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Abstract
Isotopic analysis of human remains has become a key scientific technique employed to gather
direct evidence of the diet and mobility of past populations. Geographic variation in the
isotopic ratios for two elements in particular, oxygen (O) and strontium (Sr), provides a basis
for measuring human mobility between regions with differing isotopic signatures. Human
tooth enamel acts as a time capsule, locking in the signatures of childhood food and water, so
is often the target of isotopic investigations. Understanding the level of variation in these two
isotopic systems, O and Sr, is crucial to their use in archaeological mobility and provenancing
studies. This thesis focuses on two aspects; micro-scale O isotopic variation in human tooth
enamel and macro-scale Sr isotopic variation across islands, quantifying the amount of
variation present, and investigating the causes of that variation.
Intra-tooth O isotopic variation has been investigated using in situ analysis techniques.
Archaeological human tooth samples have been used to provide a baseline value of intratooth O variation in a sample comparable with conventional bulk analysis, and to show the
implications this variation has for the archaeological narrative. Modern human tooth samples,
with known childhood histories, provide an indication of the range of intra-tooth variation
seen in stationary and mobile individuals.
Strontium isotope analysis of skeletal material requires a baseline of Sr isotopic variability in
a region to test for mobility. In this study, robust bioavailable Sr isotope maps (isoscapes) for
use in archaeological studies for the islands of Corsica and Grande-Terre, New Caledonia,
have been created using soil and plant samples. A test of the Corsican isoscape using samples
from the archaeological site of Campu Stefanu shows the applicability of these surfaces in
tracing mobility. Underlying data on surface geology, geological age, coastal influences and a
spatial assessment have been used to assess the factors driving this isotopic variation.
While developing the methodology for this study, isotopic data useful for assessments of
mobility at two additional archaeological sites, in France and Guadeloupe, were obtained. By
combining O and Sr isotopic analyses of individuals from these sites, mobility was identified,
and further light shed on their life histories.
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Chapter 1: Overview and Background
Project Scope
This thesis pursued two main themes: (1) to use in situ δ18O analysis on the Sensitive High
Resolution Ion Microprobe (SHRIMP) to investigate intra-tooth variation in δ18O in human
tooth enamel, (2) to use measurements of soil and plant samples to create bioavailable
strontium maps for the islands of Corsica and Grande Terre, New Caledonia. Each theme is
addressed in a separate section (Sections 1 and 2) which includes an introduction to the
isotopic systems and methods utilised in the subsequent studies. During the methodological
aims of this project, two archaeological case studies were undertaken, these data form Section
3 of this thesis. An introduction to isotopic analysis in archaeological studies, and human
tooth development are provided in this chapter. Thesis conclusions, and future directions for
study are covered in Chapter 11.

Section 1 – Intra-tooth δ18O variation
Intra-tooth δ18O variation has the ability to provide additional information on early life
histories, but this variation has implications on the stories of mobility identifiable with δ18O
analysis. In situ analyses on archaeological and modern human tooth enamel will be used to
describe the amount of intra-tooth δ18O variation potentially seen in a conventional bulk
sample of tooth enamel. These data will serve as a baseline in future archaeological studies.
A case study, from the Lapita Cultural Complex site of Teouma Vanuatu, will be used to
highlight the influence this variation has on mobility estimations.
This section consists of three chapters; an oxygen isotope introduction chapter (Chapter 2), a
results chapter with data from analyses on archaeological and human tooth enamel (Chapter
3), then a discussion of the archaeological implications of intra-tooth δ18O variation (Chapter
4). All chapters in Section 1 are written as traditional thesis chapters.
Specific aims of this section were to:
1. Identify the offset between in situ ẟ18O and carbonate ẟ18O measurements in human
tooth enamel and identify the most appropriate method for comparing in situ ẟ18O and
carbonate ẟ18O measurements (Chapter 2 and Chapter 4).
2. Describe the range of intra-tooth ẟ18O variation in archaeological and modern human
tooth enamel samples (Chapter 3).
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3. Highlight how the range of ẟ18O within single teeth influences archaeological
interpretations of mobility (Chapter 4).
4. Provide an assessment of mobility at the archaeological site of Teouma, Vanuatu,
using oxygen isotopic analysis (Chapter 4).
Data from two archaeological sites presented in Chapter 4, are discussed in detail later in the
thesis (Section 3), so in Chapter 4 the archaeological contexts are not introduced in detail.
References to the detailed descriptions of these sites are included where necessary.

Section 2 – Bioavailable 87Sr/86Sr mapping
Archaeological mobility studies are reliant on baseline measurements of bioavailable
87

Sr/86Sr variability in the environment. In order to define bioavailable Sr on Corsica, and

Grande Terre, New Caledonia, sampling of soil and plant occurred across both islands.
Latitude and longitude, with plant, soil and average 87Sr/86Sr for each sampling site is
provided (see Appendices D and E for full datasets). These data will hopefully prove useful
in the development of archaeological mobility studies on these islands. This section consists
of the an introduction chapter to strontium isotope mapping (Chapter 5) along with three
results chapters; mapping bioavailable Sr on Corsica (Chapter 6), an investigation of mobility
at the site of Campu Stefanu (Chapter 7), and mapping bioavailable Sr on Grande Terre, New
Caledonia (Chapter 8). All chapters in Section 2 are written as traditional thesis chapters.
Specific aims of this section were to:
1. Produce bioavailable (soil and plant) 87Sr/86Sr datasets for both Corsica and Grande
Terre (Chapters 6 and 8).
2. Create Sr isoscapes for both islands allowing for future archaeological mobility
studies (Chapters 6 and 8).
3. Investigate mobility of three individuals, using laser ablation Sr analysis on tooth
enamel, from the archaeological site of Campu Stefanu using the Sr isoscape created
for Corsica (Chapter 7).

Section 3 – Archaeological applications
Isotopic analysis on human remains from two archaeological sites; Le Tumulus des Sables,
southwest France (Chapter 9), and L’Anse Sainte Marguerite, Guadeloupe (Chapter 10), are
presented in Section 3. Analyses from these sites include O, Sr, C and N, along with
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radiocarbon dating. These two chapters were written as standalone publications, with Chapter
9 already published in the Journal of Archaeological Science: Reports and Chapter 10 ready
for submission. In situ oxygen isotope data from these sites were included in Chapter 3, these
data are discussed here for their archaeological significance.
Specific aims of Chapter 9 were to:
1. Investigate the use and reuse of the Le Tumulus des Sables burial mound through
radiocarbon dating.
2. Identify diet and mobility of individuals buried at Le Tumulus des Sables using O, Sr,
C and N isotope analysis.
Specific aims of Chapter 10 were to:
1. Identify first generation enslaved individuals who were buried at L’Anse Sainte
Marguerite using O and Sr isotope analysis.

Appendices
Additional data from this PhD has been included in the Appendices. Appendix A, contains
the paperwork for Human Ethics Clearance that was required for the modern human tooth
enamel δ18O analyses undertaken in this thesis (Chapters 3). Appendix B contains
environmental ẟ18OW measurements and ẟ18OIS profiles for Chapter 3, and Appendix C
provides additional data from Teouma, Chapter 4. Appendices D and E contains the Sr
environmental data from the bioavailable Sr mapping of Corsica and New Caledonia.
During the PhD program the author was involved in the publication of four additional papers
not included in this PhD thesis, details of which have been included in Appendix F.

1.1. Isotopes for reconstructing mobility and archaeological
provenancing
The use of isotopes was adopted by the archaeological community from the medical,
environmental science and ecology fields. The first archaeological study using isotopes,
published in 1977, showed the potential of carbon isotopes in human bone collagen to
provide dietary information (Vogel and van der Merwe, 1977). The potential of oxygen (O)
isotopes to reconstruct the drinking water sources from human and animal skeletal remains
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was first identified (Longinelli, 1984; Luz, 1984) and then archaeological use of O isotopes in
human mobility studies began in the 1990s (Schwarcz & Schoeninger 1991; White et al.,
1998; 2002, Dupras et al., 2001, Hoogewerff et al., 2001). The potential of strontium isotopes
for archaeological mobility analysis was identified in the 1980’s (Ericson 1981; 1985), with
the first in mobility analysis appearing in the 1990s (Schwarcz et al., 1991; Grupe et al.,
1997). Since their adaption, O and strontium (Sr) isotopes have been regularly applied to
archaeological questions and numerous studies have used both systems in a multi-isotope
approach (Bentley et al., 2007; Chenery et al., 2010; 2011).

1.1.1. Emerging potentials of Sr and O isotopic analysis
Bioarchaeology, the study of biological material from archaeological contexts, allows for an
assessment of mobility using a variety of techniques including isotopic analysis, assessment
of skeletal modifications, skeletal metrics, non-metric traits, and DNA analysis (Gregoricka,
2021). Isotopic analysis, in particular, can be utilised to provide estimations of mobility
beyond a binary, local or non-local identification, through the development of site baselines,
regional mapping of isotopic landscapes (isoscapes), and the addition of other isotopic
systems or non-isotopic sources of information. A key benefit of isotopic analysis is it allows
for the direct measurement of a past individual. Through combining these individual
measurements with additional sources of information; archaeological, historical, genetic,
anthropological, environmental, hydrological, or geological, on that individual and their
burial environment, a picture of early and later life history emerges. Isotopic analysis on an
entire burial population allows for a larger scale assessment of social, cultural, economic,
demographic, and environmental conditions experienced in the past, and can highlight
movements of individuals previously invisible in the archaeological record (Knudson and
Stojanowski, 2008; Gregoricka, 2021).
Small scale or long-distance movements, seasonal mobility or permanent one-way
relocations, if traversing isotopically distinct landscapes, have the possibility to be identified
with isotopic analysis. How these types of mobility can be identified using isotopic analysis
and defined in the archaeological record is debated. Wendrich and Barnard (2008) define
mobility as the “capacity and need for movement from place to place”, a purposefully vague
statement that does not mention any factor motivating individuals to move. The motivations
behind mobility are driven by a vast array of social, cultural, economic, environmental or
personal factors, and vary in the scale, group size and identity of those involved (Tsuda et al.,
2015; Frieman et al., 2019; Gregoricka, 2021). In the archaeological record, uncovering
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evidence for such movements is difficult, and understanding the motivations is impossible
with isotopic evidence alone. Archaeological samples do not provide a complete picture of
the past; the limited number of samples, are often not representative of the entire population
and are heavily reliant on the survivability of these materials in the archaeological record.
The time period captured by the available samples and the time period recorded in those
tissues, is often limited and interrupted.
It is also important to note that Sr and O isotopic analysis do not directly measure an
individual’s mobility, instead they provide an indication of where people were sourcing their
food and water, which is assumed to change with mobility. For people living in isotopically
diverse landscapes, sourcing of food and water may involve crossing isotopic boundaries,
leading to the consumption of a variety of isotopic signatures. This may appear as mobility
when in reality the population is sedentary and resource sources are changing (Lightfoot et
al., 2014). Large intra-population isotopic variation can also be seen in these populations
(Lightfoot and O’Connell, 2016). In isotopic analysis the boundaries between regions can be
both smooth (often in continuous systems such as precipitation ẟ18O) or abrupt (such as a
distinct change in bedrock influencing bioavailable Sr), and do not correspond to
geographical, social, cultural or political boundaries, which themselves are not always
discrete (Bernardini, 2011; Pellegrini et al., 2016; Willmes et al., 2018). Mobility identified
through isotopic analysis is only visible when isotopic variation is present, so the possibility
for missing mobility or not identifying small scale movements is possible. Carbon and
nitrogen isotopes, often employed to investigate past diet, can also provide an indication of
mobility using the assumption that mobility leads to a diet change (Sparkes et al., 2012).
Archaeological isotopic analysis using O and Sr isotopes can provide insight in many
scenarios; immigration (Knudson et al., 2012; Bentley et al., 2005; Ortega-Muñoz et al.,
2021) or the lack of immigration (Gregoricka and Sheridan, 2017), forced movements
(Schroeder et al., 2009), transhumance and pilgrimage (Meijer et al., 2019), patterns of food
or water consumption (Lightfoot et al., 2014), resource sources (Moncel et al., 2019), trade
networks including object or animal trades (Laffoon et al., 2014; Sharpe et al., 2018), and
climate changes (Stojanowski and Knudson, 2014; Smith et al., 2018).
It is important to note though, that regional isotopic signatures are not unique and it is
entirely possible that other regions with similar climate or geology possess those same values.
Isotopic information can then only disprove a source hypothesis, not prove origin from a
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specific source (Knudson and Price, 2007; Lightfoot and O’Connell, 2016). Conclusions from
isotopic analyses can be strengthened by the use of more than one isotopic system (Sr, O, C,
N, Pb, S), or the addition of more information from archaeological, scientific, genetic,
linguistic, or historical studies. These additional data can help exclude or restrict potential
regions of origin.
In this thesis, the term mobility is used to describe differences in isotopic value that are
feasibly due to geographical movement. Feasibility will be assessed using site specific
isotopic baselines, regional isotope mapping or additional information sources such as
archaeological or historical records. In the archaeological case studies of this thesis,
additional information, where available, is used to try to contextualise this mobility
prediction, and the assessments of mobility are purposefully conservative.

1.2. Teeth
Teeth consist of two elements, the crown and the root. The crown is covered by enamel, a
highly mineralised and resistant layer, supported underneath by dentine. The living element
of the tooth, pulp, sits within the dentine structure and contains the nerves and blood supply,
feeding the tooth. The root is covered by cementum, which is connected to the alveolar bone
by the periodontal ligament (Fig. 1.1) (Hillson, 2005; Nanci, 2012).
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Figure 1.1: Elements and structure of the human tooth (Blausen.com, 2014)

1.2.1. Timing of tooth formation
Tooth formation is a complex process which in humans begins in utero and continues until
adolescence, with some teeth taking years between initial formation to completion and then
finally eruption (Table 1.1 and Table 1.2).
Humans have two sets of teeth: deciduous and permanent dentition. Deciduous dentition,
often referred to as baby or milk teeth, begin formation in utero (~14 weeks gestation) and
eruption occurs during early childhood (Table 1.1). A full set of baby teeth consists of 2
incisors, 1 canine and 2 premolars in each quadrant, 20 teeth in total. Deciduous dentition is
later replaced by the permanent dentition as the jaw size grows and can accommodate a larger
and more expansive tooth set, beginning with the first molar at around 6 years of age (Schour
and Massler, 1941). Permanent dentition (adult teeth), also begin formation in utero, at
around 30 weeks gestation (Hillson, 2014) and continue to develop into late childhood (Table
1.2). Permanent dentition consists of 2 incisors, 1 canine, 2 premolar and 3 molars in each
quadrant, 32 teeth in total. Deciduous dentition formation and eruption are influenced by the
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gestation age at birth (Hillson, 2014), and eruption of permanent dentition is influenced by
nutrition and biological sex, with females typically attaining teeth earlier than males (Hillson,
2014). Ages of attainment for tooth development and eruption stages have been developed
from modern tooth sets and are typically used for age estimation of skeletal remains in both
archaeological and forensic settings. Variations are seen within and between populations and
modern datasets may not accurately represent archaeological populations, in different cultural
and environmental settings (Hillson, 2014).
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Table 1.1: Enamel formation time (days) for deciduous human tooth enamel, 95% confidence limits in brackets (Birch and Dean, 2014)
Central incisor (i1) Lateral incisor (i2) Canine (c)
First molar (m1)
Second molar (m2)
Enamel formation before
birth (days)

144 (137 – 152)

136 (131 – 142)

128 (121 – 135)

140 (135 – 146)

118 (113 – 122)

96 (89 – 103)

113 (107 – 119)

302 (280 – 322)

186 (175 – 197)

389 (373 – 403)

240 (226 – 255)

249 (238 – 260)

430 (401 – 458)

326 (310 – 342)

506 (487 – 524)

Enamel formation after
birth (days)
Total enamel formation
time (days)

Table 1.2: Ages of formation, crown completion and eruption of the permanent dentition (Schour and Massler, 1944; AlQahtani et al., 2010;
Ash and Nelson, 2010).
Stage
I1
I2
C
P1
P2
M1
M2
M3
Initial
10 – 12
1.5 – 1.75
formation
3 - 4 months
4 – 5 months
2 – 2.5 years Birth
2.5 – 3 years 7 – 9 years
months
years
begins
Crown
completion
Eruption
(years)
maxilla
(mandible)

4 – 5 years

4 – 5 years

6 – 7 years

5 – 6 years

6 – 7 years

2.5 – 3 years

7 – 8 years

12 – 16 years

7.5 (7.5)

9.9 (7.5)

12.5 (11.5)

11.5 (11.5)

12.5 (12.5)

6.5 (6.5)

13.5 (12.5)

20.5 (20.5)
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1.3.2. Tooth enamel formation
Tooth enamel formation, amelogenesis, starts very shortly after the beginning of
dentinogenesis, the formation of the dentine (Hilson, 2009). Dentine, like enamel, is a
predominately hydroxyapatite material, but does contains a larger quantity of organic
compounds including collagen (Hillson, 2005). Amelogenesis is a two stage process; matrix
production followed by maturation. During matrix production, an organic rich, mineral poor
matrix (37% inorganic, 19% organic, 44% water), is secreted by ameloblasts moving from
the enamel dentine junction (EDJ) to the surface of the enamel (Moss-Salentijn et al., 1997;
Williams and Elliot, 1979). This formation process leaves incremental banding in the enamel,
likely due to the metabolic variation in ameloblast secretion; cross striations and striae of
Retzius (Suga, 1982; Risnes. 1986; Dean, 2000). Cross striations represent a 24 hour growth
period, a rate of about 3.5µm per day (Risnes, 1986; 1998; Antoine et al., 2009). Striae of
Retzius, lie like concentric rings first around the tooth cusps, then as sleeves along the length
of the enamel, representing between 6-12 days growth (Fig. 1.2) (Risnes, 1998 Schwartz et
al., 2001). Striae of Retzius which reach the surface of the enamel are termed perikymata
(Risnes, 1998). Counting of these growth bands allows for a chronology of events seen in the
enamel, and to establish age of individuals (Bromage and Dean, 1985; Boyde 1963; Smith
2006;2008; Smith et al., 2018).
During maturation, water and proteins are removed, mineral content increased, apatite
crystals enlarge, resulting in highly mineralised enamel. The density of the enamel increases
from 1.45 g/cm3 to 2.9-3.0 g/cm3 (Williams and Elliott, 1979). Maturation occurs on multiple
mineralisation fronts, which do not correlate with the incremental growth lines (Suga, 1982;
1989). Ameloblasts are lost during maturation and tooth eruption, removing any potential for
future replacement or regeneration of enamel (Nanci, 2012).
Mature permanent tooth enamel consists of 96% inorganic material (by dry weight),
predominately made up of bioapatite, here a calcium phosphate mineral called
hydroxyapatite, Ca10(PO4)6(OH)2. Enamel crystallites are longer than those found in both
bones and dentine and are packed tightly together to create the highly mineralised mass
(Hilson, 2009). Various ions substitute into hydroxyapatite, the most important in isotopic
studies being the substitution of carbonate ions (CO3-) in place of phosphate, accounting for
3–6% of the enamel by dry weight (Hillson, 2005; LeGeros, 1996). The hydroxyl group (OH) can be substituted by a variety of other ions, most commonly fluoride (F-), but also
carbonate, and the calcium can also be substituted by sodium (Na+) or strontium (Sr+) ions
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(Hillson, 2005). Strontium is found in tooth enamel at concentrations of 50-400 parts per
million, with no distribution variation seen within the enamel (Williams and Elliot, 1979;
Brudevold and Söremark, 1967). The organic component of tooth enamel (~4%) consists
primarily of proteins (Williams and Elliot, 1979). These proteins are not evenly distributed
throughout the enamel structure, with the protein content increasing from the surface towards
the EDJ (Williams and Elliot, 1979; Brudevold and Söremark, 1967).

Figure 1.2: Incremental pattern of enamel (lightest purple) and dentine formation (adapted
from Avery, 2000).
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In situ analysis of O isotopes in
human tooth enamel

33

Section 1: In situ analysis of O isotopes in human tooth
enamel
The use of O isotope analysis in archaeological studies of mobility relies on there being a
difference between locals and non-locals in a study population, with the assumption that the
difference relates to movement. Issues with the use of δ18O to differentiate between groups
have been noted previously (Lightfoot and O’Connell, 2016). Questions asked have centred
around: (1) Is there enough difference across a continent (e.g. Europe) to establish an origin?
(Lightfoot and O’Connell, 2016). (2) How different do individuals need to be to be identified
as a non-local? (Lightfoot and O’Connell, 2016).
Small scale δ18O variation within human tooth enamel has been observed in a handful of
studies (Wright, 2013; Krzemińska et al., 2017; Smith et al., 2018; Price et al., 2019), but the
amount of variation and how this variation influences the archaeological narratives of
mobility has not yet been explored.
Chapter 2 provides an introduction to O isotopes, their variation in the environment and how
they have been used in archaeological science. This chapter also presents data produced in
this PhD thesis, which compares carbonate ẟ18O to ẟ18O in situ measurements in human tooth
enamel.
Chapter 3 presents archaeological and modern human intra-tooth δ18O data, to provide a
baseline of δ18O variation in a bulk analysis, for consideration in future O mobility studies.
Chapter 4 presents a case study from the Lapita Cultural Complex burial site of Teouma to
highlight the effect of intra-tooth δ18O variation on the archaeological narrative of mobility
by comparing these new analyses with previously published bulk δ18O analyses (Bentley et
al., 2007).
Ethics approval for the collection and analysis of modern deciduous human teeth can be
found in Appendix A.
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Chapter 2: Introduction to oxygen isotopes
2.1. Oxygen isotopes
Oxygen has three natural stable isotopes, 16O, 17O and 18O, which occur in differing
abundances (Table 2.1).
Table 2.1. Approximate natural abundance of stable O isotopes (from Schoeller, 1999).
Isotope
Fractional Abundance
16

O

0.99755

17

O

0.00039

18

O

0.00206

Oxygen isotope analysis for archaeology involves measuring the ratio between 16O and 18O.
The result is expressed relative to a known standard as δ18O. The calculation of δ18O values
follows;
𝛿=(

𝑅𝑠𝑎𝑚𝑝𝑙𝑒 − 𝑅𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑
) × 1000 (‰)
𝑅𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑

where R is 18O/16O in the standard or sample and δ18O is expressed in per mille (‰). Positive
δ18O indicates an enrichment in 18O relative to the standard, negative δ18O indicates a
depletion.

2.1.1. Oxygen standards
The primary standards used for O isotope analysis are Vienna Standard Mean Ocean Water
(VSMOW) and Vienna Pee Dee Belemnite (VPDB). As neither is available for direct
analysis, numerous secondary standards are used, such as calcites NBS18 and NBS19. The
standard used for the present work was Durango3 mineral apatite, which has an
independently determined value of δ18Oapatite = 9.8‰ VSMOW (Lécuyer et al., 1993; Rigo et
al., 2012), chosen as the closest-possible matrix match to tooth enamel. All results reported in
this thesis are relative to VSMOW. As VSMOW is the standard, the δ18O of the Ocean is 0‰
(Craig, 1961). Conversions of δ18O results cited relative to VPDB were undertaken using:
𝛿 18 𝑂(𝑉𝑆𝑀𝑂𝑊) = 1.03091 x 𝛿 18 𝑂(𝑉𝑃𝐷𝐵) + 30.91
(Coplen et al., 1983)
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2.1.2. δ18O in precipitation
The δ18O of precipitation (δ18OW) is sensitive to climate (Dansgaard, 1964) and changes with
the temperature, latitude, elevation, season, and source and quantity of precipitation
(Dansgaard, 1954, 1964; Gat, 1996; Bowen and Wilkinson, 2002), creating a distinctive
global geographic profile (Fig. 2.1).
This geographic profile relates in large part to the different effects that evaporation and
precipitation have on 16O and 18O. As water evaporates, due to kinetic effects, 16O
preferentially enters the vapour phase, causing the atmospheric water vapour to become
depleted in 18O relative to its source. During precipitation 18O preferentially enters the liquid
phase, so precipitation is isotopically heavier than the atmospheric vapour (Fig. 2.2).
Atmospheric vapour in an air mass becomes isotopically lighter with each precipitation event,
termed the rainout effect.
As fractionation is energy dependent, the δ18O of precipitation has a strong relationship with
temperature (Dansgaard, 1964). With decreasing temperature 16O is preferentially removed as
vapour from the source and 18O preferentially removed from atmospheric water vapour. In
precipitation, fractionation of O is therefore greater at low temperatures.
Given that fractionation is temperature sensitive, δ18Ow decreases (isotopically lighter) with
increasing latitude and elevation (Dansgaard, 1954; 1964; Craig, 1961; Gat 1996; Bowen and
Wilkinson, 2002). Latitude and elevation play off against each other; at high latitudes, surface
temperature has a positive relationship with δ18O values, counteracting differences due to the
amount of rain, and at tropical latitudes, isotopic differences are influence by the amount of
rain, as temperature does not vary significantly (Bowen and Wilkinson, 2002). On average
δ18O decreases by 0.5‰ per degree increase in latitude (Dansgaard, 1964; Yurtsever, 1975)
and up to 0.5‰ per 100 m increase in elevation (Gat, 1980).
The continental effect is also a product of the amount effect. As a rain system moves across a
landmass the air mass becomes isotopically lighter, due to the preferential removal of the
heavier isotope (Dansgaard, 1954; 1964; Bowen and Wilkinson, 2002). This effect leads to a
geographic gradient in isotopic values, as seen across Europe and North America (Fig. 2.1).
A seasonal change in ocean temperature changes the source characteristics over the ocean,
which leads to changes in rainfall isotopic values (δ18OW) between winter and summer (Gat,
1996). Individual weather events such as storms or hurricanes, which may occur on a
seasonal basis, can add to this effect.
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2.1.3. Ground and surface water δ18O
Surface water δ18O is influenced by its component water sources and includes inputs from
groundwater reservoirs, recharge from river waters possibly from isotopically distinct settings
(such as higher elevation precipitation, snow or glacial melt) or exchange with geological
material of different compositions, particularly with limestone (Gat, 1971; Gat and
Dansgaard, 1972).
The exposure of water bodies, such as lakes and reservoirs, to evaporation can lead to an
enrichment in 18O relative to the precipitation (Craig, 1961; Gat, 1996). Seasonal additions
from other water sources (such as melting ice) can have the reverse effect, lowering the δ18O
of the water body (Meier et al., 2013). The long residence time, and large volumes of surface
water bodies and groundwater, along with the mixture of various water sources, reduces the
variation in δ18O values with seasonal and longer-term climatic variability. They can appear
isotopically stable over time (Daux et al., 2008; Pederzani and Britton, 2019). Despite all
these influences on regional water sources, the δ18O of tooth enamel has been shown to
correspond most closely to the δ18O of local precipitation (Daux et al., 2008).

Figure 2.1: δ18O (‰) in global annual precipitation relative to VSMOW (raster dataset from
Waterisotopes.org; mean annual and monthly precipitation grids Bowen and Revenaugh,
2003 and Bowen et al., 2005)
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Figure 2.2: O isotope fractionation process (adapted from Bruckner, 2015)

2.1.4. δ18O in mammals
For many obligate drinkers, such as humans, most of the water consumed comes from
drinking water, which is often sourced locally from precipitation. The isotopic composition in
human tissues therefore relates to the rainfall values in the region where the individual lived
when the tissue was forming (Longinelli, 1984; Luz, 1984). The δ18O in bone and dental
bioapatite is determined by the δ18O of body water, which is directly linked to the oxygen
isotope ratio of drinking water (Longinelli, 1984). Humans, as large mammals, maintain a
constant body temperature (~ 37oC), so the O isotopic signature in human tissues is not
influenced directly by temperature, changing only with the composition of ingested water and
the output of O in breath, urine, and vapour (Longinelli, 1984; Luz, 1984).

2.1.5. δ18O in food
The major contributor of O into body water is in the form of drinking water, but diet and
respiration also contribute (Bryant and Froelich, 1995). Plant material, such as leaves, is
enriched in 18O, due to plant physiology, and environmental factors such as humidity, water
stress and stomatal opening, leading to higher δ18O relative to local precipitation (Gat, 1996;
Schmidt et al., 2001; Thiem et al., 2004; Cernusak et a.,2016). Animal tissues are also
enriched in 18O due their own diet (herbivorous, omnivorous or carnivorous) and additional
physiological stresses and variability.
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Cooking methods such as boiling, stewing and brewing result in progressive evaporation of
the cooking water, enriching it in 18O by 1.05–1.2‰ (Daux et al., 2008; Brettell et al., 2012).
Frying, boiling and roasting of meat products (terrestrial and marine origins) changes the
δ18O by between -2.8‰ and 5.1‰, while slow cooking can lead to an increase in δ18O by up
to 7‰ (Royer et al., 2017; Tuross et al., 2017). The consumption of liquids other than water
has the potential to alter O isotopic values. Milk, both human breastmilk and other animal
milk, is isotopically heavier relative to environmental water, and prepared liquids, such as
beer or teas, where evaporation leads to isotopically heavier liquids, would influence human
tissue values (Lin et al., 2003; Brettell et al., 2012). Humans also have social and cultural
customs that influence the isotopic intake of individuals. Social or gendered groups eating
particular types of foods, using particular cooking methods or using particular resource
gathering techniques (hunting, fishing, gathering) can create isotopic groups within a whole
population.

2.2. δ18O in archaeology
The potential use of O isotopes to reconstruct the drinking water sources from human and
animal skeletal remains was first identified in the 1980s (Longinelli, 1984; Luz, 1984).
Archaeological use of O isotopes in human mobility studies began in the 1990s (Schwarcz et
al 1991; White et al., 1998; 2002, Dupras et al., 2001, Hoogewerff et al., 2001). Oxygen
isotopes are frequently combined with additional isotopic systems (e.g. Sr, C, N) to provide a
stronger multi-isotope approach to answer archaeological questions on mobility (Chenery et
al., 2010;2011; Bentley, 2007; Mauder et al., 2019).

2.2.1. Measuring δ18O in human tooth enamel
Oxygen isotope analysis of human tooth enamel can be conducted on the phosphate (δ18OP)
or carbonate fraction (δ18OC), or on the bulk O which includes phosphates, carbonates,
hydroxyls, oxides, and silicates (review in Kohn and Cerling, 2002). Carbonate compositions
are derived from blood bicarbonate, which is isotopically equilibrated with body water, while
phosphate compositions are a result of body water which has undergone a series of reactions
introducing kinetic isotope effects (Podlesak et al., 2008; Pellegrini et al., 2011). These
differing routes introduce differences in the isotopic compositions measured on each fraction,
but there is a linear relationship between δ18OC and δ18OP in the enamel of mammals
(Iacumin et al., 1996; Kirsanow and Tuross, 2011; Podlesak et al., 2008).
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Phosphate-bound O accounts for over 85% of the O in hydroxyapatite (Kohn and Cerling,
2002). Conventional bulk analysis of phosphate O is a multi-staged, expensive and
comparatively long process involving extraction of phosphate from the enamel, its conversion
to silver phosphate, extraction of O, and then conversion into carbon dioxide for analysis
(Stuart-Williams, 1996, 1997). Analysis of the phosphate-bound fraction rather than the
carbonate-bound fraction of tooth enamel has several advantages, however. Values in the
phosphate fraction of tooth enamel are less susceptible to diagenesis, compared to the
carbonate fraction, as the P-O bond is stronger than the C-O bond (Sharp et al., 2000).
Bulk O analysis involves measurements of all O in the enamel (phosphates, carbonates,
hydroxyls, oxides, and silicates), although the measurement is dominated by the phosphatebound O. Bulk analysis can be undertaken using several techniques; laser fluorination (Kohn
et al., 1996; Jones et al., 1999), ion probe (Eiler et al., 1997; Aubert et al., 2012) and direct
thermal decomposition (Sharp and Cerling, 1998; Sharp et al., 2000). Carbonate O analysis
(measuring < 12% of O) is a cheaper and quicker form of analysis, which also provides
carbon isotope information, and has become common practice in archaeological
investigations.
The incorporation of O isotopes into skeletal tissues involves a fractionation, leading to
offsets between measurements on different O fractions. The isotopic offset between structural
carbonates (δ18OC) and body water is ~ 27‰; the phosphate (δ18OP) to body water offset is
smaller ~ 18‰ (Kohn and Cerling, 2002; France and Owsley, 2015). Experimentally, the
constant body temperature of humans (37oC) leads to a fractionation factor of 7.5‰ between
carbonate and phosphate O but, there is scatter of ~ 3.5‰ around this value (Lécuyer et al.,
2010). Theoretical determinations of the internal O isotope fractionation returned similar
values of ~ 8% at 37oC (Aufort et al., 2017).
Measured differences between δ18OC and δ18OP in human tooth enamel are reported as 7.8 ±
1.5‰ (France and Owsley, 2015) and are described by the equation:
δ18 OP = 1.0322 (±0.008) x δ18 OC − 9.6849 (±0.187)
(Chenery et al, 2012)
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2.2.2. Comparison of carbonate ẟ18O and in situ ẟ18O in human tooth enamel
For the present study, δ18O was measured in situ using a Sensitive High Resolution Ion
MicroProbe (SHRIMP), detailed description of method is found in section 2.3.2. It is
believed that these analyses return a predominantly phosphate O measurement from tooth
enamel. This conclusion is supported by the SHRIMP in situ O analyses of conodonts, extinct
microfossils composed of calcium phosphate, in which it is found that the δ18O measured on
carbonate-bearing hyaline body tissue is no higher than that measured on carbonate-free albid
tissue from the same conodont element (Williams, pers comm; Trotter et al., 2016).
To establish the isotopic difference between ẟ18O in situ, here termed δ18OIS, measurements
and conventionally measured δ18OC, 26 teeth from two archaeological sites, Le Tumulus des
Sables and L’Anse Sainte Marguerite were analysed for this thesis using both methods (Table
2.2, Fig. 2.3). These archaeological sites are discussed in detail in later chapters. In brief, Le
Tumulus des Sables is a burial mound in southwest France used over 2,000 years until 12751120 cal. BC (see Chapter 9) and L’Anse Sainte Marguerite is an historic cemetery in
Guadeloupe (see Chapter 10).
An average δ18OIS was then compared to the paired δ18OC. From this dataset, the following
relationship between δ18OC and δ18OIS was obtained:
δ18 OC = 0.93 x δ18 OIS + 9.98

R2 = 0.69

with an average difference between δ18OC and δ18OIS of 8.5 ± 0.6‰.
No statistically significant difference (df = 24, p = 0.5747) was found between the values
obtained from these two archaeological sites (Le Tumulus des Sables = 8.5 ± 0.7, L’Anse
Sainte Marguerite = 8.6 ± 0.4). The difference between δ18OIS and δ18OC measurements of
tooth enamel correspond to published δ18OC and δ18OP differences, lending strength to the
assumption that the δ18OIS analyses in the present study represent a measurement of δ18OP.
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Figure 2.3: Comparison of an average ẟ18OIS and ẟ18OC paired measurements. Outlier at
bottom left is represented by the lowest number of ẟ18OIS measurements. Analytical
uncertainty on SHRIMP measurements is ẟ18O = 0.1‰.
Table 2.2: Measurements from paired ẟ18OIS and ẟ18OC in human teeth from two
archaeological sites (Le Tumulus des Sables and L’Anse Sainte Marguerite) (VSMOW).
Analytical uncertainty on SHRIMP measurements is ẟ18O = 0.1‰.
δ18OC
Averaged
Difference
(‰)
δ18OIS (‰)
(‰)
Le Tumulus des Sables burial mound
A1
29.0
20.1
8.8
A2
28.1
19.2
8.9
A3
28.2
19.6
8.6
A5
28.5
19.8
8.7
A7
28.7
19.7
9.1
A8
28.9
19.8
9.1
A10
28.6
19.9
8.7
A12
28.7
20.8
8.0
A13
27.9
19.4
8.5
A14
29.0
20.4
8.6
A15
28.5
19.8
8.7
A16
28.8
19.5
9.2
A17
27.6
19.6
8.0
A18
26.0
19.6
6.4
ID

δ18OC
Averaged Difference
(‰)
δ18OIS (‰)
(‰)
L’Anse Sainte Marguerite cemetery
S225 3096
28.6
8.3
20.3
S140 3093
29.4
9.0
20.4
S250 3098
28.4
8.8
19.6
S250 3098
28.4
9.3
19.1
S97 3091
30.6
8.1
22.5
S45 3088
30.6
9.1
21.5
S223 3095
28.1
8.7
19.4
S27 3086
27.9
8.0
19.9
S257 3099
30.4
8.7
21.7
S91 3090
28.9
9.0
19.9
S152 3094
28.3
8.4
19.9
S36 3087
30.9
8.4
22.5
ID
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2.2.3. Tooth enamel formation and δ18O incorporation
Exactly when, during enamel formation, the O isotopic composition of newly-forming tooth
enamel becomes fixed is a matter of debate. The δ18O time series from the initial matrix
formation phase, identifiable from growth lines, has been suggested to be shifted, overprinted
or attenuated by the subsequent maturation phase (Passey and Cerling, 2002; Zazzo et al.,
2005). The time lag in the mineralisation process, along with biological factors such as
drinking behaviours and the reservoir effect of the body, may decrease the time resolution in
the isotopic signal, but with enamel layers still showing a chronological order (Balasse, 2002;
2003; Kohn, 2002; 2004). The consumption of a variety of liquids or differing water sources
may lead to the body water reservoir showing an isotopic signal representative of all these O
sources.
Previous in situ studies showed agreement between δ18OIS, elemental mapping, and growth
lines, suggesting that the δ18O time series is preserved in human tooth enamel (Smith et al.,
2018). Placement of these minuscule (< 30µm) in situ measurements adjacent to the enameldentine junction (EDJ), allows this time series to be read (Blumenthal et al., 2014; Smith et
al., 2018).

2.2.4. Sources of isotopic variation
Isotopic variation within human tooth enamel results mainly from changes in the isotopic
composition of the individual’s drinking water and food during the period of tooth formation.
While δ18O analysis is often applied to assess mobility in a population, it is not only mobility
that can drive variation. Additional factors such as diagenetic influences, chemical or
physical factors in the burial environment, can change the δ18O of the enamel in whole or in
part. In seasonal environments, at mid and high latitudes, these changes would be most
evident in stationary populations. In tropical regions, where the amount of rain is the primary
driver of ẟ18O variation, seasonal effect would be less obvious (Bowen, 2008).
Climate variation, water source selection and storage, food and water preparation,
consumption of milk, and breastfeeding can all play a role in introducing δ18O variation into
an individual’s tissues.
Precipitation δ18O in a region may change on a seasonal, annual or longer-term basis.
Seasonal or one-off weather events, such as storms, introduce δ18O variation over short time
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frames causing sharp changes in δ18OW in an environment. Modern weather station data, from
the International Atomic Energy Agency (IAEA) Global Network of Isotopes in Precipitation
(GNIP) database, for France for example, show an average shift of 3‰ between summer and
winter δ18OW values (IAEA/WMO, 2020).
Seasonal and environmental variations have been identified in inter- and intra- tooth profiles
in herbivore tooth enamel (Balasse, 2003; Fraser et al., 2008; Stevens et al., 2011; Luyt and
Sealy, 2018). During one cyclone in the Caribbean, a change in δ18OW of ~ 6‰ during the
cyclone remained in the environment for ~ 2 weeks afterwards (Lambs et al., 2018). Longer
term climate changes, such as the El Niño Southern Oscillation (ENSO), also influence
δ18OW, with ENSO changes to δ18OW visible across the Pacific Ocean, from the US to
Australia (Welker et al., 2012; Boysen et al., 2014). Isotopic change in rain is not the only
factor creating a climate pattern. Seasonal changes in diet, such as switching between
seasonal food sources or behaviours, or changing water sources or water availability in the
environment, may also be adding to this seasonal pattern (Balasse, 2003). Unlike other
mammals which exhibit birth seasonality, humans do not restrict birth to seasons, which
should be reflected as a range of ẟ18O patterns within tooth enamel (Balasse et al., 2003;
Frémondeau et al., 2012).
The consumption of stored water that has been subject to evaporation leads to isotopically
heavier tissue values (Gat, 1996). Drinking from controlled water sources, such as wells, may
negate seasonal or evaporative differences (Fricke and O’Neil, 1996). Sourcing drinking
water from rivers or groundwater, where additional isotopic inputs have occurred (e.g. snow
melt) can lead to drinking water being isotopically different from local precipitation (Daux et
al., 2008).
The consumption of prepared liquids by processes such as brewing and stewing, alters the
ingested δ18O, adding variation to the enamel isotopic signature (Daux et al., 2008; Bretell et
al., 2012). Plants and animal products are inherently enriched in 18O, leading to more positive
δ18O (Gat, 1996) with preparation such as slow cooking, frying, roasting, and boiling of food
typically increasing δ18O further (Royer et al., 2017; Tuross et al., 2017). Milk is isotopically
enriched compared to drinking water, so higher δ18O is seen in teeth formed during
breastfeeding, with a decrease upon weaning or seen during the consumption of animal milks
(Wright and Schwarcz, 1999; Wright, 2013; Britton et al., 2015).
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2.2.5. Intra-tooth δ18O variation
Intra-tooth δ18O sampling of archaeological faunal remains, through both sequential sampling
and in situ measurements, has shown isotopic variability that has been used to assess birth
seasonality, herd management and seasonality of site occupation (Fricke and O’Neill, 1996;
Sharp and Cerling, 1998; Zazzo et al., 2002; Balasse et al., 2003; 2012a; Wiedemann-Bidlack
et al., 2008; Bernard et al., 2009; Frémondeau et al., 2012; Tian et al., 2013; Makarewicz and
Pederzani, 2017; Zarski et al., 2017). Although isotopic variation is dependent on climate and
environment, modern reference datasets of ẟ18O can provide an indication of the range of
intra-tooth isotopic variation within an archaeological population (Caribou – Britton et al.,
2009; Sheep - Blaise and Balasse 2011; Balasse et al., 2012b; Red deer - Stevens et al., 2011;
Wombats – Fraser et al., 2008; Roberts et al., 2019). Intra-tooth sampling methods include
micro- and sequential sampling, followed by carbonate or phosphate analysis, or in situ
approaches, laser fluorination, or SIMS analysis (Cameca and SHRIMP).
In contrast to fauna, sequential or in situ sampling of archaeological human tooth enamel has
received little attention. Four articles are used as a comparison to provide data on intra-tooth
δ18O variation in human tooth enamel. These studies have employed either high- or lowdensity sampling methods, with high-density methods (> 100 ẟ18O per tooth) providing a
high-resolution time series of ẟ18O within the enamel and the low-density sampling (< 5 ẟ18O
analyses per tooth) providing either a low resolution time series or an indication of intra-tooth
variation within the enamel.
Wright (2013) analysed intra-tooth variation by microdrilling sequential samples of tooth
enamel, from cusp to cervix, followed by conventional carbonate O analysis on teeth from 17
individuals buried in the site of Kaminaljuyu, highland Guatemala. These sequential samples
were compared to bulk δ18OC from the same tooth. Intra-tooth δ18O variation ranged from 0.2
to 2.3‰, with these sequential samples often differing significantly from the whole tooth
value (Wright, 2013). An overall decrease in δ18O from cusp to cervix was interpreted as a
decreasing contribution of breastmilk as the individual was weaned, and subsequent
fluctuations in δ18O as reflecting the seasonal change in δ18OW (Wright, 2013). Seasonal
δ18OW shifts in a nearby region were ~ 7‰, and δ18O measurements in lake sediments in the
lowlands fluctuated by 1–2‰ (Hodell et al., 2005; IAEA/WMO, 2020).
SIMS analyses of 23 teeth from the Bronze Age battlefield along the Tollense River in northwestern Germany were undertaken after imaging of the sample surface using conflocal Laser
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Fluorescence Microscopy (Price et al., 2019). As these teeth were recovered from a
waterlogged environment, imaging was used to highlight domains of diagenetic alteration.
Targeted δ18OIS measurements of both pristine and altered domains revealed that, from ~4
δ18OIS spots per tooth, variation averaged 0.8‰, with up to 2.7‰ variation witnessed
between these domains (Price et al., 2019).
SHRIMP in situ analyses of human teeth have been published in two previous studies
(Krzemińska et al., 2017; Smith et al., 2018).
Krzemińska and others (2017) profiled two teeth representing two individuals from the 4th
millennium BCE cemetery of Tell Majnuna in Northern Mesopotamia, current day Syria.
SHRIMP sampling spots were placed in profiles offset ~ 100 µm from the EDJ, along both
the labial and lingual sides of the tooth enamel, at a temporal spacing of about a month.
Isotopic variation in these two teeth was large. One tooth showed a δ18O variation of 4.99‰
and 4.16‰ (from 85 and 58 sampling spots respectively) and the other 2.51‰ and 3.66‰
(from 79 and 98 spots). This δ18O variation appeared in a cyclic fashion, repeating
approximately every 12 spots, suggesting seasonal changes in δ18OW in a stationary
population. This region has long hot and dry summers and relatively cool winters, with
around 6‰ shift in δ18OW values from summer to winter. Overall, the difference in δ18OIS
between these two individuals was only ~ 1‰, suggesting they were experiencing similar
environments.
SHRIMP in situ analysis was utilized by Smith and others (2018) in the study of teeth from
two Neanderthals (~ 250 ka) and one modern human (5.4 ka) from Payre, a cave site in the
Rhone Valley, south-east France. In situ δ18O sampling spots were placed along the EDJ of
histological sections of the tooth enamel, achieving a temporal resolution of about one week.
The resulting δ18OIS measurements, along with tooth formation timing through the counting
of age lines and trace element mapping, provided a picture of birth seasonality, breastfeeding
and weaning, and early life histories. Seasonality was evident in the analysed Neanderthal
teeth as a multiyear pattern of δ18O rising in summer and falling in winter. The seasonal
variation in δ18OIS was 4.1‰ and 5.6‰ respectively. In contrast, the modern human showed
a steady increase in δ18OIS for the first year of life (~ 3.5‰), and no clear seasonal signal over
about two years thereafter. These results showed that the Neanderthals were living in a
cooler, more seasonally variable climate than the modern human. A record of breastfeeding
was seen in all teeth as increased δ18OIS after birth and changes in the Ba/Ca ratio. The
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combination of in situ δ18O measurements with trace element mapping showed that both
Neanderthals experienced increased lead exposure during consecutive winters.
These four studies indicate a range of intra-tooth δ18O variation from 0.2 to 5.6‰. Increased
intra-tooth δ18O variation is seen with increasing sampling points. The present study will
further investigate intra-tooth variation.

2.2.6. How do you tell locals and non-locals apart?
There are two approaches for identifying non-locals in an archaeological population; (1)
identifying individuals who fall outside the local δ18O range, or (2) by identifying individuals
who are outliers to the studied population. For the present study a combination of these
approaches has been used (James et al., 2019).

2.2.6.1. Establishing a local δ18O range
The local δ18O range can be established by determining the expected δ18O of contemporary
drinking water in the region, or by the direct measurement of δ18O in local teeth; faunal or
human (Chenery et al., 2010; Evans et al., 2012; Lightfoot and O’Connell, 2016).
Determining the composition of local water is based on analyses of modern δ18OW and
involves the assumptions that; (1) the analysed water was the main drinking water source for
the study population, (2) human changes to the water were minimal and (3) modern δ18OW is
comparable to past δ18OW. A comparison to faunal teeth also assumes the same access to
water sources for both humans and animals and involves a conversion of both datasets to
δ18OW to account for any physiological differences between the species.
Several equations for converting δ18Op to δ18Ow in humans have been developed (Chenery et
al., 2010; Daux et al., 2008; Levinson et al., 1987; Longinelli, 1984; Luz et al., 1984).
Species specific conversion equations have also been derived (Amiot et al., 2004 ; Peneycad
et al., 2019). These equations are produced using a variety of skeletal tissues and varying
numbers of samples and geographical locations. Large uncertainties are associated with these
conversion equations and it has been suggested that it is better to rely on direct comparisons
to a local human δ18O baseline, not to these derived drinking water compositions (Pollard et
al., 2011; Laffoon et al., 2013; Pryor et al., 2014). Although the best method, the direct
comparison to human δ18O measurements (Pellegrini et al., 2016), is hindered by the lack of
datasets available in many regions. To compensate for this lack of data, comparison to local
precipitation δ18O and to a local faunal δ18O are often used in combination (Salesse et al.,
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2013; James et al., 2019). For the present study, due to a lack of comparable skeletal material,
and to facilitate the comparison with faunal material, it was necessary to convert some
measured δ18OIS values to δ18OW.
A super set equation utilising all published data sets was used;
δ18Ow = 1.54 (±0.09) x δ18Op – 33.72 (±1.51)
(Equation 6, Daux et al., 2008)
This equation also provides an estimate of uncertainty on the value.

The conversion of δ18OC values to a predicted δ18Ow value utilized:
δ18Ow = 1.590 x δ18OC – 48.634
(Chenery et al., 2012)

2.2.6.2. Identifying δ18O outliers
Early studies suggested that an archaeological population consuming water from the same
sources would have a range in tooth δ18O of about 2‰. Individuals showing values outside
this range would be considered non-local (White et al., 2002; 2004; Budd et al., 2004; Prowse
et al., 2007). Further work showed that this 2‰ criterion did not hold. Lightfoot and
O’Connell (2016) found that at 88 archaeological sites examined, only 33 showed a spread of
less than 2‰, and all of those had less than 25 samples. Investigation of the spread of intrasite δ18O suggests that statistical methods, which are not strongly influenced by sample size,
should be used to identify outliers (Lightfoot and O’Connell, 2016). Interquartile range (1.5
IQR) and median absolute deviation (MAD) provide a conservative identification of outliers
(non-locals), and allow for an assessment of outliers on small samples (< 25 measurements)
and complex datasets (e.g. multiple water sources) (Lightfoot and O’Connell, 2016).
These statistical techniques indicate that the δ18O spread of a local population is closer to
3‰, which may in part be due to the inclusion of non-identified non-locals, cultural choices
(selection of water sources, modification or importation of food or drink), or physiology
(Lightfoot and O’Connell, 2016). The shape of this 3% spread is population specific, but
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would tend to show values isotopically heavier than drinking water (Lightfoot and
O’Connell, 2016).
These results suggest that even after a statistical test, the number of outliers should be
interpreted in combination with additional archaeological, scientific or historical data and/or a
combination of isotopic systems utilized.

2.3. Methods
2.3.1. Conventional carbonate δ18O analysis
Tooth enamel δ18OC was analysed in the Earth Environment Stable Isotope Laboratory,
Research School of Earth Sciences (RSES), ANU. Tooth enamel samples were extracted and
cleaned manually using a dental drill fitted with a fine diamond saw blade and tip. To achieve
the 60 μg of carbonate required per sample, accounting for carbonate being 3–6% dry weight
in human tooth enamel (LeGeros, 1996), 1.8 mg of fine tooth enamel powder was weighed
out for δ18OC analysis. The δ18OC of tooth enamel was measured on a Thermo Finnigan
MAT-253 Isotope Ratio Mass Spectrometer coupled with an automated Kiel IV Carbonate
device, using 105% H3PO4 at 90°C to extract CO2 from the powder.
Carbonate standards NBS-19 (δ18OVPDB = -2.20‰) and NBS-18 (δ18OVPDB = -5.01‰) were
used during the analysis. These δ18OC analyses are relative to Pee Dee Belemnite (VPDB), so
were converted using Coplen et al., 1983 (Section 2.1.1.), to allow for comparison to
SHRIMP δ18OIS.

2.3.2. SHRIMP in situ δ18O analysis
δ18OIS analyses of tooth samples were conducted on the SHRIMP II and SHRIMP SI at RSES
ANU. SHRIMP analysis allows for a miniscule and targeted sample size of 30 μm, allowing
for sampling of the enamel across or along the enamel thickness.
For both human and faunal samples, a cross section of tooth enamel was removed using a
dental drill fitted with a fine diamond saw blade. Enamel samples were mounted with crystals
of Durango 3 mineral apatite standard (Rigo et al., 2012) into a 35 mm epoxy resin
‘megamount’. The enamel surface was polished to achieve a fully exposed and flat surface.
Prior to analysis, mounts were washed with petroleum spirit, RBS detergent solution and
ultrapure H2O. Mounts were then dried in a 60oC vacuum oven for a minimum of 24 hours,
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then coated with ~ 10 nm of high purity Al, and placed in SHRIMP under vacuum for at least
12 hours prior to analysis.
Reference apatite Durango3 was analysed first and then after every five to ten enamel
measurements. The isotopic composition of Durango3 apatite (δ18Oapatite = 9.8‰ VSMOW)
has been determined independently using conventional phosphate separation protocols
(Lécuyer et al., 1993). Archaeological applications of the SHRIMP II are outlined in Aubert
et al., (2012) and instrumental conditions are outlined by Trotter et al. (2008) and Ickert et al.
(2008).
In brief, a ~3 nA primary ion beam of 15 kV positive Cs ions was focused onto the sample
surface, sputtering a pit ~30 μm diameter and 2 μm deep during each 7-minute analysis.
Chemical and physical interaction of the Cs with the tooth enamel produced about 2 GHz of
negative 16O secondary ions. 16O- and 18O- were measured simultaneously on Faraday cups
equipped with electrometers operating in current mode using 1011 Ω resistors. Each analysis
consisted of a 90 s pre-burn, during which the secondary ion isotopic composition stabilized
and electrometer baselines were measured, followed by automated centring of the secondary
ion beam at the entrance and exit of the secondary mass analyser, a centring check on the
focused electron beam required for charge neutralization, and then two 6 x 10 s
measurements of the 16O- /18O- ratio, with a centring check in between. Measurements of
surface O ion emission by the electron beam (EISIE, Ickert et al., 2008) before, during and
after each analysis were used for subsequent corrections. SHRIMP analysis produces δ18OIS
values relative to the Vienna Standard Mean Ocean Water (VSMOW) standard values.

2.3.3. Precipitation δ18O datasets.
Precipitation δ18O data are used in this thesis to identify mobility and to establish the range of
δ18O variation that may be seen in tooth enamel in both modern and archaeological samples.
Data were obtained from the IAEA GNIP database (https://nucleus.iaea.org/wiser/) and
sourced from research studies stored in the WaterIsotopes.Org online database. These
datasets differ by the time period sampled, the frequency of sampling, and the length of
sampling. Each represents at least several seasonal cycles, providing a good indication of the
local δ18OW range.
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Chapter 3: Intra-tooth δ18O variation: how much is there in
bulk analyses?
3.1. Introduction
It is becoming increasingly clear that δ18O variation within an archaeological population is
larger than previously suggested, ~ 3‰ spread for a local population, which makes
identifying a ‘cut-off’ between locals and non-locals difficult (Lightfoot and O’Connell,
2016). Isotopic variation within a single tooth makes this even harder, but it is crucial that
this intra-tooth variation be known to assess mobility. This chapter investigates intra-tooth
δ18O variation using in situ sampling (δ18OIS) on human tooth enamel samples, from
permanent, unerupted permanent, and deciduous teeth from archaeological sites, alongside
eight deciduous teeth from two modern individuals with known childhood histories.
This chapter provides a quantification of the range of intra-tooth δ18O variation in human
tooth enamel. A comparison of the mobile and stationary modern individuals provides an
indication on, if early childhood mobility and the ẟ18O range in drinking water influences
intra-tooth δ18O variation. These data provide an estimation of the intra-tooth δ18O variation
of which one needs to be aware of when undertaking conventional bulk analyses. The
archaeological implications of this intra-tooth variation are discussed in detail in the
succeeding chapter, using the archaeological site of Teouma as a case study.

3.2. Archaeological sites
Archaeological human tooth enamel samples from spatially and temporally diverse sites were
analysed in situ for δ18O (δ18OIS) to provide a baseline for the range of δ18O variation within
human tooth enamel. The site of Teouma is introduced more thoroughly in the next chapter
(Chapter 4), and is used as a case study for the archaeological implications of intra-tooth
isotopic variation. One tooth from each of three additional archaeological sites in the Pacific
region (Vanuatu and Papua New Guinea) were also analysed. Le Tumulus des Sables, and
L’Anse Sainte Marguerite, are covered in detail in Chapters 9 and 10, where additional
isotopic data are also presented.

3.2.1. Teouma
The Lapita Cultural Complex cemetery of Teouma, located on the Vanuatu island of Efate,
contained the remains of 98 individuals (Valentin et al., 2010). Radiocarbon dated to 294052

2710 cal. BP, this site is believed to contain to the first colonisers of remote Oceania
(Bedford et al., 2009; Petchey et al., 2015). Previous O and Sr analyses at Teouma have
suggested locals and non-locals, and C and N analyses suggest a wide ranging diet with
differences in ascribed biological sex (Bentley et al., 2007; Kinaston et al., 2014a).
Three teeth, one each from three other Pacific sites, Naen on Erromango Island Vanuatu,
Reber-Rakival on Watom Island Papua New Guinea (PNG), and Paligmete in the Arawe
Island PNG, were also analysed for intra-tooth δ18O variation. These teeth provide a baseline
for regional δ18O variation for Teouma, discussed more thoroughly in the subsequent chapter.

3.2.2. Le Tumulus des Sables
The burial mound of Le Tumulus des Sables, located in south-west France, contains artefacts
spanning the Neolithic to Iron Age periods (Courtaud et al., 2010). Isotopic analysis and
radiocarbon dating have shown complex reuse of the site over 2,000 years by a mostly local
population (James et al., 2019, Chapter 9 in this thesis). Radiocarbon dating on isolated teeth
returned dates spanning 1275 – 1120 cal BCE to 3650 – 3520 cal BCE, with the majority of
analysed teeth falling in the Bell Beaker period (2500 – 1800 BCE) (Champion et al., 2009;
Lemercier, 2012; James et al., 2019).

3.2.3. L’Anse Sainte Marguerite
The historical cemetery of L’Anse Sainte Marguerite, on the Lesser Antilles island of
Grande-Terre, Guadeloupe, contains the remains of 278 presumably enslaved individuals.
Use of the cemetery is dated from the early 1700s to around the final abolition of slavery in
French colonies in 1848 (Courtaud, 2013). Isotopic analysis using both diet and mobility
isotopes (C, N, O, Sr), indicated burial of both first and later generations of enslaved African
individuals, with these individuals spending childhoods across Africa and the Caribbean
region (Varney, 2004; Sparkes et al., 2008; Chapter 10 in this thesis).

3.3. Modern teeth
Eight deciduous teeth from two modern humans (Individual A and Individual B) were
analysed. Information was collected, in a questionnaire, from these individuals on their
mobility, breastfeeding, and the introduction of solid foods, during infancy and early
childhood. These two individuals have opposite patterns of mobility and breastfeeding, which
provides a test for the appearance of ẟ18OIS variation in their tooth enamel. As sampling on
archaeological deciduous teeth was limited these modern teeth also provided more data to
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establish the intra-tooth δ18O variation in these teeth. To establish the range of δ18O in
drinking water, possibly consumed by both the individual and their mother during the tooth
formation periods, records of ẟ18OW have been sourced for each childhood location.
Teeth donated by both individuals, were lost naturally during childhood, collected by the
Tooth Fairy, and then stored in a plastic zip lock bag in a drawer for ~20 years, before being
donated to this study. The modern nature of these teeth, and their dry and safe storage leads
to the expectation of no diagenetic overprint.

3.3.1. Individual A
Individual A was born in August 1991, and even before birth was mobile, travelling from
Hong Kong to Australia at ~28 weeks in utero, then returned to Hong Kong at 2 weeks of age
(Table 3.1). They were breastfeed for two weeks, with their mother drinking Sydney tap
water, and upon returning to Hong Kong was exclusively bottle fed, using local tap water,
until solid foods were introduced after 6 months of age.

Table 3.1: Date, age and movement information for Individual A.
Date
Age
Travel
19 June 1991
~28 weeks in
Hong Kong to Australia
utero
26 August 1991
Born
7 -8 September 1991

2 weeks old

Sydney to Hong Kong

20 December 1992
16 February 1993
30 July 1994
23 June 1996

1 year 4 months
1 year 6 months
2 years 11 months
4 years 10 months

Hong Kong to Sydney
Sydney to Hong Kong
Hong Kong to Sydney
Sydney to Hong Kong

Notes

Breastfeeding
commenced
Breastfeeding
ceased

3.3.1.1. Individual A teeth analysed
Six deciduous teeth (i1, i2,m1, 3 x m2) were analysed for intra-tooth δ18O variation. The
formation times for these teeth (Table 3.2) indicate the mobility before birth, from Hong
Kong to Australia, and the move back to Hong Kong, occurred during the time all of these
tooth were forming.
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Table 3.2: Tooth formation timing for the six deciduous teeth from Individual A (Birch and
Dean, 2014). Enamel completion refers to the completion of matrix production.
Formation begins
Enamel completion
(days post birth)
(days before birth)

i1

144

96 (3 months)

i2

136

113 (3.8 months)

m1

140

186 (6.2 months)

m2 x 3 teeth

118

389 (13 months)

3.3.1.2. Individual A drinking water sources
To assess the variability of δ18O in the drinking water experienced by Individual A, data from
the IAEA Global Network of Isotopes in Precipitation (GNIP) and Water Isotopes databases
were collated (Appendix B, Fig. B.1). Drinking water in Hong Kong is a mixture of local
precipitation and water imported from Guangzhou, mainland China. Sydney drinking water is
collected from precipitation in the wider Sydney basin. Guangzhou precipitation ẟ18OW (2007
– 2009) showed a range -14 to 4‰, while Hong Kong (1985-2019) ẟ18OW ranged from -10 to
0‰ (Xie et al., 2011; IAEA/WMO, 2020). Boiling of water for formula can raise ẟ18O by
around ~0.4‰ (Brettell et al., 2012). Sydney precipitation ẟ18OW (late 2005 – 2009) showed a
range of -8 to nearly 0‰ (Hughes and Crawford, 2013).
In both locations, the range of ẟ18OW in drinking is large, with Sydney showing values
spanning 8%, and Hong Kong drinking water δ18O even larger with the spread of
precipitation δ18O in Guangzhou and Hong Kong spanning 14‰ from -14 to 0‰. It is
unknown if the whole range of these ẟ18OW is seen in the urban drinking water system, as
storage and mixing of water sources would reduce the isotopic range of drinking water. The
presence of such extremes in precipitation suggested a large range of δ18O may have been
experienced by Individual A.

3.3.2. Individual B
Individual B was born in August 1986 in Brockville Ontario, Canada. They remained in
Brockville for their entire childhood and consumed local town water. They were breastfed
until 8 months of age, with their mother consuming local tap water, and the introduction of
solid foods occurred from about six months.
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3.3.2.1. Individual B teeth analysed
Two deciduous teeth (i1 and c) were analysed for intra-tooth variation (Table 3.3). No
mobility during the tooth formation period was recorded.
Table 3.3: Tooth formation timing for the two deciduous teeth from Individual B (Birch and
Dean, 2014)
Formation begins
Enamel completion
(days before birth)

(days post birth)

i1

144

96 (3 months)

c

128

302 (10 months)

3.3.2.2. Individual B drinking water sources
To establish the range of ẟ18OW for Individual B, data from the IAEA Global Network of
Isotopes in Rivers (GNIR) and Water Isotopes databases were collected (Appendix B. Fig.
B.2). Brockville drinking water is predominately sourced from the St Lawrence River with a
small input from local precipitation. Monitoring of the St Lawrence River ẟ18OW at Cornwall,
Ontario (1981-1987), ~100km north east of Brockville along the river, provided a
measurement of the δ18O variation = -11 to -6‰ in the river water. Rainfall δ18O monitoring
in Ottawa (1970-2019), ~100km north of Brockville, shows a seasonal pattern with ẟ18OW
typically cycling between -20 to -5‰.
Taking into account the mixture of river water with precipitation, the drinking water variation
in Brockville would experience a slightly dampened range of ẟ18OW, ~5‰, which may be
visible in the tooth enamel of a stationary Individual B.

3.4. Materials and Methods
3.4.1. Sample selection
Profiles of δ18OIS in human tooth enamel were measured on 55 permanent teeth from
archaeological sites; Le Tumulus des Sables (n = 17), Teouma (n = 19), Naen (n = 1), ReberRakival (n = 1), Paligmete (n = 1), and L’Anse Sainte Marguerite (n = 16), alongside 6
deciduous and 3 unerupted teeth from Le Tumulus des Sables, and 8 modern deciduous teeth.
These sites are spatially (France, Vanuatu, PNG, Guadeloupe, Australia, China, Canada) and
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temporally (~ 4,500 years BP, ~ 3,000 years BP, 300 years BP, modern) distinct, providing a
diverse sample of archaeological and modern material.

3.4.2. Sample method
Oxygen isotopic analysis can be undertaken on two independent fractions of O; carbonate
and phosphate O, or using in situ analysis, which samples all the O in the enamel (Kohn and
Cerling, 2004). For the present study, O was analysed in situ using a multi-collector Sensitive
High Resolution Ion MicroProbe (SHRIMP II and SHRIMP SI) at the ANU Research School
of Earth Sciences. The analytical procedure for this analysis is described in Chapter 2, section
2.3.2.
SHRIMP analysis has a sampling size of ~ 30 μm, which allows for multiple analysis profiles
within tooth enamel. In this study, to approximate a bulk sample of tooth enamel as used in
conventional analysis, a section of the crown was removed using a dental drill fitted with a
fine diamond saw blade (Fig. 3.1). These samples are small and leave the majority of the
occlusal surface preserved. Enamel samples were mounted with crystals of Durango 3
mineral apatite standard (δ18OSMOW = 9.8‰, Rigo et al., 2012) into a 45 mm epoxy resin
‘megamount’ (Fig. 3.1). The data presented in this chapter were measured on fourteen
SHRIMP megamounts, analysed over three sessions. The average standard deviation for the
Durango 3 analyses on the SHRIMP II on these fourteen mounts was 0.22‰, and the
standard error of the mean for Durango 3 was 0.04‰.
Tooth enamel δ18OIS was measured across the thickness of the enamel, starting from closest
to the enamel dentine junction (EDJ) and tracking towards the cusp of the tooth (Fig. 3.1).
This enamel region is laid down during the first stage of amelogenesis, where the full crown
height is reached before sleeves down the crown sides are created (Fig. 1.2). Isotopic
signatures measured here would represent the initial formation period. The analysed portion
of tooth enamel represents only a small time slice of the overall tooth, so the isotopic
variation measured during this analysis may only represent a portion of the overall variation
within the tooth enamel. The value obtained from conventional bulk isotopic analysis is a mix
of all the isotopic variation within the growth layers of the tooth enamel. The isotopic
variation within these mixed bulk measurements will influence the final measured value,
subsequently influencing the archaeological interpretation. This study provides an
understanding of the variation present within a bulk sample of a human tooth enamel.
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Figure 3.1: Placement of in situ δ18O analyses. (A) Top view of tooth, post sample removal
(B) In situ analysis locations, black spots in the tooth enamel represent the location of the
SHRIMP track. Red arrow indicates direction of analysis, moving from the EDJ to the
outside of the tooth enamel. (C) SHRIMP megamount, 45mm diameter, with tooth pieces
placed around crystals of Durango 3 mineral apatite standard, highlighted in white.
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3.5. Results and Discussion
In total for archaeological samples, 58 ẟ18OIS profiles on permanent tooth enamel were
produced representing 55 individuals, with 9 additional ẟ18OIS profiles on deciduous or
unerupted permanent tooth enamel. From Teouma and the Pacific sites, 22 ẟ18OIS profiles
from 20 teeth representing 19 individuals, from L’Anse Sainte Marguerite 19 ẟ18OIS profiles
representing 19 individuals, and from Le Tumulus des Sable 17 ẟ18OIS profiles from
permanent teeth, six ẟ18OIS profiles from deciduous teeth, and three ẟ18OIS profiles from
unerupted permanent teeth were analysed. Eight ẟ18OIS profiles on eight deciduous teeth from
two modern individuals were also produced.
Summary δ18OIS from these sites are presented in Table 3.4. Summary tables for each dataset
at presented in Appendix B, Table B1 – B5. Full Teouma ẟ18OIS profiles presented in Chapter
4. Le Tumulus des Sables full δ18OIS profiles data are presented in Appendix B, Tables B6,
B7, Fig. B.3. Full data from L’Anse Sainte Marguerite δ18O profiles presented in Chapter 10,
Table 10.3. Full modern dataset presented in Appendix B, Table B.8.

3.5.1. Intra-tooth variation in archaeological teeth
Intra-tooth δ18O variation is seen in all teeth analysed across these archaeological sites (Fig.
3.2). The average range of intra-tooth δ18OIS variation in permanent erupted teeth from each
site—Teouma = 1.8‰, Le Tumulus des Sables = 1.8‰, and L’Anse Sainte Marguerite =
1.7‰—is similar (Fig. 3.2, Table 3.4). Across these archaeological sites, the average range of
intra-tooth δ18OIS variation sits at δ18OIS = 1.8 ± 0.7‰, with no statistically significant
differences between the permanent tooth enamel samples from the three archaeological sites
as determined by a one-way ANOVA (F(2,59)=0.2953, p=0.7454).
Table 3.4: Range of δ18OIS intra-tooth variation (‰) present in permanent tooth enamel
samples analysed from archaeological sites. Data represents the spread of ẟ18O in each
dataset.
Teouma +
L’Anse
Le Tumulus
Modern
Overall
Pacific
Sainte
des Sables
sites
Marguerite
Number of tooth
22
19
17
8
62
enamel profiles
Minimum δ18OIS
0.9
1.0
0.6
0.5
0.6
18
Maximum δ OIS
2.9
4.3
3.5
2.3
4.3
Average δ18OIS
1.8
1.7
1.8
1.4
1.8
Standard deviation
0.5
0.9
0.8
0.6
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At Le Tumulus des Sables, three unerupted permanent teeth (upper M2) and six deciduous
teeth (upper I2) were analysed (Appendix B). Intra-tooth δ18OIS variation in the three
unerupted permanent teeth was extreme, 3.2‰, 9.9‰ and 14.1‰. The intra-tooth δ18O
variation seen in two teeth (U1 and U2), spans almost all the possible δ18O seen across the
globe. If the tooth enamel in these unerupted teeth was not fully mineralised, the unmatured
enamel would have less mineral content and a more heterogenous mineral density distribution
(Simmon et al., 2013). This may increase its susceptibility to diagenetic overprint from the
burial environment or the less mineralised tooth enamel may not be successfully measured
using the SHRIMP in situ ẟ18O analysis. It is recommended that bulk analysis of unerupted
teeth be undertaken with caution knowing that δ18O returned may contain a high level of
intra-tooth variation hidden within that value. Multiple measurements of ẟ18O within
unerupted teeth could be undertaken to identify this additional isotopic variation.
One tooth (J1) aside, the deciduous teeth show far more then expected intra-tooth δ18O
variation, ranging from 1.1 to 2.4‰. The average intra-tooth variation in these five deciduous
teeth is δ18OIS = 1.9‰. J1, with intra-tooth variation δ18OIS = 6.9‰, is likely due to
diagenetic overprint. With the addition of the five deciduous teeth analysed from Le Tumulus
des Sables to the overall dataset, average intra-tooth variation moves only slightly, staying at
1.8 ± 0.7‰ and the differences between sites remains statistically insignificant (F(2,64)=
0.8944, p=0.4144).
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Figure 3.2: Amount of intra-tooth δ18O variation in permanent teeth from archaeological
sites. Whiskers are equal to 1.5IQR or less if no outliers present.

3.5.2. Intra-tooth variation in modern teeth
Variation in ẟ18OIS measurements is seen in each analysed tooth, with overall average range
of ẟ18OIS in these 8 analysed modern deciduous teeth is 1.4‰ (Table 3.4). Individual B teeth
show a ẟ18OIS range of 0.9‰ and 2.3‰, while ẟ18OIS range in the six analysed Individual A
teeth is from 0.5‰ to 2.1‰ (Appendix B. Table B.8). Even given differences in childhood
location, mobility and breastfeeding, no differences in the range of intra-tooth δ18O variation
between Individuals A and B were detected.
The measurements in the ẟ18OIS profiles from the teeth of Individual A (n=6) and Individual
B (n=2) sit between 17 – 21‰, with the tooth ẟ18OIS average all between 17 and 18‰ (Fig.
3.3). Average ẟ18OIS from these profiles, showed Individual A had higher ẟ18OIS and
Individual lower. Individual A’s average ẟ18OIS ranged between 18.8‰ to 19.6‰, and
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Individual B’s teeth returned average ẟ18OIS = 18.5‰ and 18.6‰ (Appendix B., Table B.5,
and B.8).
The drinking water δ18O predicted ranges for childhood locations were -14‰ to 0‰ for
Individual A, and -11 to -6‰ for Individual B. These water ranges are much larger than intratooth δ18O variation suggesting a dampening of the isotopic shift before birth, during
breastfeeding, or an averaging of ẟ18OW in modern urban water systems. Human alteration
and selection of drinking water or the consumption of other liquids by these individuals or
their mothers, and a reservoir effect within the human body may account for this dampening
of ẟ18O variation.

Figure 3.3: SHRIMP ẟ18O profiled across the tooth enamel of eight modern deciduous teeth.
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The lack of difference in intra-tooth variation and similarity in ẟ18OIS, between mobile and
stationary childhoods in Australia/Hong Kong and Canada, may be due to (1) a restricted
range of δ18O represented in these analyses. These analyses only sampled a small section of
the tooth formation history of these individuals. The placement of these analyses, towards the
crown of the tooth, provides ẟ18OIS from an early phase of tooth formation, but no
chronological markers are present in these samples so no indication of in utero or post birth
enamel is possible. Differences in the exact location of analysis in the tooth enamel would
influence the ẟ18O signature and time period represented by the analysis. (2) even though
these individuals were living in vastly different environments, they experienced similar δ18O
in utero, in breastmilk, drinking water and food.

3.6. How much intra-tooth variation is there?
Intra-tooth δ18O variation was seen in all analysed teeth (Fig. 3.4). The four previous studies
that present values for intra-tooth δ18O variation in human tooth enamel can be split into low
and high density sampling methods. The intra-tooth δ18O variation in low density studies (< 5
analyses per tooth) (Wright, 2013; Price et al., 2019), ranges from 0.2 up to 2.7‰. High
density sampling of tooth enamel through in situ sampling (Krzemińska et al., 2017; Smith et
al., 2018) indicates a higher level of intra-tooth δ18OIS variation, ranging from 2.5 to 5.6‰.
These methods present a complete timeline of δ18OIS incorporated during tooth enamel
formation.
The present study creates a baseline level of intra-tooth δ18O variation in a conventional bulk
sample, which average the δ18O in the enamel growth layers. Only a portion of the enamel
growth was sampled, so the intra-tooth variation found in these archaeological and modern
teeth represents just a percentage of the δ18O variation present in tooth enamel. The exact
sampling location within the tooth, location on the crown or depth of profiling, and the size of
the sample analysed would influence the level of variation measured.
Therefore, δ18O = 1.8 ± 0.7‰ should be taken as a minimum level for intra-tooth δ18O
variation, that needs to be accounted for when using conventional bulk measurements of
human tooth enamel δ18O for the archaeological assessment of mobility.
The implications of this intra-tooth δ18O variation on the assessment of mobility are discussed
in the next chapter, using the archaeological site of Teouma, Vanuatu, as a case study
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Figure 3.4: Range of intra-tooth δ18OIS variation in profiles from archaeological and modern human tooth enamel. Each individual tooth is
represented on the x-axis with the range of ẟ18O on the y-axis.
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3.7. Future directions for ẟ18OIS analysis
To investigate the full range and source of intra-tooth δ18O variation, additional modern
human samples, preferably permanent tooth samples, with known childhood histories should
be examined. Analyses, like those undertaken in Smith et al., (2018) provide an indication of
the complete intra-tooth δ18O range, through the examination of the complete formation
period of the tooth enamel. In situ δ18O profiling along the full formation axis, run along the
EDJ on a histological section, should be therefore undertaken. The exposure and identification
of the neonatal line, provides a grounding for pre- and post- birth enamel formation, assisting
in the identification of early life events.
A range of samples representing mobile and stationary populations, as well as breast- and
bottle- fed individuals, those who consumed locally sourced rainwater and those on urban
water systems, and if possible multiple tooth samples from individuals, and individuals within
the same geographic region, would provide a big picture of intra-tooth δ18O variation and help
unlock the bonus information stored within human tooth enamel.
This fine-scale resolution of an individual’s early life, achievable with in situ δ18O methods,
would provide for a unique opportunity to examine mobility, diet, and illness (Smith et al.,
2018). Instead of working with a population level resolution, and using comparisons to a site
baseline to identify just locals and non-locals, ẟ18OW changes to an individual could be
identified, and a big picture of the lives of individuals pieced together.
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Chapter 4: Mobility at Teouma revisited: the implications of
intra-tooth variation on the assessment of mobility
4.1. Introduction
In this chapter, the site of Teouma, Vanuatu is used as a case study to compare intra-tooth
δ18O variation from δ18OIS measurements with conventional bulk δ18OC (Bentley et al., 2007).
These data were presented in the previous chapter, but here will be used to understand how
intra-tooth δ18O variation influences the archaeological assessment of mobility.
Following the suggestion in Lightfoot and O’Connell (2016), a reassessment of local and nonlocal identification of individuals buried at Teouma, using more than a 2‰ spread in
population values, was also undertaken given this new ẟ18OIS data, and additional isotopic
information retrieved since 2007. The addition of faunal and modern precipitation baselines at
Teouma, provided a local range from which to identify non-locals.

4.2. Teouma
The archaeological site of Teouma was discovered accidently in 2004 during construction of a
fish farm in Teouma Bay on the Vanuatu island of Efate (Fig. 4.1). It sits on an uplifted beach
terrace, 8 m above current sea level (Bedford et al., 2004). Excavation of the site revealed a
large cemetery belonging to the Lapita Cultural Complex, the first colonisers of remote
Oceania, overlain by a midden layer consisting of a large quantity of faunal remains (Bedford
et al., 2006). The Lapita Cultural Complex spread across remote Oceania from the Solomon
Islands as far west as Samoa and Tonga about 3000 BP. A strong set of site and artefactual
characteristics, such as the appearance of dentate stamped pottery, unites the Lapita complex
across the region, suggesting a strong cultural bond (Sand and Bedford, 2010; Leclerc et al.,
2019).
Six excavation seasons and the recovery of a large assemblage from Teouma has allowed for
multidisciplinary analyses of various elements of the archaeological assemblage; skeletal
remains (Buckley, 2007; Hayes et al., 2009; Foster et al., 2013; Buckley et al., 2014), faunal
remains (Hawkins, 2015; Worthy et al., 2015), mortuary analysis (Valentin et al., 2010),
pottery (Bedford et al., 2007; Dickinson et al., 2013; Leclerc et al., 2018; Leclerc et al., 2019),
lithic artefacts (Reepmeyer et al., 2010) and isotopic analysis (Bentley et al., 2007; Kinaston
et al., 2014a). The cemetery layer at Teouma is radiocarbon dated to 2940–2710 cal. BP, with
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the overlying midden layer only slightly later at 2800–2500 BP (Bedford et al., 2009; Petchey
et al., 2015). The dates and the full archaeological assemblage suggest that Teouma is a
cemetery of the colonising wave of the Lapita Cultural Complex.
Ninety-three individuals were recovered with a variety of complex funerary practices
occurring at the site (Buckley et al., 2008; Valentin et al., 2010). Only eight skulls total were
recovered, the removal of skulls post-burial occurred, with isolated teeth recovered from
where the skull should have been in most burials. Three recovered skulls (10A, 10B, 10C) had
been placed on the chest of an adult male (10E), one enclosed in a pot, and three (30A, 30B,
30C) within the legs of an elderly male (44). Teeth from sixteen individuals buried at Teouma
have been analysed in this study, including teeth from four recovered skulls (10A, 10B, 10E,
30C) (Table 4.1).
The diet of the inhabitants at Teouma was a mixture of broad-spectrum foraging, exploitation
of marine resources, wild terrestrial animals, freshwater resources, and animal husbandry
(Bedford, 2003; Valentin et al., 2010; Kinaston et al., 2014a; Hawkins, 2015; Bouffandeau et
al., 2019; Tromp et al., 2020). Evidence of freshwater fish consumption at Teouma, suggest
resources could have come from either the nearby Teouma River or Emaotfer Swamp
(Bouffandeau et a., 2019). Dietary isotope analyses (C, N, S) were undertaken on 49
individuals from Teouma, alongside isotopic baseline measurements on prehistoric faunal (n
= 71), and modern faunal and plant (n = 98) samples (Kinaston et al., 2014a). From these
analyses, differences with ascribed biological sex in food selection were evident. Males had
significantly higher δ15N values than females, indicating consumption of higher trophic level
resources, and were consuming a more varied diet. These differences are suggested to
represent differential roles in food gathering, or culturally moderated food distribution
(Kinaston et al., 2014a).
Previous isotopic analysis (O, Sr, C) of mobility at Teouma (Bentley et al., 2007) indicated a
mix of locals and non-locals buried at the site. Of the 17 analysed individuals, four were
identified as ‘probably immigrants’. Six individuals were re-examined in this study, with two
previously identified as ‘immigrants’. They had distinctive tooth 87Sr/86Sr and δ18O, higher
Ba/Sr and δ13C, and three were buried in distinctive positions. The 87Sr/86Sr of all these
identified non-locals was in a high narrow range of 0.7087–0.7090, and δ18O of their tooth
enamel was 2‰ higher than that of the locals (26–27‰, compared to 23–25‰) (Bentley et
al., 2007).
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Due to the limited amount of human skeletal remains, attributed to the Lapita Cultural
Complex, available for isotopic analysis the assessment of Lapita mobility is often undertaken
through the chronology of the initial expansion across the Pacific and through the
examination of objects, such as obsidian tools and pottery vessels. Long distance movement
of obsidian and pottery across the Pacific suggests long and short networks (Reepmeyer et al.,
2010; Galipaud et al., 2014; Dickinson et al., 2013, Leclerc, 2019). After island settlement,
regional variations appear with the diversification of language and material culture, an abrupt
move away from Lapita styles and the use of local materials for object production (Donohue
and Denham, 2008; Leclerc, 2019).
Isotopic analysis of mobility using human skeletal remains has been undertaken on only four
Lapita sites; Teouma (Bentley et al., 2006), Uripiv Island (Kinaston et al., 2014b); Watom
Island (Shaw et al., 2010), and Anir Islands (Shaw et al., 2009). On Uripiv Island, northeast
Malakula Vanuatu, Sr isotope analyses on individuals dated to initial Lapita (2800-2600BP,
n=6), later Lapita (2600-2500BP, n=3), post-Lapita (2500-2000BP, n=14), and late
prehistoric/historic (300-150BP, n=4) individuals indicated only mobility in the post-Lapita
period (Kinaston et al., 2014b). At the late Lapita site of Reber-Rakival, Watom Island PNG,
mobility of one human and several pigs was identified (Shaw et al., 2010). Analysis from two
Lapita sites on the Anir Islands (one Early Lapita ~3000BP, and one Middle Lapita
~2800BP), showed no human mobility, but analysis on contemporaneous pig teeth showed
mobility (Shaw et al., 2009). Mobility of Lapita populations from these sites is variable.
Mobility of objects is seen at Teouma. Petrographic analysis indicated a small percentage
(11%) of ceramics at Teouma were manufactured not on Efate, with these likely coming from
other parts of Vanuatu and New Caledonia (Dickinson et al., 2013; Leclerc, 2016; Chiu et al.,
2016). Lapita designs on vessels at Teouma show some similarities with assemblages from
early sites in Reefs Santa Cruz, New Caledonia and the Bismarck Archipelago (Bedford et al.,
2006; Bedford and Spriggs, 2007). Geochemical analysis shows obsidian in artefacts at
Teouma was sourced from northern Vanuatu and West New Britain in the Bismarck
Archipelago, PNG (Reepmeyer et al., 2010). These data potentially suggest mobility in the
burial population at Teouma. Isotopic analysis allows for the direct measurement of mobility
in this population.
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To establish a site baseline for Teouma, pig remains from the overlying midden layer were
analysed. Human tooth enamel samples from three additional Pacific Ocean sites were also
analysed to provide an indication of regional ẟ18O variability.

Figure 4.1: Location of the Teouma site, on the island of Efate, Vanuatu. Locations of
additional Pacific archaeological sites indicated by island.
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Table 4.1: Burial information and C and N values for teeth analysed from Teouma (Kinaston et al., 2014a; Valentin et al., 2015). Tooth
formation timings based on AlQahtani et al., 2010.
Burial

Age
**

Sex *

5A
10A
10B
10E
12
18
29 – west
mandible
30 – Skull
C
38
48

Mid
Old
Old
Mid
Old
Young
Old

Female
Male
Female
Male
Female
Male
Female?

Prone burial with head facing NNE.
Skull placed on chest of 10E
Skull placed on chest of 10E
Supine burial with head facing south.
Supine burial with head facing north.
Supine burial with head facing NNW.
Disarticulated bone pile

Mid

Male

Placed within legs of burial 30

Adult
Mid

Female
Female

53
54

Mid
Old

Male
Male

Almost complete burial minus skull
Complete supine burial with a “spare
right foot”
Head facing NNW
Supine burial with head facing SE

63
64
66
67
Erromango

Adult
Young
Young
Mid

Female?
Male?
Female
Female

Watom
Pililo

Burial information

Loose arrangement of cranial elements

Articulated skeleton in flexed position

δ13C
(‰)

δ15N
(‰)

Fibula shaft

-14.9

11.5

9.6

Femur shaft
Tibia shaft
Tibia shaft

-15.6
-16.8
-15.2

12.7
11.3
11.5

8.7

5.5
12.5
10.5
12.5

Tibia shaft
Ulna shaft

-15.8
-14.4

11.6
11.4

10.6
10.6

5.5
5.5 – 16.5

Humerus shaft
Tibia shaft

-14.2
-13.8

12.0
12.3

4.5 months
4.5 months
8.5 years
8.5 years
4.5 months –
8.5 years
Unknown, highly fragmented

7.5 – 8.5
5.5
16.5
16.5
5.5 – 16.5

Tibia shaft
Tibia shaft
Femur shaft
Tibia shaft

-15.6
-16.4
-15.4
-14.9

6.9
8.0
11.8
11.7

Mand P

11.5 – 12.5

Tooth
analysed
***

Formation
begins

Eruption
age (years)

L Mand P1
L Max M1
L Max M2
R Max C
R Max M3
R Max M1
L Max P1

2.5 years
4.5 months
2.5 years
7.5 months
8.5 years
4.5 months
2.5 years

11.5
5.5
10.5
12.5
16.5
5.5
11.5

L Mand M1
R Max P2
R Mand C
R Mand P2

4.5 months
3.5 years
10.5 months
2.5 years

Max M1
Max M

4.5 months
4.5 – 8.5
months

Max I
Max M1
Max M3
Max M3
Molar

10.5 months
– 2.5 years

Bone
sampled

δ34S
(‰)

11.7

? Tentative identification
* Conclusive assessment not always available from the burial due to post-interment alterations or lack of diagnostic skeletal elements.
** Age ranges; Adult indicates a finer-scale identification was not possible due to lack of diagnostic skeletal elements.
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4.3. Other Pacific Sites
Oxygen isotope analysis in the Pacific Ocean region has been limited, so three additional
teeth from three sites located to the north and south of Efate were analysed for the present
study to provide an indication of δ18O for the region.

4.3.1. Naen, Vanuatu
The site of Naen on Erromango Island, ~ 150 km south-east of Efate, in the Vanuatu
archipelago, sits on a coral rubble beach ridge 500 m inland and 200 m from the Impongkor
River (Spriggs and Wickler, 1989). A single tooth was recovered from the surface layer
alongside pottery sherds and worked pieces of Tridacna shell. The underlying cultural
deposits were highly disturbed, leading to the suggestion this tooth may belong to an earlier
phase of occupation of the site (Spriggs and Wickler, 1989).

4.3.2. Reber-Rakival, PNG
The site of Reber-Rakival on Watom Island, New Britain, Papua New Guinea, is ~ 2,400 km
north-west of Vanuatu. Recovered from the site was the burial of a completely articulated
skeleton in a flexed position, head facing west and without grave goods (Specht, 1968; Anson
et al., 2005). A tooth from this burial was analysed in this study. Direct radiocarbon dating of
the bone yielded a date of 2633 ± 33 BP, suggesting a late Lapita origin for this individual
(Petchey and Green, 2005). Additional isotopic analysis on this site, and this individual,
returned ẟ18OC suggesting a local origin, with C and N suggesting marine inshore and deep
water and terrestrial resource exploitation (Shaw et al., 2010; Kinaston et al., 2015). As seen
at Teouma, a differences in ascribed biological sex in diet was observed, with women
showing a more variable C and N, compared to males (Kinaston et al., 2015).

4.3.3. Paligmete, PNG
The site of Paligmete, on Pililo Island in the Arawe Islands, Papua New Guinea, sits ~ 2,500
km to the north-west of Efate (Gosden and Webb, 1994). The tooth analysed in this study, a
mandibular premolar, comes from a presumed pre‐Lapita burial found under an accumulation
of modern beach sand (Gosden and Webb, 1994). At the time of burial, the burial would have
been under 1–1.5 m of water during high tide. The individual was in a crouched position and
as with many burials at Teouma, the skull is missing, removed after burial as loose teeth were
left behind. The mandible was present, placed under clam shells radiocarbon dated at 3960 ±
70 BP (Gosden and Webb, 1994).
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4.4. Materials and methods
ẟ18OIS profiles on the human and faunal remains from Teouma were undertaken using the
sampling strategy discussed in detail in Chapter 3, section 3.4.1 and 3.4.2., using the ẟ18OIS
analytical procedure covered in Chapter 2, section 2.3.2.
The previous O isotopic analysis at Teouma was conducted on the carbonate-bound O
fraction (δ18OC) of bulk tooth enamel samples, with reported analytical uncertainties (1SE) of
0.1‰ (Bentley et al., 2007). The relationship between the ionic forms of O (carbonate and
phosphate bound) in human tooth enamel is δ18Op = 1.0322 x δ18OC – 9.6849 (Chenery et al.,
2012), with the reported difference in δ18O = 7.8 ± 1.5‰ (France and Owsley, 2015). In situ
measurements using the SHRIMP favour the phosphate O fraction. Paired measurements of in
situ and carbonate O show an overlapping difference of 8.51 ± 0.57‰ (see Chapter 2),
suggesting that δ18OIS is comparable to δ18OP. A conversion of Teouma δ18OC results was
undertaken using the reported difference of 7.8 ± 1.5‰, alongside the conversion equation
(Chenery et al., 2012; France and Owsley, 2015).
In order to compare analyses of human tooth enamel with those of the faunal baseline, pig
tooth enamel, the measured compositions were converted to an equivalent water composition
(δ18OW) using species-specific equations:

Humans
δ18Ow = 1.54 (±0.09) x δ18Op – 33.72 (±1.51)

(Equation 6, Daux et al., 2008)

δ18OP = 0.86 x δ18OW + 22.71

(Longinelli and Selmo, 2011)

Pigs
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4.5. Results
4.5.1. Range of ẟ18OIS
At Teouma, δ18OIS analyses were conducted on 17 teeth from 16 individuals, with two teeth
from Skull C, Burial 30 analysed (Table 4.2, Fig. 4.3). Two ẟ18OIS profiles were analysed on
two teeth (Burials 54 and 63), to confirm the pattern of isotopic variation within the enamel.
In total, nineteen ẟ18OIS profiles were produced, with a total of 317 ẟ18OIS analyses.
The two teeth from Burial 30 returned the same average ẟ18OIS = 16.8‰. The range of intratooth variation in these teeth differed, M1 ranged from ẟ18OIS = 16.2 – 17.5‰, and M2 ranged
from ẟ18OIS = 15.5 – 17.5‰ (Fig 4.2 (E)). The two teeth (Burials 54 and 63) with two ẟ18OIS
profiles (Fig. 4.2 (C)) returned similar average ẟ18OIS, but differences in the range of intratooth variation were seen (in burial 54, 2.9‰ vs 1.8‰ and, in burial 63, 1.2‰ vs 1.9‰).
The range of intra-tooth ẟ18OIS variation in the human tooth enamel from Teouma was 0.9‰
to 2.9‰, with an average intra-tooth δ18O variation of 1.8‰ (Table 4.2). In those individuals
previously analysed by Bentley et al., (2007), no difference in intra-tooth ẟ18OIS variation is
seen between locals and non-locals. Local intra-tooth δ18O variation ranged from 1.5 to 2.5‰
and non-locals 2.3 and 2.5‰ (Table 4.2). While these profiles are in a chronological order,
with ẟ18OIS analyses closer to the EDJ representing an earlier time period, no early life events
can be pinpointed in these profiles.
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Figure 4.2: Oxygen isotope profiles of all analysed teeth from Teouma. The x axis indicates
the ẟ18OIS spot measurements moving from closest to the EDJ outward to the enamel surface.
(A) Burials 5A, 10A, 10B, 10E. (B) Burials 12, 18, 53, 64 (C) Burials 54, and 63 (D) Burials
66, 67, 29, 38 (E) Burial 30C (blue M1), 30C (green P2), 48 (F) Naen, Erromango, ReberRakival, Paligmete.
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Figures 4.3: SHRIMP ẟ18OIS profiles on four samples of tooth enamel. (A) Two profiles
from Burial 54. (B) Two profiles on Burial 63. (C) Profile on Burial 30C P2. (D) Profile on
Burial 38.
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Table 4.2: Summary of tooth enamel measurements from individuals at Teouma. Profiles of δ18OIS measurements across the tooth enamel from
closest to the EDJ outwards, minimum, maximum and averaged δ18OIS profiles, and δ18OC measurements (Bentley et al., 2007).
Burial Number
5A
10A
10B
10E
ẟ18OIS (‰) track across tooth enamel from closest to the EDJ to the outside
1
14.4 0.2
16.4
0.2 16.0 0.1
17.4 0.1
2
14.8 0.1
16.2
0.2 16.2 0.1
18.4 0.1
3
15.3 0.1
16.6
0.2 16.0 0.2
18.6 0.1
4
15.7 0.1
16.5
0.2 15.3 0.1
18.5 0.2
5
15.2 0.1
17.3
0.2 16.1 0.2
18.6 0.2
6
15.6 0.1
16.2
0.1 17.0 0.2
18.6 0.2
7
15.3 0.2
16.6
0.2 17.1 0.2
18.6 0.1
8
15.1 0.1
16.1
0.2 16.8 0.1
18.3 0.2
9
16.2 0.1
16.6
0.1 17.1 0.2
19.0 0.1
10
15.9 0.1
17.1
0.2 17.0 0.2
18.7 0.2
11
15.5 0.1
17.5
0.1 17.4 0.1
18.8 0.2
12
15.5 0.1
16.9
0.1 17.8 0.3
19.7 0.1
13
16.2 0.2
17.0
0.2 17.7 0.2
19.2 0.2
14
15.8 0.2
17.2
0.2 17.7 0.1
19.4 0.2
15
16.0 0.1
17.1
0.2 17.2 0.2
19.5 0.1
16
16.5 0.1
17.4 0.2
19.3 0.2
17
14.6 0.2
17.6 0.1
18.9 0.2
18
14.9 0.2
17.6 0.2
19
15.0 0.1
17.8 0.2
20
17.4 0.1
21
16.9 0.2
22
15.9 0.1
23
16.6 0.2
24
16.6 0.2
25
17.3 0.0
26
15.3 0.1
Minimum ẟ18OIS
14.4
16.1
15.3
17.4
(‰)
18
Maximum ẟ OIS
16.5
17.5
17.8
19.6
(‰)
Max ẟ18OIS – Min
2.1
1.4
2.5
2.3
ẟ18OIS
18
Mean ẟ OIS (‰)
15.4
16.7
16.9
18.8
ẟ18OC (‰)
23.1±0.1
24.5±0.1
24.5±0.1
26.8±0.1

12
15.8
15.6
15.7
15.3
15.3
15.7
15.5
15.6
16.0
16.6
16.4
16.3
16.1
16.1
16.7
16.0
16.4
15.9
15.7
16.3
16.8

18
0.1
0.2
0.3
0.1
0.1
0.1
0.1
0.1
0.1
0.2
0.1
0.1
0.2
0.1
0.1
0.2
0.2
0.2
0.1
0.1
0.1

17.6
18.6
17.9
18.2
18.5
17.7
17.8
17.3
18.0
18.2
17.8
17.8
18.2
18.0
16.9
18.5
17.9
18.0
18.7
18.6
19.4
18.7
18.4

29
0.1
0.1
0.2
0.2
0.1
0.1
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.3
0.4
0.2
0.3
0.2
0.1
0.1
0.1
0.1
0.1

16.5
16.3
15.6
16.2
15.7
16.3
16.4
16.5
17.0
17.1
17.6
16.9
16.9
16.5

30
0.1
0.1
0.2
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1

16.8
16.4
16.7
16.2
16.6
16.9
16.6
17.1
17.3
17.5
17.0
17.1
16.7

30
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1

15.5
16.0
16.4
16.7
16.8
16.9
17.0
16.8
16.8
16.9
16.7
17.2
17.4
17.3
17.2
17.5

38
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.0
0.1
0.1
0.1
0.0

18.4
18.6
18.7
18.4
18.4
18.3
18.3
18.4
18.2
18.2
18.1
18.2
17.8
17.8
17.8

48
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1

16.6
17.2
17.0
16.9
17.2
17.3
17.4
18.0
18.1
18.1
17.8
18.1
17.4
17.8
16.6
17.2
17.0
16.9

15.3

16.9

15.6

16.2

15.5

17.8

16.6

16.8

19.4

17.6

17.5

17.5

18.6

18.1

1.5

2.5

2.0

1.3

2.0

0.9

1.5

16.0
23.6±0.1

18.1
26.0±0.1

16.5

16.8

16.8

18.2

17.5

0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
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Burial Number
53
54
54
63
ẟ18OIS (‰) track across tooth enamel from closest to the EDJ to the outside
1
15.7 0.1
18.0 0.1 16.4 0.1 19.0 0.0
2
16.0 0.1
17.4 0.1 16.0 0.1 19.1 0.1
3
15.9 0.0
16.8 0.1 16.2 0.1 19.1 0.1
4
16.9 0.1
15.9 0.0 15.3 0.1 19.1 0.1
5
16.5 0.1
15.8 0.1 15.7 0.1 19.4 0.1
6
16.9 0.1
15.7 0.1 15.4 0.1 19.8 0.1
7
16.8 0.0
15.1 0.1 15.2 0.1 19.9 0.1
8
16.8 0.1
15.2 0.1 15.3 0.1 20.3 0.0
9
17.3 0.0
15.4 0.1 16.1 0.1 20.2 0.1
10
17.3 0.1
15.9 0.1 16.3 0.1 20.3 0.1
11
17.5 0.1
16.5 0.0 16.4 0.1 19.9 0.1
12
17.4 0.1
17.2 0.1 17.0 0.1 20.3 0.1
13
17.6 0.1
17.0 0.1 16.7 0.0 20.0 0.1
14
17.6 0.1
16.7 0.1 16.6 0.1 19.7 0.1
15
17.1 0.1
16.5 0.1 16.5 0.1 19.6 0.1
16
16.7 0.1
20.0 0.1
Minimum ẟ18OIS
(‰)
Maximum ẟ18OIS
(‰)
Max ẟ18OIS – Min
ẟ18OIS
Mean ẟ18OIS (‰)

15.7
17.6
1.9
16.9

63
18.3
19.4
18.9
19.5
19.4
19.4
19.6
19.7
20.2
20.1
19.8
19.7
20.2
19.9
19.7
20.0

64
0.1
0.2
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1

16.7
17.1
17.1
16.5
16.4
16.9
16.9
17.1
17.4
17.5
17.7
17.5
17.8
18.1
18.3
18.4

66
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1

17.6
17.8
17.0
18.0
17.9
18.1
17.9
18.3
18.3
17.5
17.8
17.2
17.3
17.6
17.3

67
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.0
0.1
0.1

16.8
17.4
18.0
18.2
18.4
18.3
17.9
18.2
18.7
18.7
18.4
18.2
18.7
18.7
18.3

0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.2
0.1
0.1
0.1
0.1
0.1
0.1

Naen,
Erromango

ReberRakival

19.7
19.6
19.7
19.1
19.4
19.6
20.0
20.0
20.1
20.0
20.6
20.5
20.3
20.5
20.6
20.0

17.8
18.4
18.5
17.8
17.9
17.6
17.5
17.9
18.3
18.7
18.9
18.6
18.7
19.3
19.1

0.1
0.0
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.2
0.1
0.1
0.1

0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.0
0.1
0.1
0.1

Paligmete
17.5
17.4
17.6
17.7
18.7
18.4
18.6
18.4
18.1
18.7
19.1
18.6
18.7
18.8

15.1

15.2

19.0

18.3

16.4

17.0

16.8

19.1

17.5

17.4

18.0

17.0

20.3

20.2

18.4

18.3

18.7

20.6

19.3

19.1

2.9

1.8

1.2

1.9

2.0

1.3

1.9

1.5

1.8

1.7

16.3

16.1

19.7

19.6

17.3

17.7

18.2

20.0

18.3

18.3

0.2
0.1
0.1
0.1
0.2
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
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4.5.2. Establishing a site isotope baseline
Baseline isotopic compositions for Teouma were obtained from pig teeth recovered from the
midden layer above the human burials at the cemetery. Pigs were used as a baseline as they
were only large terrestrial animal present in the assemblage. Nine pig teeth (1 x incisor, 1 x
canine, 2 x premolars, and 5 x molars), were analysed using the same technique as used on
human teeth. These teeth may not represent contemporaneous individuals, to each other or the
humans buried at Teouma, and are probably representative of a longer use of the site than the
human burials alone.
Pigs are obligate drinkers, so the δ18O in their teeth, like in humans, has been shown to be
directly related to the drinking water. Incremental measurements of pig teeth have been used
previously to understand mobility, dietary changes and seasonality of birth (Fricke et al.,
1998; Bentley and Knipper, 2005; Fremondeau et al., 2012; Sun et al., 2019). In this study it
is assumed that the pigs were consuming the same water sources as the humans buried at this
site, but the animal husbandry practices at Teouma are not well studied. Isotopic evidence,
high δ15N compared to other animals, suggested pigs at Teouma may have been free-range
and consuming insects or human faecal material (Kinaston et al., 2014a).
The small number of samples of pigs used in this baseline may lead to it not being
representative of the entire range of isotopic diversity at Teouma (Makarewicz and Sealy,
2015). To understand, in part, the range of O experienced by these pigs, multiple in situ δ18O
measurements were taken along the tooth enamel of these teeth, which represented a temporal
range of δ18O (Fig. 4.4). This isotopic range is likely to represent seasonal or even annual
variation within the pig’s life, providing a bigger picture of isotopic diversity at Teouma then
available from bulk measurements.
The range of δ18OIS analysed in these nine teeth is large, with spot δ18O measurements across
all analysed teeth ranging from 15.9 to 21.2‰ (Table 4.3). Within-tooth δ18OIS variation in
these pigs ranged from 1.6 to 3.9‰, with an average range of 2.3‰. These data suggest that
the δ18O experienced by these pigs was changing during the tooth formation period, providing
an estimate for the local δ18O range for the humans at Teouma. Average compositions of
individual teeth ranged from to 17.71 to 20.35‰. While individual ẟ18OIS measurements
overlapped, minimal overlap between averaged tooth ẟ18OIS was seen (Fig. 4.4). A
comparison of the averaged δ18O to the individual spot δ18O measurements indicates the range
of ẟ18OIS that would be unseen in conventional bulk sampling (Fig. 4.4 (A). To establish a site
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baseline for comparison with the human samples, a box and whisker plot using IQR1.5 was
used on the 229 individual spot ẟ18OIS measurements from the nine pig teeth to identify
outliers to the main grouping of δ18O. The baseline was defined as any δ18OIS value between
16.9 and 21.2‰ (Fig. 4.4).
To provide an additional baseline, a modern annual and monthly precipitation δ18O was
predicted for Teouma (Latitude -17.7864, Longitude 168.3871, Elevation 20m) using the
Online Isotopes in Precipitation Calculator (Bowen, 2020; Bowen and Revenaugh, 2003;
Bowen et al., 2005; IAEA/WMO, 2015). Estimates from the OIPC are calculated using
modern precipitation datasets, so the applicability of these data to archaeological targets is an
assumption. An annual ẟ18OW of -7.0 ± 6.1 ‰, with a summer to winter ẟ18OW range of -1.0
to -5.1‰ was predicted.

Table 4.3: Summary table of δ18OIS for pig teeth recovered from the midden layer at Teouma.
SHRIMP analytical uncertainties are ẟ18O = 0.1%.
Mount Analysis Sample Tooth
Number Average Min
Max
Range
18
18
18
number number type
of spots ẟ OIS
ẟ OIS ẟ OIS ẟ18OIS
HJ-12

121, 122

10.2336

Canine

39

HJ-12

123

10.395

Molar

15

HJ-12

124

-

Premolar 30

HJ-14

144,
145, 146

10.2588

Incisor

51

HJ-16

161

10.2005

Molar

21

HJ-16

162

10.186

Premolar 19

HJ-16

163

10.2607

Molar

21

HJ-16

164

10.509

Molar

14

HJ-16

165

10.2078

Molar

19

20.4

19.1

21.2

2.1

19.4

18.5

20.3

1.8

19.8
19.1

18.2
17.7

20.9
20.4

2.7
2.7

17.7

17.0

18.6

1.6

19.1

18.0

19.8

1.9

18.6

15.9

19.7

3.9

20.0

18.9

20.9

2.0

20.3

18.9

21.2

2.4
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Figure 4.4: (A) Comparison of range of δ18OIS in nine sampled pig teeth (y axis) and the
averaged δ18OIS for those spot measurements. (B) Boxplot of Teouma pig baseline δ18OIS
measurements (n = 229 from 9 teeth, representing 9 pigs). Outliers defined by the whiskers
(1.5 IQR) as any value under δ18OIS = 16.9‰ (n = 2).

4.6. Discussion
4.6.1. Comparison to previous O analyses from Teouma
Six individuals previously analysed for δ18OC by Bentley et al., 2007 were analysed in this
δ18OIS study. This provided a direct comparison between intra-tooth variation and a
conventional bulk measurement. The δ18OC analyses identified four ‘migrants’ (burials 3,
10E, 15 and 18) buried at Teouma (Bentley et al., 2007). The δ18OC of these individuals
ranged from 25.9 to 26.8‰. Two of these possible ‘migrants’ (burials 10E and 18) were
analysed here, alongside four individuals (burials 5A, 10A, 10B, and 12) identified as ‘locals’.
The range in δ18OC for locals was 23.1–25.0‰ (Bentley et al., 2007).
Conversion of the δ18OC results to δ18OP to be comparable to the in situ analyses was
undertaken using the equation outlined in Chenery et al., (2012), and also using a fixed 7.8‰
offset (France and Owsley, 2015). Conversion with the 7.8‰ shift corresponded better to the
δ18OIS profiles (Fig. 4.5). A comparison of an averaged value of δ18OIS profiles with converted
δ18OP showed an averaged difference between averaged δ18OIS and equation-derived δ18OP of
1.1‰. Assuming a constant offset of 7.8‰ the average difference was less, 0.1‰ (Table 3.4).
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δ18OIS profiles on these six individuals indicate a range of δ18O variation within all analysed
teeth (Table 4.4). δ18O variation ranged from 1.4‰ in 10A to 2.5‰ in samples 10B and 18.
When compared to the local and non-local isotopic categories—non-local δ18OP = 18.1–
19.0‰, local δ18OP = 15.3–17.2‰—these δ18OIS profiles fall mostly within the categories
(Fig. 4.6 (A)). There is some overlap, between samples at the top end of the local population
and bottom of the outlier population (between burials 10B and 18). The overall range of δ18O
at Teouma increases with the intra-tooth analyses in these six individuals, burial 5A showed
ẟ18OIS below the range of locals and burial 10E showed ẟ18OIS above the non-local range.

Table 4.4: Comparison of averaged δ18OIS profiles compared to the paired converted δ18OC
result using two published differences (equation from Chenery et al., 2012; offset from
France and Owsley, 2015).
Burial
ẟ18OIS
ẟ18OC to ẟ18OP Difference
ẟ18OC to ẟ18OP Difference
number averaged conversion
between
conversion
between ẟ18OIS
with equation ẟ18OIS and
with offset
and offset ẟ18OP
(7.8 ± 1.5‰)
equation
ẟ18OP
5A

15.4

14.2 ± 0.3

1.3

15.3 ± 1.5

0.1

10A

16.7

15.6 ± 0.3

1.1

16.7 ± 1.5

0.1

10B

16.9

15.6 ± 0.3

1.3

16.7 ± 1.5

0.2

10E

18.8

18.0 ± 0.3

0.8

19.0 ± 1.5

0.2

12

16.0

14.7 ± 0.3

1.3

15.8 ± 1.5

0.2

18

18.1

17.2 ± 0.3

0.9

18.2 ± 1.5

0.1
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Figure 4.5: Comparison of in situ analyses (coloured line) to the paired δ18OC measurement
converted to δ18OP using two methods; Chenery et al., 2012 (black line) and France and
Owsley, 2015 (grey line).
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4.6.2. Additional analyses on Teouma individuals
This δ18OIS analysis of more individuals buried at Teouma increased the range of δ18O values
obtained (Fig. 4.6 (B, C)), further complicating the story of mobility seen from the O isotopes.
The expanded range of ẟ18OIS analyses was 14.4 to 20.3‰. When all ẟ18OIS analyses within a
tooth profiles were averaged, these Teouma individuals ranged between 15.4‰ to 19.7‰.
Analyses of these ten additional individuals buried at Teouma returned δ18OIS profiles that
spanned the gap between these original local and non-local categories. The two profiles on
burial 63 returned δ18O higher than the previously defined non-local category and showed
very limited overlap with the rest of the burial population (Fig 4.6 (B)).
In light of these new ẟ18OIS data, a reassessment of the local and non-local categories at
Teouma was undertaken.

Figure 4.6: Comparison of δ18OIS profiles to the previously published δ18OC data. Grey boxes
indicate δ18OC measurements converted to δ18OP. Upper box indicates ‘migrants’ to Teouma,
with the lower box representing Teouma ‘locals’ as defined in Bentley et al., 2007. (A) In situ
δ18O profiles for six teeth previously analysed by Bentley et al., 2007. Analytical errors
highlighted in these analyses. (B) In situ δ18O profiles for additional human analyses (n=14).
New analyses in colour with corresponding label. Previous analyses in black. (C) In situ δ18O
profiles for additional human analyses (n=19). New analyses in colour with corresponding
label. Previous analyses in black. (D) In situ δ18O profiles for three teeth from other Pacific
Ocean archaeological sites. All Teouma human analyses in black.
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4.6.3. Identifying outliers at Teouma
In order to identify ẟ18OIS outliers at Teouma two approaches were used; statistical
assessment of the population to identify individuals who are isotopic outliers and using
baselines from faunal remains (pigs) and modern rainfall δ18O predictions to identify
individuals who fall outside the local δ18O range.

4.6.3.1. Statistical approach
A statistical assessment of outliers (non-locals) to Teouma was undertaken using a robust
measure of scale, 1.5 IQR, proposed by Lightfoot and O’Connell (2016), which provides a
conservative estimate of mobility. A test of all δ18OIS measurements (n = 317) across the 19
analysed teeth from Teouma, suggested that values higher than 20.9‰ and lower than 13.8‰
were outliers (Fig. 4.7). All δ18OIS measurements from Teouma fall within this range, placing
them all as statistically local to the site. An averaged δ18OIS per tooth was also tested, with
outliers falling outside the range 20.8‰ to 13.9‰. Again, all teeth fall within this range as
statistically local to the site. This intra-site range of δ18OIS is large, with δ18OIS ranging from
14.4‰ to 20.3‰, and individual teeth averaged δ18OIS lying ranging from 15.4‰ to 19.7‰.
The addition of δ18OIS profiles from three teeth from archaeological sites to the north and
south of Teouma, showed overlap in δ18OIS with the individuals analysed from Teouma (Fig.
4.6 (D)). All δ18OIS, both averaged and individual spot measurements, fell within the range
defined as local by 1.5IQR analysis. The two samples from Papua New Guinea (ReberRakival and Paligmete), returned δ18OIS profiles overlapping the majority of the Teouma
samples. The individual from Naen, Erromango, to the south of Teouma, returned a δ18OIS
profile overlapping with Teouma burial 63, and sitting at the top of end of the δ18OIS range
from Teouma individuals. While it may be tempting to interpret this as burial 63 representing
an individual from this southerly island, the lack of large scale comparable datasets for
everywhere else in the Pacific means no conclusion should actually be drawn.
We know that at least three teeth, which fall in the IQR defined local range, are from different
archaeological sites. This overlap suggests that the δ18OW variation in the Pacific region is not
large enough to identify mobility, causing non-locals to be indistinguishable from Teouma
locals. Modern rainfall maps show minimal variation in yearly averages of δ18OW across the
Pacific, supporting this conclusion (Bowen and Wilkinson, 2002).
Due to the large spread of ẟ18OIS measured within the tooth enamel of these individuals, and
the lack of obvious outlying measurements, these data from Teouma and other Pacific sites
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cannot be statistically separated into local and non-local. Less conservative statistical tests
(such as 2SD, 2‰ spread) may identify outliers, non-locals, in this dataset, but this would be
placing artificial boundaries without regard for the spread of values at Teouma. Additional
information from the site or the individuals is therefore required for any assessment of
mobility. The establishment of a local baseline, through archaeological faunal δ18O and
modern precipitation estimates, may assist in this assessment.

Figure 4.7: 1.5IQR tests for population outliers at Teouma. Whiskers represent the minimum
and maximum values for each plot and are equal to 1.5IQR or less if no outliers present. All
δ18OIS fall within 1.5 IQR. (A) All ẟ18OIS measurements (n = 317), from the 19 human teeth
analysed from Teouma. (B) Averaged ẟ18OIS for each of the 19 teeth analysed from Teouma.
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4.6.3.2. Local faunal baseline
To establish a local δ18O baseline and to examine the large intra-site δ18O range seen in the
human samples, nine pig teeth from the overlying midden layer were also analysed. In order
to compare pig and human δ18OIS, both datasets were converted to a δ18OW equivalent using
species specific equations. The pig established local δ18OW baseline was between -1.7 and 6.7‰ (Fig. 4.8). Interestingly, this faunal baseline sits at the top of the δ18O range seen in the
analysed human teeth. This is suggesting that either (1) individuals previously identified as
non-locals to Teouma are in fact locals, and it is the individuals with lower δ18OIS who are
non-local, (2) the pigs buried at Teouma were not consuming the same water sources, (3) the
pigs were temporally distinct enough that δ18OW precipitation had shifted from that present
during the human occupation of the site, or (4) the species-specific equations introduces
inaccuracies.

Figure 4.8: δ18OIS profiles for all analysed human teeth which have been converted to δ18OW.
Orange box represents local faunal ẟ18OW isotopic range. Blue box represents a prediction
for modern monthly ẟ18OW of precipitation at Teouma.
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4.6.3.3. Modern precipitation baseline
The modern precipitation baseline returned annual ẟ18OW = -7.0 ± 6.1‰, with a monthly
prediction showing seasonal variation from -1.0 to -5.1‰ (OIPC, 2020). The large 95%
confidence interval on this annual estimate, which could cover a large percentage of δ18O seen
on Earth, is due to the limited data on modern ẟ18OW in the Pacific region. A comparison of
the predicted monthly precipitation δ18O to the converted human and faunal δ18O, indicated an
overlap with faunal δ18O (Fig. 4.8). These results suggested the previous identification of nonlocals, those with higher δ18O, may be reversed with lower values actually non-locals at
Teouma.

4.6.3.4. ẟ18OP in the Pacific region
Isotopic analysis (O, Sr) has been used to identify mobility in Pacific populations (Bentley et
al., 2007; Shaw et al., 2009; 2010; 2011; Kinaston et al., 2013; 2014; Stantis et al., 2015;
2016). The limited number of Lapita skeletons recovered from across the Pacific, has limited
the isotopic analysis of mobility for this time period, and a lack of large scale comparable
human tooth enamel δ18O datasets from this region inhibits a comprehensive assessment of
human mobility. Data from three sites in PNG (two Lapita age, one prehistoric - 720-300BP)
does provides an initial indication of the δ18O in human tooth enamel, in regions close to the
Lapita homeland (Table 4.5) (Shaw et al., 2010; 2011). Data from further west, in northern
Australia and Bali, provides an indication of δ18O variation in the wider region (Table 4.5)
(Theden-Ringl et al., 2011; Fenner et al., 2016).
The Papua New Guinean datasets showed average ẟ18OP values at the lower end of the
Teouma ẟ18OIS range (14.8 – 15.6‰), overlapping with the individuals suggested by the
archaeological pig and modern precipitation as non-locals. Teouma is suggested to be a
colonising site for the Lapita Cultural Complex, so this mobility may represent the initial
wave of colonisation of the island from the Lapita homeland. Australian and Bali ẟ18OP
returned higher averages, suggesting these individuals were not from regions that far west.
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Table 4.5: Summary ẟ18OP for sites in the Pacific region. All values have been converted to
ẟ18OP from ẟ18OC measurements (using Chenery et al., 2012)
Number Site
Site
Site
Site
of
mean minimum maximum range
Country Site
samples ẟ18OP ẟ18OP
ẟ18OP
ẟ18OP Reference
Papua
New
Shaw et
Guinea
Nebira
27
14.8
13.6
16.4
2.8
al., 2011
Papua
New
ReberShaw et
Guinea
Rakival
17
15.1
14.1
16.7
2.7
al., 2010
Papua
New
Shaw et
Guinea
Lifafaesing 5
15.6
14.9
16.2
1.3
al., 2010
Theden
Ringl et
Australia Anuru Bay 2
17.3
15.9
18.6
2.7
al., 2011
Theden
Ringl et
Australia Malarrak
3
17.4
16.4
18.5
2.1
al., 2011
Pacung –
Fenner et
Indonesia Bali
7
16.1
15.8
16.6
0.8
al., 2016
Sembiran Fenner et
Indonesia Bali
2
17.1
16.9
17.2
0.3
al., 2016

4.7. Archaeological implications of intra-tooth variation at Teouma
This ẟ18OIS analysis at Teouma highlights how intra-tooth δ18O variation can confound
archaeological interpretations. These data show that at Teouma:
(1) the range of intra-tooth δ18OIS variation within these humans spans the previously
clear categories of local and non-local,
(2) and addition of more human analyses at Teouma shows the total spread of δ18O is
much larger than previously thought.
With this new intra-tooth data and, a reassessment of mobility using just δ18O data, at Teouma
it is seen that:
(3) a conservative estimation of mobility using statistical methods shows locals and nonlocals are not distinguishable based on both averaged ẟ18OIS and all ẟ18OIS profiles.
(4) variation in δ18O across the Pacific is not diverse enough to successfully identify
mobility, with individuals from archaeological in southern Vanuatu and Papua New
Guinea returning overlapping δ18OIS
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(5) a faunal and modern predicted ẟ18OW baseline, throws even more confusion on the
assessment of mobility at Teouma, with both these baselines not corresponding with
the previously determined isotopic pattern of locals and non-locals.
Additional data from other isotopic systems, or using archaeological information needs to
occur to help explain these ẟ18OIS data and potentially identify mobility at Teouma.

4.8. Revisiting mobility at Teouma
4.8.1. Additional data from Teouma
Previous isotopic analysis employed Sr isotopes in the assessment of mobility (Table 3.5,
Bentley et al., 2007). Subsequent Sr mapping using plant and soil samples on Efate has shown
that the 87Sr/86Sr in all analysed individuals from Teouma can be found on Efate (Appendix C,
Fig. C.2) (Lees, 2010; Kinaston et al., 2014b). From these Sr analyses, the range of 87Sr/86Sr
on Efate is from 0.70703 to 0.70908. The range of 87Sr/86Sr measured in the Teouma
individuals was 0.70686 to .070897. Only two burials fall slightly outside this island range,
burials 10B and 14. These data suggest that Sr analysis alone would not be useful in
identifying non-locals to Efate.
It is interesting to note, that even though the environmental samples on Efate are from regions
with sedimentary surface geologies, the range of 87Sr/86Sr reflects both sedimentary and
volcanic 87Sr/86Sr inputs. This suggests mixing of Sr in the environment on Efate, possibly in
part due to volcanic ash, which has been shown to influence clay geochemistry on Efate
(Leclerc et al., 2020). Additional sampling of volcanic surface geologies may reveal a larger
range of 87Sr/86Sr on Efate.
In the six teeth analysed for both ẟ18OIS and 87Sr/86Sr, a pattern of heavier ẟ18OIS and higher
Sr/86Sr compared to lighter ẟ18OIS with lower 87Sr/86Sr was seen. Additional Sr analyses on
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all the intra-tooth δ18O sampled individuals would shed more light on the relationship
between ẟ18OIS and 87Sr/86Sr in individuals at Teouma.
A comparison of the δ13C and δ15N to ẟ18OIS, showed no correlation between average ẟ18OIS
or range of intra-tooth δ18O variation (Appendix C, Fig C.3). This suggested diet does not
differ between individuals potentially consuming different water sources. No differences in
ascribed biological sex, in both δ18OIS or level of δ18OIS variation, are seen between females
and males buried at Teouma, in contrast to those seen in food consumption (Kinaston et al.,
2014a). This suggests that either both females and males were mobile at the same rates or
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there were no obvious cultural difference in drinking water access between the sexes. These
analyses suggest that at Teouma dietary analyses do not assist in the assessment of mobility.

Table 4.6: Isotope and trace element data from six teeth previously analysed by Bentley et al.,
(2007) reanalysed in this study.
87Sr/86Sr
ẟ18OC
δ13C
Ba/Sr
5A
0.70740
23.1
-12.2
0.011
10A
0.70717
24.5
-14.2
0.014
10B
0.70696
24.5
-12.2
0.011
10E
0.70866
26.8
-12.2
0.022
12
0.70754
23.6
-12.5
0.005
18
0.70897
26.0
-9.8
0.013

4.8.2. What’s going on with δ18O at Teouma?
If all individuals buried at Teouma are assumed to be local, there are several factors which
may be adding to the intra-tooth and intra-site δ18O variation. Within population δ18O
variation has been shown to be large at other sites, up to 6.3‰, which aside from non-locals
in the population, has been attributed to the differential sourcing, management, and human
alteration of water (Lightfoot et al., 2014).
The seasonal changes in δ18OW, predicted for Teouma as -1.0 to -5.1‰ and measured at the
closest IAEA GNIP station (Apia, Samoa) as 4.7‰ shift between summer and winter values,
may lead to a large spread of tooth enamel δ18O in a stationary population (IAEA/WMO,
2020). These are modern ẟ18OW, so may not accurately represent the ẟ18OW during Lapita
settlement. Longer term climate changes, such as ENSO, may account for such a change in
δ18OW. ENSO cyclicity is thought to be a key driver of environmental changes at the nearby
Emaotfer Swamp, and in modern times controls rainfall patterns on Efate, with El Nino
bringing drier conditions (Wirrmann et al., 2011; Tigona and de Freitas, 2012).
Cultural choices, such as selection of water sources or storage of water, may also be adding to
this large intra-site δ18O variation. Human alteration of their own drinking water; through
storage, boiling, brewing, produces isotopically heavier final products (Daux et al., 2008;
Brettell et al., 2012). The lack of apparent birth seasonality in human populations, coupled
with breastfeeding, which produces isotopically heavier ẟ18O in tissues, may be exaggerating
or hiding seasonal variation in this population. At Teouma, human ẟ18OIS suggested the
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consumption of water isotopically lighter than the modern ẟ18OW and drinking water
consumed by pigs.
The previous assumption was that locals were consuming local spring fed water, while nonlocals were consuming water from a coastal location (Bentley et al., 2007). Consumption of
surface waters from the nearby Teouma River or Emaotfer Swamp, or from groundwater
sources, may account for this difference in humans from pig and rain water, and may add to
the large range of δ18O seen at Teouma. As animal husbandry at Teouma is largely unknown,
the drinking water sources of the pigs can not be easily established. Mapping of the drinking
water sources on Teouma should be undertaken to provide more information on the ẟ18OW of
all the drinking water sources in the region. To further confirm the ẟ18OW at Teouma using a
faunal baseline, the analysis of additional pig teeth or other faunal remains (such as rodents)
should also be undertaken.
Even though statistically non-locals cannot be identified from Teouma locals, they may still
be present in this dataset. As the majority of factors altering consumed ẟ18O (such as boiling,
brewing, evaporation, or milk consumption) lead to isotopically heavier consumed water,
local human tissue values are likely to sit above local precipitation ẟ18O. The individuals with
isotopically lighter ẟ18O than the faunal and modern precipitation baselines are suggested to
be non-locals to Teouma.
These individuals would have come from a region with lighter ẟ18OW than Efate perhaps from
PNG, and, if previous 87Sr/86Sr patterns hold, from a lower 87Sr/86Sr, and potentially volcanic
region. Individuals from multiple homelands within this dataset can also not be excluded.
Without additional data on humans, water sources and faunal remains from Teouma, teasing
apart this story of mobility is impossible.

4.9. Conclusion
This case study of intra-tooth δ18O variation at Teouma showed that additional analyses and
the analysis of intra-tooth variation blurred the previously clear categories of local and nonlocal, and highlighted a large spread of δ18O at the site. The inclusion of non-locals in the
Teouma ẟ18O range could be contributing to this large range, or activities such as the selection
of different water sources, small scale mobility or preparation and storage of liquids, may be
creating this isotopic variation within a stationary population. A combination of these factors
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may also be at play. Statistically, mobility cannot be identified at Teouma, and the addition of
local δ18O baselines provides an indication opposite to the one suggested by Bentley et al.,
(2007). Additional data from Teouma and Efate is needed before any assessment of mobility
can be undertaken.
This case study of Teouma indicates that, where possible measurement of intra-tooth δ18O
variation, or at least consideration of the intra-tooth δ18O variation range established in this
thesis (δ18O = 1.8 ± 0.7‰), is required for the continued use of O isotopes in archaeological
mobility studies.
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Section 2: Mapping bioavailable strontium on the islands of
Corsica and New Caledonia for archaeological provenance
studies
Strontium isotopic analysis of teeth has become a staple of archaeological science, used to
assess the mobility of past populations and to provenance archaeological material. A
limitation of Sr isotopic analysis is the need for large scale environmental mapping of
87

Sr/86Sr in order to compare to measured archaeological material. This section will first

provide an introduction to Sr isotope analysis in archaeological science (Chapter 5), and then
provide the results of large scale environmental mapping of two islands, Corsica in the
Mediterranean Sea (Chapter 6) and New Caledonia in the Pacific Ocean (Chapter 8). The
environmental mapping of these two islands follows on from the Sr mapping of mainland
France (Willmes, 2015), and the data will be available for download on the Isotopic
Reconstruction of Human Migration (IRHUM) database (http://80.69.77.150/). An
archaeological case study on the site of Campu Stefanu on Corsica (Chapter 7) will also be
presented to highlight the use of this environmental Sr mapping.
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Chapter 5: An introduction to strontium isotopic analysis and
its applications in archaeological studies

5.1. Strontium
Strontium (atomic number 38) is an alkaline earth element with an ionic radius of 1.13 Å,
possessing similar properties to, and therefore occurring in association with, calcium (Ca)
(ionic radius of 0.99 Å). Strontium (Sr) has four naturally occurring isotopes: stable 84Sr, 86Sr
and 88Sr, and radiogenic 87Sr (see table 5.1).
Table 5.1: Abundances of the stable isotopes of Sr (Meija, et al., 2016)
Isotope
Abundance (%)
84

0.56

86

9.86

87

~ 7.0

88

82.58

Sr
Sr
Sr
Sr

Radioactive isotopes of Sr also occur (82Sr, 83Sr, 85Sr, 89Sr and 90Sr), with 90Sr, produced by
nuclear fission, being of major concern due to nuclear testing and accidents.
The isotopic measurement of Sr in archaeology is unlike other isotopic systems, with the
expression typically a ratio of 87Sr to 86Sr (87Sr/86Sr) not a comparison to an established
standard. An alternative notation, in line with other commonly used isotopic systems is also
available:
87

δ87 𝑆𝑟 = (

Sr/86Sr sample
-1) ∗ 1000
87
Sr/86Sr seawater
(Capo et al., 1998)

Sr is radiogenic, formed by the β-decay of 87Rb, which occurs on geological timescales with
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a half-life of 49.61 x 109 years (Villa et al., 2015). 86Sr remains constant. This principle has
been used in geology to indicate age in geological formations (Fullagar et al. 1971; Faure and
Powell 1972; Faure 1986). On an archaeological timescale, the 87Sr/86Sr ratio in materials can
be considered constant (Chadwick et al., 2009).

98

Due to their similar properties, Sr (Sr2+) substitutes for calcium (Ca2+) in various minerals
including plagioclase feldspar, calcite, dolomite, sulfates and apatite, as well as in biominerals
such as hydroxyapatite (Capo et al., 1998). Sr2+ can also substitute for K+ in minerals where
silicon (Si4+) has already been substituted for Aluminium (Al3+), for example clay minerals
(Capo et al., 1998).
Rubidium (Rb) is an alkali metal, with an ionic radius similar to potassium (K) (1.48Å and
1.33Å respectively) which allows it to substitute into potassium minerals. Rb is a commonly
found element in K bearing minerals such as potassium feldspar and micas (Faure and
Mensing, 2005). Two naturally occurring isotopes of rubidium, 85Rb and 87Rb, occur with
85

Rb being the only stable form. These differences in geochemistry allow for Rb and Sr to be

used in dating and geochemical tracing.

5.1.1. Sr standards
SRM987 (National Institute of Standards & Technology), a highly purified and highly
homogenous Sr carbonate (SrCO3), is used as an international Sr standard. The certified
value for SRM987 is 87Sr/86Sr = 0.71034 ± 0.00026 (Moore et al., 1982), but an accepted
value of 0.710260 ± 0.000010 is reported (Thirlwall, 1991; Hans et al., 2013). Additional
standards were used for the measurement of soil and plant samples for the bioavailable Sr
mapping; the Geochemical Mapping of Agricultural and Grazing Land Soil (GEMAS)
standard and an inhouse laboratory standard (F12-222). Measurements of GEMAS are
reported as 0.70638 ± 0.00003 (n=39, 2σ) (GEMAS Project) and previously measured in the
RSES laboratory as 0.70634 ± 0.00002 (n=14, 2σ) (Willmes, 2015).

5.1.2. The use of Sr isotopes in provenance studies
The potential of Sr isotopes for archaeological provenancing was identified in the 1980’s
(Ericson 1985; 1989), building on techniques established in ecological and geological studies.
Early studies of mobility using Sr isotopes in archaeological human remains appeared in the
1990’s and showed the potential and the limitations of the method (Cox and Sealy, 1997;
Schwarcz et al., 1991; Grupe et al., 1997). The use of Sr isotopic analysis in archaeology has
developed and become an established tool for assessing human and faunal mobility, and the
spread of environmental Sr baseline mapping allows for these assessments (Britton, 2017).
The use of Sr isotopes for provenancing relies on the fact that due to the large atomic mass of
Sr, it is minimally fractionated by low temperature geological, geochemical or biological
processes. This means that the Sr isotopic ratio of the underlying geology is transferred into
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the soils and waters of a specific region, where it can be taken up by plants, and through
consumption by animals, including humans ends up in their skeletal tissues (Sillen and
Kavanagh, 1982; Faure 1986; Price, 1998; Blum et al., 2000; Beard and Johnson, 2000).
The 87Sr/86Sr ratio in rocks, soils, plants and animals in a region is for the most part dependent
on the local geology (Dasch 1969; Hurst and Davis, 1981; Graustein 1989; Capo et al., 1998).
Non-geological sources of Sr can also influence the Sr values available for biological
consumption in a region. This biologically available Sr is termed bioavailable Sr and includes
inputs from differential weathering of minerals, groundwater, rainfall, atmospheric
deposition, sea spray, exogenous soils, and modern contamination (Fig. 5.1) (see review in
Bentley, 2006).
All of these potential sources of Sr mean that to identify mobility a measured composition of
archaeological or skeletal material must be compared to the overall bioavailable Sr in the
region. Mapping of this bioavailable Sr is therefore crucial for mobility studies. It is important
to note that regions with similar geologies and environmental Sr inputs have overlapping
87

Sr/86Sr values. The childhood origins of an individual then cannot be determined uniquely

using just isotopic analysis of the Sr in their teeth, but this analysis can exclude regions. A
combination of additional isotopic systems (for example O), as well as historical,
archaeological or genetic evidence, can provide a stronger indication of potential homelands.

5.2. Sr in geology
Strontium isotope ratios differ in geological materials as a function of initial 87Sr/86Sr, age and
Rb/Sr ratio (see Table 5.2). The initial ratio of Rb and Sr is influenced by the fact that Rb is a
highly incompatible element in the mantle. As partial melting occurs, Rb partitions into the
melt in preference to Sr, leaving the mantle depleted in Rb and relatively enriched in Sr
(White, 2015). Over time material with higher Rb/Sr will see larger changes in 87Sr/86Sr (see
Table 5.3).
High 87Sr/86Sr values are seen in very old rocks with a high Rb/Sr, generally above 87Sr/86Sr =
0.7100, while young rocks with low initial Rb/Sr have low 87Sr/86Sr values, often below
87

Sr/86Sr = 0.7040 (Faure and Powell, 1972; Veizer, 1989)). Igneous rocks can have a large

range of 87Sr/86Sr values, from high in old granites to low and mantle-like in young basalts
(Bentley, 2006, and references therein). Rocks dominated by marine carbonate have 87Sr/86Sr
ratios reflecting that of the ocean at their time of formation, and metamorphosed rocks can
have 87Sr/86Sr values that were modified by the metamorphic process.
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Minerals within a rock can have vastly different 87Sr/86Sr ratios related to their composition or
formation history, and relative amounts of Ca and K, and therefore Sr and Rb (for example
calcium and potassium feldspars in granite). Differential weathering rates of minerals within
a rock mean that the bulk fresh bedrock Sr composition may not accurately reflect the
contribution of the rock to the bioavailable Sr. The weathering susceptibility of minerals also
influences their contribution to the 87Sr/86Sr, for example silicate minerals highly resistant to
weathering contribute less than minerals more susceptible to weathering such as carbonates
and feldspars (Capo et al., 1998).

Table 5.2: 87Sr/86Sr for bedrock geologies, adapted from values presented in Bentley 2006
(and from references therein), and Palmer and Edmond (1992).
87Sr/86Sr
Geology
Basalts along mid oceanic ridges and volcanic islands
0.7020 – 0.7040
Oceanic island arcs formed by subduction-related
0.7035 – 0.7070
magmatism
Overall continental crust
0.702 – 0.750
Phanerozoic marine limestone and dolomite
0.707 – 0.709
Limestones
0.706 – 0.709
Old granites
0.710 – over 0.740
Young basalts
0.703-0.704

5.3. Bioavailable Sr
5.3.1. Soils
The 87Sr/86Sr values of soils are heavily dependent on Sr weathered from the bedrock
geology, although additional Sr inputs can influence the soil 87Sr/86Sr value. Differential
weathering of minerals within a rock, can lead to disconnect between overall 87Sr/86Sr in the
bedrock and the 87Sr/86Sr value of what is available in the soil. Landscape influences the rate
of erosion, so the potential movement of 87Sr/86Sr in the environment, with highly eroded
areas contributing more than low erosion areas. Disconnect between bedrock geology and
surface 87Sr/86Sr values can be seen in areas of glacial terrain and peat (Evans et al., 2009;
Evans et al., 2010), due to the presence of transported foreign soils. Anthropogenic influences
on soil, surface and ground water 87Sr/86Sr values include the addition of fertilizers with
widely varying 87Sr/86Sr ratios and industrial and urban wastes (Vitoria et al., 2004; Hosono et
al., 2007; Frei et al., 2020).
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5.3.2. Water
The transport of Sr in rivers occurs predominately as suspended sediment, with a small
amount of dissolved Sr. Suspended sediments represent the eroded rocks of higher elevation
regions, and can contain large variation in their 87Sr/86Sr isotope ratios (Bentley, 2006; White,
2007). Regions of alluvial sediments, such as the Aquitaine Basin, show large 87Sr/86Sr ranges
indicative of all the upstream sources (Willmes, 2015).
The long residence time of Sr in the ocean leads to a homogenous 87Sr/86Sr value of the open
ocean. At present, the 87Sr/86Sr of the ocean is 0.70918, and has been stable for at least the last
10,000 years (McArthur et al., 2001). Over the Phanerozoic Eon (540 Ma to present), the
87

Sr/86Sr has changed between 0.705 to 0.709, as changes in the Sr inputs into the ocean; from

continental inputs such as from rivers discharge, wind and glacially transported sediments,
and outputs from underwater hydrothermal systems, and erosion, occurred (Burke et al., 1982;
White, 2015). These changes in 87Sr/86Sr values can be used for Sr chronostratigraphy, by
measuring minerals precipitated from ocean water (e.g., shells or foraminifera), and
comparing the 87Sr/86Sr to the known ocean ratios. This technique can also be applied in
archaeological settings, for example to distinguish between fossil or coastal sourced shells at
the La Madeleine child burial (Vanhaeren et al., 2004).

5.3.3. Atmospheric deposition
Atmospheric deposition of Sr, through precipitation, dust and sea spray, can also influence
terrestrial values, but the extent of this influence is highly dependent on the Sr concentration
and 87Sr/86Sr values of the end members (Bentley et al., 2006; Crowley et al., 2015). The
87

Sr/86Sr value of precipitation is dependent not only on the Sr values of evaporated soluble

salts, but the input of dust, sea spray and aerosols (Herut et al., 1993; Capo et al., 1998; Faure
and Mensing, 2005). Strontium is only a small component of precipitation, so its influence on
terrestrial values is highest in regions with high annual precipitation (Bentley, 2006; Hartman
and Richards, 2014). Windblown dust alters terrestrial 87Sr/86Sr values, as seen by Saharan
dust in Europe (Israelevich et al., 2012) and the Caribbean (Bataille et al., 2012) and Gobi
Desert dust in Japan (Saitoh et al., 2011). In coastal areas, sea spray and ocean derived
precipitation can influence the bioavailable Sr values, leading to bioavailable Sr showing
87

Sr/86Sr values moving towards the marine value (87Sr/86Sr = 0.70918) (Holland, 1984;

Whipkey et al., 2000; Bentley, 2006; Hoogewerff et al., 2019).
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5.3.4. Plants
Plants provide an average of the 87Sr/86Sr environmental sources that they access, and
consequently show less variation in values compared to the whole environment (Poszwa et
al., 2002). Water sources accessed by plants, e.g., ground versus surface waters, influence the
87

Sr/86Sr of the plant. Plants growing along river systems can reflect the 87Sr/86Sr of the water,

while those growing in drier regions reflect the 87Sr/86Sr of the soil (Sillen et al., 1998).
87

Sr/86Sr can change with soil depth, as the inputs of atmospheric Sr decrease, and the inputs

from bedrock weathering increase (Probst et al., 2000). Root depth therefore influences the
87

Sr/86Sr accessed by plants (Dijkstra et al, 2003).

Figure 5.1: Strontium isotope cycle detailing inputs into bioavailable strontium (Willmes,
2015)

5.4. Strontium isotopes in biological tissues
The 87Sr/86Sr ratio in biological materials represents the bioavailable Sr in food and water
during the period of biomineral formation, which can provide an indication of the geological
origin of an individual (Capo et al., 1998). Strontium is not an essential element in biological
systems and serves no metabolic function. Sr enters the human body and partially replaces Ca
in the bioapatite of bones and teeth (Comar et al., 1957). Sr in human tissues predominately
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comes from dietary sources, which if sourced locally reflect the local bioavailable 87Sr/86Sr
value. Dietary sources not reflecting this local value (e.g., marine or imported food sources)
can alter the 87Sr/86Sr and influence archaeological interpretations (Wright, 2005; Fenner and
Wright, 2014).
With increasing trophic level the Sr/Ca ratio in a sample reduces by a factor of ~5, due to the
process of biopurification (Elias et al., 1982). The 87Sr/86Sr ratio does not change during
biopurification, but the variation in the concentration of Sr decreases and variation of 87Sr/86Sr
values decreases with trophic level becoming averages of the overall dietary input of Sr
(Burton et al., 1999; Burton et al., 2003; Price et al., 2002). Due to Biopurification the Sr
isotope value in human and animal tissues comes predominantly from plant material (with its
higher Sr concentration) not animal products (Burton and Wright 1995; Fenner and Wright,
2014).
87

Sr/86Sr ratios have been widely used in archaeological studies to identify the mobility of

humans, animals and animal derived products (overviews in Beard and Johnson, 2000;
Bentley et al., 2006; Montgomery, 2010). The technique has been applied across all time
periods from early modern humans (China - Hu et al., 2009) to historic periods (Caribbean Schroeder et al., 2009). Analyses have been conducted on both faunal teeth (Balasse et al.,
2002; Viner et al., 2010; Laffoon et al., 2014) and human teeth; in Europe (eg. Bentley et al.,
2004; Chenery et al., 2010; Evans et al., 2012), North America (eg. Price et al., 2006; Price et
al., 2010), South America (eg. Slovak et al., 2009; Conlee et al., 2009; Knudson et al., 2012),
Oceania (eg. Bentley et al., 2007; Shaw et al., 2009; Stantis et al., 2016) and Africa (eg. Cox
and Sealy, 1997; Buzon and Simonetti, 2013).
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Table 5.3. Concentrations of Sr, Ca and Rb/Sr ratio in various minerals (adapted from
Bentley, 2006 with data from Capo et al., 1998; Aubert et al., 2002; Bashkin, 2002; Burton et
al., 1999; Elias et al., 1982; Kohn et al., 1999. Bernat et al., 1972, Brass and Turekian 1974;
Åberg et al., 1990; Evans et al., 2012).
Material
Sr
Ca
Rb/Sr ratio
concentration concentration
(ppm)
(ppm)
Geological
Sandstone
20
40,000
3
Low-Ca granite
100
5,000
2
Deep-sea clay
180
30,000
0.6
Syenite
200
20,000
0.6
Shale
300
20,000
0.5
High-Ca granite
440
25,000
0.3
Ultramafic rock
1
25,000
0.2
Basalt
500
75,000
0.07
Deep-sea carbonate
2000
300,000
0.005
Carbonate
600
300,000
0.005
Soils
Soil minerals
10 – 1000
24,000
Labile soil minerals
0.2 – 20
1,000
Soil moisture
0.001 – 0.07
1–4
Water
Seawater
~8
400
Rivers
0.006 – 0.8
15
Rain
0.001 – 0.4
1 – 100
Snow
0.00001 –
0.01 – 0.1
0.001
Biological
Edible plants
1 – 100
3,000 – 6,000
Mammal bone
100 – 1000+
~370,000
Mammal enamel
50 – 500 +
~370,000
Human tooth enamel
20 – 450
~370,000

5.5. Defining a local 87Sr/86Sr baseline
Strontium isotopic measurements on archaeological samples in isolation do not allow for the
assessment of mobility or provenance of archaeological material. A baseline of the
bioavailable Sr in a region is needed. Provenance or mobility can then be indicated by the
comparison of measured archaeological material to these “isoscapes”. The choice of Sr source
material to establish the bioavailable Sr baseline is a fundamental consideration and one
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which has been discussed widely in the literature (Bentley, 2006; Maurer et al., 2012; Price et
al., 2002; Slovak and Paytan, 2012). Three methods for establishing baseline Sr maps have
been proposed: (1) bedrock modelling, (2) measuring environmental samples such as plants,
soils and water, (3) measuring 87Sr/86Sr in faunal or human modern or archaeological samples.
(1) Bedrock modelling involves predicting the bioavailable Sr from the lithology and age
of the bedrock along with the weathering rates across the region (Bataille and Bowen,
2012). Non-geological inputs into bioavailable Sr are not accounted for using this
method.
(2) Measurements on environmental materials provide an indication of all averaged
sources of Sr within the environment, and allow for the assessment of the movement
of Sr between different reservoirs (Maurer et al., 2012; Willmes, 2015).
(3) Faunal samples provide a direct measurement of the bioavailable Sr, with fauna
sampling multiple sources within their range (Kootker et al., 2016).
Large scale mapping of regions for archaeological provenance studies have been undertaken
in Europe (Willmes et al., 2018; Price et al., 2014; Bronnimann et al., 2012; Evans et al.,
2010; Frei and Frei, 2011; 2013; Zitek et al., 2015; Kootker et al., 2016; Blank et al., 2018;
Hoogewerff et al., 2019; Ladegaard-Pedersen et al., 2020), the Middle East (Hartman and
Richards, 2014) in the Americas (Bataille and Bowen, 2012; Hodell et al., 2004; Laffoon et
al., 2012), in Africa (Sillen et al., 1998), in Asia (Song et al., 2014), and more recently in
Australia (Adams et al., 2019) using a combination of direct measurements on environmental
and faunal remains, alongside modelling techniques.
A combination of plant and soil sampling provides a robust map of the bioavailable Sr at an
achievable resolution. Small mammals, such as rodents, provide an averaged 87Sr/86Sr over a
small home range, so are useful in providing a local site specific 87Sr/86Sr value (James et al.,
2019, Chapter 9). These maps take into account the multiple sources of Sr (bedrock, water,
coastal deposition, precipitation, dust and anthropogenic influences) which strengthens
provenance assessments (Bataille and Bowen, 2012; Bataille et al., 2012; Crowley et al.,
2015). In this thesis, soil leachates and plant samples have been analysed for 87Sr/86Sr and will
be used in the creation of bioavailable Sr maps of Corsica and New Caledonia.
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5.6. Strontium isotope methods
5.6.1. Environmental sampling methods
Soil and plant material were sampled in 2013 (New Caledonia) and 2014 (Corsica). Paired
soil and plant samples were collected from all major geological units on the islands, and in
areas of geological and archaeological interest. For ease of access, samples were collected
along roads or rivers. Care was taken to select sample sites away from anthropological
contamination which might not reflect the underlying geology or environment experienced on
an archaeological timescale. To reduce the chance of modern anthropogenic soil pollution,
soil samples were taken from a soil horizon just below the surface (Frei et al., 2020). This
sampling strategy might also influence the sampled soils' potential exposure to atmospheric
deposition in a modern setting. Plant samples were taken from a variety of leaves, grasses,
and stems of small shrubs. Samples were imported into Australia under quarantine and
subjected to gamma irradiation (to remove any live biological contaminants) prior to isotopic
analysis. Samples were collected as a follow-on project from the Sr mapping of continental
France, which is presented in the IRHUM (isotopic reconstruction of human mobility)
database (see Willmes et al., 2014 and Willmes, 2015, for a comprehensive overview of the
project, and see the IRHUM database at http://80.69.77.150/).

5.6.2. Environmental analytical methods
Strontium analysis of environmental samples, soil leachates and plants, followed the
procedures developed in the RSES Archaeogeochemistry Laboratory, ANU (Fig 5.2), and
outlined in Willmes (2015). All analytical work was undertaken in a clean laboratory setting
with ultrapure reagents.
Soil samples were dried in a 60 °C oven overnight and then passed through a 2 mm sieve to
remove foreign material. A subsample (~ 1 g) was leached with 2.5ml 1M NH4NO3, shaken
for 8 hours and then centrifuged. The supernatant (~ 1 ml) was removed, evaporated then
dissolved in 2 ml 2M nitric acid (HNO3). Plant samples were washed with MilliQ to remove
any visible foreign particles, then were ashed in ceramic crucibles overnight at 800 °C. A
subsample (0.1 g) was then digested in concentrated HNO3, evaporated to dryness and then
redissolved in 2 ml 2M HNO3.
To prepare samples for elemental analysis, a 0.1 ml subsample of both soil and plant were
diluted with 4.9 ml 2% HNO3. Elemental analysis was conducted using the ICP-AES in the
Environmental Geochemistry and Geochronology Laboratory at RSES. Elemental
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concentration results dictated the Sr amount (between 0.1 ml to 1.9 ml) used in ion exchange
chromatography (Eichrom pre-filter and Sr spec resins) to achieve 600 ng in 2 ml
concentration for MC-ICP-MS analysis. 87Sr/86Sr analysis of plant and soil leachate samples
was undertaken on a Neptune multi-collector inductively coupled plasma mass spectrometer
(MC-ICP-MS), at the Environmental Geochemistry and Geochronology Laboratory at RSES.
Offline data reduction was performed which included a correction for Kr then Rb isobaric
interferences, an exponential mass bias correction (86Sr/88Sr = 0.1194) and rejection of 2σ
outliers.
The Sr carbonate standard SRM987, the GEMAS project (Geochemical Mapping of
Agricultural and Grazing Land Soil) grazing soil standard (GLS), agricultural soil standard
(ASS), and an inhouse soil standard (F12-222) were analysed at the same time as the samples.
Measurements of SRM987 for this project gave an average value of 87Sr/86Sr = 0.710219 ±
0.000027 (1σ: n=142), which is consistent with the accepted value of 87Sr/86Sr = 0.71025
(Faure and Mensing, 2005), and the previously measured value at RSES 87Sr/86Sr = 0.710240
± 0.00003 (n=256) (Willmes, 2015). In this study the GEMAS measurements returned a
Sr/86Sr = 0.706328 ± 0.000013 (n=9, 2σ), in line with 0.70638 ± 0.00003 (n=39, 2σ)
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(GEMAS Project) and 0.70634 ± 0.00002 (n=14, 2σ) (Willmes, 2015). Procedural and
analytical blanks were also run alongside samples. Procedural blanks were introduced at the
digestion of sample and ion exchange chromatography stages, and analytical blanks analysed
on MC-ICP-MS. The Sr levels measured from blank samples show these blanks represent an
insignificant contribution to the overall Sr measured in samples (less than 100 pg).
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Figure 5.2.: Analytical procedure for the Sr isotope analysis of soil leachate and plant
samples.

5.6.2.1. Bioavailable Sr leaching
Chemical leaching is required to extract bioavailable Sr for analysis, with this process having
an influence on the resulting 87Sr/86Sr (Maurer et al., 2012). How well the leachate represents
the bioavailable Sr in the soil is debated, with debate centring on how the Sr is leached from
individual soil fractions; for example, from carbonate, water-soluble, or organic fractions
(Ryan et al., 2018).
Several methods for leaching Sr from soils; ammonium nitrate (NH4NO3), ultra-pure water
(H2O), and acetic acid (CH3COOH), are used. Ammonium nitrate leachates represents the Sr
made available via soil ion-exchange, while ultra-pure H2O represents the bioavailable Sr
leachable through water action. Soil organic Sr is not leached by either method (Caporale and
Violante, 2016). Ryan et al (2018) compare both these methods in Ireland and show that
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ammonium nitrate leachate contained consistently less radiogenic 87Sr/86Sr than H2O leachate,
suggested to be due to ammonium nitrate leaching more Sr from less radiogenic carbonate
minerals. Jung et al., (2020) compare ammonium nitrate and acetic acid leaching on soils from
Jeju Island, South Korea, which showed acetic acid-leachate produced ~0.1% higher 87Sr/86Sr
compared to ammonium nitrate leaching (correlation r2 = 0.78). Comparing paired plants to
soil leachates a stronger correlation was seen with acetic acid leaching (r2 = 0.73) than
ammonium nitrate (r2 = 0.57) (Jung et al., 2020). Previous bioavailable Sr mapping studies
indicate soil leachates show larger variability and are less effective at estimating bioavailable
Sr across a landscape (Evans et al., 2010; Maurer et al., 2012; Ryan et al., 2018). While soil
leachate 87Sr/86Sr are not a direct measure of bioavailable Sr, and they provide a useful
assessment of large-scale Sr variability and to understand the sources of plant 87Sr/86Sr.
In this thesis, bioavailable Sr was leached from soil using ammonium nitrate (NH4NO3) using
DIN:ISO protocols. Mainland France mapping using ammonium nitrate soil leachates
returned a strong positive correlation between plant and soil leachate samples from the same
site (r2 = 0.89) (Willmes et al., 2014; 2018). Bioavailable 87Sr/86Sr from soils is dependent on
the type of leaching and is influenced by acid strength, and length of exposure. Care was
taken to ensure all samples analysed for this thesis all underwent the same analytical
procedure to provide comparable results.

5.6.3. Creating Sr predictive surfaces
In order to use environmental measurements of Sr for comparison to measured archaeological
material in provenance and mobility studies a predictive surface of 87Sr/86Sr variation is
needed. Two techniques were used to create predictive surfaces; kriging and Voronoi
mapping. All spatial analyses were undertaken in Arc Map 10.6.1 (ESRI) and included the
use of the Spatial and Geostatistical Analyst packages.
Kriging techniques are a geostatistical method for creating a predictive surface by
interpolating the value of points and assuming spatial correlation between those points
(Goovaerts, 1998; Krige, 1951; Saby, et al., 2006). The trends of the spatial autocorrelation
between sampling points are modelled using a variogram, which is then used to determine the
projected variable away from the sampling points. An evaluation of these techniques, which is
beyond the scope of this thesis, can be found Pilz and Spock (2008). In this study, ordinary
kriging, Empirical Bayesian Kriging (EBK), and cokriging were used to create predictive
surfaces. In brief, ordinary kriging is a commonly used method which uses a constant mean
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across the entire surface, Empirical Bayesian Kriging (EBK) automates the process of
building the kriging model by using a process of subsetting and simulations to predict the
variable at unknown locations. EBK accounts for the error introduced by estimating the
underlying semivariogram, which should produce more accurate uncertainty estimates.
Cokriging allows for the input of external features (here geological age and distance to the
coast in kilometres) to the kriged surface.
Voronoi mapping is a feature-based tessellation which partitions a 2D plane into polygonal
regions constructed from the environmental sampling points (Lee et al., 2000; Li et al., 2002).
The resulting polygons, formed by the distance to the surrounding sampling points, are
referred to as Voronoi regions or Thiessen polygons and represent a ‘region of influence’ of
the sampling point. Voronoi mapping takes no underlying features, such as surface geology,
into account, so only provides a useful estimation of 87Sr/86Sr values in well-sampled regions.

5.6.4. Strontium tooth analysis
Two methods were employed for Sr isotope analysis of human tooth enamel. Samples from
the archaeological sites of Le Tumulus des Sables (Chapter 9) and L’Anse Sainte Marguerite
(Chapter 10) were analysed by Thermal Ionisation Mass Spectrometry (TIMS). Samples from
the site of Campu Stefanu on Corsica (Chapter 7) were analysed by Laser Ablation
Inductively Coupled Plasma Mass Spectrometry (LA-ICP-MS).

5.6.4.1. Thermal Ionisation Mass Spectrometry (TIMS)
To achieve a highly accurate measurement, the tooth samples were analysed using a TRITON
Plus thermal ionisation mass spectrometer (TIMS) at the RSES.
Tooth samples were manually cleaned and ~ 0.5 mg samples of tooth enamel and dentine
were separately removed using a modified dental drill. Residual contamination was removed
using 0.5 ml 1M ammonium nitrate (NH4NO3) and the sample was then digested in 1 ml
concentrated HNO3. Samples were then evaporated to dryness, redissolved in 2M HNO3 and
the Sr isolated using ion exchange chromatography (Eichrom pre-filter and Sr spec resins)
(Horwitz et al., 1992). Samples were loaded onto rhenium filaments with a drop of diluted
phosphoric acid (H3PO4) with a TaF5 activator. Data were reduced by making a Rb correction
(85Rb/87Rb = 2.591), exponential mass bias correction (86Sr/88Sr = 0.1194), and rejecting 2σ
outliers. Total procedural blanks were determined by isotope dilution using a 84Sr enriched
spike, measured on the TRITON Plus TIMS and were below 100 pg Sr. This blank
contribution was insignificant compared to the amount of sample Sr measured (> 100 ng).
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5.6.4.2. Laser ablation inductively coupled plasma mass spectrometry (LA-ICPMS)
LA-ICP-MS allows for in situ minimally destructive Sr analysis of tooth enamel. Samples
were cut along the buccal-lingual axis using a diamond blade saw to produce a flat surface of
clean tooth enamel and dentine. Samples were then placed into a mount held in with soft
modelling clay, with the surface flat and positioned in the laser focal plane. A sample
diameter of ~ 150µm was ablated for each analysis. LA-ICP-MS allows for multiple
measurements of both enamel and dentine within a single tooth.
Tooth samples were analysed on the LA-ICP-MS using the procedure detailed in Willmes et
al. (2016), which reduces the interference from an argon-based polyatomic isobar on the mass
87 measurement by the addition of 8% N2 gas into the reaction chamber. The isotopic
analyses were carried out using a custom-built sample cell (ANU HelEx) fitted to an ArF
Excimer laser (193 nm; Lambda Physik Compex 110) and MC-ICP-MS (setup detailed in
Eggins et al., 1998, 2003). Offline data reduction was performed which included a correction
for Kr then Rb isobaric interferences, an exponential mass bias correction (86Sr/88Sr = 0.1194)
and a rejection of 2σ outliers. Our inhouse standard, a modern giant clam shell (Tridacna
gigas), was measured prior to and after the tooth measurement to monitor for instrumental
drift. Measurements of the clam shell standard provided a measurement of 0.71917 ±
0.0000775 (2σ: n=67), consistent with modern sea water 87Sr/86Sr = 0.70918 (McArthur et al.,
2001).

5.6.5. Diagenesis
Post-depositional alteration, termed diagenesis, of skeletal material has the potential to alter
the original Sr isotopic signature. The extent of this diagenetic overprint can vary between
samples in the same burial site, and within individual teeth, and is dependent on the burial
hydro-geochemical environment, age of the burial and the skeletal material itself (Lee-Thorp,
2002; Bentley, 2006; Slovak and Paytan, 2012). Bone and dentine, both highly organic and
porous materials, are highly susceptible to alteration from contamination in the pore space, as
well as dissolution and recrystallisation (Koch et al., 1997; Kohn et al., 1999). The highly
mineralised, inert, and compact structure of tooth enamel means it is less susceptible to
diagenetic overprinting, and commonly records the original isotopic signature (Lee-Thorp and
van der Merwe, 1987; Zazzo et al., 2000).
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The identification of diagenetic overprint in tooth enamel can be determined through the in
situ mapping of uranium (U) and thorium (Th) in the enamel. U and Th are only present in
teeth in trace amounts, so the presence of either in archaeological remains indicates a region
overprinted with a diagenetic signal. Only samples that contained enamel areas likely to have
preserved their original isotopic signatures were chosen for analysis (Boel, 2011; Grün et al.,
2008). The teeth from Le Tumulus des Sables were mapped in situ for diagenetic overprint
prior to Sr isotopic analysis (Chapter 9). The archaeological tooth samples from Campu
Stefanu (Chapter 7) and L’Anse Sainte Marguerite (Chapter 10) were not mapped in advance.
As a crude detector of diagenesis in those samples, 87Sr/86Sr was measured on both tooth
enamel and primary dentine, knowing that dentine, as the more susceptible material, should
show values closer to the local environment if a diagenetic overprint was present
(Montgomery, 2002; Trickett et al., 2003; Montgomery et al., 2007). In the samples from
Campu Stefanu, multiple 87Sr/86Sr measurements were taken from different regions within the
tooth enamel, which may indicate diagenetic overprint. Differences in 87Sr/86Sr within a single
tooth may also be due to changes in 87Sr/86Sr consumed during the tooth formation period.
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Chapter 6. Mapping bioavailable strontium isotopes for
archaeological provenance studies in Corsica
This chapter presents isoscapes of bioavailable Sr on the island of Corsica in the
Mediterranean Sea. This project is a continuation of the mapping of mainland France (see
detailed overview of the project in Willmes, 2015 and details on the creation of isoscapes in
Willmes et al., 2018). The creation of a bioavailable Sr isoscape for the island of Grande
Terre, New Caledonia in the Pacific Ocean (see Chapter 8 in this thesis) was undertaken
alongside this project.
The development of a robust isoscape of bioavailable Sr for Corsica will allow the first Sr
mobility studies on the island. The bioavailable Sr data and 87Sr/86Sr isoscapes detailed in this
chapter will be used in the succeeding chapter, a case study of human mobility from the rock
shelter site of Campu Stefanu, in the south-west of Corsica (Fig 6.1).

6.1 Introduction
Corsica, the fourth largest island in the Mediterranean Sea, sits 170 km southeast of
continental France (Fig. 6.1). The island extends 183 km north-south and 83 km east-west, at
its widest point, and covers an area of 8722 km2. Corsica is separated from the Italian island
of Sardinia by the Strait of Bonifacio to the south, which is only 11 km wide at its narrowest
point. Corsica has a permanently forested and rugged mountainous terrain with numerous
peaks over 2,000 m, which gives rise to varied climates across the island (Ascensio, 1983).
The island has only six rivers, with the longest only 90 km in length, but permanent streams
and steep gullies in the mountainous region. During the Holocene, large alluvial plains
formed on the eastern coast, with large deltas forming from the Golo and Tavignano River
catchments (Conchon, 1999).
Mapping bioavailable Sr on Corsica allows for an assessment of the 87Sr/86Sr range across the
island. Environmental samples, soil leachates and plants, were used to provide an indication
of the bioavailable Sr on Corsica, to assess variation along a river catchment, and to create
baseline 87Sr/86Sr isoscapes for future mobility studies. As geology, landscape, and human
activities can influence the bioavailable Sr of an environment; published surface geology,
elevation and land use datasets were compared to the 87Sr/86Sr from sampling sites to
determine if any are strong drivers of Sr variability on Corsica.
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6.1.1 Geology of Corsica
The mountainous topography of Corsica is dominated by two main geological features;
Variscan and Alpine Corsica (Fig. 6.2 (A)). The granite spine of Corsica, Variscan Corsica,
which extends through the centre of island with patches of igneous units in the mountainous
regions, accounts for more than 50% of the island and dominates the terrain of the island’s
south-east (Rossi and Cocherie, 1991). The geology of the island’s north-east, referred to as
Alpine Corsica, is a collection of metamorphic units, dominated by Mesozoic ophiolites and
phyllites (Durand-Delga and Rossi, 1991). Samples of Variscan Corsica (n = 39) were
collected predominately from granite and monzogranite regions, but on rhyolitic units in the
north-west (Fig. 6.2). Samples of Alpine Corsica (n = 24) were collected on metamorphic
rocks; schists, paragneiss and unclassified metamorphic rocks (Fig. 6.2). Between Variscan
and Alpine Corsica sits a corridor of metamorphic rocks (Mouillot et al., 2008). Sampling in
that region was minimal (n = 4), on a mica schist, schist, conglomerate and an impure
carbonate sedimentary unit (Fig. 6.2). On the eastern coast of Corsica sits a low lying alluvial
plain with quaternary sands and sedimentary rocks (Mouillot et al., 2008). Samples from there
(n = 9) were collected predominately on sands, and included one impure carbonate
sedimentary rock sample (Fig. 6.2). Erosion and glaciation have been the driving factors in
the movement of soils across the landscape on Corsica. The rugged terrain coupled with the
high precipitation rate led to numerous alluvial deposits in the steep sided valleys and
glaciation has caused erosion of the high summit regions of the island (Fig 6.2 (B),
Kuhlemann et al., 2005).
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Figure 6.1. Location of Corsica (in yellow) in the Mediterranean Sea, Europe. The
archaeological site of Campu Stefanu (Chapter 7) is indicated by a circle.
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Figure 6.2: A. Surface geology of Corsica (BRGM France), with sampling location in the corresponding colour of the underlying geology. B. Digital elevation
model (DEM) of Corsica with sampling locations highlighted
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6.1.2. Climate of Corsica
Corsica has a mountainous terrain with numerous peaks over 2,000 m, which gives rise to varied climate
across the island (Fig. 6.2 (B)) (Ascensio, 1983). At sea-level the climate is characterised by subtropical
Mediterranean-type conditions with warm dry summers and wet temperate winters (Gamisans, 1991).
Precipitation varies across the island with the north-west coast and far south receiving the least rain, ranging
from 600 to 1500 mm annually (Bruno et al., 2001). In the higher elevation regions (600–900 m) rainfall
ranges between 1100 and 1350 mm annually, except in the northern centre of the island, which is sheltered
by the surrounding mountains, so receives around 25% less rainfall than the island's average. Distribution of
precipitation is even around the Corsican coastline due to regional advection of moisture (Bruno et al.,
2001). Snowfalls in the mountains can persist season to season, and north and north-westerly winds mean
that drift snow is moved onto the eastern mountains. (Bruno et al., 2001). Temperatures across the island
range from an average annual temperature of 15–16 oC to 4 oC at higher elevations (over 2,000 m) (Bruno et
al., 2001).

6.1.3. Modern land use
Land use on Corsica provides an indication of the extent of human modification of the bioavailable Sr of a
given environment. Urban settlements and agricultural land are found predominately along the coastlines
and gullies of Corsica, with the centre of the island dominated by natural vegetation (Fig. 6.3). Agriculture
and settlements dominate in the north-east of the island, in the former Haute-Corse department, while
natural regions dominate in the south-west, formally Corse-du-Sud department. Agricultural crop choices
are dependent on the climatic regions, with chestnut tree plantations grown extensively in the mountainous
regions, olives in the drier regions, and cereal crops in the wetter coastal regions. Grazing of sheep, goats
and cattle is widespread in the steep mountainous regions. Human activities have been the major drivers in
land use change on Corsica. Recent abandonments of urban and agricultural areas in the centre of the island
have led to regrowth of natural forests (Sanz et al., 2013). Cultivated areas of Corsica declined rapidly at the
beginning of the 20th century from 30.3% at the start of the century to just 7.4% in 1929 (Simi, 1981;
Mouillot et al., 2005).
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Figure 6.3. Land use on Corsica adapted from the CORINE Land Cover (CLC) database. A. Complex land use categories using nomenclature level 3. B.
Simplified land use categories using nomenclature level 1. Sampling sites are indicated by the colour of the underlying nomenclature level 1 category.

120

6.2 Methods
6.2.1 Sample collection
To establish the compositional range of bioavailable Sr in Corsica, in 2013 samples of soil
and plants were collected by Prof. Rainer Grün, Prof. Patrice Courtaud, and Dr Malte Willmes
from each major geological unit and from a variety of land use categories. Sampling sites
were selected for ease of access (predominately close to roads), and soil samples were taken
from just below the soil surface to avoid modern contaminants. Paired samples of plants and
soils were collected from 75 sites across the island, with multiple soil or plant samples taken
at several sites, including the archaeological site of Campu Stefanu, south-west Corsica
(presented in Chapter 7). To assess the change in 87Sr/86Sr along a river catchment, soil and
plant samples were taken from eleven sites along the Tavignano River valley on the eastern
side of the island.

6.2.2 Analytical methods
Soil and plant samples were analysed at the Research School of Earth Sciences, ANU
following the procedure outlined in Chapter 5 section 5.8.2. (DIN ISO 19730). In brief, soil
samples were first leached using ammonium nitrate and plant samples first washed then
ashed. Digestion, evaporation, and redissolution removed organic contaminants, then the Sr
concentration was measured by Inductively Coupled Plasma Atomic Emission Spectroscopy
(ICP-AES). Chemical separation was undertaken using ion exchange chromatography (prefilter and Eichrom Sr spec resin) and isotope ratios measured on a Thermo Finnigan Neptune
Multi-Collector Inductively Coupled Plasma Mass Spectrometer (MC-ICP-MS). The data
were reduced off line, and included a correction for Kr then Rb isobaric interferences, an
exponential mass bias correction (86Sr/88Sr = 0.1194) and rejection of 2σ outliers. The author
conducted all laboratory preparation of soil leachate and plant samples with guidance from Dr
Malte Willmes, ICP-AES analysis was undertaken with the assistance of Linda McMorrow,
and MC-ICP-MS analysis was conducted with the assistance of Les Kinsley.

6.2.3 Spatial and statistical methods
The environmental Sr isotope data were spatially joined with surface geology, land use and
elevation maps to investigate the underlying factors influencing 87Sr/86Sr values. A Corsican
surface geology map was obtained from BRGM France, through the One Geology Europe
Project. Definitions of geological units were also taken from the One Geology Europe Project.
Land use on Corsica was defined from the CORINE Land Cover (CLC) database. This
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database is produced as part of Copernicus, the European Earth Observation Program,
managed in France by the Ministry of the Environment. An EU Digital Elevation Model
(DEM) EU-DEM v1.1 (2018) also developed as part of the Copernicus program, was used to
identify elevation of the sampling sites. Mapping, and the creation of the predictive surfaces
was undertaken in ESRI ArcGIS Desktop 10.6.1 using the Spatial Analyst and Geostatistical
Analysist extensions, under an advanced license from ANU. Analysis of data and the creation
of box and whisker plots was undertaken in Microsoft Excel. To create predictive surfaces for
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Sr/86Sr values on Corsica four techniques were applied; Ordinary Kriging, Empirical

Bayesian Kriging, CoKriging, and Voronoi mapping. A discussion of these techniques can be
found in Chapter 5, section 5.8.3. Details of these methods used can be found in section 6.4.1.

6.3. Results and Discussion
In total, 161 samples from Corsica were analysed: 81 soil leachate samples from 75 individual
sites and 80 plant samples from 71 individual sites. Paired measurements of soil leachate and
plants were obtained from 71 of the sampling sites. The range of 87Sr/86Sr on Corsica is
0.70752–0.71667, consistent with the predominately crustal origin of the bedrock. The lack of
young volcanic rocks on Corsica is apparent in the absence of measured 87Sr/86Sr values
below 0.70752. This contrasts with range of 87Sr/86Sr in other sampled regions, such as
Britain, 87Sr/86Sr = 0.7070 -0.7222, (Evans et al., 2010) and mainland France, 0.7045–0.7257
(Willmes, 2015). Plant samples represent the full range seen on Corsica. The range in the soil
leachate samples is smaller, 87Sr/86Sr = 0.70811–0.71518.

6.3.1. Sr in plants and soil leachates
Soil leachate and plant 87Sr/86Sr compositions are a representation of bioavailable Sr, and if
influenced by the same environmental factors these values should be similar (Blum et al.,
2000; Hodell et al., 2004). Sites with paired soil leachate and plant measurements can be used
to investigate the relationship between these two compositions and potentially, the different
factors influencing 87Sr/86Sr in an environment. The difference between plant and soil
leachate samples is defined here as ΔPS (ΔPS = 87Sr/86Srplant – 87Sr/86Srsoil leachate). For sites with
multiple plant and soil leachate samples ΔPS is defined between each plant and soil leachate
sample from the site.
93 paired samples from 71 sampling sites were compared. ΔPS outliers were identified by
1.5IQR, and indicated with a box and whisker plot, with values higher than 0.00243 and
lower than -0.00071 (12 pairs) considered to be outliers (Fig. 6.4). Overall the dataset without
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outliers shows a strong positive correlation between plant and soil leachate values, R2= 0.83
(with outliers R2=0.48) (Fig. 6.4 (B)). The average ΔPS for the whole paired samples dataset is
0.00068 ± 0.00068, n=81 (with outliers 0.00073 ± 0.00136, n=93). Soil leachate samples from
two sites (F14_17 and F14_08), and plant samples from four sites (F14_10, F14_18, F14_02,
and F14_56), along with all measurements from three sites (F14_14, F14_24, and F14_20)
were anomalous, so removed from the dataset used for the creation of the Corsican isoscapes.
These anomalies between plant and soil leachate measurements suggest that plants and soil
leachate are being influenced by different factors at some sites (movement of soils, dust, sea
spray etc.) or perhaps variability introduced during the soil leachate procedure. The overall
correlation (R2= 0.83) between paired soil leachate and plant 87Sr/86Sr suggests the soil
leachate procedure was appropriate for these samples.

Figure 6.4: (A) Boxplot of the ΔPS values. Outliers are defined by the whiskers as 1.5IQR, as
any value higher than 0.00243 and lower than -0.00071. (B) Paired soil leachate and plant
87
Sr/86Sr values, with outliers shown as grey filled circles. Solid line represents 1:1 line.
Dashed line represents the line of best fit for ΔPS values (minus outliers).
Measurements from some Corsican sampling sites show a very high ΔPS value. The two
largest ΔPS outliers (F14_02_S1/P1 and F14_02_S2/P1), two soil leachate samples compared
to the same plant 87Sr/86Sr measurement, show a ΔPS of 0.00645 and 0.00657 respectively,
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which almost accounts for the entire range of variation seen across Corsica (87Sr/86Sr =
0.71574 and 0.70952). The range of 87Sr/86Sr in samples from the same site shows that within
a small spatial distance different Sr reservoirs are sampled (Evans and Tatham, 2004; Evans
et al., 2010; Maurer et al., 2012). Nine of the 12 outliers were from sites where multiple
measurements of plant or soil leachate 87Sr/86Sr were made, indicating that 87Sr/86Sr
variability is present within a very small distance on Corsica.

Figure 6.5: Boxplot of ΔPS per lithology on Corsica

Comparing the ΔPS values for samples from different lithologies potentially gives an
indication of the driver of Sr variation in a landscape. If weathering of underlying geology
was the primary determinant of 87Sr/86Sr, ΔPS would be expected to be higher in lithological
units which contain minerals with different Sr compositions (such as granite) and low in
lithologies with homogenous geochemical compositions (such as limestone). In this Corsican
dataset, however, the ΔPS values of all lithologies are similar, with only the sparsely sampled
igneous material (4 pairs, 1 site) showing a non-overlapping range of ΔPS (Fig. 6.5, Table
6.1). This suggests that the measured 87Sr/86Sr is a combination of a variety of Sr inputs, not
just the underlying geology. A comparison of ΔPS from sites in the four broad geological
regions on Corsica shows overlap between all regions (Fig 6.6 (B), Table 6.2). The largest
range of ΔPS is seen the Variscan Corsica, a complex geological terrain composed of granite,
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monzogranite and igneous material, but also the largest and best sampled geological region,
so this finding is not conclusive (Fig. 6.6 (B)).

Figure 6.6: (A) Boxplot of ΔPS per land use category. (B) Boxplot of ΔPS per geological
region.
External inputs of Sr into an environment, which are influenced by the land use, such as the
potential contamination from modern fertilisers in agricultural land, could influence soil
leachates or plant samples differently. However, a comparison of ΔPS per land use category
showed no differences between urban, agricultural or natural regions (Fig. 6.6 (A), Table 6.2).
Only 13 measured pairs returned a negative ΔPS (soil leachate 87Sr/86Sr > plant), with 80 pairs
having a higher plant 87Sr/86Sr. As plant samples may be more susceptible to atmospheric Sr
contamination, as soil samples were taken from ~20 cm below the soil surface, this suggests
that atmospheric deposition of Sr on Corsica is coming from a source with a higher 87Sr/86Sr
than that observed from the island. It is also possible that fine dust particles, which were not
removed during sample preparation, may be contaminating the Sr isotopic signature.
Deposition of atmospheric dust could explain these ΔPS differences. The 87Sr/86Sr of Saharan
dust, the dominant dust component affecting the island, ranges between 0.714 and 0.747
(Biscaye et al., 1974; Grousset et al., 1992). Saharan dust commonly reaches Europe
(Andelisi and Gaudichet, 1991; Rodá et al., 1993; Israelevich et al., 2012). Plant samples may
show higher 87Sr/86Sr in response to the input from Saharan dust. When soil leachate 87Sr/86Sr
is compared to the ΔPS value from that site, no correlation is seen, but in plant samples a slight
positive correlation (R2 = 0.49) is seen (Fig. 6.7). This suggests almost 50% of the variation in
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the plant samples could be explained by dust. As 87Sr/86Sr of plant samples increases as does
the ΔPS, in line with the higher 87Sr/86Sr seen in Saharan dust.

These dust inputs do not appear to be influencing the measured soil leachate samples at the
same sites, possibly due to a buffering affect from a higher concentration of Sr in soil, soil
sample being collected from below the surface or the presence of fine dust particles on plant
samples. No spatial patterning to the ΔPS outliers across Corsica can be seen (Fig. 6.8 (B)).

Figure 6.7: Soil leachate and plant values measured at each site compared to the ΔPS for each
paired measurement. Linear trend lines for the plant and soil leachate comparison datasets
also displayed.
At each of the sampling points on Corsica a number of processes have contributed to the
measured 87Sr/86Sr value. The interplay between these processes is very difficult to untangle.
The aim of present study was to create a robust Sr baseline map for Corsica. An in-depth
understanding of the driving factors for 87Sr/86Sr variation was beyond the scope of the
project, but some insights into the complexity of the problem were gained.
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Figure 6.8: (A) Site average 87Sr/86Sr for each sampling site on Corsica (B) Averaged ΔPS value for each paired plant and soil leachate measurement on
Corsica
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Table 6.1: Summary table of ΔPS per lithology with all paired measurements and with outliers removed.

Monzogranite
Metamorphic rock
Schist
Conglomerate
Impure carbonate
sedimentary rock
Granite
Rhyolitoid
Sand
Igneous material
Mica schist
Paragneiss

No. pairs
soil
leachate &
plant
samples
21
3
15
2

Average
ΔPS
0.00120
0.00027
0.00046
0.00182

Min. ΔPS
-0.00172
0.00021
-0.00267
0.00256

5
16
6
18
4
2
1

0.00060
0.00094
0.00123
0.00034
-0.00099
0.00177
0.00081

0.00010
-0.00132
-0.00007
-0.00066
-0.00294
0.00124
x

Max. ΔPS
0.00657
0.00037
0.00136
0.00109

ΔPS
Standard
Deviation
0.00206
0.00008
0.00095
0.00104

No. pairs
with
outliers
removed
16
3
14
1

Average
ΔPS
0.00077
0.00027
0.00068
0.00109

Min. ΔPS
0.00004
0.00021
0.00006
x

Max. ΔPS
0.00243
0.00037
0.00136
x

ΔPS
Standard
Deviation
0.00076
0.00008
0.00041
x

0.00148
0.00269
0.00353
0.00147
0.00054
0.00230
x

0.00056
0.00113
0.00123
0.00050
0.00178
0.00075
x

5
14
5
18
2
2
1

0.00060
0.00098
0.00077
0.00034
-0.00002
0.00177
0.00081

0.00010
-0.00071
-0.00007
-0.00066
-0.00058
0.00124
x

0.00148
0.00221
0.00118
0.00147
0.00054
0.00230
x

0.00056
0.00092
0.00056
0.00050
0.00080
0.00075
x

Table 6.2: Summary of ΔPS per geological region and per land use for all paired measurements

Geological region
Variscan Corsica
Alpine Corsica
Metamorphic corridor
Alluvial plains
Landuse
Urban
Agricultural
Natural

No. paired
measurements

Average ΔPS

Min. ΔPS

Max. ΔPS

ΔPS Standard
Deviation

51
27
4
9

0.00080
0.00020
0.00158
0.00020

-0.00267
-0.00294
0.00068
-0.00025

0.00353
0.00136
0.00256
0.00077

0.00114
0.00089
0.00099
0.00033

15
23
55

0.00134
0.00046
0.00067

-0.00008
-0.00172
-0.00294

0.00657
0.00242
0.00353

0.00216
0.00095
0.00119
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6.3.2. Variation in 87Sr/86Sr with geology
Soil and plant samples were collected above 11 underlying surface geologies; sand (n=18), schist (n=15),
granite (n=15), monzogranite (n=13), rhyolitoid (n=7), impure carbonate sedimentary rock (n=7),
metamorphic rock (n=3), igneous material (n=2), conglomerate (n=2), mica schist (n=2), paragneiss (n=1)
(based on sampling site latitude and longitude and BRGM France Surface Geology, Fig 6.10, Table 6.5).
On seven surface geologies (rhyolitoid, impure carbonate sedimentary rock, metamorphic rock, igneous
material, conglomerate, mica schist, and paragneiss) there were less than seven sampling sites, so further
understanding of the 87Sr/86Sr from these underlying geologies is limited. Sampling on four lithologies was
conducted at over ten sampling sites; monzogranite, sand, schist, and granite (Table 6.3). Granite and
monzogranite sampling sites were located on the western side of Corsica in the Variscan Corsica geological
region. Site average 87Sr/86Sr on granite terrain had a range of 0.70932–0.71437. Monzogranite site averages
had a 87Sr/86Sr range of 0.70933 – 0.71324. Sand sampling sites (n=18) were located on the eastern alluvial
plains of Corsica. Averaged site soil leachate and plant 87Sr/86Sr showed a range of 0.70832–0.71309. Schist
sampling sites were located in the north-east of Corsica in the Alpine Corsica geological region. Averaged
site soil leachate and plant 87Sr/86Sr showed a range of 0.70908–0.71394.

Table 6.3: Average 87Sr/86Sr of plant and soil leachate samples from each sampling site per underlying
lithology.

Lithology

Number of
sampling sites

Averaged per
site 87Sr/86Sr

SD

Min 87Sr/86Sr

Max 87Sr/86Sr

Granite

12

0.71112

0.00154

0.70932

0.71437

Monzogranite

10

0.71106

0.00137

0.70933

0.71324

Sand

18

0.71081

0.00118

0.70832

0.71309

Schist

14

0.71081

0.00134

0.70908

0.71394
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Figure 6.9: (A) Boxplot of average 87Sr/86Sr per geological region. (B) Boxplot of average 87Sr/86Sr per land
use category

Figure 6.10: Site averaged plant and soil leachate 87Sr/86Sr from each sampling site per lithology
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There is overlap in composition between all samples from different lithologies (Fig. 6.10), suggesting that
the underlying geology is not the only Sr input into the bioavailable Sr across the island or these units have
similar 87Sr/86Sr. The only lithologies which show minimal overlap are those sampled at only a few sites (eg.
mica schist and igneous material).
Geological region and geological age are expected to be an influence in the environmental 87Sr/86Sr. The
four major geological groups on Corsica; Variscan Corsica, Alpine Corsica, the metamorphic corridor
between those two major groups, and the eastern low lying alluvial plain, were expected to show differences
in 87Sr/86Sr. This was not the case, with the Variscan Corsica (n = 84), Alpine Corsica (n = 50), the alluvial
plains (n = 18), and the metamorphic corridor (n = 8), having ranges of 87Sr/86Sr that overlap (Fig. 6.9 (A),
Table 6.5). The average age and mean Rb/Sr of each underlying lithology should have a discernible
influence on the 87Sr/86Sr if the bioavailable Sr is sourced primarily from the weathered bedrock. In this
Corsica dataset, however, the simplistic relationship between average lithological age and 87Sr/86Sr across all
lithologies shows no correlation (r2= 0.0602) (Fig. 6.11). There is, however, a subtle trend towards higher
mean 87Sr/86Sr from Alpine to Variscan to metamorphic terranes, possibly reflecting the presence of higher
mean 87Sr/86Sr in the rocks containing older components (Fig. 6.9A).
Modern human influence on the environment and land use practices might also be affecting the 87Sr/86Sr
measured in modern samples. Agricultural and urban settings are expected to contain more non-natural
sources of Sr than natural areas, such as from fertilisers and industrial and urban wastes (Vitoria et al.,
2004). Both soil leachate and plant samples from all three land use types; urban (25 samples), agricultural
(34 samples) and natural (102 samples) regions, however, show a similar and overlapping spread of values
(Table 6.5). The 87Sr/86Sr of samples from natural regions show the largest spread in values. Either human
input is negligible, is similar in composition to the natural sources of Sr, or it is pervasive throughout the
island.
Additional factors that could be influencing the 87Sr/86Sr of a region include precipitation, elevation, and
distance from the coast. All, however, show no correlation with measured 87Sr/86Sr. Spatial variation in
87

Sr/86Sr is seen on Corsica, highlighting the importance of mapping for archaeological mobility studies

(Section 6.4)
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Figure 6.11: Average lithological age versus site averaged 87Sr/86Sr measured at sampling sites. Linear
trend line for dataset, displayed as dashed line, highlights the simplistic relationship between average
lithological age (Ma) and 87Sr/86Sr. .

6.3.3. Tavignano river sampling
Sampling along the Tavignano River allowed for an assessment of the changes in 87Sr/86Sr through a river
catchment. The Tavignano River flows from sources in the mountains in the centre of Corsica for a distance
of ~90 km before entering the Tyrrhenian Sea on the east coast. Eleven paired soil leachate and plant
samples were collected from sites along the river’s course. Schist dominates the bedrock geology of the
sampled region, but along the river valley itself Holocene sand deposits form the underlying lithology. The
catchment of the Tavignano River is in the mountainous granite region of Variscan Corsica. The 87Sr/86Sr of
sediments transported through this river system will influence the downstream isotopic values. Glaciers were
present in the Tavignano valley during the last glacial period, causing modification of the valley, potentially
leading to further movement of sediment along the valley (Kuhlemann et al., 2005). Rivers and smaller
streams flow into the Tavignano River along its course, including the Le Vecchio and La Restonica rivers.
The catchments areas of these rivers will also influence the 87Sr/86Sr values seen in the downstream
Tavignano river. Samples W1–W10 were taken along the Tavignano River, while sample W11 was taken
from the banks of the Le Vecchio River, which feeds into the Tavignano River just west and upstream of
sampling site W8.
87

Sr/86Sr along the Tavignano River ranged from 0.70970 to 0.71275, with the lowest value found at the

coastal mouth of the river and the highest value from the furthest upstream sampling site (Table 6.4).
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Sampling site W11, from the Le Vecchio River, has a 87Sr/86Sr of 0.70832, consistent with the average
87

Sr/86Sr of this river catchment being isotopically different from that of the Tavignano River. Le Vecchio

flows into the Tavignano just before sampling site 8, which does show a lower 87Sr/86Sr (0.71117) than sites
upstream of Le Vecchio’s entry (87Sr/86Sr = 0.71275 and 0.71173), consistent with downstream mixing of
these two different 87Sr/86Sr sources. Upstream, 87Sr/86Sr appears to be dominated by the granite (87Sr/86Sr
0.710–> 0.740, on Corsica 0.70932-0.71437) in the Variscan geological region. As the river flows through
the alluvial plains, 87Sr/86Sr decreases, suggesting input from those underlying geological sources. At the
mouth of the river, the lowest values (87Sr/86Sr = 0.70970) possibly show the influence of sea water
(87Sr/86Sr = 0.70918; McArthur et al., 2001). ΔPS values of the Tavignano river samples are high, suggesting
different sources of Sr between plants and soil leachates. The alluvial sediments of the Tavignano River
system may not be influencing the sampled plants as thoroughly as they appear to influence the sampled soil
leachates. Overall, the 87Sr/86Sr of the Tavignano River system is a product of the Sr reservoirs across the
catchment.
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Table 6.4: Samples taken along the Tavignano river system.
Distance
Sample
Latitude Longitude Underlying
from coast
name
geology
(km)

Land use

0.1
0.1
2.9
11.6

F14_W01
F14_W02
F14_W03
F14_W04

42.105
42.111
42.113
42.178

9.548
9.551
9.515
9.416

Sand
Sand
Sand
Sand

12.7

F14_W05

42.182

9.402

Sand

12.7
15.9

F14_W06
F14_W07

42.182
42.190

9.402
9.365

Sand
Schist

23.8

F14_W08

42.222

9.265

Sand

28.7

F14_W10

42.290

9.197

Sand

29.9

F14_W09
F14_W11
Le Vecchio
river

42.297

9.182

Sand

Pastures, meadows and
other permanent grasslands
under agricultural use
Sport and leisure facilities
Discontinuous urban fabric
Mineral extraction sites
Land principally occupied
by agriculture, with
significant areas of natural
vegetation
Land principally occupied
by agriculture, with
significant areas of natural
vegetation
Sclerophyllous vegetation
Complex cultivation
patterns
Land principally occupied
by agriculture, with
significant areas of natural
vegetation
Land principally occupied
by agriculture, with
significant areas of natural
vegetation

42.224

9.216

Sand

Sclerophyllous vegetation

27.8

Elevation
(m)

Soil
leachate
87
Sr/86Sr

Plant
87
Sr/86Sr

Average
87
Sr/86Sr

ΔPS

0
0
0
42

0.70997
0.70974
0.71070
0.71066

0.70972
0.70966
0.71106
0.71075

0.70985
0.70970
0.71088
0.71071

-0.00025
-0.00008
0.00036
0.00009

48

0.71086

0.71141

0.71114

0.00055

48
106

0.71023
0.71030

0.71042
0.71050

0.71032
0.71040

0.00019
0.00020

176

0.71150

0.71084

0.71117

-0.00066

327

0.71147

0.71199

0.71173

0.00051

348

0.71244

0.71305

0.71275

0.00060

223

0.70841

0.70822

0.70832

-0.00019
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Table 6.5: Summary table of 87Sr/86Sr measurements. Average, standard deviation, and range for each lithology, geological region, and land use categories.
Combined
Soil leachate measurements
Plant measurements
measurements
N.

Average
87
Sr/86Sr

SD

Min
87
Sr/86Sr

N.

Average
87
Sr/86Sr

Max 87Sr/86Sr

Conglomerate
Granite
Igneous material
Impure
carbonate
sedimentary
rock
Metamorphic
Mica schist
Monzogranite
Paragneiss
Rhyolitoid
Sand
Schist

2
13
2

0.71270
0.71072
0.70929

0.00175
0.00150
0.00167

0.71146
0.70915
0.70811

0.71394
0.71437
0.71047

2
14
2

6
3
2
13
1
6
18
15

0.71016
0.70929
0.71421
0.71052
0.71019
0.71233
0.71064
0.71063

0.00147
0.00023
0.00023
0.00118

0.70897
0.70910
0.71405
0.70917

0.71282
0.70955
0.71437
0.71289

0.00174
0.00106
0.00151

0.71078
0.70841
0.70905

Variscan
Alpine
Metamorphic
Alluvial

43
25
4
9

0.71119
0.70992
0.71232
0.71041

0.00162
0.00100
0.00213
0.00070

Urban
Agricultural
Natural

12
17
52

0.70997
0.71069
0.71098

0.00087
0.00102
0.00173

Average

SD

SD

Min
87
Sr/86Sr

Max
87
Sr/86Sr

0.71453
0.71142
0.70809

0.00279
0.00142
0.00080

0.71255
0.70949
0.70752

0.7165
0.71369
0.70865

0.71650
0.71108
0.70869

0.00218
0.00147
0.00127

0.70997
0.70955
0.71598
0.71171
0.71100
0.71304
0.71098
0.71108

0.00080
0.00021
0.00098
0.00158

0.70929
0.70933
0.71528
0.70949

0.71132
0.70975
0.71667
0.71358

0.71518
0.71244
0.71379

5
3
2
13
1
6
18
14

0.00156
0.00134
0.00136

0.71121
0.70822
0.70911

0.7148
0.71382
0.71425

0.71019
0.70942
0.71509
0.71093
0.71060
0.71269
0.71081
0.71085

0.00116
0.00025
0.00117
0.00143
0.00057
0.00162
0.00120
0.00143

0.70897
0.70811
0.71042
0.70952

0.71518
0.71244
0.71437
0.71159

41
25
4
9

0.71186
0.71024
0.71390
0.71061

0.00165
0.00122
0.00311
0.00086

0.70949
0.70752
0.71110
0.70966

0.71528
0.71305
0.71667
0.71236

0.71154
0.71008
0.71311
0.71051

0.00166
0.00112
0.00261
0.00077

0.70915
0.70897
0.70811

0.71146
0.71244
0.71518

13
17
50

0.71053
0.71115
0.71159

0.00129
0.00117
0.00203

0.70929
0.70949
0.70752

0.71352
0.71382
0.71667

0.71025
0.71092
0.71128

0.00112
0.00111
0.00190

87

Sr/86Sr
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6.4. 87Sr/86Sr isoscapes of Corsica
The aim of the present study was to create a robust predictive surface of 87Sr/86Sr variation
throughout Corsica, an isoscape for use in archaeological provenance studies. To achieve this
aim, several interpolation techniques were used in assessing and representing the
measurements made; Ordinary kriging, Empirical Bayesian Kriging, and Cokriging
techniques, alongside Voronoi mapping. The root mean square error (RMSE) is a statistical
tool to assess the quality of a model, providing a comparison of the measured value and the
value predicted by the model. The RMSE of the isoscapes was compared to evaluate these
predictions. These isoscapes provide a foundation with which to assess human mobility, an
example of which, the archaeological site of Campu Stefanu in south-west Corsica, is the
subject of a study described in Chapter 7.

6.4.1. Interpolated surfaces
For Ordinary kriging, averaged soil leachate and plant 87Sr/86Sr data for each sampling site
were log transformed, the nugget enabled and an optimised semivariogram used. Standard
neighbourhood type was used, with a maximum of 15 and minimum of 10 neighbours over
four sectors with 45º offset (Fig. 6.12). For Empirical Bayesian Kriging (EBK), the data
underwent log-empirical transformation, at 100 simulations with nugget enabled. Data were
analysed using an exponential semivariogram with a minimum of 8 neighbours over four
sectors with a standard neighbourhood type (Fig. 6.13). The Corsican dataset was also
visualised with cokriging, cross-correlating the measured point data with the surface geology
(Fig. 6.14), land use category (Fig. 6.15), and upper, lower and average geological age of the
underlying bedrock (Fig. 6.16, 6.17, 6.18). Data were log transformed and ordinary kriging
used. The nugget was enabled and the K-Bessel model had the best fit to the semivariogram.
A maximum of 15 and minimum of 5 neighbours was used in a 4 sector standard
neighbourhood. Interpolated models assume spatial autocorrelation, the concept that samples
closer together are likely to be more similar than those further apart (Gunarathna et al., 2016).
In reality, boundaries between geological units with differing 87Sr/86Sr can be sharp,
invalidating this concept. Interpolation then smooths sampled datapoints into a continuous
surface. The heterogeneity of 87Sr/86Sr over a small range is not well captured by these
isoscapes, but they do allow for an overall spatial pattern of 87Sr/86Sr variation on Corsica to
emerge (Fig. 6.12-6.16).
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Ordinary Kriging and Empirical Bayesian Kriging, the two isoscapes which incorporate only
the measured 87Sr/86Sr from this study, show low RMSE (Table 6.6). The interpolation of the
cokriged isoscapes takes into account an additional factor which may influence the
bioavailable Sr. As shown previously, no one factor drives 87Sr/86Sr variation on Corsica. This
may account for the slightly higher RMSE on these cokriged isoscapes (Table 6.6). Cokriging
with the age of the surface geology produces the lowest RMSE of the cokriged isoscapes (Fig
6.16-6.18, Table 6.6), suggesting that on a spatial level geological age may play a role in
87

Sr/86Sr variation. Prediction Standard Error maps for each isoscape show, as expected, the

largest errors are in the poorly samples southern centre of the island. Isoscape predictions for
87

Sr/86Sr in these regions need to be interpreted with caution.
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Figure
6.12:

(A)

(B)

Ordinary kriging averaged soil leachate and plant 87Sr/86Sr per sampling site. (A) Prediction 87Sr/86Sr surface (B) Prediction Standard Error
138

(A)

(B)

Figure 6.13: Empirical Bayesian Kriging of averaged soil leachate and plant 87Sr/86Sr per sampling site. (A) Prediction 87Sr/86Sr surface (B)
Prediction Standard Error
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(A)

(B)

Figure 6.14: Cokriging of averaged soil leachate and plant 87Sr/86Sr per sampling site with surface geology type. (A) Prediction 87Sr/86Sr surface
(B) Prediction Standard Error
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(A)

(B)

Figure 6.15: Cokriging of averaged soil leachate and plant 87Sr/86Sr per sampling site with land use. (A) Prediction 87Sr/86Sr surface (B)
Prediction Standard Error
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(A)

(B)

Figure 6.16: Cokriging of averaged soil leachate and plant 87Sr/86Sr per sampling site with Upper Age of surface geology. (A) Prediction
87
Sr/86Sr surface (B) Prediction Standard Error
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(A)

(B)

Figure 6.17: Cokriging of averaged soil leachate and plant 87Sr/86Sr per sampling site with Lower Age of surface geology. (A) Prediction
87
Sr/86Sr surface (B) Prediction Standard Error
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(A)

(B)

Figure 6.18: Cokriging of averaged soil leachate and plant 87Sr/86Sr per sampling site with the average age of surface geology. (A) Prediction
87
Sr/86Sr surface (B) Prediction Standard Error
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Table 6.6: Root mean square error (RMSE) for interpolated 87Sr/86Sr surfaces on
Corsica
Map type
Root mean
Figure
square error
number
Ordinary Kriging – standard
0.001349
6.12
neighbourhood
Empirical Bayesian Kriging
0.001295
6.13
Cokriging – surface geology
0.001397
6.14
Cokriging – land use
0.001403
6.15
Cokriging – upper age of surface geology
0.001357
6.16
Cokriging – lower age of surface geology
0.001359
6.17
Cokriging – average age of surface
0.001334
6.18
geology

6.4.2. Voronoi tessellations
As a comparison to the interpolated models, these data have been visualised using
Voronoi tessellations (Fig. 6.19). Voronoi tessellations produce maps based solely on
the measured values from sampling sites, and the size of each tessellation is
dependent on the sampling density. On Corsica, the sampling density is low,
particularly in the southern region, leading to large tessellations which might not
reflect the 87Sr/86Sr of that entire region. Benefits of the Voronoi mapping are the
representation of 87Sr/86Sr heterogeneity, and the removal of gradients between
regions of varying 87Sr/86Sr. Interpolation methods require a gradient of 87Sr/86Sr
between two measured points, in reality these values may not exist and the transition
between 87Sr/86Sr points may be abrupt or not encompass the full range of
intermediate 87Sr/86Sr. Voronoi mapping allows for abrupt transitions between
measurements of 87Sr/86Sr in a small region, although how these transitions appear on
a Voronoi map is solely dependent on sampling density, which does not actually
reflect a real world transition in 87Sr/86Sr. The sampling design on Corsica was to
maximise sampling of surface geologies across the island, not in a gridded pattern to
allow for an effective Voronoi tessellation.

6.5. Summary
The aim of this project was to create a robust predictive 87Sr/86Sr surface for Corsica
for use in mobility and provenance studies. It has been demonstrated that these
environmental samples (soil and plant) do provide an indication of the 87Sr/86Sr
145

variability across Corsica. The differences in Sr composition between the plant and
soil leachate samples are small, indicating a correlation between these two proxies for
bioavailable Sr. Anthropogenic influences on 87Sr/86Sr appear to be low, as shown by
the lack of influence from land use categories on the island. No clear correlation
between variables (surface geology, geological age, land use, precipitation, elevation,
distance from the coast) appears to be driving 87Sr/86Sr variation on Corsica. Lack of
clear correlation with these factors might in part be due to atmospheric deposition of
Sr, and the transportation of Sr in the extensive stream system on Corsica. A potential
influence from exogenous deposits (Saharan dust) can be seen resulting in higher
Sr/86Sr and ΔPS at some sites. It is recommend that a combination of environmental

87

measurements (soil leachate, plants, water, faunal remains etc.), alongside local
measurements for sites of research interest, be used to determine the 87Sr/86Sr
variation in a region, and the local 87Sr/86Sr baseline for a site. The creation of
isoscapes allows for larger scale identification of mobility.
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Figure 6.19: Voronoi tessellations of averaged soil leachate and plant 87Sr/86Sr per
sampling site.

6.5.1. Future work
The soil leachate and plant samples analysed in this study create a solid foundation for
bioavailable Sr mapping on Corsica. Future work involving adding faunal and water
data into this large dataset would provide additional information useful in
archaeological studies, as fauna and water are directly sampled by people living in
this region. Additional small-scale sampling in and around archaeological sites would
allow for the assessment of regional mobility and would complement the dataset
produced in this chapter. Analysis in other regions (Cape York, Australia - Adams et
al., 2019) show plant and soil leachate samples offer the most accurate technique for
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assessing regional 87Sr/86Sr variation, but the addition of faunal and water samples
provides an additional layer of information for the identification of human mobility.

6.5.2. Sampling strategy and introduced bias
The sampling strategy employed on Corsica, with the assumption that point
measurements are representative of a larger area, allowed for the quick, easy and costeffective sampling of environmental samples. The selection of sampling locations that
were convenient to access (along roads, easily accessible locations, sites of
archaeological, cultural, tourist significance, etc.), known as convenience sampling,
might possibly have introduced unknown biases into the dataset (Albert et al., 2010;
Etikan et al., 2016). The location of all sampling sites close to roads, which thereby
have the common thread of exposure to human changes in the environment and
possibly geological or geographical features in common, potentially has introduced
bias. The sampling locations are probably not representative of the entire 87Sr/86Sr
variation on the island. Untangling this influence from the underlying natural
variation in 87Sr/86Sr found on Corsica is not possible with the current data set.
Extrapolation of 87Sr/86Sr away from measured data points should therefore be treated
with caution.
To minimise the unknown biases introduced by convenience sampling, future
mapping of bioavailable Sr on islands such as Corsica should include a sampling grid
with a specified number of samples taken within each grid. At points defined on the
grid (say at the intersection of grid squares) a smaller grid within which multiple
samples are taken could be established. The isotopic variation within these
intersection grids could then be compared to other grids to see if there are sufficient
differences in intra-site variability to be used to asses mobility on an intra-island level.
This approach would minimise the influence of convenience sampling biases, and
would allow for the testing of intra-site and small scale variation on an island.

6.6. Conclusion
This study is the first to map bioavailable Sr on Corsica, and follows on from the
mapping of Sr isotopic variation across mainland France. The use of this work to
assess human mobility will be addressed in the succeeding chapter.
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The range of 87Sr/86Sr measured on Corsica (0.70752–0.71667), while not clearly tied
to underlying bedrock geology or other factors and with a low sampling density, does
show spatial variation across the island, highlighting its potential to be used in human
mobility and provenance studies. Soil leachate and plant samples from Corsica
provide a solid baseline of bioavailable 87Sr/86Sr, which can be added to with
additional measurements of plant and soil leachate Sr samples, along with
measurements of 87Sr/86Sr in water, faunal, human samples. The measurement of
archaeological site specific 87Sr/86Sr and combining these with this large-scale map
would provide the best opportunity to assess mobility using Sr isotope analysis.
Interpolated surfaces of 87Sr/86Sr on Corsica smooth the 87Sr/86Sr variation present,
but highlight the spatial variation on the island. It is recommended that measured
datapoints for sites of research interest be added to this baseline data for the
assessment of mobility.
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Chapter 7: Strontium isotope tracing of human mobility
on Corsica: a case study of the rock shelter of Campu
Stefanu
This chapter reports a case study of Sr isotope analysis from the archaeological site of
Campu Stefanu on Corsica. It utilises the newly created Corsican Sr isoscapes
(Chapter 6) and represents the first Sr isotope mobility study on the island. Six teeth
representing three individuals from the site of Campu Stefanu were kindly provided
by Professor Patrice Courtaud, Université de Bordeaux, with permission from Franck
Leandri at the Corsican Museum. An overview of Sr isotopes and their use in
archaeological studies is found in Chapter 5.
Human remains from the Mesolithic period (10th-9th millennium BP, Costa et al.,
2003) are scarce across the French Mediterranean, Corsica containing the only known
sites. Campu Stefanu is therefore an important site for understanding the mobility of
these earliest people on the island.

Highlights


Tooth enamel 87Sr/86Sr for all individuals ranged between 0.71046 to 0.71161



All individuals returned 87Sr/86Sr values within the range of bioavailable Sr in
Corsica.



The oldest burial (cranium 4), showed a difference in 87Sr/86Sr between the
two teeth analysed, suggesting mobility during childhood.



Sr isotopic compositions from the majority of teeth are consistent with the
individuals buried at Campu Stefanu having spent their childhoods in the local
region, although a childhood spent within other areas of Corsica (with the
same 87Sr/86Sr) cannot be discluded.

7.1. The site of Campu Stefanu
The archaeological site of Campu Stefanu is located in the Taravu Valley, Sollacaro
municipality, south-western Corsica (Fig. 7.1). The site covers ~ 1 ha and consists of
three natural granite rock shelters to the west and east of the site, with archaeological
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material also found in the area between them. Campu Stefanu sits on the left bank of
the Taravu River, 94 m above and 500 m away from the river, and about 6 km from
the present day coastline. Rock Shelter 1, on the western margin of the site, was
excavated from 2008 to 2011 and yielded traces of occupation from the Mesolithic to
Iron Age periods (Cesari et al., 2008; 2011). Rock Shelter 1 looks out onto a low
section of the Taravu Valley, overlooking a river crossing, which links the low
elevation coastal plains with the surrounding higher elevation valleys.
Human skeletal remains were recovered from three stratigraphic layers within Rock
Shelter 1; an Iron Age layer, and two Mesolithic levels; the upper level, and the lower
level (Courtaud et al., 2013; 2014). Due to the highly fragmented nature of the Iron
Age finds, only teeth from the upper and lower levels have been analysed in this
study.

Figure 7.1. Location of Corsica in the Mediterranean Sea and the location of Campu
Stefanu on Corsica.
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7.1.1. Iron Age, Bronze Age and Neolithic layers
The Iron Age layer is capped by a layer of granite rubble and sits ~60 cm from the
ceiling of the shelter. Fragmented and burned human bone material, likely to represent
several individuals, was recovered alongside numerous pottery fragments (Courtaud
et al., 2014). It is unclear if this material was burnt intentionally or through the later
placement of fires in the shelter. Ceramic and lithic materials from the Basian culture,
dated to the earlier Middle or Late Neolithic periods, was recovered in this Iron Age
layer, but it appears to have washed into the rock shelter from the open site above.
Bronze Age finds (~1300 BCE), including a necklace of amber and resin beads,
which has been identified as Baltic amber and resin from Mesopotamia, were also
recovered (Peche-Quilichini et al., 2016). Occupation of the rock shelter appears
begins again during the Early Neolithic period (~6,000 BCE, Costa et al., 2003). Early
Neolithic occupation is evidenced by the presence of cardial ware and a small lithic
assemblage (Courtaud et al., 2014). A sterile layer exists between this layer and the
underlying Mesolithic use of the shelter (Cesari et al., 2008: 2011).

7.1.2. Mesolithic levels
7.1.1.1. Upper Level
Fifty-seven human bone fragments were recovered from the upper level. These
included three crania, upper and lower limb bones, and smaller fragments such as ribs,
vertebrae, hand and foot bones. The density of these remains was not uniform within
the level, with three unconnected groups of bones recovered along with an isolated
cranium (cranium 3) in the south-east corner of the shelter. Although only three crania
were recovered, eight individuals are represented by the other remains; one perinatal
infant, two young adults and five adults (Fig. 7.2) (Cesari et al., 2011; Courtaud et al.,
2014). No grave cuts were visible, suggesting that the bodies were placed directly
onto the soil surface. The articulation of some skeletal elements (between some limb
and hand bones) suggests that these were primary burials, but it is unclear whether all
burials in this layer were contemporaneous. Disturbance from subsequent use of the
site and differing preservation of the remains appear to be responsible for the
fragmented nature and differential representation of skeletal elements (Courtaud et al.,
2014). No grave goods or archaeological material, which could indicate a cultural
affiliation or chronological context, were found in association with these remains
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(Cesari et al., 2011). Dating of the remains recovered from this upper level was
therefore undertaken. Radiocarbon dating on a human femur from this level places it
at 7028–6659 cal. BCE (Table 7.1) (Courtaud et al., 2014). An additional date on the
bones of a Sardinian pika (Prolagus sardus), recovered from the edge of the burial,
returned a date of 6596–6469 cal. BCE (Table 7.1) (Courtaud et al., 2014).

Table 7.1: AMS radiocarbon dates for three samples from the Upper and Lower
Levels at Campu Stefanu (Dates from Courtaud et al., 2014, dates were recalibrated
for this study using OxCal v4.3.2 (Bronk Ramsey, 2017, against the IntCal13
atmospheric curve (Reimer et al., 2013)).

14C

date (BP)

Calibrated 14C date

Archaeological
context

Sample

Upper Level

Human femur

7,920 ± 35

7,028 – 6,659

AA 097

Upper Level

Faunal sample

7,700 ± 30

6,596 – 6,469

AA 098

Lower Level

Human humerus

8,940 ± 40

8,256 – 7,966

Beta 318791

Lower Level

Human humerus

8,970 ± 60

8,287 – 7,965

Poz 44201

(cal. BCE, 95.4%
range)

Laboratory
ID

7.1.1.2. Lower Level
An articulated skeleton was recovered from the base of the rock shelter on top of the
underlying granite, (Courtaud et al., 2013). This skeleton of an adult (cranium 4),
lying on the right side with hands in front of the face, was in anatomical position, with
a complete cranium, the upper body well represented and the lower body represented
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only by pelvic and femoral fragments (Fig. 7.2). The skeleton was compressed into a
32 cm wide crevice in the granite bedrock and had been crushed. All skeletal elements
were covered, to varying extents, in a red pigment, most likely ochre. As this is the
only trace of red pigment from the entire rock shelter, its presence on the skeleton
suggests a deliberate burial practice. Additional bone fragments, three fragments of
the ulna and a fragment of femoral diaphysis, suggest the burial of a second poorly
preserved individual intersecting with cranium 4. The acidic granite environment or
the subsequent use of the rock shelter may have resulted in the poor preservation of
this second individual and the loss of the lower limbs of cranium 4.
Radiocarbon analysis of two samples of bone collagen from the humerus of this burial
has provided dates of 8256–7966 cal. BCE and 8287–7965 cal. BCE, placing this
individual as the oldest burial recovered on Corsica, and perhaps one of the first
indications of people on the island (Courtaud et al., 2014). Preservation of bone
material in this granitic environment is surprising, and perhaps related to a specific
funerary treatment or just lucky preservation at the site (Cesari et al., 2011). The
potential burial treatment of this oldest individual at Campu Stefanu would be in
contrast to the two other Mesolithic burials on Corsica; Araguina Sennola, Bonifacio
in southern Corsica and Torre d'Aquila, Pietracorbara in northern Corsica.

7.1.2. Dietary isotope analysis
Carbon and nitrogen isotope analyses of a long bone from Cranium 4, the oldest
Mesolithic individual at the site, indicated a predominately terrestrial diet (δ13C = 20.4‰, δ15N = 8.9‰) (Goude et al., 2017). These data represent an averaged diet
from the last 15 years of life (Hedges et al., 2007). An indication of childhood diet
from this individual, or stable carbon and nitrogen isotope data from other individuals
buried at Campu Stefanu was not possible, as collagen preservation was poor (Goude
et al., 20017). These data recovered from Cranium 4 contrast to other dietary isotope
analyses at coastal archaeological sites on Corsica, all of which indicate terrestrial
diets with substantial inputs from marine sources (Pouydebat, 1997; Bocherens, 1999;
Costa et al., 2003). It is interesting to note that this individual was predominately
consuming terrestrial foods although buried only ~6 km from the present-day
coastline.
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Figure 7.2: (A) Location of Rock Shelter 1 within the Campu Stefanu site. (B)
Cranium 1 and 2 burials in the Mesolithic Upper Level. (C) Cranium 4 burial in the
Mesolithic Lower Level (adapted from Courtaud et al., 2014).

7.2. Peopling of Corsica
The first human occupation of Corsica is documented from a limited number of
Mesolithic sites (Costa et al., 2003) many of which are located along the coast. These
early sites show evidence of exploitation of local food and material resources (Costa
et al., 2003; Vigne, 2004; Salazar-García et al., 2018). Zooarchaeological and isotopic
evidence suggest that even in coastal sites the exploitation of terrestrial resources
dominates, but with substantial inputs from marine resources (Costa et al., 2003;
Goude et al., 2017). Zooarchaeological evidence also suggests seasonal occupation of
156

these early sites, potentially by nomadic “trapper-fisher” groups (Costa et al., 2003;
Vigne, 2004; Salazar-García et al., 2018). The origin of these early settlers of Corsica
is debated, with genetic studies suggesting a close affiliation with Sardinian
populations (Grimaldi et al., 2001), minimal genetic affinity with Sardinia
(Francalacci et al., 2003), or a high level of genetic diversity, which points to
prehistoric marine mobility from many points in the western Mediterranean (Di
Cristofaro et al., 2018).
The analysis of mobility using Sr isotope analysis of these early occupants at Campu
Stefanu has the potential to provide more insight into the nature of occupation at this
site and the origin of these early individuals on Corsica. The present study is the first
to apply Sr isotope analysis to identify individual mobility from archaeological
remains on Corsica.

7.3. Materials and Methods
7.3.1. Samples
Four craniums were recovered from Campu Stefanu, three of those from the 2009
excavation season (CSTF09) of the Mesolithic Upper Level; Craniums 1, 2, and 3.
Cranium 3 was isolated, and badly preserved so no teeth were analysed from this
individual. Four teeth from the Mesolithic Upper Level burial layer were analysed;
one first molar (#283) securely attributed to Cranium 1, and three additional isolated
teeth (Table 7.2). A lower first molar (#197) is tentatively assigned to Cranium 1,
with a first lower right incisor (#289) and upper first incisor (#239) insecurely
assigned to Cranium 2. Cranium 4 was recovered during the 2011 excavation season
(CSTF11) from the Mesolithic Lower Level. 87Sr/86Sr analysis of enamel and dentine
was conducted on two teeth from the Cranium 4 (Table 7.2).
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Table 7.2. Age period represented by the tooth analysed in this study (AlQahtani et
al., 2010). An unsure assignment of tooth to a cranium is indicated by ‘?’.
Archaeological
ID
Eruption
Cranium
Tooth type
Formation begins
level
No.
age
Upper Level
#283
1
Upper Molar 1 (M1)
5.5 years
4.5 months in utero
Upper Level

#197

1?

Upper Molar 1 (M1)

5.5 years

4.5 months in utero

Upper Level

#289

2?

Lower Incisor 1 (I1)

6.5 years

4.5 months in utero

Upper Level

#239

2?

Upper Incisor (I1)

7.5 years

7.5 months in utero

Lower Level

-

4

Lower Molar 1 (M1)

5.5 years

4.5 months in utero

Lower Level

-

4

Upper Molar 3 (M3)

16.5 years

8.5 years

Sr isotope measurements were undertaken on both enamel and primary dentine. These
materials should reflect the same time period in an individual’s childhood, so should
have similar 87Sr/86Sr. Any differences in 87Sr/86Sr between primary dentine and
enamel could be attributed to diagenetic overprint of Sr from the burial environment.
As dentine is more susceptible to this overprint, dentine 87Sr/86Sr can be less reliable
than enamel 87Sr/86Sr (Montgomery, 2002; Trickett et al., 2003; Montgomery et al.,
2007). An additional influence on dentine 87Sr/86Sr is dental trauma, during which
secondary and tertiary dentine is laid down. This can shift the isotopic composition
towards the signature from later in life (Kuttler, 1959: Hillson, 1986).

7.3.2. Analytical methods
Six teeth from three individuals were analysed for 87Sr/86Sr using Laser Ablation –
Inductively Coupled Plasma – Mass Spectrometry (LA-ICP-MS) at the Research
School of Earth Sciences (RSES), ANU. The LA-ICP-MS system at RSES and the
analysis procedure are described in detail in Chapter 5.9.2. Between 2 and 4 analytical
spots with a diameter of 150 μm were placed on the enamel and dentine of the
analysed teeth (Fig. 7.3). To accommodate any variation in 87Sr/86Sr within a tooth, an
averaged enamel and dentine value was used. The teeth analysed from Campu Stefanu
represent different formation periods and may reflect differing influences from
breastfeeding and weaning. Five teeth began formation in utero, so 87Sr/86Sr reflects
the food consumed by the mother prior to birth and likely during breastfeeding, while
the 87Sr/86Sr from the third molar analysed from Cranium 4 represents a late
childhood diet (Table 7.2).
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Figure 7.3: Laser ablation analysis on three teeth, pits visible in both dentine and
enamel. (A) Cranium 1 Lower M #197 (B) Cranium 4 Lower M1 (C) Cranium 4
Upper M3.

7.3.3. Establishing an isotopic baseline
To establish the Sr baseline for the site, three samples were taken from just below the
soil horizon, and from the Neolithic and Mesolithic burial layers, and four plant
samples were collected from around the Campu Stefanu site. These samples were
subjected to the same analytical procedure as all soil samples from Corsica (described
in Chapter 5.6.1). Predictive maps of Corsica (presented in Chapter 6) were used to
assess the mobility of the analysed individuals on the island.
To assess mobility at Campu Stefanu, the surface soil sample 87Sr/86Sr (Latitude
41.73921, Longitude 8.86115) was joined spatially with the underlying data layers
used to create the Corsican isoscapes in ArcGIS Desktop 10.6.1. Campu Stefanu sits
on Late/Upper Pennsylvanian granitic bedrock, at an elevation of 209 m in
Sclerophyllous vegetation (Surface geology from the One Geology Europe Project,
elevation from the EU-DEM v1.1, and land use identified from the CORINE Land
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Cover (CLC) database, see Chapter 6 for details). Environmental 87Sr/86Sr data for
Corsica (Chapter 6) was used to infer the range of 87Sr/86Sr for the entire island. The
addition of the Campu Stefanu sampling point to this dataset allowed for the
assessment of mobility of the individuals from the site within the context of Corsica,
and improved understanding of the small scale 87Sr/86Sr variation and potential
sources of diagenesis at the site.

7.4. Results
Baseline measurements for Campu Stefanu showed an overall site average 87Sr/86Sr of
0.71189 ± 0.00001 (Table 7.3). Soil leachate measurements through the stratigraphy
of Campu Stefanu revealed minimal variation with depth; 87Sr/86Sr = 0.71183 for the
site surface, and 0.71153 and 0.71192 for the two burial layers. Four plant 87Sr/86Sr
measurements indicated a range of 0.71149–0.71226, with an average 87Sr/86Sr of
0.71199. The higher 87Sr/86Sr of plants at the site is in line with majority of sites on
Corsica, where plants have higher 87Sr/86Sr than the soil leachates (Chapter 6). These
measurements are within the overall range of 87Sr/86Sr on Corsica, 0.70752–0.71667,
and fall within the range of granite 87Sr/86Sr, 0.70932–0.71437 (Chapter 6).
Table 7.3: Campu Stefanu soil and plant 87Sr/86Sr
Level
Sample type
Surface layer
Mesolithic Upper Level
Mesolithic Lower Level
Plant sample
Plant sample
Plant sample
Plant sample

Soil
Soil
Soil
Plant
Plant
Plant
Plant

87Sr/86Sr

SE

0.71183
0.71153
0.71192
0.71226
0.71203
0.71149
0.71218

0.000013
0.000012
0.000013
0.000010
0.000007
0.000007
0.000007

87

Sr/86Sr measurements on enamel and dentine showed differences between these

tissue types and between individuals sampled (Table 7.4). 87Sr/86Sr in dentine is
higher than the corresponding enamel 87Sr/86Sr in all analysed teeth, and the majority
of dentine samples showed higher 87Sr/86Sr than the relevant burial layers.
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Table 7.4: Enamel and dentine 87Sr/86Sr on six teeth analysed from Campu Stefanu.
An unsure assignment of tooth to a cranium is indicated by ‘?’.
ID N.

Archaeological
Level

#283
#197

Upper Level
Upper Level

Craniu
m
number
1
1?

#289

Upper Level

2?

#239
Cranium 4
Cranium 4

Upper Level
Lower Level
Lower Level

2?
4
4

87

Tooth
Upper M1
Upper M1
Lower
right I1
Upper I1
Lower M1
Upper M3

Sr/86Sr
enamel

SE

87

Sr/86Sr
dentine

SE

0.71110
0.71161

0.00013
0.00016

0.71208
0.71243

0.00006
0.00004

0.71157
0.71156
0.71100
0.71046

0.00016
0.00022
0.00016
0.00007

0.71253
0.71248
0.71165
0.71204

0.00008
0.00004
0.00005
0.00005

7.5. Discussion
7.5.1. Enamel and dentine Sr measurements
Variation was seen between enamel and dentine 87Sr/86Sr in all teeth analysed from Campu
Stefanu, with lower enamel 87Sr/86Sr compared to dentine 87Sr/86Sr in all analysed teeth (Table
7.4). A difference between enamel and dentine 87Sr/86Sr measurements can be interpreted as
either diagenetic overprinting of the dentine samples from the burial environment or a
different diet during the time of secondary or tertiary dentine formation if these dentine types
were analysed. To assess possible diagenesis, the dentine 87Sr/86Sr was compared to the
measured soil leachate 87Sr/86Sr in the burial layers.
The four teeth from the Upper Level returned dentine 87Sr/86Sr higher than the corresponding
burial layer (Mesolithic Upper Level soil leachate 87Sr/86Sr = 0.71153), and higher than the
other two site soil leachate measurements (Fig. 7.4). Three of these data points fall above all
site 87Sr/86Sr measurements, while dentine 87Sr/86Sr from #283, overlapped with site plant
87

Sr/86Sr. Higher dentine 87Sr/86Sr than the burial layer suggests that diagenetic overprint from

the soil was not solely responsible for the high dentine 87Sr/86Sr. Higher dentine 87Sr/86Sr
could indicate the formation of secondary or tertiary dentine during a period when the
bioavailable Sr encountered by these individuals was higher. This is unlikely as dentine
sampled for 87Sr/86Sr was placed close to the EDJ, not towards the base of dentine structure.
An overlap with plant 87Sr/86Sr at the site by #283, may indicate that this individual was living
in this region during a later period of dentine formation. Additional sources of diagenetic
overprint at the site, not analysed in this study, may also lead to the higher dentine 87Sr/86Sr
measured in these teeth.
Enamel 87Sr/86Sr from three teeth buried in the Upper Level (#197, #289, #239) overlapped
the burial layer soil leachate 87Sr/86Sr. Tooth enamel #283 returned an 87Sr/86Sr lower than all
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soil leachate and plant samples from the site. Diagenesis may be influencing these values, but
as the dentine 87Sr/86Sr returned higher values, from the more diagenetically susceptible
tissue, this seems unlikely (Montgomery, 2002; Trickett et al., 2003; Montgomery et al.,

2007).
The two analysed teeth from the Mesolithic Lower Level had dentine 87Sr/86Sr overlapping
site plant and soil leachate 87Sr/86Sr, but not overlapping each other. Enamel 87Sr/86Sr from
these two teeth returned values lower than all site measurements, but as with the dentine, they
did not overlap each other or the dentine 87Sr/86Sr measurements (Fig. 7.4). The formation
periods for these teeth differ with the M1 representing in utero and possibly breastfeeding
values, while the M3 represents late childhood diet. Interestingly, Sr analysis on this one

individual returned four separate 87Sr/86Sr which may relate to mobility or different
diagenetic influences on the tissues or a combination. The terrestrial diet of Cranium 4
identified using carbon and nitrogen isotopes, which is in contrast to other Mesolithic
individuals on Corsica, means the impact of ocean Sr on the tooth Sr composition
should be minimal (Goude et al., 2017). The lower 87Sr/86Sr seen in Cranium 4
should then relate to terrestrial diet.
For the assessment of mobility at Campu Stefanu, a comparison of the more robust
enamel 87Sr/86Sr measurements to the Corsican Sr isoscapes was undertaken. The
consistent offset between enamel and dentine 87Sr/86Sr suggests diagenetic overprint
of dentine samples. Future investigation of 87Sr/86Sr at the site is needed to confirm
the validity of these dentine measurements.
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Figure 7.4. Enamel and dentine 87Sr/86Sr measurements on six teeth from Campu
Stefanu. 2 se on enamel and dentine measurements indicated by error bars. Four
Campu Stefanu site plant 87Sr/86Sr indicated by green lines. Soil leachate samples
indicated by grey lines.

7.5.2. Identifying mobility
The upper M1 #283 securely assigned to Cranium 1 returned 87Sr/86Sr enamel of
0.71110 ± 0.00013, not overlapping with the 87Sr/86Sr enamel of the tentatively
assigned upper M1 #197, 0.71161 ± 0.00016 (Table 7.4). If these teeth come from the
same individual, they were forming concurrently and suggest varied sources of Sr
during this formation period perhaps through mobility or a varied diet. The two
incisors insecurely assigned to Cranium 2 (#289 and #239) returned very similar
enamel 87Sr/86Sr values of 0.71157 ± 0.00016 and 0.71156 ± 0.00022. If these are
from the same cranium, they indicate no change in diet or location during the tooth
formation period. If the assignment of teeth in the Upper Level is incorrect, and an
incisor and molar has been sampled from each cranium, mobility may be present in
these individuals.
The 87Sr/86Sr isoscapes on Corsica (Chapter 6) allow the mobility of these individuals
to be assessed. The Sr values from all four analysed teeth from this level are found on
Corsica. Three teeth from the upper burial layer (M1 #197, I1 #289, and I1 #239)
have Sr isotopic compositions which, when compared with a representative sample of
Corsican isoscapes (Cokriging with average age, Cokriging with surface geology and
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Empirical Bayesian Kriging), overlap with the 87Sr/86Sr from areas within 1km of
Campu Stefanu and extending through the majority of the western side of the island
(contour between 87Sr/86Sr = 0.71115 and 0.71187, Fig. 7.5). The M1 #283 has a Sr
composition which overlaps with those of areas between 12 and 20 km away from the
site, covering a large portion through the centre of the island and smaller patches in
the south (contour between 87Sr/86Sr = 0.71083 and 0.71115, Fig. 7.6).
Cranium 4, the oldest burial at Campu Stefanu, is represented by two teeth, a right
mandibular M2 and a fragment of a maxillary M3. Mobility appears to have occurred
between the formation of enamel in these two teeth, with 87Sr/86Sr = 0.71100 ±
0.00016 for the first forming M1 and 0.71046 for the M3. Formation of these teeth
occurs at different times, in utero and 8.5 years, suggesting that this individual moved
between regions of differing Sr values.
Comparing the 87Sr/86Sr in these two teeth to the Corsican isoscapes, the M1
compositions overlaps with those of areas between 12 and 20 km away from the site,
covering a large portion through the centre of the island and smaller patches in the
south (contour between 87Sr/86Sr = 0.71083 and 0.71115, Fig. 7.6). The later forming
M3 returned the lowest 87Sr/86Sr from teeth analysed at the site, which overlaps with
small patches in the south and north-west of the island, but with areas predominately
found in the north-east region of Corsica (contour between 87Sr/86Sr = 0.71023 and
0.71082, Fig. 7.7).
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Figure 7.5: Potential region of origin based on Corsican isoscapes for Mesolithic
Upper Level #197 (87Sr/86Sr = 0.71161), #289 (87Sr/86Sr = 0.71157), and #239
(87Sr/86Sr = 0.71156). (A) Cokriging with average age (B) Cokriging with surface
geology (C) Empirical Bayesian Kriging.

Figure 7.6: Potential region of origin based on Corsican isoscapes for Mesolithic
Upper Level Lower I1 #283 (87Sr/86Sr = 0.71110) and Mesolithic Lower Level M1
(87Sr/86Sr = 0.71100). (A) Cokriging with average age (B) Cokriging with surface
geology (C) Empirical Bayesian Kriging.
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Figure 7.7: Potential region of origin based on Corsican isoscapes for Mesolithic
Lower Level upper M3 (87Sr/86Sr = 0.71046). (A) Cokriging with average age (B)
Cokriging with surface geology (C) Empirical Bayesian Kriging.

7.5.2. Implications for archaeology
The site of Campu Stefanu, with the earliest evidence of human occupation on
Corsica, provides an excellent opportunity to examine mobility of these early settlers.
The creation of Corsican isoscapes (Chapter 6) allows for assessment of mobility on
the island. All analysed teeth have Sr isotopic compositions found on Corsica,
suggesting these early individuals may have spent their childhoods in a variety of
regions on the island.
Mobility during childhood is seen in two individuals. In Cranium 1, two upper M1’s
were analysed and returned differing 87Sr/86Sr. As these teeth were likely forming at
approximately the same time, highly mobile individuals with access to a variety of Sr
sources may account for these differences. As areas with both these 87Sr/86Sr are
found within 1km of Campu Stefanu, this mobility may just be a population living at
Campu Stefanu but gathering food and water from a larger local region. The 87Sr/86Sr
of cranium 4 showed childhood mobility between the formation of the M1 and M3
teeth and suggested that during these periods this individual was not living in an
immediate region around Campu Stefanu. Childhood movement in the southern end
or the north-east of Corsica would produce this combination of 87Sr/86Sr in the two
teeth. The analysis of additional teeth from this individual would provide more
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information on the childhood movements across the island. A childhood spent in
another area of the Mediterranean with overlapping Sr values cannot be discounted.
Strontium isotope analysis identifies mobility within childhood and suggests changes
in origin of individuals between the two burial periods at Campu Stefanu. This agrees
with zooarchaeological evidence for other sites which suggests seasonal occupation of
Mesolithic sites on Corsica, perhaps by nomadic ‘trapper fisher’ groups (Costa et al.,
2003; Vigne, 2004; Salazar-García et al., 2018). This study adds more data to the
investigation of the peopling of Corsica and shows the potential of Sr isotopes on
Corsica.

7.6. Conclusions
Mobility is seen between tooth formation periods in two individuals including oldest
individual at the site, suggesting mobile childhoods. Slightly younger individuals at
Campu Stefanu, represented by 1 securely and 3 insecurely assigned teeth, show
different childhood regions of the individuals buried at the site or mobility between
tooth formation periods. All the Sr values of the individuals buried at Campu Stefanu
can be found on Corsica, suggesting that these individuals were local to the island.
The analysis of individuals from Campu Stefanu match zooarchaeological and diet
isotopic evidence that Mesolithic individuals on Corsica could have been seasonally
occupying sites and subsisting on a terrestrial diet.
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Chapter 8: Bioavailable Sr isotope mapping of Grande
Terre, New Caledonia
The mapping of bioavailable Sr of Grande Terre, New Caledonia, forms part of the
dataset including Corsica (Chapter 6), and mainland France (Willmes, 2015; Willmes
et al., 2018). Like Corsica, the development of a bioavailable Sr isoscape for Grande
Terre will be a first for the island and wider Pacific region, and will allow for the
development of Sr mobility studies on the island. An overview of Sr isotopes and
their use in archaeological studies is found in Chapter 5.

8.1. Introduction
Nouvelle Calédonie (New Caledonia), located in the southwestern Pacific Ocean ~
1,300 km east of Australia, is a French overseas territory consisting of a number of
islands; Grande Terre, Loyalty Islands, Belep Islands, Isle of Pines and Ouen Isle (Fig
8.1). Grande Terre, the largest island, accounts for over 80% of the land mass of New
Caledonia. Grande Terre is 400 km in length and ~ 40 km wide, running north-west to
south-east. It has a relatively mountainous terrain, with numerous rivers, tablelands
and peaks over 1,600 m. The southern coast of Grande Terre is enclosed by a lagoon,
which at places is 15 km in width. The Tropic of Capricorn runs through New
Caledonia, leading to a tropical climate with highly seasonal rainfall, predominately
coming from the south-east. New Caledonia has an extremely high level of endemism,
with numerous families of flora and fauna found only on the islands (Grandcolas et
al., 2008). New Caledonia separated from the Gondwana supercontinent about 85
million years ago, and drifted to the north-east, reaching its present position about 50
million years ago (Coleman, 1980; Raven, 1980; Paris, 1981). Isolation of the
landmass during this period and following led to the island becoming a biodiversity
hotspot (Morat et al., 1981; Myers et al., 2000).
Grande Terre is home to the type site for the Lapita Cultural Complex, an
archaeological phenomenon that first appears in the Bismarck Archipelago, Papua
New Guinea, and is the first population to expand out across remote Oceania during a
several hundred year period from 3000 to ~ 2800 BP. The Lapita site, on the Foue
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peninsula of Grande Terre, was excavated in the 1950s, and distinctive dentate
stamped pottery, which would become a unifying feature of Lapita across the Pacific,
was recovered from the site.
The majority of Pacific islands are relatively young and consist of carbonate platforms
(uplifted reef systems) and young volcanic rocks. Grande Terre is atypical of Pacific
Ocean islands, consisting of a complex assemblage of igneous, metamorphic,
sedimentary geologies. The formation history of Grande Terre, where deep mantle
derived rocks have been obducted over continental crust, leads to the largest exposure
of ultramafic rocks on Earth, predominately in the south-eastern end of the island, and
nickel mining centred in this region dominates the island’s economy. Only a few
studies utilising Sr as an indicator of human mobility in the Pacific region have been
published; investigations in Tonga (Fenner et al., 2015), in Fiji (Stantis et al., 2016;
Cheung et al., 2018), in New Zealand (Kinaston et al., 2013), on the Bismarck
Archipelago in Papua New Guinea (Shaw et al., 2009; Shaw et al., 2010) in Vanuatu,
at Teouma (Bentley et al., 2007) and on Malekula (Kinaston et al., 2014b) have all
shown the potential of Sr to identify mobility in this region. Preliminary mapping of
87

Sr/86Sr on four Vanuatu islands (Lees, ANU Masters Thesis 2011) has shown

environmental Sr variation on oceanic islands, allowing for archaeological mobility
studies.
Atmospheric deposition of Sr (through sea spray) has been shown to influence
environmental bioavailable Sr on oceanic islands in the Pacific Ocean (Hawaii –
Vitousek et al., 1999; Whipkey et al., 2000) and as an isolated island, Grande Terre is
predicted to be no different. To assess the influence of sea spray, published 87Sr/86Sr
data were gathered from the geological literature. A simple mixing model of
underlying geology, and the 87Sr/86Sr of the modern ocean (87Sr/86Sr = 0.70918) was
used to provide an indication of the oceanic influence on the analysis of a soil
leachate or plant sample.
This study represents the first full scale mapping of an island in the South Pacific
region with an unparalleled number of sampling sites. These data will provide a
foundation for future studies of archaeological mobility in New Caledonia.
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Figure 8.1. Location of Grande Terre, New Caledonia in the south-western Pacific
Ocean.

8.1.2. Geology of the Pacific and New Caledonia
The Andesite Line, named after the igneous rock andesite, a characteristic rock in the
offshore arc of active volcanism in the Pacific Ocean, splits the Pacific into
geologically complex islands to the west, and young volcanic or uplifted coral
features to the east (Marshall, 1911). New Caledonia sits to the west of the line, and
contains geological terranes including igneous, sedimentary, and metamorphic
geologies.
Sampling on New Caledonia was undertaken on a variety of surface geologies;
broadly identified as continental and littoral surface formations, and substrate
formations based on the geological map Géologie de la Nouvelle-Calédonie au
1/200.000ème (Fig. 8.2). Sampling on substrate formations (n = 51) was in
sedimentary and volcano-sedimentary terranes (n = 32), volcanic terranes (n = 17),
and tertiary metamorphic terranes (n = 2). Sampling on continental and littoral
geologies (n = 23) was on alluvial and littoral formations (n = 19), altered gabbros (n
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= 1), weathered formations derived from felsic rocks (n = 1), anthropogenic
formations (n = 1), and slope formations (n = 1).
Grande Terre evolved geologically in three main phases; Palaeozoic-Mesozoic, Late
Cretaceous-Eocene and the post-Eocene phases (Cluzel et al., 2012). During the
Palaeozoic and Mesozoic Eras, Grand Terre was attached to the eastern coast of the
Australian continent (Cluzel and Meffre, 2002). During this era, subduction along the
SE margin of Gondwana led to an accumulation of volcanic material. Accretion and
subduction of oceanic and terrestrial material generated the tertiary metamorphic
terrain along the northern coast of Grande Terre (Cluzel et al., 2012). Rifting of
Grande Terre during the Late Cretaceous break up of Gondwana moved to it’s present
location. At the end of the Eocene, obduction of the Loyalty Basin onto the New
Caledonian continental crust produced ultramafic terrain; serpentinites and
peridotites, concentrated mainly at the southern end of Grande Terre (Lillie and
Brothers, 1970; Paris et al., 1979). During the final phase, post-Eocene, the island
present day morphology was established alongside the development of regolith and
supergene nickel ores (Cluzel et al., 2012). Quaternary alluvial and uplifted reefs are
found along the coasts, particularly in the southern lagoon edged side.
There are four main geological terranes on Grande Terre (adapted from Géologie de
la Nouvelle-Calédonie au 1/200.000ème; Fig. 8.3). (1) Obducted terranes, located
mainly in the southern end of the island, extending in patches along the southern
coast. Sampling in this terrane (n = 33) was undertaken on peridotites, serpentinites,
basalts, gabbros, dolerites and flysch. (2) Ante-Senonian terranes, located through the
central section of the island. Sampling in this terrane (n = 19) was undertaken on a
variety of volcanic material. (3) High pressure metamorphic terranes, located
predominately in the northern end of the island, with a small appearance through the
central section. Sampling on this terrane (n = 17) was undertaken on mica schists,
cherts, gneiss and argillites. (4) Post-obduction terranes, located in small patches
mainly along the southern coast of the island. Samples on this terrane (n = 4) were
taken on alluvial material and conglomerates.

8.1.2. Climate and topography of Grande Terre
Climate on Grande Terre is tropical, with dry periods (September to November, and
April to May), and two wet periods (December to March, and June to August).
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Temperature is moderated by the oceanic influence within the range 27–30oC (MétéoFrance, 2018). The mountainous Central Chain on Grande Terre runs the length of the
island with numerous peaks over 1600 m (Fig. 8.4). This mountain range strongly
influences the precipitation patterns on the island, with the highest precipitation found
on the windward eastern slopes, and along the southern end of the island (MétéoFrance, 2018). The western side of the island sits in a rain shadow, with on average
half the amount of precipitation seen on the eastern side. New Caledonia’s climate is
also influenced by the El Niño Southern Oscillation (ENSO), with a decrease of up to
50% in precipitation during an El Niño event (Nicet and Delcroix, 2000). The island’s
topography and high rainfall, along with anthropogenic influences such as mining,
lead to high levels of erosion (Danloux and Laganier, 1991). The prevailing wind on
Grande Terre is the south-easterly trade wind, representing ~ 70% of yearly wind,
with a smaller contribution from westerly winds (Blaize and Lacoste, 1995). Tropical
cyclones and depressions frequently hit Grande Terre from the west, bringing with
them large amounts of precipitation (Blaize and Lacoste, 1995).

8.1.3. Modern land use on Grande Terre
Grande Terre is dominated by natural terrain, with only small areas of urbanization,
industry and agriculture on the island (Fig. 8.5). A third of Grand Terre has an
ultramafic substrate, which has produced the island’s ultrabasic soils (Jaffré et al.,
1987). The extremely high concentrations of heavy metals in these soils have led to
specialised flora and vegetation on this terrain, referred to as ‘le maquis minier’, 90%
of which is endemic to the island. Mining is widespread, with anthropogenic changes
due to mining activity found across the island (Fig 8.6). The drier savannah landscape,
located on the western and northern coasts, covers 40% of Grande Terre, and is used
for extensive livestock farming. The east, with its higher rainfall, is home to rainforest
which covers ~ 20% of the island’s surface. The south-western coast of Grande Terre
is enclosed with a 1600 km long barrier reef, forming the UNESCO World Heritage
listed Grand Lagoon. Along this lagoon-enclosed coastline, mangrove forests
dominate. Agricultural regions are limited to small areas, predominately along the
southern coast, with urban areas found scattered across the island. The largest urban
area is the capital city, Noumea, located on a peninsula on the south western coast
which is home to almost 70% of the island’s inhabitants (Fig. 8.5).
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Figure 8.2. Surface geology of Grande Terre, New Caledonia, sampling sites
coloured according to the underlying surface geology. Basemap, ‘Géologie de la
Nouvelle-Calédonie au 1/200.000ème’, data from georep.nc.

Figure 8.3. Geological terrains on Grande Terre. Basemap, ‘Géologie de la
Nouvelle-Calédonie au 1/200.000ème’, data from georep.nc.

174

Figure 8.4. Elevation (with a spatial resolution of 10m) on Grande Terre. Sampling
sites indicated by green circles (Data from georep.nc).

Figure
8.5. Land use on Grande Terre, sampling sites indicated by circles coloured
according to the land use. Base map, ‘Occupation des sols de la Nouvelle-Calédonie
(2008)’, data from georep.nc.
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Figure 8.6. Mining regions on Grande Terre highlighted by grey regions; major
waterways indicated in blue; environmental Sr sampling sites indicated in black with
sampling sites located in mining regions indicated as red or blue circles depending on
the resource. Basemap, ‘Cadastre minier’, data from georep.nc.

8.2. Methods
8.2.1. Sample collection
Samples of soils and plants from all major geological units and land use categories
were collected from across Grande Terre by Prof. Rainer Grün, Prof. Matthew
Spriggs, and Jacques Boel from the Institut d’archéologie de la Nouvelle-Calédonie et
du Pacifique (IANCP). Sampling sites were selected for ease of access
(predominantly along roads), and soil samples were taken from just below the soil
surface. Samples of plant and soil were collected from 69 sites across the island (59
plant samples, and 58 soil samples). Samples were labelled as NC13, to represent
New Caledonia and the sampling year 2013, followed by the sampling site number,
for example NC13_01.

8.2.2. Analytical methods
Soil and plant samples were analysed following the procedure outlined in Chapter 5
section 5.8.2.at RSES, ANU. All analyses were undertaken by the candidate. In brief,
soil samples were first leached and plant samples first washed then ashed. Digestion,
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evaporation, and redissolution removed organic contaminants, then the Sr
concentration was measured by Inductively Coupled Plasma Atomic Emission
Spectroscopy (ICP-AES). Chemical separation was undertaken using ion exchange
chromatography (pre-filter and Eichrom Sr spec resin) and isotope ratios measured on
a Thermo Finnigan Neptune Multi-Collector Inductively Coupled Plasma Mass
Spectrometer (MC-ICP-MS). Offline data reduction included a correction for Kr then
Rb isobaric interferences, an exponential mass bias correction (86Sr/88Sr = 0.1194) and
rejection of 2σ outliers.

8.2.3. Spatial and statistical methods
The environmental Sr data from Grande Terre were spatially linked to data layers to
investigate factors influencing bioavailable Sr. Surface geology, land use, elevation
and mining regions for Grande Terre were obtained from the Direction de l’Industrie,
des Mines et de l’Energie Nouvelle-Calédonie (DIMENC), downloaded from the
Service de la Géomatique de la Direction des Technologies et des Services de
l'Information and Service de la Géomatique et de la Télédétection (http://georep.nc/).
Mapping, and the creation of the predictive surfaces, were undertaken in ESRI
ArcGIS Desktop 10.6.1 using the Spatial Analyst and Geostatistical Analysist
extensions. Analysis of data and the creation of box and whisker plots were
undertaken in Microsoft Excel. To create predictive surfaces for 87Sr/86Sr values on
Grande Terre four techniques were applied; Ordinary Kriging, Empirical Bayesian
Kriging, CoKriging, and Voronoi mapping. A discussion of these techniques can be
found in Chapter 5, section 5.6.1.

8.3. Results and Discussion
Seventy-three sites were sampled on Grande Terre and 131 samples analysed. Soil
leachates were analysed from 65 sites, and plant samples from 66 sites. From 57 sites,
paired soil leachate and plant samples were measured. Multiple samples were taken
only from site NC 73, where samples were collected from the beach and just behind
the adjacent sand dunes.
The range of 87Sr/86Sr in the Grande Terre samples was 0.70489–0.70961 (Table 8.2),
consistent with the volcanic and continental origin of the island. This is a restricted
range compared to other regions, such as the Cape York peninsula, Australia
177

(0.70536–0.79356, Adams et al., 2019), mainland France (0.7045–0.7257, Willmes,
2015) or Corsica (0.70752–0.71667, Chapter 6). Soil leachates covered the full range
of Sr compositions on the island. The compositional range of plants was more
restricted (0.70502–0.70960). Site averaged 87Sr/86Sr ranged between 0.70509 and
0.70961.

8.3.1. Sr in plants and soil leachates
Soil leachate and plant 87Sr/86Sr measurements are an indication of bioavailable Sr,
and if influenced by the same environmental factors these values should be similar
(Blum et al., 2000; Hodell et al., 2004). Sites with paired soil leachate and plant
measurements are used to investigate the relationship between these two
measurements, and potentially the different factors influencing 87Sr/86Sr in an
environment. The difference between plant and soil leachate samples is defined here
as ΔPS (ΔPS = 87Sr/86Srplant – 87Sr/86Srsoil leachate).
Paired measurements from 57 sites were compared. ΔPS outliers were defined from a
box and whisker plot (1.5IQR) as values over ΔPS = 0.00122 (Fig. 8.7(A)). The
analyses of paired samples show a strong positive correlation between plant and soil
leachate 87Sr/86Sr, R2= 0.8994 (with outliers R2= 0.8299) (Fig. 8.7(B)). This overall
positive correlation suggests that additional variability from the soil leachate method
is not an influence on the soil bioavailable 87Sr/86Sr measurements. Average ΔPS on
Grande Terre is 0.00022 ± 0.00041, n=54 (with outliers average ΔPS = 0.00030 ±
0.00052, n=57). Only three paired measurements were identified as outliers
(NC13_16, NC13_24, and NC13_72). At each of these sites ΔPS was abnormally high,
i.e. plant 87Sr/86Sr >> soil leachate 87Sr/86Sr, perhaps indicating that there was a factor
influencing plant 87Sr/86Sr more than soil leachate 87Sr/86Sr at the same site. No
similarities could be identified between these three sites—they differed in plant
87

Sr/86Sr, surface geology, geological age, land use, distance from the coast, and

location on the island (Table 8.1).
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Figure 8.7: ΔPS measurements of sampling sites on Grande Terre, New Caledonia (A)
Box plot of ΔPS values. Outliers are defined by the whiskers as any value higher than
0.00122. (B) Paired soil leachate and plant 87Sr/86Sr. Outliers (n = 3) identified as
filled grey circles. Solid line represents 1:1 line. Dashed line represents the line of
best fit for Grande Terre ΔPS values (minus outliers).

Comparing ΔPS for samples from different lithologies provides an indication as to the
driver of Sr variation in a landscape. If weathering of underlying geology was the
primary driver of 87Sr/86Sr , ΔPS would be expected to be higher in complex
lithological units and lower in lithologies with homogenous geochemical
compositions. On Grande Terre, ΔPS values of all lithologies and geological terrains
overlap (Fig. 8.8, Fig. 8.9, Table. 8.1), suggesting that across all lithologies and
terrains plant and soil leachate 87Sr/86Sr are being influenced by similar factors. A
comparison of ΔPS to land use categories also showed overlapping values, suggesting
that land use is not playing a major role in driving any difference in ΔPS across the
island (Table 8.1). Five sampling sites fall within mining regions (NC13_21,
NC13_40, NC13_43, NC13_66, and NC13_69)(Fig. 8.6). ΔPS for these sites ranged
from -0.00015 to 0.00092, spanning the range of ΔPS seen at all sites across the island.
These analyses suggest that mining is not influencing soil leachate and plant 87Sr/86Sr
differently.
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Figure 8.8: Boxplot of ΔPS per surface geology on Grande Terre

Figure 8.9: Boxplot of ΔPS per geological terrain on Grande Terre
As Grand Terre is a remote ocean island subject to major storms, it is highly likely
that sea spray, even without storms, will the influence the measured 87Sr/86Sr. The
influence of sea spray on 87Sr/86Sr measurements in European soils has been
suggested to impact up to 100km inland, so all of inland Grand Terre is likely not
immune to a marine derived Sr influence (Hoogewerff et al., 2019). The prevailing
winds on Grande Terre are the south-easterly trade winds, hitting Grande Terre after
travelling across the South Pacific Ocean. Sea spray is assumed to be a large factor
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driving 87Sr/86Sr in this region. Westerly winds, bring sea spray on Grande Terre may
also strongly influence 87Sr/86Sr west end of the island. To assess these, a southeastern ‘wind point’ (-22.501593, 167.261886) was defined and the distance from
each sampling site measured (Fig. 8.15). To assess the inland impact of marine
derived Sr, the distance to the nearest coastline was also measured for each sampling
site.

Figure 8.10: (A) ΔPS per sampling site for increasing distance from the closest
coastline (km). (B) ΔPS per sampling site for increasing distance from the southeastern ‘wind point’ (km)
181

Table 8.1: Summary table of ΔPS per surface geology, geological terrain, and land use
categories.
No.
Average
Min ΔPS
Max ΔPS ΔPS standard
sampling ΔPS
deviation
sites
Extrusive Igneous

7

0.00031

-0.00039

0.00241

0.00096

Sedimentary

39

0.00027

-0.00036

0.00127

0.00043

Ultrabasic Igneous

11

0.00041

-0.00022

0.00129

0.00051

Alluvial and coastal

4

0.00025

-0.00039

0.00129

0.00119

Volcanic

11

0.00053

-0.00022

0.00241

0.00185

Sedimentary and VolcanoSedimentary

29

0.00024

-0.00035

0.00127

0.00115

Tertiary Metamorphism

2

0.00025

0.00002

0.00047

0.00032

Slope and Foothills

0

Obducted terrain

22

0.00035

-0.00039

0.00241

0.00060

Ante-Senonian terrain

19

0.00018

-0.00036

0.00129

0.00051

HP- metamorphic terrain

12

0.00029

0.00002

0.00112

0.00033

Post-obduction terrain

3

0.00089

0.00047

0.00122

0.00038

Savannah

32

0.00031

-0.00039

0.00241

0.0006

Shrub vegetation on volcanosedimentary substrate

7

0.00050

0.00007

0.00104

0.0004

Scattered vegetation on volcanosedimentary substrate

1

0.00012

Forest on volcano-sedimentary
substrate

7

0.00008

-0.00035

0.00035

0.00023

Urban areas

2

-0.00035

0.00038

0.00001

0.0005

Bare soil on ultramafic substrate

2

0.00049

0.00006

0.00092

0.0006

Scattered vegetation on ultramafic
substrate

3

0.00070

0.00014

0.00129

0.0006

Woody herbaceous scrubland

1

0.00012

Dense scrub vegetation

2

-0.00014

-0.00022

-0.00006

0.0001

Forest on ultramafic substrate

0
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8.3.2. 87Sr/86Sr results
Soil and plant samples were collected from 73 sampling sites, on a variety of
substrates (Table 8.2). On a broad geological scale, samples come from sedimentary
(n = 49), extrusive igneous (n = 10), and ultrabasic igneous (n = 15) surface geologies
(based on latitude and longitude on Occupation des sols de la Nouvelle-Calédonie,
2008) (Fig. 8.11). Sedimentary units represent the whole range of 87Sr/86Sr seen on
Grande Terre (87Sr/86Sr = 0.70509–0.70961), but were the most heavily sampled
surface geology. Sampling sites from alluvial and coastal, volcanic, sedimentary and
volcano-sedimentary, tertiary metamorphism, and slope and foothills surface
geologies also showed overlapping 87Sr/86Sr (Table 8.1). The only surface geology
with a restricted range is the poorly sampled tertiary metamorphic surface geology (n
= 2), 87Sr/86Sr = 0.70841–0.70866.
External inputs of Sr into an environment, which are influenced by the land use, such
as the potential contamination from modern fertilisers in agricultural land, could
influence 87Sr/86Sr. On Grande Terre, natural regions dominate, and no samples were
taken from agricultural soils. Three samples from urban regions showed 87Sr/86Sr
overlapping with all other landscapes. Five sites in mining regions showed 87Sr/86Sr
values overlapping with other sites on those surface geologies. These results suggest
that on Grand Terre, underlying geology or land use are not the only factors driving
87

Sr/86Sr. This said, there are regional differences in 87Sr/86Sr on Grande Terre that

would allow for the use of 87Sr/86Sr in identifying mobility on the island.
To examine the role of atmospheric deposition of Sr, in the form of sea spray,
sampling site 87Sr/86Sr was compared to both distance to the closest coastline and
distance to the prevailing wind point in the south-east. A comparison of 87Sr/86Sr at
sampling sites to the wind point distance (Fig. 8.13 (A)) indicated sites located at the
closest and furthest points showed 87Sr/86Sr spanning only the top half of the 87Sr/86Sr
range of the island. This suggests that at these ends of the island, sea spray (87Sr/86Sr
= 0.70918) is influencing the bioavailable 87Sr/86Sr. The central section of Grande
Terre showed 87Sr/86Sr spanning the island’s whole Sr range. A comparison of
sampling site 87Sr/86Sr to the distance to the nearest coastline (Fig. 8.13 (B)), showed
all sampling sites had a range of 87Sr/86Sr not dependent on distance to coast.
Investigating the sample sites on extrusive and ultramafic igneous terranes, where
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87

Sr/86Sr is expected to be lower, showed that at sites less than 5 km from the coast

87

Sr/86Sr is higher, probably due to an additional sea spray influence on bioavailable

87

Sr/86Sr (Fig. 8.13 (B)). To assess this coastal influence, a simple two-component

mixing model was used to estimate the contributions of surface geology and sea spray
to each sampling site 87Sr/86Sr.

Figure 8.11: Boxplots of 87Sr/86Sr per underlying surface geology

Figure 8.12: Boxplots of 87Sr/86Sr per geological terrane
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Figure 8.13: (A) Average 87Sr/86Sr of sampling sites compared to the distance from
the south east wind point. (B) Average 87Sr/86Sr of sampling sites by the distance from
the closest coastline. Colours represent the broad surface geology under each
sampling site.
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Table 8.2: Summary table of 87Sr/86Sr per underlying geology and land use category.
87Sr/86Sr
No.
sampling Average Min
Max
standard
87
86
87
86
87
86
sites
Sr/ Sr
Sr/ Sr
Sr/ Sr deviation
Extrusive Igneous

10

0.70778

0.70578

0.70901

0.00127

Sedimentary

49

0.70751

0.70509

0.70961

0.00122

Ultrabasic Igneous

15

0.70767

0.70523

0.70920

0.00139

Alluvial and coastal

19

0.70796

0.70581

0.70920

0.00098

Volcanic

20

0.70786

0.70555

0.70961

0.00131

Sedimentary and VolcanoSedimentary

32

0.70706

0.70509

0.70910

0.00124

Tertiary Metamorphism

2

0.70853

0.70841

0.70866

0.00018

Slope and Foothills

1

0.70906

Obducted terrain

33

0.70753

0.70531

0.70920

0.00135

Ante-senonian terrain

19

0.70667

0.70509

0.70855

0.00103

HP- metamorphic terrain

17

0.70752

0.70523

0.70866

0.00116

Post-obduction terrain

4

0.70784

0.70743

0.70830

0.00044

Savannah

40

0.70750

0.70529

0.70961

0.00127

Shrub vegetation on volcanosedimentary substrate

10

0.70795

0.70572

0.70920

0.00105

Scattered vegetation on volcanosedimentary substrate

2

0.70879

0.70847

0.7091

0.00045

Forest on volcano-sedimentary
substrate

7

0.70680

0.70509

0.70856

0.00136

Urban areas

3

0.70755

0.70581

0.70891

0.00158

Bare soil on ultramafic substrate

2

0.70797

0.70788

0.70807

0.00014

Scattered vegetation on ultramafic
substrate

5

0.70741

0.70523

0.70913

0.00164

Woody herbaceous scrubland

2

0.70852

0.70792

0.70912

0.00084

Dense scrub vegetation

2

0.70790

0.70679

0.70902

0.70790

Forest on ultramafic substrate

1

0.70728
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8.3.3. Evaluating the coastal influence on bioavailable 87Sr/86Sr
Previous research to identify the inputs into measured plant 87Sr/86Sr used a twocomponent mixing model to estimate the relative contributions from the atmosphere
and bedrock in Israel (Hartman and Richards, 2014).
In the present study, a simple two-component mixing model was employed to
estimate the contribution of sea spray and underlying geology to the average 87Sr/86Sr
at each sampling site on Grande Terre (n = 73). The mixing model assumed only two
contributions to the measured 87Sr/86Srsample; sea spray and underlying geology as:

87

Sr/86Srsample = (87Sr/86Srsea spray x P) + (87Sr/86Srgeology x 1-P)

With P solved:
Sr/86Srsample – 87Sr/86Srgeology / 87Sr/86Srsea spray – 87Sr/86Srgeology

87

87

Sr/86Srsea spray is constant at all sites as 87Sr/86Sr = 0.70918 (McArthur et al., 2001).

To establish the 87Sr/86Sr baseline for underlying geology, seventy-two geological
measurements of 87Sr/86Sr were gathered from the literature (Cameron et al., 1983;
Toulkeridis et al., 1998; Cluzel et al., 2005; Adams et al., 2009; Ullmann et al., 2014;
Secchiari et al., 2016) (Appendix D. Table D.4). Geological samples are
geographically limited and as the 87Sr/86Sr variation on Grande Terre is spatially
driven, to create a prediction of underlying geological 87Sr/86Sr at each bioavailable
sampling site a predictive surface was created using Empirical Bayesian Kriging (Fig.
8.14 (A)), methods described in Chapter 5, section 5.6.1. The 87Sr/86Sr range of these
additional geological data, 87Sr/86Sr = 0.70407–0.70961, is larger than the
bioavailable Sr measured in this study, and the geological data predictive surface
showed an opposite spatial 87Sr/86Sr pattern to the bioavailable Sr (Fig. 8.14 (A)
versus (B)). 87Sr/86Srgeology of the southern and northern ends of the island showed
lower 87Sr/86Sr.
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Bioavailable Sr sampling sites from this study were spatially joined to the Empirical
Bayesian Kriging surface created from these geological samples (Fig. 8.14 (B)). A
prediction of the underlying geological value (87Sr/86Srgeology) was then available for
comparison at each sampling site.
With the assumption that only two contributions influence the bioavailable Sr on
Grande Terre, the contribution of underlying geology (1-P) complements the
contribution of sea spray (P). Additional sources of Sr (such as anthropogenic
influences or movement of soils or water from high elevations) are not accounted for
in this model, but cannot be discounted as potential influences on these 87Sr/86Srsample.
At 10 sites, the contribution of sea spray to lowers 87Sr/86Srsample, as the predicted
87

Sr/86Srgeology is higher than the sampling site 87Sr/86Sr. At 2 sites, the contribution of

sea spray to 87Sr/86Srsample is calculated as over 1, as these sites have 87Sr/86Sr higher
than the ocean 87Sr/86Sr. These mismatches may be caused by additional influences to
the bioavailable Sr at these sites, or errors in the underlying 87Sr/86Srgeology predictions.
The addition of site specific 87Sr/86Srgeology may help to clarify these results.
At the remaining 60 sampling sites, the contribution of sea spray to 87Sr/86Srsample
ranges between 0.01 and 0.99. Spatially the contribution of sea spray appears high for
all sites at either end of Grande Terre, at the points closest and furthest from the
south-east wind point, and in areas closest to the coast (Fig. 8.15). This is in line with
87

Sr/86Sr measurements. The contribution of sea spray to 87Sr/86Srsample in sites in the

middle section of the island cover the full range of contributions (0-1) (Fig. 8.15),
again in line with 87Sr/86Sr measurements. Sites located closest to the coast span the
whole range of sea contributions and follow a similar pattern to the measured 87Sr/86Sr
(Fig. 8.15). These findings indicate the importance of mapping bioavailable Sr based
on soil leachate and plant samples, as a prediction from surface geology alone would
overestimate the bioavailable 87Sr/86Sr range and the spatial patterning of 87Sr/86Sr,
caused by additional influences of Sr, would be missed.
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Figure 8.14: (A) Empirical Bayesian Kriging of additional geological data points
(Cameron et al., 1983; Toulkeridis et al., 1998; Cluzel et al., 2005; Adams et al.,
2009; Ullmann et al., 2014; Secchiari et al., 2016). (B) Empirical Bayesian Kriging
surface derived from measured bioavailable Sr sites (this study), with additional
geological data points overlain.
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Figure 8.15: (A) Contribution of 87Sr/86Srsea spray to 87Sr/86Srsample at all sampling sites
on Grande Terre. ‘X’ marks the south-east wind point. (B) Contribution of 87Sr/86Srsea
87
86
spray to Sr/ Srsample, compared to the distance from the south-east wind point of
Grande Terre.
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8.4. Isoscapes of Grande Terre
The aim of the present study was to create a robust predictive surface of 87Sr/86Sr
variation on Grande Terre which will allow for future archaeological provenance
studies. Several interpolation techniques; Empirical Bayesian Kriging, Ordinary
Kriging and Cokriging using underlying geological age and distance to the coast,
were used to create predictive surfaces (methods described in Chapter 5, section
5.6.3.). The root mean square error (RMSE), was used to assess the quality of the
models. Each predictive surface is accompanied by a prediction standard error map
using the same methods.

8.4.1. Interpolated surfaces
Kriging methods used averaged soil leachate and plant 87Sr/86Sr from each sample
site. For Ordinary Kriging, the data were not transformed, the nugget enabled and the
K-Bessel model used with an optimised semivariogram. Standard neighbourhood
selected, with maximum eight and minimum two neighbours, over four sectors with a
45O offset (Fig. 8.16). For Empirical Bayesian Kriging, the data were not transformed,
and an optimised power semivariogram with 100 simulations used. Standard circular
and smooth circular neighbourhoods were both used; with a maximum 15 and
minimum 2 neighbours for the standard circular surface and with a smoothing factor
of 0.2 for the smooth circular surface (Fig 8.17).
Cokriging of the Grande Terre dataset was use, cross-correlating averaged site
87

Sr/86Sr with average age of surface geology, distance to coast and distance from the

south-east wind point. For Cokriging with average age of surface geology, data were
not transformed, a nugget was enabled, and a stable model used with an optimised
semivariogram. A standard neighbourhood with maximum eight and minimum two
neighbours over four sectors with a 45O offset was used (Fig. 8.18). For Cokriging
with distance to coast, data were log transformed, a nugget enabled, and a stable
model used with an optimised semivariogram. A standard neighbourhood with
maximum five and minimum two neighbours over four sectors with a 45O offset was
used (Fig. 8.20). For Cokriging with distance from the southeast wind point, data
were not transformed, a nugget was enabled, and a stable model used with an
optimised semivariogram. A standard neighbourhood with maximum five and
minimum two neighbours over four sectors with a 45O offset was used (Fig. 8.19).
191

As with the Corsican dataset, these interpolation models assume spatial
autocorrelation and smooth the sampled datapoints into a continuous surface. The
small-scale heterogeneity of the dataset is lost with the interpolated surfaces, but they
allow for a spatial pattern of bioavailable Sr on Grande Terre to emerge (Fig. 8.16 to
Fig. 8.20). All maps showed lowest 87Sr/86Sr in the centre of the island with
increasing values towards the ends of the island.
Table 8.3: Root mean square error (RMSE) for interpolated 87Sr/86Sr surfaces on
Grande Terre, New Caledonia
Figure
Map type
RMSE
number
Ordinary Kriging

0.00115

8.16

Empirical Bayesian Kriging – smooth circular

0.00128

8.17

Empirical Bayesian Kriging – standard circular

0.00129

8.17

Cokriging – average age of surface geology

0.00120

8.18

Cokriging – distance from southeast wind point

0.00120

8.19

Cokriging – distance to coast

0.00115

8.20

Ordinary Kriging and Cokriging incorporating the distance to the coast returned the
lowest RMSE (Table 8.3). As a coastal influence is seen in 87Sr/86Sr at the sampling
sites, this may account for the low RMSE on this predictive surface. Overlapping
87

Sr/86Sr seen across all surface geologies may account for the higher RMSE seen in

Cokriging incorporating age of surface geology. As coastal distance has been shown
to influence environmental 87Sr/86Sr the predictive surfaces which allow for an
assessment of sea spray (Fig. 8.19, 8.20). Prediction standard error maps show largest
errors away from sampling points, and predictions in these regions need to be
interpreted with caution.

8.4.2. Voronoi tessellations
As a comparison to interpolated surfaces, the Grande Terre data were visualised using
Voronoi tessellations (Fig. 8.21). These tessellations produce a map based solely on
the point measurements and the tessellation size is dependent on the sampling density.
Sampling density across the island was reasonable, but follows road access so some
areas of the island. The south-eastern end and north-western centre were poorly
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sampled. Voronoi tessellations allow for abrupt changes in 87Sr/86Sr, but the
transitions do not reflect the real world transition of 87Sr/86Sr. Broadly, the patterning
shown in the Voronoi map matches the patterns from the interpolated surfaces, but
indicates the heterogeneity of 87Sr/86Sr in the central region of Grande Terre.
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Figure 8.16: Ordinary Kriging of averaged soil leachate and plant 87Sr/86Sr per
sampling site. (A) Standard neighbourhood type (B) Standard neighbourhood
standard prediction error map
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Figure 8.17: Empirical Bayesian Kriging of averaged soil leachate and plant 87Sr/86Sr
per sampling site. (A) Standard neighbourhood type (B) Smooth circular
neighbourhood type (C) Standard prediction error map
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Figure 8.18: Cokriging with standard model of averaged soil leachate and plant
87
Sr/86Sr per sampling site alongside average age of underlying bedrock geology. (A)
Standard neighbourhood type (B) Standard neighbourhood standard prediction error
map
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Figure 8.19: Cokriging with standard model of averaged soil leachate and plant
87
Sr/86Sr per sampling site alongside distance from the southeast wind point. (A)
Standard neighbourhood type (B) Standard neighbourhood standard prediction error
map
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Figure 8.20: Cokriging with standard model of averaged soil leachate and plant
87
Sr/86Sr per sampling site alongside distance to the coast. (A) Standard
neighbourhood type (B) Standard neighbourhood standard prediction error map.
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Figure 8.21: Voronoi tessellations of averaged soil leachate and plant 87Sr/86Sr per
sampling site.

8.5. Summary
The aim of this project was to create a robust predictive 87Sr/86Sr surface for Grande
Terre for use in archaeological mobility and provenance studies. This dataset does
provide a solid baseline for future studies, and provides an indication of Sr variability.
This study shows a spatial patterning of 87Sr/86Sr on Grande Terre, driven in part by
sea spray predominately on the south eastern and north western ends of the island, and
apparent in igneous geologies closest to the coast. Differences between paired plant
and soil leachate samples on Grande Terre are small, suggesting that similar
mechanisms influence 87Sr/86Sr in both proxies.
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8.6. Conclusion
As with Corsica, the 87Sr/86Sr range on Grande Terre is small, overall 87Sr/86Sr range
= 0.70489–0.70961. Mapping of bioavailable Sr on Grande Terre allowed for an
assessment of Sr influences, and oceanic deposition of Sr was shown to dominant
87

Sr/86Sr. The creation of bioavailable Sr maps on Grande Terre allows for future

archaeological provenance and mobility studies. As coastal influences are seen on
Grande Terre, the predictive surfaces which incorporate coastal distance and wind
direction are best suited for archaeological mobility studies. Additional measurements
of soil leachates, plant, water, faunal or human remains can be added to these baseline
data, tailored to suit the research study. Interpolated predictive surfaces highlight the
isotopic variation on the island, although smoothing the isotopic heterogeneity.
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Section 3. Archaeological applications of stable isotope
analysis
This section consists of two chapters; two examples of stable isotope analysis at an
archaeological site; Le Tumulus des Sables in southwestern France, and L’Anse
Sainte Marguerite, Guadeloupe. Data for these case studies were collected, in part, for
the methodological work undertaken in this thesis. Additional analysis was
undertaken to complete the archaeological story.

Chapter 9
This chapter is published in the Journal of Archaeological Science: Reports, Volume
24, April 2019, Pages 955-966
Who’s been using my burial mound? Radiocarbon dating and isotopic tracing of
human diet and mobility at the collective burial site, Le Tumulus des Sables,
southwest France

Hannah F. James, Malte Willmes, Ceridwen A. Boel, Patrice Courtaud, Antoine
Chancerel, Elsa Ciesielski, Jocelyne Desideri, Audrey Bridy, Rachel Wood, Ian
Moffat, Stewart Fallon, Linda McMorrow, Richard A. Armstrong, Ian S. Williams,
Leslie Kinsley, Maxime Aubert, Stephen Eggins, Catherine J. Frieman, Rainer Grün

https://doi.org/10.1016/j.jasrep.2019.03.012

The contributions to this publication are as follows: the author (H.F. James)
conducted the O isotope study, M. Willmes conducted the Sr isotope analysis as part
of his PhD thesis (Willmes, 2015), M. Willmes and R. Wood undertook the
radiocarbon analysis and carbon nitrogen isotope analysis, interpretations of the
results were undertaken by the author and M. Willmes. The journal article was written
together with M. Willmes with suggestions from all other co-authors.
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Abstract
The burial mound of Le Tumulus des Sables, southwest France, contains
archaeological artefacts spanning from the Neolithic to the Iron Age. Human remains
have been found throughout the burial mound, however their highly fragmented state
complicates the association between the burial mound structure and the archaeological
material. Radiocarbon dating and isotopic analyses of human teeth have been used to
investigate the chronology, diet and mobility of the occupants. Radiocarbon dating
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shows that the site was used for burials from the Neolithic to Iron Age, consistent
with the range of archaeological artefacts recovered. δ13C and δ15N values (from
dentine collagen) suggest a predominately terrestrial diet for the population,
unchanging through time. 87Sr/86Sr (on enamel and dentine) and δ18O (on enamel)
values are consistent with occupation of the surrounding region, with one individual
having a δ18O value consistent with a childhood spent elsewhere, in a colder climate
region. These results showcase the complex reuse of this burial mound by a mostly
local population over a period of about 2,000 years.
Keywords: isotopic tracing; mobility; palaeodiet; radiocarbon dating; teeth; Bell
Beaker; burial mound

9.1. Introduction
In 2006 school children accidentally uncovered buried human remains in a
kindergarten playground in the town of Saint-Laurent-Médoc, Gironde, about 40 km
north-west of Bordeaux, France (Fig. 1). The site, known as Le Tumulus des Sables,
was excavated over the next four years (Chancerel and Courtaud, 2006; Courtaud et
al., 2010), revealing the remains of multiple individuals and associated grave goods.
Archaeological material found throughout the site suggests that it was in use from the
Neolithic to the Iron Age. Disarticulation and fragmentation of the human remains
made it difficult to place individuals within the context of the site and to establish the
connection between the remains and the archaeological material. Radiocarbon dating
and isotopic analyses of human teeth have now enabled a better understanding of the
chronology, diet and mobility of the occupants of this site.
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Figure 9.1: Regional setting and location of the collective burial at Le Tumulus des
Sables, southwest France. Elevation data taken from worldclim.org (Hijmans et al.,
2005).

9.1.1. The site of Les Tumulus des Sables
The collective burial of Le Tumulus des Sables was contained within a roughly circular
raised mound, 7 x 8 m in diameter and 0.5 m high at its peak (Fig. 2). Archaeological
reconstructions suggest that this mound was a natural feature into which the burials may
have been placed (Courtaud et al., 2010). The human remains found at the site were
highly disarticulated and fragmented. No individual burials could be identified, but
based on dentition, the remains represent at least 30 individuals (20 adults and 10
juveniles). The archaeological deposit associated with the burial area is irregular in
shape and extends beyond the mound itself (Fig. 2).
The age of the burial mound has previously been estimated by radiocarbon dating of
charcoal from the bottom and top of the mound, placing its use between 6092–5927 and
1397–1216 cal. BC (Courtaud et al., 2010). Distinctive Bell Beaker pottery, arrow
heads and bone buttons discovered within the burial area suggest repeated use of the
site by people associated with the Bell Beaker Phenomenon (BBP) (Chancerel and
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Courtaud, 2006). In France the BBP is dated to between 2500–1800 BC (Champion et
al., 2009; Lemercier, 2012). A radiocarbon date measured on a human bone from within
the collective burial (Courtaud et al., 2009, 2010) yielded an age of 2487–2291 cal. BC
(Poz 23194), supporting a BBP association for that individual. Ceramic finds at the site,
however, suggest activity extending from the Early Neolithic (~ 5500 BC), through the
Bell Beaker period, and into protohistoric and Iron Age periods (Chancerel and
Courtaud, 2006; Courtaud et al., 2010). Radiocarbon dates also suggest that the mound
was used over an extended period of time, with a date on a juvenile vertebra yielding
an age of 3650–3375 cal. BC (Erl 10575), indicating burial during the Middle Neolithic
(Courtaud et al., 2010).

Figure 9.2: The site of Le Tumulus des Sables, showing the collective burial and
remains of the mound, adapted from Courtaud et al., 2010.
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9.1.2. The Bell Beaker Phenomenon
Due to the presence of numerous and varied artefacts attributed to the BBP and the
radiocarbon dated human bone belonging to this phase, it has been presumed that the
majority of burials at Le Tumulus des Sables belong to people of the BBP. The term
Bell Beaker initially referred to a distinctive type of ceramic ware, but has since come
to describe an artefact assemblage, a cultural complex, a group of people, and a time
period (Benz and van Willigen, 1998; Desideri and Besse, 2010; Price et al., 1998;
Vander Linden, 2006).
The BBP was widely distributed (if somewhat patchily) across Europe, appearing at the
transition from the Neolithic to the Bronze Age about 2500 BC and persisting until
about 1800 BC. The BPP appears at different times in different areas, was established
on very different older local substrates, and typically coexisted with and reflected
locally specific material culture, technological traditions and practices (Desideri and
Besse, 2010; Heyd, 2007; Van der Linden, 2007). The artefact assemblage of the BBP
(almost always deriving largely or solely from the funerary sphere) unites this
widespread phenomenon, while the funerary and domestic structures differ greatly
(Price et al., 2004, 1998; Vander Linden, 2006). Funerary practices ranged from
individual graves (predominantly in Eastern Europe, Britain and Scandinavia) to re-use
of graves, collective tombs and mass inhumations (predominantly in Iberia and Western
Europe) (Benz and van Willigen, 1998; Besse and Desideri, 2004; Desideri and Besse,
2010; Price et al., 2004, 1998; Vander Linden, 2007; Rojo-Guerra et al., 2005).
The wide geographic distribution of the BBP has been interpreted in different ways,
with models ranging from mass migration of a unique population, to long distance
exchange of prestige goods, to the diffusion of the cultural components of the BBP
(Shennan, 1976; Sherratt, 1987; Harrison, 1980; Van der Linden, 2007). The third
millennium BC was a period which saw increasing long-distance travel and
communication, as evidenced by the widespread adoption of a variety of new materials,
technologies and practices, only some of which became bound up in the Beaker sphere,
such as ornaments of precious or rare materials like amber, variscite and gold, new
artefact types, including flint daggers, and, of course, copper metallurgy (Frieman,
2012; Roberts and Frieman, 2012). Newly published genetic analyses support the idea
that Beaker-using people were mobile, but did not form part of a single migratory
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population (Olalde et al., 2018). The origin of the BBP is also debated. The earliest
radiocarbon dates for BBP material suggest an Iberian Peninsula origin (Salanova,
2000, 2005; Lemercier, 2004; Cardoso, 2014; Müller and van Willigen, 2001), with
later adoption phases in Atlantic, northern and central Europe (Czebreszuk, 2014;
Desideri and Besse, 2010; Fokkens and Nicolis, 2012; Prieto Martinez and Salanova,
2009). One speculative proposal, based on ceramic typological evidence, is that the
eponymous pottery, at least, might have its origins in North Africa (Turek, 2012).
Isotopic studies of mobility have been employed to understand the movement of BBP
individuals in various parts of Europe, although no overarching model has yet been
proposed. Direct evidence for mobility during the Bell Beaker period comes from
studies of Bell Beaker sites in the United Kingdom, Germany, Hungary, Austria, Iberia
and the Czech Republic (Grupe et al., 1997; Price et al., 2004, 2002; Parker Pearson et
al., 2016; Fitzpatrick, 2011: Waterman et al., 2014). This research also supports the
idea that, while some individuals were highly mobile—travelling great distances one or
more times in their life—others were largely mobile within a confined local or regional
range. Isotopic evidence possibly underestimates mobility as regions within Europe
have overlapping isotopic values, and cyclical or seasonal mobility, such as one would
find in pastoral economies like Chalcolithic Iberia, might be difficult to identify.
Nevertheless, isotopic data from the BBP individuals excavated at Le Tumulus des
Sables in south-western France fill an important geographic gap and can offer new
insights into the distribution and mobility patterns of the BBP in this particular corner
of western in Europe.

9.2. Isotopic analysis of human remains
Dental material is amenable to isotopic analysis as it is often preserved in
archaeological sites and is relatively resistant to post-burial diagenesis. A combination
of carbon (δ13C) and nitrogen (δ15N) analysis on dentine collagen, strontium (87Sr/86Sr)
analysis on dentine and enamel and oxygen (δ18O) analyses on enamel provides
information about both diet and mobility.
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9.2.1. Reconstructing diet
The use of C (δ13C) and N (δ15N) isotopic compositions as tools for reconstructing
palaeodiet has been discussed extensively elsewhere (Privat et al., 2002; Richards and
Hedges, 1999; Richards, 2002; Schulting et al., 2008; Lee-Thorp, 2008; Sealy, 2001).
In brief, the δ13C of animal tissues is determined primarily by the photosynthetic
pathway of the plants in the animal’s food chain. It can be used to distinguish between
plant types and between terrestrial and marine food sources (Schwarz and Schoeninger,
1991). Three pathways—C3, C4 and Crassulacean Acid Metabolism (CAM)—lead to
mean δ13C values of -26.5, -12.5 and -19‰, respectively (Deines, 1980). Most C4
plants (e.g. grasses and sedges) are found in dry or arid environments, so in temperate
climatic regions, providing there are no introduced C4 plant species, δ13C can be used
to distinguish between diets from terrestrial or marine sources. The source of C in these
two systems differs; atmospheric C (-7‰) is the main source in terrestrial systems and
dissolved carbonate (0‰) is the main source in marine systems (Katzenberg, 2008).
The incorporation of C into animal tissues is accompanied by isotopic fractionation,
δ13C being reduced relative to the food by ~ 5‰ in bone collagen, ~ 10‰ in tooth
enamel in herbivores, and by an additional ~ 1.5‰ in the bone collagen of carnivores
(Schoeninger and DeNiro, 1984). In human populations, an exclusively marine diet
leads to a bone collagen δ13C of -12 ± 1‰, and an exclusively terrestrial C3 diet to a
bone collagen δ13C of -20 ± 1‰ (Chisholm et al., 1982; Richards et al 2006), mixed
diets produce intermediate δ13C values.
δ15N in biological tissues can be used to assess the trophic levels of the food consumed.
14

N is excreted by the body in preference to the heavier 15N. Thus, an increase in trophic

level within a given environment leads to an increase in δ15N of 1.3–5.3‰ per trophic
level (Schoeninger and DeNiro, 1984). The more abundant trophic levels found in
marine environments lead to a larger fractionation of the N isotopes than in terrestrial
environments, resulting in higher δ15N values. Animals whose diets consist entirely of
marine resources have a δ15N on average 9‰ higher (14.8 ± 2.5‰) than those with an
entirely terrestrial diet (5.9 ± 2.2‰), while those with a mixed diet have intermediate
values (Schoeninger and DeNiro, 1984).
In the present study, the C and N isotopes were measured on tooth dentine collagen.
Dentine collagen reflects the protein component of the diet (Ambrose and Norr, 1993;
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Fernandes et al., 2012) primarily while teeth are forming during childhood. Minimal
dentine remodelling does occur in response to dental trauma in later life, so these values
can be influenced in adulthood (Kuttler, 1959; Hillson, 1986).

9.2.2. Reconstructing mobility
Strontium (87Sr/86Sr) and O (δ18O) are two independent isotopic systems that have been
used together previously to investigate past mobility in Europe (Bentley and Knipper,
2005; Buckberry et al., 2014; Chenery et al., 2010; Eckardt et al., 2009; Edgar, 2007;
Evans et al., 2006; Hemer et al., 2014, 2013; Lamb et al., 2014; Neil et al., 2017; White
et al., 2007; Guede et al., 2017). The

Sr/86Sr and δ18O of tooth enamel reflects the

87

average isotopic composition of food and drinking water consumed during childhood,
when the teeth are forming. By comparing the isotopic composition of a tooth with
isotopic baseline maps it can be possible to identify mobility between different
geological terranes and environments. A limitation of this method, however, is that
geographically distant areas can have similar or overlapping isotopic compositions.
Thus, skeletal remains that are ‘local’ in this context are those that are indistinguishable
isotopically from the surrounding environment, although they might come from a
distant area of similar isotopic composition. Characterisation using independent
multiple isotopic systems minimises this ambiguity.
Humans and animals incorporate Sr from their diet into their dental and skeletal tissues
(Beard and Johnson, 2000) where it substitutes for Ca and serves no metabolic function.
The isotopic composition of bioavailable Sr depends on the age, composition and
weathering regime of the local geology (Bentley, 2006; Capo et al., 1998; Slovak and
Paytan, 2012). Consequently, the 87Sr/86Sr signature in archaeological human remains
is primarily determined by the underlying geology, but it can be modified by additional
sources of Sr from atmospheric deposition (precipitation, sea spray, dust) and, in a
modern context, fertiliser use (Bentley, 2006; Evans et al., 2010; Frei and Frei, 2013;
Maurer et al., 2012; Price et al., 2002; Slovak and Paytan, 2012; Voerkelius et al.,
2010). In regions with exogenic surface deposits (loess, glacial deposits, peat), the
87

Sr/86Sr of locally bioavailable Sr can be completely unrelated to the underlying

bedrock geology. These complexities hinder inferring the range of bioavailable
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Sr/86Sr from the bedrock geology, making it necessary to either measure or model the

range for a specific area.
The δ18O of skeletal and dental remains is related to the composition of body water,
which in turn is influenced by diet, physiology and climate. Most of the water consumed
by humans comes from drinking water, which in archaeological contexts is typically
sourced locally. The δ18O value of meteoric water is a function of climate. It changes
with the source, temperature and quantity of precipitation, which creates a distinctive
geographic profile often reflecting latitude and elevation (Bowen and Wilkinson, 2002;
Dansgaard, 1964). The constant body temperature of mammals means that the δ18O of
tissue is not influenced by environmental temperature, changing only with the tissue
type and the composition of the water ingested (Longinelli, 1984; Luz et al., 1984).

9.3. Materials and Methods
9.3.1. Human dental remains
Twenty-five teeth (18 permanent, 7 deciduous) from Le Tumulus des Sables were
analysed for Sr isotopes (both enamel and dentine). Of these, fifteen (14 permanent, 1
deciduous) were analysed for δ18O and eight (7 permanent, 1 deciduous) were
radiocarbon dated in conjunction with C and N isotopic analyses. Teeth were selected
for radiocarbon dating based on the amount of tooth available for analysis.
The left maxillary second molar (LM2) was chosen for the adult samples and the left
deciduous maxillary second incisor (LdI2) for juveniles, thus ensuring that each tooth
came from a different individual. The permanent teeth represent individuals who died
at over 14 years of age, the deciduous teeth represent individuals younger than 8 years
of age (Hillson, 1986).
Skeletal material is commonly affected by both the physical and chemical environment
after deposition, potentially leading to contamination of the original isotopic
composition. The degree of subsequent diagenetic overprinting can be different from
sample to sample and depends on a large number of factors, including the duration of
burial, the hydro-geochemical environment, and the type of dental material (e.g.,
Bentley, 2006; Slovak and Paytan, 2012). Tooth enamel (dense hydroxyapatite) is much
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more resistant than bone or dentine to post-burial diagenesis and is most likely to retain
its original isotopic signatures. The samples for the present study were checked for
diagenetic overprint using in situ mapping of uranium (U), thorium (Th) and Sr
concentrations. U and Th are only present in teeth in trace amounts, so the presence of
either in archaeological remains indicates a region overprinted with a diagenetic signal.
Only samples that contained enamel areas likely to have preserved their original
isotopic signatures were chosen for analysis (Boel, 2011; Grün et al., 2008).

9.3.2. Radiocarbon dating
The discoloured surface of the dentine was removed with a tungsten carbide drill and
the sample either drilled or cut and crushed in a mortar and pestle. Collagen was
extracted and purified using an ultrafiltration protocol similar to that described by
Brock et al. (2010). Briefly, the powdered sample was demineralised (HCl, 0.5M, 5°C,
overnight), washed in NaOH (0.1M, room temperature, 30 minutes) and HCl (0.5M,
room temperature, 1 hour), with thorough rinsing in MilliQTM water between each
treatment. Subsequently the sample was gelatinised (0.001M HCl, 70°C, 20 hours),
filtered (~ 90 μm EzeeTM filter) and ultrafiltered (VivaspinTM VS15 30 kDa MWCO
ultrafilter). The freeze-dried collagen was combusted in an evacuated sealed quartz tube
in the presence of CuO wire and Ag foil. The CO2 generated was collected
cryogenically and purified prior to reduction to graphite over an Fe catalyst in the
presence of H for measurement in a NEC single stage accelerator mass spectrometer at
the ANU (Fallon et al., 2010). A background dependent on sample size, derived from
repeat measurements of > 50 ka bone (from Latton, UK) and young bone (from the
Batavia and Vergulde Draeck shipwrecks, Australia), was subtracted from each
analysis following the method of Wood et al., (2010). Calibration was carried out in
OxCal v4.2 (Bronk Ramsey, 2009) against IntCal13 (Reimer, 2013).

9.3.3. Carbon and nitrogen isotope analysis
A second aliquot for C and N stable isotope analysis was taken from the dentine
collagen extracted for radiocarbon dating. δ13C and δ15N were measured in a Sercon
20-22 isotope ratio mass spectrometer coupled to an ANCA GSL elemental analyser
operating in continuous flow mode. Samples were referenced to an in-house gelatin
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standard and corrected against USGS-40 and USGS-41. Instrument accuracy for C and
N analysis is <0.2‰.

9.3.4. Strontium isotope analysis
After the tooth surface was cleaned, 0.2–0.5 mg of enamel and dentine were drilled out
using a handheld 0.3 mm diamond blade drill. The tooth powder was then leached in
0.5 ml 1M NH4NO3 to remove any residual contamination and digested in 1 ml
ultrapure concentrated HNO3 for 1 h. The samples were then evaporated to dryness,
redissolved in 2 ml 2M HNO3 and the Sr extracted by ion exchange chromatography
using micro columns with Eichrom Sr specific resin. A drop of dilute H3PO4 was added
to each sample before loading onto Re filaments with a TaF5 activator. Samples were
analysed on the TRITON Plus thermal ionisation mass spectrometer (TIMS) at the
Research School of Earth Sciences, ANU. Data were processed using a Rb correction,
exponential mass bias correction (86Sr/88Sr = 0.1194) and 2σ outlier rejection. Total
procedural blanks were determined by isotope dilution using an
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Sr enriched spike,

measured on the TRITON Plus TIMS and were below 100 pg Sr. Long term
measurements of the Sr carbonate standard SRM987 gave

87

Sr/86Sr = 0.71023 ±

0.00002 (2σ, n = 99), which is within uncertainty of precise modern measurements
(0.710250 ± 0.000003: Hans et al., 2013) and the original certified value of 0.71034 ±
0.00026 (Moore et al., 1982).

9.3.5. Oxygen isotope analysis
The selection of the human and rodent (Arvicolinae subfamily) teeth for O isotopic
analysis was based on the amount of enamel available. A cross section was cut from
the enamel and cleaned manually using a dental drill fitted with a fine diamond-edged
blade and tip. About 1.8 mg of finely powdered enamel was prepared for each sample,
providing the ~ 60 μg of carbonate required for each analysis, the carbonate content of
human tooth enamel being 3-6% by dry weight (LeGeros, 1996). The carbonate δ18O
was measured using an automated carbonate reaction (Kiel) device coupled to a
Thermo MAT 253 in the Earth Environment Stable Isotope Laboratory, Research
School of Earth Sciences, ANU. CO2 was extracted from the powdered enamel by
reaction with 105% H3PO4 at 90oC. Carbonate standards NBS-19 (δ18OVPDB = -2.20 ±
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‰) and NBS-18 (δ18OVPDB = -23.2 ± 0.1‰) were also analysed, yielding mean values
of -2.20 ± 0.03‰ (NBS-19, n=5) and -22.82 ± 0.03‰ (NBS-18, n=2). The
δ18OCarbonate values were renormalised to VSMOW using: δ18OVSMOW = 1.03091 x
δ18OVPDB + 30.91 (Coplen et al., 1983). All oxygen data from the site are presented
relative to VSMOW and as δ18OCarbonate.
When using dental δ18OCarbonate to assess mobility, it has been common practice to
convert tooth δ18OCarbonate to drinking water δ18OWater (Chenery et al., 2011; Daux et
al., 2008). The multiple sources of uncertainty associated with this conversion,
however, have led several researchers to suggest that, when assessing mobility, it is
better to rely on direct comparisons to the δ18OCarbonate of skeletal material from local
fauna (e.g., rodents) (Laffoon et al., 2013; Pollard et al., 2011). Due to the limited
amount of faunal samples available to establish a site δ18O baseline, we have chosen
to convert human values to ẟ18Owater and compare these to two faunal ẟ18Owater values
and modern rainfall predictions. Interquartile range (IQR) is also used to identify
individuals who fall outside 1.5 IQR as outliers to the site δ18O value. This provides a
conservative estimation of outliers or non-locals (Lightfoot and O’Connell, 2016).
Human mobility can then be assessed relative to this site value and the regional
variation in the δ18OWater of precipitation measured and modelled across Europe and
Africa. The limited variation in δ18O values seen in archaeological samples across
Europe limits our ability to assess childhood residential areas (Lightfoot and
O’Connell, 2016). Conversion of measured ẟ18Ocarbonate values to a ẟ18Owater is by
δ18Ow = 1.590 x δ18OC – 48.634 (Chenery et al., 2012).

9.3.6. Establishing isotopic baselines
To determine the range of 87Sr/86Sr in locally bioavailable Sr at Le Tumulus des Sables
soil samples and associated faunal samples (11 Microtus. sp. (vole) teeth) were
collected from several sediment layers from within and around the burial (Table 2).
Teeth from Microtus sp. were the most numerous within all areas of the site, and their
small herbivorous foraging range provides a local site signature. The faunal teeth were
crushed using a mortar and pestle and then subject to the same analytical procedure as
the human teeth (described in section 3.4).
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The soil samples were pre-treated following the protocol ISO 19730 (Din, 2009).
Strontium was isolated from other elements by ion exchange chromatography using
Eichrom Sr specific resin. Strontium isotope ratios were measured using a Thermo
Finnigan Neptune multi-collector inductively coupled plasma mass spectrometer (MCICP-MS) equipped with a quartz dual cyclonic spray chamber, PFA 100 µl nebuliser
and standard Ni cones at the Environmental Geochemistry and Geochronology
Laboratory at the Research School of Earth Sciences, ANU. Data reduction included a
correction for isobaric interferences from Kr and Rb, an exponential mass bias
correction (86Sr/88Sr = 0.1194) and 2σ outlier rejection. Long term measurements of the
SRM987 Sr carbonate standard on the Neptune gave an average 87Sr/86Sr of 0.71023 ±
0.00001 (n = 167, 2σ).
Plant samples and soil leachates from the Isotopic Reconstruction of Human Migration
(IRHUM) database (Willmes et al., 2014) were used to infer the regional range of
bioavailable 87Sr/86Sr for the major geologic regions of southern France, including the
Aquitaine Basin, the Pyrenees and Massif Central. These types of samples were chosen
because they provide a good estimate of the differences in bioavailable 87Sr/86Sr. A map
of bioavailable
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Sr/86Sr for all of France is included here (Fig. 5), but a detailed

overview of our mapping procedures is published elsewhere (Willmes et al. 2018).
The faunal samples providing the baseline δ18OCarbonate for Le Tumulus des Sables
were analysed using the same method as described above for human teeth.
Conversion of measured vole ẟ18OCarbonate to a ẟ18Owater estimate was using δ18Ort =
1.36 (±0.12) δ18Omw + 32.22 (±0.83), where rt is carbonate δ18O in rodent tooth and
mw is δ18O meteoric water versus VSMOW (Peneycad et al., 2019). To provide an
additional δ18O baseline for the site, a modern annual precipitation δ18O was predicted
from the Online Isotopes in Precipitation Calculator (OIPC) (Bowen, 2019; Bowen
and Revenaugh, 2003; IAEA/WMO, 2015). To understand the trends in precipitation
δ18OWater across Europe, a subset of the global dataset of gridded maps of the isotopic
composition of meteoric waters (Bowen and Revenaugh, 2003; Bowen, 2015) was
used to determine the range (Fig. 5). The data were processed in ESRI ArcGISTM and
statistical analysis was carried out using R (R Core Team, 2018).
To examine diet from δ13C and δ15N, a comparison to potential food sources from the
region is required. As no plant remains, and only rodent remains were uncovered at
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Le Tumulus des Sables, comparisons were made to the values from the Late Neolithic
site of Champ-Durand (3300-3100 cal. BP), about 140 km north of this site (Schulting
and Hamilton, 2012), along with other reported values for Neolithic human diets in
France (Pollard, 1993; Schoeninger et al., 1983; Goude and Fontugne, 2016).

9.4. Results and discussion
9.4.1. Chronology of the site
The new radiocarbon results from the eight teeth, in combination with the two human
bone and two charcoal dates from previous studies, illustrate the complex chronology
of Le Tumulus des Sables (Table 1, Fig. 3). The charcoal dates from the top and bottom
of the burial are 1395–1215 cal. BC and 6090–5925 cal. BC, respectively, bracketing
the teeth and bone ages from the site. It is likely, however, that the charcoal dates are
not directly related to the funerary use of the site, as charcoal is readily redistributed
when sediments are disturbed.
The dates of one bone and six of the teeth fall within the range of the Bell Beaker period
in France: 2500–1800 BC (Champion et al., 2009; Lemercier, 2012). One tooth (A4SLMEM466) and the juvenile vertebra are significantly older, 3650–3520 cal. BC and
3650–3375 cal. BC, respectively. One tooth (A3-SLMEM454) is much younger, 1275–
1120 cal. BC, close to the age of the charcoal sample from the top of the burial. These
dates show that Le Tumulus des Sables is a highly complex site that was used across
multiple time periods. The chamber formerly on the mound was probably constructed
for collective burial rites during the Middle Neolithic (4th millennium BC); and the site
was later reused for further funerary activities during the Bell Beaker Period (late 3 rd
millennium BC) and Final Bronze Age (last quarter of the 2nd millennium BC). The
discovery of many broken and dislocated bones outside the burial chamber, close to its
entrance (Fig. 2), suggests either a partial emptying of the burial before its use by the
Bell Beaker people, disturbance of the whole site at a later date, or complex rites which
included the deposition of remains both within and outside the chamber.
The large number of artefacts associated with the BBP found at the site, and the fact
that six of the eight individuals randomly selected for the present study are from the
BBP period, suggests that most of the individuals at this site were buried there during
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the middle and later 3rd millennium BC, probably in connection with Bell Beaker
funerary rites.

Table 9.1: Details of 14C dating samples. The bone and charcoal dates are
summarised in the excavation reports (Courtaud et al., 2010, 2009). For reliable
stable isotope and radiocarbon analysis, % collagen yield should be >1%, C:N ratio
between 2.9-3.4 and %C >30% (van Klinken, 1999).
Sample Name
A01 - SLMEM263
A02 - SLMEM900
A03 - SLMEM454
A04 - SLMEM466
A06 - SLMEM282
A08 - SLMEM432
A12 - SLMEM1007
J02 –
SLMEM66
Bone SLMEM07
Bone St. Laurent 02/07-1
Charcoal Lyon-6217
Charcoal Lyon-6216

Lab
code
SANU
39010
SANU
38939
SANU
38938
SANU
39009
SANU
39005
SANU
39006
SANU
39007
SANU
38901
Poz
23194
Erl
10575
SacA
16631
SacA
16630

14

Sample
material

Collagen
± yield
[%]

C:N

%C

C
age
[BP]

±

C age [calBC,
95.4%range]

Dentine

1 2.8

3.2

46.7

3570

25

2017

1784

Dentine

1 9.1

3.2

46.2

3950

25

2566

2347

Dentine

1 7.6

3.2

46.0

2980

25

1277

1121

Dentine

1 6.9

3.2

45.0

4800

30

3650

3522

Dentine

1 5.9

3.2

46.0

4030

25

2620

2475

Dentine

1 9.3

3.2

45.3

4045

25

2831

2480

Dentine

1 5.9

3.2

45.5

3850

25

2458

2207

Dentine

1 6.0

3.2

46.3

3815

25

2345

2146

Bone

3915

35

2487

2291

Bone

4755

35

3648

3374

Charcoal

3040

30

1397

1216

Charcoal

7160

40

6092

5927

14
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Figure 9.3: Radiocarbon results from the eight teeth analysed in this study, as well as
the two bone and two charcoal dates previously obtained from this site (Courtaud et
al., 2010).

9.4.2. Diet
The eight analysed individuals had δ13C values between -20.6 and -19.6‰ and δ15N
values between 9.4 and 11.4‰ (Table 3). The dietary range data (roe deer, ovicaprid,
and pig remains) from the comparison site, Champ-Durand, are between -21.3 and 20.1‰ for δ13C and between 4 and 6.4‰ for δ15N. Human remains (n=13) from ChampDurand range between -20.9 and -19.3‰ for δ13C and between 8.3-11.2‰ for δ15N,
and are interpreted as representing a terrestrial diet (Schulting and Hamilton, 2012).
These narrow ranges of values at the site, despite the very different ages of the
individuals, and similarity to other sites and overlap with Champ Durand data, suggests
a predominantly terrestrial diet consistent with isotopic compositions found at other
European Neolithic sites (Fig. 4). It appears that over the 2.4 ka period of use at Le
Tumulus des Sables the diet of the individuals buried here included little sea food,
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despite the close proximity of the Gironde Estuary and the Atlantic Ocean. This
predominantly terrestrial diet has also been observed at Bell Beaker sites in the United
Kingdom (Parker Pearson, 2016), and suggests that mobility of the individuals buried
at the site may have been on a regional scale, or from inland regions.

Figure 9.4: Carbon and nitrogen isotope results for eight individuals in this study
(filled circles) compared with approximate dietary groups from previous studies.
Carbon and nitrogen isotope results for 13 individuals from the site of Champ
Durand represented by open circles (Schulting and Hamilton, 2012). Dashed boxes
represent dietary ranges for the British Isles and European Neolithic (from Pollard,
1993; Schoeninger et al., 1983), and the French Neolithic (13 sites from Goude and
Fontugne, 2016 and references therein).

9.4.3. Human mobility
9.4.3.1.

Sr/86Sr and δ18O baseline data

87

Le Tumulus des Sables is situated within the Aquitaine Basin on the Médoc
peninsula, a flat, low lying region between the Atlantic coast and the Gironde Estuary,
dominated by unconsolidated Quaternary and Neogene sediments. The site lies within
Pliocene sand, clay and gravel, with a band of Holocene sands, clays, pebbles and
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gravel along the shorelines to the north and east. The range of 87Sr/86Sr in bioavailable
Sr at Le Tumulus des Sables is 0.7081–0.7102, as determined from soil leachates
(0.7088–0.7099) and faunal samples (0.7081–0.7102). This range is large for a single
site and probably reflects the variety of sand- and clay-rich sediments within the site
and the mixing caused by reuse of the site. The local range in the 87Sr/86Sr of
bioavailable Sr at Le Tumulus des Sables is distinct from the isotopic compositions of
volcanic, igneous and metamorphic rocks in the mountain ranges of the Massif
Central and Pyrenees but overlaps with those of carbonaceous and clastic sedimentary
units of the Aquitaine Basin (Willmes et al., 2014; 2018).
Faunal samples (Arvicolinae tooth enamel) recovered from inside the burial mound at
Le Tumulus des Sables show similar δ18OCarbonate values (29.19 and 29.25‰, average
29.22‰), average converted ẟ18Owater = -2.21±0.58‰. The site of Le Tumulus des
Sable (45.152206N, -0.821772E, elevation 10m) has a predicted modern annual
δ18Owater = -5.9±0.2‰ (Bowen, 2019; Bowen and Revenaugh, 2003; IAEA/WMO,
2015). These values suggest a large local δ18Owater range, and a conservative approach
to identifying non-locals from this data will be used. The annual average δ18Owater of
precipitation exhibits a distinct geographic profile across Western Europe and
Northern Africa (Fig. 5). The δ18OWater is highest in Africa, closest to the equator,
becoming progressively lower with increasing latitude northwards into Spain and
southwest France. In addition, there is a superimposed trend to more negative
δ18OWater across Europe from southwest to northeast, and lower δ18OWater values are
also found in areas of higher elevation, such as the Pyrenees and the Alps. The
seasonal change in δ18O of modern rainwater samples for the same location in France
is ~ 3‰ (IAEA GNIP database), which potentially introduces variation within a static
population. How δ18OWater has changed through time is not well understood, but both
the magnitude and geographic distribution of δ18OWater may have been significantly
different ~4 ka ago.
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Table 9.2: Bioavailable 87Sr/86Sr at Le Tumulus des Sables determined by soil
leachates and faunal samples (Microtus. sp. teeth).
Grid reference

Location

Soil
87
Sr/86Sr

± 2se

Faunal
87
Sr/86Sr

±2se

H43

Within the burial

0.70893

0.00001

0.70827

0.00003

I43

Within the burial

0.70973

0.00002

0.70909

0.00002

H42

Within the burial

0.70963

0.00002

H45

Within the burial

0.70910

0.00004

J44

Within the burial

0.70883

0.00002

0.70808

0.00005

G40

Within the burial

0.70879

0.00002

0.70906

0.00017

G44

Within the burial

0.70876

0.00002

0.70904

0.00015

E30

Outside the burial

0.70949

0.00004

0.71016

0.00006

E34

Outside the burial

0.70920

0.00002

0.70906

0.00009

H36

Outside the burial

0.70991

0.00002

0.70961

0.00003

H38

Outside the burial

0.70887

0.00001

0.70827

0.00008

87

Sr/86Sr range in the burial

0.7088-0.7097

0.7081-0.7091

87

0.7089-0.7099

0.7083-0.7102

Local 87Sr/86Sr range combined

0.7081-0.7102

Sr/86Sr range adjacent to the burial

Figure 9.5: A: Bioavailable 87Sr/86Sr isoscape for France (Willmes et al., 2018) B:
Average annual δ18Owater of precipitation in western Europe. Data from
waterisotopes.org (Bowen and Revenaugh, 2003; Bowen, 2015).
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9.4.3.2.

87

Sr/86Sr and δ18O in the human remains

The 87Sr/86Sr of enamel and dentine from the 25 individuals ranges between 0.70904–
0.71331 and 0.70904–0.71187, respectively (Table 3). Nine individuals have
significant differences in 87Sr/86Sr (> 0.00050) between dentine and enamel, with the
ratio always lower in dentine (Fig. 6). Enamel and primary dentine reflect the same
time in an individual’s life, and consequently should have similar 87Sr/86Sr, but
dentine is more susceptible to diagenetic alteration that can shift its isotopic
composition towards the local range. An additional influence is that in response to
dental trauma, secondary and tertiary dentine is laid down which may shift the
isotopic composition of the bulk dentine measurement towards signature from later in
life (Kuttler, 1959: Hillson, 1986). These inconsistencies between dentine and enamel
compositions show that, at this site, dentine has not preserved its original 87Sr/86Sr,
leaving enamel 87Sr/86Sr as the more reliable tracer of mobility.
Enamel δ18Ocarbonate values from the 15 analysed individuals range from 26.03 to
29.40‰ (a range of 3.37‰), δ18Owater ranges from -1.9 to -7.2‰ (Table 3). Most
individuals (n=14) are in the range 27.60 to 29.40‰ (ẟ18Owater = -1.9 to -4.7‰), and
fall within 1.5 IQR for the population (Fig. 7). This large group partially overlaps
with the faunal O baseline for the site (ẟ18Owater = -2.21±0.58‰), and the remainder of
the individuals show values moving towards the modern annual precipitation value
(δ18Owater = -5.9±0.2‰). One individual (adult A18 – SLMEM5) has a lower
δ18Ocarbonate value (26.03‰), and their converted δ18Owater of -7.2‰ places them
outside the conservative local range for the site. The IQR identifies them as an outlier
from the site’s population (Fig. 7). The juvenile individual (J3 – SLMEM1251),
represented by a deciduous tooth, has the highest δ18Ocarbonate (29.40‰). Deciduous
teeth commonly are influenced by breastfeeding, leading to them having a higher
average δ18Ocarbonate than permanent dentition (Wright and Schwarcz, 1998; Wright,
2013). The population variation of 3.37‰ is in line with the range of δ18O variation
seen in other European archaeological sites (Lightfoot and O’Connell, 2016).
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Figure 9.6: 87Sr/86Sr in human tooth enamel and dentine. Samples beginning with A
are permanent teeth, and J are deciduous teeth.
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Figure 9.7: Box and whisker plot of the δ18Ocarbonate in human tooth enamel. The
upper and lower quartile are represented by the top and bottom of the box, the
median in the black line through the box, and the interquartile range (IQR) is
calculated by subtracting the upper quartile from the lower. The whiskers are 1.5IQR
from the upper or lower quartile.
9.4.3.3. Human mobility
K-means cluster analysis applied to the Sr and O isotopic compositions of tooth enamel
from the 15 individuals identifies one large group and two distinct individuals (Fig. 8).
Interpretation of movement patterns for these groups is hindered by the wide range of
isotopic compositions in the bioavailable Sr within the burial site and the immediately
surrounding Aquitaine Basin related to the complex mosaic of unconsolidated
Quaternary sediments in the Gironde Estuary. In combination, however, the isotopic
data nevertheless indicate possible childhood residence areas of these individuals.
Individuals in the large group (n = 13) have isotopic compositions (87Sr/86Sr: 0.70938–
0.71069, δ18O: 27.60–29.40‰) consistent with the range of Sr isotope values at the
burial site. One individual (A12) has a δ18Ocarbonate that overlaps with the large group
(28.74‰), but more radiogenic Sr isotope ratio (87Sr/86Sr: 0.71331). Large areas of the
Aquitaine Basin have 87Sr/86Sr consistent with this distinct individual, the closest being
~ 50 km south of the burial site. Hence the large group contains individuals who
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probably spent their childhood in the area of Le Tumulus des Sables or immediately
north of the site, whilst individual A12 might have spent their childhood elsewhere in
the Aquitaine Basin (< 50 km away from Le Tumulus des Sables). The second distinct
individual (A18) has a Sr composition (87Sr/86Sr: 0.71028) that overlaps those of the
individuals in the large group, but a distinctly lower and outlying δ18OCarbonate (26.03‰),
. This δ18Owater is well below the range for the Aquitaine Basin (Fig. 5) and is ~3‰
lower than the site faunal value, implying a childhood spent in a region with a colder
climate or further inland, potentially the high-altitude areas such as the Pyrenees, the
Alps, or the Massif Central, further inland to Germany or north to Britain (Fig. 5)
(Bentley and Knipper, 2005; Pellegrini et al., 2016).
Central do not match this individual (A18) (Fig. 5),

87

Sr/86Sr values of the Massif

87

Sr/86Sr values along the south

western coast of Britain match the enamel measurement of this individual (Evans et al.,
2010), but limited

87

Sr/86Sr data for Germany, the Pyrenees, and the Alps hinders a

more thorough investigation of the childhood residence area.
No systematic differences were found between the isotopic compositions of adults and
juveniles. Individuals in the large group can be considered locals to Le Tumulus des
Sables and individual (A12) came from close by, so over 90% of the individuals
(sampled for both O and Sr) buried at the site spent their childhood locally. The
remaining individual (A18) can be classified as a non-local.
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Figure 9.8: Strontium and oxygen isotope values of tooth enamel from the individuals
buried at Le Tumulus des Sables. Individuals in the large group = unfilled symbols,
Individual A18 = filled symbol, Individual A12 = striped symbol. Diamonds represent
permanent teeth, while the triangle represents a deciduous tooth. Groups determined
by K-means cluster analysis using R (R Core Team, 2018).

The rest of the individuals analysed for Sr isotopes but not O (n = 10) have compositions
either consistent with the individuals in the large group (87Sr/86Sr: 0.70951–0.71027, n
= 6) or slightly more radiogenic (87Sr/86Sr: 0.71106–0.71169, n = 4), consistent with
individual A12. This suggests that these individuals are locals to the site or the wider
Aquitaine Basin. The lack of δ18OCarbonate data for these individuals, and any Sr or O
isotopic data for the remainder of the teeth from Le Tumulus des Sables, hampers a
more complete understanding of the geographic origins of the people buried at the site.
Eight of the teeth collected were of sufficient size and quality for 14C dating (Fig. 3),
with six of those falling within the Bell Beaker period. Assuming that most of the
individuals buried at Le Tumulus des Sables are from the BBP, the mobility detected
at the site is much lower than the ~ 62% of mobile individuals detected by Price et al.
(2004) from Sr isotope analysis of Bell Beaker sites in Germany, Austria, the Czech
Republic and Hungary. Our results are in agreement with the local mobility patterns
seen in BBP sites in Britain (Parker Pearson et al., 2016). Considering the large range
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of bioavailable 87Sr/86Sr and δ18OWater around Le Tumulus des Sables and the lack of
data on how the local δ18Owater values have changed during and after the occupation
period, it is possible that the percentage of migrants has been underestimated, or that
some of the undated burials at this site do not relate to the BBP.
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Table 9.3: Summary of isotopic data for the individuals from Le Tumulus des Sables. δ18O values relative to VSMOW.
δ18Ocarbonate

87

Sr/86Sr

Sample ID
A01 - SLMEM263
A02 - SLMEM900
A03 - SLMEM454
A04- SLMEM466
A05 - SLMEM308
A06 - SLMEM282
A07 - SLMEM1157
A08 - SLMEM432
A09 - SLMEM112
A10 - SLMEM813
A11- SLMEM861
A12 - SLMEM1007
A13 - SLMEM1094
A14 - SLMEM1289
A15 - SLMEM491
A16 - SLMEM298
A17 - SLMEM509
A18 - SLMEM5
J02 - SLMEM66
J03 - SLMEM1251
J04 - SLMEM119
J05 - SLMEM102
J06 - SLMEM1192
J07 - SLMEM86
J08 - SLMEM276

ẟ18Owater (‰)

Tooth type

Enamel

±2se

Dentine

±2se

Enamel (‰)

Permanent
Permanent
Permanent
Permanent
Permanent
Permanent
Permanent
Permanent
Permanent
Permanent
Permanent
Permanent
Permanent
Permanent
Permanent
Permanent
Permanent
Permanent
Deciduous
Deciduous
Deciduous
Deciduous
Deciduous
Deciduous
Deciduous

0.71051
0.70988
0.71039
0.70951
0.70939
0.71141
0.71000
0.70938
0.71169
0.71046
0.70989
0.71331
0.71069
0.70963
0.70951
0.70962
0.70950
0.71028
0.71027
0.70962
0.71019
0.71024
0.71113
0.71001
0.71106

2
18
3
3
1
1
2
8
1
4
4
7
9
4
3
3
2
18
11
2
4
1
14
13
25

0.70967
0.70995
0.70994
0.71058
0.70918
0.71014
0.70960
0.70936
0.71003

3
4
7
4
2
3
4
3
2

28.95
28.13
28.20

-2.6
-3.9
-3.8

28.50

-3.3

28.74
28.88

-2.9
-2.7

28.58

-3.2

0.70988
0.71187
0.70922
0.71023
0.70953
0.70972
0.70934
0.70958
0.71005
0.70904
0.70986
0.71014
0.70929
0.70999
0.71030

2
26
1
2
7
16
3
3
43
16
6
4
13
4
18

28.74
27.88
28.95
28.46
28.77
27.60
26.03

-2.9
-4.3
-2.6
-3.4
-2.9
-4.7
-7.2
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9.5. Conclusions
The results of this study of the chronology, diet, and mobility of individuals from the collective burial
Le Tumulus des Sables lead to the following conclusions:
(1) The site was used for burials over a much longer period than previously thought. Initially classified
as an early Bell Beaker site, the radiocarbon chronology and artefacts associated with the burials
instead document its use over a period of ~ 2.5 ka. Given the tendency for BBP funerary activities to
be emplaced within collective tombs of preceding cultures and considering the relatively large
quantity of Bell Baker material exhumed (especially ceramic finds), it is likely that most of the human
remains found at this site represent the deceased of the BBP.
(2) The remains of eight individuals analysed to determine diet had a narrow range of isotopic
compositions (δ13C = -19.6 to -20.6‰, δ15N = 9.4 to 11.4‰). This suggests, in combination with the
radiocarbon dates, that the diet of the inhabitants remained terrestrial throughout the lifetime of the
site, despite its close proximity to the Gironde Estuary and the Atlantic Ocean, and suggests limited
regional mobility. A similar result has been found at other Neolithic sites in France and BBP sites in
the United Kingdom.
(3) The geographic differences in bioavailable

Sr/86Sr and precipitation δ18OWater within southern

87

France make it possible to infer the regions in which the individuals spent their childhood, although
the large range of bioavailable

87

Sr/86Sr and δ18OWater near Le Tumulus des Sables and in the

surrounding Aquitaine Basin makes it difficult to distinguish locals from short-distance migrants.
Far-travelled migrants can be readily identified, especially when data from the independent Sr and O
isotopic systems are used in combination.
(4) Human mobility data from Le Tumulus des Sables shows limited mobility of the individuals
buried there, instead suggesting that the majority of individuals came from the local region, with only
one individual identified as a non-local.
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Chapter 10: Isotopic identification of forced mobility from a
colonial-era cemetery on the French Caribbean island of GrandeTerre, Guadeloupe
This chapter presents isotopic analysis (Sr and O) of human remains. Teeth were kindly provided by
Professor Patrice Courtaud and Dr Tamara Varney.
Keywords
Oxygen isotopes; strontium isotopes; isotopes; mobility; Caribbean; tooth enamel; enslaved; TransAtlantic Slave Trade; Guadeloupe
Highlights


Isotopic analysis identifies first generation individuals at L’Anse Sainte Marguerite



Cultural dental modification is present in only those identified isotopically as first
generation

Abstract
The colonial-era cemetery of L’Anse Sainte Marguerite, in the French overseas region of
Guadeloupe in the Caribbean Sea, contains the remains of 278 presumed enslaved individuals. No
historical records exist for the cemetery, which emphasizes the importance of discovering more
about the lives of the individuals buried here. Carbon (C) and nitrogen (N) isotopic analysis
previously showed changes in diet associated with transportation during the Trans-Atlantic Slave
Trade. Strontium (Sr) and oxygen (O) isotope analysis was employed in this study on tooth enamel
and dentine from seventeen individuals to investigate their geographical origins—Africa or the
Caribbean. Eleven individuals were identified as first generation—those forcibly transported to the
Caribbean after a childhood in Africa—while six showed Caribbean childhoods, suggesting they
were subsequent generations, most likely born into slavery in Guadeloupe.

10.1. Introduction
In the late 1990s, a series of storms hit the Lesser Antilles island of Grande-Terre, Guadeloupe (Fig.
1). At Anse Sainte Marguerite, a cove on the island’s Atlantic coast, human skeletal remains were
uncovered by erosion of the sand dunes. Subsequent excavations revealed a colonial-era cemetery
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(Delpeuch, 2001). The cemetery of L’Anse Sainte Marguerite contains the remains of 278
individuals (Courtaud et al., 1999). Archaeological and isotopic evidence suggests that these
remains represent individuals forcibly transported to the island during the Trans-Atlantic Slave
Trade, and the subsequent enslaved generations (Courtaud et al., 1999; Delpeuch, 2001; Courtaud
and Romon, 2003; Sparkes et al., 2012).
Previous isotopic research at this site (Varney, 2003; Sparkes et al., 2012) focused on using carbon
and nitrogen isotopes from tooth dentine and bone collagen to reconstruct the dietary patterns of
these individuals on the assumption that movement from Africa to Guadeloupe would involve a
change from a more terrestrial to strongly marine-based diet. In the present study, O and Sr isotopes
from the teeth of the same individuals were employed as geographic indicators to confirm mobility
and build a larger picture of the life histories of those buried at L’Anse Sainte Marguerite. Oxygen
and Sr isotopes measured in tooth enamel provide a childhood geographic signature, so a childhood
spent in Africa or the Caribbean might be identifiable. A multi-isotope approach combined with
archaeological evidence has been shown to provide a solid base for identifying mobility elsewhere
in the circum-Caribbean region (Schroeder et al., 2009; Price et al., 2006; Laffoon et al., 2018).

10.1.1. Cemetery and burial information
The cemetery of L’Anse Sainte Marguerite (Fig. 2a) extends for 200 m along the dunes of Sainte
Marguerite beach on the eastern Atlantic coast of Grand-Terre, Guadeloupe, near the town of Le
Moule (Delpeuch, 2001; Courtaud, 2013). Burials of 278 individuals have been identified at the
site, but the large area of the site suggests the former presence of more burials, possibly of up to
1000 people, now lost to erosion (Courtaud, 2013). Local tradition referred to the site as a ‘slave
cemetery’, which is consistent with the size of the cemetery, and its location on non-arable land far
from a known place of worship and in a region dedicated to sugar cane plantations (Courtaud,
2013). No historical records or burial information exist for this cemetery, and it is not known
whether the cemetery was connected to a particular church or plantation.
Basic records exist for almost 73,000 enslaved Africans who were forcibly transported to the colony
of Guadeloupe between 1651 and 1850 (Table 2). These individuals form a small part of the over 10
million African individuals transported on almost 36,000 voyages during the Trans-Atlantic Slave
Trade, from 1500 to the late 1800s (SlaveVoyages.org, 2019). These records provide an indication
of the port of departure for these individuals and when voyages arrived at the island. Mortality rates
on these voyages were high, with more than 17% of those who embarked on ships bound for
Guadeloupe dying en route, and many more likely to die shortly after arrival (SlaveVoyages, 2019).
During the second half of the 18th century, over 88% of the population in this region of Guadeloupe
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was enslaved, lending further support to the use of this cemetery by enslaved peoples (Courtaud et
al., 1999).

Figure 10.1: Location of Guadeloupe in the Lesser Antilles island chain. Circle represents location
of the L’Anse Sainte Marguerite cemetery, on the Atlantic coast of the island of Grand-Terre.

Two zones of burials have been identified within the cemetery. The northern sector contains 215
graves, which are mostly well preserved (Courtaud, 2013). Most individuals were buried in a supine
position in a simple wooden coffin, with minimal funerary goods. These wooden coffins have since
disintegrated but the general shape is identified by the presence and position of nails (Fig. 2b). Most
people were buried with their heads to the west; in only about 5% of cases, mainly children’s
graves, the orientation was the opposite. The southern sector contains 63 individuals found in 53
graves, 55% of whom were buried directly into the earth without a coffin and with limited grave
goods (Courtaud, 2013). Throughout the cemetery, especially in the southern sector, graves were
reused, earlier individuals being moved to accommodate later burials (Fig. 2b). It is likely that this
practice allowed the grouping of individuals with kinship or ethnic links, rather than being due to a
lack of space (Courtaud, 2013). Osteological analysis of individuals at the site shows high levels of
dental pathologies and skeletal signs of poor health and hard physical labour (Courtaud, 1999;
Dutour et al., 2001). Tuberculosis bacteria (Mycobacterium tuberculosis) have been identified in
about 10% of the interred population (Lösch et al., 2015).
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Figure 10.2: A. Excavation of L’Anse Sainte Marguerite cemetery site, showing the delicate and
unstable nature of the site. B. Reuse of burial plots common across the cemetery. C. Dental
modification, the sharpening of the central incisors, is present in this individual (all photos adapted
from Courtaud 2013).

Neither the human remains nor burials at this site have been dated directly, but historical records
and archaeological finds provide a time span for the use of the cemetery. Grand-Terre was
colonised in the early 1700s, after nearby Basse-Terre. The site is thought to have been in
continuous use for about 150 years from that time until the abolition of slavery in 1848, although a
coin dated to 1852 uncovered from a stratigraphically later burial suggests the later use of the site
by free individuals (Courtaud, 2013).
Cultural dental modification common in some African populations is found in some African-born
enslaved populations (Stewart, 1939; Ortner, 1966; Stewart and Groome, 1968; Handler et al.,
1982; Handler, 1994). Such dental modification, in the form of filing of the maxillary incisors to a
sharp point, is present in four individuals buried at L’Anse Sainte Marguerite (Fig. 2c). This
ethnographic evidence, in conjunction with previous chemical and isotopic analyses (Corruccini et
al., 1987; Cox and Sealy, 1997; Schroeder et al., 2014; Bastos et al., 2016), suggests that
individuals with dental modifications were first generation enslaved people, transported to the
Caribbean after childhood. Strontium and O analysis provides an additional test of this hypothesis at
L’Anse Sainte Marguerite.
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The Trans-Atlantic Slave Trade destroyed the connection of people with their homelands. Isotopic
analysis of individuals at L’Anse Sainte Marguerite will identify first and later generations allowing
for a small part of the life histories of these people forgotten by history. A more nuanced
understanding of who is buried at this cemetery provides insight into the scale of the Trans-Atlantic
Slave Trade in Guadeloupe and its lasting impact to local communities.

10.1.2. Previous C and N isotopic analyses
Carbon (δ13C) and nitrogen (δ15N) isotopic analysis are tools for reconstructing diet as they indicate
the plants consumed and the terrestrial or marine origin of food (Richards and Hedges, 1999; Sealy,
2001; Privat et al., 2002; Richards, 2002; Schulting et al., 2008; Lee-Thorp, 2008). In short, the
measurement of C isotopes discriminates between plants of different photosynthetic pathways:
between C3 plants ranging from -35 to -22‰ (rice, wheat, all trees), arid adapted C4 plants ranging
from -15 to -10‰ (maize, sorghum and millet), and marine resources (Ambrose, 1993). Nitrogen
isotopes provide information on the trophic level of the food consumed (Schoeninger and DeNiro,
1984; Hedges and Reynard, 2007). Marine systems, with more complex food chains, have higher
δ18O values, enriched 3 to 6‰ per trophic level (Schoeninger and DeNiro, 1984).
Isotopic analyses of C and N have been used in previous studies of individuals from the L’Anse
Sainte Marguerite burials to identify shifts in diet between childhood (signatures measured in
dentine collagen) and adulthood (signatures measured in bone collagen). Shifts in δ13C and δ15N
were seen in 63% and 51%, respectively, of the 43 individuals analysed, with the majority of these
shifts showing a move from a terrestrial- to a marine-based diet (Varney, 2003; Sparkes, 2009;
Sparkes et al., 2012). All individuals with cultural dental modification showed this shift (Sparkes,
2009). Historical records have been used to identify potential diets in the Caribbean, Africa, and
Europe (Sparkes, 2009). These isotopic shifts suggest a move from an African diet in childhood to a
diet consistent with historical accounts of the Caribbean diet of enslaved individuals.

10.1.3. Sr and O isotopic analyses
Strontium (87Sr/86Sr ) and oxygen (δ18O) are two independent isotopic systems that are regularly
used together to assess the mobility of past populations, and have been used previously in the
Caribbean (Schroeder et al., 2009; Laffoon et al., 2014; 2017; 2018). Tooth enamel 87Sr/86Sr and
δ18O reflect the average isotopic composition of the food and drinking water consumed by an
individual while the tooth was forming during childhood. A comparison between the measured
tooth isotopic values and an isotopic site baseline can be used as a test for mobility between that site
and areas of different geology, climate or environment. Regional isotopic signatures are not unique,
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however, so it is entirely possible that regions elsewhere with similar climate or geology possess
those same values. The use of Sr and O isotopic systems together can narrow the potential
geographic regions in which an individual might have lived. The use of archaeological and/or
historical data can provide additional constraints. Isotopic information can only disprove a source
hypothesis, however, not prove origination from a specific source (Lightfoot and O’Connell, 2016).
The 87Sr/86Sr of bioavailable Sr in an environment is dependent on the age, composition and
weathering of the underlying rocks and soils (Bentley, 2006; Capo et al., 1998; Slovak and Paytan,
2012), along with additional inputs from atmospheric deposition (e.g., dust, sea spray,
precipitation), exogenic surface deposits (e.g., peat, glacial deposits, loess) and modern
contamination such as fertilisers (Evans et al., 2010; Frei and Frei, 2013; Maurer et al., 2012; Price
et al., 2002; Voerkelius et al., 2010). Humans consume bioavailable Sr as part of their diet. It
substitutes for calcium in skeletal and dental tissues and serves no metabolic function (Beard and
Johnson, 2000). If the diet is sourced locally, the isotopic composition of the Sr reflects the area in
which the person lived. Consumption of a large proportion of marine food would draw the 87Sr/86Sr
in tissues towards a modern sea 87Sr/86Sr = 0.70920 (McArthur et al., 2001; Bentley et al., 2007).
The δ18O of skeletal material is dependent on the δ18O of the drinking water (ẟ18OW) consumed
(Longinelli, 1984; Luz et al., 1984), which in archaeological contexts is predominantly sourced
from local precipitation. The δ18O of precipitation is dependent on climate. It changes with the
source, temperature and quantity of precipitation, which creates a distinctive geographic profile
commonly reflecting latitude and elevation (Bowen and Wilkinson, 2002; Dansgaard, 1964).
Constant body temperature in humans means that the δ18O in human tissues is not influenced by
environmental temperature, instead changing only with the composition of ingested water and
between tissue types due to physiological processes (Longinelli, 1984; Luz et al., 1984).
Measurement of δ18O in human tooth enamel can be undertaken on the carbonate (ẟ18OC) or
phosphate (ẟ18OP) bound oxygen, or on a bulk in situ sample (ẟ18OIS) (Kohn and Cerling, 2002).

10.1.4. Establishing local isotopic baselines
Identification of mobility is reliant on the mapping or modelling of the isotopic composition of a
region’s bioavailable Sr and the δ18O of precipitation for comparison with the measured isotopic
composition of the sample. No faunal remains were available from the L’Anse Sainte Marguerite
site with which to establish its isotopic baseline. Instead, modelled values for 87Sr/86Sr and δ18O,
alongside values measured from archaeological material from other sites, were used to establish a
regional baseline.
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Guadeloupe is a group of islands within the Lesser Antilles island chain. It comprises the larger
twin islands of Basse-Terre and Grand-Terre, and the smaller islands of Les Saintes, Marie-Galante
and La Desirade (Fig. 1). The Lesser Antilles is a double arc of islands extending 850 km along the
edge of the Caribbean Plate from the Anegada Passage in the north (the boundary of the Greater
Antilles) to the eastern Venezuelan coast in the south (Maury et al., 1990). The outer north-eastern
arc consists of the Limestone Caribbees, including Grand-Terre. Grand-Terre is composed entirely
of Pliocene-Quaternary limestone and records the eruptive activity of the connected island, BasseTerre. The inner arc consists of the Volcanic Caribbees, including Basse-Terre, an almost entirely
igneous island comprised of several volcanic units (Maury et al., 1990). The geological differences
between the islands of the Lesser Antilles and wider Caribbean region, including between GrandeTerre and Basse-Terre, leads to large inter-island differences in 87Sr/86Sr, potentially allowing
inhabitants of different islands to be distinguished (Laffoon et al., 2012).
Caribbean 87Sr/86Sr has been extensively modelled (Table 1) (Bataille and Bowen, 2012; Bataille et
al., 2012). Considering bedrock only, Grande-Terre has a predicted 87Sr/86Sr of 0.708-0.709, and
Basse Terre has two regions of variation, with predicted values of 0.703-0.705 and 0.705-0.706
(Bataille and Bowen, 2012). When atmospheric deposition of Sr and differential weathering are
taken into account, differences in geomorphology, erosion rates, precipitation amounts and geology
between Grand-Terre and Basse-Terre are highlighted. Bioavailable Sr on Grande-Terre is
dominated by bedrock weathering, with at least 90% coming from weathering, leading to values
essentially the same as those from bedrock-only modelling, 87Sr/86Sr = 0.708-0.709. This value is
slightly lower than that predicted from analyses of the Grande-Terre archaeological material. BasseTerre has a volcanic and mountainous landscape, with differences in the amount of precipitation
across the island. Differential erosion rates across the island lead to bedrock weathering accounting
for between 40-90% of the bioavailable Sr, which in turn leads to differences in the 87Sr/86Sr ratios,
a range of 0.703-0.708 (Bataille et al., 2012). Archaeological faunal and plant samples from GrandTerre provide a local average estimate for 87Sr/86Sr of 0.70915 and 87Sr/86Sr of 0.70663 on BasseTerre (Laffoon et al., 2012). Consuming a strongly marine diet, which was previously identified in
individuals buried at the site, would draw the 87Sr/86Sr in human tissues towards the marine value
which is similar to the terrestrial Grande-Terre value. At L’Anse Sainte Marguerite, archaeological
interpretations would not be greatly influenced by a marine diet. No 87Sr/86Sr baseline data are
available for all of Africa, so at this stage no complete comparison is available for this analysis. As
87

Sr/86Sr isoscapes are developed a more detailed understanding of the origins of these individuals

can be developed.
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Table 10.1: Predicted 87Sr/86Sr ratios for the main islands of Guadeloupe, using three methods
Grand-Terre 87Sr/86Sr
Basse-Terre 87Sr/86Sr
Archaeological material
(Laffoon et al., 2012)

0.70915

0.70663

Bedrock modelling (Bataille
and Bowen, 2012)

0.708-0.709

0.703-0.706

Three source modelling
(Bataille et al., 2012)

0.708-0.709

0.703-0.709

The δ18O of precipitation (δ18OW), although relatively uniform across the Caribbean region, has
been used previously to trace forced mobility from Africa into the Caribbean (Schroeder et al.,
2009; Laffoon et al., 2013; Laffoon et al., 2018). Modern rainfall δ18O measurements in
Guadeloupe indicate a local δ18OW of -2.74 ± 0.36 ‰ (Lamb et al., 2018). Gridded maps of the
isotopic composition of precipitation show the expected differences between Caribbean and African
δ18O (Bowen 2019; Bowen and Revenaugh, 2003; IAEA/WMO 2015). In general precipitation in
the coastal regions of Africa (-1.98 to -7.28‰) is isotopically lighter than in the Caribbean, with
δ18O becoming higher further inland (Fig. 3).
Assessing mobility using the δ18O of tooth enamel relies on the comparison of these values either
directly to drinking water, through a conversion of measured values to ẟ18OW, or to baseline tooth
enamel measurements (faunal or human tooth enamel). Conversion to ẟ18OW introduces large errors,
leading researchers to suggest a comparison to measured skeletal material (Laffoon et al., 2013;
Pollard et al., 2011). To avoid conversion errors, in this study the measured ẟ18OC will be compared
to baseline human tooth enamel from across the Caribbean (Laffoon et al., 2013). Forty-nine human
tooth enamel samples from individuals local to 8 Caribbean islands show a ẟ18OC range for the
Caribbean of 25.3‰ to 29.8‰, average of 28.3‰ (Laffoon et al., 2013).
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Figure 10.3: Averaged Annual ẟ18O in meteoric water highlighting the general trends in ẟ18OW
between the Caribbean and Africa (data from Bowen 2019; Bowen and Revenaugh, 2003;
IAEA/WMO 2015, with map created in ArcGIS Desktop 10.6.1). δ18O predicted range for
Guadeloupe meteoric water highlighted in pink (δ18O = -1.46 to – 0.38‰).

10.2. Methods
Erupted permanent incisors, canines or molars representing 17 individuals over 7 years of age were
analysed (Schour and Massler, 1940). Most of the teeth analysed were second or third molars, and
in two individuals (s213 and s250) multiple teeth were analysed. Four individuals with cultural
dental modification were included in the study. Two individuals, both with cultural dental
modification on their maxilliary incisors, had two teeth (an incisor and a molar) analysed to assess
variation that was possibly due to geographical movement between early and late childhood.

10.2.1. Strontium isotope analysis
After the tooth surface was cleaned, 0.2–0.5 mg of enamel and dentine were drilled out using a
diamond-tipped drill. The tooth powder was then leached in 0.5 ml 1M NH4NO3 to remove any
residual contamination and digested in 1 ml ultrapure concentrated HNO3 for 1 h. The samples were
then evaporated to dryness, redissolved in 2 ml 2M HNO3 and the Sr extracted by ion exchange
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chromatography using micro columns with Eichrom Sr specific resin. A drop of dilute H3PO4 was
added to each sample before loading onto Re filaments with a TaF5 activator. Samples were
analysed on the TRITON Plus thermal ionisation mass spectrometer (TIMS) at the Research School
of Earth Sciences, ANU. Data were processed using a Rb correction, exponential mass bias
correction (86Sr/88Sr = 0.1194) and 2σ outlier rejection. Total procedural blanks were determined by
isotope dilution using an 84Sr enriched spike, and were below 100 pg Sr. Long-term measurements
of the Sr carbonate standard SRM987 gave 87Sr/86Sr = 0.71023 ± 0.00002 (2σ, n = 99), which is
within uncertainty of precise modern measurements (0.710250 ± 0.000003: Hans et al., 2013) and
the original certified value of 0.71034 ± 0.00026 (Moore et al., 1982).

10.2.2. Oxygen isotope analysis
The in situ δ18O (ẟ18OIS) of the archaeological tooth samples was measured on a 30 µm spatial scale
using the SHRIMP II at RSES. A cross section of tooth enamel was prepared using a dental drill
fitted with a fine diamond saw blade. Enamel samples were mounted with crystals of Durango 3
mineral apatite standard (Rigo et al., 2012) into a 35 mm diameter epoxy ‘megamount’. The surface
was polished to expose the enamel and standard, and washed with petroleum spirit, RBS solution
and Millipore H2O. Mounts were then dried in a 60˚C vacuum oven for a minimum of 24 hours,
then coated in high purity Al prior to SHRIMP analysis. Archaeological applications of the
SHRIMP II have been outlined by Aubert and others (2012) and instrumental conditions by Trotter
and others (2008) and Ickert and others (2008). The reference mineral apatite Durango 3 was
analysed first and then after every five enamel samples. The isotopic composition of Durango 3
apatite (δ18Oapatite = 9.8‰ VSMOW) has been determined independently by Christopher Lécuyer
using GIRMS phosphate separation protocols (Lécuyer et al., 1993), as reported by Rigo and others
(2012).
In brief, a ~ 3 nA primary ion beam of 15 kV positive Cs ions was focused onto the sample surface,
sputtering a pit ~ 30 μm diameter and 2 μm deep during each 7-minute analysis. Chemical and
physical interaction of the Cs with the tooth enamel produced about 2 GHz of negative 16O
secondary ions. 16O- and 18O- were measured simultaneously on Faraday cups equipped with
electrometers operating in current mode using 1011 Ω resistors. Each analysis consisted of a 90 s
pre-burn, during which the secondary ion isotopic composition stabilised and electrometer baselines
were measured, followed by automated centring of the secondary ion beam at the entrance and exit
of the secondary mass analyser, a centring check on the focused electron beam required for charge
neutralisation, and then two 6 x 10 s measurements of the 16O- /18O- ratio, with a centring check in
between. Measurements of surface O ion emission by the electron beam before, during and after
each analysis were used for subsequent corrections. Analysis profiles were placed in enamel free
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from cracks towards the cusp of the tooth, and were run from closest to the Enamel Dentine
Junction (EDJ) to the outside of the enamel (Fig. 10.4). The number of spots was dependent on the
thickness of the enamel. SHRIMP analysis produces δ18OIS values relative to the Vienna Standard
Mean Ocean Water (VSMOW) standard values. The average standard deviation for the Durango 3
analyses from four tooth sample mounts was 0.21‰, and the standard error of the mean for
Durango 3 was 0.03‰.
Human tooth samples containing enough enamel for GIRMS analysis were then selected for the
measurement of δ18O carbonate (ẟ18OC). A cross section of enamel was targeted and manually
cleaned using a dental drill fitted with a fine diamond saw blade and tip. Considering that human
tooth enamel contains 3-6% dry weight of carbonate (LeGeros, 1996), to obtain the 60 μg of
carbonate required per sample, 1.8 mg of fine tooth enamel powder was weighed out for ẟ18OC
analysis. The tooth enamel ẟ18OC values were measured using an automated carbonate reaction
(Kiel) device coupled to a Thermo MAT 253 in the Earth Environment Stable Isotope Laboratory,
Research School of Earth Science at the Australian National University. Carbon dioxide for isotopic
analysis was extracted from the tooth enamel by reacting the sample with 105% H3PO4 at 90˚C.
Carbonate standards NBS-19 (ẟ18OVPDB = -2.20‰) and NBS-18 (ẟ18OVPDB = -23.2‰) were also
analysed, yielding NBS-19 ẟ18OVPDB = -2.20 ± 0.034‰ (n=5) and NBS-18 ẟ18OVPDB = -22.82 ±
0.033‰ (n=2). By convention ẟ18OC is measured relative to the Pee Dee Belemnite (VPDB)
standard. For comparison with the SHRIMP phosphate analyses, the ẟ18OC was converted to the
SMOW scale using: ẟ18OVSMOW = 1.03091 x ẟ18OVPDB + 30.91 (Coplen et al., 1983).

Figure 10.4: ẟ18OIS analysis profiles across the human tooth enamel. Blue arrow indicates the
direction of analysis, closest to the EDJ outwards.
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10.3. Results
10.3.1. Oxygen isotope analyses
Two sets of δ18O values were obtained from the individuals from the cemetery of L’Anse Sainte
Marguerite: GIRMS bulk carbonate values (ẟ18OC) and SHRIMP in situ profiling measurements
(ẟ18OIS). ẟ18OIS is dominated by phosphate bound oxygen (ẟ18OP), but includes all O in the enamel
(carbonates, hydroxyls etc.). ẟ18OC measurements (Table 4), were conducted on 12 teeth
representing 11 individuals, while in situ profiling (ẟ18OIS) was conducted on 19 teeth representing
17 individuals (Table 3, Fig. 10.5). In situ profiles used in this study run from closest to the enamel
dentine junction outwards to the enamel surface. While the ẟ18O represented in this represents a
time series, due to the sampling method no exact timings can be suggested. These ẟ18O data do
provide an indication of the range of intra-tooth ẟ18O present.
Once converted to VSMOW scale, the ẟ18OC values range between 27.8 and 30.7‰. Individuals
with dental modification have ẟ18OC values of 27.9, 28.2 and 28.5‰ (Table 3). ẟ18OIS values were
measured as profiles across the tooth enamel, with 5–19 measurements on each tooth (Table 3, Fig.
10.5). Overall these ẟ18OIS values ranged between 18.3 and 24.3‰ across the sampled population,
with the average ẟ18OIS within a single tooth ranging between 19.1 and 22.5‰. The average range
of ẟ18OIS variation within the tooth enamel of a single tooth was 1.7‰
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Figure 10.5: δ18OIS profiles across the tooth enamel (profiles run from closest to the enamel dentine
junction out to the edge of the enamel).
The average offset between paired ẟ18OC and the average ẟ18OIS measurements within a single tooth
is 8.6 ± 0.4‰, consistent with reported offsets between ẟ18OC and ẟ18OP measurements (7.8 ± 1.5‰
in human tooth enamel (France and Owsley, 2015) and δ18Op = 1.0322 x δ18OC – 9.6849 (Chenery
et al., 2012)). The present dataset is best described by the equation: ẟ18OIS = 0.99 x ẟ18OC - 8.47
(n=12), with an R2 = 0.88 (Fig. 10.6). In order to compare ẟ18OIS measurements to ẟ18OC and
Sr/86Sr values, an average of the ẟ18OIS values will be used.

87

245

23

ẟ18OIS

22
21
20
19
27

28

29

30

31

ẟ18OC
Figure 10.6: Paired ẟ18OC and averaged ẟ18OIS measurements for tooth enamel from L’Anse Sainte
Marguerite

10.3.2. Strontium isotope analyses
Enamel (n = 17) and dentine (n = 16) from 17 teeth representing 17 individuals were analysed.
87

Sr/86Sr range between 0.70592 and 0.72655 in enamel, and 0.70637 and 0.71855 in dentine (Fig.

5, Table 5), with three groups evident (0.70592–0.70878; 0.71066–0.71414; and one individual at
0.72655). The higher susceptibility of dentine to diagenetic overprint and the potential for
secondary and tertiary dentine creation in later life can lead to different 87Sr/86Sr values compared to
enamel values (Kuttler, 1959; Hillson, 1986). In the majority of these samples, dentine
measurements are closer to the local value measured on other archaeological material from L’Anse
Sainte Marguerite cemetery (87Sr/86Sr = 0.70915), suggesting overprinting by the local signature
after deposition or dentine remodelling. In burial S250, the individual with the most distinctive
enamel 87Sr/86Sr (0.72655), the dentine 87Sr/86Sr of 0.71855 suggests partial overprinting by the
local signature.

246

0.73

0.725

0.72
Enamel
Dentine
0.715

0.71

25
**
S2
37
S2
50
**
S2
5
S2 7
62
**

23
**

S2

13

S2

S2

52
S1

40

7

06

S1

S1

1

S9

7

S9

S6

5

6

S4

S3

7
S2

S7

0.705

Figure 10.7: 87Sr/86Sr in dentine and enamel in all analysed tooth samples (** indicates teeth with
dental modification)
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Table 10.2: Estimated numbers of enslaved individuals transported to Guadeloupe (1651-1850) by region of embarkation (slavevoyages.org)
Region of
embarkatio
n

Senegambia
and offshore
Atlantic

Sierra
Leone

Windward
Coast

Gold Coast Bight of
Benin

Bight of Biafra
and Gulf of
Guinea islands

West
Central
Africa and
St. Helena

Southeast
Africa and
Indian
Ocean
islands

Other
Africa

Totals

Modern day
location

Senegal, The
Gambia,
Guinea-Bissau,
Mauritania,
Mali, and
Guinea

Sierra Leone

Cote D’Ivoire

Ghana

Gulf of
Guinea area.
Benin,
Nigeria,
Togo, and
Ghana

Eastern most part of
the Gulf of Guinea,
near the present day
coastline of
Cameroon

Western African
coastline from
Cameroon to
Angola

South Africa,
eSwantini,
Lesotho,
Mozambique

1651 – 1675

275

0

0

338

797

273

455

0

972

3,110

1676 – 1700

566

0

0

0

0

0

0

0

0

566

1701 – 1725

0

0

0

236

294

755

468

0

481

2,234

1726 – 1750

0

60

0

0

311

276

0

0

276

923

1751 - 1755

1,411

2,569

2,406

2,859

4,142

7,944

7,141

0

3,882

32,354

1776 – 1800

911

0

0

0

1,053

1,882

3,803

353

4,337

12,339

1801 - 1825

2,531

1,385

508

310

310

3,672

2,545

0

4,439

15,700

1826 - 1850

375

0

0

0

331

784

0

0

776

2,266

Totals

6,069

4,014

2,914

3,743

7,238

15,586

14,412

353

15,163

69,492
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Table 10.3: Summary of tooth enamel measurements from individuals at L’Anse Sainte Marguerite. Profiles of ẟ18OIS measurements across the tooth
enamel from closest to the EDJ outwards, ẟ18OC measurements, and the difference between ẟ18OC and ẟ18OIS.
Analysis Number
3085
3086
3087
3088
3089
3090
Burial Number
S7
S27
S36
S45
S67
S91
ẟ18OIS (‰) track across tooth enamel from closest to the EDJ to the outside
1
21.4
18.8
21.4
19.5
19.4
18.8
2
21.6
19.8
22.3
20.6
19.3
19.2
3
20.0
20.0
22.9
20.2
19.4
19.3
4
20.3
19.9
22.8
22.0
19.7
19.6
5
21.5
19.8
23.1
22.7
19.3
19.8
6
20.9
19.4
22.3
22.6
20.4
19.8
7
21.9
20.1
22.9
22.3
20.2
8
22.5
19.6
22.6
22.6
20.1
9
23.8
19.9
22.5
21.5
20.1
10
23.9
20.0
23.0
21.4
20.2
11
24.3
20.0
22.3
21.9
20.6
12
23.8
20.0
22.4
20.7
20.2
13
22.9
20.2
22.5
20.6
20.1
14
24.0
20.3
21.9
21.5
20.0
15
21.9
20.0
16
21.3
17
18
19

3091
S97

3092
S106

3093
S140

3094
S152

3095
S223

3096
S225

3098a
S250

21.3
22.8
22.9
22.8
22.3
21.8
22.1
22.6
23.0
23.3
23.2
23.1
21.7
22.2
22.6
21.9

19.5
20.2
20.1
19.9
20.2
20.1
20.3
20.2
19.9
20.3
20.6
20.9
20.2
20.6
20.6
20.3
20.5
20.7
20.4

19.5
20.1
20.4
20.9
20.6
20.7
20.5
20.8
20.5
20.6
20.2
20.4
20.5
20.0
20.1

18.9
20.0
20.1
20.2
19.9
20.0
19.5
20.2
19.8
20.0
20.1
20.1
20.2
20.2

18.8
19.4
19.5
20.0
19.9
19.0
19.0
19.0
19.4
19.4
19.3
19.8
20.1

19.7
20.0
20.4
19.4
19.7
20.1
20.3
20.8
20.8
20.9
20.6
20.7
20.4
20.3

19.4
19.3
19.4
19.0
19.4
19.9
19.8
20.1
20.0
19.9
19.8
20.3
20.5
20.1
20.5
20.3

Minimum ẟ18OIS (‰)
Maximum ẟ18OIS (‰)
Max ẟ18OIS – Min
ẟ18OIS
Mean ẟ18OIS (‰)
ẟ18OC (‰)
Difference between O
measurements (ẟ18OC
– ẟ18OIS) (‰)

3098
b
S250

3101
b
S213

3098c
S250

3099
S257

3100
S262

3101a
S213

18.9
19.1
19.2
19.6
19.7
19.6
19.7
19.5
20.2
19.8
20.0
19.8

18.3
18.4
18.4
19.1
19.4
18.9
19.3
19.5
19.5
19.8

21.7
22.1
21.0
21.2
21.5
21.8
21.4
21.7
21.6
21.8
21.9
21.9
21.9
21.8

19.6
19.9
19.6
19.5
19.6
19.9
19.9
20.0
20.0
20.3
20.5
20.4
20.0
20.1
20.1

19.6
20.8
20.9
21.3
20.7

20.2
19.8
20.0
20.1
21.2
21.0

20.0
24.3

18.8
20.3

21.4
23.1

19.5
22.7

19.3
20.4

18.8
20.6

21.3
23.3

19.5
20.9

19.5
20.9

18.9
20.2

18.8
20.1

19.4
20.9

19.0
20.5

18.9
20.2

18.3
19.8

21.0
22.1

19.5
20.5

19.6
21.3

19.8
21.2

4.3
22.3
-

1.4
19.9
27.9

1.6
22.5
30.9

3.2
21.5
30.6

1.1
19.6
-

1.8
19.9
28.9

2.0
22.5
30.6

1.4
20.3
-

1.3
20.4
29.4

1.3
19.9
28.3

1.3
19.4
28.1

1.5
20.3
28.6

1.5
19.8
-

1.3
19.6
28.4

1.5
19.1
-

1.2
21.7
30.4

1.0
20.0
-

1.7
20.6
-

1.5
20.4
-

-

8.1

8.4

9.2

-

9.0

8.1

-

9.1

8.4

8.6

8.3

-

8.8

-

8.8

-

-

-
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Table 10.4: Skeletal, isotopic and archaeological data for individuals buried at L’Anse Sainte Marguerite. δ13C and δ15N adapted from Varney, 2003;
Sparkes, 2009; Sparkes et al., 2012. Age and sex information adapted from Varney, 2003; Courtaud, 2011; Courtaud, 2013
Burial
ID

Skeletal
Element *

Tooth

S7

Rib / Max C
Rib / Mand
M1
Rib / Max M1
Rib / Max M1
Rib / Max M2
Rib / Max M1
Rib / Mand
M3
Rib / Max M1
Rib / Mand
M1
Rib / Max M2
Rib / Max M2
Mand I2
Mand M2
Rib / Max M2
Rib / Mand
M2
Rib / Mand
M2
Rib / Mand
M3
Mand I1
Mand M3
Rib / Max M1
Rib / Max M2

C
M1

S27
S36
S45
S67
S91
S97
S106
S140
S152
S213
S223**
S225**
S237

S250**
S257
S262**

M1
M1
M2
M1
M3
M1
M1
M2
M2
I2
M2
M2
M2

δ13C
Dentine
collagen
(‰)
-14.5

δ13C
Bone
collagen
(‰)
-13.8

δ13C
shift
(‰)
0.7

δ15N
Bone
collagen
(‰)
16.3

16.3

Average
δ18OIS
Enamel
(‰)
22.3

-20.4
-19.1
-14.8
-19.8
-20.1

-13.9
-14.0
-14.4
-14.4
-13.9

6.5
5.1
0.4
5.4
6.2

-14.2
-20.4

-14.1
-16.2

0.1
4.2

-20.1
-20.1
-15.9

-14.9
-14.7
-13.4

5.2
5.4
2.5

-20.6

-14.9

5.7

-21.0

-16.9

4.1

11.9
13.0

10.7
11.5
10.0
9.0

10.1
8.8

δ18OC
Enamel
(‰)

87

Sr/86Sr
Enamel

87

Sr/86Sr
Dentine

Age

Sex

Cluster

0.70796
0.71229

0.70788
0.70999

20-29
20-29

F
M

A
B

0.70740

28.9
30.6

0.70604
0.70712
0.71164
0.71208
0.70743

0.70840
0.71112
0.70676

20-24
25-29
20-24
15-19
25-29

F
F
M
F
F

A
A
B
B
A

29.4

0.71066
0.71230

0.70916
0.70960

20+
20-24

F
F

B
B

0.71249
0.71414

0.70858
0.71061

25-29

F

B

Adult

M

B

27.9
16.2
17.6
16.2
15.8
17.6
16.8
12.8
16.3
15.8
17.1

6.7

3.9
4.6

19.9
22.5
21.5
19.6
19.9

2.1

22.5
20.3

4.8
5.8
8.1

20.4
19.9

15.8

5.7

20.6
20.4
19.4

10.8

2.0

20.3

9.3
14.3

-4.9

30.9
30.6

28.3

28.1
28.6

14.2
-16.5
-19.0

-20.5
-13.7

-4.0
8.7
5.3

I1
M3
M1
M2

δ15N
shift
(‰)

9.5

M2
M3

δ15N
Dentine
collagen
(‰)

-14.6
-20.8

-14.2
-15.7

0.4
5.1

19.8

28.4

0.71136
0.71349

0.71088
0.70947

Adult
Adult

F
M

B
B

0.70592

0.70637

Adult

F

A

0.72655

0.71855
Adult

M

C

Adult
Adult

M
?

A
B

5.7

9.8

15.9
12.8

3.0

19.6
19.1
21.7
20

30.4

0.70878
0.71227

0.70888
0.70955

* Tooth abbreviations: Incisor (1st, 2nd), Canine, Molar (1st, 2nd,3rd); Maxilliary or Mandibular tooth ** Individuals have dental modification on maxilliary incisors
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10.4. Discussion
10.4.1. Assessing mobility
K-means cluster analysis was performed on the 87Sr/86Sr of enamel and dentine in
comparison to each of the δ18O measurements (ẟ18OC and ẟ18OIS) (Fig. 6). Based on both
analyses three clusters were identified: A, B, and C. Three individuals with dental
modification fall into cluster B, while cluster C consists of just one individual with dental
modification, and a higher 87Sr/86Sr.

Figure 10.8: (A) ẟ18OC compared to 87Sr/86Sr enamel and dentine (B) ẟ18OIS compared to
87
Sr/86Sr enamel and dentine. Cluster A represented by circles, cluster B by squares and
cluster C by triangles. Filled shapes are enamel 87Sr/86Sr measurements and unfilled shapes
are dentine 87Sr/86Sr measurement. Groups determined by K-means cluster analysis using R
(R Core Team, 2018).

The baseline tooth enamel ẟ18OC for the Caribbean (range 25.3–29.8‰, average 28.3‰)
overlaps with ẟ18OC Clusters B and C at L’Anse Saint Marguerite (Fig. 10.8A), suggesting
that these individuals are Caribbean locals. The presence of dental modification in these
clusters, and modern ẟ18OW measurements alongside previous isotopic analysis on other
historical period individuals, suggest, however, that Clusters B and C are African-born
individuals. Isotopic analysis of individuals in the Caribbean (from Barbados) from another
historical period site shows that Caribbean-born individuals have lighter ẟ18O than African-
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born individuals (Schroeder et al., 2009), and comparison with ẟ18OW between Africa and the
Caribbean (Fig, 3) also indicates that first generation individuals (Africa-born) should have
lower δ18O than Caribbean-born individuals. These trends, along with the presence of
individuals with dental modification, suggest that Clusters B and C contain individuals with
an African childhood, while Cluster A is individuals who spent their childhoods in the
Caribbean. Agreement in mobility predictions between the ẟ18OC and ẟ18OIS measurements
within each analysed individual suggests that, at this site, an averaged ẟ18OIS of all
measurements corresponds with the O isotope value from the bulk ẟ18OC measurement.
Enamel 87Sr/86Sr for individuals in cluster A (87Sr/86Sr average = 0.70746) is lower than the
predicted Grand-Terre values from the multiple source model (87Sr/86Sr = 0.708-0.709;
Bataille et al., 2012) and the measured baseline value (87Sr/86Sr = 0.70915; Laffoon et al.,
2012). The mean 87Sr/86Sr ratios in Clusters B and C (average 87Sr/86Sr = 0.71227 and
87

Sr/86Sr = 0.72655, respectively) are higher than the local signatures for Grand-Terre and

more consistent with values found in older geological units, perhaps those in Africa
(Schroeder, 2009). These results correspond closely with the δ18O results, confirming that
Cluster A individuals had a Caribbean childhood, and Cluster B and C individuals were
African born. The range of 87Sr/86Sr variation seen in the two clusters of African-born
individuals is consistent with historical records that show that individuals transported to
Guadeloupe spent childhoods in different parts of Africa (Table 2, slavevoyages.org, 2019).
As 87Sr/86Sr reflects food consumed during the tooth formation period, movement of food
resources into Grande-Terre, perhaps from the connected island of Basse-Terre (modelled
Sr/86Sr = 0.703–0.708, Bataille et al., 2012), could be an influence on those ‘local’

87

individuals with lower 87Sr/86Sr than expected. The lower than expected 87Sr/86Sr results for
Caribbean-born individuals might also indicate that some spent their childhood on other
islands in the Caribbean region. 87Sr/86Sr dentine measurements for all Cluster B and C
individuals appear to be overprinted by the local signature, with all values shifted towards the
predicted local signature for Grande-Terre. Individual s237, for whom there is no δ18O
measurement, has an enamel 87Sr/86Sr value (0.70592) consistent with Cluster A Caribbeanborn individuals.
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10.4.2. Oxygen isotope variation (ẟ18OIS measurements)
Overall variation in ẟ18OIS ranged from 1.0 to 4.3‰, with an average of 1.7‰ (Table 3, Fig.
4). Profiling across the crown tooth enamel shows only a subset of the range of δ18O
experienced by an individual when the tooth was forming during early life. Profiles measured
along the enamel–dentine junction commonly show much larger variation. For example,
Smith and others (2018) have reported δ18O variation of 4.1 and 5.6‰ in individual
Neanderthal teeth, ~ 3‰ in an archaeological sample of a modern human, and ~ 4‰ in an
unburied modern human. Changes in the δ18O of the human diet can be caused by mobility,
or in stationary populations by seasonal changes to drinking water or changes in the water
accessed by individuals (changing water sources or storage of water).
The African-born individuals from L’Anse Sainte Marguerite (Cluster B, n=13, and C, n=1)
have a ẟ18OIS range of 1.0 to 1.8‰, with an average of 1.4‰. Caribbean-born individuals
(Cluster A, n=5) show a larger range of ẟ18OIS of 1.2 to 4.3‰, with an average of 2.5‰. This
larger range of δ18O experienced by Caribbean-born individuals might be due to seasonal
changes in weather. The recorded ẟ18OW of precipitation from modern tropical storms in
Guadeloupe is as low as -8.91‰ (Lambs et al., 2018). Modern precipitation measurements
from the closest IAEA GNIP station (Seawell Airport, Barbados) showed an overall range of
ẟ18OW = -8.85 to 4.87‰ (-4.36 to 2.8‰ if outliers are disregarded) and averages -1.07 ±
1.81‰ (IAEA, 2019). These large ranges in ẟ18OW could be responsible for the larger ẟ18OIS
range seen in the five Caribbean-born individuals.

10.4.3. Comparison of all isotopic data from L’Anse Sainte Marguerite
The comparison of these new O and Sr results with the previous C and N isotopic analyses
provides a bigger picture of the lives of these individuals (Table 10.5). The isotopic analyses
indicate that within the population buried at L’Anse Sainte Marguerite, enslaved individuals
with both Caribbean- and African-based childhoods had varied diets. Eleven individuals who
showed a C and N dietary shift had non-local O and Sr isotope values, suggesting that they
were first generation enslaved individuals. Four individuals who showed no dietary shift had
O and Sr values consistent with those of the Caribbean, suggesting that they were from a later
generation of African-descendants raised in the Caribbean region. Two of the individuals
studied showed unexpected C and N isotopic shifts between childhood and adult
measurements (Varney, 2003; Sparkes, 2009; Sparkes et al., 2012).
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Individual S36 shows Caribbean 87Sr/86Sr and δ18O, but includes a shift in δ13C and δ15N
between childhood and adulthood, suggesting a change from a terrestrial- to a marine-based
diet. This individual either spent their childhood in a region in Africa with 87Sr/86Sr and δ18O
similar to that in the Caribbean, or moved between areas in the Caribbean that entailed a
change in diet. A change in diet without mobility could also explain this result. Individual
S237 shows Caribbean 87Sr/86Sr and δ18O, but shifts in dietary δ13C and δ15N that are in the
opposite direction, suggesting that this individual had a more terrestrial-based diet in
adulthood. This is opposite to all the other individuals studied, who had a marine-based diet
in adulthood. Not all the individuals buried at L’Anse Sainte Marguerite were enslaved; the
finding of the 1852 coin provides evidence of at least one burial post slavery. Sparkes (2009)
suggested that this individual may have been free, so not subject to the dietary restrictions of
the enslaved. This individual had the lowest 87Sr/86Sr (0.70592), which could suggest
mobility from a region with lower bioavailable 87Sr/86Sr.
The analysis of changes in diet depends on individuals surviving long enough in a new
environment with a different diet for the isotopic signal of the change to be incorporated into
the bone collagen. Death shortly after arrival in the Caribbean would lead to δ13C and δ15N in
bone and dentine collagen suggesting no change in diet, and 87Sr/86Sr and δ18O indicating an
African origin. All the individuals with African 87Sr/86Sr and δ18O in this study show
evidence of a change in diet, indicating that they lived in the Caribbean for a significant
period (~ 5 years or more) before they died.

Table 10.5: Comparison between 87Sr/86Sr and δ18O (this study) and δ13C and δ15N (Varney,
2003; Sparkes, 2009; Sparkes et al., 2012).
Caribbean
African
87Sr/86Sr and δ18O
87Sr/86Sr and δ18O
4
0
No diet change from childhood
13
15
to adulthood in δ C and δ N
2
11
Diet change from childhood to
13
15
adulthood in δ C and δ N

10.4.4. Archaeological Conclusions
Oxygen and Sr isotopes can be used as indicators of mobility from Africa to the Caribbean.
While it is not possible to pinpoint the exact geographical origin of individuals, the results of
this study show that the individuals buried at L’Anse Sainte Marguerite spent their
childhoods in different regions, in agreement with historical records for the voyages arriving
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in Guadeloupe (Table 2). One individual (S250) has a 87Sr/86Sr much higher than the rest,
suggesting a childhood spent in a region of older geology. This individual and S213, from
both of whom two teeth were analysed for this study, had isotopic signatures of an African
childhood in both teeth. This suggests that transportation occurred after early adolescence,
after the M2 and M3 had formed. The records of the ages of the buried individuals are vague,
although most were at least in their 20s. Individuals with both African and Caribbean
childhoods cover all age categories, and males and females are represented in both categories.
The youngest individual studied (S91, aged 15-19) has both a dietary shift and African
Sr/86Sr and δ18O, suggesting transportation during early adolescence, and enough time spent

87

in the Caribbean to incorporate a marine dietary signal in her bone.
The four analysed individuals with cultural dental modification all have O and Sr values
indicative of an African childhood. This strengthens the ethnographical argument by Handler
(1994) and supported by isotopic analysis at other sites (Schroeder 2009; Laffoon et al.,
2018) that cultural dental modification is an indication of forced mobility, and perhaps a
practice that ceased within the Caribbean enslaved population.

10.5. Conclusion
Strontium and O isotope analysis at L’Anse Sainte Marguerite, identifies 11 individuals
(65%) as first-generation, that is, they had spent their childhood in Africa before being
forcibly transported to the Caribbean. While this analysis confirms the previous dietary
isotope analysis, individuals with a dietary shift but Caribbean O and Sr are identified,
highlighting the range of experiences of individuals buried at L’Anse Sainte Marguerite. Sr
and O isotopic analysis at L’Anse Sainte Marguerite provides strong evidence that these
individuals were forcibly transported from different parts of Africa, in line with historical
records for the island. This suggests the cemetery was used by a diverse population. Cultural
dental modification is found exclusively in individuals identified as first generation;
interestingly, these four analysed individuals have a range of 87Sr/86Sr, indicating the practice
was occurring across the continent, but ceased in this enslaved population in Guadeloupe. Sr
and O isotope analysis thus provides an important extra layer of archaeological information,
illuminating the diverse but forgotten life-histories of the individuals buried at the cemetery
of L’Anse Sainte Marguerite.
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Chapter 11: Conclusions and Future Directions
This PhD sought to examine the level of variation in two isotopic systems, O and Sr, which
are commonly employed in archaeological mobility and provenancing studies. Micro-scale
analysis of O variation within human tooth enamel, and macro-scale analysis of Sr on two
islands, provided for an assessment of the variation present, and produced data which will
assist in the future application of these systems in archaeological studies.
In Chapter 2, the offset between carbonate and in situ ẟ18O measurements was identified,
with an average difference between δ18OC and δ18OIS of 8.5 ± 0.6‰ (n=26).
In Chapter 3, intra-tooth δ18O variation was shown to be present in both archaeological and
modern human tooth samples. In deciduous teeth from modern individuals, known to be
mobile and stationary during the tooth formation periods, no difference in the range of intratooth δ18O variation was seen. The average intra-tooth δ18O variation was shown to be large,
at 1.8 ± 0.7‰. We need to be aware of this variation when using bulk measurements of O for
the assessment of mobility, as it drastically increases the range of intra-individual and intrasite δ18O. Additional analyses of modern individuals with known childhood histories, using
techniques, such as measurements along the enamel dentine junction, which provide data on
the entire enamel formation time series, and from a variety of humans are needed to
understand the full range of δ18O present in tooth enamel, and to tease out additional
information on environment, nursing, and mobility hidden within the enamel.
In Chapter 4, intra-tooth δ18O variation was shown to confound the assessment of mobility
at Teouma, blurring previously clear categories of local and non-local. The additional
analysis of individuals and faunal remains at Teouma showed a large range of δ18O present at
the site, and tooth enamel δ18O of individuals from other Pacific region sites overlapped with
the Teouma individuals. The faunal and modern predicted precipitation δ18O showed overlap
with the previously defined non-locals, indicating that the mobility patterns at Teouma be
could reversed, with a larger group of non-locals at the site than previously believed. A
reassessment of the isotopic evidence for mobility at Teouma showed that, without additional
data from individuals and faunal remains from Teouma and environmental measurements,
sadly no clear patterns of mobility can be uncovered.
In Chapter 6, bioavailable Sr mapping of Corsica using plant and soil samples was
presented. 87Sr/86Sr on the island did not adhere to surface geological boundaries, but a spatial
pattern of 87Sr/86Sr across the island was apparent. External inputs, potentially from Saharan
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dust, were seen to influence plant 87Sr/86Sr on Corsica. A robust dataset of 87Sr/86Sr was
produced, alongside a variety of isoscapes, and all related data is provided in this thesis to
enable accuracy in future Sr mobility studies on Corsica. It is the hope of this candidate that
this dataset will be used for future studies on Corsica. Additional analyses—at a higher
resolution on the island, or employing new sample types or isotopic systems, or around areas
of archaeological interest—can be added to this dataset to further strengthen its provenancing
power.
In Chapter 7, Sr analysis on human tooth enamel from three Mesolithic individuals buried at
the site of Campu Stefanu, Corsica was undertaken to utilise the new Corsican Sr isoscapes.
All teeth returned 87Sr/86Sr within the range of Corsican bioavailable Sr, but variation
between teeth suggested childhoods possibly spent at a range of locations across the island, or
a childhood spent at Campu Stefanu where local foraging crossed isotopic boundaries. These
data indicated that the earliest humans recovered from Corsica, could be locals to the island.
In Chapter 8, bioavailable Sr mapping, using soil and plant samples, on the New Caledonian
island of Grand Terre was presented. As seen on Corsica, surface geology did not explain the
87

Sr/86Sr variation. Coastal influences, through sea spray, were shown through a two-end

mixing model to be a contributor to 87Sr/86Sr variation. This thesis provides a robust dataset
and maps of 87Sr/86Sr on Grand Terre that will allow for the future development of Sr
mobility studies in New Caledonia. Additional analyses can further add to this dataset for the
future.
In Chapter 9, isotopic analysis (O, Sr, C, N) and radiocarbon dating of individuals recovered
from the highly disturbed burial mound of Le Tumulus des Sables in southwest France was
presented. Radiocarbon dating showed burials at the site occurring from the Neolithic to Iron
Age. Isotopic analyses showed use of the site by a predominantly local population, and the
consumption of a terrestrial diet. One individual revealed signs of having spent their
childhood in a region with a colder climate. This study showcased the complex reuse of this
burial mound by a mostly local population over 2,000 years, and highlighted the advantages
of isotopic analysis on highly fragmented and disturbed archaeological material.
In Chapter 10, O and Sr data from the colonial cemetery of L’Anse Sainte Marguerite,
Guadeloupe, was presented. This cemetery contains the remains of enslaved individuals, and
no historical information for this site has survived. O and Sr were employed to identify first
and later generation individuals, that is, those transported from Africa or born in the
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Caribbean. A range of childhoods, in the Caribbean and Africa, were identified, confirming
previous C and N analyses at the cemetery. This study demonstrated the use of isotopic
analysis alongside historical and archaeological information to shed light on a forgotten
people.
In conclusion, this thesis shows that, while O and Sr isotopic analyses are still useful tools in
archaeology to investigate the past mobility of humans and animals, additional information
on variation within these systems is required for any robust assessment of mobility. Intratooth δ18O variation is highlighted as a potential issue for conventional bulk measurements;
consequently, archaeologists are restricted to only conservative estimations of mobility unless
this variation is directly measured. In situ analysis of human tooth enamel is an exciting new
direction in bioarchaeological science, which will hopefully build upon the data produced
during this PhD.
Baseline mapping, such as the Sr isotope mapping undertaken in this thesis, is crucial to
allow for comparisons between archaeological remains and environmental sources. The use
of multiple isotopic systems (O, Sr, C, N, S) alongside other evidence (historical,
archaeological, or genetic) allows for the most robust assessment of mobility within the
archaeological record.
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