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ABSTRACT 

During the Medieval period of Denmark, economic and trade relations grew inter-regionally, 

with culture, ideas, and products being transferred on a more regular basis through the 11th to 

13th centuries. Beginning around 1050 AD and lasting until AD 1536, the country faced drastic 

climatic changes, shifting economic and agricultural practices, and disease outbreaks (most 

notably the bubonic plague). The current study seeks to investigate mobility during this period 

from two medieval cemeteries around Horsens, Denmark: the rural site of Sejet and the urban 

site of Ole Wormsgade, both used throughout the 12th to 16th centuries. A previous isotopic 

analysis using oxygen indicated that some movement was seen at these sites, with three 

individuals identified as potential migrants from other Scandinavian regions. This study 

compares the existing oxygen isotopic data with variations in 87Sr/86Sr ratios from these samples. 

Such ratios represent local bedrock baselines of strontium, which are slightly different between 

eastern and western Denmark. ICP-MS was used to measure 87Sr/86Sr ratios, and results are 

interpreted in the context of climatic changes and shifting socioeconomic practices. The results 

suggest that longer-distance movements into Denmark were seen during the Early Medieval 

Period. The potential migrant identified in this research points to movement towards the rural 

population at Sejet, and could possibly connect this migration with marriage rules influencing 

immigration at the time. This research demonstrates that movement during the medieval period 

of Denmark was a complex, dynamic, and multilinear process during a time of increasing 

urbanization.  
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This work is dedicated to sweet baby E, who I can’t wait to meet. 

This is also dedicated to the burial populations at Sejet and Ole 
Wormsgade, without whom my goals would not be worth 

pursuing.   
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CHAPTER 1: INTRODUCTION  !
The discipline of physical anthropology explores human behaviour through the means of the 

human body, connecting biological observations with cultural behaviours and perceptions of the 

world. While archaeological and historical frameworks have investigated how health, movement, 

diet, and a multitude of other factors contribute to general understandings of past populations,  

the integration of skeletal remains offers important insights on these factors at the individual 

level. Analysis of human remains provides researchers the chance to more thoroughly understand 

the biological characteristics of individuals, as well as how perceptions of the body and health in 

the past interact with the physical body, or skeletal remains.  

 Early work in physical anthropology had the tendency to limit itself towards a 

“descriptive orientation” or case study framework that better reflected medical practitioners 

historical use of diagnostics on the individual, rather than recognizing community patterns of 

health and disease (Larsen 1999:3). This case-by-case approach to understanding past health 

slowed the process of information exchange in the discipline. With recent methodological 

developments and broader collections of skeletal remains being excavated, scientists are able to 

explore human biological and cultural interactions at both at the individual and population levels. 

 Archaeological investigations have involved interdisciplinary research to interpret the 

material culture of the past, which has established a strong relationship with analytical chemistry. 

These interactions have allowed researchers to more fully explore organic residues from food or 

resinous compounds, lithics and stone tools, ancient DNA, and archaeological bones and teeth. It 

is the investigations into components of human remains suitable for analytical chemistry that has 

sparked the tremendous growth of bioarchaeology in the past three decades. New technologies 
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and methodologies in bone chemistry have provided a means to move beyond macroscopic 

observations of skeletal remains, delving further into small-scale analysis of diet, environmental 

changes, growth and development, and human mobility. 

 Methods of measuring stable isotopes were first utilized in geochemistry, with a 

particular focus on reconstructing past climates (Malainey 2010:35). With advancements in 

technique and precision, biological tissues recovered in archaeological excavations can be 

assessed for broader dietary patterns, as well as for interpretations of human mobility in past 

populations. Stable isotope work is largely successful due to collaborations with other 

disciplines, such as biochemistry, geology, environmental sciences (Boggard and Outram 2013). 

Isotopic and chemical analysis have created reliable means to assess oxygen, nitrogen, carbon, 

strontium, as well as a variety of trace elements from biological tissues (Malainey 2010:35).  

 To assess the range of human mobility in past populations, both oxygen and strontium 

elements are suitable. However, strontium isotope ratios provide an effective means by which to 

assess both the mobility and diet of an individual over a lifetime, as it is solely a function of local 

environment (Prohaska et al 2002; Sealy et al 1991). Strontium originates in the underlying 

bedrock of a region, and is assumed to pass through local food chains without enrichment or 

fractionation. The isotopic strontium ratios of bedrock vary geographically, and are generally 

characterized by the age and type of rock in the region (Montgomery 2010). Strontium 

incorporates itself into biological tissues by substituting for calcium in enamel, hair, nails, and 

bone (Frei and Price 2012). As strontium isotope ratios are sensitive to the local geochemistry of 

a region, it is possible to track the residency of individuals from past populations. This is 

typically done by analyzing the strontium isotope ratios in human teeth. The interior enamel 
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portion of secondary teeth is isolated, and thus protected, from further chemical processes during 

an individual’s lifetime, and is suitable for analysis (Ericson 1985). Enamel provides a 

biogeochemical record of a specific period of growth in a specific geographic location. Typically, 

first molars, formed during the first four years of life, are used to determine the origins of 

individuals (Hillson 2005). Canines have also been used, as they also form over a period of 4 

years (starting around 1.5 years and ending around 6 years), though the formation is a longer and 

slower process than that of molars. This makes canines an ideal region to sample for studies 

involving growth and development. Strontium measurements from enamel can also be compared 

with long bone strontium ratios, in which case the strontium isotopic ratios would reflect the 

movements during the last five to ten years of an individual’s life (Price, Grupe, and Schrotter 

1994). 

  A number of considerations are required when measuring and analyzing strontium ratios 

in human remains. Not only must the geographic output of strontium be significantly varied, 

biogenic and diatonic contaminations must also be recognized as potential limiting factors. 

Additionally, Ericson (1985:508) warns “there is no ‘magic circle’ of containment that can be 

drawn around any group without a high degree of uncertainty.” The masking of true levels of 

biologically available strontium in individuals through diet, as well as variation in local ranges of 

food procurement must be considered in discussions of analytic results. In these ways, the stable 

isotopic approach to bioarchaeology has taken a shape of its own, distinct from geological 

sciences and analytical chemistry in its limitations and potentials.  

 The medieval period in Denmark provides a cultural and historical context from which 

we can understand how past populations responded to dramatic shifts in weather, agricultural 
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crises, and the emergence of the bubonic plague. The 11th to 13th centuries marked a period of 

accelerated population and economic growth, which was substantially halted by the 14th century 

with the advent of the Late Medieval Agrarian Crisis (Fagan 2000; Hybel and Poulsen 2008). 

During this climatic shift, there is also a noticeable shift in economic and agricultural practices 

(Poulsen 2013; Yoder 2010). Despite these structural changes, burials during this time period did 

not change, with all community members being laid to rest in the same cemetery.  

  The objective of this research is to examine the phenomenon of mobility within 

Medieval Danish sample populations and interpret patterns of mobility from strontium isotopic 

analysis. This thesis will examine mobility, determining individual movement trends between 

early childhood residence and place of interment, using data from the medieval Danish sites of 

Sejet and Ole Wormsgade. By approaching mobility at the individual level, assessments of 

behaviour and perceptions of mobility will be considered, and contribute to a broader 

understanding of the impact of severe economic and climatic events had on the mobility of 

medieval populations.  

 A previous study by Gough (2013) investigated δ18O values at Sejet and Ole Wormsgade, 

using isotopic compositions of meteoric water to determine local proxies. Three of twenty-seven 

individuals were found to have lower oxygen isotope values, which could be due to individual 

movement between Scandinavian regions (Gough 2013). As a second line of evidence, this study 

will analyze variations in 87Sr/86Sr ratios from these sites. Such ratios represent local bedrock 

baselines of strontium, which are slightly different between eastern and western Denmark. This 

provides a complementary, but independent source for interpreting mobility within these 

samples. The extent to which mobility was used as a response to famine and disease during this 
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turbulent period will be explored. The results will be discussed with respect to temporal and 

demographic differences within and between the two populations.  The study also serves to 

widen the foundation of data on bioavailable strontium ranges in Northern Europe for future 

mobility studies. 

 This study’s main focus is to explore strontium ratios to identify individuals that fall 

outside the calculated range seen for these samples. Individuals who fall outside of this “local” 

range may have come as children (or after early childhood development) from other locales and 

will be identified as potential migrants. Beyond this main focus, there are three main hypotheses 

for movement patterns in these samples: 

 A) Individuals that were buried during Period B (coinciding with the beginning of the  

 bubonic plague and the Little Ice Age) are more likely to move than individuals buried in  

 Period A (coinciding with the Medieval Warm Period) or Period C (the post-plague  

 period  and Late Medieval Agrarian Crisis).  

 B) Movement towards larger towns and cities is more likely that movement towards rural 

 communities, given that the medieval period was a time of increasing urbanization. Thus, 

 it is more likely that potential migrants will be detected in the urban Ole Wormsgade  

 sample than it is for the rural Sejet sample. 

 C) If we do see movement towards rural locales, it is likely that the female immigration  

 rate will be higher than male, in accordance with marriage rules in Denmark during the  

 period. Thus, it is expected that more females will be identified as potential migrants in  

 Sejet than males.  
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 This thesis will begin with a literature review that provides relevant background 

information on the historical, bioarchaeological, and archaeological contexts of Denmark during 

the medieval period, a discussion of the theory related to the phenomenon of human mobility in 

the past (again exploring historical, archaeological, and bioarchaeological theoretical 

approaches), and will provide an overview of stable isotope analysis and its applications in 

archaeology, with a focus on isotopic methods of interpreting mobility. The third chapter will 

outline the materials and methods utilized to complete the research and data collection for this 

study. The fourth chapter provides an overview of strontium isotopic baselines for Danish 

regions and provides the results of data collection, which is then assessed using standard 

statistical analysis. The fifth chapter discusses the results of the study further, expanding to 

incorporate theoretical approaches to mobility as mentioned in the second chapter; limitations to 

the interpretation of results will also be explored. Chapter six will provide concluding remarks 

on the study and its results, while also highlighting a few potential directions that future research 

in this area could explore.   

!
!
!
!
!
!
!
!
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CHAPTER 2 – LITERATURE REVIEW  !
As this study is primarily concerned with the phenomenon of mobility, the extent to which 

mobility was used as a response to changes in climate and economy, urbanization, and disease in 

the medieval period of Denmark will be reviewed. In order to create a more meaningful 

discussion of past mobility, it is important to place the individuals from Sejet and Ole 

Wormsgade in a contextualized past. This chapter will provide an overview of medieval 

Denmark using historical, archaeological, and bioarchaeological sources. 

 In comparison to contemporary political borders of Denmark, medieval Denmark was 

large, spanning across parts of contemporary Sweden (then Skåne, Blekinge, and Halland) as 

well as south Slesvig, which is in contemporary Germany (Boldsen 1990). The medieval period 

of Denmark was a tempestuous period of change for both the climate and the land. Beginning 

around 1050 AD and lasting until AD 1536, the country faced drastic climatic changes, shifting 

economic and agricultural practices, disease outbreaks, and the spread of Christianity by around 

AD 1100 (Derry 1979; Yoder 2010). The medieval period in Denmark can be broken down into 

three important time periods, which are characterized by general historical events. These periods 

have been briefly summarized with key historical events in Figure 2.1. 
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!
!
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!
!
  

!
!
 

 Many archaeologists today would insist that material should be understood within its 

cultural-historical context. The use of historical texts allow for critical reflection on the origin 

and implications of documented activities, while scientific analyses establish associated 

mechanical, physical, and chemical properties of cultural objects and biological remains that can 

be used to infer meaning, symbol, and perception within a cultural-historical context (Martinon-

Torres 2008). However, it is important to be cautious with the accuracy and application of 

historical texts, as these accounts offer the perceptions and understandings of the world from one 

individual, or a small and like-minded group. To assume the documental authority of historical 

sources would be to reject the subjective experiences and biases of recorders and writers of 

medieval history. Nevertheless, when paired as complementary to scientific analyses, historical 

Fig 2.1 — Timeline of Medieval Denmark
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texts offer valuable insights. Below, historical accounts of medieval Denmark will be reviewed 

and assessed in their relation to mobility during the period.  

!
HISTORICAL ACCOUNTS OF MEDIEVAL DENMARK  
Much of the knowledge relating to the medieval period of Europe is presented through historical 

records. The meticulous record keeping of farmers and clergymen has proven useful in tracing 

temperatures and rainfall patterns, as well as observations about fluctuating grain prices in 

relation to the economy (Fagan 2000:51-52). These sources offer insights into culturally 

meaningful perceptions of objects and activities, albeit only providing small glimpses into the 

thoughts of medieval individuals. The following review will outline key economic and social 

developments, land use patterns, and significant climatic trends that are considered for their role 

in medieval mobility through a historic lens.   

THE EARLY MEDIEVAL PERIOD (AD 700 – AD 1200)  
The early period of medieval Denmark is generally characterized as an idyllic period of growth, 

prosperity, and advancing technologies. Beginning around AD 700 and lasting until AD 1350, 

Denmark saw accelerated population growth, which was detectable through expansions of arable 

farmlands (Hybel and Poulsen 2007). It is postulated that the agrarian economic growth during 

this early period was partly due to surprisingly warm weather from AD 950 to 1250, known as 

the Medieval Warm Period (Andersen et al. 2013; Poulsen 2013). As the weather became quite 

advantageous for farming, individuals sought more access to larger areas of cultivated land, and 

agricultural practice began to shift in favour of arable farming and grain cultivates over cattle 

farming (Hybel and Poulsen 2007).  
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 With population growth, Danish landscapes saw the dispersal of new villages in less 

populous regions and an escalation in urban markets (Hybel and Poulsen 2007). Urban town size 

was seemingly dependent on a connection with political powers at the time; this was notably 

seen in the eastern Denmark town of Lund, where the King resided and exercised greater control 

of political power (Andrén 1989). Organizational changes and shifts in agrarian practices 

inspired the division of labour and commodity trades from AD 1000 to 1200 (Hybel and Poulsen 

2007). With larger populations and increasing urbanization, there was a need for more 

specialized production, as well as efficient modes of transport between rural and urban regions. 

Increased rye production in particular stimulated transportation, as rye provided additional 

fodder for horses (Poulsen 2013). In turn, horses were used to pull harrows to increase the speed 

of planting, and transport of produce and grains to markets (Poulsen 2013). It has been argued 

that an increase in trade and handicrafts in towns was a way for the royal and ecclesiastical 

powers to justify their new power (Andrén 1989). The growing power of royal and ecclesiastical 

agents would suggest a stronger dependency between urban and rural communities. 

 During this time of political dependence, it became difficult for towns to establish a 

separation between their urban settlements and the countryside. Andrén (1989:591) describes 

their relationship with respect to ecclesiastical organization:  

!
Many parishes comprised rural as well as urban settlements, although the churches were 
situated in the towns. The numerous churches and the “open” relationship to the 
countryside show that towns were functioning in a more or less “rural” manner … towns 
can be principally designated as “congested countryside.”  !

During a prosperous period of generally warm weather and agrarian economic growth, the 

relationship between urban and rural communities was clear, particularly due ecclesiastical 
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organization. The notion of towns as the ‘congested countryside’ furthers the importance of 

agricultural economy during this period as well. These relationships will be important in 

developing an expectation of mobility throughout the early medieval period, as it strengthens the 

expectation that movement will be more likely towards urban centres, and thus, more potential 

migrants will be seen in urban cemeteries.  

MIDDLE MEDIEVAL PERIOD AND THE LITTLE ICE AGE  (AD 1200 – AD 1350)  
Town dependence on state power seen in the Early Medieval Period gradually transitioned as 

civil wars, external expansions, and minor conflicts between the king and aristocracy altered 

political powers from AD 1150 to 1350 (Andrén 1989). A growing urban trading presence also 

strengthened independent craft specialization, particularly for those involved in urban 

maintenance, such as butchers, brewers, and bakers, as they began to move away from feudal 

tenancy roles to achieve burgher status (Andrén 1989). International trade culminated in Scanian 

fairs that were placed just outside of city borders (Randsborg 2009:63). However, despite the 

placement of these fairs, the growth of aristocratic power and social responsibility saw that 

towns were less connected to rural settlements, with town councils establishing their own 

customs and laws (Andrén 1989).  

 Additionally, ecclesiastical organization that saw a unity between rural and urban 

communities in the 11th and 12th centuries was soon replaced, “often one single church was 

erected, for the purpose of the town only” (Andrén 1989: 597). While these new political powers 

and jurisdictions give us an outline of the changing town and village relations, a physical 

demarcation is observed with increasing fortification efforts at the time. Beginning to appear by 

the mid 12th century in important Danish towns, fortified cities became more obvious by the 13th 
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to 14th centuries (Andrén 1989; Randsborg 2009). It is clear that this period was marked by 

transitions of political power, with a growing importance of urban markets and aristocratic 

independence and a separation between rural, agricultural settlements and urban towns. The 

increasing autonomy of rural markets marks a shift in who exercised control over rural 

governance, with aristocratic independency becoming untethered from their nearby urban areas.   

 The bubonic plague, or Black Death, entered the Jutland region by the fall of 1349, killing 

nearly 50 percent of the Scandinavian population (Benidictow 2004; Dewitte 2009). Monasteries 

provided places of shelter and repose for the poor, as well as temporary lodging for any elite 

suffering from the plague (Bennike et al. 2005). Individuals who did not survive the plague were 

buried in cemeteries adjacent to monasteries, unless they were able to afford the more expensive 

burial within the monastery walls (Bennike et al. 2005). Previous studies has indicated that a 

significant majority of urban individuals were excavated from monastic institutions, rather than 

their parish cemeteries, though this was thought to be less of a pattern in smaller rural and 

suburban cemetery communities (Boldsen 1996). 

 Population growth was curbed by the second decade of the 14th century, coupled with 

unstable and considerably cooler weather conditions (Hybel and Poulsen 2007; Turner 2013). 

The Little Ice Age had begun by AD 1300, which was part of a much larger sequence of 

“climatic seesaws” beginning many millennia before (Fagan 2000:48; Grove 2000). Cooling 

trends, along with the Black Death population crisis, markedly reduced grain production; many 

core areas of Denmark became completely reliant on grains imported from peripheral regions 

and Germany (Sawyer and Sawyer 1993; Yoder 2010).  
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THE LATE MEDIEVAL PERIOD AND AGRARIAN CRISIS  (AD 1350 –AD 1536)  
The cooling temperatures of the mid-14th century, coupled with particularly devastating crop 

years, facilitated the so-called Late Medieval Agrarian crisis, beginning around AD 1320 in 

Denmark. The crisis has been attributed to the decreased population, desertion of towns, and 

political disruptions throughout the period. However, as disease and famine stunted population 

growth across medieval Europe, more fields opened for livestock grazing, and individual farms 

increased in size and prosperity (Poulsen 2013). The crisis is considered to have been less 

extensive in Denmark than in other regions of Scandinavia, such as Norway (Andrén 1989). This 

is potentially due to the wider range and diversity of vegetation in Denmark.  

 While no new towns were founded during the second half of the fourteenth century, the 

degree to which Danish towns were deserted has been called into question. Hybel and Poulsen 

(2007) argue that the Late Medieval Period was characterized by growth as much as it was by 

economic recession. Many temporary fishing hamlets on the coasts of Denmark became 

permanent fixtures in the Late Medieval Period, and living standards, while not equal across all 

populations, became better for some peasants in rural areas, with reduced rent and more arable 

land (Hybel and Poulsen 2007). The Danes found it easier and more economical to raise 

livestock for export, having a surplus of livestock for butter, dried and salted meat, hides, as well 

as live cattle for trade (Hybel and Poulsen 2007; Turner 2013). The greater availability of animal 

meat would have made it more affordable for lower classes as well.   

URBAN AND RURAL LAND USE PATTERNS  
A discussion of the regional dwelling and settlement patterns in medieval Denmark is useful 

when discussing mobility, as this provides a stronger context of regional and international 

relationships and the functionality of movement in everyday life. Rural communities contributed 
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to around 75 per cent of the Danish population until around 1870, with settlements or villages 

being the most common form of community (Christensen and Mikkselsen 2006; Hybel and 

Poulsen 2013). Villages were typically divided in varied ways: as districts under jurisdiction, as 

parishes under ecclesiastical order, and further divided by military use (Hybel and Poulsen 

2013). The development of communal fields was first seen in eastern Denmark by the 13th 

century, which was used in combination with privately owned lands (Hybel and Poulsen 2013). 

Unsurprisingly, rural settlements focused primarily on agricultural production, as well as access 

to communal lands for farming. Grain (rye, wheat, and barley) was a staple crop, though there 

were some regional differences, such as the predominance of cattle breeding in Western Jutland 

(Hybel and Poulsen 2013). The manorial system was in use as early as the 12th century, but was 

not widespread until the 16th to 17th centuries (Hybel and Poulsen 2013).  

 Urban communities in medieval Denmark largely consisted of densely populated towns, 

with the first established towns arising in the 8th and 9th centuries (Randsborg 2009; Christensen 

and Mikkelsen 2006). However, it was not until AD 1000 that these towns began to gain 

importance, with the growth of market centres encouraging the movement of more individuals to 

urban settings (Hybel and Poulsen 2007). It is generally accepted that Scandinavian populations 

experienced increased urbanization throughout the medieval period. As the rise of populations 

culminated around AD 1300, around 10 percent of the Danish population lived in urban towns, 

with Ribe, Viborg, and Odense acting as predominant urban centres (Turner 2013). The medieval 

town of Horsens, where Ole Wormsgade is located, also experienced an increase in settlement by 

the 11th century (Hybel and Poulsen 2007).  
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By AD 1200, craftsmen and women became increasingly independent of their traditional 

households, increasing trade itinerancy, experiencing a greater flexibility for movement around 

northern Europe (Hybel and Poulsen 2007). This increase in craft specialization and trade grew 

throughout the 11th to 14th centuries, and weekly town markets further encouraged the mobility 

between rural and urban communities. Prior to the introduction of the bubonic plague, the Early 

Medieval Denmark saw increased urbanization, craft specialization itinerancy, and more fluid 

movements between urban towns and rural villages or settlements. These depictions of land use 

and settlement will be useful when assessing any temporal trends in movement.  

!
ARCHAEOLOGICAL INTERPRETATIONS OF MEDIEVAL DENMARK  
Archaeological excavations of Danish cities and villages from the 11th century have found that 

locations typically remained within their established regions, dating back to their early 

formations during the Viking Age (Randsborg 2009). The continuity of settlements, perhaps 

moving only slightly within their defined domains across the centuries, only shifted and 

expanded their settlement patterns following World War II (Randsborg 2009:42). This has made 

archaeological analysis of the Medieval Period in Denmark somewhat challenging, though 

researchers have been able to establish chronologies of architecture through coins and the use of 

dendrochronology dating when roof timbers were available (Randsborg 2009). The oscillating 

growth and reduction of populations throughout the medieval period in Denmark has been 

documented by studying the changes in farm sizes and settlements, with a notable reduction in 

settlements after the bubonic plague was introduced to Denmark (Randsborg, 2009).  

 Mobility is difficult to detect archaeologically, but material artifacts and architecture are 
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useful elements in the larger discussion of multi-dimensional movements in medieval Europe. 

Movement is thought to be the primary motive for a substantial change in ceramic styles during 

the 11th century. Naum (2012) has inferred that changes in ceramic production and daily use 

indicate a Western Slavic migration to the Danish island of Bornholm. Viking Age ceramic 

traditions (AD 800 to 1050) were quickly replaced with Baltic ware vessels during the first half 

of the eleventh century (Naum 2012) . The “handmade, undecorated, and … standardized shape” 1

of Viking Age pottery was replaced with more complex Baltic styles, that involved coiling 

methods, decorative motifs, and firing in more controlled environments (Naum 2012: 96; see 

Figure 2.2).  

 Across Scania, there is an observed lack of “experimental pottery” between the two style 

periods; Viking Age ceramic traditions appeared to have quickly disappeared within a few 

generations (Naum 2012; Roslund 2007). Archaeological observations would suggest that this 

quick stylistic turnover was due to immigrant populations, as there were no transitional 

potsherds, which one would expect during “early attempts to copy and test new ways of ceramic 

making” (Naum 2012: 99). The considerable differences between the two styles lead researchers 

to explore the possibility of immigrant populations influencing this shift into a new ceramic 

tradition; studies found that the new Baltic ware appeared to be in line with Slavic traditions, and 

it was suggested that this shift in ceramic style was a product of Slavic settlements in Denmark 

(Kelm 2000; Roslund 2007).  

 That the ceramic style changed in the course of a few decades, coupled with the lack of any 

 Baltic ware styles are thought to be greatly influenced by Slavic pottery traditions, introduced across 1

Scandinavia, but most notably in Denmark, by the first half of the eleventh century; this tradition 
remained in the region until the end of the thirteenth century (Roslund 2007). 
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Figure 2.2 — Late Slavic pottery (left); late Viking age pottery (right). Slavic pottery served as the template for 
Baltic ware styles in Denmark (see Roslund 2007; Naum 2012). © M. Naum 2012 (used with permission).



!18

transitional or experimental potsherds in the archaeological record, strengthens the notion that 

this change was brought about by migration. Researchers concluded that the “quick and 

overwhelming change” to ceramic style was brought about due to the “personal presence of 

skilled Slavic potters” (Naum 2012: 98). Explorations of the rate of change and the amount of 

transition between ceramic styles is further elucidated by historic documentation of movements, 

as was seen with Slavic immigrants in medieval Denmark: during this period, there were many 

conflicts between Denmark and the Slavic populations to the south (Naum 2012).  

 While mobility cannot be inferred only by changing stylistic traits of the Early Medieval 

Period in Denmark, architectural styles do indicate the presence of exchange and communication 

between northern and southern European polities. Architectural styles from AD 1050 to 1200 in 

Denmark are reflective of the emergence of Christianity, with Romanesque church frescos and 

stone reliefs characterizing the newly structured churches (Randsborg 2009). The use of bricks 

for architecture was first seen in Denmark during the mid-twelfth century; brick making and 

building was likely introduced to Danish architecture from northern Italy (Randsborg 2009). The 

first notable structures made of brick were the church of Ringsted on Sjælland, and the Cistercian 

monastic church in Sorø, Sjælland; both were built in the early 1100s (Randsborg 2009). Not 

only do these changes to architectural style are not only a physical departure from earlier stone or 

wooden churches, but a symbolic shift in ideas and aesthetic preference. These shifts in 

architectural style are much more gradual and spread slowly across Denmark than the drastic 

shift seen in ceramic styles at Bornholm. 

 During the 13th century, there is a decline of earlier Romanesque styles as Gothic 

architecture became more widespread (Randsborg 2009). The spread of Gothic styles has been 
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followed at length by many historians: the first steps towards the style were traced to ribbed 

vaults made in England, after which vaulting spread to Normandy and grew into the traditional 

Gothic style with time (Bony 1949). The presence of ribbed vaulting in architecture has been 

seen in both England and France during this period, yet “without any definite connection” (Bony 

1949:2). This suggests that the diffusions of Gothic style were so gradual that there was no 

immediate or distinct presence of a particular group of architects orchestrating these changes 

through time.  Nevertheless, the southern influences during the early 12th century mark the 

spread of ideas from one region to the next. While the physical presence of immigrant architects 

is not apparent in these cases, and the range of economic and cultural movements may never be 

clearly traced, the presence of such stylistic diffusions can be incorporated into osteological and 

mortuary analyses for a broader picture of mobility in these populations.  

BIOARCHAEOLOGICAL INTERPRETATIONS OF MEDIEVAL DENMARK  
There is a small but steadily growing reservoir of studies examining the health, diet, and mobility 

of medieval Danish populations. Using known mortuary sites from the medieval periods, these 

studies explore the interaction between the physical body and cultural perceptions of identity, 

migration, and nutrition (e.g. Bennike et al. 2005; Boldsen 1996; Frei and Price 2012; Gamble 

2014; Gough 2013; Turner 2013; Yoder 2006, 2010). These bioarchaeological studies have 

investigated the role that socioeconomic, climatic, and disease stressors have played in the daily 

lifestyles and adaptations of the medieval Danes. In order to fully explore the potential meaning 

in these results, it is necessary to discuss current understandings of past Danish lifestyles, and 

from which sites and regions these interpretations have sprung. 

 When examining physical responses to any potential crisis during this period, many 
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researchers have found little evidence that the Danish population experienced any substantial 

changes to health or diet during this period. Yoder (2006) found no significant difference in 

consumption patterns or health over time based on isotopic values between elite and lower class 

individuals. This was further supported by Turner’s (2013) findings, in which she found no 

significant difference in dental microwear patterns or dietary patterns through time. 

 The temporal changes to health and diet are limited by the scarcity of material remains 

after the mid-14th century population curb. Many sites across Denmark have been found to 

reflect this population pattern, as seen with Mikkelsgade, Ribe, Øm Kloster, and Lille Sct (Yoder 

2006), and also at Sejet and Ole Wormsgade (Gamble 2014). An analysis of health trends at Sejet 

and Ole Wormsgade was carried out by Gamble (2014:266), who argues that the decreased 

burials during this period “likely in itself speaks to the massive depopulation following the 

famine years and the onslaught of the Black Death.”  

 Across Sejet and Ole Wormsgade samples, Gamble (2014:268) found a slightly lower, but 

not statistically significant, adult age-at death through time, though she recognizes it may be 

problematic due to sample representativeness and size. These fluctuations did not suggest any 

significant changes to adult longevity across the medieval period (Gamble 2014:273). Stature 

decreased significantly among females across time, though adult stress did not significantly 

change over time, which would suggest that no substantial changes to early life stressors 

contributed to any potential changes to stature (Gamble 2014:273).  Infectious disease rates at 

Sejet and Ole Wormsgade were mixed, which Gamble (2014:274) again cautions is problematic 

due to the population decrease after the mid-14th century. The noticeable imbalance in sample 

representation between earlier and later periods at Sejet and Ole Wormsgade, while problematic, 
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also are found to complement accounts of the impact of the bubonic plague across Denmark in 

the 1350s. These findings, along with site demographics, will be considered in detail in the next 

chapter.  

!
UNDERSTANDING MEDIEVAL MOBILITY 
Mobility in the medieval period across Europe has been depicted as static, or one-dimensional, 

during increased urbanization (Anthony 1990; Sawyer and Sawyer 1993). This limits the 

potential of human mobility at a time of sweeping changes, and will be challenged in this thesis. 

A review of the literature demonstrates that mobility was likely impacted by cooling trends 

throughout the 14th century, as well as disease outbreaks, famine, and increased urbanization 

from the 11th to 14th centuries. Given these broad patterns of fluctuating climate and population 

overtime, expectations of which periods would facilitate movement at Sejet and Ole Wormsgade 

can be discerned. It is expected that individuals that lived during the crisis would move more 

than those during the early, warmer period and post plague periods. It is also expected that there 

will be more movement in urban settlements, as this was a period of increasing urbanization, and 

rural communities were tightly regulated to assist with agricultural production systems (Hybel 

and Poulsen 2013). Rural movement is expected to be more stable, though movement of women 

to their husband’s communities may be seen as well.  

ARCHAEOLOGICAL MEASURES OF MOBILITY 
Mobility has been a rather challenging topic in archaeological circles, and for good reason. 

Identifying movements of people from archaeological contexts has proven to be difficult, as 
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equifinality  can limit the understanding of material objects, with researchers arguing for both 2

migration and diffusion as logical reasons for the rapid movement of artifacts between regions. 

Diffusion as a mechanism for movement was especially de-emphasized in overall importance 

during the age of processual and post-processual archaeology, only to resurface as a potential 

mechanism influencing social changes in the past three decades (Zakrzewski 2011). This 

aversion was due to the unpredictable nature of human movement and the difficulty in 

recognizing past movements without referencing culture-history approaches (Zakrzewski 2011). 

The importance of understanding past mobility has resurfaced in recent literature, as the focus in 

studies of contemporary mobility has proven that human movement can contribute to larger 

structural and behavioural patterns (Anthony 1990; Zezza et al. 2011).  

 There is a distinctly materialist approach to interpreting mobility and sedentism in 

archaeological studies. Anthony (1990) discusses the general principles (or expectations) of 

movement in the past, where movement was often kin-related and limited to familiar routes and 

specific destinations. A push and pull model of movement was constructed, arguing that 

conditions favouring migration would likely have negative factors (such as stressors) in home 

ranges pushing groups from one region to the next (Anthony 1990). Positive attributes (such as 

resource abundance) of their destinations would encourage movement toward these new 

landscapes (Anthony 1990). The push and pull hypotheses were further explored as separate 

phenomena, but received criticism due to glaring assumptions (see Burmeister 2000; Kelly 

 Equifinality is the idea that, within archaeology, a single observed outcome could be the result of more 2

than one process; it acknowledges the difficulty of separating processes (or causes) from one another. For 
example, the appearance of a ceramic plate at a ceremonial site could be from a) an intentional placement 
for ceremonial purposes, b) left without intent during chores, c) a diffusion of an original style from a 
different region, etc. 
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1992).  

 Difficulties accepting the push and pull models focused on assumptions made about the 

nature of sedentism and the evidence it leaves in the archaeological record. The pull model 

makes the assumption that positive attributes, such as greater resource availability, are sufficient 

enough to constitute a transition to (or return to) sedentism (Kelly 1992:49). This places group 

movements on a single-scale, unilinear continuum, rather than framing mobility as a multi-

dimensional phenomenon (Kelly 1992:50). These models do not aid in identifying decisive 

movements, nor do they typically frame movements contextually within time and space.  

 There is also a tendency to focus on the sedentarianization process in archaeological 

studies, which Kelly argues establishes sedentism as a “point of no return, after which sedentary 

peoples cannot return to a mobile life-style” (1992:50). This tendency promotes residentialism, 

which assumes that sedentary populations, while slow to emerge, are generally static or linear in 

their movements (Kleinschmidt 2003). Archaeologists are quick to assert that sedentary 

populations slowly emerge until they pass a threshold of absolute sedentism, which is drawn 

from site data. Given that site data will be more available for sedentary populations than for 

populations that are mobile, assertions of a gradual emergence of sedentism in a particular 

population is, logically, an appeal to ignorance. For example, if a population was oscillating 

between greater and lesser mobility over the years, they would still be erroneously depicted as 

slowly moving towards sedentism, despite having a more complex nature when it comes to 

movement (Kelly, 1992). These interpretations of past behaviour also have been suggested to 

reflect contemporary Western understandings of movement as unwarranted and tedious, again 

failing to acknowledge mobility beyond a single-scaled threshold (Kelly 1992; Kleinschmidt 
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2003). However, this pattern of discussion continues to use faulty logic in the interpretation of 

evidence, which limits our explorations of mobility as multidimensional in the past. 

 Such tendencies to perceive populations as increasingly sedentary through time can be 

closely compared with tendencies in geography to limit the landscape to its functions and 

economic merits, as discussed by Cosgrove (1989). As researchers continue to explore 

movement in the past, it is important to consider the social and symbolic layers of meaning that 

are deposited on the landscape through time and use, thus working towards the construction of a 

humanistic geography (Cosgrove 1989:120). It is the tasks of archaeologists to discover such 

meaning within the landscape, moving into a deeper and more complex characterization of the 

landscape that reflects mobility in space and time. Ingold (1993:152) discusses the need for a 

temporal understanding of landscape, which he argues should replace the naturalistic views of 

landscape as an “external backdrop to human activities” and the culturalistic view of landscape 

as  “particular cognitive or symbolic ordering of space.”  

 Instead, Ingold offers the “dwelling perspective,” which argues that landscape serves as a 

testimony and record of those who have dwelt within it (Ingold 1993:152). The dwelling 

perspective sees the land as qualitative and heterogenous, moving beyond binary relationships 

between humans and nature (or of meaning and substance), to view the temporality of the 

landscape as social in nature (Ingold 1993). Landscapes become temporal as we move and 

change their identities, and can be viewed as a “living process” formed by the incorporation of 

features from human activities (Ingold 1993:162). Through this change in perception — of 

viewing the landscape as temporal — Ingold (1993) argues that we are able to circumnavigate 

the binary of scientific and humanist approaches to understanding the landscape of the past. This 
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approach is compatible with archaeological and bioarchaeological investigations, where 

researchers can combine material artefacts and the social meanings and patterns imbued on them 

through detailed study. When discussing mobility in past populations, it is important to also use 

the dwelling perspective to understand the landscape of the past in comparison to the landscape 

of today, as this allows us to acknowledge our current experiences with the land while viewing 

the medieval landscape as complex.  

 Results of ethnoarchaeological research are often used to create useful analogies when 

discussing movement in the past, most notably with trade and exchange. Circulation of material 

and the meaning behind it can be seen in Larick’s (1987) work on spear circulation among the 

Loikop cattle pastoralists in Kenya, which discusses circulation in relation to age-group 

transitions. His research outlines the underlying stylistic patterns influencing spear choice 

through time, which involve four factors: time dependent popularity of particular styles, use-

wear, circulation (age group and marriage transitions influencing which styles are suitable for 

particular groups), and locality (kin relations influencing the range of styles present at particular 

locales). Larick argues that comparable patterns can be seen for other material goods, with 

circulation moving from an abstraction to structure in the archaeological record. This research 

outlines the important role of circulation when operationalizing trade and exchange patterns in 

the past. Movement of past people is also, to an extent, a process of transition in life and death: 

the abstraction of mobility during life is slowly replaced by the structured, measured mobility of 

human remains in isotopic studies.  

 While it may not be possible to physically distinguish large and small scale migrations, the 

acknowledgement of the varied and fluid movements of the past allows researchers to explore 
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the different biological effects in relation to contextual climatic, economic, and social changes. 

Recent isotopic research in bioarchaeology has developed specific techniques to identify human 

movements, connecting biological data with material evidence from burial contexts to recognize 

local from non-local individuals (see Knudson et al. 2012; Montgomery 2010; Price et al. 2001). 

Discussions of individual differences in movement have been theorized in relation to 

ethnographic analogies, with a particular focus on gender differences in logistical mobilities, or 

the short-term movements of small groups away from and back to their residences (Kelly 1992). 

While these individual variations are difficult to interpret archaeologically, the advancement of 

stable isotope technology has allowed a more efficient way to interpret mobility at the individual 

level.  

 Reconstructions of medieval landscapes are subject to our interpretations as researchers, or, 

to use Ingold’s dwelling perspective, our temporal perceptions of a landscape as contemporary 

dwellers. The landscapes experienced and utilized by medieval individuals will never be fully 

recognized, and so the concept of isoscapes will be used to understand mobility in medieval 

Denmark. Isoscapes will be used to express the geography of a region based on isotopic 

measurements, in this case focusing on the landscape according to strontium measurements.  

 Isoscapes, or isotopic landscapes rely on knowing the terrain through which the subject 

moves; this can be accomplished by using the 87Sr/86Sr gradient of bioavailable strontium for 

particular regions (Hobson et al. 2010). Terrestrial isoscapes have been developed to track 

migratory animals, often mapping small-scale variation in 87Sr/86Sr ratios along rivers to track 

natal origins of fish species (Hobson et al. 2010). In California’s Central Valley, for example, 

these small-scale measurement variations have been used to track Chinook salmon from natural 
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hatchery sites; this research has found a north-to-south gradient of 87Sr/86Sr ratios that likely is 

influenced by “young volcanic rocks influencing watershed values in the northern part of the 

Central Valley river system,” and older granite rocks composing much of the southern valley 

region (Hobson et al. 2010: 290).  

  Isoscapes are typically developed through the use of stable isotope tracers, and have been 

“proven useful for inferring geographic origins and spatial connections for a range of species or 

materials and a variety of temporal extents” (Wunder 2010: 251). As the dwelling perspective 

sees the landscape as a living process that forms features through the incorporation of social 

activities and lives, the strontium isoscape created by contemporary research can serve as the 

merging of quantitative data (that of measured isotopes) and the social meaning of the land (the 

social and physical activities of the people using the land) to create features within a mobile 

landscape. These isoscapes can provide a temporal, contemporary understanding when 

discussing mobility between early life residences and place of burial. Isoscapes could also be 

further understood by analyzing carbon and nitrogen for diet.  

!
HISTORICAL UNDERSTANDINGS OF MEDIEVAL EUROPEAN MOBILITY  
Assumptions surrounding the mobility of medieval people, particularly peasants, often render 

their movements as static, immobile individuals. However, it has been argued that these 

normalized and accepted understandings have greatly underestimated the extent to which the 

average individual moved (Anthony 1990). Travel in the early medieval period of Europe was 

perceived primarily as an activity for rulers and elites to demonstrate their authority, overcoming 

environmental and human hazards on their journeys (Kleinschmidt 2003). Travel was limited to 
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individuals or small groups, such as missionaries, and long, solitary journeys were perceived as 

excursions for exceptional individuals (Kleinschmidt 2003). These movements were restricted in 

their purposes, dedicated to proving strength and resilience during a period marked by distinct 

religious changes and the elite desire to establish control over their newly burgeoning polities.  

 By the late medieval period, large groups generally moved shorter distances to establish 

new settlements when resource intensification was not an option (Bellwood 2013; Kleinschmidt 

2003). As Europe recovered from multiple waves of bubonic plague outbreaks, the notion of 

travel began to change, shaped by growing economic markets across the continent. Economic 

travel with small groups or individuals began to increase with new technologies and more 

efficient production and distribution of goods (Bellwood 2013). Any non-economic trips were 

viewed as leisurely journeys, which also gained in popularity and contributed to many of the 

written accounts in the 14th to 15th centuries (Kleinschmidt 2003).  

 Travel became an opportunity for more than elite members of the population, and literary 

works burst to life with accounts of pilgrimages, crusades, exotic destinations and foreign 

populations (Campbell 1988; Treharne and Walker 2010). The Itineraria was a popular genre of 

Christian writing with origins dating back to around 300 AD; itineraria were the “verbal 

roadmaps” or accounts of journeys undertaken by anonymous pilgrims, often concisely written 

to recount the information needed to get to the Holy Land (Cohen 2010: 613). These accounts of 

pilgrimages evoke very direct and linear forms of movement, with destinations being known to 

the individual. However, Cohen (2010: 613) discusses narratives written during the periods that 

were more perilous, meant to redirect pilgrims from their “certain and Orthodox roads” towards 

the dangerous and exotic landscapes of the unknown. These contrasting narratives of movement 
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provide some access into the mind of the medieval traveller throughout the period, allowing a 

more complex understanding of the social layers of the landscape to be considered when 

discussing mobility. !

DEPICTING MOBILITY THROUGH BIOARCHAEOLOGY  
While historical accounts aid in shaping our understanding of how travel was perceived 

throughout the medieval period, bioarchaeological testing remains one of the strongest lines of 

investigation for reconstructing past movements at the individual level. A handful of researchers 

have begun to explore movement in medieval Denmark, utilizing techniques that assess 

strontium and oxygen signatures left in human enamel (see Frei and Price 2012; Gough 2013; 

Knudson et al. 2012; Price et al. 2012). Frei and Price (2012) began to establish a baseline for 

biologically available strontium in Denmark, to be assessed with some medieval sites. Price et al. 

(2012) explored migrations from a settlement dating to the Viking period (AD 700-950), and 

Knudson et al. (2012) utilized Danish isotopic signatures to identify potential Viking migrants in 

medieval Dublin.  

 Most relevant to this study are Gough’s (2013) findings, as the enamel samples used will 

be analyzed again in this study for strontium isotope measurements. Only three individuals were 

found to be probable migrants, all from Ole Wormsgade (Gough 2013). These individuals date to 

the first burial period for the site, and demonstrated low δ18Ow values (Gough 2013). The 

individual with the highest δ18Ow value was dated to the third burial period, also at Ole 

Wormsgade (Gough 2013). Of the thirteen individuals analyzed from Sejet, it was noted that 

individuals between the ages of 20 and 25 were not well-represented in the sample population 

(Gough 2013). Of the identified migrants, the individuals were determined to be well-
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representative of the excavated adult populations from both sites, though no trends in 

demographics were observed (Gough 2013). The low values of δ18Ow for the individuals 

identified as potential migrants were found to be within the local range of oxygen isotopic 

values, as calculated by modern proxies (Gough 2013). The identification of migrants in the 

collected sample was limited in its ability to discuss population-level migration, particularly 

outmigration (Gough 2013). However, the movement of individuals with lower oxygen isotope 

values may be possible, given the expansion of populations in Denmark, and throughout Europe 

during the early medieval period (Gough 2013).  

  

STABLE ISOTOPE ANALYSIS IN ARCHAEOLOGY  
The use of chemistry in archaeology has only been employed since the turn of the 20th century. 

Early archaeological applications of chemistry examined only a few elements to assist in site 

discovery and chronology, along with artifact authentication (Price and Burton 2011). Early 

studies of stable isotope analysis in the 1970s were typically concerned with the reconstruction 

of prehistoric diets (Katzenberg and Saunders 2000; Pate 1994). Archaeologists were acquainted 

with carbon analysis in their radiocarbon dating procedures, and so the variation of carbon 

isotopes was among the first to be explored within archaeological chemistry research. Vogel and 

van der Merwe (1977) were the first researchers to show that the measured differences in ratios 

of stable carbon isotopes could be used to assess diet. The researchers used stable isotope 

analysis to demonstrate the importance of maize agriculture in prehistoric North American 

populations (Vogel and van der Merwe 1977). However, stable isotope analysis lends itself to a 

diverse array of applications beyond dietary reconstruction, such as infant feeding and weaning 
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patterns, the effects of diet and disease processes on the body, and establishing ranges of mobility 

and residence (Larson 1997).  

INTERPRETING MOBILITY THROUGH STABLE ISOTOPE ANALYSIS  
Traditional techniques to detect mobility in human populations rely upon the use of either 

oxygen isotopes (δ18O) or strontium isotope ratios (87Sr/86Sr). The main benefit of using 

strontium isotopes to measure mobility in archaeological populations is the relative hardiness of 

the isotopes through time. Unlike oxygen (or nitrogen and carbon), the 87Sr/86Sr ratio transfer 

into host rock without significant and measurable changes or fractionation. Fractionation is the 

process of isotope separation between gas, liquid, and solid phases; generally heavier isotopes, 

such as strontium, iron, or uranium, have less pronounced fractionation than lighter elements, 

such as oxygen, carbon, or nitrogen (Malainey 2010).   

 Archaeological migrations can be explored through the use of oxygen isotopes under the 

premise that the 18O/16O ratio changes in the vapour phase of precipitation (Malainey 2010). 

During precipitation, rain and snow is most often represented by H216O, which contains the 

lightest of the oxygen isotopes; the equilibrium of 18O/16O ratio fluctuates with changes to the 

temperature (e.g. as temperature increases and more ice melts, more 16O is released, causing a 

decrease of  δ18O in the ocean (Malainey 2010). Oxygen isotopes enter the human body through 

the consumption of water, and in this way, reflection geographic origins through the oxygen 

isotope signature of source water.  

 However, there are a variety of limitations that arise when using oxygen isotopes to 

determine mobility, which will be considered in respect to the use of strontium isotopes. Again, 

the most limiting factor is the extent to which oxygen isotopes are impacted by diagenesis and/or 
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fractionation, and how this will skew data from biological tissues. Strontium is a heavier 

element, and is less influenced by these changes. A second area of concern when using oxygen is 

the extent to which extant data is available for particular areas. Gough (2013) encountered issues 

finding modern or historic reference samples for δ18O in Denmark, and relied on local proxies 

from the International Atomic Energy Agency (IAEA), which allowed for mean annual δ18O 

values from central and eastern Denmark. Additionally, there was a need by Gough (2013) to 

convert δ18Op values to δ18Ow values, to reflect individual fractionations and other sources of 

water (Gough 2013: 96). There is a growing number of historical and modern reference samples 

for strontium isotope ranges across Denmark and the rest of northern Europe from which to 

compare and assess the ranges calculated from this study. The need to convert oxygen values 

from δ18Op values to δ18Ow values does introduce some degree of imprecision to the data, though 

the extent of this appears not to be of great significance. Finally, while oxygen isotopes can be 

measured from either phosphate or carbonate components of apatite, phosphate has been more 

commonly used, as it was once believed that phosphate had a great resistance to diagenetic 

processes (Kolodny et al. 1983). However, more recent studies have demonstrated that phosphate 

is not as resistant to diagenesis as previously thought, which is an important consideration when 

assessing the data (Zazzo et al. 2004). The impact of diagenesis on strontium is much more 

limited, and can usually be removed through leaching tooth enamel with weak acetic washes 

(Malainey 2010). 

 The potential use of strontium isotope analysis for interpreting mobility and residence in 

human populations of the past was first suggested by Ericson (1985), and has since been used in 

multiple studies on residence and mobility (Müldner and Richards 2005; Price et al. 1994; Shaw 
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et al. 2009; Turner et al. 2009). The use of strontium isotopes was routinely explored by 

geologists to interpret the origins and ages of rock, which Ericson (1985) suggested be applied to 

studies of residence and movement. Strontium isotopes originate from ‘parent rock,’ or locally 

sourced bedrock materials, and incorporate into local soils and plants through processes such as 

erosion, and then pass through the food chain via plant consumption (Ericson 1985). The 

nutrients and isotopes in plants and soils are equilibrated with that of the parent rock below them, 

and so they share similar strontium isotopic values (Malainey 2010:188).  

 As strontium and calcium atoms have a similar size and the same 2+ charge, strontium is 

used in place of calcium during the formation of some minerals, such as calcite and apatite 

(Malainey 2010). This is seen in hydroxyapatite crystals of human bone mineral, where 

strontium substitutes for calcium (Katzenberg and Saunders 2000). The stable isotopes of 

strontium, 87Sr and 86Sr, are used to create a ratio (87Sr/86Sr) that provides information on the 

environment in which calcium-containing minerals form, such as hydroxyapatite (Malainey 

2010). The 87Sr/86Sr ratio is directly related to all individual organisms living in these local 

ecosystems, fitting within the range of strontium isotope signature values provided by the parent 

rock of the area. In areas where the bedrock is more varied (such as areas with more than one 

type of rock), or in coastal regions with terrestrial ratios different than homogenous sea levels, 

diet may also be ascertained from strontium ratio values (Sealy et al. 1991).  

 In order to assess residence and movement from human remains, it is necessary to 

establish a baseline (or average) for each region of interest. These ratios become geochemical 

signatures for their regions, which can be compared to human and animal strontium signatures to 

discern potential migrations (Ericson 1985). Small animals, such as mice or squirrels, are 
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typically used in archaeological research as they do not migrate outside of their geochemical 

signature region, and therefore can be used to estimate biologically available strontium 

(Malainey 2010:190). After a baseline has been established, the samples of human remains are 

assessed and compared to the established strontium ratios for the region. These baseline 

measurements can be used to create a unique map of a particular region, constructing an isoscape 

that will represent movement as assessed through isotopic analysis. 

Permanent dentition is generally used to evaluate origins, as their development begins 

early during childhood, and will reflect their childhood environments (Ericson 1985; Hillson 

2005). While strontium isotopes can be measured using the inorganic components of bones and 

teeth, these areas are more subject to contamination within the burial context, as secondary 

minerals can leech into cracks and coat the original hydroxyapatite crystals (Malainey 2010: 

190). The interior enamel portion of the secondary tooth is often well preserved, and biologically 

isolated enough from chemical processes (such as absorption of minerals from saliva) that it 

reflects the individual’s local environment during growth and development (Toots and Voorhies 

1965).  

Gough (2013) used canine samples from Ole Wormsgade and Sejet to detect mobility 

with oxygen isotope analysis, and this study will also use canine samples from these sites, 

including some of the same individuals. Canines typically develop over a period of 4 years, with 

the surfaces of the tooth crown providing information from around 1.5 years after birth to 

approximately 6.2 years of age (Hillson 2005). This period of enamel formation for canines is 

generally longer and slower than that of molars, which is more favorable for studies interested in 

examining growth and development (Hillson 2005). These longer enamel formation periods are 
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also useful for the present study, as this allows for a more spatial and temporally resolved 

accumulation of minerals, such as strontium. Potential migrants will be detected by comparing 

the 87Sr/86Sr ratios of their canines with that of established local baselines. 

In addition to exploring individual mobility, this research will work to create a stronger 

strontium baseline for future Danish research. This will be useful for more interdisciplinary 

work, as archaeologists, geologists, and physical anthropologists can use the raw data of 

strontium values in the region to further explore individual life histories, compare bedrock 

strontium regions to other parts of Scandinavia and Europe, and build broader understandings of 

mobility in medieval European contexts.  

LIMITATIONS AND CONSIDERATIONS!!
On a more theoretical level, there are several limitations to strontium isotope analysis that must 

be considered for a more objective interpretation of results. Strontium isotope analysis requires 

that there is a significant amount of geographic variation within localized zones, or catchments. 

The development of an isotopic baseline ratio for a particular region is useful, but isotopic 

variability in the interest regions should be compiled from existing geological data for stronger 

results. Frei and Price (2012) undertook the task of measuring geographic distributions of 

strontium across Denmark, using modern and archaeological faunal samples to establish 

baselines for Jutland, Funen, Sjælland (Zealand), and the southern island regions. This was 

coupled with strontium isotope analysis of human remain samples from sites across Denmark. 

These samples had different chronologies, dating across the Mesolithic, Viking, and Medieval 

periods for Denmark (Frei and Price 2012). These established baselines will be compared to the 
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results of this study for a stronger, but not absolute, interpretation of potential non-local 

individuals in the sample.  

 Establishing local versus non-local individuals is limited by interpretation itself. Despite 

strontium isotope analysis having been well-established throughout academic literature in the 

past two decades, Pollard (2011) has pointed out some limitations to the system. It is very 

challenging to narrow down non-local origins, as Pollard aptly states that “it is only ever possible 

to disprove a source hypothesis, never to prove one” (2011: 637). This study will primarily serve 

as a companion to Gough (2013), assessing the samples and corroborating identified local or 

non-local identifications. While regions of origin may be better discerned with Frei and Price’s 

(2012) baseline, this is by no means an absolute identification of where people came from.  

 The inferred boundaries of residential zones are a predominant limitation in the discussion 

of mobility with 87Sr/86Sr ratio signatures. Ericson has argued that “no ‘magical circle’ of 

containment … can be drawn around any group without a high degree of 

uncertainty” (1985:508). While we categorize out of necessity and our own need to make the 

world more legible, our interpretations of past inhabitant zones are just that — interpretations. 

The ways in which past people used or perceived their landscapes on a daily basis, or during 

migrations is not fully understood. While early research by Vita-Finzi and Higgs (as cited by 

Ericson 1985) suggested that local spatial zones could be discussed within a 5km radius, Ericson 

(1985) suggested expanding our understanding of “local” to compensate for travel-time and 

topographical ranges. Energy expenditure has also been suggested as a measurement, evaluating 

working spaces in complex spatial surfaces (Ericson and Goldstein 1980). Defining spatial zones 

remains a problem in current mobility studies, as researchers tend to vary in their own 
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understandings of these zones.  

 Human dietary interferences can contribute to significant distortions of 87Sr/86Sr ratio 

interpretations. Identification of potential migrants can potentially be misinterpreted based on an 

individual’s subsistence practices. Consumption of foods that are higher in strontium values will 

likely disguise any foods that have lower strontium values (Pollard 2011). When individuals 

subsist off of a marine diet, 87Sr/86Sr ratio values in human enamel are usually drawn closer to 

the 87Sr/86Sr value of 0.7092, which is attributed to seawater (Frei and Price 2012). 

Considerations of coastal influences on the food procurement strategies in medieval Denmark 

will be considered for any changes to 87Sr/86Sr values.  

 Issues of contamination also arise with strontium isotope analysis, with concerns of 

biogenic and diagenetic contamination. Post-mortem changes to human bone are hard to control 

for, but tooth enamel is much more impermeable to chemical changes, due to its higher density 

and greater resistance to biogenic changes (Lambert et al. 1985; Pollard 2011). The surface layer 

of dental samples is a reaction layer, and will experience some changes to strontium ratios, but 

this is easily removed during preparation procedures in the lab, leaving a biologically isolated 

inner enamel (Price et al. 1985). This ensures that biogenic contamination is of little concern for 

this study. Additionally, diagenetic changes are often easily corrected for if proper lab procedures 

and preparations of samples are in place (Ericson 1985). 

SUMMARY!
This study will work to develop a stronger understanding of mobility, moving beyond written 

records of the past, and the material culture connected to movement via trade and circulation. A 

common assertion in discussions of past movements is the notion of residentialism, which 
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assumes that sedentary populations are generally static, or at best linear, and restricted to a 

particular zone (Kleinschmidt 2003). While material culture and isotopic analysis are not able to 

provide objective contextual data point to absolute movement patterns, this project will discuss 

the limitations of our current understandings of movement in the past, and encourage future 

researchers to frame mobility as dynamic and multilinear. Using the concept of isoscapes to 

create a more meaningful interpretation of movement through isotopic analysis and the dwelling 

perspective. Dynamic interpretations of movement are particularly important when examining 

populations in times of duress, as social, climatic, and economic factors can all impact the range 

of movement at the individual level. 

The medieval sites of Ole Wormsgade and Sejet provide an opportunity to explore the 

frequency of movement in a time of increasing urbanization, disease outbreaks, economic 

downturns, and tumultuous weather. Assessing mobility in past populations allows for a better 

understanding of how individuals in the past reacted to stress. While this data would be no means 

serve as analogous to contemporary migrations in a globalized world, ethnographic accounts of 

rural to urban moments would also prove useful in understanding motivations and movement 

patterns in the past.  

!
!
!
!
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CHAPTER 3 — MATERIALS AND METHODS  
!
This study will investigate human mobility based on skeletal material recovered from two 

medieval cemetery populations from Denmark, using isotopic analysis of dental samples to 

assess movement. Strontium isotopes will be measured to potentially infer movement by 

comparing strontium signatures in individuals to the signatures that are characteristic of the 

regions they were buried in. Human remains from the rural site of Sejet and the urban site of Ole 

Wormsgade will be used for this investigation (see Figure 3.1).  

 The cemetery at Sejet was used throughout the 12th to 15th centuries, while Ole 

Wormsgade cemeteries were used predominantly during the Late Medieval Period. The isotopic 

analysis at these sites will primarily focus on the phenomenon of mobility at the individual level, 

reflecting any potential movement from early life residences to place of internment. Where 

possible, the results will be discussed in relation to broader mobility trends between urban and 

Figure'3.1'—'Map'showing'the'location'of'Horsens,'with'inset'detailing'locations'of'the'archaeological'sites'of'
Sejet'and'Ole'Wormsgade.'Map'data:'Google,'Digital'Globe'2014
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rural communities. The use of solution nebulization inductively coupled mass spectrometry (SN-

ICP-MS) will be used to test Gough and results with the provided oxygen values and strontium 

ratios from the same overall sample of individuals to examine mobility. Of as a corroborative 

approach to Gough (2013), comparing oxygen and strontium-based isotopic analysis for mobility 

studies. More broadly, an investigation into the movement of people in rural and urban medieval 

Denmark will contribute to a larger framework that will compare and interpret responses to 

economic, climatic, and physical stress during a period of increasing urbanization. This research 

will also provide isotopic data that could prove useful in future studies of European mobility in 

the medieval period, and the relationship between individual strontium ratios and bioavailable 

strontium for Northern European archaeological populations.  

 In this chapter I provide an overview of the archaeological records for the sites of Sejet 

and Ole Wormsgade, discuss the demographics and parameters of the skeletal collections from 

the sites, and provide an outline of the samples chosen for analysis. It will then discuss general 

sample preparation and provide detail on methods of analysis used for this project. 

!
ARCHAEOLOGICAL SITE DESCRIPTIONS  

SEJET!
The archaeological site of Sejet (HOM 1046) was a rural village site that lies outside of the 

contemporary city of Horsens. While there are no explicit historical or parish records preserved 

for this site, Sejet’s use has been restricted to a range between AD 1150 to AD 1574. Coins found 

during the excavation provided the preliminary dates between AD 1400 and AD 1500, supporting 
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the use of the cemetery throughout this period. The cemetery was likely used until its connected 

parish was destroyed in AD 1574. 

 The southwest corner of the site was excavated by the Horsens Museum in 2006. 632 

individuals were recovered, with 435 in situ individuals representing about 63% of the 

collection, 35 individuals found in graves with two or three individuals, and 194 individuals 

recovered as loose finds — those with no burial context or recovered surface finds (Pedersen and 

Boldsen 2008). Preservation of the skeletal population was assessed through the quality of 

remains, not the quantity, considering fragmentation and the degree to which cortical bone was 

preserved (Pedersen and Boldsen 2008). About half of the individuals found in situ were found to 

be in poor preservation (Pedersen and Boldsen 2008). Skeletal preservation at the site was 

affected by the site’s proximity to a pig silo. The silo contributed to the severe acidity of the local 

soil, particularly impacting the preservation of individuals in closer proximity to the silo 

(Pedersen and Boldsen 2008). Skeletal remains were mostly fragmentary at Sejet, with enamel 

being described as “extremely friable” in many individuals (Gamble 2014:77). This brittle nature 

of some enamel in this collection was taken into consideration when selecting individuals for 

sampling.  

 Gender, age, and stature estimations were recorded for all 632 individuals, along with 

registration of pathologies (Pedersen and Boldsen 2008). Unfortunately this original assessment 

was impeded by the poor state of preservation exhibited by many individuals, leading to 

uncertain conclusions. Infant mortality was high at Sejet, and many women died during their 

reproductive periods (ages 20-40). Average heights for women were between 152 to 156cm, and 

average heights for men were between 166 to 169cm (Pedersen and Boldsen 2008). The adult 
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population was characterized by a high frequency of gout-related pathologies and fractures to the 

bone, with a greater incidence of fractures among men, which suggests that physical work was 

particularly demanding for males in the population (Pedersen and Boldsen 2008). There was a 

high incidence of poor dental hygiene, with the formation of tartar and tooth decay being noted 

for many individuals (Pedersen and Boldsen 2008). Generally, the demographics of this cemetery 

population did not significantly stand out from what has been seen with other medieval Danish 

populations.  

OLE WORMSGADE 
Ole Wormsgade (HOM 1649) was a parish cemetery located in contemporary Horsens and 

associated with the Church of Our Lady (Pedersen and Boldsen 2010). Ole Wormsgade 

represents a more urban demographic, given its proximity to medieval Horsens. Excavated 

between 2007 and 2009 by the Horsens Museum, it would have been located outside of city 

walls during its use. Historical records for this site are also scarce, but it was used primarily in 

the Late Medieval Period, likely between the 12th century and the advent of the Reformation in 

AD 1536 . As with Sejet, only a subsection of the site was excavated; the boundaries of the site 3

are not known, but approximately 450 m2 of at least 9400 m2 was excavated (Gamble 2014:79).  

 Much of the material artifacts from the site have been lost over the course of urban 

development and expansion. Four hundred and one individuals were recovered in situ, along 

with loose finds from grave contexts (n=510) and surface finds and non-grave contexts (n=76) 

(Pedersen and Boldsen 2010). As excavations took place roadside, individuals were often found 

 During the Reformation, Denmark underwent a transition from Roman Catholicism to Lutheranism, 3

which would have evidently impacted the use and popularity of Catholic parish cemeteries (Asmussen 
1997) 
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with only half of their body preserved, and the other lower or upper half missing (Gamble 2014). 

This reduces how many skeletal remains could be collected for future study, particularly for 

studies involving dental materials. However, preservation was found to be better at Ole 

Wormsgade than Sejet, so there is sufficient material available for study.  

 Of the 401 primary subjects assessed, 38% were male and 24% were female; the 

remaining individuals were either subadults or found to have indeterminate sex (Pedersen and 

Boldsen 2010). The average age of all individuals in the cemetery was 27 years, but with the 

exclusion of infants and subadults (using a 16+ years base), the average age at death was 37 

(Pedersen and Boldsen 2010). Enamel in about half the subjects testify to periods of physical 

stress in the form of enamel hypoplasia; this phenomenon is commonly linked to periods of 

disease or malnutrition in childhood development years (Pedersen and Boldsen 2010). Diseases 

were present in medieval Horsens, with about 22% of the sample from Ole Wormsgade 

displaying signs of leprosy (Pedersen and Boldsen 2010).  

DETERMINING CHRONOLOGY AND SAMPLE SELECTION 
In order to provide a stronger context for any temporal patterns of mobility, it is useful to 

establish the temporal distributions of individuals within each cemetery population. Chronology 

of the medieval period in Denmark has been strongly connected to predominant arm positions in 

burials. Arm position changed throughout time across Danish burials, sometimes even within the 

span of a generation (Bennike et al 2005; Yoder 2006). These chronological changes were first 

observed by Møller-Christensen (1958) at the site of Æbelholt, and further assessed by Redin 

(1976), who was the first to break down the chronology into four notable arm positions. Kieffer-

Olsen (1993) conducted a broader study that assessed temporal associations with arm positions 
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within eight cemetery populations; his results were corroborated with absolute dating techniques 

(radiocarbon dating and dendrochonrology).  

 Three general periods have been used to identify temporal burials, and are marked by 

these four noticeable arm positions: the Early Period from arm position A (1050-1250 AD), the 

Middle Period from arm position B (1250 to 1350AD) and the Late Medieval Period from arm 

positions C (1350 to 1536 AD) and D, dating from 1536 onwards (Kieffer-Olsen 1993; Schwarz 

et al 2013). These dates have not been validated with other scientific dating methods, however 

they are recognized by many authors who explore health trends in medieval Denmark (see 

Jantzen et al 1994; Schwarz et al 2013; Yoder 2006). While the arm position technique has been 

recognized and applied by many authors exploring the medieval Danish period (see Jantzen et al 

1994; Schwarz et al 2013; Yoder 2006), it should be noted that arm positions are not always 

consistent. Mixed positions have been recovered as well; in such instances, the period which 

corresponds with the later arm position is given primacy (Keiffer-Olsen 2009; Gamble 2014). 

Temporal boundaries were also found to be gradually replaced through time, so it is expected 

that arm position transitions would vary somewhat between regions. Nevertheless, the arm 

position technique will be considered when discussing temporal patterns in locale movements.  

 The subsample chosen for this research reflects a very small portion of the complete 

collections from Sejet and Ole Wormsgade. Teeth were selected for using two primary criteria: 

whether remaining dental material was available from individuals analyzed by Gough (2013), 

and whether the dental material was preserved without much use-wear.  
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MATERIALS!

STANDARD MATERIALS 
Prior to the assessment of the Danish dental samples, standard materials were utilized in order to 

establish procedures and sample preparation, as well as to minimize the destruction of 

archaeological dental materials. A stock solution of 2 µg/g total strontium was prepared using the 

NIST SRM 987 SrCO3 with a certified isotopic composition of 87Sr/86Sr = 0.71034 ± 0.00026 

(National Institute of Standards and Technology). NIST SRM 1486 bone meal and a present-day 

sea shell collected off the coast of western Florida were also used as sample materials, 

characterized for their strontium isotopic composition, and utilized for both the evaluation and 

validation of this method. The seashell is assumed to have the 87Sr/86Sr composition of present-

day seawater, 0.70918 (Hodell et al. 1990).  

ARCHAEOLOGICAL MATERIALS 
As the interest of this research is to assess human movement patterns, dental samples will be 

used to measure strontium isotopes in human teeth. The primary research sample originates from 

an archaeological collection of human teeth, which was excavated from the medieval Danish 

sites of Ole Wormsgade (HOM 1649) and Sejet (HOM 1046). The skeletal material from both 

excavations is curated at University of Southern Denmark in Odense. A portion of this sample 

(174 teeth from 167 individuals) is now curated in the Bioanthropology Digital Image Analysis 

Laboratory (BDIAL) at the University of Manitoba. The sample in BDIAL contains 75 teeth 

from 72 individuals from Ole Wormsgade, and 99 teeth from 95 individuals from Sejet.  All 

individual’s demographic data (age at death, sex, time period) are provided in Appendix A. 

 This study utilizes 36 teeth from the BDIAL sample, 18 each from Sejet and Ole 

Wormsgade. The majority of these teeth are left mandibular canines, though their antemere was 
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selected when the primary selection was not sufficiently preserved. The teeth analyzed in this 

study were selected based on the degree of preservation, the presence of sufficient enamel for 

analyses, and the presence of sufficient material for future analyses. As this study intends to 

compare results with Gough (2013), strontium isotope measurements will be made on six 

individuals from the original study, for which there was enough remaining material to sample. 

The remaining halves from six specimens were used, as many of the second halves from the 

material were drilled for additional research in the original study (Gough, personal 

communication). 

 Teeth were catalogued and labelled based on the original excavation system. Individuals 

excavated from Sejet were catalogued with identification numbers ranging between 1 and 999, 

while those at Ole Wormsgade were given identification numbers ranging from 1000 to 2000. 

Individual identification numbers were preceded with an X, and grave numbers were preceded 

with an A. The teeth used in this study correspond with individual identification numbers that are 

identical to their grave numbers, so identification numbers alone will be used when referring to 

specific individuals (e.g X555 or X1547).  

METHODS!!
The past fifteen years have seen an increased interest and prevalence of mobility and childhood 

residence studies through the use of isotopic analysis. Common methods of analysis are solution 

based, which entail the preparation of tooth enamel and digestion of the enamel into an acid-

based solution. This is then followed by thermal ionization mass spectrometry (TIMS) or 

inductively coupled plasma mass spectrometry (ICP-MS) analysis. More recently, laser ablation 

ICP-MS has been employed in lieu of solution-based techniques, due to its less destructive 
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nature and rapid data output. However, laser ablation has only been recently utilized, and has 

been found to have noticeably lower precision for measuring strontium isotope ratios. 

Comparisons of solution-based and laser ablation methods have been explored, with many 

results suggesting that LA-ICP-MS is too inaccurate for use with archaeological materials and 

populations (Copeland et al 2008; Simonetti et al 2008; Richards et al 2008). Laser ablation ICP-

MS has consistently obtained higher strontium isotope values when compared to solution mode 

MC-ICP-MS, which has been found with both human and cattle populations (see Simonetti et al 

2008; Richards et al 2008). These values have also been suggested to be affected by a calcium 

phosphate (Ca-P-O) interference that overlaps the 87Sr signal (Prohaska et al. 2002; Simonetti et 

al 2008).  

 This study relied on solution mode ICP-MS for the analysis of 87Sr/86Sr ratio 

measurements. Solution based ICP-MS has good precision and accuracy, but is a destructive 

process, as it typically involves collecting 5 or more mg of enamel from tooth samples (Copeland 

et al 2008). Destructive techniques must be considered at length, so as to balance the need for 

new forms of information with the desire to preserve material culture and skeletal material for 

future research. This is one of Larsen and Walker’s (2000) three ethical responsibilities for 

physical anthropologists. An examination of our own scientific motivations, as researchers, can 

aid in avoiding potential ethical dilemmas; such examinations could be accomplished by looking 

at the value that studies of human remains have for understanding the history of our species, or 

how individual remains play into larger schemes of scientific discovery. Larsen and Walker 

(2000) suggest that determining the balance between maintaining important cultural-spiritual 
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information from skeletal material and the ability for the sciences to learn as much as possible 

about a human’s life means accommodating different types of respect into research.  

 For this particular study, we have the interesting circumstance of focusing on a historic 

European population. As many contemporary European populations are the indigenous 

inhabitants of specific regions, there is a significantly reduced tension surrounding mortuary 

archaeology and excavations .  Parker Pearson (2002) spoke of the ambivalent nature of British 4

attitudes towards death and burial, arguing that medical treatments and spiritual treatments of the 

dead are confused, a combination of wanting to know the medical reasons for death while also 

seeing death as “medical failure … hidden from society at large” (183). While countries with 

aboriginal populations, such as Australia and Canada, face ethical quandaries about repatriation 

and disturbance of the dead, European populations are, typically, themselves indigenous.  In 

Britain, archaeologists are said to represent a “cultural tradition … rather than the second wave 

of colonialism that it has been in other countries” (Parker Pearson 2002:185). This eases the 

tensions between the public and academic domains when focusing on cemetery populations.  

 In Denmark, excavations are always carried out by archaeological institutions or 

museums, with the Heritage Agency of Denmark accountable for overall responsibility of 

archaeological investigations (Christensen and Bennike 2011). There are no definite repatriation 

acts, though repatriation issues in Denmark have been known to arise within two particular 

themes (Christensen and Bennike 2011). Cultural heritage “must be preserved for posterity in 

accordance with the interests of the museums and science” (Christensen and Bennike 2011:134). 

 European archaeology is not devoid of repatriation and reburial cases with certain cultural groups, 4

however; such was seen with the instant reburial of the medieval Jewish cemetery at Jewbury in York 
Cemetery in the 1980’s (Parker Pearson 2002:179-180). 
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Further, specific cases where skeletal material is of significance to other cultures must be 

considered and negotiated on a case-by-case basis.  There have been several cases where remains 

have been repatriated from Denmark to Inuit populations living in Greenland, Canada, and the 

US state of Alaska (Christensen and Bennike 2011). As this study focuses on an historic Danish 

population, ethical considerations surrounding the sample skeletal material would be most 

concerned with preservation of the materials for the interests of science and the advancement of 

Danish historical knowledge.  

 Regardless of the research flexibility from this population, care was taken to preserve as 

much dental material as possible for future research. The general sample preparation was 

described elsewhere in detail (Gamble 2013; Gough 2013). Teeth had been embedded in an 

epoxy resin for ease of sectioning, which is discussed further by Gough (2013). These previous 

studies thin-sectioned the midline sagittal region for analyses (Gamble 2014), while distal and 

medial sides were used for analysis by Gough (2013). Remaining sections from medial and distal 

tooth sections were used here.  

SAMPLE PREPARATION 
In order to obtain enough strontium information per sample, 1.5 to 2.0 mg of enamel was 

required from each tooth. Tooth sections and tools were cleaned with ethane alcohol prior to 

sampling to reduce risk of contamination. Depending on the thickness of the enamel sections, the 

samples were either micro-drilled using a Foredom drill press or micro-milled using the New 

Wave Research MicroMill program. For micro-drilling, a 0.75 mm drill bit with a diamond edge 

was used. The drill bit and press were cleaned with ethane alcohol between each tooth. For 

micro-milling, a tungsten carbide mill bit with a conical shape was used to mill out one track 
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with a width of 300 µm. Each sample was milled in 5 to 7 passes by successively increasing the 

depth by 15µm per turn. In some circumstances, sections of enamel were quite small, or had a 

white opacity affecting much of the enamel, so it was difficult to separate enamel from dentine, 

and the resulting solutions contain some dentine . 5

 After childhood mineralization, enamel is not at high risk of diagenetic contamination 

(Hoppe et al 2003). While dentine in the teeth of individuals who have not been buried have very 

similar 87Sr/86Sr concentrations to enamel, dentine in individuals who have been buried 

equilibrates with their soil environment (Montgomery et al 2007). This would suggest that 

dentine exposed in burial environments would most likely reflect a strontium ratio between that 

of the individual’s enamel and that of the soil surrounding the individual in situ. This will be 

explored further during the discussion and interpretation of results, particularly with the most 

friable remains from Sejet.  

 After enamel was sampled, it was then weighed to ensure consistency among the samples 

of 1.5 to 2mg. In some instances, there was difficulty obtaining enough enamel to meet this 

standard, particularly with the more friable teeth from Sejet. Drilled and milled samples were 

then transferred into acid-cleaned 50 mL Savillex TM screw cap vials and then closed-vessel 

digested on a heating block (DigiPrep JR, SCP Science) in 5mL of 35% nitric acid. The nitric 

acid was prepared using a sub-boiling distillation of analytical reagent grade acid (Fischer 

Scientific). Ultrapure water with a resistivity greater than 18 MΩ was obtained using a Milli-Q 

system (Millipore) and used throughout this procedure for diluting concentrated nitric acid. 

 Surface colouration such as the white opacity were observed and discussed initially by Gamble 5

(2014:108); it is thought that the white opacity mentioned here reflects the loss of enamel microstructure 
integrity.
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Samples were left on the heat block for 60 minutes at 70º C. After this, samples were topped up 

to 50ml with deionized water. These were left overnight to ensure that the samples were properly 

digested. All samples (including 2 NIST 1486 Bone Meal samples, the seashell, and a blank 

solution) were treated to the same process to ensure consistency and accuracy of results. The 

seashell solution was diluted more, however, as its marine environment contributes to a much 

higher amount of available strontium, at 6000 ppm. 

 Digestion of the solution was considered complete when the solution appeared clear and 

colourless, without suspended or sedimented particulates. After it was ensured that all samples 

had digested, the solutions were transferred to 10mL test tubes. Sample and standard materials 

were diluted to 4% HNO3 and filtered using syringe filters with 0.2µm pore size for solution 

analysis.

RF power (W) 1435

Cool gas (L/min) 15.8

Aux gas (L/min) 1.01

Sample gas (L/min) 1.03

Interface cones Ni

Mass resolution (m/Δm) Low (300)

UO+/U+ 7%

Data collection Time resolved analysis

Dwell time (s) 0.05

Analysis time (s) 120

Table 3.1. Operating parameters for Thermo Finnigan Element 2 SF-ICP-MS



!52

ICP-MS ISOTOPE RATIO DETERMINATIONS  
Strontium isotope ratio determinations were carried out using a sector field ICP-MS (Thermo 

Finnigan Element 2) which is housed at the Department of Geological Sciences at the University 

of Manitoba. This instrument provides a double focus with a reverse Nier-Johnson geometry and 

was operated in low-resolution mode (m/Δm=300). Instrument settings and data acquisition 

parameters used from strontium isotope ratio determination are summarized in Table 3.1.  

!
Sample solutions were introduced to the ICP interface through an auto-aspirating low flow 

(200µL/minute) glass nebulizer (Glass Expansion) mounted onto a combined cyclonic/double-

pass spray chamber made from quartz (Elemental Scientific). 87Sr/86Sr ratios were internally 

mass bias corrected using the exponential law, assuming a value of 88Sr/86Sr of 8.375209 

(Albaréde et al 2004). Intensities of 83Kr+ and 85Rb+ were used to correct for the corresponding 

contributions at m/z 84 and 86 (Kr), and m/z 87 Rb respectively, using values of 4.95652 (84Kr/

83Kr), 1.50435 (86Kr/83Kr) and 0.38565 (87Rb/85Rb) and taking into account the effect of mass 

discrimination on these ratios. Calcium argide interferences on m/z 84, 86, and 88 were corrected 

by monitoring the 42Ca40Ar/42Ca40Ar peak on m/z 82. It was assumed that Kr, Rb, and Ca argide 

display the same mass discrimination behaviour at strontium. The external precision of Sr 

NIST SRM 987 NIST SRM 1486 Seashell

Certified This Study Recommended This Study Present-day 
seawater

This study

87 0.71034 0.71044 0.70931 0.70933 0.70918 0.70883

2 SE 0.00026 0.00053 0.00012 0.00005 0.00050

Table 3.2. Comparison of the 87Sr/86Sr ratios from standard materials 
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isotope ratios for the three references materials was calculated on the basis of mass 

discrimination, corrected throughout a measurement session (Table 3.2). External precision for 

the three reference materials ranges from 0.01 to 0.07% RSD, and within the external precision, 

the measured values are in excellent agreement with the accepted literature values for the three 

standard materials. The average internal error (2σ) of any given measurement was 0.00098 ± 

0.00014. 

!
!
!
!
!
!
!
!
!
!
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CHAPTER 4 — STATISTICAL ANALYSIS AND RESULTS   

!
This chapter presents the results of the strontium isotopic analysis of mobility amongst the 

individuals interred at Sejet and Ole Wormsgade. The data will be used to interpret and assess the 

likelihood of residential mobility between early life residency and interment at the two 

cemeteries of interest. The reconstruction of potential isoscapes through the use of strontium 

rests on the premise that the 87Sr/86Sr values measured from enamel are derived from local food 

and water consumed while the enamel was mineralizing in early childhood. The 87Sr/86Sr values 

of local food and water resources are the reflection of local bedrock geology.   

 IBM SPSS 20 statistical analysis software was used to perform all statistical tests. 

Generally, samples were combined for initial analyses, and further broken down by site, sex, or 

age to perform more detailed testing. Statistical analysis was used to construct a local range of 

87Sr/86Sr values, defined as within 2 standard deviations of the mean 87Sr/86Sr value at both sites. 

The local range was then compared with existing research on strontium baselines and ranges 

throughout Northern Europe. Statistical analysis was then employed to develop any potential 

associations between mobility and temporal trends, gender patterns, and age-at-death. Strontium 

isotopes serve as the primary mechanism for determining distinctions between age, sex, and time 

period. Average linkage cluster analysis grouped individuals with distinct patterns for mobility in 

relation to strontium values. All data were assessed for normality prior to further analysis.  
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!
STRONTIUM ISOTOPIC BASELINES IN DENMARK  
In order to more accurately depict potential 

residential mobility for Sejet and Ole 

Wormsgade, it is necessary to consider the 

existing strontium isotopic baselines constructed 

for Northern Europe, particularly for Denmark. 

As such, a brief review of the geology of 

Denmark will be presented, followed by an 

exploration of bioavailable strontium ranges 

constructed from past research.    

 Northern Europe has a highly varied 

range of local strontium isotope ratios, with 

some of the oldest continental rocks found in 

Sweden, northern UK and Ireland, and Norway 

(Knudson et al 2012). Generally, the highest 

radiogenic strontium values and oldest rocks are 

found in the most northern regions of these 

aforementioned areas (Fig 4.1). The highly varied 

ranges of 87Sr/86Sr values found in parts of 

Northern Europe are useful when determining 

potential origins of non-local individuals.  

Fig 4.1 — Published bioavailable radiogenic 
strontium isotope values (87Sr/86Sr) from human 
and faunal remains throughout northwestern 
Europe. © Kelly Knudson 2012 (used with 
permission)
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 The geology of Denmark is relatively simple 

in respect to other regions of Europe, due to 

its characteristically young and homogenous 

bedrock, referred to as “basement 

geology” (Frei and Price 2012:104). The 

surface geology of Denmark is typically 

composed of Late Cretaceous-Early Tertiary 

carbonate platforms, as well as Quaternary 

glaciogenic sediments (Knudson et al 2012; 

Frei and Price 2012). Bedrock is not typically 

exposed anywhere in Denmark, and many of 

the glacial deposits have mixed with 

carbonaceous material from the “basement”; 

these mixture serve as the primary source of 

strontium in plants and animals (Frei and Price 2012). Figure 4.2 depicts a more detailed outline 

of the spatial distributions between Saalian and Weichselian glacier deposits from the last two ice 

ages during the Quaternary. The sites of Sejet and Ole Wormsgade would be found within the 

area of the Young Baltic glacier advance. 

 For a more detailed understanding of past human mobility, the development of local 

ranges of strontium isotopic ratios is needed. This is due to the varying levels of bioavailable 

strontium in animals and plants of particular regions throughout a country. Frei and Price (2012) 

and Frei and Frei (2011) examined a variety of modern and archaeological faunal material, 

Fig 4.2 — Spatial distributions of Saalian and 
Wiechselian glacier deposits from the Quaternary; the 
double blue line indicates the maximum advance of the 
Weichselian in the Jutland peninsula © Karin Frei 2011 
(used with permission)
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surface water, and archaeological human remains from across Denmark to establish the varying 

local ranges of bioavailable 87Sr/86Sr values. Many of the faunal remains consisted of modern 

owl pellets and modern snails, as it is thought that smaller animals would be more reflective of 

local 87Sr/86Sr values due to more limited (or fixed) foraging ranges (Frei and Price 2012; 

Scharlotta 2013). The average range for Denmark, as depicted through a variety of published 

bioavailable radiogenic strontium values, falls between 0.7079 and 0.7108 (Knudson et al 

2012:310). Figure 4.3 depicts the results of these studies in detail. The mean strontium value for 

the site closest to Sejet and Ole Wormsgade, Illerup, had a 87Sr/86Sr value of 0.7090, as 

determined by Gillmaier et al (2009). The site is located roughly 30 km away from contemporary 

Fig 4.3 — Location of baseline strontium values for various sites across Denmark, as collected by Frei 
and Frei (2011), Frei and Price (2012), and Price et al (2012). © T. Douglas Price et al 2012 (used with 
permission)
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Horsens. The baselines for local ranges in Denmark, as determined by Frei and Price (2012) will 

be considered in further detail with respect to this study’s results.  

ISOTOPE RESULTS  
 Individual X555 did not yield enough material to get a strong read for ICP-MS, and was thus 

excluded from subsequent results and analyses. Six of the individuals measured for strontium 

values were included in Gough’s (2013) study on mobility through oxygen isotopic analysis, 

X506, X1086, X1186, X1292, X1433, and X1587.1 Both Kolmogorov-Smirnov and Shaprio-

Wilk tests were first performed on all 87Sr/86Sr values to test for normality for the entire sample 

population (n=35). Both results yielded yielded results that were not significant (0.125 and 

Fig 4.4 — Normal Q-Q distribution for all samples (n=35). 
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0.327, respectfully). Thus, the 87Sr/86Sr data are normally distributed. Figure 4.4 depicts the 

normal Q-Q plot for all 87Sr/86Sr values. Most of the samples fit within the regression line, save 

for X152, with a value of 0.71410. Using the outlier labelling rule, no individuals were found to 

be outliers, as no values extended higher than the upper bound of 0.7145 or were found to be 

lower than lower bound of 0.7073. 

 Isotopic data for Sejet and Ole Wormsgade individuals are presented in Appendix B. 

Individuals from Sejet had a mean value of 0.7118 ± 0.00159044 (2SD, n=17) for 87Sr/86Sr, with 

a range from 0.7108 to 0.7141. Individuals from Ole Wormsgade had a mean value of 0.7099 ± 

Fig 4.5 — Bar graph of standard material and ranked human sample strontium isotopic measurements. 
The local range of values for Sejet and Ole Wormsgade is depicted in the shaded green band and the 
bioavailable strontium range for Denmark is depicted in the shaded blue band. Numbers corresponding 
with individuals are listed beneath sample values. 
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0.00106458 (2SD, n=18) for 87Sr/86Sr values, and a range of 0.7089 to 0.7107. A test for 

difference of means revealed no significant difference between site means (p=0.683, two-tailed 

test), which means there is no significant variability between the 87Sr/86Sr for each site. Despite 

that the difference of means is not statistically significant, there are observable differences 

between the two cemeteries. Sejet individuals have a higher average  87Sr/86Sr value, as well as a 

total range of 0.0033, while 87Sr/86Sr values from Ole Wormsgade individuals have a total range 

of 0.0018 and a lower average 87Sr/86Sr value that is more consistent with Gillmeier et al.’s 

(2009) average for the nearby site of Illerup. 

 The overall mean 87Sr/86Sr values for both Sejet and Ole Wormsgade was 0.7108 ±  

0.00230892 (2SD, n=25). Individual 87Sr/86Sr values from combined cemeteries range from 87Sr/

86Sr = 0.7089 to 87Sr/86Sr = 0.7141. A local range for 87Sr/86Sr values was determined as within 2 

Figure 4.6 — Scatterplot of δ18O and 87Sr/86Sr values by site
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standard deviations of the mean, as has been seen in previous strontium isotopic studies on 

human mobility (see Shaw et al 2009). The local range for combined cemetery samples falls 

between 87Sr/86Sr = 0.7085 to 0.7131. Figure 4.5 depicts the range of 87Sr/86Sr values for 

individuals with respect to the previously determined bioavailable strontium range for Denmark 

and the local range for Sejet and Ole Wormsgade. No individuals were found to have 87Sr/86Sr 

values under the lower bound, though X152 does exhibit a 87Sr/86Sr value over the upper bound 

in the local range. When considering the previously calculated Danish range of bioavailable 

strontium (87Sr/86Sr = 0.7079 and 0.7108), individuals X79, X152, X158, X440, X433, X486, 

X1024, X1040, X1086,  X1105, X1186, X1214, X1258, X1381, X1439, and X1587.1 all have 

87Sr/86Sr values that exceed the Danish range’s upper bound.  

!
PEARSON CORRELATION TESTS: OXYGEN AND STRONTIUM RELATIONSHIPS, AGE-
AT-DEATH STRONTIUM TRENDS, AND TIME PERIOD TRENDS 
A Pearson correlation test was performed to measure the relationship between the individual 

mean δ18O values (‰) and 87Sr/86Sr from the six individuals from Gough’s (2013) previous 

study. Pearson correlation tests measures the linear relationship between two sets of data, which 

depicts negative or positive associations between two variables. The p-values in Table 4.1 

indicate no significant linear relationship between oxygen and strontium isotopic values as  

87Sr/
Mean Pearson Correlation 0.551

Sig. (two-tailed) 0.257

N 6

Table 4.1 — Pearson correlation test of δ18O and 87Sr/86Sr values
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Table 4.2 — Pearson correlation test of 87Sr/86Sr values, time period, and median 
age at death

Figure 4.7 — Scatterplot of 87Sr/86Sr values and Median Age at Death
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p>0.05. This means that higher δ18O values are not associated with increasing 87Sr/86Sr values in 

the sample.  A visual representation of the data was constructed as well (Figure 4.6). 

 Pearson correlation tests were also conducted to examine the relationship between 87Sr/

86Sr values and age-at-death, as well as between 87Sr/86Sr values and time period. No significant 

relationship was detected between time period and increasing or decreasing 87Sr/86Sr values. The 

median of each age at death range in the cemetery subsamples were used to represent individual 

ages for each sample here6. The Pearson correlation test revealed a statistically significant 1

relationship between median age at death and 87Sr/86Sr values, with p-values equalling less than 

the alpha level of 0.05 (Table 4.2). A visual representation of the positive correlation between age 

and strontium levels is shown in Figure 4.7, with higher 87Sr/86Sr values found in older 

individuals. However, as this relationship is depicted with median age at death estimations, its 

limitations will be considered in the next chapter.  

 Subsequent correlation tests were run for a deeper break-down of the significant 

relationship between age at death and 87Sr/86Sr values, focusing on any observable age-specific 

trends when samples were divided by site, sex, or particular age groups.  The results for samples 

divided by site and sex can be found in Table 4.3, and samples broken into age categories are 

found in Table 4.4. While none of these relationships were found to have a statistically 

significant linear relation, there are again observable differences when age at death is broken 

down further. For all individuals at Sejet, there is a negative linear relationship between 87Sr/86Sr 

value and median age at death, whereas at Ole Wormsgade, there is a slightly positive 

6 Age range estimations for individuals were completed previously from traditional morphological 
techniques and the expert inference system being developed at ABDOU (Weise et al 2009). Further 
derivatives of the age ranges were based on these and discussed by Gamble (2014:90-91). 
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relationship between the two variables. When the variables are categorized by sex, there are 

slightly negative linear relationships seen between 87Sr/86Sr value and age-at-death amongst all 

females, and this continues when further divided into females from Sejet and females from Ole 

Wormsgade. For males, there is virtually no relationship between age-at-death and 87Sr/86Sr 

value from the combined cemetery subsample, though when further divided by site, there is a 

slightly positive relationship seen at Sejet and slightly negative relationship seen at Ole 

Wormsgade.  

 Median age-at-death was further divided into age categories, ages 17-25, 26-45, and 46+. 

No significant relationships were found for any age categories (Table 4.4). While relationships 

between age-categories and strontium values aren’t significant, we do see slightly positive 

relationships between age group 17-25 and increasing strontium values, a slightly positive 

relationship between age group 26-45 and increasing strontium values, and a negative 

relationship between age group 46+ and strontium values.  

!
!
!
!
!
!
!
!
!
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!

!
!
INDEPENDENT SAMPLES T-TEST: MALE AND FEMALE STRONTIUM DIFFERENCES 

T-tests were performed for 87Sr/86Sr values to distinguish if significant differences in isotopic 

strontium existed for males and females. Independent samples T-tests were used as this allows to 

compare the means between two groups, which in this case was male and females from 

combined cemetery subsamples used in this study (Table 4.5). The Levene’s test for equal 

Pearson Correlation Sig. (two-tailed) N

All Sejet -0.297 0.247 17

All Ole Wormsgade 0.124 0.624 18

All Females -0.203 0.451 16

Sejet Females -0.269 0.559 7

OWG Females -0.152 0.695 9

All Males 0.08 0.975 19

Sejet Males -0.354 0.316 10

OWG Males 0.537 0.136 9

Age Group Pearson Correlation Sig. (two-tailed) N

17-25 0.087 0.869 6

26-45 0.148 0.490 24

46+ -0.777 0.122 5

Table 4.3 — Pearson correlation results for 87Sr/86Sr and median age-at-death, as divided by sites and 
sex.

Table 4.4 — Pearson correlation results for 87Sr/86Sr and median age-at-death, as divided by age 
categories
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variance shows equal variances (or statistically insignificant differences) in the variances of both 

males and females from combined cemeteries. This suggests that there is no significant 

difference in 87Sr/86Sr values between males and females in the combined cemetery subsample.  

!

!
!
!
ONE-WAY ANOVA: TIME PERIOD AND STRONTIUM RATIO 

An ANOVA test was required to examine the relationship between time period and 87Sr/86Sr 

values, as it measures the variability within groups and the variability of values between groups. 

In this instance, 87Sr/86Sr values were compared between groups to see if there was significant 

variation according to time period. Individuals were excluded if they could not be confidently 

dated to a specific time range (this only applied to X1381). Time periods were restricted based 

on arm position (arm positions A, B, or C corresponding with periods A, B, or C). Strontium 

isotopic values were not found to be significantly different between time periods, with p values 

greater than 0.05 (Table 4.6).  Tests of Homogeneity of Variances revealed that variances across 

time periods were not significantly different (p=0.549), and corroborative Welch and Brown-

Forsythe tests conformed with this (p=0.888 and p=0.850, respectively). A visual representation 

Levene’s Test for 
Equal Variance 
Sig. 

Sig. (two-
tailed)

Sex Mean 95% Confidence 
Interval of the 
Difference (Lower)

95% Confidence 
Interval of the 
Difference (Upper)

87 0.94 0.746 Female 0.7108 -0.00094 0.0068

Male 0.7109 -0.00095 0.00069

Table 4.5— T-test of 87Sr/86Sr values by sex for combined cemeteries
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of 87Sr/86Sr values through time is presented in Figure 4.8, and Figure 4.9 depicts means plot of 

strontium values through time, depicting higher average 87Sr/86Sr values during Period B for 

combined cemeteries. 

!
!
!
!
!
!
!
!
!
!
!
!

Sum of Squares df Mean Square F Sig.

Between 
Groups

0.000 3 0.000 0.276 0.842

Within Groups 0.000 30 0.000

Table 4.6— ANOVA test of  87Sr/86Sr values for individuals by time period
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!
!
!
!
!
!
!

Figure 4.8 — 87Sr/86Sr values for individuals from Sejet and Ole Wormsgade by time period. Individual 
X1381 was not included due to inconclusive dating. Data points between time periods (e.g. 2.5) indicate 
individuals whose arm positions suggest interment during the mid-periods to which the data points 
correspond.  
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SAMPLE GROUPINGS BASED ON STRONTIUM: AVERAGE LINKAGE CLUSTER 

ANALYSIS 

Finally, Average Linkage Cluster Analysis was performed on all samples to group individuals 

based on 87Sr/86Sr values. Ward’s method was used to determine cluster-groups, which finds two 

points with the minimum within-groups sum of squares, and points continue to be added to the 

first cluster depending on which combination of points minimize the error sum of squares. 

Figure 4.9— Mean 87Sr/86Sr values for individuals from combined cemeteries through time. 
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Distance between the data points was measured with squared Euclidean distance, or the squared 

length between two vectors.  

 The 87Sr/86Sr values in the study range from 0.7089 to 0.7141, and can be further 

distinguished into five clusters, with confidence intervals in the 95 percentile. The first group 

clusters between 87Sr/86Sr = 0.7116 to 87Sr/86Sr = 0.7126, consisting of individuals X158, X440, 

X1040, X1086, X1186, X1214 X1258, X1439, and X1587. Group 2 consists of one individual, 

X152, with a 87Sr/86Sr value of 0.7141. Group 3 has a range of 0.7106 to 0.7113, and consists of 

individuals X79, X387, X433, X486, X1024, X1026, X1105, and X1570. Group 4 has a range of 

87Sr/86Sr=0.7089 to 0.7094, and consists of individuals X95, X214, X531, X1292, and X1247. 

Finally, the fifth cluster group has a range from 87Sr/86Sr =0.7098 to 0.7103, consisting of 

individuals X132, X418, X471, X495, X506, X515, X554, X1019, X1063, X1433, and X1584. 

No individuals’ 87Sr/86Sr values were found to extend beyond one cluster into another. Individual 

X1381 was excluded from the cluster analysis due to uncertain time period dates, but would have 

fit within the Group 1 87Sr/86Sr values. A graph depicting clusters is presented in Figure 4.10. A 

breakdown of observable trends in demographic data for each cluster is available in Table 4.7. 

!

Average Age-at-Death Most Frequent Time Period Most Frequent Sex

Group 1 41 2 Male

Group 3 35.3 3 Female

Group 4 29.5 1 Male

Group 5 33 1 Female

Table 4.7 — A breakdown of observable trends in the frequency of various demographics for each 
cluster. Median age-at-death values were used to calculate average age-at-death in each cluster. Mode 
was used to determine most frequent sex and time period. Group 2 was excluded, as it consisted of only 
one individual (X152).
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!

!
!
!
!
!

Figure 4.10 — 87Sr/86Sr values for individuals from combined cemeteries as they appear in clustered groups. 
Groups from top (X152) to bottom of the graph (X95, X214, X531, X1292, and X1247): Group 2, Group 1, Group 3, 
Group 5, and Group 4. 
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SUMMARY !
The results from the data were explored in relation to extant strontium baselines for Denmark, as 

well as by utilizing the two standard deviation method and the outlier-labelling method during 

statistical analysis. The existing strontium range, as predetermined by Frei and Price (2012) 

revealed 16 potential migrants, which seemed too high and unlikely for the sample population, 

especially given that most of the strontium values fell within a normal distribution and fit within 

expected strontium values for Denmark. Using the statistical methods, individual X152 was 

identified as a potential migrant, though was not observed to be an outlier in the normally 

distributed sample. However, given X152’s high strontium ratio (0.7141), it is unlikely that the 

individual lived in and around Horsens during early development.  

 There was no observable linear relationship between oxygen and strontium values 

calculated for the six individuals utilized in both this study and Gough’s (2013) thesis. While 

many mobility studies utilize both oxygen and strontium isotopes to depict mobility, they often 

use them cohesively to determine migrants, instead of serving as a comparison of results. The 

relationship between ingested strontium in the human body and oxygen values has had little to 

no exploration within archaeological discourses, but would be useful in future explorations of 

past human mobility.   

 There was no significant linear relationship between time period (A, B, or C) and 

increasing or decreasing strontium values. However, a significant relationship between median 

age-at-death and increasing strontium values was observed for the combined sample. Upon 

further breakdown of age by age groups (ages 17-25, 26-45, or 46+), sex, and site, there were no 
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significant relationships between strontium ratios and these categorizations. Reasons behind this 

will be discussed further in Chapter 5.  

 There were no significant relationships between strontium ratios and sex in the combined 

cemetery sample. ANOVA tests confirmed the lack of relationship between time period and 87Sr/

86Sr between groups. Though not of statistical significant, we do see an increase in average 

strontium values during Period B. Individuals from the combined cemetery samples were 

clustered into five distinct groups. While the group clusters are artificial in nature, they do again 

separate individuals based on their strontium ratios. Of interest is the separation of X152 as the 

only member of Group 2, again distinguishing this individual’s 87Sr/86Sr value from the rest of 

the sample. While many of the statistical tests yielded no observable trends for various 

demographic factors, the continual difference between X152’s strontium value from the rest of 

the group was apparent. As such, this individual will be considered a potential migrant. The 

results will be discussed further in Chapter 5, detailing reasons for various statistical 

observations (or lack-thereof).  

!
  

!
!
!
!
!
!
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CHAPTER 5 — DISCUSSION 
!

This study aimed to explore trends in movement at two cemeteries between early childhood 

residence and place of interment during the medieval Danish period. As a standalone study, my 

objectives were to examine three hypotheses concerning  the movement of individuals and 

groups during this period. It was hypothesized that individuals that lived during the Late 

Agrarian Crisis (Period B as determined by arm position) would move more than those during 

the early, warmer period and post-plague period (Periods A and C, respectively). The urban 

settlement of Ole Wormsgade was hypothesized to see more movement than Sejet, as the 

medieval period saw increased urbanization. Finally, while rural movement was expected to be 

more stable, it is also possible that immigration was higher for females in rural settlements, 

complying with marriage rules at the time (Boldsen 1989). In comparison to Gough’s (2013) 

study on mobility from oxygen isotope data at Sejet and Ole Wormsgade, this study aimed to 

assess and compare the results of identified local and non-local individuals in the cemetery 

samples, and further our understanding of the relationship between oxygen and strontium isotope 

analysis when exploring archaeological mobility.  

 This chapter will first interpret the results within the contextual strontium isoscape for 

Denmark, identify potential migrants and their geographic origins, and then explore local trends 

in strontium isotopic values for Sejet and Ole Wormsgade. Factors influencing bioavailable 

strontium levels, as well as factors influencing strontium uptake to the body, will be discussed in 

relation to the results from this study, as well as with extant data from other Danish researchers. 

Limitations of the study will then be examined, in regards to technological and methodological 

approaches, interpretations of potential non-migrants, and general issues with the sample.  



!75

!
ESTABLISHING LOCAL STRONTIUM BASELINES  

In order to create stronger interpretations of strontium isotope studies, it is very useful to work 

with existing research on geographic strontium variations between regions, provided by outside 

sources. This often takes a mixed-methods approach, using archaeological and modern fauna 

from local regions to determine the local bioavailable strontium ranges for particular regions. 

Fortunately for this study, there has been much previous research across Denmark that 

establishes faunal baselines for various archaeological sites.  

 The benefit of using strontium isotopes to measure mobility in archaeological populations 

is the relative hardiness of the isotopes through time. Unlike oxygen (or nitrogen and carbon), 

the 87Sr/86Sr ratio transfer from host rock without significant and measurable changes. As such, it 

is possible to infer whether human archaeological remains have individual isotopic ratios that are 

consistent with local food and water sources. When there is a discrepancy between the 

individual’s strontium isotopic ratio and the locally determined baselines, it can be determined 

that the individual either relied on imported resources or that the individual moved from another 

region between early childhood enamel mineralization and death7.  Modern populations are more 2

subject to strontium isotopic ratios being altered due to increased consumption of imported 

resources, as globalized economies expand. As this study is concerned with archaeological 

populations, the situation of individual movement is a more likely scenario to fit outlier 87Sr/86Sr 

values.  

7 However, it is important to consider that 87Sr/86Sr ratios do form different concentrations regionally, and 
do have varying weathering rates into groundwater, soils, and river water (Montgomery et al. 2007; Frei 
and Frei 2011). 
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 Studies on surface waters across Denmark (that of lakes and rivers) were the first to move 

away from using strictly geological databases to determine strontium isotope ratio ranges for 

Denmark. Surface waters can act as potential mirrors for the average composition of bioavailable 

strontium in particular regions, and have been used to create regional maps. Frei and Frei (2011) 

undertook the task of sampling surface waters from across Denmark to construct a regional map 

of bioavailable 87Sr/86Sr ratios. The 87Sr/86Sr ratios for surface waters across Denmark (with the 

exception of Bornholm8) were found to range between 87Sr/86Sr = 0.7079 to 87Sr/86Sr = 0.7128, 3

with an offset value of about 0.001 for bioavailable strontium levels in faunal remains (Frei and 

Frei 2011:339). This would allow for a conservative 87Sr/86Sr range across Denmark from 87Sr/

86Sr = 0.7081 to 87Sr/86Sr = 0.7111 (Frei and Frei 2011:338).  

 Further studies by the same team shifted the initial range for faunal remains by assessing 

87Sr/86Sr values in modern and archaeological fauna to determine a bioavailable range of 87Sr/

86Sr between 0.7079 to 0.7108 (Frei and Price 2012). Modern remains are subjected to modern 

human interference, however, such as fertilizers, atmospheric dust, sea spray, and rainwater. 

Fertilizer use in Denmark is most commonly from straight-fertilizers of nitrogen, phosphorous, 

or potassium, though fertilizer use has been reduced across Europe with the reduction of 

agricultural production (Frei and Frei 2011). These factors were assessed by Frei and Frei (2011), 

and found to be negligible, as average and extreme fertilizer values fell reflected the natural 

range of 87Sr/86Sr values (plus potential atmospheric contributions) in Denmark (Hosono et al. 

2007; Frei and Frei 2011).  

8 Bornholm surface waters were found to have a notably higher 87Sr/86Sr ratio mean and range than 
Funen, Zealand, and Jutland regions, associated with higher levels of exposed rock from the Precambrian 
bedrock (Frei and Frei 2011). Rocks in this region are predominantly granite and have higher rubidium 
and potassium contents.
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 It is not currently possible to properly assess the contribution of atmospheric dust to 87Sr/

86Sr ratios across Denmark, though Frei and Frei’s (2011:331-333) preliminary study did take 

samples from two weather stations and found atmospheric dust samples to fit within the current 

calculated range of bioavailable strontium in human and faunal samples at 87Sr/86Sr = 0.71074. 

Sea spray, a large contributor to atmospheric particles, has the same 87Sr/86Sr value as seawater, 

0.7092, and is regarded as a constant through archaeological time periods (Price et al. 2012; 

Veizer 1989). Sea spray will impact local strontium signatures only in that local ranges would 

likely represent values falling in-between that of local parent rock and the seawater 87Sr/86Sr 

value of 0.7092. The overall impact of sea spray is difficult to quantify for Denmark, though 

earlier studies have shown that sea spray values do contribute to 87Sr/86Sr ratios throughout 

Scandinavia (see Gustafsson and Franzen 2000, Frei and Frei 2011, Price and Gestsdotti 2006 for 

further discussion). It is assumed that sea spray contributions lessen as one moves inland, with 

terrestrial contributions exceeding marine signatures. Frei and Price (2012) predicted that sea 

spray would have a higher contribution in westerly regions of Denmark, as these regions are 

more impacted by storms on the North Sea, however data was unavailable to measure these 

predictions.  

 For populations living in maritime or coastal environments that source food from 

homogenous bedrock units, it is expected that their strontium isotopic ranges will fall between 

their local rainwater and local parent rock values (Montgomery et al. 2007). While rainwater 

contributions to strontium isotopic values are similar along the coast, as rain clouds move inland, 

terrestrial dust will slightly alter marine strontium signatures. Rainwater has been found to have 

a negligible impact on Danish 87Sr/86Sr values (Frei and Price 2012:111).  
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 Frei and Price’s (2012) baseline for Denmark can be further divided into eastern (Funen, 

Zealand, southern islands) and western (Jutland) 87Sr/86Sr values. Eastern Danish faunal samples 

comprised a strontium baseline ranging from 87Sr/86Sr = 0.7089 to 0.7108, and western samples 

comprised a 87Sr/86Sr range from 0.7078 to 0.7098 (Frei and Price 2012:110). While there is 

some overlap in the ranges, it is thought that westerly storms would allow for greater amounts of 

sea spray to hit soils at western sites, which could explain the trend in strontium values across 

Denmark. These baselines are calculated only using small-range faunal remains. The use of other 

baselines (such as those from soil leachate or surface waters) will undoubtedly provide local 

strontium ranges that are slightly different than those used here. However, from the available 

data, the strontium values obtained for Sejet and Ole Wormsgade in this study do correspond 

with the higher average eastern Danish values.  

 While predetermined baselines provided useful preliminary isoscapes for strontium, 

alternative methods of establishing a baseline must also be considered. Statistical methods are 

often consulted for the construction of local ranges, in the hopes of having a clear pattern of 

clustered individuals that fit within a certain 87Sr/86Sr range, with some apparent outliers 

composing a second group outside the normal range. This outcome is not typical, however, and 

often 87Sr/86Sr ratios are found to form more of a continual stream of values with no discernible 

clusters (Montgomery et al. 2007). Strontium baselines have increasingly been established 

through the construction of local ranges, as defined within two standard deviations of the site (or 

sites) mean 87Sr/86Sr signature (e.g. Price et al. 1994; Grupe et al. 1997; Bentley et al. 2004; 

Shaw et al. 2009). For Sejet and Ole Wormsgade, this range was calculated to be 87Sr/86Sr= 

0.7085 to 0.7131, which fits into the previously calculated range for eastern Denmark. While this 
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range would certainly be suitable to determine locals from non-locals for Sejet and Ole 

Wormsgade, issues arise with the 2SD method, as some have argued it creates a sense of “over-

inclusivity” amongst individuals (Kendall et al. 2013:216). Critiques of this method have 

primarily focused on its underlying assumption that the sample group would reflect a Gaussian 

distribution of 87Sr/86Sr values that fit within expected normal distributions for the population 

(Montgomery et al. 2007; Kendall et al. 2013). However, it is argued that this method can remain 

a valid statistical interpretation of locality when reduced to represent a contextual time and place. 

Absolute values for strontium ranges “will be very specific to the local area and its geology, 

rendering each site different” and useful only for its specific spatial-temporal context 

(Montgomery et al. 2007:1503). This would mean that the local range established for Sejet and 

Ole Wormsgade is useful only within its context, and that it would not be able to applied to 

nearby sites or be useful for broader studies of strontium ranges across Denmark. 

 A final method of establishing local strontium baselines also lies within the use of 

statistical analysis. A critical review of strontium isotopic analysis of human enamel by Pollard 

(2011) stressed the importance of moving from statistically inferred strontium signals towards a 

comparison with external geological isotope boundaries, and not vice-versa. This has been 

suggested to be most successfully applied by using normality distributions and outlier labelling 

rules, derived from the collected 87Sr/86Sr data, rather than relying on outside sources (Kendall et 

al. 2013:217). This would mean that, rather than assuming normality of a particular sample, 

normality is tested for and outliers are determined. This method has only recently begun to fall 

into favour, however, and so there is not sufficient research available to fully weigh the successes 

and pitfalls of using normality and outliers. As all options have been made available to this study, 
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a combination of archaeological faunal baselines, the 2SD method, and the outlier method was 

used to assess potential migrants from locals, with a critical reflection of the strengths and 

weaknesses of each.  

!
INTERPRETATION OF RESULTS 

DETERMINING POTENTIAL MIGRANTS  

Strontium isotopes have become increasingly favoured in archaeological studies of mobility, and 

as such, have garnered some cautionary tales that need to be taken into consideration prior to 

determining potential migrants in a sample population. The problem with assessing mobility 

through strontium (as well as oxygen) is often not about the methodologies or precision, but 

about the interpretation of the data. As such, three possible methods of interpreting potential 

migrants have been considered in-depth below, with two of the more statistically-inclined 

methods leading to more realistic results.  

 The Danish 87Sr/86Sr baseline, as suggested by Frei and Price (2012), would place many 

individuals from this study as potential non-locals. Individuals X79, X152, X158, X440, X433, 

X486, X1024, X1040, X1086,  X1105, X1186, X1214, X1258, X1381, X1439, and X1587.1 

were found to have 87Sr/86Sr values that extended beyond the upper bound of the Danish range 

(87Sr/86Sr = 0.7079 to 0.7108). The sixteen individuals found to have 87Sr/86Sr values higher than 

what is expected within the predetermined 87Sr/86Sr baseline for Denmark could fall over the 

expected strontium signals for reasons beyond migration, however, and this will be considered 

later in the chapter. Six of these individuals are from Sejet, and ten are from Ole Wormsgade. 

The individuals identified here as potential migrants from Sejet are evenly split between males 
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and females, suggesting that movement towards rural communities was not limited to women’s 

migration in adherence to marriage standards of the time. Four of the six individuals from Sejet 

were buried during Period A, during a time of increasing urbanization. The individuals identified 

from Ole Wormsgade were predominantly male (with five of the eight identified as male), which 

would correspond with expectations of more linear movement of males to urban centres for work 

during the medieval period. Most of the individuals from Ole Wormsgade that would be 

identified as potential migrants from this Danish baseline were buried during Period B, or during 

the beginning of the economic crisis and spread of the plague. This movement would fall in line 

with expectations of movement for the study. 

 While it is tempting to identify all 15 individuals as potential migrants, all but individual 

X152’s strontium values do fit within strontium ranges that could be seen within Denmark. Many 

of these samples have individual values that would suggest either a local strontium range in early 

childhood (such as movement between Ole Wormsgade and Sejet during early childhood), or 

suggest shorter-term migration from nearby areas in eastern Denmark. The limited variation in 

bioavailable strontium for Denmark makes it difficult to identify these short-ranging movements. 

Additionally, the varying methodological and analytical practices from earlier research on 

mobility through strontium isotope analysis in Denmark makes it difficult to compare strontium 

ratio values with precision. The strontium value obtained for X152 is extreme enough that it can 

be identified as a migrant from outside of the Danish region. 

 While the Danish strontium baseline permits a starting point for comparative analysis, 

Pollard (2011:635) warns of the tendency for interpretations of data to lean towards “simple 

geological determinism.” In this case, it would be deterministic to rely uncritically on strontium 
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signals from surface waters as previously determined for regions across Denmark. Assuming that 

fourteen of the thirty-five individuals in this combined cemetery sample were migrants based on 

extant strontium baselines is a highly unlikely scenario, and so alternative methods of 

establishing local and non-local individuals will be considered. When conducting isotopic tests 

on archaeological mobility, it is typical to find a few outliers, with more outliers being found in 

the cemeteries of cities that were dependent on immigrant for growth and economic prosperity 

(Kendall et al. 2013).  

 The baseline constructed for Denmark is itself problematic, due to the natural variation of 

individual faunal strontium signals (for example, would rodents from site A have a greater range 

of 87Sr/86Sr than those found at site B?). Faunal variation often goes undiscussed when 

establishing regional baselines, and there is still not enough information regarding the amount of 

strontium variation within an individual as well. Additionally, strontium is most concentrated in 

plants, decreasing in value as it progresses up the food chain, which means a consideration of 

local food procurement strategies could also prove useful in determining human bioavailable 

strontium levels (Pate 1994; Montgomery et al. 2007). However, concentrations of strontium are 

different from 87Sr/86Sr, which are influenced by a broader range of factors than dietary intake. 

 Using the method of establishing a local range within two standard deviations of the 

mean revealed that most of the individuals (n=34) fit within the locally established baseline. 

Individual X152 was found to have the highest 87Sr/86Sr value at 87Sr/86Sr = 0.7141, though this 

was only measured once. This value is not only the highest found within the combined cemetery 

samples, but is also a noticeably higher strontium value than expected for the Danish region. 

When assessing clusters, individual X152 also is separated from other groups, establishing its 
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own significant cluster as group 2. This cluster is considerably higher than group 1 when 

observed on a graph. Individual X152 is from Sejet, and was determined to be a female between 

the ages of 42-52, buried during Period A, as determined through arm position A. Previous 

examination for pathologies by Gamble (2014) found that X152 had very degraded teeth, with 

heavy wear, dental abscesses, and periostisis throughout. The individual’s remains were poorly 

preserved, with some porotic changes to the clavicle, and lesion and lipping on the scapula. 

Ridging and swelling on the tibial shaft as well as vascular lines found on the tibia are consistent 

with leprosy (Gamble 2014). Changes consistent with leprosy were also found on the fibula 

(Gamble 2014). Leprosy was endemic in medieval Denmark up until the 16th century, and 

people suffering from the disease were usually interred in leprosarium cemeteries (Boldsen 2001; 

Boldsen and Mollerup 2006). However, it is not uncommon for individuals suffering from 

leprosy in rural populations to be buried in the same cemetery as the rest of the population, due 

to differential patterns of disease control and a lack of leprosariums in rural settings (Boldsen 

2009; Gamble 2014). Despite X152’s pathologies being consistent with an individual suffering 

from leprosy, given that the individual was buried in a rural community that likely lacked the 

disease control seen in larger cities, her presence is not unusual. 

 While it is tempting to identify X152 as a non-local, recent concerns with the two 

standard deviations method and its reliance on normal population distributions do limit the 

strength of this assertion.  When assessing potential migrants using the outlier method, it was 

quickly established that there were no individuals who could be positively identified as outliers 

within the dataset. The Normal Q-Q plot of the samples, presented in chapter 4, found that only 

one individual deviated from the normality line at the high end of the spectrum, X152, but no 
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other individuals deviated from the normal within two standard deviations. While X152 was not 

a positive outlier, the individual did display an unusually high 87Sr/86Sr value (p = 0.08). This is 

not of statistical significance, but X152 was observably removed from the normality distribution, 

and was also previously found to fall outside the local range as determined within two standard 

deviations of the mean. As such, it is unlikely that this individual’s strontium intake was the 

result of the geology around contemporary Horsens. A conservative interpretation of X152’s high 

strontium ratio, with respect to typical Danish values for human enamel, is that the individual 

could have been involved in short-distance movements from a nearby region. 

 More broadly, the comparison of my results to those found in Gough (2013) is not only 

useful for future archaeological mobility studies, but also an interesting addition to the picture of 

mobility at Sejet and Horsens. Of the individuals identified as non-locals by the Danish 

strontium baseline, two were also used in oxygen isotope analysis by Gough (2013), X1086 and 

X1186. Neither of these individuals was identified as potential migrants by oxygen analyses. The 

use of the local range method found one individual as a non-local, X152, whose interment dates 

to Period A. This would be supportive of Gough’s conclusion that movement was seen during the 

early medieval period. However, X152 is from Sejet, the rural cemetery, which is not consistent 

with increasing urbanization and movement towards Ole Wormsgade. Given that the individual 

identified as a potential migrant here is a female, it is possible that her mobility can be connected 

marriage rules and immigration rates needed to support a stable rural population, which will be 

discussed in detail later.  

 Two of the individuals used in both studies, X1292 and X1433, were determined to be 

potential migrants by Gough, due to their low δ18O values. These individuals were not found to 
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have any significantly higher or lower 87Sr/86Sr value than the rest of the sample here using the 

Danish baseline, the local range within two standard deviations, or through the normality 

distribution. Despite the small sample (n=6) of individuals that were examined independently for 

oxygen and strontium, there was no significant linear relationship between their oxygen and 

strontium measurements. Mobility studies typically utilize the combination of δ18O and 87Sr/86Sr 

values to determine normality distributions and outliers. Studies that independently assessed 

samples for mobility trends and compared interpretations from δ18O and 87Sr/86Sr data have not 

been clearly identified. The relationship between the two methods often goes undiscussed, and 

would be of great interest in the advancement of mobility assessment in the future.  

!
GEOGRAPHIC ORIGINS OF THE POTENTIAL MIGRANT  

With more research on 87Sr/86Sr value ranges across Europe in the last decade, it is tempting to 

quickly jump to a conclusion as to where the potential migrant, X152, originated. While potential 

regions of origin will be discussed, a consideration of the limitations involved in geographical 

placement will be considered, particularly focusing on the limits of understanding past identity 

and what it means to be “local.”  

 The high 87Sr/86Sr value of X152, 0.71410, exceeds the ranges established for much of 

Denmark. While bioavailable strontium ranges will be slightly different than strictly geological 

87Sr/86Sr values, using the age of bedrock from various areas in Europe can aid in determining 

where non-locals may have originated from. Denmark is composed of relatively young rock and 

sediment, which is also found in northern Germany and much of Scania, so it is expected that 

these regions will have similarly low 87Sr/86Sr values (Knudson et al. 2012). These lower values 



!86

can range typically between 0.709 to 0.710, similar to that of marine strontium values (Sjögren et 

al. 2009). 

 The strontium value for X152 was likely formed in a region that is composed of 

Precambrian rock, as these regions will have higher radiogenic strontium values, which is 

reflected in their higher bioavailable strontium values. From previous work on human strontium 

isotope measurements in northern Europe, Sweden is rated as “high to very high,” with the 

higher strontium ratios found in Eastern Sweden (Sjögren et al. 2009:89). A study in south-

western Sweden examined multiple sites in the area, finding an interesting range of human 

strontium ranges for the site of Falbygden, which was described as an “island of sedimentary 

rocks in the midst of a larger region of igneous and metamorphic formations” (Sjögren et al. 

2009:85). The range from Falbygden had most faunal values falling within 87Sr/86Sr = 0.713 to 

0.715, argued to be a reflection of the limestone in the region, while samples from sites in gneiss 

regions were found to have strontium values with lower limits of 87Sr/86Sr = 0.717 (Sjögren et al. 

2009:91-92). The western coast of Sweden was reported to have radiogenic values of 87Sr/86Sr = 

0.711 to 0.714 (Sjögren et al 2009).  

 Generally, bioavailable strontium values in Norway and Sweden have been found 

between 87Sr/86Sr = 0.7106 to 0.7139, which is some of the highest in northern Europe, though is 

still below the value obtained for X152 (Knudson et al. 2012; Sjögren et al. 2009). Gneiss and 

granite rock samples from southern Norway were found to have strontium isotope ranges 

between 87Sr/86Sr = 0.7087 to 0.7185, while human and faunal samples from southern Norway 

have displayed bioavailable strontium values between 87Sr/86Sr = 0.7077 to 0.7323 (Wilson et al. 

1977; Aberg et al. 1998).  
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 Scottish radiogenic strontium values are also found to be high, as northwestern regions of 

Scotland are primarily composed of Precambrian bedrock, with the Scottish Highlands (Knudson 

et al. 2012; Aberg et al. 1998). Interestingly, Scottish mineral waters from the Scottish Highlands 

(which are primarily composed of Caledonian rock, and would be expected to yield slightly 

lower strontium ratios) were found to have a range of 87Sr/86Sr = 0.7146 to 0.7207 (Montgomery 

et al. 2006). Groundwater and mineral water isotopic measurements from the highlands were 

found to have strontium ratios ranging between 87Sr/86Sr = 0.7146 to 0.7207. As there has been 

much more research into bioavailable strontium ratios in England, there is a stronger 

understanding of regional trends for this part of northern Europe. Plant-based bioavailable 

strontium reads have been argued by Evans et al. (2010) to have a directional trend, with 

northern strontium values ranging between 87Sr/86Sr = 0.712 to 0.720, western values of 87Sr/86Sr 

= 0.711 to 0.713, and southern and eastern values sharing a range of 87Sr/86Sr = 0.707 to 0.712. 

These provide some suggestions of regional origin for X152, but a definitive location is far from 

certain. Given Denmark’s political, social, and economic relationships with other Scandianvian 

countries during the medieval (along with corroborating geographic ranges obtained by Gough 

2013), it is more likely that the individual originated from Sweden, Norway, or somewhere along 

the Baltic coastline that was rich with Precambrian rock. 

 The interpretations of geographic origins are also dependent on the isoscapes created 

through the measurement of strontium or oxygen isotopes. Where this study indicates particular 

regions based on similarity of 87Sr/86Sr ratios, studies focusing on oxygen values could point to 

regions entirely independent of this. As Gough (2013) examined the same cemetery samples, it is 

interesting to explore the geographic origins suggested here in comparison with her 
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interpretations. Gough (2013:110) suggested that individuals who moved into the Horsens area 

after early childhood from areas with higher δ18O values were possibly from western Jutland. A 

more precise identification of origins was indeterminable due to a lack of significant variations in 

western Denmark. This was also the case when determining potential immigration from regions 

outside of Denmark. However, Gough (2013:108) found that regions with similarly depleted 

δ18Ow values included Sweden, the Baltic islands, much of Finland, and the rest of the Baltic 

coastline. While these δ18O values were not outside the local range of oxygen isotope signatures 

for the study, this does provide some overlap with some potential origin areas from this study in 

Scandinavian or other Baltic regions. Given that the individuals identified as potential migrants 

were different in both studies, this interpretation cannot be discussed with certainty.  

!
 INTERPRETING LOCALITY 

In interpreting the data, there are numerous possibilities of what an outlier number can really 

mean, and the consideration of someone as truly “non-local” cannot be known with complete 

certainty from only the method employed in this study. Strontium values across northern Europe 

are typically within similar ranges to that found for Denmark, which can make the interpretation 

of origins more complicated. As discussed, much of the higher strontium values across northern 

Europe originate from regions with more Precambrian rock, granites or gneisses that are much 

older than what is seen across Denmark. 

 In considering equifinality, Sjögren et al. (2009) identify three outcomes of an individual 

exhibiting deviant strontium isotope measurements, and how this translates into mobility 

narratives. The first of these possibilities is that the individual is, in fact, a non-local that 
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migrated at some point after childhood to Sejet from an area with higher strontium isotope 

ranges (Sjögren et al. 2009:92). Another consideration is that the individual could have come 

from the region around contemporary Horsens, but that their strontium isotopic measurement is 

part of a larger range of local variation than has been studied through faunal and archaeological 

ranges heretofore (Sjögren et al. 2009:92). Given the young bedrock geology of Denmark and 

lack of variation in bioavailable strontium (thus its lower and more marine-based 87Sr/86Sr 

ratios), this scenario seems unlikely.  The individual could have been raised in the same locality 

as the others from the cemetery, but had a wider range of movement or had a more diverse diet 

than what can be captured through small faunal analysis (Sjögren et al. 2009:93). In a similar line 

of thinking, the individual could have been local, but consumed more non-local resources than 

her contemporaries (Sjögren et al. 2009). However, most dietary contribution to skeletal 

strontium absorption are plant-based, so animal sources are likely have a “comparatively 

negligible input” on strontium signatures in omnivores, though lower concentrations always 

make measurements less precise (Montgomery 2010).  

 This emphasis on a more diverse or non-local diet may have been possible during the 

early period, due to economic prosperity, though importation of cereals and increasing export of 

livestock did not begin to take place until after AD 1350 (Turner 2013). If this individual was 

situated in a rural community, it is more likely that she consumed fish and cereals native to the 

region. However, it is important to consider that people during this period would have been 

active in their consumption and participation in the movement of resources, particularly for 

urban economic markets. Movement of resources and the interactions of urban and rural 
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individuals with culturally modified products should be considered in the biocultural dynamics 

of increasing urbanization (Kendall et al. 2013).  

 Beyond geological limitations in interpretation, the very nature of strontium uptake in 

human enamel and cultural events that impact the process are interesting to consider. Until a 

child is weaned, strontium intake more than likely stems from a mother’s (or wet nurse’s) milk 

during early infancy. Immigrant mothers could translate their non-local strontium ratios to their 

child through this process, so that earlier enamel formations have a different strontium ratio than 

that of their later childhood or later life (Pollard 2011:636). However, the likelihood or even the 

ability to determine these scenarios is difficult with the current data. Investigations into infant 

feeding and weaning patterns, coupled with the data on mobility, may be able to provide new 

perspectives on maternal mobility during this period. 

 If this individual was truly a non-local, a more likely scenario stems from marriage 

regulations across Denmark during this period. Immigration for smaller populations would have 

been adhered to under religious standards from the Catholic church, in an effort to avoid 

consanguinity, or interfamilial marriage (Boldsen 1989). Given that this individual was a female, 

it is possible that she moved into the rural town of Sejet for marriage. As the medieval period 

was a period of high urbanization, it is expected that more people would be moving towards 

more urban settlements, but marriage would be an influential factor to consider for immigration 

to rural settlements that had smaller baseline populations, as these would likely require a steadier 

maintenance of population marriage.  

 Predicted migration rates based on population size in Denmark and its impact on stable 

population maintenance have been tested through a simulation study by Boldsen (1989). 
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Predictions for migration take into consideration the required migration rate for population 

stability; general findings were that for a population of 300 persons, migration into the 

population occurs at a rate of 0.3% (Boldsen 1989). This rate has been applied to larger 

populations, though it is possible for larger populations to have maintained stability and adhered 

to religious standards with a smaller rate of migration for more urban centres.  

 Immigration rates and representativeness of the samples at Sejet and Ole Wormsgade for 

overall Danish mobility have previously been discussed by Gough (2013), and will not be 

detailed here. The sample sizes used by Gough for Sejet and Ole Wormsgade were deemed too 

small to retrieve realistic migration rates, though did appear to be consistent with predicted 

demographic trends, “such as required migration rates based on population size, and expected 

movement to centres exhibiting signs of urbanization” (Gough 2013:121). These trends were not 

fully supported in this study, as we see movement into a rural population during a period of 

increasing urbanization. While not consistent with our hypothesized movements during the 

period, this does allow us to have a broader picture of movement, and supports that movement 

was not always linear and consistent with urbanization patterns. While rural to urban movements 

are expected during periods of increasing urbanization, rural to rural are not unexpected for the 

period either. 

 Another important consideration when discussing “locals” and “non-locals” is how this 

modern categorization could be at odds with the individual’s identity in the past. While strontium 

isotopic ratios may create isoscapes that help us understand movements across ancient 

landscapes, the discussion of X152 as a potentially “non-local” individual is limited in our 

understanding of what it means to be local. This study explored movement between early 
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childhood residency and interment, and this individual’s estimated age-at-death falls between 42 

to 52. This person could have moved to Sejet at any point following the development of her 

canines (at roughly 6-7 years of age). To avoid making conclusions about identity based on 

geologically determined locality, it is useful to remember that birthplace is significant, but not 

always identity-forming. As Pollard so aptly argues, “How useful is it to know where somebody 

lived as a child? We might feel that it is, but did it matter to the individual or the society to which 

she or he lived?” (2011:635). Identity is also strongly linked to kinship, which can influence 

individual and group identities beyond particular localities or geographies. These considerations 

allow for a more nuanced understanding of what these non-local interpretations mean to 

contemporary researchers, but also how limited our understanding of past movement is. Again, 

the use of isoscapes provides a temporally situated, contemporary understanding of mobility in 

medieval Denmark. The construction of isoscapes is unable to contribute to discussions of 

migrant identity or kinship, as these concepts extend beyond biological or geological data.  

!
LOCAL TRENDS IN 87Sr/86Sr VALUES 

This study developed three hypotheses for medieval movement in Sejet and Ole Wormsgade, 

which will be discussed in relation to the statistical analysis of the data. It was expected that 

there would be more movement during the period of crisis (Period B) than those living in the 

pre- and post-plague periods (Periods A and C), as decreasing population dissolved obligations 

for traditional landholdings and feudal structures. It was expected that there would be more 

movement towards urban settlements (Ole Wormsgade), due to increasing urbanization during 

the medieval period in Denmark, and that movement would be more stable at Sejet, given its 
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rural characteristics. It was also expected that movement of women to their husband’s 

community may be seen as well, due to marriage customs in medieval Denmark.  

 General expectations were difficult to verify or refute, given that only one individual was 

identified as a potential migrant. However, information gleaned from her pathological reports 

and demographic data can be used in a very limited scope to discuss early expectations from this 

study. The individual was a female, aged 42-52 at time-of-death, and was interred during Period 

A, with arm position A. She was buried in the Sejet cemetery, indicating a rural association. 

While this cannot be said with much certainty, the period of her death would suggest movement 

prior to the introduction of the bubonic plague to Denmark, and prior to the climatic and agrarian 

crises during the middle medieval period. Movement to a rural community during a period of 

increasing urbanization, as seen with X152, can be understood contextually when considering the 

possibility that this individual moved to her husband’s community in conjunction with marriage 

regulations during the period. 

 Statistical analysis of the data found some interesting trends (or lack-thereof) in various 

relationships between 87Sr/86Sr values and demographic data, which will be explored in detail 

here. General statistical analysis was carried out to explore how strontium values potentially 

changed through time, between males and females, with age, and between sites. The statistical 

analysis focused on identifying any significant relationship between each individual’s measured 

87Sr/86Sr ratio and their demographic factors, e.g. if strontium values increased with time or 

within particular subgroups, or if values stayed similar across time and subgroups.  

 Strontium measurements were higher on average at the rural site of Sejet than they were 

at the urban site of Ole Wormsgade. There is no significant variability in 87Sr/86Sr ratios between 
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sites, but the higher strontium ratios at the rural settlement are interesting to note. The mean 87Sr/

86Sr ratio for Sejet was 0.7118, which is higher than the current ranges established across 

Denmark as well (Frei and Price 2012). Given that the Sejet sample included X152, the mean has 

certainly been impacted by this individual’s higher value. When X152 is removed from the 

sample, the average at Sejet falls to 87Sr/86Sr = 0.7104, which does fit the expected ranges for 

Denmark. This would again suggest that X152’s strontium measurements are consistent with 

someone who spent their early childhood development outside of Denmark. The lower average 

for Ole Wormsgade (87Sr/86Sr = 0.7099) and range both fit within the Danish range and are 

consistent with previous work on strontium in Denmark (Frei and Price 2012; Frei and Frei 2011; 

Price et al. 2012).  

 No significant relationship was found between time period at death and 87Sr/86Sr ratios. 

This would indicate that as time passed, periods were not associated with any positive or 

negative changes to overall strontium values for the combined cemetery samples. However, the 

highest strontium averages were seen during Period B, and the lowest averages were seen during 

Period A. While this data cannot support any trends in movement through time with any 

certainty, we do see that individual strontium ratios did change through time periods. This is of 

no surprise, and is likely linked more with fluctuating dietary preference or resource availability 

through time than it is with movement (see Montgomery et al. 2007). While there is no linear 

relationship between ingested strontium and absorbed skeletal strontium concentrations, 

subsequent analyses of strontium values in relationship to barium (Ba/Sr) in enamel would be a 

useful for stronger understandings of the marine and terrestrial components of diet at these two 

sites (Montgomery et al. 2011; Shaw et al. 2009). Expectations of movement increasing during 
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the more turbulent Period B were not supported with certainty in this study, as no non-local 

individuals were identified during for this period. The current level of analysis does not permit 

for a clear understanding of shorter range migrations, given the low variation of bioavailable 

strontium across Denmark. However, the observed average increase in strontium ratios during 

this period would be of interest to explore further.  

 Additionally, no statistically significant difference was found between male and female  

strontium values at either Sejet or Ole Wormsgade (or through combined cemetery analysis). 

Mean male and mean female strontium values both fell within the expected Danish range for 

strontium values. The relationship between male and female strontium ratios would again be 

strengthened by an investigation of Ba/Sr ratios, as the breakdown of marine versus terrestrial 

dietary components would help to frame the impact of marine resources on the strontium values 

across males and females. Differential access to marine or terrestrial resources between the sexes 

could, for example, allude to a particular sex having their 87Sr/86Sr ratios more influenced (or 

masked) through heavier marine consumption.  

 The relationship between strontium ratios and age yielded significant results with the 

combined cemetery samples. Older individuals were found to have significant and positive 

relationships with increased 87Sr/86Sr ratios, which could be seen for a variety of reasons. Of 

important consideration is mineral metabolism and how this changes through time in the human 

body. Individual metabolism and uptake of strontium can be impacted by numerous internal and 

external factors, particularly of ingested foods (Montgomery 2010). Strontium uptake can be 

sensitive to calcium intake, if calcium levels are not constant in the body: strontium uptake is 

suppressed with high-calcium or protein-rich diets, such as those relying more heavily on cattle 
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or dairy products (Aufderheide 1989; Lambert and Weydert-Homeyer 1993; Burton and Wright 

1995; Underwood 1977). Alternatively, strontium uptake can be increased when diets are higher 

in fibre or phytate (antioxidant compounds commonly found in nuts, legumes, and seeds), as 

seen in more herbivorous diets, as these foods would reduce active calcium absorption and thus 

allow for more strontium ingestion (Lambert and Weydert-Homeyer 1993; Alexander and 

Nusbaum 1959; Underwood 1977). Periods higher in consumption of cattle and dairy products 

could see lower strontium values, as would be expected for periods B or C. Individual X152 was 

buried during Period A, so resource availability and/or dietary choices that were more 

herbivorous or higher in fibre and phytates could have increased strontium ingestion.  This 

would coincide with farming practices leaning towards grain cultivates during the period. 

However, given that bioavailable strontium measurements are not entirely dependent on ingested 

strontium, and that X152 had a strontium value higher than what would be expected from the rest 

of the Danish population at the time (whose diet would also be influenced in subsistence practice 

trends), it is unlikely that this would have been a significant factor.  

 Individuals were grouped according to time period to determine any potential influences 

that resource and food availability would have on strontium uptake to the body. Using median 

age calculations, of the five individuals over the age of 46, three of them were interred during 

Period C. Individuals between ages of 26 to 45 had 11 of the 24 individuals interred during 

Period A, and individuals between ages of 17 and 25 at time of death had a relatively even spread 

of representation across time periods. Individuals X1587.1 and X506.1 were categorized as 

buried during Period 2.5, given the mix of arm positions displayed in the burial context. Details 

of period representation by age category can be found in Table 5.1.  
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 While the sample size is very small for older individuals (ages >46), the majority of the 

individuals in this category were buried during the late medieval, a time which saw a surplus of 

livestock production for economic export. Cattle were often traded, and there was a greater 

availability of animal meats (Hybel and Poulsen 2007). It is possible that the shifts in food 

consumption during the late medieval to more dairy and meat based diets would have reduced 

the strontium uptake in the body, so it would be expected that this older age group would have 

lower strontium signatures than what is seen. Additionally, the greater reliance on grain 

cultivates in the early medieval could have increased strontium ingestion and uptake for 

individuals living during this period. These expectations are not confirmed in the data. 

 Average 87Sr/86Sr ratios for time periods (excluding Period 2.5) were relatively consistent 

(0.7107, 0.7101, and 0.7107, respectively). While strontium ratios were relatively similar 

through time, we do see the highest concentration of individuals above the age of 46 in period C 

(n=3), who also exhibit some of the highest strontium values for the period. The trend towards 

higher strontium values as age increases is likely impacted by the higher strontium ratio 

exhibited by X152, who would be placed in the older age category (46+). The use of median age-

Age N Period A Period B Period 2.5 Period C

17-25 6 2 2 1 1

26-45 24 11 6 1 6

46+ 5 2 0 0 3

Table 5.1 — Representation by age through time periods. Periods with highest representation for each 
category are in bold. Period 2.5 represents individuals who have arm positions that correspond to both 
B and C.
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at-death also provide a limitation to interpretation for this statistical observation, as this is only a 

rough estimate of age-at-death, and not a true representation of how old each individual was.  

  

LIMITATIONS TO INTERPRETATION (CULTURAL, TECHNICAL, AND OTHERWISE) 

While some of the limitations that influence bioavailable 87Sr/86Sr values have been previously 

discussed, certain limitations deserve additional consideration, even if their impact may be 

minute or negligible. Beyond baseline limitations for the strontium ratio measurements obtained 

in this study, there are cultural and taphonomic concerns. Strontium intake during early 

childhood could be limited by the lifestyle and resource availability during development. As 

such, children with differential access to resources or differential status during this period could 

have their 87Sr/86Sr ratios impacted. Dietary trends across Denmark during the medieval appear 

to be more class-based than age-based, however, and it is likely that an individual’s class status 

during childhood was not impacted by further horizontal divisions of status. The only differential 

treatment children would have received was that they were exempt from religious fasting, along 

with pregnant or breastfeeding women and the elderly (Yoder 2012). It is unclear, however, how 

much fasting rules would have impacted diet throughout the medieval period in Denmark 

(Turner 2013).  

 As previously mentioned, diet impacts strontium isotope measurements to a certain 

extent, particularly if an individual has a diet higher in marine foods that would influence the 

87Sr/86Sr ratio closer to the standard marine 87Sr/86Sr value of 0.7092. Additional research on the 

extent to which strontium signatures for these samples were masked by marine food 

consumption would be of interest and use for future interpretations. This can be done using Ba/Sr 
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ratio measurements, which have been used previously to estimate marine and terrestrial 

components (Burton and Price 1990, 1999; Horwood 1988). Barium and strontium 

concentrations are formed relative to calcium intake to the body, and therefore can be used to 

represent calcium components of the diet (Burton and Price 1990). While Ba/Sr ratios cannot be 

used to determine quantitative allotments of marine and terrestrial diets, seawater Ba/Sr values 

are generally lower than terrestrial values, and as such, marine foodstuff will also have lower Ba/

Sr (Shaw et al. 2009). This technique is most suited to sites that are coastal, or sites known to 

have exports from marine communities.  

 Given the proximity of Denmark to the Baltic and North seas, fish has been an important 

resource for the Danish people; during the medieval periods, fish was often salted and dried for 

export to more inland communities, and sold at markets (Adamson 2004). Salt-water fish, such 

as herring was a cheap option that was not impacted by religious dietary exclusions, so both 

upper and lower classes had access to it (Turner 2013). The reliance on marine resources 

throughout the medieval period of Denmark would make these sites a suitable location for future 

investigations of Ba/Sr ratios and their impact on 87Sr/86Sr ratios.  

 Taphonomical concerns at Sejet are related to the acidity of the soil and the pig silo’s 

impact on skeletal preservation and diagenesis. For individuals from Sejet, the influence from the 

white crystalline substance found on the enamel could play a role in their higher 87Sr/86Sr values, 

as it is suspected that the white sections were subject to diagenesis from leaching or soil 

conditions; this substance on the enamel was not analyzed during the study (Gamble, personal 

communication). Measuring 87Sr/86Sr ratios in human enamel is the preferred method among 

researchers due to its strong resistance to postmortem contaminations, but it is possible that this 
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white crystalline substance on the enamel of individuals at Sejet impacted the strontium 

measurements obtained during analysis. The extent to which the 87Sr/86Sr ratios could be altered 

from this is difficult to project, given how little is currently known about the white crystalline 

substance on the teeth.  

 Technological or methodological concerns surrounding ICP-MS and sample preparation 

are, for the most part, minimal, but no less important. Diagenesis is of reduced concern when 

using human enamel, though the general consensus for isotopic analysis of human enamel is to 

rinse the samples in a weak acetic acid to remove any potential diagenetic carbonate (Hoppe et 

al. 2003). A concern that has arisen with these preparations is that too many rinses can lead to 

samples losing up to 70% of their initial weight, depending on which preparation protocols were 

followed (Hoppe et al. 2003:22). This weight loss documented by Hoppe et al. (2003:22) was 

only seen for bone samples, which are already more subjected to diagenesis and loss of 

hydroxyapatite. Enamel samples run in the Hoppe et al. (2003:22) study were subjected to eight 

leaches and were not documented to have lost any weight in this process. Again, enamel is more 

resistant to diagenesis and, it appears, more resistance to potential weight loss during weak acetic 

rinses. However, given concerns about the impact of crystalline substances on the teeth at Sejet, 

a probe analysis may be able to confirm the impact this had on strontium reads. Additional 

methods to check for diagenesis would be to compare the strontium isotope measurements 

obtained from the archaeological sample with that of modern faunal samples from the region. 

The ratio of calcium to phosphate (Ca/P) is often used as a way of tracking alterations in 

archaeological materials when compared to modern, unaltered bones (Kohn et al. 1999).  
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 Thermal ionization mass spectrometry (TIMS) has been used longer (and more 

frequently) than ICP-MS, and is known for having the highest reproducibility rates (Slovak and 

Paytan 2011). However, ICP-MS is a faster procedure, as it runs more samples per hour, and can 

still yield precise and accurate measurements that are similar to those obtained with 

TIMS9 (Slovak and Paytan 2011). In order for the measurements to be rendered useable, though, 4

care must be taken to measure backgrounds for correct interference levels, notably on masses 84 

and 86 from krypton and rubidium corrections for mass 87 (Slovak and Paytan 2011). All ratios 

in this study were corrected for these background interferences. Internal corrections of 87Sr/86Sr 

and 84Sr/86Sr with 88Sr/86Sr should also be corrected for, but this is typically done through the 

inclusion of a standard reference material NIST 987.  

 Of final consideration is the extent to which changes in mineralogy and crystallinity of 

the enamel will impact the strontium ratio measurements obtained in ICP-MS. Altered apatite is 

generally found to have higher levels of crystallinity than unaltered, or pristine, apatite (Shemesh 

1990). There are several ways to calculate the degree of crystallinity in a sample, though none of 

these procedures were carried out for this study. Mineral and crystalline changes are typically 

monitored through X-Ray diffraction (XRD) or Fourier Transform Infared Spectroscopy (FTIR) 

(Slovak and Paytan 2011:755). Additional calculations of crystallinity in enamel can be carried 

out through the use of the crystallinity index (CI), which uses FTIR and measures the depths of 

the valleys between two phosphate peaks (Shemesh 1990). Given the white crystalline substance 

found on much of the enamel at Sejet, a further investigation into this biochemical change and its 

influence on isotopic analysis would be of use.  

9 MC-ICP-MS can run about four samples per hour, while each TIMS analysis could take up to 1 to 2 
hours per sample.
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SUMMARY 

The findings in this study point to a need for further exploration of mobility through more 

detailed and expansive studies. Demographic trends in movement are limited by sample size, as 

well as potentially altered samples at Sejet. The identification of “locals” and “non-locals” from 

these sites is difficult to determine, though X152 has been identified as a potential migrant. The 

87Sr/86Sr measurement that would suggest this individual was raised in an area outside of 

Horsens, and its high strontium value would suggest that their childhood residence was in a 

region rich with Precambrian rock. Two of the individuals identified by Gough (2013) as 

potential migrants (X1292 and X1433) through the use of oxygen isotopic analysis were not 

confirmed as potential migrants through the use of strontium values, instead having values that 

would fit within the expected and predetermined ranges for bioavailable strontium across 

Denmark. Patterns of movement expected based on sociocultural, economic, and environmental 

conditions of the medieval period in Denmark were not seen in this study, particularly for 

increased movement during the Middle Medieval Period (or corresponding Period B for Sejet 

and Ole Wormsgade), though the statistical interpretation of these movement trends could be 

impacted by X152’s high 87Sr/86Sr measurement. Future studies looking at mobility through the 

use of 87Sr/86Sr ratios in Denmark would definitely benefit from a consideration of Ba/Sr values, 

to assess how much of each individual’s diet consisted of marine resources (versus terrestrial 

livestock), and how this might have influenced or blocked interpretations of movement.  

!
!
!
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CHAPTER 6 — CONCLUSION 
!

This study intended to explore migration at two medieval Danish cemeteries through the use of 

strontium isotope data from human enamel. The data collected in the study allowed for the 

identification of one potential migrant from a total sample of 35 individuals (one individual was 

excluded from analysis, as no read was determined through ICP-MS). Sejet and Ole Wormsgade 

cemeteries each contain over 400 buried individuals, so while this study cannot confidently 

represent larger trends at these sites, it does support the idea that longer-distance human 

movement was seen during the medieval period of Denmark. The identification of a potential 

migrant also supports the notion of medieval mobility as a response to socioeconomic patterns 

(such as marriage rules, trade, and so forth) during this time.  

 This study had three primary hypotheses regarding general mobility trends at Sejet and 

Ole Wormsgade. In relation to these predictions, this research found that: 

 1.  Movement was hypothesized to be more prevalent during Period B, due to the  

  social and climatic factors, and the outbreak of the bubonic plague. Expectations  

  of movement increasing during Period B could not be sustained with the   

  identification of non-locals, as the potential migrant was buried during Period A.  

  Thus, the expectation that movement increased at these sites during the bubonic  

  plague was not confirmed in this study. 

 2.  Movement was thought to be more prevalent towards urban centres, due to the  

  increasing urbanization trends throughout the medieval period. The expectation  

  that mobility would be higher at the urban cemetery of Ole Wormsgade was not  

  supported, as the potential migrant was buried at the rural site of Sejet.  
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 3.  It was hypothesized that female migration may be more frequent towards rural  

  communities due to marriage laws during the medieval period. The potential  

  migrant was a female, so the expectation that we would see a higher rate of  

  female migration to rural sites was tentatively supported in this research. 

  

 The use of ICP-MS was employed to measure strontium isotope ratios. While TIMS has 

traditionally been used for strontium isotope studies on mobility due to their high reproducibility 

rates, ICP-MS provides similarly precise and accurate measurements that are close to those 

obtained with TIMS. Additionally, ICP-MS allows for a faster procedure, running more samples 

per hour than TIMS. In order to render the strontium measurements useable, background 

interferences were measured (most notably for krypton, calcium argide, and rubidium), along 

with internal mass corrections for other strontium ratios (87Sr/86Sr and 84Sr/86Sr with 88Sr/86Sr). 

The use of standard reference materials (NIST 987, a seashell from Florida, and bone meal) were 

used for both the evaluation and validation of this method.  The range of 87Sr/86Sr ratios obtained 

for both sites were not found to be wide enough to permit detection of movement between the 

two sites, though were consistent with previous ranges detected for other eastern Danish 

archaeological sites.  

 Standard ranges for the combined sample were determined through three methods. The 

first was using the pre-determined range of bioavailable strontium across Denmark, as calculated 

by Frei and Price (2012). This range suggested that multiple individuals from both sites were 

non-local(n=14), which was seen as an unlikely outcome. Thus, two statistical methods were 

used to determine potential migrants: the 2 standard deviation method, and the outlier-labelling 
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method. No statistically significant outliers were found with either method, but both methods 

suggested that X152 had a 87Sr/86Sr ratio that was outside the local range for Sejet and Ole 

Wormsgade. Individual X152 was identified as a potential migrant, excavated from Sejet. This 

individual’s higher strontium measurement was found to be consistent with areas dense with 

Precambrian rock, such as western Sweden, southern Norway, and the Scottish Highlands. While 

it would be parsimonious to suggest movement from a closer region, such as Norway (given the 

Baltic trading economy), original place of origin cannot be determined with any certainty. 

Despite this lack of a precise geographic origin, the results suggest that longer-distance 

movement into Denmark were seen during the medieval period. 

 A comparison of Gough’s (2013) results using oxygen isotope analysis is useful for 

developing a stronger understanding of mobility at these sites. Gough identified three potential 

migrants, different from the potential migrant identified in this study. Two of these individuals 

were analyzed in this study, and were not found to be potential migrants through strontium 

isotope analysis. Gough’s potential migrants were suggested to have moved from areas with low 

oxygen values, such as Sweden, the Baltic islands, much of Finland, and the rest of the Baltic 

coastline. As oxygen values in human tissue reflect meteoric water (or, more specifically, its 

consumption), the low values found by Gough (2013) serve only as a geographic indicator of 

water sources. Low oxygen values observed by Gough (2013) would thus not be able to be used 

as a comparison of food consumption, and can only be used to overlap geographic regions of 

origin. While the potential migrants identified by Gough are not consistent with the potential 

migrant found in this study, ranges of geographic origin through the use of oxygen isotopes do 

provide some overlap with potential origin areas from this study. Given that the individuals 
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identified as potential migrants were different in both studies, this interpretation cannot be 

discussed with certainty.  

 Demographic trends in movement at Sejet and Ole Wormsgade were limited by sample 

size and therefore cannot contribute to broader discussions of migration rates across medieval 

Denmark. Human movement identified by Gough (2013) appeared to be consistent with 

predicted demographic trends, particularly with migration rates based on calculated population 

size. Movement towards urban centres was also supported by Gough (2013). These predictions 

were not fully supported in this study, as the potential human movement identified here is not 

towards an urbanized centre, but towards a rural population. This finding suggests that 

movement was not entirely linear nor always consistent with urbanization patterns, but instead 

more dynamic and multilinear. While movement towards urban centres was not sustained in this 

study, a general sense of increased movement during urbanization (even intra-rural) is supported 

here. This research does support the more apparent phenomenon of people being more mobile 

and agglomerative during periods of increasing urbanization. 

 Generally, strontium is favoured for its use in mobility studies, given its strong resistance 

to post-mortem contaminations. Additionally, human enamel is often more resistant to diagenesis 

that other options (such as long bone). However, the presence of a white crystalline substance on 

the exterior enamel portion of the sampled canines is of important consideration. While this 

substance could not be identified, it is potentially diagenetic in nature, and could have impacted 

the strontium measurements obtained through analysis.   

 While this study has provided some interesting and comparative research for extant and 

future mobility research in medieval Denmark, it also leaves several more research questions in 
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its wake. The data provided here feels more like a starting point for expansive research in the 

future on mobility in Denmark and at other archaeological sites, particularly for greater 

investigation into intra- and inter-rural migration patterns during this period. There are four main 

areas of direction from the research provided here which would further elucidate the 

phenomenon of mobility during the medieval period:  

 1) A comparison of movement from early childhood residence with later life movements: 

While the data here provides a glimpse of movement between early childhood and death, the 

comparison of these results with the analysis of tissues formed during adulthood (most 

commonly using long bones for strontium analysis) within the same individual will illuminate 

individual life-history patterns. This scope of this study allowed only for the identification of 

individuals who appeared to have grown up in different regions than the rest of their cemetery 

community, and was not able to explore movement from their current community over their 

lifetime.  

 While some of the strontium values obtained in this study could reflect movements from 

western to eastern Denmark between childhood and death, the smaller-range movements 

throughout an individual’s life course could not be clearly identified with the methods used in 

this study. However, later-life mobility in relation to childhood origins would be useful and 

interesting to investigate further. When these individual life histories are combined, a unique 

understanding of movement throughout life during the medieval period could help interpret 

broader patterns of human reactions to stress during climatic, economic, and epidemiological 

changes. Of particular interest would be an examination of these dynamic, multi-linear patterns 

seen in inter- and intra-rural migrations, as this presents different understandings of mobility 
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during a period of increased urbanization and the alternate motivations (marriage, job markets, 

cultural, religious, and so forth) that would have influenced these practices.  

 2) A methodological comparison between ICP-MS and Laser Ablation: 

The use of laser ablation ICP-MS has recently begun to proliferate for mobility studies. Laser 

ablation is a much faster and efficient process than ICP-MS or TIMS, which often required 

special procedures for the preparation of micro-sampling solutions (Horstwood et al 2008; 

Scharlotta et al 2013). Laser ablation targets specific segments of dental enamel, which improves 

the precision of detecting changes to element absorption (Cucina et al 2011).  The most 

significant benefit of laser ablation has been its ability to reduce destruction of valuable 

archaeological and bioarchaeological material (Prohaska et al 2002). Precise measurements of 

smaller sample sizes, coupled with reduced preparation time is also extremely useful in the wider 

field of bioarchaeology, where ethical concerns of preservation often constrain the application 

other isotopic methods of analysis (Cucina et al 2011). It is clear that more comparative 

methodological studies would allow for a stronger understanding of the extent to which LA-ICP-

MS could be relied upon for mobility interpretations.  

 3) A stronger understanding of enamel mineralogy and crystallinity changes and its 

impact on migration studies: 

An important limitation found in this study was the extent to which crystallinity changes on the 

enamel of individuals excavated from Sejet would influence their strontium measurements. This 

can be determined, along with mineralogy changes, using X-Ray Diffraction and Fourier 

Transform Infared Spectroscopy (Slovak and Paytan 2011:755). Understanding the rate at which 

apatite has crystallized within this sample set would allow for a better understanding of the 
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impact of diagenesis to this study, as well as providing insights into the white substance found 

across dental samples at Sejet.  

 4) An exploration of the extent that diet influences strontium measurements: Further 

demographic patterns could be discerned through the exploration of dietary strontium influences 

for this sample. As Danish people, past and present, have relied on marine resources, the extent 

to which these marine resources mask strontium measurements is an important consideration in 

mobility studies. These dietary influences can be measured through Ba/Sr analysis, which have 

been previously used to estimate marine and terrestrial dietary components (Burton and Price 

1990).  The reliance on marine resources across Denmark would make sites like Sejet and Ole 

Wormsgade suitable locations from which to study Ba/Sr ratios and their impact on 87Sr/86Sr 

ratios.  

 This study has provided insights into human movement during the medieval Danish 

period through the use of ICP-MS on human enamel tissues. The data collected provide local 

strontium ranges for Sejet and Ole Wormsgade that are, for the most part, consistent with 

strontium baseline ranges that have previously been determined (Frei and Price 2012). The 

combination of extant baseline ranges and statistical analysis revealed one potential migrant from 

the rural site of Sejet. Statistical methods of analysis were found to provide more realistic 

understandings of mobility than through the use of extant bioavailable strontium ranges provided 

from other Danish mobility studies, though do contextualize the data in a situated time and place. 

The strontium ratio measured for the identified potential migrant indicated that longer-distance 

movement into Denmark (and likely out of) did occur during the early medieval period, and that 

movement during increasing urbanization was not always linearly towards urban centres, but was 
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more multilinear and dynamic in nature. While the findings from this study provide insight into 

human movement during the medieval period, they also highlight the potential for new directions 

of research, both methodologically and theoretically, and encourage more detailed analysis of 

human dental tissues for mobility studies.  

!
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!
APPENDIX A — DEMOGRAPHIC DATA FOR SEJET AND OLE 

WORMSGADE 
!
Individual Time Period Estimated Age Range Sex

X79 3 23-26 F

X95 1 17-20 M

X132 3 28-35 F

X152 1 42-52 F

X158 2 38-45 M

X214 1 30-40 M

X387 1 45-60 M

X418 3 27-35 F

X433 1 17-20 M

X440 1 38-52 M

X471 1 30-40 M

X486 1 26-34 F

X495 1 32-42 M

X506.1 2.5 (arm positions b,c) 28-38   F

X515 1 35-50 M?

X531 1 29-36 F

X554 1 35-42 M

X555 1 35-40 M

X1019 3 25-32 F

X1024 3 25-35 F

X1026 3 30-38 M

X1040 3 50-70 M

X1063.1 2 28-35 F

X1086 2 32-38 M

X1105 2 28-38   F
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!!!!!!!!!!!!!!!!!!!!!!!!!!!

X1186 1 35-55 F?

X1214 2 35-45 M

X1247 2 23-26 M

X1258 3 45-60 M?

X1292 1 32-42 F

X1381 3 26-30 M

X1433 1 30-35 F

X1439 2 30-37 M

X1570 3 50-70 F

X1584.1 1 21-24 M

X1587.1 2.5 (arm positions b,c) 18-21/18-19 F?
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APPENDIX B — STRONTIUM ISOTOPE MEASUREMENTS FROM 
ALL SAMPLES 

!
Individual Strontium Ratio 2SE

X79 0.71120 0.00110

X95 0.70936 0.00088

X132 0.70999 0.00095

X152 0.71410 0.00130

X158 0.71230 0.00110

X214 0.70885 0.00096

X387 0.71078 0.00089

X418 0.71028 0.00077

X433 0.71109 0.00080

X440 0.71180 0.00110

X471 0.70998 0.00088

X486 0.71099 0.00086

X495 0.71030 0.00110

X506.1 0.70980 0.00100

X515 0.71000 0.00110

X531 0.70910 0.00110

X554 0.71018 0.00085

X555 no read N/A

X1019 0.71020 0.00100

X1024 0.71134 0.00085

X1026 0.71070 0.00110

X1040 0.71190 0.00100

X1063.1 0.71020 0.00110

X1086 0.71260 0.00110

X1105 0.71085 0.00080
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X1186 0.71215 0.00087

X1214 0.71160 0.00120

X1247 0.70944 0.00085

X1258 0.71207 0.00090

X1292 0.70913 0.00085

X1381 0.71195 0.00082

X1433 0.71030 0.00110

X1439 0.71180 0.00100

X1570 0.71064 0.00077

X1584.1 0.71010 0.00120

X1587.1 0.71180 0.00097


