victims with the Ladino population (those of mixed European and indigenous 9 

heritage) making up ~17%, who have become collectively known as ‘Los Desaparecidos’ or 10 

‘The Missing’ [1-3].  11 

 12 

Today, Guatemala’s modern ‘Missing’ are characterized predominantly by individuals 13 

disappeared as a result of migration efforts, spurred by political and socioeconomic 14 

marginalization with individuals often seeking refuge, through migrating to the US. Despite 15 

individuals from Guatemala (in addition to El Salvador and Honduras) making up more than 16 

52% of apprehensions at the US-Mexico border [4], many individuals do not reach their 17 

intended destination, as a result of criminal interference or through succumbing to the harsh 18 

environment during their journey. When the remains of ‘Missing’ individuals are found, 19 

forensic intervention is required to help provide an identification.  20 

 21 

Forensic strategy dictates that identification efforts are focused on the utilization of DNA.  22 

However, the use of DNA relies on collecting appropriate familial reference samples, whereas 23 

region of origin assessments can prove pivotal in both focusing DNA efforts and to exclude 24 

potential alternative identities. In Guatemala, while region of origin assessments may be 25 

possible by visual assessment of traditional indigenous clothing that is distinct amongst 26 
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different regions within the country [5], such assessment is subjective and the success and 1 

indeed presence of such artefacts relies heavily on burial conditions [6]. The use of region of 2 

origin assessments not only serves as a strategy to stratify potential identities and to focus DNA 3 

efforts, but also has a cultural significance, with proper burial ensuring a restful transition into 4 

the afterlife in accordance with traditional Mayan beliefs [7]. 5 

 6 

Isotopes offer the potential to track the migration of individuals, through tissues such as hair, 7 

teeth, and bone, by representing region of origin at various stages during life. In particular, the 8 

strontium isotope ratio 87Sr/86Sr is used frequently in geolocation studies as it differs 9 

geographically due to heterogeneity in bedrock geology and atmospherically derived sources 10 

[8]. These environmentally controlled isotopes are readily available in the body’s hard tissues 11 

where the resulting strontium isotope ratio represents an accumulation of the ratios from areas 12 

which dietary consumables are obtained [9,10]. In the body, intestinal absorption of strontium 13 

results in the manifestation of strontium in the body’s hard tissues (i.e., bones and teeth) where 14 

it readily substitutes for calcium in the apatite of both structures [11,12]. Teeth, in particular 15 

the enamel, provides region of origin 87Sr/86Sr during childhood, with the first permanent molar 16 

often chosen for 87Sr/86Sr analysis, where mineral formation, and therefore strontium 17 

incorporation into the enamel of that tissue, ceases approximately within the first 3.5 years of 18 

childhood [13]. Alternatively, bone samples such as femoral cortical bone, through remodeling, 19 

reflect the last 10-15 years of life [14]. While the comparison of 87Sr/86Sr in bone and teeth 20 

offers the ability to identify migration from childhood residency, the inability to remodel and 21 

resistance to diagenesis means tooth enamel is the preferred tissue for region of origin 22 

assessments [15].  23 

 24 
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Ideally teeth would be the focus for sample collection and tissue of choice when analyzing the 1 

remains of missing individuals. However, sampling an extant population is not often feasible, 2 

due to its invasive nature and issues regarding donation, particularly in countries such as 3 

Guatemala, where Mayan regions often rely on traditional ‘teeth pullers’ [16] or international 4 

teams/volunteers working remotely to provide dental care [17], rather than a central dental 5 

practice. In this scenario hair can serve as proxy to identify regional difference in 87Sr/86Sr from 6 

human populations.   7 

 8 

Unlike strontium in bone and teeth, which is found within the crystalline hydroxyapatite 9 

structure, strontium ions (Sr2+) in hair are bound as a result of the negative charge associated 10 

with peptides through ionic bonds [18]. As a tissue which exists externally, hair is influenced 11 

by strontium from two sources firstly, an internal source, the 87Sr/86Sr in blood where trace 12 

metal exchange occurs until subcutaneous formation prior to exposure from the scalp [19]. 13 

Secondly, it is influenced by external strontium sources from the environment, such as bathing 14 

water, aerosols and dust [20]. Strontium is found particularly in the internal portion of hair, 15 

such as the cortex and medulla but also in the external structures, such as the cuticle, where 16 

metals, such as calcium adhere with the assumption that the chemical similarity between 17 

strontium and calcium is the cause [21]. The exogenous 87Sr/86Sr influence on hair is 18 

demonstrated through an increasing concentration in 87Sr/86Sr from the proximal to distal 19 

portions and through transverse cross sections [19], highlighting the permeability of hair as a 20 

result of the narrow overlap between cells in the cuticle layer [22].    21 

  22 

Hair provides a more recent indicator of provenance or travel history, with one month of 23 

residency represented by ~1cm of hair growth [23]. Such physiological factors allow 24 

researchers to establish spatial and temporal information through the sequential analysis of hair 25 
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segments from the tip to the root, tracking migration [24]. Alternatively, bulk analysis of hair 1 

is often used in studies when such distinction is non-essential and provides an accumulative 2 

87Sr/86Sr signal [19,25,26]. The use of hair provides a number of additional benefits in the 3 

determination of bioavailable strontium from an extant population, in that it is readily available, 4 

and collection/sampling is non-invasive, and it offers reportedly, the potential to discern 5 

between environmental and dietary sources of strontium by leaching and digesting the hair in 6 

a suitable acid and analyzing the resulting (leachate and digest) solutions separately [19]. With 7 

strontium isotopes demonstrating a lack of fractionation, unlike light isotopes such as oxygen, 8 

hydrogen, nitrogen and carbon [8], comparative strontium isotope ratios should be reflected in 9 

the hair, teeth and bone of a sedentary individual. Despite this, there is a consensus that samples 10 

analyzed for forensic purposes should be compared to isotopic reference values of the same 11 

type, i.e., bone to bone, teeth to teeth [27]. However understandably unlike hair such samples 12 

are often unobtainable or impractical to collect [27].  13 

 14 

Much of the current understanding on bioavailable strontium in Guatemala is based on 15 

archaeological populations [28-35]. With self-sufficient populations such as the Maya, dietary 16 

strontium, and subsequently bioavailable strontium in the community, would be expected to 17 

reflect the 87Sr/86Sr ratios of the underlying geology in which they reside. However, dietary 18 

preferences and the availability of imported goods can alter the expected bioavailable 87Sr/86Sr 19 

outside those reported in their archaeological ancestors [25,36]. As a result, for this study, the 20 

use of modern hair samples for the geolocation of a more contemporary population was chosen 21 

given the complexity of the modern globalized diet.   22 

 23 

This study therefore represented an exploration of the potential to use hair samples as a means 24 

of geolocation. Two populations were chosen for this study with distinct underlying geology, 25 
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which may in turn be reflected in strontium isotope intake through consumption of locally 1 

grown produce. 2 

 3 

 4 

1.2 Geology of Mesoamerica 5 

 6 

When characterizing 87Sr/86Sr in Guatemala, Hodell et al. is often used as the reference [28] 7 

with his research into the Mayan regions in Mesoamerica forming the basis for comparison 8 

throughout works from the region [29-35]. Overall, the Mayan regions can be dissected into 9 

six regions: the Lowlands (Northern and Southern), the Metamorphic Province, Volcanic 10 

Highlands, Pacific Coast and Maya Mountains (Figure 1). 11 

 12 

Of these areas two exist outside of Guatemala with the Northern Lowlands and Maya 13 

Mountains found in Mexico and Belize respectively. The Southern Maya Lowlands are found 14 

in the north of Guatemala and incorporate the departments of Petén and Alta Verapaz [37,38]. 15 

This region founded upon marine carbonates such as limestone exhibits an 87Sr/86Sr range of 16 

0.7070-0.7085, with values decreasing as a function of proximity to the coast, due to increasing 17 

87Sr/86Sr of seawater [31,34]. The Metamorphic Province is found between the Southern 18 

Lowlands and Volcanic Highlands, with 87Sr/86Sr values (0.7041-0.7202) reflecting the 19 

diversity of exposed rock types including Palaeozoic meta-sediments, serpentinites, and 20 

granites, with the Mortagua Valley existing as a sub-region which extends into nearby Copan, 21 

Honduras [28]. The Volcanic Highlands and Pacific Coast are found in the south of country 22 

and while separate geographically, both areas are characterized by geological young deposits 23 

with the Quaternary Alluvium belt of the Pacific Coast resulting from the erosion of tertiary 24 

and quaternary volcanics of the highlands. Resultantly, both regions exhibit similar 87Sr/86Sr 25 

ratios (0.7038-0.7050) the lowest in the country [28,31,35].  26 

 27 

 28 
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2. Materials and Methods  1 

 2 

2.1 Materials 3 

Through established contacts in both locations, ten hair samples were provided by Guatemalan 4 

volunteers, with 5 samples from Coban and 5 from Guatemala City found in the Southern 5 

Lowlands and Volcanic Highlands respectively. The sample collection was facilitated by a 6 

translator who also acted as a gatekeeper when working specifically within the indigenous 7 

community. This individual was trusted by the community with previous experience working 8 

within forensic exhumations.   9 

 10 

Informed consent was obtained, and individuals were provided with an information leaflet in 11 

Spanish which outlined the study’s background, aims, methodology and publication examples 12 

before the samples were collected. Volunteers were then asked to answer a series of questions 13 

of isotopic significance as part of a lifestyle questionnaire. The integrity, continuity and 14 

reliability of each hair sample was ensured through the collection of the hair from each 15 

volunteer from the same site at the back of the head using sterile scissors. The hair sample was 16 

then wrapped in aluminum foil and placed in a labelled sample bag before being attached to 17 

the associated volunteer’s isotope questionnaire. The corresponding information collected for 18 

each sample through the isotopic questionnaire is presented in Table 1.19 

20 

 

2.2 Analytical Methods 

Upon returning from Guatemala, samples were stored in a secure unit at the Analytical Suite 

in the Lennard-Jones building at Keele University for three months. They were subsequently 

transferred to the Isotope Geoscience Facilities at the British Geological Survey for analysis.   

 To discriminate between exogenous (surficial) and endogenous (structurally bound) strontium, 

the samples were first leached in hydrochloric acid (HCl) to remove surficial contamination 
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(Tipple et al., method 3) and the cleaned hair was then digested in nitric acid (HNO3) to release 

the structurally bound strontium [19].  

 

2.3 Hair preparation – removal of surficial strontium using acid leach  

Hair was removed from the aluminum wrap with a Milty Zerostat 3 antistatic gun (Armour 

Home, Bishops Stortford, UK) in order to dissipate the static charge from loose hair found in 

the bag. The hair samples were transferred to a Class 100 Laminar flow hood where they were 

placed in a pre-cleaned Savillex© beaker and 7 ml of Teflon© distilled 0.1 M HCl acid were 

added. The samples were left for 20 minutes. The eluent was then transferred to a new sterile 

test tube. The hair sample was washed with 1 ml of Milli-Q (18.2 Ωcm) water, which was then 

added to the leaching acid in the test tube. This wash step was completed three times, with each 

leach solution examined visually to confirm no residual hair was present.  The combined acid 

leachate and water washes were centrifuged to remove any particulate material and the 

supernatant fluid decanted into a cleaned Savillex© beaker and evaporated to dryness at 100oC. 

 

2.4 Hair preparation – Digest 

The cleaned hair was digested using 10 ml of Teflon distilled 8 M HNO3 on a hotplate at 100oC 

and allowed to evaporate to dryness.  The sample was converted to chloride form by adding 5 

ml of 6 M HCl and evaporating to dryness.  

 

Once dissolved and taken up in calibrated 2.5 M HCl, the Sr was separated from both the 

leachate and the hair samples using an Eichrom© AG50-X8 cation resin.  The strontium isotope 

composition was determined by Thermal Ionization Mass Spectrometry (TIMS) using a 

Thermo Triton© multi-collector mass spectrometer. Samples were loaded on to single rhenium 

filaments using TaF activator following the method of Birck (1986) [39]. Samples were run in 
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peak jumping mode for 100 scans and to an internal precision of < 0.00001 (2 SE). Strontium 

procedural blanks were ~50 pg.  The reproducibility of the international standard NBS987 was 

± 0.00006 (2SD, n= 46) over the period of analysis. All data were corrected to an NBS 987 

standard 87Sr/86Sr value of 0.710250.  

 

2.7 Statistical Analysis:   

Statistical analysis was completed using SPSS v25. Data was tested for conformity of 

requirements of parametric analysis prior to use of two-way ANOVA to assess the effects of 

location, nature of sample and their interaction.  

 

3. Results   

When assessing the data in Table 2 it can be seen that individuals from Coban exhibit 

comparatively higher 87Sr/86Sr in leach (0.7069-0.7076, mean = 0.7073±0.0003) and digest 

(0.7072-0.7085, mean = 0.7079±0.0005) than leach (0.7043-0.7050, mean = 0.7046±0.0003) 

and digest 87Sr/86Sr (0.7043-0.7055, mean = 0.7048±0.0005) from inhabitants of Guatemala 

City (Figure 2).    

 

From the ratios provided in Table 2, a two-way ANOVA demonstrated that there was a 

statistically significant difference observed between the 87Sr/86Sr from both locations F (1,16) 

= 259.839, p < 0.05. Conversely, when comparing leach and digest 87Sr/86Sr no statistically 

significant differences were found between the two sample-types F (1,16) = 4.319, p = 0.054, 

nor was the interaction between location and method, F (1, 16) = 0.255. Despite a statistically 

significant difference between both locations, the sample size is limited and would benefit from 

additional samples to confirm such differences.      
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4. Discussion    

Overall, this research has focused on ten hair samples from Guatemala City and Coban with 

five samples collected from each location. Using 87Sr/86Sr, Guatemala City and Coban are 

distinguishable (p < 0.05), however crossover exists between leach and digest values for the 

same location (p < 0.054), which is reflected in Figure 2. It is important to note that whilst the 

statistical analysis here demonstrates the potential of how strontium isotopes can be used and 

exploited, the statistical analysis is based on a limited dataset, with a minimum of 30 samples 

often suggested [15]. Although such differences in 87Sr/86Sr may seem negligible numerically, 

within the context of the instrumental capabilities, such differences are large isotopically, with 

the TIMS instrument demonstrating a precision of ±0.000006 for strontium in this study [15].  

 

The ability to distinguish between Coban and Guatemala City on the basis of 87Sr/86Sr would 

be expected given the underlying geology. In terms of consumables, whilst heterogeneity 

existed in the water consumed during the day, the majority of respondents in both populations 

confirmed that municipal water was utilized in the home.  

 

However, contrary to expectations, the majority of individuals from Guatemala City recorded 

that locally grown food was consumed (100%), when compared to Coban where the majority 

of individuals were unable to confirm if local food was consumed (with bioavailable 87Sr/86Sr 

in individuals influenced, as a key factor, by the origin of foodstuffs [40].  

 

Based on the values provided by Hodell et al., individuals from Coban as part of the Alta 

Verapaz region in the Southern Lowlands, consuming a diet predominantly consisting of local 

produce, would be expected to exhibit an internal 87Sr/86Sr spanning from 0.7070-0.7085 [28] 

with the city founded on Cretaceous limestone deposits. Guatemala City located within the 
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traditional Southern Highlands, founded on Tertiary and Quaternary volcanic deposits, would 

be expected to exhibit an 87Sr/86Sr range between 0.7038 to 0.7050 [28]. Overall, when the 

leach and digest 87Sr/86Sr for Coban are considered, the results gained in this study fall within 

the range offered in the literature [28-35]. Similarly, whilst the 87Sr/86Sr of the leach portion 

for Guatemala City is represented by previously reported values, the digest values within this 

study exhibit a comparatively higher 87Sr/86Sr of 0.7043-0.7055. This study highlights that 

values gained for bedrock, water, soil, and plants previously, are useful for the characterization 

of the external (leach) 87Sr/86Sr (dictated by the origin of water used to wash the hair), of both 

regions. However, in regards to digest 87Sr/86Sr, while the ratios of four out of five samples 

from Guatemala City in this study coincide with the range reported in previous studies [28-35] 

the ratio exhibited by GUAC-4/17 falls outside of such baseline values. Through analyzing the 

isotopic questionnaire provided by GUAC-4/17 it was noted that the individual not only resided 

in the capital but also worked within the city, excluding the possibility of the data being skewed 

by possible migration [30]. Resultantly, while relative conformity exists between bioavailable 

87Sr/86Sr in this dataset and geological baselines, it appears such methods could be less effective 

in determining the dietary 87Sr/86Sr available to individuals from Guatemala City.     

 

Modern population data offer a potential explanation to this phenomenon. Overall, when 

assessing nutrition, studies have largely focused on factors such as population, increasing 

socioeconomic status and urbanity when assessing the gradual shift from a traditional diet.   

Whilst Coban and Guatemala City represent largely urbanized populations (99.8 and 100% 

respectively) there is heterogeneity in the proportion of Mayan and Ladino residents that 

constitute the respective populations [41,42]. Amalgamating research from the Institute of 

Nutrition of Central America and Panama (INCAP) and the Cross-Cultural Research on the 

Nutrition of Older Subjects Study (CRONOS), Bermudez et al. demonstrated that modern 
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indigenous diets show 76% similarity to the diets eaten by individuals during the 1960’s, from 

foods which could be sourced locally [43]. Comparatively, it was found that only 72% of such 

foods contribute to the modern Ladino diet [43]. While the impact of population shows an 

interesting tendency, the capability to distinguish between Mayan and Ladino diets at the same 

location would offer greater clarity in assessing the impact of population for this study.  

 

However, despite apparent population differences, the presence of elevated 87Sr/86Sr, away 

from locally defined ratios in Guatemala City, is most likely due to a combination of access to 

imported goods along with socio-economic factors [44,45]. The higher proportion of Ladino 

individuals in the capital, often characterized as more economically prosperous, resulted in 

supermarkets such as Walmart, who import 85% of produce, originating from within the 

countries capital to grow exponentially from the 1980’s (with the supermarket sector 

commanding 32% of Guatemala’s food market as early as 2002) [44]. Importantly therefore, 

whilst respondents from Guatemala stated that food was local in origin, it is likely that this was 

assumed based on geographical proximity to its area of purchase.     

 

As the data collected in this study represent a modern population, the applicability of modern 

values to characterize ‘The Missing’ requires an understanding of the population involved 

during the internal conflict in relation to both diet and migratory habits. Whilst the internal 

migration of individuals within the department of Alta Verapaz (i.e., Coban, San Cristobal 

Verapaz, Carcha and Aldea Pasmolón Tactic), for seasonal work has occurred since the 19th 

century, by characterizing the contemporary indigenous diet of today as being 76% 

representative of that observed during the time of the internal conflict, demonstrates a change 

in dietary habits [44,46].  
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In this assessment, indigenous communities are often only afforded access to small informal 

retailers, with the majority of foods either being sourced locally, via supplementation from 

subsistence farming or through markets [44,47]. Though in regards to the latter, modern food 

networks increasingly mean food at such markets originate from across the country [48]. 

However, with a diet more closely representing that of individuals involved during the internal 

conflict and with bioavailable 87Sr/86Sr values that fall within those reported for traditional 

baseline materials, it would appear that the values presented in this paper would reflect the 

87Sr/86Sr ratios for the population in Coban during the conflict. Conversely, inhabitants of 

Guatemala City, with a population characterized largely by individuals with higher income, are 

afforded access to a diet demonstrating a greater deviation from that consumed in the 1960’s, 

reflecting in the higher 87Sr/86Sr range reported in this study when compared to previously 

gathered baseline data.  

 

The findings presented here demonstrate an argument that the 87Sr/86Sr values for Coban during 

both periods have remained homogenous and the hierarchical trend of individuals residing in 

the Southern Lowlands reflecting higher 87Sr/86Sr than those in the Southern Highlands is still 

prevalent. However, the presence of a shift in modern bioavailable 87Sr/86Sr from baseline 

values in Guatemala City suggest that any comparisons made to individuals involved in the 

country’s internal conflict should be used with caution. To establish whether this phenomenon 

is observed within the wider population, as with any analysis focused on population variation, 

in order to create a more accurate representation of the population a larger and more 

randomized sample should be analyzed [15].  Additionally, in order to test this applicability of 

the values gained here to the population of the internal conflict, empirically, samples should be 

sought from individuals whose identity has already been established. However, this would 

require working closely with the indigenous communities and families for permission.  
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It is worth mentioning that whilst hair has been used to ascertain the bioavailable 87Sr/86Sr in 

the modern population, when analyzing the remains of ‘The Missing’ such values should be 

used as a baseline on which to compare to those gained from bone and teeth. This is due to 

concerns regarding the structural and taphonomic changes that occur in hair that results in the 

alteration of the original bioavailable 87Sr/86Sr [49]. To further clarify, for comparison to the 

remains of ‘The Missing’, the digest ratios presented here are of most importance. However, 

both leach and digest 87Sr/86Sr ratios may be used on the hair of living populations, or more 

recent remains that have not been subject to burial, with such conditions potentially causing 

degradation of the hair tissue [50].  

 

Finally, to build upon the encouraging findings of this study, more work is required to enable 

the technique to be used across the field in Guatemala. Work is now being conducted by the 

authors in partnership with local forensic organizations to not only increase the number of 

samples (i.e., hair and water) but also their distribution across the country. To validate the use 

of strontium isotopes in the country, analysis of skeletal remains (i.e., bone and teeth) of known 

origin should be conducted. Once verified the methods used could serve as a basis for 

developing standard operating procedures (SOPs) within the country. To our knowledge 

Thermal Ionization Mass Spectrometry (TIMS) or alternative instruments such as Multi-

Collator Inductively Coupled Plasma Mass Spectrometry (MC-ICP-MS) are not widely 

available in the country and are not used for forensic purposes currently.  Therefore, while in 

order to provide this capacity for routine domestic forensic investigations would rely on 

substantial funding, outside the current partnership, a short term solution would be to outsource 

some a small number of samples, potentially those from individuals where there is very little 

material present which would help aid in identification.    
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5. Conclusion  

 

Overall, this study has demonstrated that the use of 87Sr/86Sr in modern human hair has the 

potential to discern between areas within Guatemala by providing a comparison between two 

areas within the country, namely Guatemala City and Coban. Though the comparisons made 

here are centered on a modern population, based on the similar dietary and migratory patterns 

of Mayan individuals from 1960 to the present day, it is likely that areas incorporating such 

individuals are likely to be reflected by modern populations. However, with a difference 

observed between previously reported baseline values and the modern-day samples presented 

here, it appears that individuals from Guatemala City are less likely to represent the population 

at the time of the internal conflict. To confirm this, future work should focus on increasing the 

sample size of modern individuals with samples from identified individuals sourced for 

comparison. Finally, although this study has utilized 87Sr/86Sr, future studies would benefit 

from the adoption of a multi-isotope approach where researchers are demonstrating success in 

order to stratify areas which are founded on the same geological foundations [10,46,51].    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 18 

References: 

 

1. Viaene L. Life is priceless: Mayan Q’eqchi’ voices on the Guatemalan national 

repatriations program. Int J Transit Justice. 2010;4(1):4-25. 

https://doi.org/10.1093/ijtj/ijp024. 

2. Commission for Historical Clarification (CEH). Guatemala memory of silence: report of 

the Commission of Historical Clarification Conclusions and Recommendations, 1999. 

https://hrdag.org/wp-content/uploads/2013/01/CEHreport-english.pdf (accessed July 5, 

2021).  

3. Recovery of Historical Memory Project (REMHI). 1999. Guatemala: Never Again. Report 

of the Guatemalan Roman Catholic Church’s Inter-Diocean Recuperation of the Historical 

Memory Project. Maryknoll, NY: Orbis, 1999.  

4. Wilson J. Recent Migration to the United States from Central America: Frequently Asked 

Questions. Washington, DC: Congregational Research Service, 2019 Jan. Report No.: 

R45489.  

5. Henderson E, Nolin C, Peccerelli, F. Dignifying a bare life and making place through 

exhumation: Coban CREMOPAZ former military garrison, Guatemala. Journal of Latin 

American Geography. 2014;13(2): 97-116. 

6. Janaway RC. Degradation of Clothing and Other Dress Materials Associated with Buried 

Bodies of Archaeological and Forensic Interest. In: Haglund WD, Sorg MH, editors. 

Advances in forensic taphonomy: method, theory, and archaeological perspectives. Boca 

Raton, FL: CRC Press, 2002. p. 379-402.  

7. Garrard-Burnett V. Living with Ghosts: Death, Exhumation, and Reburial among the 

Maya in Guatemala. Lat Am Perspect. 2015;42(3):180-192. 

https://doi.org/10.1177/0094582X15570881. 

https://doi.org/10.1093/ijtj/ijp024
https://doi.org/10.1177/0094582X15570881


 19 

8. Capo RC, Stewart BW, Chadwick OA. Strontium isotopes as tracers of ecosystem 

processes: theory and methods. Geoderma. 1998;82:197–225. 

https://doi.org/10.1016/S0016-7061(97)00102-X. 

9. Montgomery J. Passports from the past: Investigating human dispersals using strontium 

isotope analysis of tooth enamel. Ann Hum Biol. 2010;37(3):325-346. 

https://doi.org/10.3109/03014461003649297. 

10. Bartelink EJ, Chesson LA. Recent applications of isotope analysis to forensic 

anthropology. Forensic Sci Res. 2019;4(1):29-44. 

https://doi.org/10.1080/20961790.2018.1549527.  

11. Dahl SG, Allain P, Marie PJ, Mauras Y, Boivin G, Ammann P, et al. Incorporation and 

distribution of strontium in bone. Bone. 2001;28:446–453. https://doi.org/10.1016/S8756-

3282(01)00419-7.  

12. Blaschko SD, Chi T, Miller J, Flechner L, Fakra S, Kapahi P, et al. Strontium substitution 

for calcium in lithogenesis. J Urol. 2013;189(2):735-739. 

https://doi.org/10.1016/j.juro.2012.08.199. 

13. AlQahtani SJ, Hector MP, Liversidge HM. Brief communication: The London atlas of 

human tooth development and eruption. Am J Phys Anthropol. 2010 ;142(3):481-90. 

https://doi.org/10.1002/ajpa.21258.  

14. Matsubayashi J, Tayasu I. Collagen turnover and isotopic records in cortical bone. J 

Archaeol Sci. 2019; 106:37-44. https://doi.org/10.1016/j.jas.2019.03.010.  

15. Juarez CA. Strontium and geolocation, the pathway to identification for deceased 

undocumented Mexican border‐crossers: A preliminary report. J Forensic Sci. 

2008;53(1):46-9. https://doi.org/10.1111/j.1556-4029.2007.00610.x.  

https://doi.org/10.1016/S0016-7061(97)00102-X
https://doi.org/10.3109/03014461003649297
https://doi.org/10.1080/20961790.2018.1549527
https://doi.org/10.1016/S8756-3282(01)00419-7
https://doi.org/10.1016/S8756-3282(01)00419-7
https://doi.org/10.1016/j.juro.2012.08.199
https://doi.org/10.1002/ajpa.21258
https://doi.org/10.1016/j.jas.2019.03.010
https://doi.org/10.1111/j.1556-4029.2007.00610.x


 20 

16. Antonarakis GS. Integrating Dental Health into a Family-Oriented Health Promotion 

Approach in Guatemala. Health Promot Pract. 2011;12(1):79-85. 

https://doi.org/10.1177/1524839909333054.  

17. Berkey D, Leader T. Experiencing Fulfilment, Empathy, and Gratitude Through Service. 

Dent Abstr. 2021;66(3):140-142. https://doi.org/10.1016/j.denabs.2021.04.045.  

18. Toxvaerd S. The strontium isotope ratio 87Sr/86Sr in archaeological organic matter 

conserved in acidic anaerobic environments is hard to interpret.  

J Archaeol Sci Rep. 2020;31:102379. https://doi.org/10.1016/j.jasrep.2020.102379.   

19. Tipple BJ, Chau T, Chesson, LA, Fernandez, DP, Ehleringer JR. Isolation of strontium 

pools and isotope ratios in modern human hair. Anal Chim Acta. 2013;798:64-73. 

https://doi.org/10.1016/j.aca.2013.08.054.  

20. Shin WJ, Gautam MK, Shim JY, Lee HS, Park S, Lee KS. Spatial distributions of strontium 

isotope ratios in human hair and tap water from South Korea. Sci Total Environ. 

2022;806:151352. https://doi.org/10.1016/j.scitotenv.2021.151352. 

21. Font L, Van Der Peijl G, Van Wetten I, Vroon P, Van Der Wagt B, Davies G. Strontium 

and lead isotope ratios in human hair: investigating a potential tool for determining recent 

human geographical movements. J Anal At Spectrom. 2012;27(5):719-732. 

https://doi.org/10.1039/C2JA10361C.  

22. Mancuso CJ, Ehleringer JR. Strontium isotope ratios (87Sr/86Sr) of human fingernail 

clippings reveal multiple location signals. Rapid Commun Mass Spectrom. 

2018;32(22):1922-1930. https://doi.org/10.1002/rcm.8270.  

23. Webb E, White C, Longstaffe F. Dietary shifting in the Nasca Region as inferred from the 

carbon-and nitrogen-isotope compositions of archaeological hair and bone. J Archaeol Sci. 

2013;40(1):129-139. https://doi.org/10.1016/j.jas.2012.08.020.  

 

https://doi.org/10.1177%2F1524839909333054
https://doi.org/10.1016/j.denabs.2021.04.045
https://doi.org/10.1016/j.jasrep.2020.102379
https://doi.org/10.1016/j.aca.2013.08.054
https://doi.org/10.1016/j.scitotenv.2021.151352
https://doi.org/10.1039/C2JA10361C
https://doi.org/10.1002/rcm.8270
https://doi.org/10.1016/j.jas.2012.08.020


 21 

24. Williams JS, Katzenberg MA. Seasonal fluctuations in diet and death during the late 

horizon: a stable isotopic analysis of hair and nail from the central coast of Peru. J Archaeol 

Sci. 2012;39(1):41-57. https://doi.org/10.1016/j.jas.2011.07.013.  

25. Vautour G, Poirier A, Widory D. Tracking mobility using human hair: What can we learn 

from lead and strontium isotopes? Sci Justice. 2015;55(1):63-71. 

https://doi.org/10.1016/j.scijus.2014.10.001.  

26. Font L, van der Peijl G, van Leuwen C, van Wetten I, Davies GR. Identification of the 

geographical place of origin of an unidentified individual by multi-isotope analysis. Sci 

Justice. 2015;55(1):34–42. https://doi.org/10.1016/j.scijus.2014.06.011.  

27. Ammer ST, Kootker LM, Bartelink EJ, Anderson BE, Cunha E, Davies GR. Comparison 

of strontium isotope ratios in Mexican human hair and tap water as provenance indicators. 

Forensic Sci Int. 2020;314:110422. https://doi.org/10.1016/j.forsciint.2020.110422.  

28. Hodell D, Quinn RL, Brenner M, Kamenov G. Spatial variation of strontium isotopes (Sr87⁄ 

Sr86) in the Maya region: a tool for tracking ancient human migration. J Archaeol Sci. 

2004;31:585–601. https://doi.org/10.1016/j.jas.2003.10.009.  

29. Wright LE. Identifying immigrants to Tikal, Guatemala: defining local variability in 

strontium isotope ratios of human tooth enamel. J Archaeol Sci. 2005;32(4):555-566. 

https://doi.org/10.1016/j.jas.2004.11.011.  

30. Wright LE. Immigration to Tikal, Guatemala: Evidence from stable strontium and oxygen 

isotopes. J Anthropol Archaeol. 2012;31:334-352. 

https://doi.org/10.1016/j.jaa.2012.02.001. 

31. Sharpe, AE, Kamenov GD, Gilli A, Hodell DA, Emery KF, Brenner M et al. Lead (pb) 

isotope baselines for studies of ancient human migration and trade in the Maya region. 

PloS One. 2016;11(11): e0164871. https://doi.org/10.1371/journal.pone.0164871 

 

https://doi.org/10.1016/j.jas.2011.07.013
https://doi.org/10.1016/j.scijus.2014.10.001
https://doi.org/10.1016/j.scijus.2014.06.011
https://doi.org/10.1016/j.forsciint.2020.110422
https://doi.org/10.1016/j.jas.2003.10.009
https://doi.org/10.1371/journal.pone.0164871


 22 

32. Sharpe AE, Emery KF, Inomata T, Triadan D, Kamenov GD, Krigbaum J. Earliest isotopic 

evidence in the Maya region for animal management and long-distance trade at the site of 

Ceibal, Guatemala. Proc Natl Acad Sci U S A. 2018;115(14):3605-10. 

https://doi.org/10.1073/pnas.1713880115.  

33. Price TD, Burton JH, Fullagar PD, Wright, LE, Buikstra JE, Tiesler V. Strontium Isotopes 

and the study of human mobility in ancient Mesoamerica. Latin American Antiquity. 

2008;19(2):167-180. https://doi.org/10.1017/S1045663500007781.  

34. Wright LE, Valdés JA, Burton JH, Douglas P, Schwarcz HP. The children of Kaminaljuyu: 

Isotopic insight into diet and long distance interaction in Mesoamerica. J Anthropol 

Archaeol. 2010;29(2):155-178. https://doi.org/10.1016/j.jaa.2010.01.002.  

35. Thornton EK. Reconstructing ancient Maya animal trade through strontium isotope 

(Sr87/86Sr) analysis. J Archaeol Sci. 2011;38(12):3254-3263. 

https://doi.org/10.1016/j.jas.2011.06.035.  

36. Åberg G, Fosse G, Stray H. Man, Nutrition and mobility: a comparison of teeth and bone 

from the Medieval era and the present from Pb and Sr isotopes. Sci Total Environ. 1998 

;224(1-3):109-19. https://doi.org/10.1016/S0048-9697(98)00347-7.  

37. Evans ST, Webster DL. Archaeology of ancient Mexico and Central America: an 

encyclopedia. New York, NY: Routledge; 2000. p. 441-442.   

38. Sears EL, Grube N, Garay A, Woodfill BK, Rivas AE. A STORY OF AWE AND CLAY: 

MOLD-MADE HIEROGLYPHS FROM ALTA VERAPAZ, GUATEMALA. Ancient 

Mesoamerica. 2021:1-15. https://doi.org/10.1017/S095653612000053X.  

39. Birck JL. Precision K-Rb-Sr Isotopic Analysis: Application to Rb-Sr Chronology. Chem 

Geol. 1986;56(1–2):73–83. https://doi.org/10.1016/0009-2541(86)90111-7.  

40. Bataille CP, Jaouen K, Milano S, Trost M, Steinbrenner S, Crubézy É, et al. Triple sulfur-

oxygen-strontium isotopes probabilistic geographic assignment of archaeological remains 

https://doi.org/10.1073/pnas.1713880115
https://doi.org/10.1017/S1045663500007781
https://doi.org/10.1016/j.jaa.2010.01.002
https://doi.org/10.1016/j.jas.2011.06.035
https://doi.org/10.1016/S0048-9697(98)00347-7
https://doi.org/10.1016/0009-2541(86)90111-7


 23 

using a novel sulfur isoscape of western Europe. PLoS One. 2021;16(5):e0250383. 

https://doi.org/10.1371/journal.pone.0250383.  

41. Brinkhoff T. Guatemala City, 

https://www.citypopulation.de/en/guatemala/admin/guatemala/0101__ciudad_de_guatem

ala/ (accessed 22 April 2020).  

42. Brinkhoff T. Coban, 

https://www.citypopulation.de/en/guatemala/admin/alta_verapaz/1601__cobán/ (accessed 

22 April 2021).    

43. Bermudez OI, Hernandez L, Mazariegos M, Solomons NW. Secular trends in food patterns 

of Guatemalan consumers: new foods for old. Food Nutr Bull. 2008;29(4):278-87. 

https://doi.org/10.1177/156482650802900404.  

44. Vasquez E. Guatemala Retail Foods. Guatemala City: USDA Foerign Agricultural Service, 

2018 Jun. Report No.: GT-1806.  

45. Mayén AL, Stringhini S, Ford, N. D, Martorell, R, Stein, A. D, Paccaud, F, Marques-Vidal, 

P. Socioeconomic predictors of dietary patterns among Guatemalan adults. Int J Public 

Health. 2016;61(9):1069-1077. https://doi.org/10.1007/s00038-016-0863-3.  

46. Wilson R. Maya resurgence in Guatemala: Q’eqchi’ experiences. Norman, OK: University 

of Oklahoma Press; 1999. p. 38-39.  

47. Hellin J, Cox R, López-Ridaura S. Maize diversity, market access, and poverty reduction 

in the Western Highlands of Guatemala. Mt Res Dev. 2017;37(2):188-97. 

https://doi.org/10.1659/MRD-JOURNAL-D-16-00065.1. 

48. Fenton I. Problematizing the effect of rural-urban linkages on food security and 

malnutrition in Guatemala's Western Highlands. La Paz, Bolivia: Institute for Advanced 

Development Studies, 2013 Jun. Development Research Working Paper Series No:. 03/13. 

https://doi.org/10.1371/journal.pone.0250383
https://www.citypopulation.de/en/guatemala/admin/guatemala/0101__ciudad_de_guatemala/
https://www.citypopulation.de/en/guatemala/admin/guatemala/0101__ciudad_de_guatemala/
https://www.citypopulation.de/en/guatemala/admin/alta_verapaz/1601__cobán/
https://doi.org/10.1177%2F156482650802900404
https://doi.org/10.1007/s00038-016-0863-3


 24 

49. Gordon G, Saul T, Steadman S, Knudson K, Anbar AD, Wescott D. Isotopic Taphonomy 

of Human Remains. Rockville, MD: National Criminal Justice Reference Service, 2019 

Jan. Report No.: 2014-DN-BX-K002.  

50. Tipple, BJ, Valenzuela, LO, Ehleringer, JR. Strontium isotope ratios of human hair record 

intra-city variations in tap water source. Sci Rep. 2018;8(1):3334. 

https://doi.org/10.1038/s41598-018-21359-0.  

51. Kamenov GD, Kimmerle EH, Curtis JH, Norris D. Georeferencing a cold 

case victim with lead, strontium, carbon, and oxygen isotopes. Ann Anthropol Pract. 2014 1 

;38(1):137-54. https://doi.org/10.1111/napa.12048.  2 

 3 

  4 

https://doi.org/10.1038/s41598-018-21359-0
https://doi.org/10.1111/napa.12048


 

 

25 

TABLES 1 

 2 

TABLE 1: Details of isotopic interest from individuals whose samples were analyzed for 87Sr/86Sr.  3 

Sample 

Name 
Sex 

Age  

(Years) 

Area of 

residence 

Mobility 

habits for 

Work 

Water 

Consumed 

Water used in  

home 

Water 

Origin 

Origin 

 of Food 

Hair 

Dyed 

GUAC-

2/17 
F 13 

Guatemala 

City 
None Bottled 

Piped Public 

Service 
Municipal Local No 

GUAC-

4/17 
F 34 

Guatemala 

City 
None Bottled 

Piped Public 

Service 
Municipal 

Local/ 

Unknown  
No 

GUAC-

7/17 
F N/A 

Guatemala 

City 
None Filtered 

Piped Public 

Service 
Municipal Local No 

GUAC-

11/17 
M N/A 

Guatemala 

City 

Home to 

Work 
Spring Water Well Municipal Local No 

GUAC-

12/17 
F N/A 

Guatemala 

City 

Home to 

Work 
Stream 

Piped Public 

Service/Water 

Well 

Municipal Local No 

COB-

2/17 
M 48 Carcha 

Coban 

for Study 

Purified 

Filtered 

Piped Public 

Service 
Municipal 

Answer 

Not 

provided 

No 

COB-

3/17 
M 37 Coban 

Travel to 

Senachu 

Water 

Well/Piped 

Public 

Service 

Piped Public 

Service 
Municipal Local No 

COB-

9/17 
M 28 

San 

Cristobal 

Verapaz 

Coban 

for Study 

Stream/ 

Bottled 

Piped Public 

Service 
Municipal 

Answer 

Not 

provided 

No 

COB-

10/17 
F 55 

San 

Cristobal 

Verapaz 

Coban 

for Study 

Stream/ 

Bottled 

Piped Public 

Service 

Spring of 

Chiculha 

Answer 

Not 

provided 

No 

COB-

14/17 
M 45 

Aldea  

Pasmolón 

Tactic 

Coban 

for Study 
Bottled 

Piped Public 

Service 
Municipal 

Answer 

Not 

provided 

No 

 4 

 5 

 6 

 7 

 8 

 9 

 10 

 11 
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TABLE 2: Strontium isotope ratios of corresponding leachate and digest values using hair collected 1 

from Guatemala (GUAC-Guatemala City/COB-Coban) analyzed at the NERC Laboratory, Keyworth, 2 

UK.   3 

 4 

  5 

Sample  

Name 

Sample  

Preparation 
87Sr/86Sr Mean (SD) 

GUAC-2/17 Leachate 0.7043 

0.7046 (0.0003) 

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-2/17 Leachate 0.7069 

0.7073 (0.0003) 

COB-3/17 Leachate 0.7073 

COB-9/17   Leachate   0.7072 

COB-10/17 Leachate 0.7076 

COB-14/17 Leachate 0.7074 

    

GUAC-2/17 Digest 0.7043 

0.7048 (0.0005) 

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-2/17 Digest  0.7079  

COB-3/17 Digest 0.7078 

0.7079 (0.0005) 
COB-9/17 Digest  0.7072 

COB-10/17 Digest 0.7085 

COB-14/17 Digest 0.7079 
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FIGURES 1 

 2 

FIGURE 1. A map of the Maya region from Thornton [35] adapted from Hodell et al. with associated 3 

data [28] (Elsevier©), Guatemala is highlighted using a bold outline from the Southern Lowlands to 4 

the apex of the Pacific coast. 5 
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FIGURE 2: Mean 87Sr/86Sr ratio (+/- SD) by location and method. 1 
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