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ABSTRACT

This study is the first application of strontium (8Sr/®°Sr) isotope analysis to identify
human mobility patterns during the southeast Iberian Copper Age (3100-2200 BCE).
Human (n = 93) and faunal (n = 23) tooth enamel were sampled from the site of Camino
del Molino (Caravaca de la Cruz, Murcia, Spain), a dense communal burial pit in
continuous use during cal. 2800-2400 BCE. Results show twelve human individuals and
two of the fauna, an ovicaprid and a canid, are likely migrants to the burial area,
exhibiting 8Sr/%Sr values higher than the fauna-defined local biologically available Sr
isotope range (0.7064-0.7107). The identified non-locals were all adults and included
both females and males. These migrant individuals were found throughout the burial,
however, the number of migrants were highest in the upper most levels. The local male
population had a greater Sr isotope variation in comparison to the local female
population, which supports a gendered division of mobility. Inter-site comparison within
the Iberian Peninsula showed the local biologically available 87Sr/%®Sr values at the sites
La Pijotilla and Perdigdes from the Ossa-Morena Zone had comparable 8’Sr/®Sr ratios
with the majority of non-local Camino del Molino individuals and, potentially, reflect a
transhumant pastoral orbit between these two regions. The Sr isotope results endorse
transhumance as an important economic practice at Camino del Molino. Overall, this
research supports potential wide ranging networks between Iberian Copper Age

communities.
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Introduction

Migration is a dynamic, multilayered process that is fundamental to all human
activity and affects how individuals, communities, and cultures spread, expand, and
change (Anthony 1997; Burmeister 2000). Archaeologists use a variety of methods to
identify and understand mobility, including artifact provenance, mortuary practices, grave
goods, and historical documents. Starting in the late 1980s, biochemical analyses of
skeletons were able to identify migrant individuals in burial populations. Ericson (1985)
and Sealy (1989) were the first to apply strontium isotope analysis to answer questions on
archaeological human migration practices. Strontium isotope analysis uses direct
evidence from skeletal tissue to help determine if an individual is local to the area of their
burial site or of non-local origin. Over the last 30 years, studies using strontium isotopes
have demonstrated its utility in understanding the mobility patterns of humans and
animals in the past (e.g. Bentley et al. 2003; Bentley et al. 2004; Britton et al. 2009;
Evans et al. 2006; Knudson and Price 2007; Montgomery et al. 2000; Nehlich et al. 2009;

Price et al. 1994a; Price et al. 1994b; Price et al. 2001; Price et al. 2004; Wright 2005).

The purpose of this thesis is to investigate the provenance and possible mobility
patterns of the individuals interred at the Camino del Molino burial through strontium
isotope analysis. It will be the first application of this analysis to investigate mobility at a
southeast Iberian Copper Age site. Camino del Molino was a unique mass burial
discovered in Caravaca de la Cruz (Murcia, Spain) and excavated in a salvage operation.

The burial contained approximately 1300 individuals and was in use from the mid- to



late-Copper Age (cal. 2800-2400 BCE). Studies of movement during the Copper Age in
southeast Iberia have focused on the provenance of copper metallurgy, pottery shards, and
grave goods. However, these particular approaches only provide indirect evidence of

human mobility and cannot assess movement on an individual human scale.

This study’s primary aim is to establish if non-local individuals can be identified
at Camino del Molino. Furthermore, as this is the first strontium isotope analysis of a
southeast Iberian Copper Age population, it will serve as a base study to build an
understanding of mobility within this region. Consequently, the main questions this thesis
aims to answer are as follows. How mobile were the individuals interred at Camino del
Molino? What are the demographic and temporal based mobility patterns within the
sample population? Where are the potential origins of those non-local individuals? What
does this mobility signify for the social and economic interpretations of Camino del

Molino and the southeast Iberian region?

This thesis is organized into seven chapters. Chapter two provides the
archaeological background to establish the cultural context for this study. It presents a
concise history of the southeast Iberian Neolithic, Copper Age, and Bronze Age as well as
a summary of the region’s climate and geology. Then, an overview of the study site of
Camino del Molino, including the osteological material, grave goods, and information on
the associated settlement site of Los Molinos de Papel is given. Chapter three provides a
theoretical background of the approach to strontium isotope analysis and how strontium is

used as a correlate for human mobility. There is a brief summary of the natural strontium



isotope variation within geology and how this variation transitions into the biosphere,
eventually becoming part of human skeletal tissue. The chapter will also further describe
the geological substrate underlying Camino del Molino and the expected local Sr isotope
signature for the area. Additionally, the problems and limitations associated with this
analysis will be discussed. Chapter four outlines the specific analytical techniques
employed to obtain strontium isotope values for the human and faunal remains. This
includes the sample selection process, mechanical and chemical preparation of the tissue,
and the isotope ratio measurement from the mass spectrometer. Chapter five presents the
results of this isotopic analysis. It establishes a local strontium isotope range for the
Camino del Molino site using the faunal isotope results and identifies the non-local
individuals. Chapter six interprets the strontium isotope results of the identified non-local
and local individuals to discern mobility patterns within the data. This chapter also
discusses faunal mobility, the potential origins for the non-local individuals, and the
implications this movement might have had on the broader cultural framework of the
Iberian Peninsula Copper Age. Chapter seven summarizes the conclusions of this study
and provides considerations for future research on mobility during the southeast Iberian

Copper Age.



Site Context: Southeast Iberian Copper Age and Camino del Molino

2.1 Introduction

The region of southeast Spain has a long tradition of archaeological research that
began in the 1880s with the work of Louis and Henri Siret (1887). The Siret brothers
focused much of their research on metals and grave goods of southeast Spanish
archaeology. The richness and often foreign origin of the grave goods in the region were
theorized to be an indication of a wide-reaching, stratified society (Chapman 1990).
Therefore, it was considered one of the key regions in the West Mediterranean for
understanding the emergence of cultures with greater social complexity (Chapman 1990,
2003). However, the sites and, in particular, the graves excavated by the Sirets’ and their
contemporaries were not done with anthropological supervision and much of the
contextual information concerning the osteology and funerary practices was lost (Diaz-
Zorita Bonilla et al. 2012). More recent fieldwork has focused on the stratigraphic
excavations of major sites, such as EI Malagon (Arribas et al. 1974; de la Torre and Séez
1986), Cerro de la Encina (Arribas et al. 1974), Los Millares (Almagro Basch and Arribas

1963; Gilman 1987), and Almizaraque (Almagro Gorbea 1973; Micé 1991) (Figure 2.1).

This chapter presents the geological and archaeological context for the burial site
of Camino del Molino. A brief summary focused on southeast Spain’s development
during the Neolithic, Copper, and Bronze Ages provides information of common cultural,

economic, and funerary practices. Studies of the movement and trade of goods has been a



focus for this region and provides indirect evidence of human mobility practices

(Chapman 1990, 2008).

2.2 The Study Region

Southeast Iberia refers to the coastal lowlands of the modern provinces of Almeria
and Murcia, as well as part of eastern Granada (Chapman 2008; Gilman and Thornes
1985) (Figure 2.1). The region has a typical Mediterranean climate with warm, dry
summers in June-September and mild, wet winters (Gilman and Thornes 1985). The
lowland coastal areas are the most arid with low, unpredictable precipitation (less than
400 mm annually on average) and high evapotranspiration rates. Low scrubland
vegetation including thorny scrubs, esparto grass, and aromatic shrubs (i.e. rosemary)
dominate the landscape and become denser further inland within less arid, mountainous
areas. The climate of southeast Spain has remained stable over the past 6000 years
allowing current environmental conditions and vegetation patterns to be used in

prehistoric reconstructions of the area (Gilman and Thornes 1985).
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Figure 2.1 Simplified map of major southeast Spanish Copper Age archaeological
sites: Cerro de la Encina (Arribas et al. 1974), Los Millares (Almagro Basch and
Arribas 1963; Gilman 1987), El Barranquete (Almagro Gorbea 1973; Mic6 1993),
Almizaraque (Almagro Gorbea 1973; Mic6 1991), and El Malagon (Arribas et al.
1974; de la Torre and Saez 1986). The map also shows the study site, Camino del
Molino (Lomba et al. 2009), indicated by a star.

Adapted from Chapman 2003



2.2.1 The geology of southeast Iberia

Southeast Iberia is dominated by the Betic Cordillera geological formation just
south of the Iberian Massif (Gibbons and Moreno 2002) (Figure 2.2). The Betic
Cordillera is the westernmost section of the European Alpine Belt and forms an arc
shaped mountain range connected to the Rif Cordillera in Africa through the Straits of
Gilbraltar. The Betic Cordillera began its formation in the Mesozoic Era (252-66 Ma) and
consists of four main areas: the Guadalquivir River Basin, the flysch unit of the Gibraltar,
the Internal Betics on the coast, and inland External Betics (Sanz de Galdeado 2000). The
majority of southeast Spanish Copper Age sites, including the site in this study, are

located on the Internal and External Betics Zone.

The Betic Cordillera formed in part as a reaction to both the extension and then
convergence of Iberia and Africa (Gibbons and Moreno 2002; Sanz de Galbreado 2000).
During the Triassic (252-200 Ma), the Iberian plate began moving eastward as a result of
the western Mediterranean extending and forming oceanic crust, gradually opening the
area to the Atlantic Ocean and displacing the African plate to the east (Sanz de Galdeano
2000). In the Cretaceous (145-66 Ma), this opening eventually caused the Iberian plate to
rotate anticlockwise and begin convergence with the northern part of the African plate.
The area of the Internal Betics was separated from both plates during the first

convergence, which created a passive margin between itself and the Iberian plate. A
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Figure 2.2 Simplified geology map of the Iberian Peninsula showing the
major components and age of the geology. The study site, Camino del Molino, is
indicated by the star.

Adapted from Vera 2004




passive margin is a place of transition between the continental and oceanic crust formed
by the deposition of sedimentation (Gibbons and Moreno 2002). Subsequent compression
events, especially during the Neogene (23.03-2.588 Ma), joined the Internal Betics with
the Iberian Massif, folding the passive margin between them into what is now known as
the External Betics. Despite a more recent formation, the External Betic is comprised of
Mesozoic age sedimentation deposited through the passive margin and gradually formed
sedimentary rock. Both the Internal and External zones are primarily comprised of
Triassic-Miocene sedimentary rocks, including limestone, marlstone, lutite, and sandstone

(Aguirre et al. 2007; Geel et al. 1992; Martin et al. 2009).

2.3 Southeast Spanish Copper Age

The chronology of southeast Spain since the arrival of farming communities is
traditionally divided into three periods based on technological and social changes:
Neolithic (5600-3200 BCE), Copper Age (3200-2250 BCE), and Early Bronze Age (or El
Argar culture) (2250-1550 BCE). Although, this current chronological framework is not
fixed between the Neolithic and Copper Age periods. This section summarizes the major
characteristics of each period and the common burial practices. An emphasis is placed on
the Copper Age, rather than the Neolithic or El Argar, as the site examined in this study,

Camino del Molino, was in use during this time period.

2.3.1 Neolithic
The Neolithic of southeast Spain (c. 5600-3200 BCE) is commonly characterized

by small, ephemeral sites of a highly mobile population (Chapman 1990). Archaeological
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surveys of the southeast area show a low density of Neolithic sites, approximately 1 per
165 km?, and provide little evidence of standing structures or agricultural production
(Chapman 2008). Similarly, there is scarce information concerning Neolithic burial
practices (Diaz-Zorita et al. 2012; Garcia Sanjuan 2009). The known burial sites are
communal and located in extra-mural stone tombs or natural caves. The stone tombs mark
the first known appearance of the megalithic tomb funerary practice in southeast Spain
(Leisner and Leisner 1943). The scarcity of modern excavations of Neolithic grave sites
makes it difficult to infer common funerary practices or demographic information during
this time period. Grave sites that have been excavated and dated include Cerro Virtud
(Montero Ruiz et al. 1999), Cueva de Nerja (Aura et al. 2006; Jorda and Aura 2008), and
Cueva de Murciélagos de Alnufiol (Cacho et al. 1996). Overall, the Neolithic has not been
as well-researched and few larger-scale excavations or artifact analyses have been
undertaken to provide more accurate data on the mobility patterns, agricultural

production, and social relations during this period (Chapman 2008).

2.3.2 Copper Age

The archaeological record of the Iberian Copper Age is more clearly defined than
the Neolithic. The transition to the Copper Age is seen through increases in settlement
size, the production of copper metallurgy and an intensification of labour investment in
the construction of domestic structures, megalithic tombs, and site fortifications
(Chapman 1990, 2008). Major Copper Age sites that have contributed to the knowledge
of this time period include La Pijotilla (Hurtado et al. 2000), EI Malagén (Arribas et al.

1974; de la Torre and Saez 1986), El Barranquete (Almagro Gorbea 1973; Mic6 1993),
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and Los Millares (Almagro Basch and Arribas 1963; Gilman 1987) (Figure 2.1).
Radiocarbon dates from these main sites and graves define this period from cal. 3200-

2250 BCE.

The number of sites known through both survey and excavation increase
significantly during the Copper Age in southeast Spain. Settlements established during
this period are generally small at less than one hectare. However, Las Pilas and Los
Millares increased greatly in size during the Copper Age, eventually spreading out over
five hectares. Many of these Copper Age sites were fortified with enclosing stone walls,
external defense forts, and gated entrances (Esquivel and Navas 2007; Molina and
Céamara 2002). The extra-mural megalithic tombs were built larger and more complex
than during the Neolithic, including false corbelling over the main chambers and added
side chambers. Inside the enclosing walls, dome shaped domestic structures were built
with stone foundations and timber superstructures. This rise in the number and size of
settlements as well as the increase of labour invested into the site structures has been

interpreted as evidence of a more sedentary population (Chapman 1990).

There is also evidence for agricultural production at the Copper Age sites based
on the presence of domesticated wheat, barley, and legume species (Delibes et al. 1986).
Barley, a drought tolerant crop, is the most frequent seed found in excavated storage pits.
Instruments of agricultural production such as grinding stones, stone axes and adzes, flint

items and storage pots, are also found (Almagro Basch and Arribas 1963; Gilman 1987).



12

Faunal studies show evidence of animal husbandry of cow, goat and sheep species, which

were used for both primary and secondary products (Chapman 1990).

Copper metallurgy increased during this period in southeast Spain and evidence of
copper working areas can be found within settlement sites. Surveys of the region place
over half of the Copper Age sites within 10 km of a copper deposit (Chapman 2003).
Trace element analyses of copper artifacts have found them to be manufactured from
locally mined ore, often from a settlement’s closest copper source (Montero 1993). The

most common copper artifacts found are axes, awls, saws, chisels, and knives.

Burial and funeral practices have been integral to the understanding of trade
networks and social relations during this time period. Copper Age burials are most
commonly found in artificial pits and megalithic tombs (Diaz-Zorita et al. 2012). These
burials are communal and rarely contain more than fifty individuals. The interred were
often repositioned after their initial interment, usually to be relocated to the sides of the
pit or tomb chamber walls. The demographic profile of the graves is shown to be
generally representative of the population and do not appear to be exclusive based on age
or sex of the individuals. However, the extra-mural megalithic tombs at Los Millares are
believed to represent kinship groups within the settlement’s population (Chapman 1981,
1990). Proximity to the settlement site, the increase of labour investment put into the
tomb structure, and the richness of the grave goods are thought to be indicators of higher
ranked kinship groups at Los Millares (Mathers 1984; Chapman 2003). Commonly

excavated grave goods in Copper Age communal burials include pottery vessels, copper
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awls, flint blades and arrowheads, as well as more ornamental objects, such as beads and
figurines. Prestige grave goods were often of foreign origin, including ivory and ostrich
eggshell from North Africa, jet from Sierra Morena in southern Spain, and chlorite from
northeast or northwest Spain (Harrison and Orozco-Kohler 2001). During the later
Copper Age, the Beaker material assemblage was introduced to the southeast Spanish
region and is commonly found in burial contexts as prestige grave goods (Harrison 1977).
The Beaker material culture consists mainly of decorated pottery and styled lithics. This
assemblage is found throughout the Iberian Peninsula, England, and the European

continent during the late Copper Age and early Bronze Age.

At the end of Copper Age (~2400-2200 BCE), there is evidence of increased
fortifications being constructed and a preference to building new structures on more
easily defendable locations, such as hilltops (Chapman 2003). It has been inferred that
there was an increase of social tension and, potentially, physical conflict in the region.
Almost all of the Copper Age settlements were razed or abandoned during the transition

to the Bronze Age.

2.3.3 Bronze Age

The transition to the Bronze Age marks a distinct change in the architecture,
material culture, and mortuary practices of the southeast Spanish region (Chapman 2003,
2008). It has been hypothesized that this cultural shift was provoked by a foreign culture
entering and, possibly, invading the region. The Copper Age settlements were deserted

and the area’s population nucleated at new sites. The domestic structures at these new
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sites were built rectangular instead of circular. Communal burial practices were
abandoned in favour of individual interments underneath these domestic structures. The
individual burials contained personal items symbolic of one’s wealth as well as gendered
grave goods. For example, females were buried with awls and daggers, while males are
found with halberds, swords, and axes. The Bronze Age also brought standardization in
the production of pottery and metal goods, highlighting the regional homogeneity. As
expected, there was also a great increase in the manufacture of bronze weapons: halberds,
knives, axes, spears, and arrowheads. Many archaeologists believe that these changes of
social and production inequalities represent an early state society (Aranda and Molina

2006; Camara 2001; Chapman 2003; Lull 2000).

2.4 Camino del Molino
2.4.1 The burial site

Camino del Molino is a Copper Age communal burial found in the city of
Caravaca de la Cruz, Murcia, southeast Spain (Figure 2.1). The site was discovered
during the construction of a modern building and excavated from February to November
2008 in a salvage operation. It is a dense burial pit, roughly 2 m deep, which contained a
minimum of 1300 individuals representing a broad demographic profile. Radiocarbon
dates from twenty-one bone collagen samples spanning the burial sequence determined
that the site was continuously in use from cal. 2800-2400 BCE or the mid-late Copper

Age (Lomba et al. 2009).
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Figure 2.3 Photograph of the Camino del Molino site during excavation. The
dotted line shows the original size and shape of the burial. (Lomba et al. 2009).
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The Camino del Molino burial is defined by a bell-shaped cavity witha 7 m
circular base (Lomba et al. 2009) (Figure 2.3). The pit is a natural hollow approximately 4
m deep, however, the burial is only found within the lower 2 m. There are clear human
modifications to the ground surface and the walls of the cavity. The base had a thin layer
(1-2 cm) of spread yellow clay, followed by a layer of charcoal (1-2 cm) upon which
ceramic fragments were placed horizontally to make the floor of the burial. The walls
were modified in various sections to standardize the natural shape of the cavity and
perforated to support an interior structure. The top half of the site was destroyed in the
early twentieth century as a result of agricultural terracing but the damage was limited to
the upper portion of the cavity, affecting the cover of the burial but not the deposit itself.
Within this damaged portion of the cavity, it is believed there was a 2-3 m opening at the
top of the cavity where the walls converged. This opening is thought to have been the
only access point to the burial based on the natural morphology of the cavity and the

placement pattern of the interred.

2.4.2 The osteological analysis of Camino del Molino

The site contained a minimum of 1300 individuals; approximately 30% of the
individuals interred are juvenile (under the age of nineteen with mostly undetermined
sex), while the remainder are both females and males of all age categories (Lomba et al.
2009). The interred at Camino del Molino were subject to a pattern of repositioning that
created a complex skeletal arrangement within the pit. This pattern began by the primary
placement of the individual onto the pit bottom alongside the perimeter wall, most often

on their side in a flexed position with arms crossed over their chests (Figure 2.4). After a
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period of time (or coinciding with subsequent burials) the individual was moved towards
the center of the pit. The relocated remains were arranged in no apparent order and the
majority of the pit’s center contained highly fragmented skeletons with little or no
anatomical connection (Figure 2.5). The bodies were most likely only partially
decomposed during the repositioning because some still maintained partial joint
articulation and, in a few cases, are complete skeletons. Only 175 individuals were found
fully articulated, the majority of them were the primary and final interments.
Repositioning the interred is a common Copper Age burial practice but the movement of

bodies to the center rather than the cavity wall is less customary (Diaz-Zorita et al. 2012).

In contrast to the appendicular skeleton, most of the crania were not relocated to
the center but, instead, they were placed next to the perimeter walls (Figure 2.6). Lomba
et al. (2009) hypothesized that this intentional placement of the crania was to protect them
from environmental damage caused by the overhead entrance, which would allow
rainwater and sediment to collect in the center during the wet season. This practice of
cranial repositioning is not exclusive to Camino del Molino and is also found in the tombs
of the Copper Age site El Barranquete (Almagro Gorbea 1973). The majority of the
megalithic tombs at El Barranquete display the same pattern of cranial placement against
the walls, most notably in Tomb 7 (Almagro Gorbea 1973: 249, Plano XXIII). However,
there is no evidence of flood damage in the tombs of El Barranquete. Therefore, this
particular cranial rearrangement may not be just for protection against nature but also a

deliberate symbolic burial practice.
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The skeletal repositioning pattern continued throughout the use of the site, altering
during its final phase where the level contained unmoved, fully articulated individuals.
The intra-tomb movement did cause a significant amount of damage to the interred
skeletal remains, particularly those in the center of the pit. However, it allowed for the
continual deposition of individuals from the settlement, maintaining a link between the

living, the newly deceased and the community’s ancestors.

In addition to the anthropological record at Camino del Molino, there were at
least fifty canid skeletons found as well as isolated remains of ovicaprids, rabbits,
rats/mice, lizards, and pigs. The fauna were subject to the same perimeter-to-center
repositioning pattern and were found dispersed throughout the burial sequence. This does
not suggest all the fauna movement was on purpose and part of the funerary practice;
some of the animals, such as the rats and mice, may have entered accidently. However,
the majority of the canid skeletons were found fully articulated despite being relocated
within the pit. Burial practices incorporating dogs are present in southeast Spain but are
generally found in repurposed storage pits of individual or double canid interments (Diaz-
Zorita et al. 2012; Lomba et al. 2009). The presence of dogs within a Copper Age burial
site has been interpreted as evidence of animal husbandry or shepherding, an activity that
was developed during this time period and which later became a notable economic
activity during the Bronze Age (Chapman 1990; Lomba et al. 2009). Canids present in the
Camino del Molino burial may indicate the value of this type of economic activity within

the surrounding Copper Age community and their inclusion in the tomb could be viewed
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Figure 2.4 The primary burial position  Figure 2.5 This photograph shows the
at Camino del Molino was flexed on their  articulated individuals located next to the
side with arms crossed over the chest. perimeter wall and, as one moves further
Photograph courtesy of Joaquin Lomba towards the center of the pit, the remains
become unarticulated.
Photograph courtesy of Joaquin Lomba

Figure 2.6 This photograph shows the preservation of
the crania on the perimeter wall.
Photograph courtesy of Joaquin Lomba
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as a prestige grave good, a personal item, or a symbolic object related to their belief

system.

2.4.3 Grave goods

In comparison to other Copper Age communal burials in the region, Camino del
Molino contained a low number of grave goods (Lomba et al. 2009). The grave goods
followed the same perimeter-to-center movement pattern, making it difficult to discern if
an individual was interred with personal items and, if so, which item(s) belonged to which
individual(s). Some of the artifacts found that could be personal items include various
necklaces, beads, copper punches, and a large flint blade approximately 32 cm in length.
Other grave goods identified within the burial were various bone and flint tools, five

polished axes, sixty arrowheads, and approximately 200 ceramic vessels.

The majority of the ceramics present were highly fragmented, most likely as a
result of the skeletal rearrangement. Among the vessels there was only one decorated
ceramic piece, a cup with horizontal incised chevrons and the ocular design of Los
Millares. There were several keeled pieces located in the final levels of the burial and are
traditionally considered part of the Bronze Age material assemblage, although they can be
found in sites from the late Copper Age. The fragmentary flint daggers, blades, scrapers,
and flakes are common funerary items in the Murcia region, especially during the late
Copper Age, and are believed to have been sourced from the Archivel area west of the

site or from Jumilla to the east (Lomba et al. 2009). The flint items also included various
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tips from concave blades of the Beaker material assemblage found in the final layer of the

site.

While the mass extra-mural funerary practice at Camino del Molino was common
in this region during the Copper Age, the high number of individuals buried at the site is
beyond comparison (Lomba et al. 2009). The closest example on the Iberian Peninsula is
the early Copper Age site of San Juan Ante Portam Latinam in the Basque Country where
338 individuals were interred (Vegas 2007). During this period in southeast Iberia, the
number of individuals in these communal burials rarely reached over one hundred and
was more often less than fifty (Chapman 1990; Diaz-Zorita et al. 2012; Lomba et al.
2009). Furthermore, neither the high number of interred nor the demographic profile of
the site follow the interpretation that these communal tombs signified membership to a
kin group. As such, Camino del Molino did not represent a select familial group, but
rather could be the majority of the inhabitants from an adjacent village site, such as Los

Molinos de Papel.

2.4.4 Los Molinos de Papel

Los Molinos de Papel is located approximately 400 m away from Camino del
Molino and was partially excavated from September 1999-August 2000 as part of an
urban expansion (Martinez 2005). Based on the dates from the stratigraphy and ceramic
typology analysis, this settlement was active from the Final Neolithic into the late Copper
Age. The site was comprised mainly of stone-based circular houses and many agricultural

storage pits. Artifacts from the domestic structures include various ceramics, awls, ivory
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objects, sickle teeth, scrapers, stone mills, and a weighted loom. Most of these items are
typical for a southeast Spanish Copper Age site and are comparable to those found at

Camino del Molino (Chapman 1990; Lomba et al. 2009; Martinez 2005). There is also a
high frequency of well-developed blades and arrowheads that are thought to be evidence

of a small lithic industry at Los Molinos de Papel.

Los Molinos de Papel also contained two double burials dated to the late Copper
Age (Martinez 2005). Burial | was a double interment found inside a storage pit near one
of the houses. Both individuals were buried in the fetal position with personal items: a
bone button with an incised “V” found along the shoulder blades of one individual and a
Palmela copper arrow between both skeletons. Burial 11 was found in a pit beneath one of
the houses and was also a double burial. However, the preservation of the skeletons was
poor due to the strong acidity of the soil. These individuals were also interred in the fetal
position and found with two artifacts: a silver ring and a bone button. Lacking absolute
dates from these two burials and without a clear chrono-archaeological attribution, it is
unknown whether the Camino del Molino site was still in use when these individuals
were buried. If the site was in use, it is not clear why these individuals were buried at the

settlement site instead of the communal tomb at Camino del Molino.

During the late Copper Age, the village was razed and abandoned (Martinez
2005). Also around the same time (~2400 BCE), the Camino del Molino burial was

closed and the final interments remained fully articulated and unmoved (Lomba et al.
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2009). This follows the pattern of destruction and desertion occurring throughout

southeast Spain in the transition to the Bronze Age.

2.5  Conclusion

Based on the archaeological evidence of both Camino del Molino and other
Copper Age sites in southeast Spain, we know that large exchange networks existed
within and beyond the region. Studies of the material assemblages show that objects were
very mobile and originated from various places on the Iberian Peninsula and even from
North Africa. Less information is known of the mobility of humans during this time
period in southeast Spain (Chapman 2008). The aim of this study is to use direct evidence
from the bone chemistry of the individuals interred at Camino del Molino to examine
human mobility patterns. Strontium isotope analyses were carried out on a sub sample of
the skeletal remains recovered from the Camino del Molino site to identify possible
migrant individuals. The strontium isotope approach to mobility research and how was it

used in this study is discussed in Chapter 3.
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Strontium Isotope Analysis in Studies of Human Mobility

3.1 Introduction

Archaeological mobility studies of the southeast Spanish Copper Age have
focused on analyses of artifact assemblages and the movement of material goods.
Assessing mobility patterns through strontium (Sr) isotope analyses of human skeletal
tissue is a more direct approach that has rendered successful results in archaeology (e.g.
Bentley et al. 2003; Bentley et al. 2004; Evans et al. 2006; Knudson and Price 2007;
Montgomery et al. 2000; Nehlich et al. 2009; Price et al. 1994a; Price et al. 1994b;
Wright 2005). Strontium isotopes were first used by Sealy (1989) and Ericson (1985) to
answer questions concerning an individual’s geographic origin. Since then, strontium
isotopes have been a frequently used tool to identify past human and faunal mobility
patterns. This chapter explains how strontium isotope ratios are used to identify local and
non-local individuals at the site of Camino del Molino. It will provide an understanding
of the basic principles behind strontium isotope ratios, their natural variation within
geology, and how they become incorporated into human skeletal tissues. Additionally, the
chapter will discuss the problems and limitations associated with strontium isotope

analysis and how they will be addressed for this study.

3.2 Strontium Isotopes
Strontium (Sr) is an alkaline earth metal (atomic number 38) and has four

naturally occurring isotopes with different abundances: 84Sr (0.56%), 8Sr (9.87%), &’Sr
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(7.04%), and ®Sr (82.53%) (Capo et al. 1998; Faure 2005). 8Sr, 8Sr, and 8Sr are stable
and their abundances do not vary over time. The proportion of 8’Sr does continually
increase through the radioactive decay of rubidium-87 (8’Rb). This decay occurs at an
extremely slow rate (8’Rb has a half-life of approximately 48.8 billion years) and allows
the radioactive isotope 8’Sr to be regarded as stable in archaeological studies (Faure 2005;
Pollard et al. 2007). The procedure in Sr isotope analysis is to measure 8/Sr relative to
83r, denoted as the ratio 8’Sr/%®Sr. These two isotopes are similar in abundance and

atomic mass, thereby reducing measurement errors (Faure 2005).

3.2.1 Strontium isotopes in geology

The 87Sr/®Sr isotope ratio in geology is affected by two main factors: the initial
composition of the rock and its age (Beard and Johnson 2000; Bentley 2006; Capo et al.
1998; Ericson 1985; Miller et al. 1993; Faure 2005; Montgomery 2002). Rocks composed
of minerals abundant in Rb, such as granite, are more enriched in radiogenic &Sr due to
the constant decay of 8’Rb. Newly formed rocks will have low 8"Sr/%Sr isotope ratios
because there simply has not been sufficient time for the decay of 8’Rb. Generally,
geology &Sr/®Sr values range from 0.703 in young, volcanic rock to 0.740 within older,
crustal rocks. Sr ratios can also be affected by post-formation alterations, such as
metamorphic activity and fluid-mineral interaction that change the amount of strontium or

rubidium within the rock.
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3.2.2 Strontium isotopes in the biosphere

Strontium isotopes are released from the geological substrate into the environment
through weathering (Bentley 2006; Faure 2005). The strontium isotopic signature of an
area will reflect the geological substrate Sr values but will not be an exact replication of
them. A local area will contain a wide range of 8’Sr/%®Sr values and Sr concentrations as a

result of diverse geology and differential weathering rates.

The Sr isotopic signature of a local area can be further modified through the
incorporation of non-local Sr source(s) (Aberg 1995; Andersson et al. 1990; Bacon and
Bain 1995; Bentley 2006; Blum et al. 2000; Capo et al. 1998; Land et al. 2000; Miller et
al. 1993). Surface waters, precipitation, and wind-blown dust contain strontium from
different geological substrates that mix with the local Sr signature. Strontium isotopes
from rivers generally have a high 8’Sr/®Sr as a result of weathering and erosion of the
more radiogenic, crustal rocks of the continents (Capo et al. 1998; Graustein 1989;
Wadleigh et al. 1985). The varying Sr isotope ratios from rivers enter the ocean,
effectively being mixed and homogenized by ocean currents and the long residence time
of Sr (~20 million years) (Aberg 1995). The ocean Sr isotope ratio has remained constant
at 0.7092 during the Holocene (the last 10,000 years) but has varied between 0.707-0.709
during the Paleozoic, Mesozoic, and Cenozoic eras (Bentley 2006; Faure 2005; White et
al. 2007). Coastal terrestrial environments can be affected by the contribution of

strontium from sea spray and rainwater modifying the geological Sr isotopic value to
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reflect the current 8'Sr/®Sr seawater ratio of 0.7092 (Bentley 2006; Hartman & Richards

2014).

Strontium released from soil, water, and atmospheric sources are incorporated into
both flora and fauna when it substitutes for calcium (Ca) (Blum et al. 2000; Elias et al.
1982). Plants contain high concentrations of Sr for use in cell wall development. These
plants are ingested by animals and the Sr isotopes are integrated into the organism’s
skeletal structure. The isotopic composition of strontium, as it moves through the food
chain, is not altered by biological processes or by changes in trophic level, and reflects
the 87Sr/8Sr signature within the local geology where the food originated (Beard and
Johnson 2000; Bentley 2006; Blum et al. 2000; Capo et al. 1998; Graustein 1989; Miller
et al. 1993). Strontium concentrations are, however, generally higher in herbivores
because plants contain more strontium than meat (Bocherens et al. 1994; Tuross et al.
1989). The Sr isotopes within the local flora and fauna represent the biologically available
Sr from the area’s geological substrate (Bentley 2006; Price et al. 2002; Schwarcz et al.

2010).

3.3 Strontium in Human Skeletal Tissue

Humans obtain trace amounts of strontium primarily from their diet and should
have a Sr signature characteristic of the bedrock, soil, and water in which their food items
were living (Bentley 2006; Bentley et al. 2004; Capo et al. 1998; Price et al. 2002). The
majority of the Sr in the human body is found in the skeletal tissues of bone and teeth

(Underwood and Mertz 1977). Strontium is incorporated into the skeletal tissue by
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replacing Ca in the carbonated hydroxyapatite [(Ca,Sr)s(PO4,CO3)3(OH)] (Boivin et al.
1996; Brudevold and Séremark 1967; Capo et al. 1998). Carbonated hydroxyapatite is
also known as biogenic apatite because it is found almost exclusively in skeletal tissue.
Bone, dentine, and enamel mineralize at different stages in life and reflect the local
geological 8/Sr/8Sr ratio during these periods of formation, mineralization, and
remodelling. The Sr uptake and turnover processes between the skeletal tissues of bone,
dentine, and enamel differ greatly. Understanding the formation, mineralization, and
remodelling processes of each of these skeletal tissues are essential to selecting an

appropriate material for analysing and interpreting Sr isotope data.

3.3.1 Bone

Bone in humans begins to form in utero and continuously remodels throughout an
individual’s lifetime. Strontium is homogeneously distributed into bioapatite structure of
bone tissue during formation and subsequent remodelling. Bone does not have a defined
chronological pattern of remodelling and turnover rates are highly variable between
individual bones, the type of bone, and the age of the individual. In infants and children,
bone turnover can exceed 100% per year as a result of growth spurts (Aufderheide and
Wittmers 1992; Stamoulis et al. 1999). The turnover of old bone tissue results in the
removal of the bioapatite and the previously incorporated strontium isotopes (Priest and

Van de Vyver 1990). Consequently, bone tissue does not maintain the Sr signature
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obtained during its initial formation and instead records a composite of Sr isotopes that

could reflect one or multiple geological residences.

The great individual variability in bone remodelling rates, and a lack of clear-cut
remodelling chronology, means unconnected movement events or multiple migrations
between geological regions and their corresponding Sr signatures would be amalgamated,
and, therefore, indistinguishable from one another. As a result, bone tissue is not suitable
sample material for strontium isotope studies of mobility patterns (see section 3.4
Diagenesis). Therefore, despite the availability of bone from the Camino del Molino site,

no strontium isotope analyses of bone tissue were attempted in this study.

3.3.2 Teeth

Teeth are the most durable part of the human skeleton and can potentially provide
extensive biological information on an individual, including age at death, ancestry, diet,
and health. Human teeth are formed and begin mineralization within the mandible and
maxilla bones during gestation (Hillson 2005). It is during this mineralization that
strontium isotopes become incorporated into the hydroxyapatite structure of dental tissue.
Teeth are composed of four tissues: enamel, dentine, pulp, and cementum (Figure 3.1). A
layer of enamel covers and protects the crown — the visible part of the tooth that erupts
through the gum tissue. Below the gums, the tooth root is covered by cementum and
attaches to the alveolar bone within the mandible and maxilla. Dentine composes the
majority of the tooth core and surrounds the pulp chamber. Pulp tissue within that

chamber connects the tooth to the bloodstream and nervous system. Strontium isotope
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Figure 3.1 Longitudinal cross section of a human pre-molar with anatomical
terms.
Adapted from Hillson 2005 and drawn by Author
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studies have often focused on enamel and dentine tissue in their analyses because of their

physical and chemical formation processes.

The tooth crown is covered by a layer of enamel, the hardest and most mineralized
tissue in the human body (Hillson 2005; Fincham et al. 1999; Mann 1997). It has < 3%
organic material and, unlike other skeletal tissues, does not contain collagen. Enamel is
formed by two unique proteins, amelogenin and enamelin, secreted by specialized cells,
called ameloblasts (Hillson 2005). Its formation and mineralization, called amelogenesis,
develops in a roughly sequential pattern from the top of the crown down to the
cementum-enamel junction. This sequential pattern does vary slightly between species

with humans having a less precise formation sequence than other fauna.

Amelogenesis occurs through the following phases: secretion, assembly,
formation, transition/resorption, and maturation (Hillson 2005). In the first stage, an
amelogenin-enamelin protein matrix is secreted by ameloblasts as they pull away from
the mineralized dentine at the enamel-dentine junction (EDJ). Crystallites form and
nucleate within this matrix. In the second stage, the ameloblasts assemble these
crystallites from the EDJ extending out to create a curved pattern, in which the
amelogenins are able to move through. In the formation stage, the crystallites are then
elongated into extremely thin, long ribbons that spread from the EDJ to the enamel
surface (Fincham and Simmer 1997; Mann 1997). As the ameloblasts approach the
enamel surface, the temporary protein matrix is resorbed by enzymes and tissue fluid

floods the empty space left by the matrix removal (Robinson et al. 1995). The crystallites
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resume growth, expanding from the EDJ to the enamel surface and gather to form densely
packed and organized mature enamel tissue (Simmer and Fincham 1995). Once enamel
mineralization is complete, the ameloblasts perish and the tissue becomes isolated from
the tooth’s blood supply located in the pulp chamber (Brudevold et al. 1977; Veis 1989).
Any organic protein content remaining is located primarily near the EDJ with negligible
amounts closer to the enamel surface. Without access to the bloodstream, enamel is
unable to remodel after mineralization and retains the strontium isotopic signature
ingested during its mineralization (Brudevold et al. 1977; Koch et al. 1997; Underwood

and Mertz 1977).

Dentine composes the bulk of a tooth and provides support for the enamel crown
as well as the pulp chamber. It has an organic content of ~20%, higher than that of
enamel, but it is harder and more mineralized than bone (Hillson 2005). Initial dentine
formation precedes enamel, however, the subsequent growth of both tissues occurs
simultaneously (Arsenault and Robinson 1989; Boyde et al. 1988; Diekwisch et al. 1995;

Fincham and Simmer 1997; Sasaki et al. 1997).

There are three forms of dentine: primary, secondary, and tertiary. Primary
dentine is located between the enamel-dentine junction and the pulp chamber. It is formed
before and during tooth eruption through the secretion of a pre-dentine collagen fibre
matrix by odontoblasts. As the odontoblasts retreat from the matrix, short carbonate
hydroxyapatite crystals are deposited and mineralized within this pre-dentine matrix

(Hillson 2005). After the completion of the tooth root, secondary dentine is continuously
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formed throughout the lifetime of an individual. The new dentine is produced around the
pulp chamber but the previously mineralized dentine is not resorbed. Its development is
similar to primary dentine but occurs at a much slower rate. Tertiary dentine is the least
common type, formed as a reaction to an external stimulus, such as caries. Only the
odontoblasts that are directly affected by the stimulus will form tertiary dentine. In
general, the majority of a tooth’s dentine does not significantly remodel during its lifetime
and its 8Sr/%8Sr ratios and Sr concentrations remain relatively consistent in life with

enamel Sr values from the same tooth (Brudevold and Séremark 1967).

Human teeth are preferred to bone in strontium isotope studies for two reasons.
First, dental development occurs in a predictable sequence over a finite period of time.
Humans are diphyodonts, growing a primary and secondary set of teeth (Tables 3.1 and
3.2). The first set, called deciduous or milk teeth, begin formation in utero and erupt
through the gums at around 6 months of age. There are 20 deciduous teeth in total (8
incisors, 4 canines, and 8 molars) and their eruption occurs in a relatively fixed sequence
(Table 3.1) (Hillson 2005). Deciduous tooth mineralization is not fully complete until the
individual is around the age of one year. The deciduous teeth begin to shed at age six and
are replaced by 32 permanent teeth: 8 incisors, 4 canines, 8 premolars, and 12 molars.
The first permanent molar (M1) forms in utero at approximately 30 weeks in gestation but
all other permanent dentition are produced after birth. The normal sequence of permanent
tooth eruption is found in Table 3.2 (Hillson 2005). The M1 is fully mineralized by age 5,

the rest complete mineralization by age 9. The third molar (M3) or wisdom tooth is more
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irregular in its development with some individuals never developing them at all.

However, in general, M3 enamel develops between ages 9 and 17 (Hillson 2005).

The second reason teeth are the preferred material in Sr isotope studies is the
resiliency of enamel and dentine tissue. Unlike the constant remodelling of bone, teeth are
relatively inert. Enamel and primary dentine do not remodel after mineralization and can
only be physically modified during life by attrition, breakage, or an external stimulus
such as caries. Without new dental tissue being produced or old tissue being resorbed,
enamel and primary dentine will maintain the Sr isotopic signature incorporated during
their initial mineralization. As described above, tooth enamel and primary dentine are
only formed in a fixed pattern during childhood. Using knowledge of dental
mineralization timings, enamel and dentine provide a reliable isotopic snapshot that
reflects the bioavailable Sr signature of the individual’s residence during this
mineralization period (Brudevold and Séremark 1967). For example, a permanent
premolar mineralizes from age 6-9 and integrates only strontium ingested during this 3
year period (Hillson 2005). After age 9, if no physical modification occurs, the premolar

enamel and primary dentine preserve the original Sr throughout the individual’s lifetime.
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Table 3.1  Deciduous tooth denomination, initial formation, and complete mineralization timing.
Adapted from Hillson (2005) and Montgomery (2002)

Dmo_o_.c.o% Abbreviation Initial ._uo::ma.o: Crown OoB_u_.mﬁm
Dentition (weeks in gestation) (months after birth)
Tooth Maxillary | Mandibular | Maxillary | Mandibular | Maxillary | Mandibular

First Incisor dit dis 13-16 13-16 15 2.5
Second Incisor di? di, 14.7-16.5 14.7-16.5 2.5 3
Canine/Cuspid dct dcy 15-18 16-18 9 9

First Molar dm? dm; 14.5-17 14.5-17 6 5.5
Second Molar dm? dm, 16-23.5 17-19.5 11 10
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Table 3.2  Permanent tooth denomination, initial formation, and complete mineralization timing.
The formation and crown completion are shown in years unless otherwise specified.
Adapted from Hillson (2005) and Montgomery (2002)
_umq_jw«._msﬂ Abbreviation Initial Formation Crown Complete
Dentition
Tooth Maxillary | Mandibular | Maxillary | Mandibular | Maxillary | Mandibular
First E B 34 | 34months | 4-5.25 355
Incisor months
Second 2 B 1012 g 4 vonths | 4-5.75 45
Incisor months
Canine/ 1 4-5
Cuspid C o] months 4-5 months 5.5-7 4.5-7
First = P 152 152 5-7.5 4.5-7
Premolar
Second P2 P, 225 225 6-8.5 6-8
Premolar
First M? M1 peri-natal | peri-natal 2.5-4.25 2.5-4
Molar o .
Second M2 M2 253 253 7-8 6.25-8
Molar
Third M? Ma -9 ~9 17-25 17-25
Molar
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3.4  Diagenesis

The use of skeletal tissue in archaeological isotopic studies can be further
complicated by the post-depositional process called diagenesis. Diagenesis is the
combined physical, chemical, and biological processes in the burial context that transform
and break down skeletal tissue’s original chemical and physical structure. After death, the
Sr composition of bone, dentine, and enamel tissue can be diagenetically altered to
become isotopically equilibrated with the burial environment (Beard and Johnson 2000;
Budd et al. 2000; Kohn et al. 1999; Pate and Brown 1985; Pate and Hutton 1988).
Isotopic alteration of the mineral phase occurs through the deterioration of the skeletal
tissue’s organic matter. As the organic matter decomposes, the tissue becomes more
susceptible to infiltration and incorporation of the labile Sr ions in groundwater. This is a
highly variable and environment-specific process that has an impact on the preservation

of the original Sr isotopic composition in bone and teeth.

In general, skeletal tissue Sr chemical diagenesis occurs on three different scales:
(1) permeation into the pores, (2) ionic exchange, and (3) recrystallization (Pate and
Hutton 1988). The first is the accumulation of strontium ions within the pore spaces of the
tissue. These ions enter through the porous tissue but do not incorporate into the chemical
structure of the hydroxyapatite. These separate strontium isotopes can be removed
through a weak acetic acid wash (Grupe et al. 1997; Price et al. 1992; Sealy et al. 1991,
Sillen and Sealy 1995). The second involves ionic exchanges between the groundwater
solution and the transitory Ca phosphate segments. Those transitory segments can be

converted to hydroxyapatite by exchanging ions from the burial environment. As with
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living skeletal tissue, Sr can substitute for Ca in these exchanges. This type of diagenetic
alteration can be difficult to identify and separate from the original hydroxyapatite
structure (Pate and Hutton 1988). At the third scale, diagenetic alteration causes a
recrystallization of the bioapatite structure (LeGeros 1991; Sillen 1989). This leads to an
increase in crystallinity to form larger, more structurally perfect crystals. These newly
formed crystals can be differentiated from the in vivo structure through Fourier
Transform Infrared spectroscopy (FT-IR) or X-ray Diffraction (XRD) techniques that
determine crystal formation. Factors such as soil composition, site hydrology, pH, and
temperature can all affect chemical preservation of the skeletal tissue; however, there is
no clear correlation between any of these factors and the degree of diagenetic Sr
replacement (Pate and Hutton 1988). In vivo Sr values of the skeletal tissue can be
partially or even completely replaced to, ultimately, reflect the isotopic composition of
the burial environment (Beard and Johnson 2000; Budd et al. 2000; Pate and Hutton

1988).

3.4.1 Diagenesis in bone, dentine, and enamel

Diagenesis occurs most frequently in bone and dentine because of their physical
and chemical structure. Both of these tissues contain higher organic content than enamel
and increase in porosity as they decompose (Beeley and Lunt 1980; Hanson and Buikstra
1987). This porosity allows Sr ions from the burial environment to filter in and can
potentially elevate the Sr concentration. Bone and dentine in their mineral phase are
structured with smaller crystals than enamel, giving them a greater surface area and

increase the opportunity for ionic exchanges between the burial environment and the
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apatite (Parker and Toots 1980; Pate and Hutton 1988). Bone and dentine Sr values are
more susceptible to diagenetic alteration and are, therefore, considered to be an unreliable
material to use in isotopic studies of migration (Bentley et al. 2004; Budd et al. 2000;
Kohn et al. 1999; Price et al. 2004; Sponheimer and Lee-Thorp 1999; Vuorinen et al.

1996).

Enamel, in comparison, is not as susceptible to diagenesis and has a greater
chance of retaining its in vivo Sr isotopic composition. Enamel tissue is more resistant to
diagenetic alteration than dentine and bone as a result of its lower organic content, larger
crystal size, structurally small pore space, and formation pattern. The minute amount of
organic matter (< 3% of the enamel tissue) lost during diagenetic decay limits the increase
in porosity and leaves little room for the Sr ions from the burial environment to
accumulate in. Furthermore, the enamel hydroxyapatite crystal is much larger and has less
surface area than bone and dentine (Neuman and Neuman 1953; Parker and Toots 1980).
The lower surface area of the crystal reduces the potential for ionic exchange between the
apatite surface and the labile Sr that can lead to the incorporation of Sr from the burial
environment into the apatite structure of the enamel. By weight, 97% of tooth enamel is
composed of a dense hydroxyapatite structure with little porosity. The density greatly
reduces gaps in the surface enamel and helps to prevent the infiltration of labile Sr ions
from the groundwater. Additionally, after the initial mineralization, enamel does not
remodel and the hydroxyapatite crystals present are fully matured. As a result, enamel is
more kinetically stable and resistant to the incorporation of Sr ions into its structure

(Budd et al. 2000; Kohn et al. 1999; Pate and Brown 1985; Price 1989).
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Overall, the fundamental characteristics of enamel make it a more reliable sample
material in isotopic studies than bone and dentine (Budd et al. 2000; Elias et al. 1982;
Koch et al. 1997; Lee-Thorp and van der Merwe 1991; Montgomery et al. 2000; Nielsen-
Marsh and Hedges 2000; Price et al. 2002; Price et al. 1994a; Robinson et al. 1986).
However, enamel is not impervious to diagenetic alteration. Mineralization, porosity, and
crystal size of enamel tissue will vary slightly depending on the age at death, sex, and
pathology of the individual, which can affect the preservation of the strontium isotopic

signature.

3.4.2 Methods to identify diagenetic material

Diagenetically contaminated samples of bone, dentine, and enamel should be
identified and taken into consideration during the interpretation of the Sr isotope data.
Several methods have been developed to identify markers that signify diagenetic change
in skeletal tissue such as increased crystallinity (Shemesh 1990), changes in the
calcium/phosphate (Ca/P) ratio (Sillen 1989), and the uptake of uranium (Millard and
Hedges 1996). Natural skeletal tissue will have fairly heterogeneous crystal structure but
through diagenetic alteration, and as a result of an increase in crystallization, the structure
becomes more uniform. This structural homogeneity is measured by infrared
spectroscopy, which registers the degree of homogeneity through the infra-red splitting
factor (IRSF) (Shemesh 1990; Wright and Schwarcz 1996). A crystallinity index was

developed from IRSF measurements (Shemesh 1990); the higher the index score, the
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more homogeneous the crystal structure is. Therefore, diagenetically altered skeletal

tissue will score higher on the index.

In the burial environment, skeletal tissues do not just absorb strontium from the
groundwater but uptake other detectable ions of elements, such as uranium and calcium.
Uranium (U) ions are absorbed into bone, dentine, and enamel from the groundwater and
the amount of U present within these tissues generally increases with the duration of
interment (Millard and Hedges 1996). Higher concentrations of uranium will indicate a
diagenetically altered tissue. Regarding Ca/P, the in vivo Ca/P ratio of skeletal tissue is
2.1:1 (Sillen 1989). Calcium from the burial environment permeate and saturate the
decomposing skeletal tissue, thereby altering the Ca/P ratio. An abnormal Ca/P ratio will,

therefore, also signify skeletal tissue that has been modified by diagenesis.

Overall, it is uncertain how useful these indicators are in determining the presence
or degree of Sr isotopic changes (Burton et al. 1999; Hedges 2002). However, they do
provide further confirmation of the susceptibility of bone and dentine tissue as well as the
resiliency of enamel to diagenetic alteration. Bone and dentine in a burial context will
contain diagenetically modified Sr isotopic values as a result of their physical and
chemical composition. In tooth enamel, there is less porosity, organic matter, and labile
apatite structures. Therefore, enamel is less likely to uptake uranium or calcium in
significant quantities (Kohn et al. 1999; Millard and Hedges 1996; Sillen 1989) and its
crystallinity index value remains constant (Sponheimer and Lee-Thorp 1999). Another

established method to check for contaminated enamel samples, and the one employed for
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this study, is to compare the 8Sr/®Sr ratios and Sr concentrations between the enamel
and primary dentine from the same tooth (Budd et al. 2000). Both tissues are formed at
the same time and should contain very similar in vivo Sr ratios and concentrations
(Brudevold and Séremark 1967). Contaminated dentine will often contain greater Sr
concentrations because of the addition and exchange of Sr within the tissue. It may also
have altered Sr isotope ratios that reflect a systematic shift towards the burial

environment Sr values (Budd et al. 2000).

3.4.3 Methods for removing diagenetic material

Currently, there is no proven physical or chemical method that will remove all
diagenetic Sr (Budd et al. 2000; Nielson-Marsh and Hedges 2000; Trickett et al. 2003). A
skeletal sample (bone, dentine, or enamel) can be pre-treated prior to analysis by washing
or leaching in a weak acetic acid to remove the accumulated Sr (Grupe et al. 1997; Price
et al. 1992; Sealy et al. 1991; Sillen and Sealy 1995), but these washings can remove as
little as 5% or as much as 40% of its total Sr concentration (Horn et al. 1994; Koch et al.
1992; Sillen and Legeros 1991). Furthermore, these treatments do not discern between
biogenic Sr and diagenetic Sr during the removal, compromising the in vivo Sr isotopic
signature of the sample in the process and are, therefore, not advisable to use. To mitigate
the effect of diagenesis, tissues more likely to have been altered in the burial
environment, such as bone or dentine, should be discarded and, in the case of dentine,

removed from the enamel sample prior to analysis.
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3.5  Local Bioavailable Strontium Signatures

Enamel, as a sample material, provides a potentially robust 8Sr/®Sr ratio that
reflects the geological residence during an individual’s different stages of childhood.
Strontium isotope analysis identifies migrant individuals by distinguishing samples
deemed ‘local’ (residents of the area around the burial) from those that are ‘non-local’
(individuals who were not from the burial environment). This ‘local’ Sr signature is
reported as a range of 8Sr/%®Sr ratios that reflect the burial environment’s biologically
available, or bioavailable, strontium. Correspondingly, a ‘non-local’ is any individual that
does not have 8’Sr/%Sr values within this ‘local’ range. An enamel sample that is
interpreted as non-local signifies the individual resided in at least two different geological
regions (the burial area and the childhood residence) and migrated sometime after the
mineralization of the tissue. There are several methods that are used to analytically
separate the local individuals from the non-local. Knowledge of the Sr isotope cycle and
the geology of the burial environment will provide a rough estimate of the local 8"Sr/®Sr
range. However, this estimate can be further defined by understanding the local
bioavailable strontium signature. Analyses of faunal remains from the archaeological
context will provide the local bioavailable Sr signature to establish the local limit that can

be compared to the enamel Sr values.

3.5.1 Geology
As described in Chapter 2 (Section 2.2.1), Camino del Molino is situated in the
anterior of the Subbetic region within the External Betics (Figure 2.2) (Gibbons and

Moreno 2002; Hoedemaeker and Leereveld 1995; McArthur et al. 2007; Moiroud et al.
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2012). During the late Jurassic to the early Cretaceous, the area was a passive margin
where Triassic-Cretaceous sedimentation and marine organisms were deposited over the
course of millions of years. Limestone beds alternating with marlstone interbeds comprise
the area surrounding Camino del Molino (Figure 3.2) (Hoedemaeker and Leereveld
1995). It is additionally noted that the geology present is well-preserved and was not
significantly metamorphosed after formation. Marine sedimentary rocks, such as
marlstone and limestone, have an expected 8Sr/%Sr isotopic range between 0.707-0.709
that is dependent on the Sr composition of seawater during its formation (Bentley 2006;
Sealy et al. 1991; Wright 2005). During the Mesozoic era, seawater Sr isotope values
ranged from ~ 0.707-0.708 (Bentley 2006; White et al. 2007). MacArthur et al. (2007)
conducted a study measuring the 8’Sr/%Sr values of three Subbetic sampling areas
surrounding Caravaca de la Cruz. One of these sites is on the Rio Argos, which is the
river directly next to the site of Camino del Molino. The 8/Sr/®Sr ratios at the Rio Argos
range from 0.7072-0.7074 and averaged 0.70726. This strontium value, taken directly
from the geology, provides a baseline Sr isotope ratio to help determine the local Sr range
at the site of Camino del Molino. Geological baselines, however, are limited. Sr isotope
ratios in bedrock and soil do not always accurately reflect the range of biologically
available Sr within the local area and, generally, can only distinguish non-locals if they

exhibit extreme &Sr/®°Sr values (Price et al. 2002).
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Figure 3.2 Detailed map of the geological substrates underlying Camino del
Molino, indicated by a star, and the surrounding area. Note the geological substrate for
the region is predominantly Mesozoic.

Adapted from Gibbons and Moreno 2002.
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3.5.2 Determining the bioavailable Sr isotope signature

The primary method to create a local Sr range that is reflective of the bioavailable
Sr is to use the average enamel 8’Sr/®Sr (+ 2 6) values of fauna from the archaeological
context. It has been determined that archaeological fauna provide a homogeneous, local
Sr isotopic range and are a good proxy for assessing the Sr sources that are biologically
available to the human population (Bentley et al. 2004; Blum et al. 2000; Price et al.
2002). Faunal remains from the archaeological site are preferred over modern samples
because they reduce the effect of modern imported food sources and anthropogenic

pollution on the local Sr ratios (Bentley et al. 2004).

The Sr isotope signature of any fauna will always be dependent on the geological
variability of the area within their home range. Therefore, the species and their natural
home range should be taken into consideration when using fauna as proxy for the local
bioavailable Sr. In general, large herbivores will have larger home ranges and will be
more likely to graze on a variety of geological substrates. As a result, these species will
record a 8"Sr/®Sr ratio representative of the broader area. Smaller animals, such as mice
and snails, exploit much smaller areas and will usually provide a correspondingly more

defined Sr isotope ratio range.

Price et al. (2002, 2004) have obtained successful results using herbivorous
species that eat a range of plant material from their small home range, such as mice,
guinea pigs, rabbits, squirrels, and snails. As diet is the main source of strontium in

humans, testing an omnivorous species with a moderate home range can also provide a
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picture of the Sr available to the local population. Bentley et al. (2004) investigated the
use of domestic pig samples from archaeological contexts to define the local Sr limit. The
advantage of using domestic pigs centers on the assumption that it will ingest a very
similar diet to the human owners. However, domesticated animals can be highly mobile,
as a result of trading or herding practices, and their Sr isotope values may not correspond
to the ‘local’ bioavailable Sr signature (Pellegrini et al. 2008; Towers et al. 2010). To
define a robust local limit, it is recommended to use a variety of animal species with
small and large home ranges to accurately reflect the local Sr isotope ratio range within
the human populations. Enamel tissue as sample material is preferred over bone and
dentine because, like human remains, fauna are also subject to diagenetic alteration in the

burial environment.

3.6 Conclusion

Sr isotope analysis is an established method in archaeology to determine possible
migrant individuals. The radioactive decay of ’Sr allows for geological areas to have
specific Sr isotope signatures that are absorbed and reflected in the local flora and fauna.
This bioavailable Sr is then absorbed into human skeletal and dental tissue through food
and water sources. Bone, dentine, and enamel will contain Sr isotope ratios that are
reflective of local Sr signature where these tissues formed and mineralized. Dental
enamel, because of its inert properties and predictable formation schedule, is the preferred
material in archaeological Sr analyses. To determine whether an individual is local or
non-local to a burial site, a local Sr range for this site must be found. In this study,

combined published information on the geology of southeast Iberia as well as Sr isotope
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analysis of the archaeological fauna from the site of Camino del Molino help to create a
robust local Sr range. Chapter 4 will describe the exact analytical methods used to obtain

the 87Sr/%8Sr ratios from the Camino del Molino human and faunal dental tissue.
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Analytical Methods

4.1 Introduction

A subset of the human (n = 93) and animal (n = 25) teeth uncovered during the
excavation at Camino del Molino were collected and mailed to St. John’s, Newfoundland,
Canada. This subset served as the material basis for the Sr isotope study conducted. The
methods used to sample, prepare, and measure strontium isotopes from the dental tissue

are discussed in this chapter.

4.2  Sample Selection
4.2.1 Human samples

Of the thirteen hundred humans buried at the site of Camino del Molino, ninety-
three individuals were selected for this study. These ninety-three subjects were well
preserved and could be clearly identified as separate individuals. They were also chosen
to represent both the temporal and demographic span of the site. The osteological study of
the ninety-three sampled individuals from Camino del Molino was undertaken by Maria
Haber Uriarte (Haber Uriarte et al. 2012) at the University of Murcia (Murcia, Spain).
The basic demographic information collected from these skeletons included individual
age-at-death estimates, the sex of the adult individuals, stature estimation, and
paleopathology. These data are used to identify the demographic profile of the human

population at Camino del Molino.
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Table 4.1 presents the estimated age at death of the ninety-three individuals from
Camino del Molino selected for strontium isotope analysis. The biological age categories
were used in the osteological study of Camino del Molino individuals and applied here
for continuity (Haber Uriarte et al. 2012). The categories are defined as: Infant (0-2
years), Child (3-12 years), Adolescent (13-19 years), Young Adult (20-35 years), Mature
Adult (36-50 years), and Elderly (>51). The individuals that were identified as adult but
not further classified into more defined age categories were placed into the category of

Adult (>20 years).

Of the ninety-three individuals examined, forty-five were estimated for sex (48%
of the sample population) (Table 4.1). The remainder were in poor or incomplete
condition and no sex estimate was possible. Individuals identified as female form 42% of
the ‘sexed’ sample population (nineteen individuals) and are most often categorized as
Young Adult (20-35 years). Females comprise the majority (60%) of the Adolescent age
category (13-19 years). The number of identified males is twenty-six (58% of the ‘sexed’
sample population) and the majority are classified as Young Adults. Males are well
represented in the Mature Adult (36-50 years) and Elderly (<51) categories, comprising

67% and 100% of these age categories, respectively.
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Table 4.1 The age-at-death and sex demography of this study’s sample

population. Note the age categories and ranges were used in the
Camino del Molino osteological study by Haber Uriarte et al. (2012).

Indeterminate

Age Category Male Female | or Unknown | Total
Infant (0-2) * * * 0
Child (2-12years) * * 7 (Indet.) 7
Adolescent (13-19) * 3 2 (Indet.) 5
Young Adult (20-35) | 15 12 0 27
Mature Adult (36-45) | 8 4 0 12
Elderly (> 51) 2 0 2
Adult (>20) 1 0 39 (unknown) 40
Total 26 19 48 93
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4.2.2 Sample material

From each selected sample individual, one first premolar (P1) or second premolar
(P2) from the maxilla was mechanically extracted. However, if P1 or P2 were not present,
P1 or P2 were too damaged (as a result of carious lesions or poor preservation) or the
selection of another tooth from the individual would cause less damage to the
maxilla/mandible, then another tooth was selected. The total number of tooth samples was
ninety-three; sixty-five were premolars, eight were first molars, six incisors, four canines,

three third molars, two molars, and six deciduous teeth (see Table 5.1).

As stated in Chapter 3, dental enamel is the primary material used in this study.
Dentine samples from the ninety-three tooth samples were also analyzed to check for
possible diagenetic alteration. Due to a limited budget, only ten dentine samples, selected

at random, were analyzed. The ten selected dentine samples are listed in Table 5.2.

4.2.3 Faunal samples

Various archaeological fauna were also sampled from the site of Camino del
Molino in order to establish the local isotope signature for the area. A total of twenty-five
faunal tooth samples were selected from throughout the burial sequence and analyzed for
87Sr/%5Sr ratios: one pig, three lizards, three rabbits, five small rodents (i.e. mice), five
ovicaprids, and eight dogs (see Table 5.3). Due to the fragmentary nature of the majority
of the teeth, as well as a lack of zooarchaeological identifications, the type of tooth/teeth
or the age of the animal from which the sample was taken were not identified. As with the

human samples, tooth enamel was the primary material analyzed.
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4.3  Strontium Isotope Analysis: Sample Preparation
4.3.1 Human samples

The mechanical preparation of the samples took place in the Archaeology
Conservation Lab at Queen’s College, Memorial University (St. John’s, Newfoundland,
Canada). A wedge sample of both the enamel and dentine from each tooth were required
for this study. The section of enamel sampled was dependent on its preservation and the
presence of caries, fractures, and other dental anomalies on the tooth surface. Overall, the
teeth were well preserved and contained few caries or fractures (< 5% of the teeth

sampled).

The external surface of each tooth was mechanically abraded using a hand-held
dental drill (Grobet USA™) equipped with a 3 mm spherical diamond-tipped grinding
burr to remove external debris and surficial enamel. A wedge of enamel was cut along the
length of the tooth using a small diamond-cut wheel. Each enamel sample weighed ~ 10-
15 mg. The wedge was cut lengthwise to obtain an average of the strontium isotopic
composition over the course of the tooth’s growth. The interior surface of the enamel
wedge was abraded using a 1 mm diamond-tipped burr to remove any adhering surface

enamel and dentine from the dentine-enamel junction (Evans et al. 2006).

This process was repeated to obtain a sample of each tooth’s primary dentine. The
external tooth surface was abraded to remove the enamel and a portion of dentine was cut.

Care was taken to avoid cutting into the secondary dentine closer to the pulp chamber or
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the root as these tissues do modify after their initial formation. This portion was then
abraded to remove any remaining enamel. Each wedge sample of enamel and dentine was
sonicated in deionized (DI) water (18.0 MQ) for 3 minutes to remove enamel/dentine
powder then rinsed three times with the deionized water. The samples were placed into
individual 2 mL plastic centrifuge tubes, rinsed with acetone, and left covered on the lab

countertop to dry.

The dental burr and wheel used during each sample extraction were rinsed with
deionized water, placed in an ultrasonic bath for 5 minutes, dipped three times in 2M
nitric acid and then deionized water. The lab area where the sampling occurred was
cleaned after each individual sample preparation by washing the work surface with

deionized water and acetone.

4.3.2 Faunal samples

The mechanical sampling of the faunal teeth was approached with the same
method as the human teeth (Evans et al. 2006). However, this method had to be slightly
altered for a number of faunal samples to address issues of tooth fragmentation and
sample amount. The small rodent, lizard, and rabbit teeth samples (CM 94-103, 116, and
117) were small in size and it was not possible to manually separate the enamel from the
dentine. The entire tooth, or several teeth if more tissue was needed, was/were used to
ensure there would be sufficient Sr to analyze. The whole teeth sampled were
mechanically abraded using the same hand-held drill equipped with a 1 mm spherical

diamond-tipped grinding burr to remove external debris and, if possible, surficial enamel.
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CM 97 (a small rodent) was too fragmented and did not have sufficient intact enamel
tissue to be used for this study. The remainder of the faunal teeth (CM 104-115, 118, and
119) were from larger species and could be mechanically sampled in the same manner as
the human teeth. All of the faunal tissue samples, including the whole teeth from the
smaller species, were cleaned by the method used for the human samples (see section

4.3.1 Human samples).

4.4  Strontium Chemical Preparation

Each enamel, dentine, and whole tooth sample was weighed into a clean 3 mL
Savillex™ (Minnetonka, MN, USA) vial on a Sartorius R200S scale in the Radiogenic
Isotope Laboratory at the Earth Sciences Department, Memorial University (St. John’s,
Newfoundland, Canada). The weighed samples were dissolved in 1 mL of single distilled
8M nitric acid (HNO3) and placed onto a hot plate (approximately 120°C) in closed vials
to digest. While the samples dissolved, the columns used for the strontium elution process

were prepared.

Modified plastic pipette tips (1 mL) served as micro-columns for the strontium
separation process. The bottom of each pipette tip was cut on an angle to assist the
movement of the liquids and a porous polyethylene frit was positioned into the column at
the base. The columns were rinsed with one column volume (~1 mL) of deionized water
and then washed with one column volume of 6M HCI. A small amount of Sr-Spec resin
suspended in deionized water was loaded into the columns to make a bed volume of

approximately 0.15 mL. The pipette, now with the Sr-Spec resin in place, was again
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rinsed with two column volumes (~ 2 mL) of 6M HCI, followed by one column volume
of deionized water, and two column volumes of 8M HNO3. The columns were then ready

to receive the human and faunal samples that were digested in the Savillex™ vials.

The human and faunal samples were removed from the hot plate to cool. Once
cooled, the 1 mL sample was loaded directly into the pre-conditioned Sr-Spec resin
column and then collected into the Savillex™ vial the sample was in during its digestion
on the hot plate. The collected strontium sample was then re-loaded by pipette into the
column to ensure the maximum retention of Sr ions. To remove the matrix elements, three
successive column volumes of 8M HNO3z (~ 3 mL) were passed through the column. The
sample was then eluted with 1 mL of deionized water into a clean 2 mL plastic centrifuge
tube. An additional 1 mL of water and 75 pL of 8M HNO3 was pipetted into the
centrifuge tube (1:2 dilution) to acidify the sample to 0.3M, the required concentration

used for introduction to the Thermo-Finnigan Neptune mass spectrometer.

4.5 Strontium Isotope Measurement

The 87Sr/88Sr isotope ratios were measured on a Thermo-Finnigan Neptune multi-
collector inductively coupled plasma mass spectrometer (MC-ICP-MS) located in the
Bruneau Center at Memorial University. The Neptune is a high-resolution, double-
focusing MC-ICP-MS, containing 9 Faraday collectors and ion counting detectors to
allow for the simultaneously high precision measurement of multiple isotopes. Samples
were introduced using a semi-automated sampler into the plasma source of the MC-ICP-

MS through a self-aspiring capillary, using a 100 mL PFA (perfluoroalkoxy) nebulizer.
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The Camino del Molino human and faunal samples were first run on the Neptune
over the course of twenty-four hours, February 2"-3', 2012. All samples were measured
in reference to the lab standard NBS 987 (200 ppb) (strontium carbonate isotope standard
dissolved in 3% HNO3), which was run once for every 10 samples. A list of the sequence
of samples, procedural blanks, and the NBS 987 standard can be found in Appendix I.
During each analysis, the acquisition of the sample data was in one block of 50 cycles
with 2 sec integration. Procedural blanks taken throughout the Sr chemical preparation (to
ensure no procedural introduction of Sr to the samples) were measured and considered
negligible; Sample ®Sr = 8.6 V (on average), Blank %Sr = 0.007 V (or <0.01% of sample

83r intensity).

Some of the #Sr signal intensities measured from the samples were relatively low,
at less than 5V. Though they were above the level considered acceptable (Richards et al
2007), a re-run of all the samples with signal intensities below 5V was deemed
appropriate to corroborate the results from the first run. The second run took place on
February 13, 2012 and the data were acquired in one block of 30 cycles with 2 sec
integration. Results from the sample re-run measured closely with those taken during the
first run. The difference of the 8Sr/%®Sr sample ratios between the two runs was
insignificant with a mean of -0.000010. The list of samples in the re-run and the
differences between the two runs are listed in Appendix I. The results from the first
sample run on the Neptune are the 8’Sr/%Sr ratios and Sr concentrations used for the

results of this study.
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All the 87Sr/®8Sr ratios and Sr concentrations of the samples were corrected to the
NBS 987 standard (3’Sr/%Sr = 0.710240, Sr conc = 200 ppb) (See Appendix I). The
average 8Sr/®%Sr value for the SRM 987 standard was 0.710279 during the run and all of
the sample 8Sr/®Sr data were corrected by 0.000039. Sample Sr concentrations (ppm)
were determined through the sample’s 8Sr signal intensity (V) and mass (mg) corrected
by a factor of 18.2 (NBS 987 standard concentration = 200 ppb/NBS 987 standard

average %Sr intensity = 11.0 V).

46  Conclusion

A subset of the human and faunal teeth uncovered at Camino del Molino were
used as the material to conduct the Sr isotope study. The teeth were selected to represent
the temporal and demographic span of the site. The mechanical and chemical preparation
for this study was completed by the author under the supervision of Dr. Vaughan Grimes.
A wedge of enamel and dentine from each tooth was extracted, abraded, and rinsed with
deionized water. Each sample wedge was dissolved in nitric acid, loaded into
preconditioned Sr Spec resin columns, and eluted with deionized water. The samples Sr
isotopes ratios were measured on a Thermo Finnigan Neptune mass spectrometer and
corrected to NBS 987 standard. The measurement of the strontium isotopes by the
Neptune was completed by the author under the supervision of Rebecca Lim, the
Neptune’s assigned technician, and Dr. Vaughan Grimes. The human and faunal sample
Sr isotope results and the establishment of the local Camino del Molino Sr range are

presented in Chapter 5.



59

Strontium Isotope Results

51 Introduction

The human and faunal Sr isotope analysis results are presented in this chapter.
Migrant individuals are identified by comparing the enamel 87Sr/2®Sr ratio to the local Sr
isotope range. This range is defined by the average faunal enamel 8'Sr/%Sr within two
standard deviations. Statistical analyses were conducted using the statistical program

SPSS.

5.2  Strontium Isotope Results: Humans
5.2.1 Enamel Samples

The measured 8Sr/2°Sr ratios and Sr concentrations from human enamel samples
are presented in Table 5.1 and displayed in Figure 5.1. The 87Sr/Sr results are not
normally distributed and have a positive skew (Kurtosis = 13.568, s.d. = .495; Skewness
=3.198, s.d. = .495). The average 8'Sr/%Sr ratio of the human enamel samples is
0.709141 (n = 93) with a standard deviation of 0.001992. The lowest value is 0.707625
and the highest is 0.720961 with a range of 0.13336. Strontium concentrations were
varied, ranging from 24 to 397 ppm with an average of 131 ppm. Typically, enamel Sr
concentrations range from 50 to 300 ppm but can vary depending on the Sr concentrations
of the geology and drinking water (Brudevold and Séremark 1967; Curzon and Cutress

1983; Losee et al. 1974).
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Table 5.1 Camino del Molino human enamel 8/Sr/%Sr ratio and Sr concentration
results. The sample's code, sex, age, and tooth type are also included.

Sample Sex Age Tooth | 8/Sr/8Sr ST conc.
(Ppm)
CM-1 Unknown Adult P2 0.707830 242
CM-2 Unknown Adult P1 0.708884 162
CM-3 Female | Young Adult p! 0.712937 122
CM-4 Male Young Adult |2 0.708264 348
CM-5 | Unknown Adult M? 0.708594 125
CM-6 Unknown Adult p? 0.710639 148
CM-7 Indet. Adolescent My 0.708730 98
CM-8 Unknown Adult P2 0.713135 296
CM-9 Male Mature Adult [ C? 0.713027 103
CM-10 Female | Young Adult | P! 0.708967 115
CM-11 Male Mature Adult I2 0.709895 117
CM-12 | Unknown Adult p? 0.715012 74
CM-13 Male Mature Adult | P? 0.709715 214
CM-14 | Unknown Adult p? 0.708340 305
CM-15 Unknown Adult P2 0.707857 102
CM-16 | Unknown Adult M1 0.708307 114
CM-17 | Unknown Adult p? 0.708494 52
CM-18 Male Young Adult 2 0.713301 107
CM-19 Indet. Child It 0.708364 98
CM-20 | Unknown Adult P1 0.707922 244
CM-21 | Unknown Adult P2 0.707961 55
CM-22 | Unknown Adult p? 0.709103 52
CM-23 | Unknown Adult P1 0.712275 231
CM-24 Indet. Child dm? 0.707904 109
CM-25 Male Young Adult P2 0.708487 293
CM-26 | Unknown Adult p? 0.708409 128
CM-27 | Unknown Adult P2 0.707810 326
CM-28 Indet. Child dm; 0.708060 68
CM-29 | Unknown Adult P2 0.707960 154
CM-30 | Unknown Adult p? 0.708280 86
CM-31 | Unknown Adult p? 0.708970 59
CM-32 | Unknown Adult P2 0.708794 133
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CM-33 | Unknown Adult P 0.710323 88
CM-34 | Unknown Adult Cct 0.710004 75
CM-35 | Unknown Adult p! 0.713483 98
CM-36 | Unknown Adult p! 0.708293 184
CM-37 Male Mature Adult | P! 0.712812 59
CM-38 | Unknown Adult p! 0.711212 86
CM-39 Male Mature Adult p! 0.708077 154
CM-40 Female | Young Adult P1 0.708153 97
CM-41 | Unknown Adult p! 0.708369 203
CM-42 Male Young Adult | P! 0.709486 87
CM-43 | Unknown Adult Mt 0.709007 48
CM-44 | Unknown Adult It 0.708105 220
CM-45 Indet. Child dit 0.707946 151
CM-46 Male Young Adult | P! 0.708497 397
CM-47 Indet. Child dm? 0.708463 120
CM-48 Indet. Child dm? 0.707865 96
CM-49 Male Adult p! 0.708459 371
CM-50 Male Young Adult p! 0.708236 330
CM-51 Unknown Adult p? 0.710343 104
CM-52 Male Mature Adult | P! 0.708140 197
CM-53 Female | Mature Adult P2 0.708042 123
CM-54 Female | Mature Adult p? 0.708074 62
CM-55 Female | Young Adult p? 0.708400 104
CM-56 Female | Young Adult P1 0.708950 24
CM-57 | Unknown Adult p! 0.708376 132
CM-58 Male Elderly P1 0.708565 34
CM-59 Female | Young Adult p? 0.707625 311
CM-60 Male Young Adult | M3 0.709547 271
CM-61 | Unknown Adult ct 0.708421 31
CM-62 | Unknown Adult P2 0.708721 30
CM-63 Indet. Adolescent p? 0.708430 164
CM-64 Indet. Child M1 0.708009 80
CM-65 Female Young Adult P1 0.707979 95
CM-66 Female | Young Adult | P? 0.720961 117
CM-67 Male Mature Adult | M3 0.707870 117
CM-68 Female Young Adult M3 0.707967 108
CM-69 Male Young Adult p? 0.709487 63
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CM-70 Male Young Adult | C! 0.708860 45
CM-71 Female Adolescent p! 0.708148 184
CM-72 Female | Young Adult P1 0.708098 58
CM-73 Male Mature Adult p! 0.707894 214
CM-74 Indet. Child M? 0.707972 163
CM-75 | Unknown Adult P2 0.708173 269
CM-76 Male Young Adult P1 0.708590 86
CM-77 Male Young Adult It 0.708425 99
CM-78 Male Young Adult p! 0.709198 47
CM-79 Female | Mature Adult | P! 0.712914 44
CM-80 Indet. Child p! 0.708229 50
CM-81 | Unknown Adult p! 0.708346 43
CM-82 Female | Young Adult p? 0.708504 69
CM-83 Indet. Child dm; 0.708195 62
CM-84 Male Elderly P2 0.709007 91
CM-85 Male Young Adult | P2 0.710586 40
CM-86 Male Young Adult p? 0.709037 13
CM-87 | Unknown Adult m? 0.708793 42
CM-88 Female Adolescent M? 0.707959 147
CM-89 Female | Mature Adult | P! 0.707871 115
CM-90 Male Mature Adult | P? 0.708634 78
CM-91 Female Adolescent p? 0.707917 143
CM-92 Indet. Child M: 0.707982 96
CM-93 Female | Young Adult [ M! 0.708153 107
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100

Sr conc (ppm)

Plot of 87Sr/éSr ratio versus Sr concentration (ppm) for the Camino del
Molino human enamel results. The majority of the 8/Sr/%Sr ratio results cluster

between .7080 and .7090. There are no human 8Sr/8Sr ratio results below 0.7070.
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5.2.2 Diagenesis

Strontium isotope ratios and concentrations are relatively homogeneous within
dental tissues from a single tooth unless one of the tissues is diagenetically altered
(Brudevold and Séremark 1967; Hillson 2005; Parker and Toots 1980; Underwood and
Mertz 1977). Dentine tissue, due to its physical and chemical structure, will uptake Sr
ions from the burial environment. As a result, dentine Sr isotopic composition will shift
towards the Sr signature of the burial environment. Human enamel that is not
diagenetically altered does not display this systematic shift in Sr values towards the
isotopic composition of the burial environment. Therefore, relatively unaltered enamel
samples should have different Sr ratios and concentrations to the dentine tissue from the

same tooth.

Ten randomly selected dentine samples were analyzed to indicate if the enamel
samples were diagenetically altered or not. The dentine-enamel pairs 8’Sr/%Sr ratio and Sr
concentration results are presented in Table 5.2 and displayed in Figures 5.2 (37Sr/%Sr
ratios) and 5.3 (Sr concentrations). The dentine samples have a mean Sr ratio of 0.708063
(s.d. =0.000179) with a high value of 0.708483 and a low value of 0.707908. The data
are relatively normally distributed (Kurtosis = 2.941, s.d. = 1.334) but have a slight
positive skew (Skewness = 1.812, s.d. = 0.687). The dentine Sr concentrations are more
varied than the enamel samples but display a normal distribution (Kurtosis = -0.132, s.d.

= 1.334). The results range from 27 to 466 ppm with an average of 242 ppm (s.d. = 124).
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The dentine tissues sampled in this study show an increase in the Sr
concentrations with a decrease in the 8Sr/®®Sr ratios when compared to their enamel
pairs. Figure 5.2 and Figure 5.3 present the 87Sr/%®Sr ratios and Sr concentrations of the
dentine-enamel pairs, respectively. All but one of the sample pairs tested produced a
decrease in the Sr ratio from the enamel to the dentine tissues. One sample (CM89) did
see a minimal increase (+0.000136). The majority of the paired samples (seven out of ten)
had an increase in the Sr concentrations between the enamel and dentine tissues,
indicating that diagenetic accumulation of Sr from the burial environment may have
occurred in the dentine (Figure 5.3). The other three samples had a decrease in the

concentrations of strontium: CM 13 (-69 ppm), CM 25 (-20 ppm), and CM 89 (-88 ppm).

The dentine samples all contained similar 8’Sr/%Sr ratios to each other as well as
distinct 8Sr/%8Sr ratio and Sr concentration from their paired enamel. Therefore, the
enamel samples do not appear to have been greatly altered by diagenesis and,
consequently, are likely to contain reliable strontium isotopic data. Using this subset, it is
assumed that all of the human enamel Sr values used for this study have not been
significantly affected by the burial environment and can be used as correlates of human
mobility. It is understood that this is a generalization based on a small subset and only a
complete analysis of all the dentine samples will ensure no significant diagenetic

alteration occurred in the enamel samples.
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Table 5.2 Dentine 8Sr/88Sr ratio and Sr concentration results with their tooth’s enamel
sample
Dentine Enamel
Sr Sr
Sample Sex Age Tooth | 8Sr/%Sr | conc. | ®Sr/%Sr | conc.
(ppm) (ppm)

CM-2 | Unknown | Adult P1 0.708074 208 0.708884 162
CM-13 Male 30-40 P2 0.708269 145 0.709715 214
CM-25 Male 24-28 P2 0.708000 273 0.708487 293
CM-38 | Unknown | Adult P! 0.708483 223 0.711212 86
CM-42 Male 20-28 Pl 0.707986 466 0.709486 87
CM-53 | Female 33-42 P2 0.707908 368 0.708042 123
CM-63 | Juvenile 14-18 P! 0.707966 360 0.708430 164
CM-78 Male 22-24 P! 0.708012 140 0.709198 47
CM-83 | Juvenile | Juvenile | dmy 0.707922 217 0.708195 62
CM-89 | Female 40-55 P! 0.708007 27 0.707871 115
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Figure 5.2 Histogram illustrating the relationship between the &Sr/2Sr ratios of
the enamel and dentine from the same tooth. Note the dentine samples show similar
87Sr/85r ratio results, whereas the enamel 8 Sr/®Sr ratio results vary greatly among the
samples.
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5.3  Establishing the Local Bioavailable Sr Limit
5.3.1 Faunal results

The results of the strontium analysis of twenty-five teeth from the
archaeologically recovered fauna are presented in Table 5.3 and displayed in Figure 5.4.
The 87Sr/®Sr ratios range from 0.707846 to 0.711588 with a mean of 0.708481 (s.d. =
0.001065). Similar to the human enamel results, the faunal data are not normally
distributed (Kurtosis = 3.149, s.d. = 0.902) and have a slight positive skew (Skewness =
1.989, s.d. = 0.464). The Sr concentrations were normally distributed (Kurtosis = 0.687,
s.d. = 0.902) and are on average higher than the human enamel, which is expected since
herbivorous species uptake more Sr from vegetation (Bocherens et al. 1994; Tuross et al.
1989). The mean faunal Sr concentration is 236 ppm (s.d. = 205) with a range between

21-789 ppm.
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Table 5.3 Faunal 8/Sr/®Sr ratio and Sr concentration results, including the sample
code and animal.

Sr

Sample Animal 87Sr/®Sr | conc.
(ppm)

CM-94 Rabbit 0.707869 120
CM-95 Small Rodent | 0.707870 540
CM-96 Rabbit 0.707871 538
CM-98 Rabbit 0.707913 438
CM-99 | Small Rodent | 0.707897 380
CM-100 | Small Rodent | 0.707897 574
CM-101 Lizard 0.707898 415
CM-102 | Small Rodent | 0.707867 789
CM-103 | Small Rodent | 0.707878 175
CM-104 Ovicaprid 0.711588 99
CM-105 Ovicaprid 0.707925 21
CM-106 Ovicaprid 0.708583 196
CM-107 Ovicaprid 0.708161 61
CM-108 Dog 0.708174 109
CM-109 Dog 0.709559 29
CM-110 Dog 0.708188 96
CM-111 Ovicaprid 0.708590 238
CM-112 Dog 0.710062 87
CM-113 Dog 0.708043 188
CM-114 Dog 0.709512 52
CM-115 Dog 0.711190 91
CM-116 Lizard 0.707863 153
CM-117 Lizard 0.707895 148
CM-118 Dog 0.707887 279
CM-119 Pig 0.707846 88
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Figure 5.4  Plot of 8Sr/%®Sr ratio versus Sr concentration (ppm) for the Camino del

Molino faunal results. Note, similar to the human Sr results, the majority of the faunal
87Sr/8Sr ratios concentrate around .7080 and none are below 0.7075.




72

5.3.2 Local Sr/8Sr range for Camino del Molino

Camino del Molino is located within the Subbetic region of the External Betics
comprised mainly of marine sedimentary rock. The region’s sedimentary geology gives a
broad baseline local Sr range of 0.707-0.709 (Bentley 2006; Sealy et al. 1991; Wright
2005) and the local area around Camino del Molino has an average 8’Sr/®Sr value of
0.70726 (MacArthur 2007) (see section 3.5.1 Geology). To better define this local range,
archaeological fauna from the burial context was also analyzed as a proxy for the
bioavailable strontium (Price et al. 2002). The mean faunal 8’Sr/®Sr ratio + 2c defines the
local 8Sr/Sr limit of 0.706351-0.710611 for Camino del Molino. This range is
displayed with the human enamel 8/Sr/®Sr results in Figure 5.5. With the local range of
Sr values established there are twelve individuals (13% of the sample population) that fall
above this boundary: CM 3, 6, 8, 9, 12, 18, 23, 35, 37, 38, 66, and 79 (Table 5.4). None of
the individuals were found below the Sr local limit. The majority of the samples from
Camino del Molino are identified as ‘local’ to the Camino del Molino area (81
individuals, 87% of the sample population). Although, several of the individuals
identified as ‘local’ (CM 6, 34, 33, 51, and 85) have 87Sr/%Sr ratios that place them just

inside the local Sr range.
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Table 5.4 The identified non-local Camino del Molino individuals
Sample | Layer Sex Age Tooth | 87Sr/8Sr S(;;?Tr:; '
CM-3 1106 Female | Young Adult P! |0.712937 122
CM-6 1106 | Unknown Adult P! |0.710639 148
CM-8 1106 | Unknown Adult P2 0.713135 296
CM-9 1106 Male Young Adult c! |0.713027 103
CM-12 1106 | Unknown Adult p! 0.715012 74
CM-18 1107 Male Young Adult |2 0.713301 107
CM-23 1107 | Unknown Adult P1 | 0.712275 231
CM-35 | 1108 | Unknown Adult Pt | 0.713483 98
CM-37 1108 Male Mature Adult p! 0.712812 59
CM-38 1108 | Unknown Adult p! 0.711212 86
CM-66 1109 Female Young Adult P2 | 0.720961 117
CM-79 | 1109 Female | Mature Adult P! |0.712914 44
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Figure 55  Plot of 8Sr/%®Sr ratio versus Sr concentration (ppm) for the Camino del
Molino human enamel results with the local Sr limit (0.706351-0.710610), calculated
from the average faunal 8Sr/2%Sr ratio (+2c). Note that there are 12 human individuals

above the local Sr limit.
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5.3.3 Concerns with the Camino del Molino local limit

Two of the Camino del Molino fauna samples were identified as non-local: a dog
(CM 115) at 0.711190 and an ovicaprid (CM 104) at 0.711588 (Table 5.3 & Figure 5.4).
These two samples had 8’Sr/®%Sr ratios that were much higher than the geological Sr
signature of the region (~0.707-0.709) and above the local Sr limit (0.706351-0.710611).
The presence of non-local animals at Camino del Molino does affect the validity of the
local limit used to define the non-local human samples. Omitting the animal species that
have greater potential to be non-local from the establishment of the Camino del Molino Sr
limit could provide a more precise local Sr range as well as distinguish other possible
non-locals. Some faunal species have larger home ranges or are part of a
shepherding/trading network, such as ovicaprid or canine species, making them more
likely to have non-local Sr ratio values (see section 3.5.2 Determining the bioavailable Sr
isotope signature). Removing the ovicaprid and dog samples from the local Camino del
Molino Sr limit creation greatly narrows the local Sr limit to 0.707850-0.707917 and the
number of identified non-locals dramatically increases to 90 (~97% of the sample
population). Although it is possible that the entire sample population of Camino del
Molino are non-locals, it is improbable. Therefore, it is acknowledged that the Camino de
Molino &Sr/8Sr local limit that includes the identified non-local fauna and the potentially
more mobile species created a larger local Sr range and could have identified possible
non-local humans as local. However, in this study, including non-local animals produced
a more conservative but still valid estimate of the human migrant population. A better
defined local Sr signature for Camino del Molino through the addition of a larger fauna

sample population could reveal more migrant individuals or different mobility patterns.
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5.4  Conclusion

Migrant individuals are identified by comparing the 8’Sr/®®Sr ratio to the local Sr
isotope range, which was defined by the average faunal enamel 8'Sr/%Sr within two
standard deviations. Results from the human and faunal analysis determine there are at least
twelve non-local human individuals (13% of the sample population) as well as two non-
local fauna, a dog and an ovicaprid, present at Camino del Molino. Chapter 6 discusses the
detectable temporal and demographic patterns of mobility as well as explores the possible

origins of these non-local individuals and motivations for their movement.
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Discussion

6.1 Introduction

Results from the human and faunal Sr isotope analyses show there are non-local
individuals present at the Camino del Molino burial site. The local 8’Sr/%Sr range defines
a group of twelve migrant human individuals, who at some point after childhood moved
near to the burial site. The following sections will compare the non-local individuals
based on their sex and age at death to identify any demographic based mobility patterns.
Trends between the migrant individuals and their layer number will also be examined to
observe how migration changed over the course of the burial. The hypothetical origins for
the twelve ‘non-local’ individuals are considered as well as the possible motivations for
their migration to the Camino del Molino area. This chapter also explores the possibility
of mobility occurring within the identified ‘local’ population and what that could signify
for the individuals from Camino del Molino and their society. The final section considers
the broader social and economic implications of the mobility and migration identified at

this site as well as its links to other parts of the Iberian Peninsula.

6.2  Human Mobility Patterns
6.2.1 Sex-based patterns

In the sample population, there are 19 identified females, 26 males, and 35
unsexed adults. For all three of these categories, the 8 Sr/®Sr data are normally
distributed and have a positive skew. The male, female, and unsexed 8’Sr/2®Sr averages

are very similar at 0.709300 (s.d. = 0.001529), 0.709348 (s.d. = 0.003201), and 0.709273
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(s.d. =0.001774), respectively. The female results had a higher Sr isotope variance (c? =
0.00001, range = 0.13336) compared with the males (c? = 0.000002, range = 0.005432) or
unsexed individuals (¢® = 0.000003, range = 0.007202). Based on the defined local range,
three females (16% of the sample female population), three males (12% of the sample
male population), and six unsexed individuals (17% of the sample unsexed population)
are identified as migrant individuals (Table 5.4 and displayed in Figure 6.1). A non-local
female (CM 66) produced the highest 8/Sr/%Sr ratio (0.720961) of the sample population,
well above the upper limit of the local Sr range. There is no definite pattern of migrant
individuals based on their identified sex. However, this could be affected by the future

sex identification of the five unsexed individuals.

Looking at the Sr isotope values of only the individuals within the local limit
(Figure 6.2), identified male individuals have a greater variability of Sr ratios than the
females or sub-adults. The local male average is 0.708824 with a range of 0.002716
(0.707870-0.710586). Local female individuals have a similar 'Sr/%Sr average of
0.708175 but exhibit a more finite range of 0.001342 (0.707625-0.708967). A simple F-
test to compare the variances between the sexes found that the local male Sr ratio
variation is statistically greater than that of the local females (F22,15 = 3.66, p < 0.01). Part
of the identified ‘local’ male population, therefore, had access to more diverse geological
terrain and/or food sources that would produce the sex-specific difference in strontium
isotope values. Either they have been misidentified as local due to a broad Sr local limit

or there is a sex-specific form of local mobility/food procurement occurring within the
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Figure 6.1 Plot of &7Sr/éSr ratio versus sex categories for the Camino del Molino
human enamel results, including the Sr local limit of 0.706351-0.710610 to
demonstrate the possible sex differences with the identified local and non-local
population. Sub-adult samples were not included in this plot. Note that while both
female and males are represented in the non-local population, the majority of the non-
local population are of unknown sex.
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Figure 6.2 Plot of &7Sr/éSr ratio versus sex categories with sub-adult individuals
included for only the local Camino del Molino human enamel results. Note the male
individuals have more varied 8'Sr/%Sr results compared with the sub-adult, female,
and unknown sex individuals.
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population of Camino del Molino. However, this interpretation could vary on the future

sex identification of those unsexed individuals.

6.2.2 Age-specific patterns

The sample population was separated into six age categories: child (3-12 years),
adolescent (13-19), young adult (20-35), mature adult (36-50), elderly (>51), and adult
(20-50). These age-at-death categories are broad for the purpose of showing general
demographic trends in the burial. The strontium analyses with age categories are

displayed in Figure 6.3.

The child and adolescent groups were underrepresented in the sample population.
They contained eleven and five individuals, respectively. The child group had an average
87Sr/8Sr ratio of 0.708090 (s.d. = 0.000196). This group had a low variance (c2 =
0.00000007) and a small range (0.000598). The adolescents were similar to the child
category with an average 8'Sr/®Sr ratio of 0.708237 (s.d. = 0.000342), but had a more
limited range of 0.000813. None of the individuals in these two age categories were found
outside of the local limit. This, as well as the limited amount of the 8"Sr/%Sr variability,

suggests that the younger individuals were not highly mobile.

The individuals aged above twenty years are classified as adults. There are
twenty-six young adults (fourteen male, ten female), thirteen mature adults (nine male,
four female), and two elderly individuals (both male). Thirty-six of the individuals were

identified as adults but their ages at death were not defined further. The young adult,
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mature adult, and adult categories had similar 8Sr/%Sr ratio averages of 0.709477 (s.d. =
0.002710), 0.709459 (s.d. = 0.002080), and 0.709250 (s.d. = 0.001753), respectively. The
Sr concentration averages of these three categories were also comparable at 136 ppm
(young adult), 125 ppm (mature adult), and 142 ppm (adult). The two elderly men both
fall within the local range containing Sr ratios of 0.708565 (CM 58) and 0.709007 (CM

84).

All twelve of the identified migrants were adult aged: three were classified as
young adults (12% of the sample young adult age category), three as mature adults (23%
of the sample mature adult category), and six were adults (17% of the sample adult
category). There is no apparent correlation between age at death and sex identity for
adults. All three of the young adult migrants (two female, one male) were between the
ages of 20-25. This implies that after the age of 8, when the premolar crown is fully
mineralized, and before the age of 20-25 these three individuals migrated from their
childhood home to the Camino del Molino area. Additionally, despite their identity as
new young immigrants, these three were buried in the same location as the local
individuals. The three mature adult migrants (two male, one female) ranged in age from
33-51. Their movement from their childhood residence could have been during
adolescence, as seen with the young adult group, or later in their adult life. Overall, the
only obvious correlation between the 8'Sr/%8Sr ratios and the age of the individuals is that

adults are more likely than sub-adults to be non-local.
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Figure 6.3 Plot of &7Sr/éSr ratio versus age categories for the Camino del Molino
human enamel results, including the Sr local limit of 0.706351-0.710610 to
demonstrate the identified local and non-local population. Note that only the young
adult, mature adult, and adult population are found in the ‘non-local’ population.
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6.2.3 Temporal trends

The burial of Camino del Molino covers roughly 400 years from the mid- to late-
Copper Age (2800-2400 BCE). These dates are represented in the layer numbers given
during excavation. The oldest at the site is layer 1110, radiocarbon dated to cal. 2800
BCE, and the most recent layer is 1106, dating to cal. 2400 BCE. The Camino del Molino

samples in this study were chosen specifically to represent the entire span of the burial.

The human enamel 8Sr/®Sr results separated by layer number are plotted in
Figure 6.4. The identified migrants are found in almost every layer of the burial: two
individuals in layer 1109, three in layer 1108, two in layer 1107, and five in layer 1106.
None of the migrant individuals were discovered to be from layer 1110, the earliest

interments at the site.

Layer 1109 was the most represented in the sample population (n = 39). There
were two female non-locals identified, comprising 5% of this layer. One of these females
(CM 66), a young adult, had the highest 8’Sr/%Sr value within the entire sample
population at 0.720961. This Sr ratio is very high for the geology of southeast Spain
(Gibbons and Moreno 2002; Hoedemaeker and Leereveld 1995; McArthur et al. 2007,
Moiroud et al. 2012), suggesting this individual travelled a great distance to come to the
Camino del Molino site. The complete lack of migrants in layer 1110 indicates that
migration to Camino del Molino was perhaps not as prevalent during the early stages of
the burial. The lack of identified male migrants in layer 1109 may suggest a female-

specific migratory pattern then.
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Figure 6.4  Plot of 8Sr/%®Sr ratio versus the layer number in which the sample was
found for the Camino del Molino human enamel results, including the Sr local limit of
0.706351-0.710610 to demonstrate the identified local and non-local population. Layer
1110 is the earliest interments (the oldest layer) and layer 1106 are the final interments
(the newest layer). Note that non-local individuals are found present in almost every
layer of the site.
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In the middle phase of the burial (layer 1108 and 1107), the number and
proportion of non-locals identified increase. Two unsexed adults and one mature male
adult were found in layer 1108, comprising 20% of the layer’s subset. Layer 1107
contained two non-locals (12% of the subset sample): one unsexed adult and one young
male adult. This middle phase marks the first presence of identified male non-locals. The
absence of identified female migrants in these layers may suggest a male-specific
migratory pattern then. However, the lack of sex identification of three of the five
identified migrant individuals as well as the low number of male non-locals do not

confirm a sex-specific migration pattern during the middle phase of the burial.

The final stages of the burial, layer 1106, contained the majority of the non-local
individuals: three unsexed adults, one mature male adult, and one young female adult.
There is a large increase in both the number and proportion (36% of the subset) of non-
local individuals compared to the previous layers. There are no obvious age- or sex-
defined patterns of migration in this layer, but this could be altered by the sex/age

identification of the three adults.

Based on these results, migration at Camino del Molino appears to increase as the
burial progresses, with the greatest proportion of non-locals found in the final phase, layer
1106. However, there are non-locals identified in almost every layer of the burial (except
the initial interments in layer 1110), indicating that migration to Camino del Molino was
not just a one-time event. Throughout the layers, there is no strong correlation between

the sex of an individual and their identification as a non-local. Female migration was
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more prevalent during the earlier stages and male more in the middle stages, but without
more data, specifically the sex identification of the unsexed ‘non-local’ individuals, this

pattern cannot be substantiated.

6.3  Faunal Migration

Animal husbandry is believed to be a present economic practice in southeast Spain
during the Copper Age (Chapman 2008; Greenfield 2001; Manzano and Casas 2010;
Murrieta-Flores 2014). Canine and ovicaprid (goat/sheep) skeletons present within the
Camino del Molino burial are inferred as further evidence of shepherding in the region
(Lomba et al. 2009). Strontium isotopic analysis of faunal enamel can provide
information on the animals’ seasonal migration patterns (using serial sampling, which
was not undertaken in this study) (Britton et al. 2009; Pellegrini et al. 2008; Thornton et
al. 2011), their effect on hunting strategies (Britton et al. 2011), or evidence of long-
distance exchange networks (Towers et al. 2010). Interpreting the mobility patterns of the
Camino del Molino fauna from the Sr isotopic results can lead to a better understanding
of the economic and social significance of these animals as well as a potential explanation
for the human mobility patterns. The faunal Sr isotope results are separated by species

and displayed in Figure 6.5.
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Figure 6.5  Plot of &Sr/%eSr ratio versus faunal species for the Camino del
Molino faunal results, including the Sr local limit of 0.706351-0.710610, to
demonstrate the identified local and non-local population. Note that two faunal
samples, a dog and an ovicaprid, are considered non-local to Camino del
Molino.
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Two of the Camino del Molino fauna samples were identified as non-local: a dog
(CM 115) with a 8Sr/®Sr of 0.711190 and an ovicaprid (CM 104) with one of 0.711588
(Table 5.3 & Figure 6.5). These two samples had more radiogenic 8 Sr/®Sr ratios than the
defined bioavailable Sr local limit (0.706351-0.710611) and the estimated geological Sr
signature of the region (~0.707-0.709). In addition, the canine and ovicaprid samples
produced the highest average 8'Sr/®Sr ratios of the fauna at 0.709077 and 0.708969,
respectively. The evidence of non-local dog and goat/sheep samples could support the
presence of shepherding or livestock trade at Camino del Molino. Animals that are part of
a mobile herd will have access to different food sources and geological regions that would
affect their Sr isotopic values. The small rodent, rabbit, and lizard samples all contained
very similar average Sr isotope values (0.707881-0.707885) consistent with the local
geological Sr signature and extremely small variances (62 = ~4e-10). These species have
smaller home ranges, thereby limiting the geological variation and, as a result, the Sr
isotopic values reflect this lack of diversity. The single pig samples also had a Sr ratio
consistent with the local geological signature. As pigs are less suitable for long distance

migration they are less likely to be involved in mobile pastoralism (Greenfield 2010).

6.4  Non-Local Mobility
6.4.1 Migrant Patterns

The Camino del Molino local strontium limit ranged from 0.706351-0.710611 and
identified twelve humans and two fauna as non-local. All of these non-local individuals

were found above this range with more radiogenic Sr signatures. The twelve human and
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two faunal (one dog and one ovicaprid) non-local individuals had 8’Sr/®Sr ratios between

0.710639-0.720961.

The migrant humans were all adults: three male, three female, and six unsexed.
Overall, there is no obvious sex-specific migration pattern. During the earlier stages of
the burial (Layers 1110 and 1109), all (n = 2) of the identified non-local individuals were
female. Non-local males are only identified in the middle and later stages of the burial.
This could indicate females were the primary migrants earlier in the Copper Age, which
then switches to a more male-specific mobility in the later Copper Age. However, this
claim cannot be substantiated without the sex identification of those six unsexed ‘non-
locals’ or a broader population study of the burial. As the burial progresses, the frequency
of migrants increases and half (six of twelve) of the entire migrant population are found

in the most recent phase of the site.

The non-local fauna were a dog with an 8"Sr/®Sr ratio of 0.711190 and an
ovicaprid with 0.711588. The other animals with smaller home ranges (the small rodents,
rabbits, and lizards) were found between 0.7070-0.7080, which is the approximate
expected Sr isotopic range for the geology of marine sedimentary rocks. The sampled
fauna were not detailed with a layer number, skeletal analysis or individual burial context.
Therefore, it is difficult to discern more specific faunal mobility patterns other than from

the different species and the overall time period of when the burial was in use.
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Possible places of origin both within and outside southeast Spain are explored in
the next section. The 87Sr/%8Sr ratios of the non-local individuals will be compared to both
geological Sr signatures as well as archaeological Sr isotopic studies. Cultural and artifact

connections will also be considered to help support these claims.

6.4.2 Potential origins of the non-local individuals

The twelve non-local humans had Sr values ranging from 0.7106-0.7210 and
average around 0.7130. In general, the Sr signature of southeast Spain, including the area
surrounding Camino del Molino (MacArthur 2007), is dominated by marine sedimentary
geology with expected values between ~0.707-0.709 (Gibbons and Moreno 2002; Sealy
et al. 1991). The 8Sr/®%Sr values of the migrants are more consistent with older, more
radiogenic geology, such as granites and schists (~0.710-0.740) (Bentley 2004; Bentley
2006; Ericson 1985). However, these are only the broad Sr values from this type of
geology and do not reflect the bioavailable Sr. As this is the first southeast Spain Copper
Age study of mobility using strontium isotopes, there are no contemporaneous studies to

understand the potential bioavailable Sr for other parts of southeast Spain.

The closest comparison in geography and chronology to Camino del Molino is a
Sr isotopic study from the Bronze Age site of Las Gatas in southeast Spain (Diaz-Zorita
Bonilla et al. 2009; 2012) (Figure 6.6). Eleven human individuals (four male, four female,
and three sub-adult) and five rabbit samples were analyzed. Both the human enamel and
fauna produced very similar 8Sr/®Sr ratios, ranging ~0.7095-0.7102. Therefore, all of the

analyzed individuals were identified as local. The Las Gatas local 8 Sr/2Sr range is too
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low to be considered as a possible place of origin for non-local individuals buried at
Camino del Molino. Therefore, to hypothesize where these migrant individuals may have
originated, the results of the Sr analysis are compared with other contemporaneous

isotope studies from the Iberian Peninsula but outside of the southeast region.

The first comparison, based on proximity, are three sites in southwest Spain. This
region developed similarly to the southeast during the Copper Age (Chapman 2008) and
some have proposed the area formed a separate cultural or social group (Nocete Calvo
2001, 2004; Nocete Calvo et al. 2008; Nocete and Peramo 2010). Studies have shown
material trade occurring between the two regions as well as similar growth in social
hierarchy, animal husbandry, and megalithic funerary structures (Garcia Sanjuan 1999;

Garcia Sanjuan and Hurtado Pérez 1997; Hurtado Pérez 1991).

Diaz-Zorita Bonilla (et al. 2009; 2013) analyzed human samples from three
Copper Age sites in southwest Iberia: La Pijotilla (Badajoz, Spain) (also within the Ossa-
Morena Zone), Valencina-Castilleja (Seville, Spain), and Tholos de Palacio 11 (Seville,
Spain) (Figure 6.6). La Pijotilla and Valencina-Castilleja showed material evidence of
trade and/or movement from southeast Iberia and beyond. For example, amber from
Sicily and ivory or Ostrich egg necklaces from North Africa (Vargas 2004; Costa el al.
2010; Hurtado Pérez & Odriozola 2009). La Pijotilla is situated on Miocene geology,
consisting of conglomerates, sandstones, and limestone, and using both the faunal as well
as the human enamel Sr values the site was determined to have a local Sr limit of

0.71270-0.715382. Valencina-Castilleja and Tholos de Palacio 11, found within similar
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Lower Pliocene geological substrates, consisting of blue loess and conglomerates, had an
estimated local Sr range of 0.70850-0.71050. La Pijotilla and Valencina-Castilleja both
contained non-local individuals: five of the seventeen individuals sampled from La
Pijotilla and eleven of the thirty-three from Valencina-Castilleja. In comparison, all of the
seven human samples from Palacio I11 were deemed local. Valencina-Castilleja also
contained a non-local ovicaprid sample. Diaz-Zorita Bonilla (2013) hypothesized that La
Pijotilla and Valencina-Castilleja were connected and all but two of the migrants could be

explained as from one of these sites.

Central Iberia 88 samples from singular burials ranging along the tagus river basin
from the Neolithic to Bronze Age. Archaeological ties to SE Iberia? Geology was x and
X. The local limit was based on the average of the human samples +/-2sd. Local
population (mostly) and a slightly higher 0.708-0.712 range with one sample being non
local at 0.718. Could be the provenance of some the samples but not the more radiogenic

ones.

Western Iberia (the Ossa-Morena Zone) contains geological substrates with
expected Sr values ~0.709-0.720 with some areas as high as 0.730 (Azevedo and Nolan
1998; Gibbons and Moreno 2002; Moita et al. 2009) (Figure 6.6). This region is home to
the Vila Nova de Séo Pedro (VNSP) culture that flourished during the Copper Age
(Spindler 1981; Paco and Sangmeister 1956; Sangmeister and Schubart 1981; Savory
1972). VNSP shares many similarities to the southeast Spanish Copper Age culture and,

in particular, with Los Millares. This culture had agricultural and animal husbandry
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practices. It is also believed to have contact with the southeast region and other areas of

the Iberian Peninsula (Chapman 2008).
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Figure 6.6 Detailed map of Iberian geological substrates to illustrate the potential places of origin for the
non-local individuals found at Camino del Molino. Sites with Sr isotope studies have their defined local 8 Sr/8Sr
ranges specified. 1 — Camino del Molino (Lomba et al. 2009); 2 — Las Gatas (Diaz-Zorita Bonilla et al. 2009;
2012); 3 — Tholos de Palacio 111 and Valencina-Castilleja (Diaz-Zorita Bonilla et al. 2009; 2013); 4 — La Pijotilla
(the Ossa-Morena Zone) (Diaz-Zorita Bonilla et al. 2009; 2013); 5 — Perdigoes (the Ossa-Morena Zone) (Hillier
et al. 2010); 6 — Seven tombs within the Estremadura region, (Waterman et al. 2014); 7 — Galicia (Carvalho et al.
2012; Mendes and Dias 2004); 8 — Catalan Coastal Range (Navidad et al. 2010).

Adapted from Gibbons and Moreno 2002.
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Hillier et al. (2010) analyzed three sites from Portugal: Perdigdes, Estria, and
Carcavelos (Figure 6.6). Perdigdes is located in the region of Alentejo, which consists
mainly of Paleozoic granite and schist. Eight human individuals and a small group of
fauna (cattle, ovicaprid, pig, and deer) from this site were analysed. The faunal results
determined the local Sr limit was 0.7148-0.7182. The majority of the human samples,
except for two adult males deemed local, are found to be below the local Sr limit. Estria
and Carcavelos are found in the Estemadura region on Cretaceous sedimentary geology,
composed mainly of limestone, marl, and sandstone. Eight human samples from Estria
and six from Carcavelos were analyzed for Sr analysis. Modern land snails defined the
local Sr range for these two sites as 0.7070-0.7081. The majority of the human sample

population fell within the local range.

Waterman et al. (2014) collected fifty-five human samples from seven burial sites
in the Estremadura region of Portugal: Zambujal, Cova da Moura, Feteira Il, Lapa da
Rainha Il, Bolores, Cabeco de Arruda I, and Paimogo | (Figure 6.6). The sites were all
located within 25 km of each other and span the Late Neolithic into the Early Bronze
Age. The fauna, in particular the ovicaprid samples, analyzed to determine the local Sr
limit produced higher variability than the human results. Therefore, the local range was
defined by the mean 8 Sr/%®Sr human enamel isotope ratio (+2c), 0.7090-0.7115. Based
on this local signature, Cova da Moura and Cabeco da Arruda | were the only two sites
that contained non-local individuals. Cova da Moura had four (80% of the sample
population) non-locals, including two individuals with enriched 87Sr/2éSr isotope ratios of

0.714383 and 0.720730. This burial site is also distinct from the other sites for its relative
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wealth of foreign goods, such as jet and ivory objects, as well as its long span of use (~
1000 years) (Cunha et al. 2007; Schuhmacher et al. 2009; Thomas 2011). Waterman et al.
(2014) place the origins for the two non-locals with elevated Sr ratios as from the

Portuguese interior based on the Hillier et al. (2010) study of Perdigdes.

Two other hypothetical Iberian areas for the Camino del Molino migrant
individuals are Galicia in the northwest and Catalonia in the northeast (Figure 6.6).
However, these areas do not have archaeological Sr studies and greatly reducing their
comparative value to the Camino del Molino population. Galicia in northwest Iberia
contained a profuse megalithic culture dating from the Neolithic into the early Bronze
Age (Gianotti et al. 2011; Valera 2008). The majority of the past work done in this region
focused on the ideology of the funerary dolmens and mounds (Criado Boado 1989;
Criado Boado and Valcarce 1989; Criado Boado and Villoch VVaquez 2000), but recent
excavations by commercial archaeology have uncovered domestic settlements and
material evidence that shows similarities to other Copper Age Iberian cultures (Bonilla
Rodriguez et al. 2006; Criado-Boado and Cabrejas Dominguez 2005; Gianotti et al 2011,
Varela 2010; Vilaseco 2009). This region is characterized by granites, schist, and gneiss
dating to the early Paleozoic with high expected Sr values ~0.720- 0.750 (Carvalho et al.

2012; Mendes and Dias 2004).

The Catalan Pyrenees also had developed a megalithic culture during the
Neolithic and Copper Age that had cultural connections to the rest of the Iberian

Peninsula (Aicart Hereu 2006; Geddes 1983; Polo Diaz et al. 2014). However, less
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archaeological work has been done on the Copper Age sites in this region then the rest of
Iberia. As with Galicia, the area has Paleozoic granite and schist geological substrates

with high expected Sr isotope values (Navidad et al. 2010).

Southeast Spain as well as other parts of the Iberian Peninsula are shown to have
many exotic material goods, such as ivory and precious stones, which originated from
Africa and other parts of continental Europe (Chapman 2008; Harrison and Gilman 1977;
Harrison and Orozco-Kohler 2001; Hurtado Pérez et al. 2000; Murillo Barroso and Garcia
Sanjuéan, 2013). For example, Schuhmacher and Banerjee (2012) determined the exact
elephant species of some of the Copper Age Iberian ivory artifacts. Southeast Spain was
dominated by the Asiatic elephant (Elephas maximus), suggesting their trade routes
extended into the Middle East. Whereas Portugal and southwest Spanish sites contained
almost exclusively African bush elephant (Loxodonta Africana), linking these regions to
trade with Africa. Interestingly, the ivory found at Los Molinos de Papel, the village
associated with Camino del Molino, was from the African bush elephant. This could
indicate close connections between Camino del Molino and Portugal, southwest Spain, or,
perhaps, even North Africa. It is possible that along with these artifacts people moved to
Camino del Molino from North Africa or another part of Europe/the Middle East.
However, these are extremely broad areas and without more specific potential origin sites

it is currently impractical to explore these migration routes.

Based on the Sr isotopic and geology studies as well as cultural and material

connections, there is greater potential that the non-local individuals at Camino del Molino



99

originated from within the broader region surrounding the sites of La Pijotilla in
southwest Spain and Perdigdes in the Alentejo region of Portugal (Figure 6.6). These two
sites are found within the Ossa-Morena Zone, a contact area between cultures of southeast
Spain and the Portuguese coast, and contain geological substrates with high expected Sr
isotope ratios. La Pijotilla has a local Sr range of 0.71270-0.715382 that fits well with the
majority of the Camino del Molino non-local results. Perdigdes has a more enriched local
Sr signature of 0.7148-0.7182 and could be the initial home for the migrants with higher
87Sr/85Sr isotope ratios or as part of a mixed Sr source origin for the less radiogenic

migrants.

Both sites, however, did not have Sr local limits that are high enough to be the
place of origin for CM 66 (0.720961). The Portuguese coastal site of Cova da Moura
contained one individual with a similar 8Sr/%Sr isotope ratio of 0.720730. Waterman et
al. (2014) explain this radiogenic migrant as from the Portuguese interior based on the
older, granitic and schist geology of that region. If not from the Portuguese interior, there
is potential that this individual came from Galicia or Catalan based on their geology, or

other places on Iberia (see Fig 6.6).

6.4.3 ‘Local’ male mobility

The majority (87%) of the Camino del Molino sample population contained
87Sr/86Sr ratios within the local Sr limit (between 0.706351-0.710611). These eighty-one
individuals were, therefore, considered local to the Camino del Molino area. However,

the considerable amount of Sr isotopic variation among the identified local male
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individuals implies that they were not sedentary and participated in some form of

mobility.

Figure 6.2 displays the variation of the local male 8’Sr/®°Sr ratios compared to the
sub adult, female, and unsexed individuals within the local population. As stated in the
previous section (6.2.1 Sex-based Mobility Patterns), the 8 Sr/®Sr ratios of the local
population produced higher variance in identified males than in the females. The local
male 8/Sr/%Sr range (= 0.002716) was over twice that of the local female range (=
0.001342). The local unsexed individuals showed a similar range to the male subset.
Three of these unsexed individuals have 8Sr/®°Sr ratios on the upper limit of the Sr local
range. Based on the assumption that males within this local population will produce

higher Sr values, these three individuals are more likely to be identified as male.

Similar to the identified non-local individuals, this local mobility pattern
contained only adults. There is no obvious correlation between the adult age category and
this male-specific Sr isotopic variance. Mature adult, young adult, and adult local male
categories showed similar Sr isotope ranges. It is important to remember that these are
adult individuals but the Sr values were incorporated during tooth mineralization in
childhood. Therefore, the Sr isotopic variation and disparity between the sexes seen in the

data represents childhood differences.
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Figure 6.7 Plot of 87Sr/2éSr ratio versus sex categories of the local Camino del
Molino human population as well as the species categories of the faunal samples from
Camino del Molino, including the Sr local limit of 0.706351-0.710610, to demonstrate
the 87Sr/%8Sr ratio variation within all of the categories. Note that males, unknown sex,
and dogs contain the highest degree of variation.
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Several Iberian archaeological studies have also concluded that male individuals
were more mobile than female individuals. In the 1950s, Buikstra and Hoshower
(unpublished, cited in Chapman 2003: 202) examined skulls from the El Argar Bronze
Age population of southeast Spain. The data showed a greater morphological
heterogeneity in male skulls, indicating that there was a greater presence of non-local
males at El Argar. This was assumed to be as a result of matrilocality, where husbands
would move to their wives’ settlements, a practice that was believed to have arisen during
the transition to the Bronze Age. Another study from the southeast Spanish Bronze Age
(Motilla del Azuer, Daimiel, Spain) found several male skeletons had markings
suggestive of intense walking or physical exertion, whereas the females analyzed did not
(Jiménez-Brobeil et al. 2004). This was interpreted as evidence for a gendered division of
labour; women were involved in domestic centric activities and men engaged in more
strenuous duties outside of the home, possibly in foreign regions. Boaventura (2011)
discusses the artifact circulation in the Estremadura region of Portugal during the Late
Neolithic and claims the travelers who made these exchange journeys were mainly males.
His claim is supported by ethnographic accounts of gender division of labour and the
above stated studies from southeast Spain, though he provides no new or concrete

evidence of male mobility.

The Sr results from Camino del Molino provide direct evidence for male mobility
in childhood and support a possible gender division of labour. In theory, females would
have participated in more sedentary duties around the settlement and males were found

more often in activities external to their home. However, the Sr data also demonstrate that
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this division was not definite. Female individuals were equally represented in the non-

local population and males also contained local 8/Sr/®Sr signatures.

Local male 8Sr/®®Sr ratios ranged from 0.707870-0.710586. The Camino del
Molino area is comprised primarily of marine sedimentary rock with an expected local
strontium signature ranging between ~0.707-0.708 (Bentley 2001; MacArthur 2007;
Wright 2005). Therefore, this isotopic variation is only possible through Sr enriched food
imported to the Camino del Molino area or by the movement of the male individuals from
a more radiogenic geology. Two of the fauna were identified as non-local to Camino del
Molino, a dog and a sheep/goat, with 8Sr/®8Sr ratios higher than the local limit. This
indicates that there were animals with more radiogenic Sr signatures but not in high
numbers. It is more likely the heterogeneity in the local male Sr values are the result of

mobility rather than imported food.

Mobility within the southeast Spanish region could be the source of this local
male variation. In general, the Sr signature is dominated by seawater values of 0.7092
along the coast (Hodell et al. 2004; Wright 2005) and marine sedimentary geology inland
with expected values up to ~0.709 (Gibbons and Moreno 2005; Sealy et al. 1991). The
Bronze Age Sr isotopic study from Las Gatas established the local Sr range to be 0.7095-
0.7102 (Diaz-Zorita Bonilla et al. 2009) (Figure 6.6). A childhood residence along the
coast could produce Sr values closer to 0.709 or higher as demonstrated at Las Gatas.
Another possibility is that these males could be moving from the same region as the

migrant population of Camino del Molino. However, due to their lower Sr isotope ratios,
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these individuals would have had a mixed Sr source, possibly moving to the Camino del

Molino area earlier during tooth mineralization.

6.4.4 A transhumance model for Camino del Molino mobility

The presence of ovicaprid and canine fauna within the burial of Camino del
Molino, as well as the material evidence for secondary products in the village of Los
Molinos de Papel, supported the theory that pastoralism was an important economic
practice at these sites (Lomba et al. 2009; Martinez 2005). The discovery of over fifty
canid skeletons among the human interments suggested that these individuals were
participating in shepherding. Transhumance, a form of shepherding or mobile
pastoralism, is defined as the seasonal migration of domesticated herds, usually between
different altitudes (Braudel 1966; Geddes 1983). It has historically been an important
economic adaption to the Iberian landscape of valleys and mountains, particularly in
regions with poor soil for agriculture (Alfaro Giner 2001; Cabo Alonso 1992). Herding
routes, or droves, were already well established by the Iron Age and it has been assumed
that these pastoral practices began sometime during the Copper Age (Chapman 1979;
Criado Boado and Vaquero Lastres 1993; Davidson 1980; Walker 1983). Transhumance
provides an explanatory model to frame the mobility patterns seen within the population
of Camino del Molino. Animals that are part of a mobile herd and the humans tending to
them will have access to different food sources and geological regions that would affect

their Sr isotopic values.
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The Camino del Molino Sr isotope results identify two non-local fauna, twelve
non-local human individuals, and a greater 8/Sr/%Sr isotope variation among the local
male population. The identification of a non-local dog and ovicaprid, as well as these two
species containing the most varied Sr isotope ratios among the fauna, establish evidence
of shepherding. The canid samples also show a similar 8Sr/%Sr spread to the local male
and unsexed individuals, indicating a connection between the mobility patterns of dogs
and male individuals at Camino del Molino (Figure 6.7). Historically, Iberian
transhumance has been a male dominated field, with solitary men and boys tending to the
herds, whereas females and non-pastoral males would remain with the family’s
permanent settlement to look after the agricultural and domestic duties (Braudel 1966;
Collantes 2009; Diago 1994; Diago 2002; Moreno 2000; Pérez Romero 1996).
Furthermore, southeast Spanish Bronze Age studies have indicated that males exhibit a
higher degree of mobility than females (Buikstra and Hoshower; unpublished, cited in
Chapman 2003: 202; Jiménez-Brobeil et al. 2004). This sex discrepancy is visible within
the Camino del Molino Sr results. Activities of the local males meant access to more
diverse geology compared to the females, indicating that shepherding was a gendered

practice during the Copper Age.

In exploring potential origins for those non-local individuals, the most probable
sources, using the scarce published material on bioavailable Sr from Iberia, were the sites
of Perdigdes in the Alentejo region of Portugal and La Pijotilla in southwest Spain
(Figure 6.6). The broader region surrounding these sites (the Ossa-Morena Zone) is an

area unsuitable for wide spread agricultural development and, therefore, shepherding
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became a central industry (Duque Espino 2005; Fairén Jiménez 2004; Moreno Rey 1998;
Rodriguez Vidal et al. 2001; Rodriguez Vidal et al. 2003; Pérez Macias 1983; Garcia
Sanjuén 1999). Transhumance allows for the depleted resources to rest and regrow by
moving seasonally to new pastures (Manzano and Casas 2010). Copper Age studies in
southwest Spain have confirmed that transhumance was not only occurring but was
already a prominent socioeconomic activity in the area (Duque Espino 2005; Galan
Domingo & Ruiz-Galvez 2001; Murrieta-Flores 2007, 2011, 2014; Rodriguez Vidal et al.
2001). Shepherds from Perdigdes and La Pijotilla, in search of good pastureland, could
have found it in the area around Camino del Molino. This region has a strong rainfall
seasonality and, as a result, contains a high content of nutrients for grazing herds (Clary
2008; Fryxell and Sinclair 1988; Manzano and Casas 2010). Correspondingly, herds from
Camino del Molino could seek new pastureland in the Ossa-Morena Zone. Historically,
the Ossa-Morena Zone was the most common winter pasture for the Iberian Peninsula
and pastoralists would drive their herd more than 600 km one way to reach it (Collantes
2009). The surrounding area of Camino del Molino, therefore, could have served as a
herding station as the animals migrated between the Ossa-Morena Zone and southeast
Spain (or other parts of the Iberian Peninsula), creating a seasonal pastoral orbit linking

these two regions.

A pastoral orbit is defined as the regular and repetitive movement of herds
through a large-scale territory, consisting of settlements, herding stations, and paths
(Frachetti 2006). This movement is not aimless; herders migrate on fixed routes to places

with known resources and established familial ties (Chapman 1995; Saxe 1970).
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Connecting one’s family and ancestry to routes and stations allows herds to acquire and
maintain access to needed resources. A shepherd, therefore, belongs to an extended

community, which includes the people and places within their pastoral orbit.

Family connections could be formed through marriage between pastoral
communities. Marriage between individuals from Camino del Molino and the Ossa-
Morena Zone would help guarantee access to the settlements, herding stations, and other
resources on both sides of the marriage. Furthermore, it could explain why non-local
individuals are interred at Camino del Molino and indistinguishable from the identified
local individuals. The foreign partner of a marriage alliance would be accepted as part of
the local community and, therefore, buried as one of them. However, these familial
connections must extend beyond settlements, for a transhumant herd needs access to
resources throughout the network of droves. Murrieta-Flores (2011, 2014) studied the
spatial organization of Copper Age transhumance routes and discovered that megalithic
tombs were clearly the most common archaeological feature associated with them. It is
believed that the tombs acted as a physical and social marker for the migrating shepherds,
indicating the group’s territorial boundaries through their ancestors. If this link between
droves and burials carries to pastoral communities associated with southwest Spain then it
could also explain the presence of non-local individuals interred at Camino del Molino.
Despite being isotopically non-local, these individuals would have belonged to this larger
pastoral orbit and, as a result, could have been considered a type of local to the Camino
del Molino people. Furthermore, the interment of a non-local from the Ossa-Morena Zone

would have strengthened the communal and ancestral ties between these distant
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settlements. In practical terms, this would also be beneficial for the herd if a shepherd
were to die during migration. The deceased would have a suitable burial that was
connected to their pastoral ancestors and the herd would not need to transport the body

back to the individual’s birthplace.

The pastoral connection between Camino del Molino and the Ossa-Morena Zone
is further supported by the foreign material goods present at Los Molinos de Papel. The
ivory artifacts from the village site were identified as from the African bush elephant,
which was found almost exclusively in southwest Spain and Portugal, instead of the
Asiatic elephant, found only in southeast Spain (Schuhmacher and Banerjee 2012). The
lack of ivory from southeast Spain, interestingly, distances Camino del Molino culturally
from its geographic region and associates it closer with the Ossa-Morena Zone. This ivory
could have been a marriage gift or part of an exchange to solidify the relationship
between these pastoral communities. Or these artifacts could have arrived as the result of
trade. Historically, pastoralists are known to have engaged in trade because of their

chosen employment’s requirement to migrate great distances (Collantes 2009).

Over the span of the Camino del Molino burial, there is an increase in the number
of non-local individuals. This increase is not seen in the local male population, indicating
that it may not just be the result of intensified shepherding but perhaps also a by-product
of the practice. As transhumance and the routes used became more established in Iberia, it
would improve the social connections between the settlements within the seasonal orbit

and reduce the difficulties associated with traveling such distances.
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6.5  Conclusion

The Sr isotope results and identified mobility patterns for this study support the
presence of transhumance and provide insight into the cultural implications of their
movements. Transhumance was an economic and social mobility system, which moved
people, animals, and goods to and from Camino del Molino. However, more than that it
acted as a central industry that affected gender roles, community inclusion, and foreign
relations. Movement from shepherding was a fundamental part of the culture and
economy for this site, despite increasing sedentary practices. Through mobility their

ecological, economic and social identities were created, shaped, and maintained.



110

Conclusions

7.1  Summary of Results

The purpose of this study was to explore mobility at the southeast Iberian Copper
Age burial site of Camino del Molino using strontium isotope analysis. The large number
of interred, the broad demography of the human as well as faunal remains, the temporal
span and the contextual preservation of this site made it an advantageous sample
population to study. The local Camino del Molino Sr range, defined through faunal Sr
isotope ratio results, identified twelve humans and two fauna as non-local or migrants.
The two non-local fauna were an ovicaprid and a canid sample. The migrant humans were
all adults with sex equally represented: three male, three female, and six unsexed. There
does not appear to be a sex-specific migration pattern for the non-local individuals.
Migrants are found throughout the site but as the burial progresses the rate of mobility
increases with six of the twelve migrants being found in the final layers. The local male
population had a greater Sr isotope variation in comparison to the local female
population. These results indicate a higher degree of male mobility, despite these
individuals being identified as local. Local male mobility occurs throughout the burial
sequence and supports a possible gendered division of mobility related to transhumance
practices. However, the Sr data also demonstrate that this division was not definite.
Female individuals were equally represented in the non-local population and males also

contained local 8'Sr/®°Sr signatures.
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The Sr isotope results of the migrant individuals as well as the more radiogenic
local males were compared with other contemporaneous Iberian Sr isotope studies to
determine their possible origins. The non-local 8’Sr/%Sr ratios were higher than the local
Sr limit for Camino del Molino and suggested a childhood spent outside of the southeast
Spanish region. The Ossa-Morena Zone sites of La Pijotilla (Diaz-Zorita Bonilla 2013)
and Perdigdes (Waterman et al. 2014) in the southwest region of the Iberian Peninsula
contained local Sr signatures consistent with the majority of the Camino del Molino
migrants. One non-local individual, CM 66, had a high 8’Sr/%Sr ratio that was not
comparable to the archaeological Sr isotope studies from the Iberian Peninsula. Using
expected geological Sr values, it is possible that this individual originated from a more
radiogenic part of the Ossa-Morena Zone, Galicia, the Catalan coastal range, or

elsewhere.

The mobility patterns identified through this Sr isotope analysis support already
held beliefs of southeast Iberian Copper Age society but also reveal new connections. The
Sr isotope results endorse transhumance as an important, perhaps even central, economic
practice at Camino del Molino. Pastoralists migrate with their herds between settlements
and pastures, constructing and maintaining social and economic connections with distant
places through this mobility. The migrant human individuals, as well as the two non-local
fauna, had &7Sr/éSr isotope ratios consistent with sites from the Ossa-Morena Zone. This
implies that Camino del Molino was potentially connected closely with the Ossa-Morena
Zone, most likely through transhumant mobility. This relationship was likely

strengthened through alliances as well as burial practices. Additionally, it created a broad
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communal identity for the people of Camino del Molino that extended to the Ossa-
Morena Zone and throughout this pastoral orbit. The seasonal migration of the herds was
fundamental to the maintenance of the economic and social identities for those within this
pastoral orbit. The gendered division of labour and mobility created gendered spaces.
Females remained with the permanent domestic settlement, whereas males had their place
in the mobile economy and in foreign relations. This gendered mobility possibly had an
impact on the southeast Iberian culture into the Bronze Age (Buikstra and Hoshower

unpublished, cited in Chapman 2003: 202; Jiménez-Brobeil et al. 2004).

7.2 Limitations of the Study

This research is the first step towards a better knowledge of Copper Age mobility
patterns in southeast Iberia from isotope analysis. The Sr analysis results of this study are
significant for understanding the mobility of the individuals interred at Camino del
Molino but it was not without its limitations. At the burial site, the human and fauna
remains were commingled and damaged in many cases. Samples for this study were
chosen from those best preserved and clearly individualized for demographic
identification. Sample selection, therefore, limited who was analyzed as well as the
number of samples for this study. Furthermore, despite being chosen for their
preservation, there is incomplete demographic information on all of the individuals which
hindered a complete understanding of the mobility patterns. For example, the sex
identification of all the non-local individuals would provide support for a possible shift
from female-centric to male-centric migration in the later stages of the burial. With the

discovery of non-local fauna at Camino del Molino, the local Sr limit created is
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potentially too broad and reduces the number of identified migrant individuals. As this is
the first Sr isotope study of southeast Iberian Copper Age mobility there was
understandably a lack of contemporaneous isotope studies with which to compare the
Camino del Molino Sr results or to better understand the region’s bioavailable Sr
signature. This paucity of comparable data, even from other time periods of southeast
Spanish history, has prevented any possible connections to be made between Camino del
Molino and other sites within the southeast region. More bioavailable Sr data should be
collected from other sites in southeast Iberia to further assess the mobility among Copper

Age populations within this region.

7.3 Future Considerations

The results of this research have been a successful first step to reconstructing
southeast Iberian Copper Age mobility patterns using Sr isotope analysis. It has shown
that movement played an integral role in the ecological, economic, and social

management of this region. However, there is still more work to be done.

Beginning with the study site, it is recommended that the unsexed sample
individuals be re-examined. If the demographic information can be ascertained from the
entire sample population through skeletal morphology or DNA analysis then the already
identified, as well as the potential, mobility patterns can be substantiated. Additionally,
more human and faunal samples from Camino del Molino should be analyzed for

87Sr/%5Sr isotope ratios to verify the interpretations presented here. It would also be
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interesting to obtain tooth samples from the individual burials found at Los Molinos de

Papel to observe how they compare to those within the communal burial.

As this is the first Sr isotope analysis of a southeast Iberian Copper Age
population, more Sr isotope studies are needed to understand the region’s bioavailable Sr
signatures. Without this data, it is not possible to do inter-site comparisons and, therefore,
inter-regional connections cannot be made. Through the Sr results of this study, Camino
del Molino has been connected to the Ossa-Morena Zone. Sr isotope analysis of the
human remains from the megalithic tombs along the pastoral routes between these two
areas may yield comparative information concerning their relationship and the pastoral

orbit.

Transhumance has been interpreted in this study as a central socioeconomic
activity that defined the mobility of the individuals from Camino del Molino and their
relationship to the Ossa-Morena Zone. To verify this interpretation, it is would be
advisable to analyze more ovicaprid and canid samples from Camino del Molino and
serial sample those identified as non-local. Serial sampling is a technique that obtains
enamel from regular intervals along the length of the tooth (Balasse and Ambrose 2002;
Britton et al. 2009). This meticulous technique reveals the seasonal Sr isotope ratios for
the fauna and could show a more detailed pattern of herd migration. Additionally,
ovicaprid and canid species samples should be included in future Sr analysis of Copper

Age sites from southeast Spanish and the Ossa-Morena Zone.
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Outside of future Sr isotope analysis, the social interpretations from the Camino
del Molino results identify a need for collaborative studies with sites in the Ossa-Morena
Zone. The pastoral orbit between the Ossa-Morena Zone and Camino del Molino has
opened questions of local and group identity in Copper Age Iberia. Do cultural
interpretations from Camino del Molino, such as the gendered division of labour, hold
true in the Ossa-Morena Zone? What role does a pastoral orbit play in group social
identity? Were the identified non-local individuals considered to be local, or at least a

type of local, by the people of Camino del Molino?

The results of this research are the first step to reconstructing past mobility
patterns in southeast Iberia during the Copper Age. Future strontium isotope studies in
southeast Iberia, the Ossa-Morena Zone, and other Iberian regions will continue to build

on this work and expand on the interpretations presented here.
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Al  Original Camino del Molino data table
The original Camino del Molino human and fauna data given with the samples and the MARC
number assigned to each of the sample enamel and dentine samples taken. Note the underlined
MARC Dentine numbers denote the ten samples randomly chosen for Sr analysis.

Sanmgple Site Period Local Code Sex Age Tooth Radll:())a(t::;bon Dl\g/:tFi{r?e El\r/ll/:riil
1 CMol | Calcolithic Sujeto 3 Cuadro 71 N Adult P2 upper left 558 559
2 CMol | Calcolithic Sujeto 4 Cuadro 112 N Adult P1 lower right 562 563
3 CMol | Calcolithic Sujeto 6 Cuadro 194 F 20-28 P1 upper right | 3910 +/-40BP 566 567
4 CMol | Calcolithic Sujeto 7 Cuadro 320 M 20-23 12 upper left 3910 +/-40BP 570 571
5 CMol | Calcolithic Sujeto 8 Cuadro 216 N Adult M1 upper left 574 575
6 CMol | Calcolithic Sujeto 9 Cuadro 210 N Adult P1 upper right 578 579
7 CMol | Calcolithic Sujeto 10 Cuadro 209 Alofiso 14-18 M1 lower right 582 583
8 CMol | Calcolithic Sujeto 11 Cuadro 219 N Adult P2 upper right 586 587
9 CMol | Calcaolithic Sujeto 12 Cuadro 273 M 33-24 C upper left 3970 +/-40BP 590 591
10 CMol | Calcaolithic Sujeto 16 Cuadro 280 F 20-35 P1 upper left 594 595
11 CMol | Calcaolithic Sujeto 17 Cuadro 318 M 43-55 12 lower left 598 599
12 CMol | Calcolithic Sujeto 20 Cuadro 338 N Adult P1 upper left 602 603
13 CMol | Calcolithic Sujeto 21 Cuadro 361 M 30-40 P2 upper left 3920 +/-BP 606 607
14 CMol | Calcolithic Sujeto 24 Cuadro 384 N Adult P2 upper right 610 611
15 CMol | Calcolithic Sujeto 25 Cuadro 399 N Adult P2 upper right 614 615
16 CMol | Calcolithic Sujeto 26 Cuadro 401 N Adult M1 lower left 618 619
17 CMol | Calcolithic Sujeto 27 Cuadro 412 N Adult P1 upper left 622 623
18 CMol | Calcolithic | Sujeto 28 Cuadro 358bis M 20-24 12 upper left 626 627
19 CMol | Calcolithic Sujeto 29 Cuadro 440 Indet. (9-10) P1 upper left 630 631
20 CMol | Calcolithic Sujeto 30 Cuadro 455 N Adult P1 lower left 634 635
21 CMol | Calcolithic Sujeto 35 Cuadro 513 N Adult P2 upper right 638 639
22 CMol | Calcolithic Sujeto 40 Cuadro 551 N Adult P1 upper left 642 643
23 CMol | Calcolithic Sujeto 41 Cuadro 543 N Adult P1 lower left 646 647
24 CMol | Calcaolithic Sujeto 43 Cuadro 577 N Adult dM1 upper left 650 651
25 CMol | Calcolithic Sujeto 44 Cuadro 575 M 24-28 P2 upper left 654 655
26 CMol | Calcolithic Sujeto 49 Cuadro 590 N Adult P1 upper right 658 659
27 CMol | Calcolithic Sujeto 53 Cuadro 634 N Adult P2 upper right 662 663
28 CMol | Calcolithic Sujeto 54 Cuadro 643 N Adult | dM1 lower right 666 667
29 CMol | Calcolithic Sujeto 55 Cuadro 657 N Adult P2 upper right 670 671
30 CMol | Calcolithic Sujeto 56 Cuadro 658 N Adult P1 upper right 674 675
31 CMol | Calcolithic Sujeto 59 Cuadro 676 N Adult P1 upper left 678 679
32 CMol | Calcolithic Sujeto 60 Cuadro 680 N Adult P2 upper left 682 683
33 CMol | Calcolithic Sujeto 61 Cuadro 690 N Adult P1 upper left 686 687
34 CMol | Calcolithic Sujeto 63 Cuadro 753 N Adult C upper left 690 691
35 CMol | Calcolithic Sujeto 67 Cuadro 723 N Adult P1 upper right 694 695
36 CMol | Calcaolithic Sujeto 68 Cuadro 734 N Adult P1 upper left 698 699
37 CMol | Calcaolithic Sujeto 71 Cuadro 800 M >45 P1 upper right 702 703
38 CMol | Calcolithic Sujeto 72 Cuadro 817 N Adult P1 upper right 706 707
39 CMol | Calcolithic Sujeto 79 Cuadro 857 M 35-45 P1 upper left | 3730 +/-40BP 710 711
40 CMol | Calcolithic Sujeto 81 Cuadro 887 F 25-30 P1 lower left 714 715
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Sanmgple Site Period Local Code Sex Age Tooth Radng;:srbon Dl\g/:t'iqr?e Eh::ri(;l
41 CMol | Calcolithic Sujeto 83 Cuadro 894 N Adult P1 upper left 718 719
42 CMol | Calcaolithic Sujeto 84 Cuadro 915 M 20-28 P1 upper left 722 723
43 CMol | Calcolithic Sujeto 87 Cuadro 959 N Adult M1 upper left 726 727
44 CMol | Calcolithic Sujeto 88 Cuadro 992 N Adult 11 upper left 730 731
45 CMol | Calcolithic Sujeto 92 Cuadro 965 N Adult dI1 upper right 734 735
46 CMol | Calcolithic | Sujeto 100 Cuadro 1031 M 20-23 P1 upper left 4140 +/-BP 738 739
47 CMol | Calcolithic | Sujeto 101 Cuadro 1031 | Alofiso 10 dM1 upper right 742 743
48 CMol | Calcolithic | Sujeto 103 Cuadro 1039 N Juvenile | dM1 upper left 746 747
49 CMol | Calcolithic | Sujeto 104 Cuadro 1041 M Adult P1 upper left 750 751
50 CMol | Calcolithic | Sujeto 105 Cuadro 1043 M 33-35 P1 upper left 4130 +/-BP 754 755
51 CMol | Calcolithic | Sujeto 106 Cuadro 1082 N Adult P1 upper left 758 759
52 CMol | Calcolithic | Sujeto 108 Cuadro 1072 M 35-39 P1 upper right 4160 +/-BP 762 763
53 CMol | Calcolithic | Sujeto 109 Cuadro 1068 F 33-42 P2 upper right 766 767
54 CMol | Calcolithic | Sujeto 110 Cuadro 1077 F 20-45 P2 upper right 770 771
55 CMol | Calcolithic | Sujeto 112 Cuadro 1094 F 20-25 P1 upper right 774 775
56 CMol | Calcolithic | Sujeto 113 Cuadro 1095 F 24-28 P1 lower right 778 779
57 CMol | Calcolithic | Sujeto 117 Cuadro 1119 N Adult P1 upper right 782 783
58 CMol | Calcolithic | Sujeto 119 Cuadro 1127 M 55 P1 lower left 786 787
59 CMol | Calcolithic | Sujeto 122 Cuadro 1132 F 20-21 P1 upper right 790 791
60 CMol | Calcolithic | Sujeto 123 Cuadro 1568 M 25-30 M3 upper left 4210 +/-BP 794 795
61 CMol | Calcolithic | Sujeto 124 Cuadro 1160 N Adult C upper right 798 799
62 CMol | Calcolithic | Sujeto 125 Cuadro 1205 N Adult P2 upper left 802 803
63 CMol | Calcolithic | Sujeto 126 Cuadro 1184 | Alofiso 14-18 P1 upper left 806 807
64 CMol | Calcolithic | Sujeto 127 Cuadro 1192 | Alofiso (3-4) M1 lower left 810 811
65 CMol | Calcolithic | Sujeto 129 Cuadro 1228 F 20-22 P1 lower right 814 815
66 CMol | Calcolithic | Sujeto 131 Cuadro 1248 F 20-23 P2 upper right 818 819
67 CMol | Calcolithic | Sujeto 132 Cuadro 1258 M 33-45 M3 upper right 822 823
68 CMol | Calcolithic | Sujeto 133 Cuadro 1255 F 25-30 M3 upper left 826 827
69 CMol | Calcolithic | Sujeto 136 Cuadro 1269 M 20-30 P1 upper left 830 831
70 CMol | Calcolithic | Sujeto 137 Cuadro 1272 M 20-25 C upper left 834 835
71 CMol | Calcolithic | Sujeto 138 Cuadro 1283 F 15-22 P1 upper left 838 839
72 CMol | Calcolithic | Sujeto 139 Cuadro 1289 F 25 P1 lower left 842 843
73 CMol | Calcolithic | Sujeto 140 Cuadro 1298 M 35-45 P1 upper left 846 847
74 CMol | Calcolithic | Sujeto 142 Cuadro 1323 Indet. (3-4) M1 upper left 850 851
75 CMol | Calcolithic | Sujeto 143 Cuadro 1346 N Adult P2 upper right 854 855
76 CMol | Calcolithic | Sujeto 151 Cuadro 1460 M 30-35 P1 lower right 858 859
77 CMol | Calcolithic | Sujeto 145 Cuadro 1374 M 24-30 11 upper right 862 863
78 CMol | Calcolithic | Sujeto 150 Cuadro 1423 M 22-24 P1 upper left 866 867
79 CMol | Calcolithic | Sujeto 154 Cuadro 1447 F 33-42 P1 upper left 870 871
80 CMol | Calcolithic | Sujeto 155 Cuadro 1475 | Alofiso 11 P1 upper left 874 875
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Sl Site Period Local Code Sex Age Tooth Radio Carbon MARC MARC
no Dates Dentine | Enamel
81 CMol | Calcolithic | Sujeto 158 Cuadro 1533 * * P1 upper left 878 879
82 CMol | Calcolithic | Sujeto 161 Cuadro 1552 F 25-35 P2 upper left 882 883
83 CMol | Calcolithic | Sujeto 162 Cuadro 1577 N Adult dM2 lower left 886 887
84 CMol | Calcolithic | Sujeto 164 Cuadro 1599 M 45-55 P2 upper right 890 891
85 CMol | Calcolithic | Sujeto 165 Cuadro 1598 M 25-30 P2 upper right 894 895
86 CMol | Calcolithic | Sujeto 166 Cuadro 1614 M 17-21 P2 upper right 898 899
87 CMol | Calcolithic | Sujeto 167 Cuadro 1640 N Adult M1 upper right 902 903
88 CMol | Calcolithic | Sujeto 168 Cuadro 1657 F 14-18 M2 upper right 906 907
89 CMol | Calcolithic | Sujeto 169 Cuadro 1674 F 40-55 P1 upper left 910 911
90 CMol | Calcolithic | Sujeto 170 Cuadro 1678 M 43-55 P2 upper right 914 915
91 CMol | Calcolithic | Sujeto 173 Cuadro 1696 F 15-18 P1 upper left 918 919
92 CMol | Calcolithic | Sujeto 172 Cuadro 1682 Indet. (7-9) M2 lower right 922 923
93 CMol | Calcolithic Sujeto 13 Cuadro 292 | Alophys | >45yo0 M1 lower right 926 927
94 CMol | Calcolithic | Conejo Criba Cuadr 1672 * * Many teeth 1144
95 CMol | Calcolithic | Micro Criba Cuadro 1135 * * Many teeth 1146
96 CMol | Calcolithic | Conejo Criba Cuadr 1666 * * Many teeth 1147
97 CMol | Calcolithic | Micro Criba Cuadro 1408 * * Many teeth N/A
98 CMol | Calcolithic Conejo Cuadro 1093 * * Many teeth 1150
99 CMol | Calcolithic | Micro Criba Cuadro 1340 * * 1 Tooth 1152
100 CMol | Calcolithic | Micro Criba Cuadro 1052 * * Many teeth 1153
101 CMol | Calcolithic | Lagarto Crib Limpiez sol * * Many teeth 1154
102 CMol | Calcolithic | Micro Criba Cuadro 1150 * * Many teeth 1155
103 CMol | Calcolithic | Micro Criba Cuadro 1142 * * 1 Tooth 1156
104 CMol | Calcolithic | Ovicaprido Cuadro 388 * * 1 Tooth 1157
105 CMol | Calcolithic | Owvicaprido Cuadro 550 * * 2 Teeth 1159
106 CMol | Calcolithic | Ovicaprido Cuadro 316 * * 2 Teeth 1161
107 CMol | Calcolithic | Ovicaprido Cuadro 1042 * * 1 Tooth 1163
108 CMol | Calcolithic Canido Cuadro 308 * * 1 Tooth 1165
109 CMol | Calcolithic Canido Cuadro 360 * * 1 Tooth 1167
110 CMol | Calcalithic Canido Cuadro 600 * * 1 Tooth 1169
111 CMol | Calcolithic | Ovicaprido Cuadro 323 * * 2 Teeth 1171
112 CMol | Calcolithic | Canido Criba Sector Nort * * 2 Teeth 1173
113 CMol | Calcaolithic Canido Cuadro 511 * * 2 Teeth 1175
114 CMol | Calcolithic Canido Cuadro 471 * * 1 Tooth 1177
115 CMol | Calcaolithic Canido Cuadro 394 * * 1 Tooth 1179
116 CMol | Calcolithic | Lagarto Crib Cuadr 1052 * * Many teeth 1181
117 CMol | Calcolithic | Lagarto Crib Cuadr 1150 * * 2 Teeth 1182
118 CMol | Calcolithic | Canido Crib Cuadr 1142 * * 1 Tooth 1183
119 CMol | Calcolithic | Cerdo Criba Cuadro 1142 * * 1 Tooth 1184
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A2 MC-ICP-MS sample sequence and results
The data table shows the sample sequence, including standards and procedural blanks, and the
sample Sr results data from the first Neptune mass spectrometer run of the Camino del Molino
samples.
Date 02-Feb-12 Operator C. Merner
Nebulizer 100PFA neb [Start Time 10:15am
Spray chamber [ESI SIS End Time 6:50am (03-Feb-12)
Method No. Standards |13
Tune file No. Samples
Acquisition 1 block of 50 cycles; 2 secintegration
Run no. [Standard/Sample Name  |%srint (V)| ®Rb Int (V) |Rb/Sr (%) 8sSr/®°sr | 87Sr/®sr |  1SE  [Comments
1|Std MAF-11C 987 11.5| 0.000138| 0.0012| 0.05648| 0.710291| 0.000011|200ppb
2|std MAF-11C 987 11| 0.000044| 0.0004| 0.056503| 0.710263| 0.000012|200ppb
3|std MAF-11C 987 10.9| 0.000025| 0.0002| 0.056561| 0.71026| 0.000011|200ppb
4|Sample MARC 558 16.6|/ 0.000509| 0.0031| 0.056493| 0.707869| 0.000008
5|Sample MARC 562 9| 0.000695| 0.0077| 0.056481| 0.708923| 0.000016
6|Sample MARC 563 7.5 0.000891| 0.0118| 0.056518| 0.708113| 0.000012
7|Sample MARC 566 6| 0.001343| 0.0223| 0.056437| 0.712976| 0.000015
8|Sample MARC 570 18.4| 1.523268| 8.2823| 0.056502| 0.708304| 0.000007
9|Sample MARC 574 6.4 0.000539| 0.0084| 0.05646| 0.708633| 0.000012
10{Sample MARC 578 8.5 0.00049| 0.0058| 0.056424| 0.710678| 0.000013
11{Sample MARC 582 9.1| 0.000446| 0.0049| 0.05647| 0.708769| 0.000013
12(Sample MARC 586 11.7| 0.000316| 0.0027| 0.056484| 0.713174| 0.000009
13[Sample MARC 590 4.6 0.000401| 0.0087| 0.056443| 0.713066| 0.00002
14(Std MAF-11C 987 10.7| 0.000028| 0.0003| 0.056493| 0.710281| 0.000013|200ppb
15(Blk AB1 0| 0.000124 2.692| -0.088087| 0.76529| 0.010409
16{Sample MARC 594 5.9 0.00042|  0.0071| 0.056513| 0.709006| 0.000014
17|Sample MARC 598 7.2|  0.000576 0.008| 0.056463| 0.709935| 0.000013
18{Sample MARC 602 6 0.00136| 0.0228| 0.056614| 0.715051| 0.000014
19(Sample MARC 606 14|  0.000719 0.0051| 0.056501| 0.709754| 0.000008
20|Sample MARC 607 3.2| 0.000505 0.0158| 0.056379| 0.708309| 0.000027
21{Sample MARC 610 15.6/  0.000317 0.002| 0.056538| 0.70838| 0.000008
22|Sample MARC 614 7.5 0.001558| 0.0209| 0.05652| 0.707896| 0.000015
23|Sample MARC 618 8.6 0.000268 0.0031| 0.056531| 0.708347| 0.000016
24[Sample MARC 622 2.9 0.000762| 0.0262| 0.05683| 0.708533| 0.000025
25|Sample MARC 626 10| 0.005858| 0.0588| 0.056506| 0.71334| 0.00001
26|Std MAF-11C 987 10.9| 0.000044| 0.0004| 0.056477| 0.710272| 0.000011|200ppb
27|Blk AB2 0| 0.000098| 3.2479| 0.048442| 0.731092| 0.014057
28|Sample MARC 630 7.3 0.007157| 0.0976| 0.056553| 0.708403| 0.000014
29|Sample MARC 634 15.2| 0.000501| 0.0033| 0.056528| 0.707961| 0.001444
30|Sample MARC 638 5.2| 0.000462| 0.0088| 0.05652| 0.708001| 0.000019
31|{Sample MARC 642 3.6| 0.000411| 0.0114| 0.056479| 0.709142| 0.000026
32|Sample MARC 646 13.5|  0.000429| 0.0032| 0.056513| 0.712315| 0.000011
33|Sample MARC 650 5.3 0.00097| 0.0183| 0.056601| 0.707944| 0.000016




154

Run no.|Standard/Sample Name 8sr int (V) | ®Rb Int (V) |Rb/Sr (%) | 84Sr/%8sr | 87Sr/%sr|  1SE  [Comments
34|Sample MARC 654 19 0.000672 0.0035| 0.056491| 0.708527| 0.000007
35|Sample MARC 655 11.8 0.000325 0.0028| 0.056509| 0.70804| 0.00001
36|Sample MARC 658 8.2 0.000469 0.0057| 0.056498| 0.708448| 0.000014
37|Sample MARC 662 16 0.000586 0.0037| 0.056509( 0.707849| 0.000009
38|Std MAF-11C 987 10.8 0.000035 0.0003| 0.056545| 0.710281| 0.00001(200ppb
39|Blk AB3 0 0.000237 4.8687| 0.115971| 0.742234| 0.009531
40|Sample MARC 666 3.6 0.000559 0.0156| 0.056578| 0.708099| 0.000021
41|Sample MARC 670 12.6 0.000256 0.002| 0.056525 0.708| 0.00001
42(Sample MARC 674 6.9 0.000253 0.0037| 0.05648| 0.70832| 0.000014
43(Sample MARC 678 4.1 0.000812 0.0199| 0.05658| 0.709009| 0.00002
44(Sample MARC 682 6.2 0.009772 0.1575| 0.056554| 0.708833| 0.000015
45|Sample MARC 686 6.9 0.016569 0.2394| 0.056508| 0.710363| 0.000014
46|Sample MARC 690 8.5 0.000606 0.0072| 0.056486| 0.710044| 0.000013
47|Sample MARC 694 9 0.000303 0.0034| 0.056446| 0.713522| 0.000012
48|Sample MARC 698 16.8 0.000457 0.0027| 0.056479| 0.708333| 0.000009
49|Sample MARC 702 4.1 0.003691 0.0908| 0.056488| 0.712852| 0.000017
50|Std MAF-11C 987 11 0.000036 0.0003| 0.056522| 0.710307| 0.000011(200ppb
51|Blk AB4 0 0.000191 4.5646| 0.160345| 0.753421| 0.012588
52|Sample MARC 706 5.8 0.00035 0.006| 0.05649| 0.711251( 0.000016
53|Sample MARC 707 12.2 0.000369 0.003| 0.056497| 0.708522( 0.000011
54|Sample MARC 710 114 0.000462 0.004| 0.056484| 0.708117( 0.000011
55|Sample MARC 714 5 0.001498 0.0301| 0.056458| 0.708192| 0.000022
56|Sample MARC 718 10.7 0.000923 0.0086| 0.05649| 0.708408| 0.00001
57|Sample MARC 722 5.3 0.000508 0.0096| 0.056442| 0.709525| 0.000015
58|Sample MARC 723 27.4 0.000592 0.0022| 0.056493| 0.708025| 0.000007
59|Sample MARC 726 2.8 0.000373 0.0131| 0.056502| 0.709046| 0.000022
60|Sample MARC 730 9.7 0.000422 0.0043| 0.056474| 0.708144| 0.00001
61|Sample MARC 734 4.1 0.000533 0.013| 0.056516| 0.707985( 0.000019
62|Std MAF-11C 987 10.9] 0.000018 0.0002| 0.056539| 0.710261| 0.00001(200ppb
63|Blk AB5 0 0.000602 4.5068| 0.119539| 0.712753| 0.00369
64|Sample MARC 738 17.6 0.001144 0.0065| 0.056483| 0.708536| 0.00001
65|Sample MARC 742 5.2 0.000494 0.0094| 0.056537| 0.708502| 0.000018
66|Sample MARC 746 5 0.000482 0.0096| 0.056708| 0.707904| 0.000014
67|Sample MARC 750 29.1 0.000238 0.0008| 0.05648| 0.708498| 0.000006
68|Sample MARC 754 10.8 0.000418 0.0039| 0.056515| 0.708275| 0.000009
69|Std MAF-11C 987 10.9 0.000029 0.0003| 0.056555| 0.710251| 0.000013|200ppb
70|Std MAF-11C 987 10.8 0.000027 0.0003| 0.056523| 0.710269( 0.000011|200ppb
71|Std MAF-11C 987 10.6 0.000033 0.0003| 0.05651| 0.710256| 0.000011(200ppb
72|Sample MARC 758 10.3 0.000338 0.0033| 0.05656| 0.710382| 0.00001
73|Sample MARC 762 8.7 0.000549 0.0063| 0.056534| 0.70818| 0.000014
74|Sample MARC 766 4.5 0.000457 0.0103| 0.056667| 0.708081| 0.000017
75|Sample MARC 767 24.1 0.000856 0.0035| 0.056521| 0.707947| 0.000008
76|Sample MARC 770 3.1 0.013438 0.4372| 0.05665| 0.708113| 0.000023
77|Sample MARC 774 5.7 0.000389 0.0068| 0.056502| 0.708439| 0.000015
78|Sample MARC 778 1.3 0.0015 0.1155]| 0.056335| 0.708989| 0.000044
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Run no. [Standard/Sample Name | %Srint (V)| ®Rb Int (V) |Rb/Sr (%) %sr/®°sr | #7Sr/%sr | 1SE [Comments
79|Sample MARC 782 5.7 0.001155 0.0203| 0.056611| 0.708416| 0.000016
80[Sample MARC 786 2.1 0.002044 0.0991| 0.056537| 0.708605| 0.000034
81|Sample MARC 790 18.7 0.002592 0.0138| 0.056496| 0.707664| 0.000009
82(Std MAF-11C 987 11.2 0.000016 0.0001| 0.05657| 0.710263| 0.000012|200pphb
83(BIk AB6 0 0.001984| 19.9515( 0.124658| 0.754058( 0.006121
84(Sample MARC 794 14.4 0.000389 0.0027| 0.056529| 0.709586| 0.000009
85(Sample MARC 798 2.5 0.000656 0.0266( 0.056659| 0.70846| 0.000022
86(Sample MARC 802 2.3 0.000647 0.0284| 0.056572| 0.70876| 0.000029
87|(Sample MARC 806 11.2 0.000657 0.0058( 0.056487| 0.708469| 0.000012
88|Sample MARC 807 29.7 0.000261 0.0009( 0.056522| 0.708005| 0.000006
89(Sample MARC 810 4.8 0.000504 0.0106| 0.056535| 0.708049| 0.000017
90|Sample MARC 814 3.7 0.00088 0.0241| 0.056521| 0.708018| 0.000022
91|Sample MARC 818 5.5 0.000277 0.005 0.0566 0.721] 0.000017
92|Sample MARC 822 9 0.000521 0.0058| 0.056532( 0.707909| 0.000013
93[(Sample MARC 826 10.2 0.000638 0.0063| 0.056526| 0.708007| 0.000011
94|Blk AB7 0 0.00025 3.1732| 0.092657| 0.736497| 0.00542
95(Sample MARC 830 4.9 0.001074 0.022( 0.056623| 0.709527( 0.000016
96(Sample MARC 834 2.3 0.000454 0.0202| 0.056376| 0.708899| 0.000024
97(Sample MARC 838 17 0.001079 0.0063| 0.05651| 0.708187| 0.000008
98[(Sample MARC 842 4.3 0.000678 0.0159| 0.056496| 0.708137| 0.000022
99(Sample MARC 846 9.5 0.00024 0.0025( 0.05649| 0.707933| 0.000015

100{Sample MARC 850 8.4 0.000735 0.0087| 0.056492| 0.708011| 0.000014
101|{Sample MARC 854 13.5 0.000529 0.0039( 0.05648| 0.708212| 0.000012
102|Sample MARC 858 4.7 0.000462 0.0098( 0.056418| 0.708629| 0.000018
103|(Sample MARC 862 6.8 0.001178 0.0173| 0.056389| 0.708465| 0.000016
104|Sample MARC 866 3.3 0.000526 0.0158| 0.056627| 0.708237| 0.000025
105|Std MAF-11C 987 11.5 0.00001 0.0001| 0.056493| 0.710263| 0.000011|200ppb
106|Blk AB8 0 0.000461 5.6902| 0.102109| 0.727617| 0.004622
107|Sample MARC 867 8.5 0.000394 0.0046| 0.056456| 0.708051| 0.000014
108|Sample MARC 870 1.8 0.000358 0.0199| 0.05664| 0.712953| 0.000035
109|Sample MARC 874 1.2 0.000418 0.0337| 0.056101| 0.708269| 0.000048
110|Sample MARC 878 1.8 0.000247 0.0135| 0.056463| 0.708385| 0.000039
111|Sample MARC 882 3.3 0.000184 0.0055| 0.056545| 0.708544| 0.000023
112{Sample MARC 886 2.6 0.000194 0.0074| 0.05659| 0.708234| 0.000029
113|Sample MARC 887 6.4 0.000368 0.0057| 0.05643| 0.707962| 0.000013
114|Sample MARC 890 4.2 0.000199 0.0048| 0.056553| 0.709046| 0.000023
115{Sample MARC 894 2.1 0.000213 0.0099| 0.056545| 0.710626| 0.00003
116{Sample MARC 898 0.5 0.000113 0.0213| 0.05576| 0.709076| 0.000096
117|Blk AB9 0 0.00053( 10.7295| -0.143944| 0.816486( 0.011915
118|Sample MARC 902 1.8 0.00019 0.0105| 0.056351| 0.708832| 0.000041
119|Sample MARC 906 5.9 0.000179 0.003| 0.056522| 0.707998( 0.000014
120|Sample MARC 910 5.5 0.003054 0.0554| 0.056497| 0.70791| 0.000016
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Run no. [Standard/Sample Name | 8srint (V) | ®Rb Int (V) |[Rb/Sr (%) 8sr/®sr | 87Sr/®sr |  1SE  |Comments
121|Sample MARC 911 1.3 0.000864 0.0644| 0.056625| 0.708047| 0.000031
122|Sample MARC 914 4.6 0.000636 0.0137| 0.056693| 0.708673| 0.000021
123|Sample MARC 918 8.2 0.000329 0.004| 0.056509| 0.707956( 0.000014
124|Sample MARC 922 4.1 0.000351 0.0085| 0.056323| 0.708022| 0.000021
125(Sample MARC 926 5.4 0.000362 0.0067| 0.056541| 0.708193| 0.000018
126(Sample MARC 1146 34.6 0.000668 0.0019| 0.056493| 0.707909| 0.000005
127|Sample MARC 1147 22.5 0.000383 0.0017| 0.056512| 0.707911| 0.000009
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A3  Table of the corrected 8’Sr/%Sr sample ratios and the calibrated sample Sr concentrations
The Sr ratio correction and Sr concentration calibration methods and corresponding tables follow

the corrected 87Sr/%8Sr and calibrated Sr concentration (ppm) results table.

Sample | ®srfsr | Srconc Sample | ®sr/sr | Srconc Sample | ®srsr | Srconc

MARC No Corr (ppm) MARC No Corr (ppm) MARC No Corr (ppm)
558 0.707830 242 694 0.713483 98 826 0.707967 108
562 0.708884 162 698 0.708293 184 830 0.709487 63
563 0.708074 208 702 0.712812 59 834 0.708860 45
566 0.712937 122 706 0.711212 86 838 0.708148 184
570 0.708264 348 707 0.708483 223 842 0.708098 58
574 0.708594 125 710 0.708077 154 846 0.707894 214
578 0.710639 148 714 0.708153 97 850 0.707972 163
582 0.708730 98 718 0.708369 203 854 0.708173 269
586 0.713135 296 722 0.709486 87 858 0.708590 86
590 0.713027 103 723 0.707986 466 862 0.708425 99
594 0.708967 115 726 0.709007 48 866 0.708198 47
602 0.709895 117 730 0.708105 220 867 0.708012 140
602 0.715012 74 734 0.707946 151 870 0.712914 44
606 0.709715 214 738 0.708497 397 874 0.708229 50
607 0.708269 145 742 0.708463 120 878 0.708346 43
610 0.708340 305 746 0.707865 96 882 0.708504 69
614 0.707857 102 750 0.708459 371 886 0.708195 62
618 0.708307 114 754 0.708236 330 887 0.707922 217
622 0.708494 52 758 0.710343 104 890 0.709007 91
626 0.713301 107 762 0.708140 197 894 0.710586 40
630 0.708364 98 766 0.708042 123 898 0.709037 13
634 0.707922 244 767 0.707908 368 902 0.708793 42
638 0.707961 55 770 0.708074 62 906 0.707959 147
642 0.709103 52 774 0.708400 104 910 0.707871 115
646 0.712275 231 778 0.708950 24 911 0.708007 27
650 0.707904 109 782 0.708376 132 914 0.708634 78
654 0.708487 293 786 0.708565 34 918 0.707917 143
655 0.708000 273 790 0.707625 311 922 0.707982 96
658 0.708409 128 794 0.709547 271 926 0.708153 107
662 0.707810 326 798 0.708421 31 1146 0.707870 540
666 0.708060 68 802 0.708721 30 1147 0.707871 538
670 0.707960 154 806 0.708430 164 1150 0.707913 438
674 0.708280 86 807 0.707966 360 1152 0.707897 380
678 0.708970 59 810 0.708009 80 1153 0.707897 574
682 0.708794 133 814 0.707979 95 1154 0.707898 415
686 0.710323 88 818 0.720961 117 1155 0.707867 789
690 0.710004 75 822 0.707870 117
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Sample 8Sr/®Sr ratios were corrected to the standard SRM 987. Each sample’s 8’Sr/%Sr result
was subtracted by 0.000039, the average difference between the SRM 987 8/Sr/®Sr results and
their real value (0.710240).

87gr/86gr | Real Value | Difference

SRM987 0.710291 0.710240 0.000051
0.710263 0.710240 0.000023
0.710260 0.710240 0.000020
0.710281 0.710240 0.000041
0.710272 0.710240 0.000032
0.710281 0.710240 0.000041
0.710307 0.710240 0.000067
0.710261 0.710240 0.000021
0.710251 0.710240 0.000011
0.710269 0.710240 0.000029
0.710256 0.710240 0.000016
0.710263 0.710240 0.000023
0.710263 0.710240 0.000023
Ave 0.710279 0.710240 0.000039
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Sample concentrations were calibrated by:

1. Find the average SRM 987 sample %Sr (V) signal intensity (= 11 V).
2. Divide the SRM 987 Sr standard concentration (200 ppb) by this SRM 987 8Sr (V)
average (11 V) to obtain a Factor (= 18.2).
3. Correct each sample using this Factor.
4. Multiply each sample’s 88Sr (V) by the Factor to obtain the concentration of the analyte.
5. Divide each sample’s concentration of the analyte by its dilution factor to obtain the Off
column concentration.
(The dilution factor is the same across the run = 0.125)
6. Divide each sample’s Off column concentration by the sample’s mass to obtain the
calibrated sample concentration (ppm).
(The mass of each sample was weighed and recorded at the radiogenic lab prior to its column chemistry.)
Sample MARC| Int%®sr | Concof | Dilution [Off column Mass of Sample Corr S
No V) Analyte Factor conc sample conc (ppm) conc
(mg) (ppm)
558 16.6 302 0.125 2418 16.65 145 242
562 9.0 164 0.125 1311 13.46 97 162
563 75 137 0.125 1095 8.76 125 208
566 6.0 110 0.125 877 11.98 73 122
570 184 335 0.125 2676 12.82 209 348
574 6.4 117 0.125 935 1251 75 125
578 8.5 155 0.125 1238 13.98 89 148
582 9.1 166 0.125 1328 22.66 59 98
586 11.7 213 0.125 1705 9.61 177 296
590 4.6 84 0.125 673 10.89 62 103
594 5.9 107 0.125 859 12.4 69 115
602 7.2 131 0.125 1049 14.93 70 117
602 6.0 108 0.125 867 19.59 44 74
606 14.0 255 0.125 2038 15.87 128 214
607 3.2 58 0.125 463 5.33 87 145
610 15.6 284 0.125 2271 124 183 305
614 75 136 0.125 1086 17.7 61 102
618 8.6 156 0.125 1252 18.3 68 114
622 2.9 53 0.125 423 13.66 31 52
626 10.0 181 0.125 1449 22.66 64 107
630 7.3 133 0.125 1067 18.22 59 98
634 15.2 277 0.125 2212 15.11 146 244
638 5.2 95 0.125 760 22.93 33 55
642 3.6 66 0.125 524 16.86 31 52
646 135 245 0.125 1962 14.17 138 231
650 5.3 96 0.125 770 11.72 66 109
654 19.0 345 0.125 2762 15.72 176 293
655 11.8 214 0.125 1712 10.45 164 273
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_ Off Mass of Sample Corr Sr
sample Int ¥sr (V) Cone of | Dilution column sample conc conc
MARC No Analyte Factor
conc (mg) (ppm) (ppm)
658 8.2 150 0.125 1199 15.55 77 128
662 16.0 291 0.125 2329 11.9 196 326
666 3.6 65 0.125 521 12.73 41 68
670 12.6 230 0.125 1840 19.93 92 154
674 6.9 126 0.125 1006 19.38 52 86
678 4.1 74 0.125 593 16.72 35 59
682 6.2 113 0.125 903 11.31 80 133
686 6.9 126 0.125 1007 19.12 53 88
690 8.5 154 0.125 1232 27.52 45 75
694 9.0 164 0.125 1309 22.16 59 98
698 16.8 305 0.125 2442 22.12 110 184
702 4.1 74 0.125 591 16.81 35 59
706 5.8 106 0.125 845 16.38 52 86
707 12.2 221 0.125 1769 13.23 134 223
710 114 208 0.125 1663 18.05 92 154
714 5.0 91 0.125 725 1251 58 97
718 10.7 195 0.125 1563 12.82 122 203
722 53 97 0.125 772 14.87 52 87
723 27.4 498 0.125 3982 14.23 280 466
726 2.8 52 0.125 414 14.48 29 48
730 9.7 177 0.125 1416 10.74 132 220
734 4.1 74 0.125 596 6.56 91 151
738 17.6 320 0.125 2563 10.76 238 397
742 5.2 95 0.125 762 10.6 72 120
746 5.0 91 0.125 730 12.69 57 96
750 29.1 529 0.125 4229 19.02 222 371
754 10.8 196 0.125 1572 7.94 198 330
758 10.3 187 0.125 1497 24.03 62 104
762 8.7 158 0.125 1260 10.64 118 197
766 4.5 81 0.125 648 8.75 74 123
767 24.1 439 0.125 3512 15.9 221 368
770 3.1 56 0.125 447 12.03 37 62
774 5.7 104 0.125 831 13.31 62 104
778 1.3 24 0.125 189 13.2 14 24
782 5.7 103 0.125 827 10.44 79 132
786 2.1 38 0.125 300 14.86 20 34
790 18.7 341 0.125 2728 14.62 187 311
794 14.4 261 0.125 2090 12.83 163 271
798 25 45 0.125 359 19.33 19 31
802 2.3 41 0.125 332 18.35 18 30
806 11.2 204 0.125 1635 16.64 98 164
807 29.7 540 0.125 4318 19.98 216 360
810 4.8 87 0.125 692 14.48 48 80
814 3.7 66 0.125 531 9.33 57 95
818 55 100 0.125 802 11.46 70 117
822 9.0 164 0.125 1311 18.63 70 117
826 10.2 185 0.125 1483 22.82 65 108
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o Off Mass of Sample Corr Sr
sample Int ¥sr (V) Cone of | Dilution column sample conc conc
MARC No Analyte Factor
conc (mg) (ppm) (ppm)
830 4.9 89 0.125 710 18.73 38 63
834 2.3 41 0.125 328 12.04 27 45
838 17.0 310 0.125 2479 22.5 110 184
842 4.3 78 0.125 620 17.97 35 58
846 9.5 172 0.125 1379 10.74 128 214
850 8.4 153 0.125 1224 12.49 98 163
854 135 246 0.125 1965 12.19 161 269
858 4.7 86 0.125 688 13.4 51 86
862 6.8 124 0.125 989 16.69 59 99
866 3.3 61 0.125 485 17.35 28 47
867 8.5 155 0.125 1240 14.77 84 140
870 1.8 33 0.125 261 9.81 27 44
874 1.2 23 0.125 180 6.04 30 50
878 1.8 33 0.125 265 10.34 26 43
882 3.3 61 0.125 486 11.73 41 69
886 2.6 48 0.125 383 10.35 37 62
887 6.4 116 0.125 932 7.14 130 217
890 4.2 76 0.125 605 11.03 55 91
894 2.1 39 0.125 313 12.88 24 40
898 0.5 10 0.125 77 10.17 8 13
902 1.8 33 0.125 262 10.31 25 42
906 5.9 108 0.125 864 9.78 88 147
910 5.5 100 0.125 802 11.67 69 115
911 13 24 0.125 195 1191 16 27
914 4.6 84 0.125 675 14.5 47 78
918 8.2 149 0.125 1195 1391 86 143
922 4.1 75 0.125 604 10.53 57 96
926 54 99 0.125 791 12.37 64 107
1146 34.6 630 0.125 5039 15.56 324 540
1147 225 409 0.125 3269 10.12 323 538
1150 13.0 236 0.125 1888 7.19 263 438
1152 20.3 369 0.125 2953 12.96 228 380
1153 274 498 0.125 3981 1155 345 574
1154 13.1 239 0.125 1913 7.68 249 415
1155 40.7 740 0.125 5923 1251 473 789
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A4 Table of 8Sr/8Sr ratio and Sr conc differences between the first run and the rerun
The samples chosen for the second run were those that had less than 5V signal intensity. The
average 8Sr/®Sr ratio and Sr concentration difference between the two runs was -0.000010 and

25 ppm.
Rerun First Run
Sample Corr Sr conc Corr Srconc | ®sr/%sr S(L;?nn)c
MARC No | #sr/®sr | (ppm) | ®sr/®sr | (ppm) |Difference Difference

570 0.708251 271 0.708264 348 0.000013 77
590 0.713019 88 0.713027 103 0.000008 15
607 0.708356 133 0.708269 145 -0.000087 12
614 0.707856 30 0.707857 102 0.000001 72
618 0.708301 32 0.708307 114 0.000006 82
622 0.708550 45 0.708494 52 -0.000056 7
642 0.709237 45 0.709103 52 -0.000134 7
666 0.708207 62 0.708060 68 -0.000147 6
678 0.709021 50 0.708970 59 -0.000051 9
702 0.712861 50 0.712812 59 -0.000049 9
726 0.709044 44 0.709007 48 -0.000037 4
734 0.708027 141 0.707946 151 -0.000081 10
766 0.708093 117 0.708042 123 -0.000051 6
770 0.707992 57 0.708074 62 0.000082 5
778 0.708908 22 0.708950 24 0.000042 2
798 0.708460 28 0.708421 31 -0.000039 3
802 0.708857 27 0.708721 30 -0.000136 3
814 0.708081 85 0.707979 95 -0.000102 10
818 0.721132 30 0.720961 117 -0.000171 87
830 0.709574 59 0.709487 63 -0.000087 4
834 0.708961 422 0.708860 45 -0.000101 -377
842 0.708156 51 0.708098 58 -0.000058 7
858 0.708569 71 0.708590 86 0.000021 15
866 0.708152 41 0.709198 47 0.001046 6
870 0.712978 52 0.712914 44 -0.000064 -8
874 0.708111 70 0.708229 50 0.000118 -20
878 0.708441 37 0.708346 43 -0.000095 6
882 0.708583 92 0.708504 69 -0.000079 -23
886 0.708294 87 0.708195 62 -0.000099 -25
890 0.709092 113 0.709007 91 -0.000085 -22
894 0.710653 50 0.710586 40 -0.000067 -10
898 0.708746 16 0.709037 13 0.000291 -3
902 0.708748 55 0.708793 42 0.000045 -13
911 0.708056 28 0.708007 27 -0.000049 -1
914 0.708739 69 0.708634 78 -0.000105 9
922 0.708001 80 0.707982 996 -0.000019 916




