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Preface

Understanding the history of anatomically modern Homo sapiens requires an

evaluation of the multiple factors that determine human population development

in time and space. This includes insights into processes such as mobility, migration,

population admixture and cultural exchange and transfer. While written documen-

tation and the archaeological remains of the material culture both provide clues to

these topics, information contained in the bodily remains of the people who once

either took an active part in these processes or were merely confronted with them

during their lifetime has yet to be fully exploited. The analysis of preserved DNA

molecules permits the evaluation of genetic and genealogical relationships, but the

genetic make-up of a past people hardly permits access to behavioural aspects of

these once-living individuals and their populations.

The majority of human and animal tissues that are preserved over time consists

mainly of skeletal remains which are regularly excavated from burial sites,

settlements or other places. Inhumations recovered from large civilian, common

burial sites are usually representative of a significant proportion of the past local

population and permit the reconstruction of demographic parameters such as age-

and sex-specific mortality, life expectancy at birth and stature, amongst others.

Special burial constructions, grave goods or different burial rites may be due to

biological (age at death, sex) or social features, including different provenance and

therefore “foreignness”. For the majority of the dead on a common burial site

however, the material culture does not provide this information or may remain

ambiguous. As a result, the extent of population admixture in a settlement chamber

mostly remains unknown, let alone the assessment of places of provenance of

primarily non-local individuals. With regard to the parameters which are of influ-

ence on human population development including potential social, cultural and

political implications, extent and direction of immigration and emigration are

highly significant.

Humans have always been mobile, and exogamy is only part of this behaviour.

Based on numerous historical and pre-industrial population studies and census,

palaeodemographic studies consider a proportion of up to 10% as a reasonable

figure for the percentage of non-local individuals buried at a common cemetery.

Therefore, this figure may also be assumed for prehistoric times, but is it applicable

for all times and different populations and social systems? And how did geographic
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barriers such as large rivers and high mountains influence mobility and migration in

the past? What were the implications for import, trade and exchange? These

questions need answers formulated under consideration of pertinent circumstances

such as time, geography, climate, culture, technology and availability of raw

materials, just to name some of the influential parameters that can exercise.

Today bioarchaeological sciences have the ability to analyse human and faunal

remains at the elemental and molecular level to achieve a better understanding of

life histories, spatial movement and population distributions in prehistory. The

desire and related scientific efforts for a better understanding of spatial movements

and the resulting distribution of humans, animals and cultural features in prehistory

stimulated the bioarchaeological sciences to take a closer look at the bodily relics of

former populations in an attempt to decipher individual and collective life histories

that are hidden in the chemical composition of skeletal finds. In the course of the

last decades, substantial research progress has been achieved in the field of radio-

genic isotopes, in particular, the 87Sr/86Sr isotopic system examined in bones and

teeth. The detection of primarily non-local individuals by stable strontium isotopic

ratios was regularly employed, and the method enjoyed high status amongst

researchers. It was even occasionally viewed as being superior to every other

method for the identification of immigrants or imported animals. While researchers

involved in this field rapidly became aware of its limitations, it took again some

years until it was generally acknowledged that the spatial variability of stable

isotopic ratios of a single element such as strontium can be highly redundant. The

elemental concentrations and isotopic ratios in the skeleton are highly dependent on

a wide variety of environmental and metabolic parameters, yet the fields of archae-

ology and bioarchaeology were astonishingly slow in accepting this fact. Hypothe-

sis building and the investigation of tracer systems such as stable isotopic ratios

benefited substantially from the understanding that such complex issues necessitate

an interdisciplinary networking and discourse.

Parallel to this development, attempts were made to overcome the spatial

redundancy of single stable isotopic ratios such as the geodependent 87Sr/86Sr by

measuring more than one isotopic signature in a skeletal find. Stable lead isotopes

also rely on geological features, stable oxygen isotopic ratios are related to hydro-

logical cycles, and stable carbon and nitrogen isotopic ratios reflect environmental

conditions including dietary preferences and subsistence strategies. Such “multi-

isotope fingerprints” are no doubt informative, but it becomes increasingly more

difficult to extract the relevant information. The uptake and turnover of elements in

organisms are under physiological control. Due to the rather long biological half-

life of skeletal and dental tissue, element uptake and incorporation of stable

isotopes not only accumulate over years in large mammals but in addition exhibit

considerable reservoir effects in the individual body. Therefore, the evaluation of

element source, concentration and proportional contribution to a “global” stable

isotopic ratio in a skeleton can be very tricky and necessitates mathematical

approaches beyond conservative multivariate statistics.

Bioarchaeology is always confronted with the additional problem of tissue

decomposition. Element uptake by contamination and element loss by leaching in
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the course of long inhumation periods are common processes and may totally

obscure the original isotopic signature of a bone or tooth. Mass spectrometers

provide very exact measurements, but how can the biological signal be

differentiated from the diagenetic one? As long as the research substrate is a

biomolecule such as the skeletal structural protein collagen, molecular biological

methods such as amino acid sequencing for the purpose of authentication are at

hand. Presently, deciphering between local and non-local individuals however is

best achieved by stable isotopic signatures in the bioapatite. Methods for the

authentication of the mineral integrity of an archaeological skeletal find have

been the subject of intense discussion for years, yet still no commonly agreed

upon catalogue for quality control criteria exists.

This is an unfortunate knowledge gap, especially with regard to the inhumation

practice of cremating the dead, which was performed at different times in prehistory

worldwide. On the European continent, cremating the dead was the primary if not

exclusive burial custom from the Bronze Age until late Roman Times. The majority

of human remains originating from this period, which spans approximately 1500

years are preserved as cremations. Exposure to high temperatures not only leads to a

full combustion of all organic skeletal components but at the same time to a high

degree of fragmentation and distortion of the remaining mineralized parts. Mor-

phological examinations of cremated bones must be conducted by skilled and

experienced osteologists. Archaeometric analyses of cremations still constitute a

sort of “terra incognita”. Stable isotope analysis of cremated bones and teeth not

only requires the differentiation between diagenetic artefacts and original isotopic

signals but also an evaluation of possible high temperature artefacts.

In 2012, the project “Transalpine Mobility and Culture Transfer”, an interdisci-

plinary research network, was granted by the German Science Foundation (www.

for1670-transalpine.uni-muenchen.de). This project focuses explicitly on some of

the pertinent open questions mentioned above: to overcome the spatial redundancy

of single isotopic ratios by establishing a multi-isotope fingerprint for archaeolog-

ical skeletal finds and resolve this multidimensional information in terms of

ecogeographic provenance, to subject every sample to an in-depth mineralogical

characterization for the authentication of the measured stable isotopic ratios and to

specifically investigate the research potential of cremated finds for prehistoric

migration research. To accomplish this, a geographical reference area of eminent

archaeological importance was chosen, namely, the Inn-Eisack-Adige passage via

the Brenner Pass in the European Alps. The multi-isotope fingerprint consists of the

following stable isotope ratios measured in the bioapatite of archaeological skeletal

finds: δ18Ophosphate,
87Sr/86Sr, 206Pb/204Pb, 207Pb/204Pb, 208Pb/204Pb, 208Pb/207Pb

and 206Pb/207Pb. Isotopic mapping was performed by analysis of archaeological

bones of large vertebrates, in particular, cattle, pig and red deer, known to have

resided in the area. This book summarizes the results achieved after completion of

the first three-year phase of this project which are prerequisite for the application of

the resulting isotopic map of the specific alpine transect to open questions related to

prehistoric mobility and culture transfer. Because of the intended evaluation of the
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research potential of cremated finds, the project’s archaeological sub-groups are

dedicated to periods dating from the Urnfield Period until Imperial Roman Times.

While this project does not claim to solve every problem, the interdisciplinary

research group aims at a significant contribution with regard to the reference area

chosen. Scientific fields involved include archaeology, archaeozoology, computer

sciences, crystallography, geology and physical anthropology, which altogether

created a network aiming at the establishment of a large database and computa-

tional methods which will be made public by worldwide data sharing. The general

structure of this network is visualized by Fig. 1 and is reflected in the structure of

this book.

Although the European Alps constitute an imposing geographical boundary

separating central Europe and the Mediterranean regions, they have nevertheless

been crossed by humans since the Neolithic. The reference area chosen in this

project was in use since the ninth millennium BCE, evidenced by numerous finds

related to hunter/gatherer populations. The fact that resting places and artefacts

were found at altitudes exceeding 1800 m a.s.l., and that stone tools had been

manufactured from raw material stemming from different regions, is proof for a

successful adaptation of Stone Age human populations to these special

ecogeographical regions. Archaeological evidence for transalpine mobility and

trade since the Mesolithic is the topic of chapter “Transalpine Mobility and Trade

Fig. 1 Contextual and methodological structure of the project
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since the Mesolithic”. An important and strongly related issue is the archaeological

concept distinguishing mobility from migration. Telling local from non-local

individuals by stable isotopic signatures in skeletal finds needs to refer to the spatial

distribution of geodependent and hydrology-dependent isotopic ratios in the refer-

ence area. Isotopic maps give clues to this, but do not yet fulfil the concept of an

“isotopic landscape”, a valuable tool in modern sciences such as ecogeography,

wildlife conservation and others. How modern bioarchaeological research differs

from the notion of “isotopic landscapes”, and how far bioarchaeology has

proceeded to reach this goal, is described in chapter “The Concept of Isotopic

Landscapes: Modern Ecogeochemistry versus Bioarchaeology”. In our project,

isotopic mapping was achieved by stable isotope analysis of contemporary

archaeofaunal finds from three different species of large residential vertebra.

Drawing upon archaeological and archaeozoological data, chapter “Early Roman

Transfer of Animals Across the Alps: Setting the Stage for Interpreting the Results

of Isotope Fingerprinting” provides insight into the cultural phenomenon of animal

transfer across the Alps in early Roman times. This contribution clearly illustrates

that mobility and migration/trade are not only an issue in human population

development but are equally important in livestock species valued economically

in the northern Alpine foreland. Based on archaeological findings dating to the late

first century BCE and the first century CE, the paper also outlines the needs of and

the logistical basis for (supra-)regional trade of goods subsequent to the Roman

conquest, thereby setting the stage for interpreting the results of isotope fingerprint-

ing scheduled for the second project phase.

Archaeometrical methods such as mass spectrometry produce data which are

very exact in terms of measurement precision. As stated above, diagenesis is likely

to obscure the original, biological stable isotopic signatures of a find. A mineralog-

ical validation of the quantitative purification of the bioapatite through appropriate

sample processing protocols is indispensable. This and the changes induced in the

bioapatite by diagenesis and high temperature exposure are addressed in chapter

“The Crystalline State of Archaeological Bone Material”. A multi-isotope finger-

print necessitates multivariate statistics for its analysis. Chapter “The Isotopic

Fingerprint: New Methods of Data Mining and Similarity Search” summarizes

the results obtained by application of modern data mining techniques such as EM

clustering and its implications for provenance analysis. Such model procedures

under consideration of the proxy character of stable isotopic signatures in

bioarchaeological finds constitute a valuable tool on the way to the establishment

of an “archaeobiological isotopic landscape”. Finally, chapter “Isotopic Map of the

Inn-Eisack-Adige-Brenner Passage and its Application to Prehistoric Human

Cremations” is dedicated to the results achieved after three years of interdisciplin-

ary networking for the isotopic mapping of one of the most important transalpine

routes in prehistory. This chapter also shows that cremated skeletal finds, whether

human or animal, constitute a suitable substrate for migration research in prehis-

tory. This is the ultimate prerequisite for finding answers to persisting archaeolog-

ical questions related to human mobility/migration behaviour with or without

accompanying culture transfer. How this will be performed, and how the database
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established in the frame of the project can be made public for users worldwide, is

subject of the closing chapter “Current Synthesis and Future Options”.

This project would not have been possible without generous financial support by

the Deutsche Forschungsgemeinschaft. Interdisciplinary networking greatly

benefited from the specific platform of the ArchaeoBioCenter of the Ludwig

Maximilian University in Munich (www.archaeobiocenter.uni-muenchen.de). We

are most indebted to Springer Publisher for giving us the opportunity to publish the

results achieved in the first phase of our project in the form of this book.

Martinsried, Germany

June 2016

Gisela Grupe
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Transalpine Mobility and Trade since
the Mesolithic

Carola Metzner-Nebelsick, Amei Lang, C. Sebastian Sommer,
and Bernd Steidl

Abstract

The European Alps, separating Central Europe from the Mediterranean, were

chosen as a reference region for the establishment of an isotopic map and a

scientific approach towards bioarchaeological isotopic landscapes. The high

ecogeographical diversity of this region constitutes both an opportunity and a

challenge for such a project. The geographical boundary has been crossed since

the Mesolithic, and ample archaeological evidence is proof for a highly success-

ful adaptation of the Stone Age and later prehistoric human populations to this

special environment. Transalpine mobility and trade since prehistory provides

the indispensable contextual framework for related migration studies in

bioarchaeology.

This chapter provides an overview of the archaeological record in the refer-

ence area from the Mesolithic until Roman times, with emphasis on the Inn-

Eisack-Adige passage via the Brenner Pass. First exploited for raw materials

such as silex and rock crystal, the Alps were increasingly entered and crossed

after the beginning of metal working because of their rich ore deposits. In

Roman times, the mountains became a busy transition zone connecting the

Mediterranean with Central Europe.

Any movement of people is inevitably acompanied by culture transfer to a

larger or lesser extent. An important topic is therefore the underlying concept

distinguishing human mobility from migration. The journey in time that is
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provided by this chapter thus starts with a consideration of mobility versus

migration and the resulting interpretation of culture transfer.

Introduction

Dealing with mobility in prehistory involves a variety of entities: living beings or

things. Being mobile entails various modes of movement in a physical space, be it

in a building complex or a vast geographical area covering hundreds of kilometres.

Mobility can also be regarded in a social context as mobility between social groups,

ranks and classes as well as within gender- or age-related groups to name just a few.

Mobility can also effect objects which are moved in the process of various kinds of

exchange (gifts, barter, etc.), trade, as bounty or even by chance. Recently mobility

of things was widely discussed in the context of object biographies (Kopytoff 1986;

Fontijn 2002; Hahn 2008) and as means of representing identity, interaction or

complex work processes (Hahn and Weiss 2013). Archaeology in Central Europe

traditionally had a very strong focus on material studies. Today a renaissance of

material cultural studies in a more global context can be observed (Bintliff and

Pearce 2011). However, things, objects and artefacts are being addressed within

their own right and not necessarily as a specific and—in archaeological contexts—

as a major defining part of a certain culture. As Hans Peter Hahn and Hadas Weiss

stressed, this way of looking at things is highly influenced by our modern,

globalized world (Hahn and Weiss 2013, p. 6).

Mobility of people is the main factor for the spread not only of goods but most

importantly ideas, beliefs and technical innovations. The reasons for various kinds

of mobility are manifold and have been addressed extensively in the past. To

evaluate historic and social processes and events, a distinction between acts of

movement/mobility and migration needs to be made, the latter being understood as

vectorized. Migration usually has a starting point and a destination with a connota-

tion of finality of a certain type of movement (Prien 2005). It seems banal to stress

that in contrast to mobility, the term migration can only be applied to living beings

and more so to humans because of the entailed cultural, i.e. social, components

(Anthony 1990).

People migrate from one location to the other in order to stay there at least for a

longer period of time. Mobility in contrast involves various kinds of temporary and

repeated movement. Traders and sometimes craftsmen exercise mobility by

exchanging or selling their goods in distant places. As early as the Bronze Age in

the Near East and in Anatolia in the third and second millennium BCE, written

accounts exist depicting trading activity taking place over very long distances and

on a planned and regular level (Michel 2011). In prehistoric contexts, the distribu-

tion of rare objects or so-called imports and the exchange and trade of resources

such as metals (copper and tin) or commodities such as the vital salt (Harding 2013)

imply human mobility on a minor or larger scale. Exchange patterns are part of

social, economic or ritual networks (Knappett 2011).

2 C. Metzner-Nebelsick et al.



In contrast to mobility, migration of people is mostly seen in the context of larger

groups of people immigrating. In its aggressive form, the term invasion is often

applied in historical contexts (Chapman and Hamerow 1997; Burmeister 2000;

Prien 2005). Migration events as agents for the transmission of the aforementioned

technical innovations, changes in subsistence strategies, lifestyles, ideas and beliefs

have a long tradition in European archaeological theory and still remain most

prominently connected with V. Gordon Childe’s work, who proclaimed migration

as a driving force behind European prehistory (Childe 1925, 1929). After a shift

towards models of social interaction modes, at the end of the last century,

migrationist approaches to interpreting culture have gained growing support

(Kristiansen 1989; Anthony 1990). This view has been strengthened by recent

aDNA analyses (e.g. Brotherton et al. 2013; Brandt et al. 2014; Haak et al. 2015).

In contrast to projects with an emphasis on population history by means of

genetics, the Munich Research Group focusses on the analysis of stable isotopes

for determining migratory activity, aiming at contributing to the establishment of

bioarchaeological isotopic landscapes (see chapter ‘The Concept of Isotopic

Landscapes: Modern Ecogeochemistry Versus Bioarchaeology’). Ideally, migratory

activity can also be detected by this method. In contrast to aDNA studies, the input of

archaeological information is even more essential, since potential geological

markers have a wider range of possible fitting accuracy (Montgomery and Mandy

2013 with further quotes). The European Alps have been chosen as a reference area

because they constitute a geographical barrier between Central Europe and the

Mediterranean which, despite its imposing nature, has been crossed by prehistoric

humans since the Mesolithic. In the following, the relevant archaeological finds and

topics are reviewed, thereby explaining the choice of this reference region.

The archaeology of the central Eastern Alps and adjacent areas plays an important

role in understanding exchange patterns in Europe as a whole. The exchange of

resources such as copper, salt or other commodities was responsible for an emerging

extensive connectivity especially in the European Bronze Age world starting in the

early second millennium BCE (Harding 2013). For a long time and again more

recently (see above), the analysis of such exchange networks was mainly focused on

objects; the role of the agents however, that is, the people, who provided or embodied

variousmodes of connectivity and created the contexts inwhich the exchanged objects

in question were found and in which they can be interpreted, was often reduced to

material studies. The reason behind this can be seen in the fact that archaeological

modelling alone could not provide sufficient proof to be decisive in differentiating

whether the transfer of goods and objects was caused on the grounds of exchange and

cultural appropriation or as a byproduct of migrating people.

Maps illustrating the distribution of various object types (von Uslar 1991) alone

provide little insight into the processes which led to certain distribution patterns of

object types, and the information needed to help understand how their cultural

context can be evaluated is vague at best. The context-based analysis of objects in

graves, ritual deposits or settlements offers a series of model-based interpretations

of the archaeological record. Non-local objects could have been obtained by means

of reciprocity, exchange or trade (i.e. Renfrew and Cherry 1986).
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In the context of the project ‘Mobility and Social Dynamics in Bavaria and the

Eastern Central Alps in the Late Bronze Age (1300-800 BCE)’ (see chapter

‘Current Synthesis and Future options’) for example, the concepts of mobility

and migration have offered ways to explain and understand the archaeological

record of the eastern central Alps in regard to neighbouring regions. However, for

a long time verification of the existence of mobile individuals or migrants as a

trigger for innovations, changes in the material culture or the emergence of new

customs in areas where they were hitherto not attested, could not be provided. For

more than two decades, isotope analyses of human and animal bone material have

helped to determine if mobility of individuals took place (Grupe et al. 1997; Price

et al. 2004; Montgomery and Mandy 2013), to what extent it occurred and between

which areas people were moving during the course of their life.

Transalpine Mobility from the Mesolithic to the Iron Age

In the Eastern Alps, the Inn Valley, Wipp Valley and Eisack and Adige Valleys

form a transalpine route that leads over the 1370 m Brenner Pass and connects

Upper Bavaria in southern Germany with Venetia in upper Italy. Mesolithic hunters

from this area incorporated these valleys and their adjacent mountain ranges in the

Alps since the ninth millennium BCE into their living environment. Above the tree

line, the high mountain range offered good hunting grounds, and raw materials such

as flint and rock crystals were available for producing tools and other implements.

Mesolithic hunters set up camps during the warm, dry summers, even at higher

elevations. Intensive field surveys have led to the detection of several hundred sites

in North Tyrol, South Tyrol and Trentino, some of which have been archaeologi-

cally excavated. The mobility of the Mesolithic hunters is determined by the origin

of raw materials used for the stone artefacts discovered at the campsites. A good

example is the campsite at Ullafelsen in the North Tyrolean Fotscher Valley.

Artefacts found there are made of stone originating from the area between southern

Bavaria and Trentino (flint, radiolarite, chert) (Schäfer 2011). The late Mesolithic

artefacts from the campsite under the abris near Hohlenstein above Vent, BH Imst,

North Tyrol, are made primarily from southern alpine stone (Mottes 2002, p. 97).

Accordingly, the geographic region in which the hunters moved encompassed the

main alpine range both to the north and south. Therefore it can be assumed that

certain routes were well known and regularly frequented in order to acquire stone

raw material, particularly flint.

Rock crystal is especially useful for constructing arrow points and has been

regularly quarried from sources such as the Riepenkar in the Tux Alps in North

Tyrol since Mesolithic times (most recently Leitner et al. 2015). The dispersion of

artefacts made from this rock crystal indicates that the Inn, Wipp and Eisack

Valleys as well as their adjoining mountain sides were travelled. Walter Leitner

suggests the existence of a transit route for early trade of goods in this area of this

passage (Fig. 1). A map showing the distribution of late Palaeolithic, Mesolithic
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and Neolithic/Bronze Age rock crystal artefacts is presented by T€ochterle (2015,

p. 147, Fig. 12). It is possible that a transalpine supply network for rock crystal

existed across the main alpine mountain range. The Wipp and Eisack Valleys, and

also the Ziller and Pfitscher Valleys, played an important role in the choice of routes

with respect to mobility associated with the supply of raw material.

Mobility along the Inn-Eisack-Adige route started in the middle of the sixth

millennium BCE and continued on through the Neolithic (Borrello et al. 2013).

Fig. 1 Map of the possible north-south transit route for early crystal rock trade (Graphic:

W. Leitner; IA Innsbruck & G. Hiebel; IGB Innsbruck; ESRI; SRTM-CIAT). After Leitner

et al. (2015), p. 67, Fig. 2
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Initially this was documented only by very few finds, such as a single early

Neolithic sherd from the upper Italian Gaban Group found at Sistrans, Inn Valley,

North Tyrol (T€ochterle 2001). Middle Neolithic ceramic fragments exhibiting a

southwest German style were discovered in the Eisack and Adige Valleys (a vessel

fragment in Hinkelstein and Großgartach style in Brixen-Stufels and a sherd from

the Aichbühl culture at the settlement site at Rocca di Rivoli, prov. Verona,

Venetien: Tillmann 2002, p. 197). The shoe-last celt (Schuhleistenkeil) discovered
at the La Vela cemetery in Trentino is also dated to the middle Neolithic (Bagolini

and Broglio 1985, Fig. 9.3). These objects of southwest Germany origin probably

reached the Eisack-Adige Valley by way of the Lake Constance-Arlberg Pass route.

Mobility along the Inn-Eisack passage increased markedly during the early part

of the Neolithic in the fourth millennium BCE. Economic reasons were responsible

for this, specifically the transfer of goods. A favourite trade and exchange object

was flint from the deposits in the Lessinian Mountains east of the Adige between

Rovereto and Verona. It arrived via the Inn-Eisack-Adige route, amongst others,

and reached into the northern alpine foreland. During the fourth millennium BCE,

Lessinian flint was used there in the making of daggers, status symbols and prestige

objects (Tillmann 2002, p. 108; Mottes 2006). The daggers are a documentation of

contact between the Altheim culture and the developed Square-Mouthed Pottery

culture (Vasi a Bocca Quadrata culture) in upper Italy. In the course of this contact,

Vasi a Bocca Quadrata culture ceramics made their way into the North Tyrolean Inn

Valley (Kiechlberg near Thaur, T€ochterle 2015; Mariahilfberg near Brixlegg,

Huijsmans and Krauß 2015). Flint stone from deposits south of the Alps was used

in the first copper mining activities in the region around Brixlegg (Huijsmans and

Krauß 2015).

Mobility in the opposite direction from north to south along this route is

indicated by the discovery of Münchsh€ofen ceramic in the settlements at

Mariahilfberg near Brixlegg (Huijsmans and Krauß 2015) and the Kiechlberg

near Thaur in the North Tyrolean Inn Valley (T€ochterle 2015). In South Tyrol,

Trentino and Venetia, a large number of sites with ceramics with incised-punctated

decoration (Furchenstich and Pfeilstich) are known and can be associated with the

Münchsh€ofen ceramic (distribution map, e.g. by Mottes et al. 2002, p. 125, Fig. 5).

Singular pieces of southern Bavarian tabula chert reached the south via the Brenner

route (Johanneskofel im Sarntal: Mottes 2002, p. 98).

In addition to the trade of wares and raw material, contacts promote the transfer

of nonmaterial goods as well. Annaluisa Pedrotti sees the unique features in northern

alpine building construction at the Isera La Toretta settlement not only as a result of

transalpine contacts, which catalysed the adaptation of new building techniques, but

also as the result of an immigration of north alpine populations (Pedrotti 2001,

pp. 141, 152, 158), who at least in part must have utilized the Inn-Eisack-Adige

route. This also applies to stylistic elements of Pfyn and Altheim ceramics seen in

early Neolithic ceramics from Trentino (Marzatico 2002, p. 26). ‘In particular the

mixing of ceramic styles from both sides of the Alps suggests a give and take during

the Neolithic, not only of goods but also of parts of the population as well’ (Mottes

2002, p. 130). Marzatico also associates the adaptation of stylistic elements of the
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Pfyn and Altheim ceramics seen on early Neolithic ceramics in Trentino with the

immigration of population groups (Marzatico 2002, p. 26). The fortuitous geo-

graphic location of settlements situated along the Inn-Eisack-Adige passage func-

tioned as a turning point for long-distance trade relationships. Accordingly, the first

copper artefacts show up at these settlements (Rocca di Rivoli, Isera La Toretta

[Trentino], the Kiechlberg near Thaur and Mariahilfberg near Brixlegg [Nordtirol]:

Mottes 2002, p. 97 ff.; T€ochterle 2015, p. 421).
As could be shown so far in this chapter, the region of the Eastern Alps has been

the focus of intensive archaeological research for a long time. This especially holds

true for the Bronze Age and later periods. The abundant deposits of copper were

indispensable for the manufacture of copper wares and since the second millennium

BCE also bronze objects. This special condition made the Alps and immediate

surroundings an important area on a European scale, comparable with the Middle

East today in regard to oil. Thus the impact of alpine or immediately adjacent areas

on Europe as a whole was tremendous. Mining activities had a significant influence

on local communities (St€ollner and Oeggl 2015) and fostered exchange and

attracted migrating groups in the search of copper. After an experimental phase in

the fourth millennium BCE, significant traces of metal processing activities in the

Inn Valley around Schwaz-Brixlegg in Tyrol were discovered from the beginning

of the Bronze Age around 2100 BCE (Bartelheim et al. 2002; T€ochterle 2015).

So-called fahlore copper but also small amounts of oxidic copper (azurite, mala-

chite) were exploited and processed here and in turn exchanged with communities

especially to the north in what is now modern Bavaria and beyond (Martinek and

Sydow 2004; Kienlin 2013). Connectivity in Bronze Age Europe was mainly based

on the exchange of resources and finished goods. Therefore, the geography of the

Alps as one of Europe’s ore-rich regions played a crucial role in connecting people

and whole communities with far-reaching areas along the trade and exchange routes

along the valleys of the Inn, Salzach and other rivers as well as through mountain

passes in a predominantly north-south direction (Tomedi and T€ochterle 2012,

p. 588).

Especially the Inn Valley was of significant importance, since it provided the

Bavarian piedmont zone with copper (M€oslein and Winghart 2002, p. 139, Fig. 2),

which was cast into ring-shaped ingots there, the most prominent ingot type of the

Early Bronze Age in Central Europe (Lenerz-de Wilde 1995).

The route across the Brenner was also used during the Early Bronze Age. The

stations along this route are marked by a row of settlements on the northern and

southern Wipp Valley (von Uslar 1991). Finds such as upper Italian ceramics and

the loaf of bread idol (Brotlaibidol) from Gschleiersbühl near Matrei in North Tyrol

(Bankus 2004, p. 417 Nr. 18) and the Brotlaibidole from Albanbühel near Brixen as
well as from Wallburg N€ossing near Vahrn in South Tyrol (Bankus 2004, 418 Nr.

45.68), ceramics from N€ossingbühl that are similar in form to the Straubing culture

(Tecchiati in preparation), a Horkheim-type pin and also the casting mould of the

Straubing culture from Albanbühel and finally very Early Bronze Age ceramics

ornamented with half-moon stamped edges, are all witness to cross regional trade

routes. The fortified high altitude settlements at Patsch and Matrei Gschleiersbühl
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in the Wipp Valley form important places along the path of this route (most recently

Jaeger 2016). A fragment belonging to a flanged axe from Steinach on the Brenner

may possibly be considered a hoard find along the Brenner route. Steiner and

Tecchiati assume that travelling craftsmen might possibly have used this route

(Steiner and Tecchiati 2015, p. 145).

Mobility along the Brenner route satisfied the supply of raw materials and the

trade of material goods. Contact between the population groups on both sides of the

Brenner resulted in a transfer of knowledge, ideas, etc. The beginning of sacrificial

sites for burnt offerings (Brandopferpl€atze) in North Tyrol is likely connected to

this. In the Early Bronze Age, a sacrificial site was erected at Goldbichl near Igls in

North Tyrol (ca. 2200 BCE; abandoned in the Middle Bronze Age at around

1600 BCE, Tomedi and Nicolussi Castellan 2007). The Goldbichl is situated at a

geographically important thoroughfare along the Inn-Eisack passage across the

Brenner at the point where the Wipp Valley connects with the Inn Valley (Tomedi

and Nicolussi Castellan 2007). The sacrificial site at Goldbichl is the oldest known

alpine site for burnt offerings. A forerunner of this type of ritual practice is the

Copper Age deposition of copper axes, partially burned flint tools, broken ceramics

and burned animal bones in a rock crevasse on the Pigloner Kopf above Pfatten in

the Adige Valley (2600–2400 BCE; Oberrauch 2000). It can be assumed that a

transfer of ideas across time (Copper Age to Middle Bronze Age) and through the

Brenner route between the Pigloner Kopf and the Goldbichl actually took place,

although those activities cannot be supported by archaeological evidence so far.

The sacrifical site with burnt offerings at Weer-Stadlerhof in the Inn Valley

(1610–1250 BCE; T€ochterle 2013) lies on the route in the direction of the Middle

Bronze Age sacrificial sites of similar type in the alpine foreland (Weiss 1997),

which includes the Wasserfeldbühl in Oberaudorf on the Inn River.

Tetrahedrites (fahlore) from the Schwaz region lost its economic importance in

the first part of the Early Bronze Age and Middle Bronze Age. In its place,

chalocpyrite (Kupferkies) from the quarries at Mitterberg and Salzachpongau

became the main components for metallurgy, and the area gained importance as

suppliers. A regional centre for bronze production developed during the middle

Bronze Age in Tyrol’s upper Inn Valley in the area around Fliess. Even though

small deposits of chalocpyrite exist in the area, local bronze metal workers used this

type of copper originating from Bischofshofen in the Pongau, which is about

250 km away. This was determined by metal analysis of a bronze hoard find in

Piller-Moosbruckschrofen in the district of Fliess (Tomedi et al. 2013, p. 59;

Tomedi and T€ochterle 2012, p. 591). The variety and richness of the bronze

hoard inventory at Piller-Moosbruckschrofen (Tomedi 2004, 2012), the presence

of a sacrificial site with burnt offerings on the Pillerh€ohe during the Middle Bronze

Age (Bz C2) (Stefan 2010), and the fortified Middle Bronze Age settlement at

Wenns-Spielkopf at the crossroad to Pillerh€ohe reflect a regional elite and wide-

spread relationships that were associated with corresponding mobility (Tomedi

2004, p. 2012).

For the region of Fliess, the connection to the south was most likely provided over

the Reschen Pass, through which the Adige River flows and eventually leads into the
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Vinschgau. A prominent hub for the transfer of goods along this route was the fortified

settlement on the Ganglegg near Schluderns. Ceramic with chip-carved (Kerbschnitt)
and grain-shaped incised ornaments from theMiddleBronzeAge and earlyLateBronze

Age, a Middle Bronze Age disc ornament (Stachelscheibe) and a dagger (Steiner 2007,
2010a, p. 462, Fig. 4) from this archaeological site were all imported from the northern

Alps. The southern alpine influence is shown by local ceramics from Ganglegg with

ansa cornuta handles (Steiner 2007, 2010a, p. 463).

The Brenner still remained in use in addition to the route over the Reschen Pass.

Northern alpine artefacts are characterized by chip-carved decorated

(kerbschnittverzierte) ceramic from Zieglmühlegg near Sterzing and ceramic with

grain-shaped incised decoration (Kornstichverzierung) from Plabach and

Albanbühel (Steiner and Tecchiati 2015, p. 145). The settlements at Thumburger

Hill, Burgstall-M€oders, Burgstall-Wiesen as well as Pflastererhof south of

Gossensass marks the route south of the Brenner. North of the Brenner Pass, a

number of settlements forming the transalpine connection over the Brenner are

located at the Gschleiersbühl near Matrei, the Patscherhügel near Patsch, the

Muiggensbichl in the Stubai Valley near Telfs and the Sonnenburger Bichl near

Natters where the route pans out into the Inn Valley near Innsbruck (von Uslar

1991).

As will be shown in greater detail in chapter ‘Current Synthesis and Future

Options’, after the decline of mining and metal working activities in the Schwaz-

Brixlegg area and the increasing importance of the mega copper-producing mining

district at the Mitterberg (St€ollner and Oeggl 2015), the Late Bronze Age or

Urnfield period is a period characterized by substantial mobility and indeed a

time when migration events into the North Tyrolean Inn Valley very likely took

place (Staudt and Tomedi 2015; S€older 2015; Sperber 1997, 1999).
The newly founded cremation grave cemeteries display a major change in burial

customs as well as a remarkable appearance of artefact types originating in the

northern alpine piedmont zone in southern Bavaria (Müller-Karpe 1959; Sperber

1992). Thus, Lothar Sperber and others have stated that local communities were

joined by newly arriving people coming in from the latter area, who settled the

North Tyrolean Inn Valley not only in the search of copper but probably in order to

control the exchange routes. The exchange of copper along the previously men-

tioned routes is proven by a hoard find of raw copper and bun ingots (Winghart

1998, p. 105, Fig. 2) which was found at the foot of the Rachelburg at Flintsbach

near Rosenheim. The Rachelburg is an Urnfield period hilltop settlement which

towers over the Inn at a particularly narrow part of the valley (M€oslein 1998/1999;

M€oslein and Winghart 1998/1999, 2002). Its steep edges and the position on a

prominently isolated hill underline its strategically crucial position. The metal

analysis of the deposited ingots revealed that they were cast out of fahlore copper

from the North Tyrolean deposits. In addition to the widely discussed northern

connection, the late Bronze Age in the central Eastern Alps is also characterized by

intensive contacts to the south.

The first inner alpine cultural group, the Laugen culture (Luco culture) appeared

in the western part of the Eastern Alps, in Trentino and South Tyrol, in the late
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Bronze Age at around the 13th century BCE. The most characteristic feature is their

ceramic: jugs with beak-shaped spout (Schneppenkannen) biconical jugs

(Marzatico 2012), with which the area of this cultural group was redefined

(Fig. 2). From the Brixen basin, the group spread out over the Puster Valley into

East Tyrol. Another group belonging to the Laugen culture settled in Graubünden.
Routes from the Adige Valley in the Vinschgau lead there, and as it was the case

during the Middle Bronze Age, the settlement on the Ganglegg near Schluderns

represented a central place on the way to Graubünden. Steiner assumes that

population groups belonging to the Laugen culture in South Tyrol migrated into

Engadin (Steiner 2007, p. 256); they probably used the route through the Vinschgau

into Unterengadin. The cross regional importance of the settlement at Ganglegg is

reflected in the bronze and ceramic objects from the northern alpine foreland

(Steiner 2010a, p. 476, Fig. 13).

The Laugen culture pottery style can also be found in the Engadin; however, the

Eisack route leading from the Brixen basin across the Brenner to North Tyrol seems

to have been used only occasionally. Laugen ceramic is rather rare in the region

around Innsbruck where a separate Urnfield cultural group in the Inn Valley was

established. It is unclear whether the few Laugen jugs represent imported ceramic

from the Southern Alps or stylistic adaptations.

As indicated by von Uslar’s archaeological site map of the Wipp and Eisack

Valleys, the appearance of the Laugen culture did not significantly change mobility

across the Brenner (von Uslar 1991, maps 40, 41). The winged axe from the

Brenner Pass (von Uslar 1991, p. 300 Nr. 10) is a typical hoard find at pass elevation

along a transit route.

Fig. 2 Distribution of the Laugen jugs with beak-shaped spout (Schneppenkannen) (dots) and
main area of distribution of the Laugen culture (chequered). After Marzatico (2001a), p. 171,

Fig. 2
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In the southern alpine area, the Laugen culture style transformed into the Melaun

culture pottery style at the beginning of the Iron Age (Marzatico 2001b); a separate

Hallstatt period cultural group developed north of the Alps in North Tyrol. The two

cultural groups in Trentino/South Tyrol and North Tyrol are connected to each

other at different levels. Both continue to practise the Urnfield traditional burial

ritual of cremating the dead. They also shared common attributes such as the cult of

sacrificial sites for burnt offerings. The ritual of burning animal offerings, ritual

feasting activities including the consumption of food and the sacrificial offering of

material goods were anchored in the religious life to the north and south of the

Brenner and also the Reschen Pass (Steiner 2010b).

Ceramics in the material culture each exhibit local attributes. Melaun jugs

constitute a further development of the Laugen jugs with beak-shaped spout

(Schneppenkannen) (Marzatico 2001b). Form and ornamentation of Hallstatt period

ceramic in the Inn Valley clearly show some similarities with ceramics from the

Bavarian alpine foreland (Lang 1998). Metal grave goods in some of the richly

furnished burials at the cemetery in W€orgl, which consist of several hundred

Hallstatt and early Latène period burials (8th-4th centuries BCE), indicate contact

with upper Italy.Women wore Italic belt plates and the men carried daggers of upper

Italian type with parallels in the Este culture (Egg 2016). At the cemetery in Kundl

(BH Kufstein) near W€orgl, men were also equipped with upper Italian type daggers

(Lang 1998). Specific types of fibulae, i.e. dress fasteners and costume accessories,

show a connection between southern Bavaria and upper Italy over the Inn-Eisack-

Adige passage. Florian Hauser documented this based on an example of east alpine

double button fibulae (Zweiknopffibeln) (Hauser 2012, 2014). A revealing observa-

tion is that the distribution terminates at the northern alpine edge, which suggests that

this was the border of communication networks (Hauser 2012, p. 89, 2014). Certain

forms of serpentine fibulae (Dragofibel) and fibulae with decorated end (Fußzierfibel)
clearly demarcate the Inn-Eisack-Adige passage (Hauser 2012, p. 90, 2014), as Anne-

Marie Adam stated (Adam 1996, p. 38, Fig. 2). Figure 3 shows the potential routes

which Hauser connected with the Brenner Pass.

Mobility across the Brenner gained a new quality with the onset of the Iron Age.

The wearing of similar fibula types between upper Italy and southern Bavaria and

the use of upper Italian belt plates and daggers in North Tyrol indicate regular

communication within an area across and beyond the main alpine range.

The hoard finds from Fliess allows the detection of a Hallstatt period elite, whose

clothing, weapons, tools and drinking vessels evidence the existence of cross

regional relationships (Sydow 1995; Tomedi 2008). This represents the same

development as was seen with the Middle Bronze Age hoard find at Piller (see

above; Tomedi 2004). Gerhard Tomedi suggests that the inhabitants of the region

around Fliess profited from the long-distance trade across the Alps (Tomedi 2008,

p. 46); a prerequisite for this is organized mobility. For the region Fliess, the route

across the Reschen Pass into the Adige Valley and Venetia would be closest, but

also to pass trough the Inn Valley upstream and over the mountain passes into the

area of the Golasecca culture can be assumed.

This type of contact and communication lasted until around 500/450 BCE at the

transition from the Early to Younger Iron Age. This represented a fundamental
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change because for the first time, a fairly unified culture was established in the

North Tyrolean Inn Valley, South Tyrolean Eisack and Adige Valleys and adjoin-

ing valleys, as well as in Trentino: the Fritzens-Sanzeno culture, named after a

characteristic archaeological site in North Tyrol—Fritzens—and one in Trentino,

Sanzeno in Nonsberg (Fig. 4) (Lang 1998; Marzatico 2001c, d). The Fritzens-

Sanzeno culture lasted for about 500 years and disappeared following Roman

occupation in the middle alpine area.

The cultural area was characterized by similar features at different levels. For

example, religious beliefs involved the cult at sacrifical sites for burnt offerings

where various material goods were sacrificed and of course the burial ritual of

cremating the dead. In the northern and southern alpine regions, the material culture

exhibits strong similarities in ceramics, costume accessories, iron tools and objects

as well as weapons. The characteristic house construction is the so-called casa

retica, a house built on a stone foundation possessing an angled entrance way. Some

parts of the house also had more than one level. The use of scripture (Schumacher

2004) and figurative decoration in the so-called Situla style (Kern et al. 2009;

Wamers 2010) are shared features of the whole Fritzens-Sanzeno cultural area.

Writing and figurative art originated from the Venetian-Etruscan culture circle;

Fig. 3 Late Hallstatt period travel routes according to B. Schmid Sikimić (blue route) and

F. Hauser with the passage across the Adige, Eisack and Inn (red). After Hauser (2012), p. 86,
Fig. 3
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south of the Brenner Pass they were much more intensively adopted than in North

Tyrol.

Distribution maps depicting types characteristic for the Fritzens-Sanzeno culture

clearly illustrate the utilization of the Adige-Eisack-Brenner passage. This is best

illustrated by the Fritzens pottery bowls and the pressed S-shaped bowls with comb-

stamped ornamentation (Kammstempeldekor) (Fig. 5), and for costume accessories

by the fibulae of the late Early La Tène and Middle La Tène period (4th-2nd

centuries BCE) (Adam 1996, p. 149, Fig. 23, p. 156, Fig. 24, p. 165, Fig. 25).

Also the widespread type of Eastern alpine animal head fibulae (ostalpine
Tierkopffibeln) of the fifth century BCE indicate communication and exchange

along the Brenner pass route (Adam 1996, p. 91, Fig. 14).

It can be assumed that people of the Fritzens-Sanzeno culture were regularily

engaged in mobility along the Inn-Eisack-Brenner route. In comparison to the 12th-

6th century BCE (Laugen and Melaun cultures), the Eisack Valley has a significantly

greater number of archaeological sites (Pisoni 2009, p. 227, Fig. 2; p. 228, Figs. 3 and

4). In order to sustain continuous mobility, infrastructure along the route is necessary.

This includes controlled modes of transportation and rest stops situated at geographi-

cally strategic spots. They also functioned as centres and market places.

Based on the topography and sometimes lavish and high-quality finds, a number

of rest stops are postulated (Lang 2002; Tomedi et al. 2006; Tomedi 2010). It starts

with the Burgberg near Oberaudorf on the northern alpine rim (6th-1st centuries

Fig. 4 Distribution of the Fritzens-Sanzeno culture and neighbouring cultural groups. After

Gleirscher (1991), p. 16, Fig. 6
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BCE; Pietsch 1998). The next station is located nearW€orgl on the east side of the Inn
at the entrance to Brixen Valley (documented by the richly furnished 8th-4th

centuries BCE graves; Egg 2016). This is replaced by a station near Kundl in

approximately 300 BCE, which the author surmises based on the wealth of finds

and iron production there (Lang 1998). The next station is represented by the

Buchberg near Wiesing at the mouth of the Ziller Valley. This leads up to the

Achen Lake, over the Isar Valley and on to southern Bavaria. A fortified settlement

belonging to the Fritzens-Sanzeno culture was located at the Buchberg (Sydow 1984).

The next place upstream along the Inn River was probably the fortified settlement

situated on the Himmelreich near Wattens (Sinnhuber 1949; Kasseroler 1957). The

settlement which was built in the late part of the Early La Tène period and destroyed

at the beginning of the Late La Tène period is exemplified by a rich fundus of bronze

and iron artefacts as well as high-quality ceramics. Iron finds include farming tools

and wagon parts. However, the apparent prosperity of the settlement cannot be linked

to an agrarian surplus production, but rather to the geographical location near the

ore-rich Schwaz region and the old passage leading from Ampass in the direction of

the Brenner. The next station is Ampass (T€ochterle 2009; T€ochterle 2013).

Pfaffenhofen and Stams are located in the upper Inn Valley where the road turns

off to the north towards the Fern Pass. The settlements Karres, Wenns and Faggen

Fig. 5 Distribution of the Fritzens bowl and pressed s-shaped bowls with comb-stamped orna-

mentation. After Marzatico (2001c), p. 481, Fig. 1
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were apparently rest stops along the way in the direction of the Reschen Pass

(Tomedi et al. 2006).

South of the Brenner, the settlement Brixen-Stufels in the Eisack Valley formed

a centre and junction, the cross regional importance of which is exemplified by

archaeological findings (Dal Ri 1985; Tecchiati et al. 2010). This is where the path

turns off into the Puster Valley in the direction of Carinthia. For the rest of the way,

another junction in the Bolzano basin is presumed (Zanforlin and Tecchiati 2010).

The settlement and cemetery at Pfatten (Lunz 1991; Dal Ri and Evans 1992; Alberti

2007) indicate the existence of a central site at the edge of the Adige Valley with a

connecting road over the Kreither Saddle into the Adige.

With regard to mobility in river valleys, the question of boat transport always

arises. Shipping played an important role in Iron Age transportation; for example,

this could clearly be shown for the Rhône, Saône (Pauli 1993, pp. 110 ff.), the

Neckar (Wieland 2000) and the Salzach, Inn and Traun rivers (St€ollner 2002) as
well as for the Elbe river (Salač 1998). Even though the Inn river possesses a flow

intensity and an enormous difference in summer and winter water tables typical for

high alpine rivers, its alpine section was doubtlessly used (Plaseller 1936/37;

Gritsch 1987). Due to its strong currents and numerous shallows, the river was

not easy to navigate after passing Telfs, which lies west of Innsbruck. According to

Gritsch, ship travel was restricted to the time between May and September because

of heavy shifts in water depth. Because the Inn was wild and had side branches, new

passable routes along the river had to be found following each high water event.

Upstream near Telfs goods had to be unloaded and carried by pack animals for the

route leading over the Reschen Pass. If the route across the Brenner was chosen, it

was necessary to use pack animals beginning in the area around Wattens-Hall. The

old assent, which was later used as the Roman road, led over Ampass, Igls, Patsch

and Ellb€ogen in the direction of the Brenner. South of the Alps, the Adige forms a

wide meandering river after it flows into the Eisack south of Bolzano (Tengler

1991). Before the river was regulated in modern times, it was used for shipping in

the lower Inn Valley near Pfatten. The ships used on the Inn and Adige were

probably the same type of barge that is in use today: flat, no keel, about 12 m

long and 4 m wide and with a carrying capacity of approximately 30 tons (Tremel

1970).

In conclusion the following can be said. The passage routes through the valleys of

the rivers Inn, Eisack andAdige have been used since theMesolithic period.Mobility

was connected to hunting territories on the one hand and the supply of raw materials

on the other. The mining of rock crystal and supplying of certain stone material such

as flint during the Mesolithic and Neolithic, as well as mining and metallurgy since

the Bronze Age, were all reasons for mobility within interregional and often far

ranging exchange and travel networks. Another factor was the alpine pastoral activity

(Almwirtschaft - a specific form of transhumance) which gained momentum in the

Bronze Age. In general transhumance in the alpine area led to mobility.

In the early Iron Age and with the intensification of contacts with the Mediterra-

nean world the transit routes across the Alps continued to be used. The Brenner and

Reschen passes both functioned as connecting passages to upper Italy. The
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formation of the Fritzens-Sanzeno culture in the early Iron Age in around

500–450 BCE was associated with continuous mobility over the Brenner and

Reschen passes. It can be assumed that settlements along the route acted as rest

stops, and if the geographical position in regard to trade or mobility in general was

suitable, also as centres for the distribution of goods when the geographic location

was fortuitous. This network of routes was used by the Romans at the end of the first

century BCE for their military campaign across the Alps (Alpenfeldzug 15 BCE).

Transalpine Mobility in the Roman Period

The Roman period can be considered as a time of migration par excellence. With

the expansion of the Roman influence through military action beyond the Alps from

Caesar onwards, Gaul, Germany and the Danube region experienced various

influxes of legionary soldiers, originally drafted somewhere in Italy. After the

respective wars, which led to the conquest of considerable tracts of land, many of

these soldiers were settled in these regions after they were released as veterans.

Their new settlements, often so-called coloniae, must have originated as towns with

an almost exclusively Roman population often of several thousand men.

From Augustus onwards more and more troops were drafted in the newly

conquered areas, now as provinces under direct Roman rule (auxiliaries). At the

beginning, many of them seem to have been formed exclusively with men from a

particular region (e.g. cohors Batavorum, cohors Raetorum), often commanded by

members from the leading class of that region, sometimes even named after their

first commanding officer (e.g. cohors Indiana; see e.g. Holder 1980). Others were

named after the Roman official, under whom they were established (e.g. ala

Pansiana; see e.g. Farkas 2015, also for the newest account on the Roman army

in Raetia/southern Germany). Usually, these units of approximately 500 men were

not employed close to where they originated but far away somewhere in the still

expanding Roman Empire. This led to a considerable shuffling around of people

within the Empire, extending in its high days in the second century CE from the

Atlantic in the west to the Euphrates in the east and from Britain in the north to the

northern fringes of the Sahara in the south.

In respect to the study region of the central Alps and its northern fringes down

towards the Danube in southern Germany, we know from written as well as

archaeological sources that the region was brought under direct Roman influence

with the so-called alpine war of Augustus or rather his stepsons Drusus and Tiberius

in 15 BCE (Strobel 2009; Zanier 2010). Whereas the alpine region never experi-

enced long-term garrisoning of Roman military, we find indications of a gradual

construction of Roman forts in the foothills of the Alps down to the southern bank of

the Danube in the first century CE from the first years of CE onwards.

Indicated by some written sources but mainly from archaeological excavations,

we know that Roman soldiers almost never moved around and were stationed alone.

They were followed even on campaigns by substantial numbers of sutlers—people

who lived off and with the military and soldiers as traders, craftsmen, and people in

16 C. Metzner-Nebelsick et al.



various services including prostitution, religious services, etc. These civilians are

labelled in the English literature as camp followers (Sommer 1984; for the system

behind and the settlements see Czysz 2013; Sommer 1988, 1999, 2006, 2009,

2015a). Wherever a Roman unit would be stationed for a longer period of time,

i.e. when its soldiers started building more permanent structures, the camp

followers would settle in the vicinity of these military installations (fortresses,

forts). Their settlements—canabae next to legions, military vici next to

auxiliaries—can be traced archaeologically. They extended usually for much larger

areas than the originating military installations. In their planning and layout, they

appear in a fairly regular fashion with a clear orientation towards ‘their’ fort.

Of particular importance are, on the one hand, that the civilian settlements

started archaeologically contemporary with ‘their’ forts and, on the other hand,

that quite a number of places were evacuated more or less at the same time the

soldiers were moved away. Additionally, cemeteries, which according to Roman

law were supposed to be separated from settlements, were planned by the military

in such a way that between them and the military installations, enough space was

left for the civil settlements (Fig. 6).

Consequently, we have to assume that the camp followers were attached fairly

strongly to ‘their’ soldiers and moved with them. Ample proof is given through the

so-called military diplomas, which give evidence of the grant of Roman citizenship

to an auxiliary soldier on his release from the army after 25 years of service.

According to these bronze tablets, citizenship was often also granted to a wife, ‘in

case the soldier had one’, and for a short period of time also to children, if there were

any. This was despite that a Roman soldier was not allowed to be married while in

service. However, the procedure apparently acknowledged the facts of male-female

relationship and the possible results thereof, i.e. offspring.

If we follow the chain of soldiers and their dependents movement to the begin-

ning, we end with a view that the origin of the majority of camp followers should be

the place(s) of the origin of the soldiers. Only gradually there seem to have been

additions from the regions where the soldiers were stationed. Problematic is that we

rarely know a continuous sequence of the places where a unit was stationed and/or its

origin. As many of the units experienced far-reaching movements, this resulted in a

particular military culture which shows a certain similarity across the Roman

provinces. Only gradually, with a stabilization of the garrisons from the second

century CE onwards, can we expect more and more ‘local’ reproduction within the

military, resulting in an increasingly local appearance of the soldiers and their

followers.

Highly controversial is the question of the extent and nature of the people in the

conquered territories south of the Danube north of the Alps, i.e. natives living there

before the Roman appearance. Whereas we have for the alpine valleys historical

knowledge of various groups (tribes) mostly through a victory monument with the

mentioning of conquered people situated above Monaco (Tropaeum Alpium) and

also archaeological knowledge of their settlements and occasionally their burial

grounds (Strobel 2009; Zanier 2004), nothing of that seems to be certain further

north. Only a few names of groups may be linked with that region, and
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Fig. 6 Magnetogram of Ruffenhofen in the UNESCO World Heritage, Frontiers of the Roman

Empire. In the north the fort (c 4 ha), in the south and east along a bypassing road the military

vicus, in the continuation towards the northeast the cemetery (BLfD; H. Becker/J. Faßbinder)
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archaeologically there seems to be a gap between the last people living here before

the Roman conquest (i.e. the late La Tène period, Celtic people, ending sometime in

the second half of the first century BCE) and settlements or graves which contain

datable Roman material (from the late 20s or 30s of the first century CE onwards).

The dispute sees on the one side the possibility that there is a problem in dating

these places. People living continuously in the region after the La Tène period

might not have used material which was preserved in the ground to a large extent.

Only after the Roman conquest persistent and datable material would have found its

way into much older settlements. As some of these native-looking settlements and

adjoining graves contain also material which shows a connection to older Celtic

stuff, there is the theory of nativist behaviour, i.e. the remembrance, celebration and

use of long-forgotten ideas or ideals and material in some kind of silent opposition

to the Romans (Steidl and Will 2005; Zanier 1999, 2004, 2007).

On the other side stands the view that southern Germany experienced an

interruption in its settlement at the end of the first century BCE. Only after the

Roman conquest either people were settled in the empty lands or attracted to move

there by incentives like free land, tax exemption for some time or military pressure.

As many were coming from a partially Romanized Gaul, which had a Celtic

background itself, their material culture appears to us ‘native’ (Sommer 2015b).

This is the background for the archaeological subprojects ‘Population and

livestock in the Raetian Alps and alpine foreland of the first century CE’ and

‘Gontia as a melting pot?—The composition of the population during Günzburg’s
Roman military period, as reflected by its graves. A model for Raetia’ of our project

(see chapter ‘Current Synthesis and Future options’). Can the population of south-

ern Germany living in native-appearing settlements at the beginning of the Roman

occupation in the beginning of the first century BCE be determined as indigenous,

or does it have its roots somewhere else outside the region? If the latter, are there

indications as from where they were moving and under what circumstances did they

migrate to our area? Can we determine from where the Roman soldiers were

coming and is the model of camp followers from previous places of garrison or

original place of recruitment correct? In other words, how small or large was the

interaction with a possible surrounding population, as the forts provided a well-

defined market, not least because of the regular instalments which the soldiers

received? We hope that the detailed archaeological analysis features and finds in

relation to the isotopic analysis will provide further insights into the settlement

history of the Roman times.
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Anthony D (1990) Migration in Archaeology. The baby and the bath water. Am Anthropol

92:895–914

Bagolini B, Broglio B (1985) Il ruolo delle Alpi nei tempi preistorici (dal Paleolitico al

Calcolitico). In: Liverani M et al (eds) Studi di Paletnologia in onore di Salvatore

M. Puglisi. Universita di Roma “La Sapienza”, Roma, pp 663–705

Bankus M (2004) Der Freisinger Domberg und sein Umland. Untersuchungen zur prähistorischen
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Metallgewinnung in Brixlegg, Österreich. In: Bartelheim M, Krause R, Pernicka E (eds) Die

Anfänge der Metallurgie in der Alten Welt. Freiberger Forschungen zur Archäometrie und
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Osteuropa 17. Rudolf Habelt Verlag, Bonn

Kasseroler A (1957) Die vorgeschichtliche Niederlassung auf dem “Himmelreich” bei Wattens.

Schlern-Schriften 166. Wagner, Innsbruck

Kern A, Guichard V, Cordie R, David W (eds) (2009) Situlen—Bilderwelten zwischen Etruskern

und Kelten auf antikem Weingeschirr. Schriften des Kelten R€omer Museums Manching 2

Kienlin T (2013) Copper and Bronze: Bronze age metalworking in context. In: Fokkens A,

Harding A (eds) The Oxford Handbook of the European Bronze Age. Oxford University

Press, Oxford, pp. 414–436

Knappett C (2011) An archaeology of interaction. Network perspectives on material culture and

society. Archaeological Press, Oxford

Kopytoff I (1986) The cultural biography of things: commoditization as process. In: Appaduri A

(ed) The social life of things: commodities in cultural perspective. Cambridge University Press,

Cambridge, pp. 64–91

Kristiansen K (1989) Prehistoric migrations—the case of the single grave and corded ware

cultures. J Danish Archaeol 8:211–225
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Stuttgart, pp. 49–57

Leitner W, Brandl M, Bachnetzer T (2015) Die Ostalpen als Abbaugebiet und Versorgungsregion

für Silex und Bergkristall in der Prähistorie. In: St€ollner T, Oeggl K (eds) Bergauf Bergab.

10.000 Jahre Bergbau in den Ostalpen. Wissenschaftlicher Beiband zur Ausstellung im

Deutschen Bergbau-Museum Bochum vom 31.10.2015–24.04.2016, im Vorarlberg Museum

Bregenz vom 11.06.2016–26.10.2016. Ver€offentlichung aus dem Deutschen Bergbau-Museum

Bochum 207, pp 59–69
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Marzatico F (2001c) La seconda età del ferro. In: Lanzinger M, Marzatico F, Pedrotti A (eds)

Storia del Trentino I: La Preistoria e la Protostoria. Il Mulino, Bologna, pp. 479–573

Marzatico F (2001d) Il Trentino-Alto Adige/Südtirol tra il VI secolo e la romanizzazione. In:

Vitri S, Oriolo F (eds) I Celti in Carnia e nell‘arco alpino centro-orientale. Atti della Giornata

di studio. Tolmezzo 30 Aprile 1999. Editreg, Trieste, pp 227–239

Marzatico F (2002) “Mobilität” entlang des Etschtals vor der Romanisierung. Mobilità lungo la
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Pierre en Europe du Sud. Actes de la table ronde Carcassonne 5–6 septembre 2003. Archives
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und Frühgeschichte 40. C.H. Beck, München, pp 110–170

Pedrotti A (2001) Il Neolitico. In: Lanzinger M, Marzatico F, Pedrotti A (eds) Storia del Trentino

I: La Preistoria e la Protostoria. Il Mulino, Bologna, pp. 119–181

Pietsch M (1998) Der Burgberg bei Oberaudorf—Eine H€ohensiedlung der Späthallstatt - und
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Sperber L (1999) Zu den Schwertträgern im westlichen Kreis der Urnenfelderkultur: profane und

religi€ose Aspekte. In: Kilian-Dirlmeier I, Egg M (eds) Eliten in der Bronzezeit. Ergebnisse

zweier Kolloquien in Mainz und Athen. R€omisch-Germanisches Zentralmuseum, Mainz,

pp. 605–659

Staudt M, Tomedi G (2015) Zur Besiedlungsgeschichte der Ostalpen in der Mittel - bis

Spätbronzezeit: Bestand, Kolonisation und wirtschaftlicher Neuanfang in der mittleren und
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Rudolf Habelt Verlag, Bonn

Tomedi G (2004) Der bronzezeitliche Schatzfund von Piller. Schriften des Museums Fliess

1, Fliess

Tomedi G (2008) Der hallstattzeitliche Schatzfund von Fliess, Gemeinde Fliess, Nordtirol.

Schriften des Museums Fliess 2, Fliess

Tomedi G (2010) Eisenzeitliche H€ohensiedlungen entlang der Transitroute des Tiroler Inntals. In:
Dal Ri L, Gamper P, Steiner H (eds) H€ohensiedlungen der Bronze - und Eisenzeit. Kontrolle

der Verbindungswege über die Alpen. Forschungen zur Denkmalpflege in Südtirol 6. Temi

Editrice, Trento, pp 560–569

Tomedi G (2012) Der mittelbronzezeitliche Schatzfund vom Piller. Eine kulturhistorische

Lokalisierung. In: Hansen S, Neumann D, Vachta T, (eds) Hort und Raum. Aktuelle

Forschungen zu bronzezeitlichen Deponierungen in Mitteleuropa. de Gruyter, Berlin, pp

151–168

Tomedi G, Hye S, Nicolussi Castellan S (2006) Die Räter in Stams. Neue Forschungen an der
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The Concept of Isotopic Landscapes:
Modern Ecogeochemistry versus
Bioarchaeology

Gisela Grupe, Stefan H€olzl, Christoph Mayr, and Frank S€ollner

Abstract

The term “isotopic landscape” or “isoscape” is used to indicate a map depicting

isotopic variation in the environment. The spatial distribution of isotopic ratios in

environmental samples is an indispensable prerequisite for generating an isotopic

landscape yet represents more than simply an assessment of this distribution. An

isotopic landscape also includes the fundamental parameters of prediction and

modelling, thus providing estimated isotopic signatures at sites for which no values

are known.When calibrated, suchmodels are very helpful in assessing the origin of

geological and biological materials. Reconstructing the place of origin of primarily

non-local archaeological finds is a major topic in bioarchaeology because it gives

clues to major driving forces for population development through time such as

mobility, migration, and trade. These are fundamental aspects of the past human

behaviour. For decades, stable isotope analysis has been the method of choice, but

still has its limitations. Bioarchaeological sciences have adopted “isoscapes”

mainly as a term, but not as a contextual concept.

This chapter briefly introduces the research substrate of bioarchaeology,

which mainly consists of human and animal skeletal finds, provides a concise
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overview of selected stable isotopic ratios in these remains, and explains their

research potential for migration research. State of the art in bioarchaeology,

including efforts towards the generation of predictive models, is discussed

within the framework of existing isotopic maps and landscapes relevant to

bioarchaeology. The persisting challenges in this field of research, which gave

rise to research efforts summarized in this book, are also addressed.

Introduction

Stable isotopes are very useful and indispensable markers for the monitoring of the

flow of matter through biogeochemical cycles. Isotopes of an element differ in the

number of neutrons and are generated, e.g. by the decay of parent isotopes or by

reactions with subatomic particles in the environment. Differences in the atomic

mass of isotopes of the same element lead to differences in molecular bond strength

and vibration energies, whereby the vibrational frequency of a molecule is inversely

related to the atomic masses of its compounds. This, and the different thermody-

namic reactivity of light and heavy isotopes or molecules consisting of light or

heavy isotopes, leads to isotopic fractionation, i.e. uneven partitioning of isotopes

between source and product. Isotopic fractionation is mostly considered for

non-radiogenic isotopes of light elements because these effects are often difficult

to distinguish from decay effects in radiogenic isotopes (Porcelli and Baskaran

2012) and decrease with increasing atomic mass. In general, three fractionation

processes are possible and do occur in nature: In the course of equilibrium fraction-

ation, isotopes are separated between the source and reaction products in the form

of a chemical or physical equilibrium such as the reversible exchange of molecules

between two phases (e.g. water vapour and liquid water). Kinetic fractionation

describes mass-dependent isotopic splitting in the course of a unidirectional process

such as an enzymatic reaction (e.g. photosynthesis), and diffusion fractionation

occurs in the gas phase only, which is due to the slower diffusion velocity of

molecules containing or consisting of heavy isotopes.

Isotopic fractionation and mixing in an ecosystem, thus, can generate

compartments with characteristic isotopic signatures (see, e.g. Fry 2006). For

instance, evaporation and condensation in the course of hydrological processes

lead to predictable distributions of hydrogen and oxygen isotopes in the atmosphere

and in precipitation, while photosynthesis is the crucial process of carbon isotope

fractionation on the level of the primary producers. Isotopic labels shared by certain

ecological components such as soil, water, plants, microbia and animals are suc-

cessfully used for the generation of isotopic maps for the investigation of landscape

ecology. Source inputs such as wastewater discharge into rivers or changing floral

communities in time and space are tracked this way (Fry 2006). Such isotopic maps

are empirically generated by sampling the relevant environmental components and

by subsequent analyses of their isotopic signatures. However, isotopic maps differ

substantially from an “isotopic landscape”.
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The term “isotopic landscape” or “isoscape” emerged around the turn of the

millennium and describes “maps of isotopic variation produced by iteratively

applying (predictive) models across regions of space using gridded environmental

data sets”, whereby one “common use of isoscapes is as a source of estimated

isotopic values at unmonitored sites, which can be an important implementation for

both local- and global-scale studies if the isoscape is based on a robust and well-

studied model” (Bowen 2010). In April 2008, a conference on isoscapes was held in

Santa Barbara, California, where research interests in the fields of ecology, climate

change, biogeochemistry, hydrology, forensic sciences, anthropology, atmospheric

chemistry and trade regulation were addressed in an attempt to better understand

and quantify the distributions of stable isotopic ratios in time and space. The

conference proceedings were published by West et al. (2010a) as a monograph

and received high international attention.

Bioarchaeological sciences adopted the measurement and interpretation of

stable isotopes in preserved archaeological finds rapidly after their potential as

ecological markers became evident and long before the concept of “isotopic

landscapes” was developed. Early studies concerned the reconstruction of

palaeodiet and ancient food webs by stable carbon and nitrogen isotopes in bone

collagen (e.g. Vogel and van der Merwe 1977; Bumsted 1981; Schoeninger et al.

1983; Norr 1984; Schwarcz et al. 1985; DeNiro 1985) and provenance analysis by

stable strontium and lead isotopic ratios in bone minerals (Ericson 1985; Molleson

et al. 1986). Decades later, “isoscapes” have been adopted by bioarchaeologists, but

mainly just as a term and not as a contextual concept (Grupe and McGlynn 2016).

The vast majority of stable isotope studies in this field lack the fundamental

parameters of prediction and modelling and are still restricted to the evaluation of

the spatial variability of isotopic data. To quote Bowen et al. (2009), “the underly-

ing premise behind isoscapes is that isotopic composition can be predicted as a

function of time, location, and spatially explicit variables describing isotope-

discriminating processes” and that “well calibrated models also help predict

patterns of environmental isotope variation that can be used to ‘fingerprint’ the

origin of geological and biological materials”. Bioarchaeology cannot claim to use

this concept before these prerequisites are fulfilled. To identify the origin of

humans, animals or goods in prehistory, existing gaps in empirical data sets have

to be filled, and continuous predictions of isotope distributions in time and space are

needed (Bowen 2010).

In the beginning, stable isotopes in bioarchaeological finds were measured and

simply compared to the known spatial distribution of the isotopic system under

study such as 87Sr/86Sr in geological maps or the climate and habitat-dependent

distribution of C3 and C4 plants which is reflected in the δ13C values of the

consumers’ tissues. Outliers, detectable by univariate statistics (e.g. Grupe et al.

1997), were readily interpreted as immigrant individuals. Soon it became obvious,

however, that the use of stable isotopes for the reconstruction of migration and trade

in bioarchaeology is not an end in itself but frequently necessitates accompanying

data (e.g. analysis of not only human but also animal bones or soil sampled from the

same site) for the assessment of ecogeographical baseline values to account for the
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small-scale variability in time and space. The deliberate a priori establishment of

maps of bioavailable stable isotopes in modern environments or archaeological

strata was a first approximation to “archaeological isotopic landscapes” and was

developed only slowly in the course of the last decade (see below). The

accumulating knowledge on the distribution of stable isotopes in the environment

in time and space was followed by a refinement of the simplified notion that outliers

necessarily represent primarily non-local individuals. Growing insights into the

small-scale variability in isotopically characterized ecogeographical compartments

gave rise to more fruitful discussions on mobility versus migration/trade in the past.

In the case of individual or collective residence change, as depicted by “non-local”

stable isotope signatures in the skeletal remains, distance travelled is a crucial

aspect. A single micro-region might be patchy in terms of stable isotopic signatures,

and simple mobility within such a region can be easily mistaken as migration and

trade.

Brief Introduction into the Research Substrate: Archaeological
Skeletal Remains

Bioarchaeological finds are preserved organic remains, either the remnants of

former beings or preserved artefacts manufactured from organic material. Soft

tissue preservation requires special burial conditions (e.g. bog bodies, fossils) or

post-mortem treatments such as intended mummification. While stable isotope

analysis is also applied to such remains, this will not be considered in this book

because the vast majority of bioarchaeological research substrates are made up of

mineralized tissues such as bones, teeth and shells. Biominerals are formed by

living organisms and are under genetic control, permitting for sizes and shapes that

do not occur in the course of inorganic mineralization (e.g. dissymmetry). Also,

biominerals are primarily composite materials consisting of minerogenic

nanocrystals that are surrounded and penetrated by organic material. In the living

being, the structured composition of organic and inorganic components guarantees

for material properties such as pressure and tension resistance. Since the research

efforts that led to this book concentrate on how to evaluate migration and culture

transfer in a defined reference area, focus is on vertebrate skeletal remains because

both humans and many non-human vertebrates are mobile by nature. Recovered

shells are not considered because they are either the remnants of the local fauna or

were transported to the site of their recovery by their owners or as trade goods.

With the exception of cell-free tissue, such as mature dental enamel, the major

constituents of the vertebrate skeleton are the elastic structural protein collagen

(type I) and the pressure-resistant calcium phosphate mineral. Mature human bone

consists of about 70 % mineral and 21 % collagen, mature enamel of >96 %

mineral and a few weight percentages of non-collagenous proteins, while tooth

dentine largely resembles bone in its gross composition (Grupe et al. 2015). The

minerogenic fraction corresponds to hydroxyapatite (Ca10(PO4)6(OH)2), but is both

calcium deficient and carbonated and is therefore named “bioapatite”. Calcium
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lattice positions may be substituted by trace elements such as the non-essential

elements strontium and lead that are sequestered into the skeleton after assimila-

tion. As a result, the calcium/phosphate ratio in bioapatite is somewhat lower than

the respective ratio in the ideal hydroxyapatite (1.4–1.6 opposed to 1.67, Pate

1994). Both the phosphate and the hydroxyl group are substituted by carbonate

anions in vivo (Peroos et al. 2006) but do not amount to more than 2–4 % in the

living being. Bone mineral crystals are extremely small and thin platelets in vivo

with an average size of only 50� 25 nm and a thickness of 1.5–4.0 nm (Berna et al.

2004; Schmahl et al. 2017). This size and shape guarantees for a high reactive

surface that is a necessity for an active metabolic organ, but requires a constant

energy supply for its maintenance. After death, energy supply ceases and the

crystals readily start growing in size. At the same rate as the surrounding organic

material is degraded in the course of dead bone decomposition, this growth will

continue until all intracrystalline porosities are filled and the bone turns into a

closed system (Trueman et al. 2008). Mineral crystals of dental enamel are much

larger and of μm size and are combined into bundles with a diameter of about 4 μm
(Hillson 1996).

Collagen type I is responsible for the elasticity of bone and makes up about 90 %

of all organic molecules in the living skeleton. It is a highly conservative structural

protein that occurs in all connective tissues that have to stand tension forces. Mature

collagen type I is a triple helix consisting of two α1(I) and one α2(I) chain, each
made up of 338 tripeptides corresponding to 1014 amino acids of the glycine-X–Y

type. Being the smallest of all physiological amino acids, the presence of glycine at

every third position of the helix permits for a particularly tightly twisted chain. The

triple helix is stabilized by a high abundance of the amino acid hydroxyproline by

forming hydrogen bonds and pyridinoline cross-links which are specific for bone

collagen (Grupe et al. 2015). While the single collagen molecule has an average

length of about 300 nm and a thickness of about 1.5 nm, its combination into fibrils

leads to bundles that can reach a length of several millimetres and a thickness of

several hundred nanometres (Weiner and Wagner 1998; Persikov et al. 2000). Bone

collagen is therefore a highly stable and hardly soluble molecule. These properties

and its embedding into the bioapatite are the reasons why this organic molecule is at

all capable of surviving hundreds and thousands of years after death in the soil and

may serve as a substrate for several archaeometric methods such as radiocarbon

dating, among others. This does not imply that bone collagen is infinitely stable and

not subject to dead bone decomposition, but its state of integrity after purification

from a bioarchaeological find is securely and easily assessable by its amino acid

profile. This availability of a routine molecular biological method for the assess-

ment of the molecule’s state of integrity contrasts with the definition of the state of

preservation of archaeological bone and tooth mineral (see Schmahl et al. 2017).
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Stable Isotopes in Archaeological Skeletons and Their Research
Potential for Migration Research

Stable isotopes in vertebrate skeletal remains which are suitable for an

ecogeographical isotope mapping concern on the one hand the light elements hydro-

gen (H), carbon (C), nitrogen (N) and sulfur (S) in bone collagen, whereby carbon,

hydrogen and in addition oxygen isotopic ratios are also measurable in the bone

mineral (phosphate and structural carbonate groups), and on the other hand the heavy

elements strontium (Sr) and lead (Pb) that substitute for calcium lattice positions in

the bioapatite (Fig. 1). Since the mass differences of isotopes of light elements are

relatively largewith regard to the element’s atomicweight, stable isotope abundances

are expressed by the δ-notation as δ¼ [(Rsample –Rstandard)/Rstandard]*1000 in ‰
with R being the molar ratio of the heavy to the light isotope. A quasi-linear

relationship exists between the δ-value and the abundance of the heavy isotope in a

natural sample. For heavy elements with an atomic mass exceeding about 50 mass

units, absolute abundance ratios are used (e.g. 87Sr/86Sr) because fractionation is

negligible. While this has long been assumed for logical reasons, it has been verified

experimentally only very recently (Flockhart et al. 2015). Per definition, the fraction-
ation factor α between source x and product y is expressed as αx� y¼Rx/Ry. In most

bioarchaeological publications, this fractionation factor is expressed in a simplified

way as the mere difference of the δ-values between source and product

Δx� y¼ δx� δy although this is not mathematically correct. However, Δ is suitable

for an empirical assessment of the amount of isotopic partitioning during element

Fig. 1 Isotopic ratios

routinely measured in

archaeological skeletal

remains
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transport, e.g. through the food chain. As long as Δ does not exceed about 10 ‰, it

constitutes a reasonable approximation for α becauseΔx� y� 103 lnαx� y (West et al.

2010b). An overview of the average abundance of stable isotopes in elements which

are suitable for bioarchaeological purposes is given in Table 1.

Stable isotope ratios in archaeological skeletal finds that are frequently used for

the reconstruction of migration and trade in prehistory concern the radiogenic

strontium and lead isotopes and δ18Ophosphate in bioapatite. The radiogenic isotopes

are related to the overall geochemistry at a site, while δ18O is dependent on

hydrological cycles and therefore on ecogeographical parameters. δ13C and δ15N
in bone collagen are strongly related to diet and may serve as additional markers for

provenance analysis in cases where the presumed place of origin of the finds and the

site of their recovery are likely to differ in terms of the spectrum of edible plants and

animals (see Fry 2006; Ben-David and Flaherty 2012). δ34S in bone collagen

mainly differentiates between marine/coastal and inland environments (Richards

et al. 2001; Fry 2006) and is also related to diet. δ2H can be measured both in bone

collagen and the bioapatite. It is again governed by hydrological cycles and

therefore strongly coupled with δ18O. Normally, a deuterium excess d is observed

in stable isotopes in precipitation (d¼ δ2H – δ18O� 8, Dansgaard 1964). However,

δ2H is still rather infrequently used for bioarchaeological purposes. First, a strong

interference of ecogeography and diet is evident (Reynard and Hedges 2008; Petzke

et al. 2010), and, second, hydrogen in both bone collagen and apatite is subject to

exchange processes in the course of decomposition rendering the authentication of

δ2H in bone very difficult.

Table 1 Average atomic

fraction (abundance %) of

selected isotopes, and

standard reference material

for analysis. Abundance

data from Hobson (1999),

Ben-David and Flaherty

(2012), and West et al.

(2010b)

Element Isotope Abundance (%) Standard

Hydrogen 1H 99.985 V-SMOW
2H (¼D) 0.015

Carbon 12C 98.90 V-PDB
13C 1.10

Nitrogen 14N 99.63 AIR
15N 0.37

Oxygen 16O 99.76 V-SMOW
18O 0.20

Sulfur 32S 95.02 CDT
34S 4.21

Strontium 86Sr 9.86 SRM 987
87Sr 7.0

Lead 204Pb 1.4 SRM 981
206Pb 24.1
207Pb 22.1
208Pb 52.4
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Isotope Maps and Isotopic Landscapes of Relevance
for Bioarchaeology

The most advanced isotopic landscapes that are augmented on a regular basis

concern the global hydrological cycles. The “Global Network of Isotopes in

Precipitation” (GNIP) arose from a joint cooperation of the International Atomic

Energy Agency (IAEA) and the World Meteorological Organization (WMO) that

started a worldwide survey of the oxygen and hydrogen isotopic composition in

precipitation (Dansgaard 1964; Aggarwal et al. 2010). Since the year 2007, the

“Global Network of Isotopes in Rivers” (GNIR) is operated by the IAEA Water

Resources Programme and monitors the isotopic composition of large river run-offs

(Vitvar et al. 2007). Other projects initiated and supported by the IAEA are the

“Moisture Isotopes in the Biosphere and Atmosphere” (MIBA, launched in 2004)

and “Isotope Composition of Surface Waters and Groundwaters” (IAEA-TWIN,

launched in 2003) networks (Aggarwal et al. 2010). For a prediction of stable

isotope ratios in water, soils and plants, the IsoMAP modelling tool was first

released in 2011 (Bowen et al. 2014). With regard to the global climate change,

these networks are of outstanding importance for a deep understanding of the water

flux in the course of environmental processes.

Empirical local maps of δ18O in precipitation exist worldwide, of relevance for

the transalpine passage investigated in this book are, e.g. the publications by Humer

et al. (1995), Longinelli and Selmo (2003) and Kern et al. (2014). Bioarchaeology

tries to make use of these existing isotopic landscapes and isotope maps by

transforming stable oxygen (and to a far lesser extent also hydrogen) isotopes in

the bioapatite of human and animal skeletal remains to δ18O in precipitation in an

attempt to gain insights into palaeoclimates and individual place of origin.

Longinelli and Nuti (1973) were the first to relate δ18Ophosphate to water and

temperature and gave way to numerous studies using archaeological bones and

teeth as substrate for the reconstruction of palaeoclimate proxies (e.g. Fricke et al.

1998; Luz and Kolodny 1985, 1989; Shemesh et al. 1983, 1988). Technical and

methodological progress, as well as corrections with regard to the standard refer-

ence material NBS 120c, led Pucéat et al. (2010) to publish a revised regression

between δ18Ophosphate, δ18Owater and temperature (T):

T oCð Þ ¼ 118:7� 4:22 δ18Ophosphate þ 22:6� δ18ONBS120c

� �� �� δ18Owater

� �
,

with the result that previously published applications of δ18Ophosphate for the

reconstruction of past climates underestimated the palaeotemperature of water by

4–8 �C. But still, stable oxygen isotopic ratios prove to be accepted climate proxies.

Closely linked with climatic conditions are stable carbon isotope ratios in

vegetation. Terrestrial plants preferentially assimilate the 12CO2 over the 13CO2

molecule in the course of photosynthesis, whereby plants using the photosynthetic

C3 and C4 pathways differ in their isotopic fractionation leading to significantly

different plant δ13C values (Farquhar et al. 1989). The majority of terrestrial

vegetation in the temperate climates follows the C3 photosynthesis, while the C4
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pathway is largely restricted to herbaceous plants that prefer open, warmer and

more arid environments. The overall higher flexibility towards different growth

conditions in addition leads to a smaller variability of C4 plant δ13C values (about

�15 ‰ to �11 ‰) compared to those of C3 plants (on average �27 ‰ to �22 ‰,

but with much lower values under closed canopies; Still and Powell 2010;

Ben-David and Flaherty 2012). These isotopic differences in the primary producers

are transferred into the consumer’s tissues and are therefore frequently used by

bioarchaeologists for the reconstruction of palaeodiets from the skeleton (with

consideration of some caveats; see Grupe et al. 2015). δ13C values of aquatic

primary producers can differ from terrestrial ones, but are highly variable

and related to the assimilation of different inorganic carbon species (bicarbonate

versus dissolved CO2, Mook et al. 1974; Keeley and Sandquist 1992), water

temperature, salinity, amount of solubilized CO2, water depth, etc. (Fry 2006).

Differences in δ13C of human bone collagen from the same archaeological site are

basically indicators of different dietary preferences of the consumers and can give

clues to the general past subsistence economy such as fishing versus farming

(e.g. Grupe et al. 2013) and can assist in identifying immigrated human or animal

individuals which originated from regions with a different vegetation cover.

Because of a fairly constant offset between δ13Ccollagen and δ13Ccarbonate in the

skeleton (Passey et al. 2005), also δ13C in the bone structural carbonate can be

successfully measured for the scope of palaeodiet reconstruction and migration

research. The creation of vegetation δ13C isotopic landscapes that will be of great

benefit for bioarchaeological research is straightforward (Still and Powell 2010).

Stable isotope ratios in bone collagen are related to the growth metabolism of a

vertebrate and mirror the respective isotopic composition of the protein part of the

diet. While δ34Scollagen reliably differentiates between terrestrial and marine

environments and is therefore also a useful isotopic system for palaeodietary and

potentially related migration research in bioarchaeology (Privat et al. 2007), the

relationship of δ15N and diet can be rather variable and less useful for migration

research despite an overall enrichment of proteins with 15N in marine

environments. Since heavy isotopes prefer the stronger molecular bonds, 14N is

enriched in excreta in the course of protein metabolism, leaving the consumer’s

tissues enriched with 15N. This leads to a significant trophic level effect in the

course of the food chain (Caut et al. 2008), but the nitrogen cycle as such is

complex. As a result, nitrogen uptake by the primary producers and the soil

properties in terrestrial environments can be highly variable and dependent on

former land use, among other factors (Pardo and Nadelhoffer 2010). δ15Ncollagen

therefore does not contribute much to bioarchaeological migration research, with

the exception of special scenarios related to mobility and residence change between

coastal and inland sites.

Stable strontium isotope ratios (87Sr/86Sr) have long been used in ecological and

bioarchaeological studies for the reconstruction of place of origin and migration of

modern and past humans and animals (e.g. Bentley 2006; Crowley et al. 2015). 87Sr

is a radiogenic isotope and the decay product of 87Rb, which has a half-life of

48.8 � 109 years which by far exceeds the age of our planet. In the course of our
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earth’s history, stable strontium isotopes with the masses 84, 86 and 88 gained

constant ratios, while the abundance of 87Sr in rocks is a function of the initial 87Rb

concentration in rock and its age. Therefore, geochemistry has greatly benefited

from the 87Sr/86Sr ratio for dating rocks (Faure 1986). Since soil is largely

generated from weathering rock, 87Sr/86Sr in terrestrial ecosystems is related

to parent rocks, whereby oceanic basalts and young volcanic rocks typically exhibit
87Sr/86Sr isotopic ratios around 0.7036, while Rb-rich continental rocks have much

higher ratios such as around 0.737 (Faure 1986). Due to global mixing, modern

ocean water has a relative constant 87Sr/86Sr isotopic ratio of 0.7092, however, with

some variability dependent on the salinity (e.g. Andersson et al. 1992). Today,

a geological map exists for nearly every place on the planet that gives clues

to the smaller and larger scale variability of stable strontium isotope ratios in

bedrock. While such empirically generated maps may be helpful in defining

expected 87Sr/86Sr values in bioarchaeological finds, they can at the same time be

very misleading because the bioavailable strontium which enters the biosphere can

significantly differ in its isotopic composition from the respective bedrock (Sillen

et al. 1998). Let alone that some soils are not at all related to local parent rock such

as glacial till introduced into carbonate-dominated regions in the North German

Plain in the course of the last glaciation, most rocks do not have a uniform mineral

composition. First, some constituents of parent rock weather faster than others.

Beard and Johnson (2000) have already pinpointed that carbonates are both rich in

strontium and weather fast, and therefore, bioavailable strontium from a region

characterized by, e.g. both carbonates and siliciclastics, is heavily biased towards

the carbonate portion in terms of its isotopic signature. Second, in contrast to Rb,

which is an alkali metal, Sr is an alkaline earth element and behaves differently in

geological reactions. Resulting differences in the Rb/Sr ratio of rocks are accord-

ingly reflected in variations of 87Sr/86Sr isotopic ratios in ecosystems (Capo et al.

1998; Porcelli and Baskaran 2012) what basically permits the routing of 87Sr/86Sr to

its geological source.

However, discerning local from non-local 87Sr/86Sr isotopic ratios in

bioarchaeological finds necessitates both some geological variability between

place of origin and place of recovery and at the same time a relative geological

homogeneity at the latter (Slovak and Paytan 2012). This prerequisite is rarely met:

The worldwide variability of archaeological human dental enamel is significantly

compressed compared to the geological variability at any site (Burton and Hahn

2016) because consumer 87Sr/86Sr ratios are dependent from a finite number of

calcium-rich food items (Meiggs 2007; Fenner and Wright 2014). 95 % of 87Sr/86Sr

isotopic ratios of 4885 human dental enamel samples originating from six

continents fall within the narrow range between 0.7047 and 0.7190 (Burton and

Price 2013). Definition of the typical “local” bioavailable 87Sr/86Sr isotopic ratio is

therefore far from easy. Several methods for the assessment of local strontium

isotope ratios in archaeological strata have been suggested, such as the

accompanying analysis of archaeological remains of the residential fauna (Price

et al. 2002), sampling of modern reference material such as soil, water, snails and

flora (Frei and Frei 2011; Maurer et al. 2012) or simply by referring to the majority
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of measured 87Sr/86Sr isotopic ratios in an archaeological human population under

the assumption that the majority of individuals should have been local to the site

(Wright 2005). While the latter is a plausible assumption for any settlement

chamber, it may however lead to circular conclusions and will be misleading in

case of pioneering populations (Grupe and McGlynn 2010). Also, imported food

such as salt (Fenner and Wright 2014) or the reliance on marine resources may

obscure the data.

As a result, isotopic mapping for a detection of immigrant people or imported

animals is still mainly performed by gathering as many data as possible from the

finds themselves and from accompanying archaeological or modern ecological

samples to get an overview of the isotopic variability in the region of interest.

Without doubt, such empirical data are the indispensable prerequisite for model

predictions. Geological maps can be used for a gross estimation of expected

isotopic ratios to assess possible places of origin of finds which do not fit into the

“regional” isotopic range. A list of major such radiogenic strontium isotope studies

in bioarchaeology with regard to Europe, the Mediterranean and the Americas is

provided by Slovak and Paytan (2012, pp 756–757). Such isotopic maps however

do not fulfil the requirements for a definition of an “isotopic landscape”. Primarily

non-local individuals are readily identified by the exclusion principle, but their

possible place of origin remains ambiguous because of the spatial redundancy of

isotopic ratios. Slovak and Paytan (2012) are therefore right in claiming that

“scientists should formulate hypotheses and devise their sampling strategy”,

because “the interpretation of 87Sr/86Sr data is hardly straight forward”.

Bioarchaeological strontium isotope maps are thus useful for supporting or

rejecting any archaeological hypothesis about possible place of origin of

immigrants to a site, but still cannot predict it with a certain probability.

Meanwhile, the simple amount of accumulated data resulted in regional archae-

ological isotopic maps covering several regions worldwide (e.g. Sillen et al. 1998;

Porder et al. 2003; Hodell et al. 2004; Hedman et al. 2009; Maurer et al. 2012;

Evans et al. 2010). Alternatively, an a priori isotopic mapping of suitable material

can be performed for a defined region of interest for a subsequent application to

bioarchaeological finds to come to answer precise questions related to migration

and trade. Several such studies already exist, but are still the exception to the rule

(e.g. Price and Gestsdóttir 2006; Gillmaier et al. 2009; Nafplioti 2011; Voerkelius

et al. 2010; Frei and Frei 2011; Brems et al. 2013; Willmes et al. 2014). This latter

procedure was chosen for the study of transalpine mobility in our project (see

Toncala et al. 2017). A few years ago, a major step towards strontium isotopic

landscapes was made by Bataille and Bowen (2012) by the development of a “local

water model” capable of predicting 87Sr/86Sr in surface waters. Essentially this

prediction relies on the relationship of bedrock with a weathering model and the

resulting contributions of dissolved strontium in water. Shortly thereafter, Bataille

et al. (2014) issued an independent sub-model for siliciclastic sediments. Crowley

et al. (2015) undertook large efforts in compiling hundreds of published 87Sr/86Sr

ratios of surface water, soil, vegetation, fish and mammalian bone across the USA

and compared the accuracy of predictability by the use of the aforementioned local
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water model. Besides the expected outcome that the predictability is higher in

geologically homogenous regions compared to more complex ones, one result is

of particular interest for bioarchaeology, namely, the fact that mammalian skeletons

were most accurately predicted. This led the authors to conclude that at least in their

study, mammal bone and the local water model “integrated Sr in similar

ways”. . .“making mammal tissues particularly well suited for the model” (Crowley

et al. 2015). Larger mammals (>100 kg) exhibited lower offsets between modelled

and empirically measured isotopic ratios than smaller mammals, possibly because

they integrate Sr “across broader spatial scales” (Crowley et al. 2015). In a small

pilot study performed in the frame of the transalpine project, S€ollner et al. (2016)
had modelled and predicted local 87Sr/86Sr isotopic ratios in archaeological

skeletons of cattle, pig and red deer from modern ecological reference samples.

While at some sites, soil 87Sr/86Sr in the archaeological horizons had greatly

influenced the respective isotopic ratio in mammalian bones, skeletal 87Sr/86Sr

was almost exclusively related to the isotopic ratio of available Sr in water at a

single site. It is apparent that soil/water/atmosphere/vegetation interdependencies

resulting in bioavailable strontium for the vertebrate consumer are more complex

than expected and that the spatial distribution of 87Sr/86Sr in bioarchaeological

samples has been too focussed on the underlying bedrock and overlying soil

properties. These interdependencies need much more research efforts in the future,

but the development of “strontium isotopic landscapes” for bioarchaeological

purposes is straightforward.

Like strontium, lead becomes fixed into the skeletal hydroxyapatite at calcium

lattice positions. Therefore, lead and strontium are not independent in terms of

mineral metabolism. More than 90 % of lead that is not excreted is stored in the

skeleton where it has a particular long biological half-life of up to 10 years in

compact bone (Smith et al. 1996). Basically, lead isotopes in the mammalian

skeleton can therefore be used as a georeferencing tool (Kamenov and Gulson

2014). Compared to 87Sr/86Sr, however, lead isotopic ratios have less frequently

been used for provenance studies in bioarchaeology (e.g. Carlson 1996; Yoshinga

et al. 1998; Åberg et al. 1998; Chiaradia et al. 2003; Bower et al. 2005;

Montgomery et al. 2005; Turner et al. 2009; Fitch et al. 2012). The often very

low lead content in archaeological finds and in particular the technical difficulties in

accurately measuring the least abundant isotope 204Pb constituted only one limiting

factor (Albarède et al. 2012; see below). It has been strongly advised that all four

stable lead isotopes need to be taken into account for any georeferencing purpose

(Kamenov and Gulson 2014; Villa 2016).

In general, lead isotopes should be very promising for provenance studies

because radiogenic lead is the product of three different decay series: 238U! 206Pb,
235U! 207Pb and 232Th! 208Pb. Only 204Pb is not a radiogenic isotope. Therefore,

the variability of lead isotopic ratios in rocks is far higher than for 87Sr/86Sr (Bullen

and Kendall 1998). Just as in the case of 87Sr/86Sr, stationary and bioavailable lead

and its respective isotopic ratios need to be distinguished from each other. While

lead is absorbed tighter to mineral surfaces than strontium and therefore only
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soluble at low pH values, it can also be transported in the form of organic lead

complexes and is highly mobile in nature. Consequently, the assessment of a typical

“local” stable lead isotopic ratio is much more difficult. In addition to the

lithological sources, the atmospheric introduction of lead into a certain catchment

area is also of crucial importance (Bullen and Kendall 1998). While such airborne

lead is concentrated in the topsoil layers, lead and its respective isotopic ratios in

groundwater are largely a function of rock weathering. Both lead sources will mix

in stream water accordingly. Ombrotrophic bogs are to a large extent fed with water

and nutrients from the atmosphere and are considered “long-term traps of airborne

particles” (Dunlap et al. 1999). Early metal working by humans already had a

measurable impact on atmospheric lead, and bog analyses indicate that since at least

2.300 years, atmospheric lead over Europe “has not had a natural background lead

isotope signature” (Shotyk et al. 1996; Dunlap et al. 1999). According to several

relevant studies, preindustrial lead isotopic ratios should fall into the following

ranges: 206Pb/207Pb, 1.21 � 0.05; 206Pb/204Pb, 18.90 � 0.86; 207Pb/204Pb,

15.66 � 0.10; and 208Pb/204Pb, 38.74 � 0.57 (Shotyk et al. 1996; Kylander et al.

2010; Breitenlechner et al. 2010; Kamenov and Gulson 2014). With regard to the

topic of this book, typical ratios for ore deposits in the Alps are 206Pb/204Pb,

18.3–18.5; 207Pb/204Pb, 15.6–15.7; and 208Pb/204Pb, 38.3–38.7 (Villa 2016). Due

to the impact of industrial lead sources such as leaded gasoline and their worldwide

distribution, modern lead isotopic signatures are significantly different (Bollh€ofer
and Rosman 2001).

With regard to bioarchaeological applications of lead isotopes for the assessment

of mobility and migration, it is logical to expect that residential vertebrates will also

best reflect the local lead isotopic ratios at a site. But in contrast to Sr, lead sources

and lead uptake may significantly differ in humans and animals. In general, lead

enters the organism through the ingestion of food and drinking water, but also

through the skin and lungs. While soil ingestion is a major source of lead in

herbivores (the bones of which should therefore reflect local isotopic signatures),

leachable Pb released from soil and dust dominates over dietary intake in modern

humans (Kamenov and Gulson 2014; Keller et al. 2016). Since vertebrates also

discriminate against ingested lead in favour of calcium, the lead content of

mineralized tissues is by far lower than environmental lead contents. Only in recent

times, the global heavy metal contamination led to more similar lead contents in

tissues and the surrounding habitat (Elias et al. 1982). Neolithic human skeletons

exhibit typical lead concentrations between <1 and 3 ppm only (Grupe 1991), a

level that was named “physiological zero level” by Drasch (1982). Modern human

skeletons in contrast may exhibit lead concentrations up to 70 ppm without any

accompanying symptoms of lead intoxication (Fergusson 1990). But lead exposure

can have been particularly high also during several epochs in human history which

is of relevance for bioarchaeological studies. Ore smelting for the purification of,

e.g. silver by the process known as cupellation leads to the formation of lead oxide

that is highly toxic because of its solubility in body fluids (Waldron 1988).

Extensive metal working in antiquity has resulted in the generation of regional

anthropogenic “hot spots” which are contaminated to an extent that they were no
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longer suitable for agriculture until modern times (Thornton and Abrahams 1984).

Since it takes a particularly long time until soils are generated by weathering of

rocks and sediments, soils belong to the non-renewable resources and are an

important topic in the frame of modern efforts for environment protection

(Reimann et al. 2012). But also daily life in history offered many opportunities

for lead exposure, such as the lead contamination of acidic food that was cooked or

otherwise prepared in lead vessels by formation of lead acetate. Because of its sweet

taste (synonymous “lead sugar”), preparation of sapa, a concentrated fruit juice

widely used both as sweetener and as preservative in Roman antiquity, was

preferably performed in leaden cooking ware. Sapa should have been a major

lead source for the population at that time (Alf€oldi-Rosenbaum 1984). With regard

to stable isotope mapping, lead isotopes from such utensils of daily life are likely to

overprint the isotopic ratios of locally occurring lead. Lead ores are characterized

by fairly typical isotopic fingerprints which are reflected in manufactured artefacts

and are helpful in provenancing items belonging to the material culture, whereby

the isotopic ratios are often augmented by trace element analysis (Frotzscher et al.

2007; Fabian and Fortunato 2010; Ling et al. 2014; Villa 2016). The custom of

reusing metals by smelting broken or otherwise useless artefacts introduces an

additional problem because this will lead to mixed isotopic fingerprints that are

not easy to resolve. With regard to the reconstruction of human mobility and

migration, primarily local individuals may therefore exhibit stable lead isotopic

signatures that are no longer compatible with the respective local ratios in their

native environment simply because of daily contact with traded and therefore non-

local lead artefacts.

Provenancing metal objects by lead isotopic ratios has a long history in

archaeometry, and extensive isotopic data bases do exist (for Europe, e.g. Durali-

Mueller et al. 2007; Stos-Gale 1993; Stos-Gale and Gale 2009). Reimann et al.

(2012) published a lead isotopic map of European agricultural soils a few years ago.

Recently, Albarède et al. (2012) suggested to additionally focus on the geological

age of the tectonic provinces where the ores have been generated and presented

a model to evaluate a “geological model age” and the necessary U/Pb (μ) and

Th/U (κ) ratios from lead isotopic ratios, thereby reorganizing existing Pb isotopic

databases to better decipher these measurements for provenance studies of metals.

But still, most provenance studies relying on lead isotopes make use of the normal

“isotopic fingerprint” provided by the raw measurement data (Klein 2007). In this

field, archaeometry is probably much further away from the generation of an

isotopic landscape compared with stable strontium and oxygen isotope analyses.

While prehistoric, historic and modern lead isotopic signatures are significantly

different from each other, telling the place of origin is still not easily achieved

because of the geological redundancy and the quite large catchment area of airborne

lead. Villa (2016) is therefore right in claiming that archaeometry should rely on

“Occam’s razor: the nearest ore source, as small as it may be is the most likely

choice of origin”.
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Persistent Challenges

In contrast to archaeological finds of artefacts manufactured from inorganic

materials, stable isotope ratios in bioarchaeological finds were generated in the

course of individual metabolism and have been under physiological control. When

it comes to provenance analyses, these physiological parameters need to be taken

into account, but still, they are largely unknown or at least known in insufficient

detail. This is probably the largest obstacle for the generation of bioarchaeological

isotopic landscapes.

Considering the most frequently used isotopic systems for provenance analysis,

namely, oxygen, strontium and lead isotopes in the skeleton, δ18O is independent

from lead and strontium isotope ratios, but the latter two are not independent in

terms of mineral metabolism because strontium and lead compete over calcium

lattice positions in the bone/tooth mineral (see above). Reconstructing human

mobility is more complex than residence change of herbivorous mammals, since

omnivores assimilate a variety of different food items and the measured isotopic

ratio in any tissue is made up of the weighted average of the respective dietary

isotopic signatures. The first challenge therefore lies in the definition of the most

important element sources which automatically implies that although stable isotope

ratios are important data with a high explanatory value, they will always remain

approximations. The question is how closely a past reality can be approximated

at all.

Accompanying analyses of animal bone finds still are the main clue for defining

the most probable local isotopic signatures for humans. Since humans and animals

have different water and food sources, the human isotopic fingerprints should be

similar to those of the animals (provided that all animals were in fact local to a site

and not imported), but not identical. With regard to δ18O, average ambient humidity

may have a considerable impact on animal bone δ18O depending on the species

(Kohn 1996). Humans are known to seldom drink surface water but rather prefer

water from springs, wells or cisterns. Standing water is in constant exchange with

the atmosphere, and H2
16O molecules will preferably evaporate, opening up the

possibility of generating a δ18O value of drinking water that significantly differs

from δ18O in precipitation. Another issue that has been raised early by Luz and

Kolodny (1989) but has not received much attention afterwards is the fact that the

residence time of phosphate in a skeleton varies between different types of bone. In

the event that people migrate across climatic boundaries and ingest water of a

different stable oxygen isotopic composition, the bones of the skeleton will respond

to this at different rates. The resulting heterogeneous isotopic composition of a

single skeleton can be very useful for the reconstruction of past migration, but

necessitates a standardized sampling procedure. This holds also for the analysis of

stable strontium and lead isotopes because of a strong reservoir effect in the

mammalian body (Montgomery et al. 2010) and the faster turnover rate of

trabecular opposed to compact bone.

It took many years until the significant impact of dietary preferences on con-

sumer 87Sr/86Sr isotopic ratio was accepted (Burton and Hahn 2016), and still, this
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important topic is often neglected in relevant publications. With regard to the

variety of lead sources in the environment, sourcing the accumulated lead isotopic

signatures in a skeleton is still in its infancy. In other words, while it is at present

technically possible to measure original stable lead isotopic ratios in

bioarchaeological finds after application of appropriate laboratory protocols, the

information hidden in the measurement data is far from being deciphered. This

constitutes a big obstacle especially in any attempt to generate lead isotopic

landscapes.

The spatial variability of oxygen, strontium and lead isotopes in a given region

of interest is mostly at hand or can be generated for archaeological strata. It has also

been accepted that the spatial redundancy of all three isotopic systems necessitates

the establishment of a “multi-isotope fingerprint” for each individual. Such

multi-isotope studies are gaining importance, but frequently, the measured stable

isotopic ratios are still compared and related to each other one by one (e.g. Müller
et al. 2003). Modern mathematical tools are seldom applied, such as the hierarchical

clustering of Pb, Sr and O isotopic parameters by Turner et al. (2009) or

clustering of lead and oxygen isotopic ratios by Keller et al. (2016). Since the

isotopic ratios δ18O, 87Sr/86Sr, 206Pb/204Pb, 207Pb/204Pb, 208Pb/204Pb, 208Pb/207Pb

and 206Pb/207Pb may be taken as seven different, partly dependent and partly

independent features capable of characterizing an individual bone find, data mining

methods such as Gaussian mixture model clustering and application of an expecta-

tion-maximization algorithm have been tested in our transalpine project with a

promising outcome (Mauder et al. 2016, 2017).

Resolving isotopic mixtures in geological systems is not trivial, but mixing in

the biosphere and the evaluation of the involved metabolic processes is even

more difficult. Many efforts have been and still are undertaken to generate

bioarchaeological isotopic landscapes, and there is a strong reason to believe that

the information hidden in multi-isotopic fingerprints of biominerals is far from

being fully exploited. The isotopic mapping of one of the most frequently used

Alpine passages, which demonstrates that a geographical obstacle does not prevent

culture transfer and population admixture, is just one of the ongoing research efforts

in the field.

References

Åberg G, Fosse G, Stray H (1998) Man, nutrition and mobility: a comparison of teeth and bone

from the medieval era and the present from Pb and Sr isotopes. Sci Total Environ 224:109–119

Aggarwal PK, Araguás-Araguás LJ, Groening M, Kulkarni KM, Kurttas T, Newman BD, Vitvar T

(2010) Global hydrological isotope data and data networks. In: West JB, Bowen GJ, Dawson

TE, Tu KP (eds) Isoscapes. Understanding movement, pattern, and process on earth through

isotope mapping. Springer, Dordrecht, pp. 33–50
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Early Roman Transfer of Animals Across
the Alps: Setting the Stage for Interpreting
the Results of Isotope Fingerprinting

Joris Peters, Markus Gschwind, Ferdinand Neuberger, Bernd Steidl,
and Simon Trixl

Abstract

Although the Alps represent a major ecological barrier separating two distinct

biomes, cultural exchange between the Mediterranean Basin and Central Europe

across this formidable region can be evidenced since prehistory. However, the

influx of goods, humans and animals to the newly founded province Raetia
achieved an unprecedented level subsequent to the Roman conquest and the

integration of the northern Alpine forelands into the Imperium Romanum.
Analysing the provenance of that material culture and also the immigrated

humans and imported animals associated with it represents a significant chal-

lenge to research. To improve our understanding of sociocultural changes

triggered by the Romanisation of the northern Alpine foreland and of human

exploitation of animals and developments in livestock breeding practices in

particular, our approach combines archaeological, zooarchaeological and stable

isotope evidence from contexts dating between 100 BCE and 100 CE. Based on

the archaeological record, it can be concluded that a large part of Mediterranean

and Mediterranean-style supplies for early Roman Raetia was shipped via or

from Gaul, whereas the via Claudia Augusta witnessed the transportation of

significantly fewer goods from Northern Italy across the Alpine divide. This

spatial framework provides the basis for defining possible regions of origin of

draught and pack animals, mounts, breeding stock and pets. Since Augustan/

Tiberian times, animal husbandry in Raetia benefitted from breeding measures
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aimed at improving performance. This was accomplished by importing sires or

sometimes even small founder flocks, but details about such practices are

missing from Roman writings. By applying isotope fingerprinting, the issue of

animal transfers will be tested and possible regions of origin defined. However,

using georeferenced isotope signatures (Sr, Pb and O) to document distant

transfers of animals is not unproblematic. Limitations are linked not only to

the geological/geographical complexity of the Alps and its forelands but also to

the diversity in husbandry systems (e.g. vertical transhumance) as well as fast

and multiple animal transfers.

Introduction

Separating the warm temperate Mediterranean basin from cool temperate Central

Europe, the Alps represent a major ecogeographical and at the same time cultural

barrier between (pre)historic communities inhabiting the regions north and

south of the main Alpine divide. Nonetheless, human migration and the transfer

of material culture and valuable goods across the Alps have a long tradition

(e.g. Schnekenburger 2002; see chapter “Transalpine Mobility and Trade since

the Mesolithic”). Cultural exchange however, took place via few Alpine passages

already frequented since ancient times. One major passage connecting the Po River

valley with the northern Alpine foreland crossed the Raetian Alps following the

valleys of the rivers Etsch (with its source near the Reschen-Scheideck Pass),

Eisack (with its source near the Brenner Pass), Inn and Lech.

The Roman conquest of the Alps and the northern Alpine foreland 15 BCE was

accomplished by a pincer movement, whereby Tiberius marched one army group

from Gaul to the High Rhine River and then eastwards, whereas Drusus assembled

a second army group in Northern Italy and used Tridentum/Trento as base for an

advance across the Alpine divide. Conceivably, the Roman conquest and

subsequent integration of the northern Alpine forelands into the Imperium
Romanum represents one of the most significant incursions into the development

of the cultural landscape north of the Alpine divide. Under the influence of the

novel Mediterranean lifestyle, the political and sociocultural system as well as

many aspects of everyday life witnessed profound changes affecting domains as

diverse as, e.g. agriculture, urban architecture and infrastructure. Since early

Roman times, the influx of cultural assets and goods was essentially determined

by three factors, namely, (1) dislocation of Roman military units, (2) private

economy and (3) autochthonous regional trade.

A first dislocation of military units in the region concerned the Roman legions

invading the country during the Alpine war (‘Alpenfeldzug’). They stayed in or

near Augsburg until 9/16 CE. The legionarii at this time consisted of Italics, people

from southern France and possibly from Spain (Nuber 2015; Scholz 2015; Zanier

1999), with a pronounced Mediterranean lifestyle and consumer behaviour. These

legions were reinforced by auxiliary units initially derived from Gaulish tribes
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stationed permanently in Raetia after the withdrawal of the legions. During the

process of occupation, the army had already started building up an infrastructure of

road networks, certainly out of strategic and administrative considerations, but,

more importantly, to ensure the transport of supplies (Fig. 1). These measures

included planning the location and building and completing of roads from the Po

Valley in Northern Italy to the most important military base at Augusta Vindelicum/
Augsburg (via Augusta, later called via Claudia Augusta) and from Gaul via Lake

Geneva, Aventicum/Avenches, Brigantium/Bregenz, into the Alpine forelands, with
connections to Italy from Lake Geneva via Summus Poeninus/Great St. Bernard
Pass to Augusta Praetoria/Aosta, respectively, from the Alpine Rhine Valley to

Comum/Como. In the eastern part of north Alpine Raetia, the road from Gaul led to

Iuvavum/Salzburg in the Province Noricum with a branch to Lentia/Linz on the

Danube and another one southwards via Radstädter Tauern Pass to Aquileia at the

Caput Adriae (Solano 2011; Steidl 2016).

Immediately after the onset of Roman occupation, the supply of troops and

immigrating colonists, particularly in the urban settlements, was ensured or quickly

furnished by private enterprise companies. Especially foodstuffs of Mediterranean

origin, such as wine, olive oil, fish sauce and fruits as well as table- and kitchenware

Fig. 1 Legionary base (large square), castella (small square), civil settlements ( filled circle) and
the main roads in Roman Raetia at the beginning of the first century AD. Settlements, graves and

ritual places of the autochthonous Heimstetten group (+) of about the mid-first century AD
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and special handicraft products, were in high demand. Long-distance transport was

carried out by a network of investors, trading companies, contractors and

distributors (Schlippschuh 1974; Walser 1994) creating an effective set-up by

using public infrastructure facilities including roads, mansiones, harbours, etc.
Apart from new supply ways introduced by Roman merchants and companies,

certain forms of autochthonous regional trade already in use for centuries may have

been continued. The small-scale trade and transfer of Mediterranean prestige items

such as metal vessels, formerly distributed from the south by local tribes, likely

came to an end, but regional trade with agricultural products, livestock, hunting and

fishing products and slaves likely persisted. This is suggested by singular finds

pointing to the use in Roman times of Alpine passes of secondary importance that

had not been upgraded to accommodate vehicles (Mallnitzer Tauern: Lippert and

Dembski 2000, 2013; Theodul Pass: Thüry 2011; Hochtor Pass: Harl 2014).

Obviously, the Roman conquest of Raetia coincided with the introduction of

larger numbers of animals of Mediterranean origin north of the Alps. Osseous and

dental remains in refuse pits of the military camp at Dangstetten erected 20/15 BCE

by Legio XIX and auxiliary troops (Martin-Kilcher 2011; Nuber 2015) illustrate the

presence of pack and draught animals as well as mounts that are morphologically

distinct from pre-Roman local populations of the same species. These animal

imports obviously formed part of the baggage trains employed to transport heavy

military equipment, bulk foods and other army supplies. Following the occupation

of the northern Alpine foreland, the administration of the newly founded Province

Raetia was installed and a standing army deployed. However, the question still

remains for the period during the first century following the Roman conquest,

whether traditional local agriculture rather than Mediterranean mixed farming

practices (pastio villatica) fulfilled the dietary needs of the military, the provincial

population and immigrants inhabiting the newly founded urban centres e.g. at

Cambodunum/Kempten and Augusta Vindelicum/Augsburg.
Previous work already illustrated that melioration of livestock populations was a

major consequence of Romanisation north of the Alpine divide (Boessneck 1958;

Peters 1998). Since Tiberian times animal husbandry in the northern Alpine fore-

land demonstrably benefitted from breeding measures aiming at improving perfor-

mance. To this extent, sires or sometimes even small founder flocks that were, for

instance, reputed for their endurance, stature or weight were imported to Raetia, but
details about such practices are missing from Roman writings. This explains why

tangible evidence for the geographic origins of imported stock can only be obtained

by a detailed study of the material culture and the faunal remains from archaeolog-

ical sites dating to 100 BCE–100 CE. In addition, the routes used by immigrants,

merchants and other foreign persons or for trading goods from the Mediterranean to

Raetia could help in tracing the direction of stock imports (Fig. 2). Ideally,

archaeological finds allow defining favoured regions of origin or at least directions

of less probability. Of course, it cannot be excluded that sometimes the desire for a

particular breed of animal from a particular region initiated transfers from areas

beyond the usual flow of goods.
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Since trade and transport with animals will be in focus of our project ‘Across the

Alps’, the paper considers the primary species involved and the zooarchaeological

parameters used to identify potential candidates of such actions among faunal

remains in early Roman contexts. This is followed by a concise overview of

Mediterranean merchandise evidenced in early Roman sites in Raetia, together
with an assessment of their possible regions of origin. The resulting geographic

framework provides the archaeological basis for defining possible regions of origin

of draught and pack animals, mounts, breeding stock and pets, which is currently

tested applying isotope fingerprinting. However, using isotope signatures to docu-

ment distant transfers of animals and mobility patterns of stock on the hoof in

particular is not unproblematic, as explained in some detail below. The paper thus

sets the stage for tracing animal imports across the Alps based on the isotope map

presented in chapter “Isotopic Map of the Inn-Eisack-Adige-Brenner Passage and

its Application to Prehistoric Human Cremations”.
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Archaeozoology of Roman Imports

The distinction between introduced and local stock using morphological and

osteometrical criteria is based on the morphology of the skull (teeth, horncores)

and size and proportions of the long bones, the latter representing parameters

associated with shoulder height and body mass. Relative to the horse, for instance,
the marked increase in shoulder height noted previously in early Roman mounts and

pack animals (Boessneck 1958; Peters 1998; Peters and Manhart 2004) is currently

analysed at higher resolution with the aid of equid bones from early Roman

Biberwier, Cambodunum/Kempten, Langweid and Aislingen. The results obtained

clearly illustrate that from Augustan/Tiberian times onwards, horses rendering

service in the catchment area of the via Claudia Augusta had on average higher

statures than their relatives bred in the northern Alpine foreland during the preced-

ing La Tène period. One possible explanation for this development is the need for

horses that met the requirements of the Roman military. Because the notable

increase in shoulder height seems difficult to explain exclusively by improved

husbandry conditions, we conclude that some larger-sized horses represent imports.

To satisfy local demand sustainably, however, breeding facilities probably had

to be installed. Although written information about such infrastructure is lacking, it

can be safely assumed that autochthonous Raetian lineages were the result of

deliberate horse breeding since they were well-adapted to local conditions of

climate, food and the landscape. However, it is difficult to identify such practices

osteologically. As such, shoulder height estimates in horses are based on long bone

lengths, which unfortunately do not allow geldings to be distinguished from

propagable animals (stallions, mares). Having said that, it is irrefutable that by

the end of the first century CE, small-sized horse breeds typical for the study area

since the early Iron Age had been largely replaced by horse populations averaging

about 15–20 cm higher at the withers.

In addition to horses, another major development in livestock husbandry

concerns cattle. Beginning with the small-sized, short-horned Iron Age breeds,

increased variability in size and proportions of Romanised cattle in the Alps and the

northern Alpine foreland was already noted by Schlosser (1887) nearly 130 years

ago. Since then, this conclusion has been reinforced through the study of faunal

remains from several Mediterranean-influenced sites located in western Raetia,
such as Abodiacum/Epfach, Cambodunum/Kempten, Auerberg, Langweid, etc.

(Boessneck 1957, 1958, 1964; Peters 1998; Riedel 1986; Trixl et al. in press; von

den Driesch 1994). Compared to La Tène cattle, average size increase in early

Roman Raetian animals is quite moderate, suggesting melioration efforts on the one

hand and at the same time breeding continuity from the late Iron Age into Roman

times on the other. In first-century CE western Raetia, Roman cattle populations

thus illustrate the coexistence of small- and large-sized individuals. Although the

latter mainly represent draught oxen, some very robust bones also suggest the

presence of bulls. Crossbred with Raetian lineages well-adapted to the constraints

imposed by the local environment, autochthonous cattle breeds could be improved.

Arguably, breeding efforts aimed at producing powerful animals were motivated by

the necessity posed by the pulling of heavily loaded wheeled carriages and the
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large-scale ploughing of arable land. Osteopathologies observed at the base of the

horncores due to harnessing using withers yokes and at the tendon and ligament

insertions of the lower extremities confirm the animals’ use in heavy labour.

Interestingly, local cattle of small stature did not disappear entirely in early

Roman times and are likely associated with milk production. This assumption

garners support in the fact that first-century CE Alpine and Germanic cattle were

reported as prolific dairy breeds (Plinius, Naturalis historia 8, 179), yet cattle

breeders in the Mediterranean basin considered this performance uninteresting

since milk production was based on sheep and goats (Boessneck 1958; Peters

1998; Peters and Manhart 2004; Riedel 1986).

Cultural developments in eastern Raetia, which was inhabited by people belong-
ing to the Heimstetten Group (~30–60 CE), obviously differed from populations

living in the western part of the province. Distinguishing features of the

Heimstetten Group include their burial customs, material culture clothing and

settlement structure (Keller 1984; Steidl and Will 2005). Another characteristic

discovered recently is the fact that at the middle of the first century CE, farmers of

the Heimstetten Group already raised large-sized cattle. The animals recorded from

sites like Heimstetten and Aubing exhibit limited intrapopulation variability,

implying morphologically homogeneous populations. This observation clearly

contrasts with the aforementioned osteological findings from western Raetia and

suggests either replacement of local cattle by animals introduced from abroad or

systematic upgrading through continuous inbreeding (Trixl et al. in press). Why

developments in cattle husbandry in eastern and western Raetia are so different

cannot be answered satisfactorily at present.

A third species exhibiting increased morphological variability in Roman times is

the dog. Classical writings and iconography demonstrate that its Mediterranean

breeding history differs from that north of the Alps: in addition to dogs used for

guarding (Canis villaticus), herding (Canis pastoralis) and hunting (Canis
venaticus), the Classical World already reared companion and even lap dogs (Peters

1997, 2005; Toynbee 1973), and it would therefore be very surprising if in the

context of Romanisation, local canine populations inhabiting Raetia would not

have been affected at all by this process.

Being normally proportioned and exhibiting shoulder heights varying between

ca. 30 and 65 cm, late Iron Age canid remains reflect essentially small- and

medium-sized dogs. Based on dog remains excavated at Vitudurum/Oberwinterthur
(Morel 1991), Augusta Vindelicum/Augsburg (P€ollath 2012) and Cambodunum/
Kempten, this picture does not change markedly in the northern Alpine foreland

during the first decades of Roman occupation. Thus, early first-century CE dog

remains strongly suggest continuity in breeding (Peters and Manhart 2004), despite

sporadic evidence for phenotypically different individuals. One example of this is a

tiny dog found at Langweid. With an estimated shoulder height of only 25 cm, this

dog must be attributed a non-local status. So far its geographic origin is unknown,

but the fact that such lap and other companion dogs could easily travel with their

owners might imply the transfer of such animals over considerable distances

(Boessneck 1958). To which extent such sporadic imports affected canine breeding

practices in early Roman Raetia is unclear, but it is a fact that dog remains from
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Flavian contexts (69–96 CE) illustrate a considerable increase in morphological

variability (e.g. Manhart and Peters 1995).

One species of particular economic interest in the Mediterranean mixed farming

practice was the chicken. Its introduction north of the Alps can be dated to the late

Hallstatt period (Thesing 1977), whereby trade connections suggest that domestic

fowl may have been introduced to southern Germany from the Mediterranean coast

via the Rhône Valley and the Belfort Gap. However, the infrequency of Gallus
remains in pre-Roman faunal assemblages supports the conclusion that chicken

husbandry was only slowly adopted in Iron Age food economies (Benecke 1994).

Soon after the Roman conquest, however, poultry farming intensified visibly.

Besides an increase in the relative frequency of their remains in Mediterranean-

influenced settings, e.g. at Auerberg (von den Driesch 1994) and Cambodunum/
Kempten, chickens from Roman contexts were also larger sized on average and

therefore heavier than their pre-Roman relatives. Since size increase already took

effect soon after the Roman conquest, upgrading local lineages by means of

crossbreeding with imported cocks seems the most likely explanation for this

phenomenon (Peters and Manhart 2004). Whereas the presence of some extraordi-

nary large cocks in early Roman contexts might point to birds intended for breeding

(Benecke 1994; von den Driesch 1994), the possibility cannot be entirely ruled out

that their presence relates to cockfighting, a practice widespread throughout the

Mediterranean in antiquity. Written sources mention Greek and Medan breeds that

were considered suitable for crossbreeding with local hens (Columella, De re
rustica 8,2,13 f.), but the geographic origin of early Roman large-sized cocks in

Raetia still needs to be determined.

Roman animal imports to Raetia also included taxa previously unrecorded from

the study area. This category of ‘exotic’ species includes for instance the domestic

cat, conceivably the most steady and successful Roman introduction north of the

Alps. Another striking example is themule, the much valued (but usually infertile)

offspring produced by crossing a jackass with a mare. Well-adapted to perform in

mountainous terrain, this frugal, strong hybrid with its even temperament must have

been indispensable as an army mount and pack animal (Benecke 1994). However, it

should be noted that faunal analysts face difficulties separating horses from mules

in faunal assemblages. Few morphological and dental characteristics have been

described in the literature (e.g. Arloing 1882; Chaveau 1879; Farello 2006;

Johnstone 2005; Peters 1998; von den Driesch and Peters 2002; Uerpmann and

Uerpmann 1994), but we noted that their manifestation is variable, probably

because—morphologically speaking—hybrids can exhibit a morphological ten-

dency to either to their mother, thus showing close resemblance to horses, or to

their father, implying donkey-like characters. In the latter case, the chances of

identifying mules are better. This explains why it is difficult to estimate the

proportion of hybrids in equid assemblages that remain undetected when applying

morphological analyses. It can therefore be suggested that mules were likely

important in Roman army service and a preferred draught animal for passenger

carriages in Raetia. We deduce this from an equid assemblage of 23 individuals

found in a large refuse ditch located just outside of the Middle Roman frontier fort
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of Biriciana/Weißenburg: dating ~150 CE the ratio horse to mule in this assem-

blage is about 5 to 1 (Peters 1998, footnote 163).

Apart from five mules identified in the refuse pits of the middle Augustan

legionary camp at Dangstetten (Uerpmann and Uerpmann 1994), their presence is

noted in the early and middle Roman vicus of Vitudurum/Oberwinterthur (Morel

1991, 88), the middle Roman settlement of Munich-Aubing and a series of middle

Roman forts and associated vici, e.g. Abusina/Eining (Lipper 1981/82), Quintana/
Künzing (P€ollath 2011; von den Driesch and Cartajena 2001), Oberstimm (Stettmer

1997) and Biriciana/Weißenburg (Peters 1998). Conversely, in early Roman sites

such as Auerberg (von den Driesch 1994), Augusta Vindelicum/Augsburg (P€ollath
2012), Cambodunum/Kempten, Langweid or Aislingen, mules are apparently

lacking, in spite of the fact that in some cases (small) military units were stationed

here as well. Finally, the notable absence of remains of (male) donkeys in Roman

archaeofaunas does not support the assumption that the breeding of mules took

place in Raetia (Peters 1998). The thermophile nature of both donkeys and mules

makes a Mediterranean origin likely.

Regions of Trade Disclosed by the Early Roman Material Culture

From the very beginning of the Roman conquest, the main routes of military

advance functioned as lines of communication for supplies and linked new

territories to the already existing infrastructure. Archaeological finds from early

occupation sites, like olive oil, wine and fish sauce amphorae, mainly from the

south of the Iberian Peninsula, but also from Italy, the eastern Mediterranean and

Gaul, clearly show that the Roman army provided its forces deployed in the Alps

and the northern Alpine foreland with food supplies from distant Mediterranean

production centres (Ehmig 2010; Martin-Kilcher 2003; Schimmer 2009; Fig. 2).

Together with the import of tablewares, these food supplies enabled the Roman

military and their civilian associates to keep up a Mediterranean lifestyle even in

recently conquered areas in central Europe. Midden deposits yielding very large

amounts of domestic refuse are a regular feature of early Roman sites in Raetia. The
sheer quantity of discarded ceramics and other rubbish and the fact that even objects

made of copper alloy were not recycled but also dumped implies that the imported

goods must have been affordable and available in large quantities (Ettlinger and

Simonett 1952; Gschwind 2015).

For many of the fine wares and amphorae exhibiting wide, supra-regional

distributions, the combined analysis of fabric, form and potter stamps

(if available) enables us to determine the place or at least the geographic region

of their production (Martin-Kilcher 1987, 1994a, b; Oxé et al. 2000; Schucany et al.

1999). Being essentially functional transport containers, amphorae show limited

typological development. Conversely, tablewares were subjected to fashion trends,

with frequent changes in shape, appearance and composition. This applies to the

Julio-Claudian period in particular (27 BCE–68 CE). After Octavius had concluded

the civil wars and established the Principate in 27 BCE, the Roman Empire under
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his rule as Emperor Augustus witnessed a period of internal peace, characterised by

prolific artistic and economic development almost unparalleled in its vitality and

with wide-reaching impact (Freyberger 1998; Zanker 1987). At the same time,

Rome’s foreign policy strove for expansion, resulting in the conquest and occupa-

tion of new territories. With the gradual advance of the Roman army into new

territories in western and southern Germany, frequent dislocations of military units

occurred. Suppliers of the army gradually followed the troops into the newly

conquered areas and met their demands by establishing new workshops and making

changes in supply routes.

A relatively well understood case for the establishment of workshops closer to

their markets concerns the production of Italian red slipped Terra Sigillata. In

Arezzo, for example, several large workshops have been reported producing top

quality red Terra Sigillata from approximately 30 BCE onwards. Around 20 BCE,

some of these workshops had already established branches in Pisa and less than a

decade later also at Lugdunum/Lyon in order to bring the production centres closer

to the numerous consumers living in Gaul, along the Rhine River and in Raetia
(Ettlinger et al. 1990; Mees 2011; Oxé et al. 2000).

In Gaul, however, additional pottery workshops were established that were

independent from Italian investors. From the reign of Emperor Augustus onwards,

these workshops successfully met local, regional and supra-regional demands for

tablewares, a key requirement for a Roman or Romanised lifestyle. At La

Graufesenque in southern Gaul, potters initially copied the type and decoration of

Italian Sigillata. Soon thereafter, however, they created new vessel shapes with

unique decorative styles and a characteristic standardized high-quality fabric with a

glossy sintered slip. At the same time they organized their workshops in a way that

enabled them to consistently produce large numbers of vessels of high quality.

Consequently they succeeded in forcing Italian Sigillata out of the market in the

entire northwest of the Roman Empire (Genin 2007; Mees 2011; Polak 2000;

Schaad 2007). During the first half of the first century CE, additional Gaulish

pottery workshops were established that specialized in other classes of fine wares

intended for supra-regional trade as well. In Raetia, for instance, cups, beakers and
lamps showing the characteristic fabric reported from Lugdunum/Lyon are com-

monly found in archaeological contexts of the Tiberian to Neronian periods. Glazed

wares originating from central Gaul were regularly found as well, but in signifi-

cantly smaller numbers (Greene 1979).

It is obvious that all imports from Gaulish pottery production centres reached

Raetia via the main trading routes running north of the Alps from west to east, but

the question arises whether the merchandise travelled via the Swiss Midlands or the

Belfort Gap. Based on the distribution of Central Gaulish glazed wares in Roman

Switzerland, it was noted that this distinct class of fine ware obviously reached the

legionary camp of Vindonissa/Windisch via the latter route (Hochuli-Gysel 1998).

In contrast, for imports originating from Italian workshops, it is much more difficult

to determine the trade routes used for their transfer. Since Terra Sigillata from

Arezzo and ‘Pompeian Red’ Ware produced in central Italy are commonly found in

Gaul, Germania superior, Northern Italy and Noricum (Flügel 1999; Heger 1986;
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Schindler-Kaudelka 1986; Schucany et al. 1999), it is not possible to decide

whether vessels of this kind excavated in Raetia travelled via the Rhône Valley

or via Northern Italy and across the Alps.

The analysis of tens of thousands of potter stamps on Italian Terra Sigillata is of

particular interest as well, since it could be demonstrated that workshops producing

in the same region had market areas in different regions. Obviously, different trade

networks were employed for the distribution of the respective productions

(Ettlinger et al. 1990; Mees 2011; Oxé et al. 2000). The series of stamps on Italian

Terra Sigillata reported from Iuvavum/Salzburg in northwest Noricum, for example,

resembles closely the spectrum found at Magdalensberg in Carinthia, but differs

significantly from stamp series excavated in Raetian sites (Gschwind, in prep.). In

contrast, analysis of the stamps on Italian Terra Sigillata reported from Brigantium/
Bregenz suggests that the site was supplied mainly from the west, whilst finds from

the Alpine Rhine Valley indicate differences in the supply with Italian Terra

Sigillata compared to Brigantium/Bregenz (Schimmer 2005), rendering it unlikely

that in the early Imperial periods, trade between Northern Italy and the Alpine

Rhine Valley played a significant role to forwarding goods to the Raetian Alpine

foreland.

The foregoing observations suggest that neither the routes across the Grison

Alps nor the ones across the Tauern were of major economic importance for

supplying the early Imperial inhabitants of the Raetian Alpine forelands with

goods from Northern Italy. This in turn suggests that the via Claudia Augusta
was indeed essential for supplying the northern Alpine foreland with Mediterranean

commodities from Northern Italy, as—according to the epigraphic and archaeolog-

ical evidence—this route was economically much more important during the first

centuries of Roman Rule in Raetia than the one via the Brenner Pass (Flügel 2007;
Grabherr 2006). In this respect, an inscription on a milestone commemorating the

consolidation of the via Claudia Augusta in 46 CE (IBR 465 ¼ CIL V

8003¼ HD039394) mentions road works carried out under the command of Drusus

in the context of his military campaign of 15 BCE. Thus, by the time of Rome’s

conquest, the route via the Reschen-Scheideck Pass had already been converted into

a major axis connecting Northern Italy with the northern Raetian foothills of the

Alps. For that reason it is not unlikely that the road works initiated by Drusus

already served to optimise the route for ox carts and other wheeled transport.

Although the foregoing considerations point to the via Claudia Augusta as the

main supply route for certain goods across the Alps, it still remains difficult to

securely identify the region of origin of the merchandise brought to Raetia. From
sites in Raetia that were occupied in the Augustan and early Tiberian periods, for

instance, a whole series of fine and tablewares is known, which for good reasons are

thought representing imports from Northern Italy (Flügel 1999; Mackensen 1978;

Sieler 2009; Ulbert 1965). Verification of this assumption is nonetheless difficult,

simply because the major northern Italian pottery production centres could not be

located yet. Even for well-studied categories of finds, such as Terra Sigillata

Padana, Aco-beakers or Sarius-bowls, the production centres that also supplied

transalpine markets could not be identified yet. Independent thereof, chemical
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analyses confirm the archaeological hypothesis that the production of the afore-

mentioned groups took place in Northern Italy. The results moreover show, that we

have to assume a whole series of production centres for Terra Sigillata and other

fine wares in Northern Italy. On the other hand, chemical analyses remind us that

occasionally similar vessels have been produced in other regions of Italy as well

(Oxé et al. 2000; Schneider 2000; Schneider and Daszkiewicz 2006). Finally, it

should be considered that workshops in Gaul also made Italian style fine wares such

as Aco-beakers, e.g. at Lugdunum/Lyon (Desbat et al. 1996; Lemaı̂tre and Batigne

Vallet 2015).

Turning to other early Imperial materials of Mediterranean origin found in

Raetia, the methodological problems noted with Terra Sigillata also apply to

glass. As such, the colourful high-quality glass vessels typically found in early

Roman sites (Rottloff 2015) have traditionally been considered to originate from

Italian workshops. Although it can be postulated that most of these finds were

indeed imported from Italy, this is again difficult to verify, since glass workshops

with a similar range of products were discovered in the Rhône Valley as well

(Fünfschilling 2015). But even if an Italian origin can be determined, the via

Claudia Augusta would be the most probable route of transportation only for

glass vessels made in northern Italian workshops.

For early Imperial common and kitchenwares including jugs and mortaria, the
region of origin cannot be determined so far, except for a special group of marble

tempered blackware known as ‘Auerberg pots’. In this case, the combined results of

archaeological and natural-scientific analyses allowed concluding that the pots

functioned as transport containers for mutton meat confit produced in southwest

Noricum. Preserved this way the mutton was shipped via the Puster Valley and the

via Claudia Augusta to sites with early Roman military occupation in Raetia
(Flügel 2015). Because the black marble tempered ‘Auerberg pots’ clearly illustrate

direct trade between the regions south of the Alpine divide and the northern Alpine

foreland via the via Claudia Augusta, it can be assumed that this itinerary was also

used for other goods including animals.

Further evidence for major trade across the Alps rather than via the Rhône

Valley comes from the distribution of Histrian amphorae. Whereas this might not

be unequivocal for the wine or fish sauce amphorae Dressel 6 A found in

Dangstetten, the distribution of Histrian oil amphorae Dressel 6B strongly indicates

that vessels of this type found in sites located in the Raetian Alpine foreland were

introduced across the Alps (Ehmig 2010, 2011/12, 2015; Martin-Kilcher 1994a;

Mees 2011; Schimmer 2009). Despite the fact that corresponding evidence from

sites along this route is extremely scanty for the early Imperial period, general

considerations support the conclusion that the via Claudia Augusta served as the

main route for supplying Raetia with Histrian oil (Schimmer 2009). Using archae-

ological evidence published so far, however, it is not yet possible to quantify the

role Histrian products played for the oil supply of the Alpine foreland. Interestingly,

fragments of Baetian amphorae Dressel 20 show that the regular supply of olive oil

had already begun by 15 BCE. Thus, whereas olive oil from the south of Spain was

already being imported to Raetia in the late first century BCE and continued at least
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until the mid-third century CE, Histrian oil imported in amphorae Dressel 6B

complemented this supply to some extent only from the late Tiberian till the

Neronian or early Flavian period (Schimmer 2009).

Taken together, provenance analysis of tablewares (especially of Italian Terra

Sigillata) and amphorae (respectively of their contents) clearly show that Raetia
was ‘sandwiched’ between two large regions with relatively homogenous supply

patterns, namely, the Swiss Midlands and the Rhine Region in the west and the

Eastern Alps of Noricum in the east (Ehmig 2011/12; Schimmer 2009). Our

analysis of the literature and own data clearly illustrates that Raetia received

supplies via and/or from Gaul and thus from the west as well as from the south,

i.e. from or via Northern Italy following the via Claudia Augusta. However, the
proportion of the different kinds of supplies varied considerably in the different

subregions of Raetia. In addition, supply patterns may have changed quickly, not

only through time but also as a function of the military or civilian character of a site

and the varying composition and degree of Romanization of its inhabitants. In this

respect, the aforementioned outstanding dynamics typical for the Julio-Claudian

period are also reflected by shifting patterns in the supply of goods, but due to their

quick succession the archaeological material can only reflect these changes in rough

outlines.

Stamped Italian Terra Sigillata is of particular interest for our project since it is

chronologically sensitive, often allocable to regions of production, and easily

accessible thanks to the work by Philip Kenrick (Oxé et al. 2000). With production

centres in central Italy, Gaul and Northern Italy, it certainly is the category of

archaeological finds most suitable for the analysis of shifting trade patterns in the

northern Alpine foreland during the decades before and after the beginning of the

Common Era. Nevertheless, the evidence published so far can only shed some

patches of light on the subject in question.

So far, the earliest Terra Sigillata ensemble comes from the early military base of

Augsburg-Oberhausen, where more than half of the stamped vessels originated

from Lugdunum/Lyon (Oxé et al. 2000; Schimmer 2005; Ulbert 1960). Together

with Baetian oil amphorae, these findings underscore the importance played by

Gaul for supplying the army at the beginning of the Roman occupation. In contrast

to this, products from central Italian workshops form the majority of the stamped

vessels in other early Imperial sites located in the Raetian Alpine foreland, such as

Brigantium/Bregenz, Cambodunum/Kempten, Abodiacum/Epfach, the Auerberg

and Augusta Vindelicum/Augsburg (Schimmer 2005; Sieler 2009, 2015). Even if

the transport routes to Raetia are not clear due to the wide distribution of Arretine

products in Gaul as well as in Northern Italy, the fact that products from Pisa form a

considerable portion of the central Italian Terra Sigillata found in Raetia strongly

suggests that at least these vessels were first shipped by sea and then forwarded to

Raetia via the Rhône and Rhine rivers. This confirms once more that in early

Roman times trade from central Italy via the Rhône Valley to Raetia was well

established.

Another significant feature of all sites mentioned is the very small number of

Terra Sigillata vessels imported from workshops situated in the Po Valley (Oxé
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et al. 2000; Schimmer 2005; Sieler 2015). Since the via Claudia Augusta is the most

likely import route, these finds corroborate the picture already drawn for other fine

wares from Northern Italy as well as for Auerberg pots and Histrian oil amphorae.

To conclude, as far as we can judge on the basis of archaeological material

surviving in archaeological contexts, most supplies for early Imperial Raetia were

shipped from or via Gaul, whereas the via Claudia Augusta witnessed the transpor-
tation of significantly fewer goods from Northern Italy across the Alpine divide.

However, even if the analysis of the material culture surviving in archaeological

contexts sheds light on the importance of the different main routes for the supply of

early Roman Raetia, it has to be pointed out that this concerns goods transported in
large quantities. To which extent these findings can be extended to merchandise that

met rare or exquisite demands for extraordinary products or exotic breeding stock

remains to be seen.

Isotope Analysis and Animal Transfers

To discern patterns of mobility in livestock and long-distance transfer of individual

animals, stable isotope analysis of strontium (Sr), lead (Pb) and oxygen

(O) preserved in animal tissues is useful. Because these isotopes serve as proxies

for both the local geological context and environment (Frei et al. 2015; Turner et al.

2009), they can help in distinguishing non-local from autochthonous individuals

(e.g. Bentley and Knipper 2005a, b; Frei et al. 2015; Price et al. 2000, 2015;

Scheeres et al. 2014; Schweissing and Grupe 2003; Wunder and Norris 2008). To

understand patterns of mobility and transfer of animals, however, it is important to

link the different geographic regions frequented consecutively including place of

origin, last place of residence and intermediate stopover sites (Hobson 1999). The

challenge of any study applying stable isotopes therefore is not only to evidence

which individual could have been transferred but also what would have been its

most likely region of provenance. Thus, in order to gain insight into the lifetime of

individual animals, selection of hard tissues yielding the different isotopic

signatures of the abodes throughout an individual’s lifetime is essential (Tütken
2010).

Stable isotope signatures measured in animal bone usually reflect the region

where that particular individual spent most of its life. As such, local isotopic signals

are primarily incorporated by nutrition (Sr), dust ingestion (Pb) and drinking water

(O), but bone remodelling during lifetime results in ongoing adaptation to local

isotopic composition (Kamenov and Gulson 2014; Sealy et al. 1991). Contrary to

bone, tooth crown formation begins shortly after birth and is usually completed

during adolescence. Therefore, isotope analysis of dental enamel produces a signal

of the place where this individual had spent its childhood. Consequently,

differences between osseous and dental signatures are indicative of residential

changes during lifetime and hence of an individual of non-local origin (Grupe

and Peters 2007; Price et al. 2000). Divergent bone values moreover allow for

delineation of individuals that are not in equilibrium with their current isotopic

62 J. Peters et al.



environment and thus help in recognizing new arrivals to an area as well (Hobson

1999).

Previous work already pointed out that interpretation of Sr and Pb isotope

signatures is complex and not always straightforward (Burton and Hahn 2016). In

this respect, isotope ratios in tooth enamel only help identifying migrated

individuals (Price et al. 2004). Relative to the geology of the study area, consider-

able variability has been noted in the inner Alpine region (Castellarin et al. 2006),

whereas certain areas of its southern and northern foreland might be difficult to

distinguish (see chapter “Isotopic Map of the Inn-Eisack-Adige-Brenner Passage

and its Application to Prehistoric Human Cremations”). Moreover, as Alpine

formations are composed of different kinds of rocks, run-off and erosion by rivers,

glaciers and mudflows as well as rock fall will cause transportation of materials and

soil admixture, thereby causing small-scale variability (Berger et al. 2010). This

circumstance may well obscure larger-scale differences in the isotopic ratios of the

locally available strontium (and lead) isotopes (Grupe and Peters 2007; Price et al.

2004). In geologically heterogeneous regions, an animal’s diet will reflect a mixture

of isotope ratios proportionate to the amount of food from each zone (Price et al.

2004).

Previous research also noted the complexity of interpretation of oxygen isotope

ratios (Mayr et al. 2016, see also chapter “Isotopic Map of the Inn-Eisack-Adige-

Brenner Passage and its Application to Prehistoric Human Cremations”).

Influenced by temperature, humidity, altitude, distance from the coast and other

aspects of the environment, sources of drinking water in the Alps and its southern

and northern foreland may yield quite divergent oxygen isotope ratios (Turner et al.

2009). Moreover, whereas sources of drinking water fed by nearby wells or

rainwater will reflect conditions of the local environment, drinking water in moun-

tainous regions and their piedmonts may be distantly sourced by melting water or

rivers fed by glaciers (Longinelli 1984). These sources take along the isotopic

values of the mountain range from where the water originates and can result in

small-scale isotopic variability (Mayr et al. 2016) similar to the geological

variability explained above.

Any isotope study of biogenous materials invariably requires adequate scientific

questions and robust hypotheses (Grupe and Peters 2007). This implies extensive

collection of relevant information about local geology, climatic and environmental

conditions as well as detailed knowledge about the feeding behaviour and physiol-

ogy of the vertebrate taxa intended for analysis. One obvious challenge will be to

understand isotopic patterns in nature on the one hand and processes contributing to

their spatial and temporal variation on the other (Burton and Hahn 2016; Hobson

1999). Understandably, close cooperation between different disciplines is essential

in projects like ours. Apart from identification of potential allochthonous

individuals (s. above), zooarchaeological research needs addressing species-

specific food requirements, pasturing areas and possible annual rounds in that

particular ecological setting as well. Equally prerequisite are patterns of mobility

in (pre)historic groups deduced from the archaeological record as well as material
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and written evidence for ancient trade connections and long-distance exchange in

order to discern possible source areas for animals.

Naturally identifying possible regions of provenance in humans and animals

alien to a particular landscape requires systematic mapping of isotopic ratios of

oxygen and bioavailable strontium and lead of the latter as well as the presumed

trading area(s) (Bentley 2006; Eerkens et al. 2014; Hodell et al. 2004). As detailed

in chapter “Isotopic Map of the Inn-Eisack-Adige-Brenner Passage and its Appli-

cation to Prehistoric Human Cremations”, a map has been generated for a major

ancient passage across the Raetian Alps using dental and osseous remains of

domestic cattle (grazer), domestic pig (omnivore) and red deer (mixed grazer/

browser) found in pre-Iron Age sites located north and south of the Alpine divide

and in the central Alps. This approach presupposes that in pre-Iron Age times, pigs

and most of the cattle lived near the farmsteads for most of the year (Mayr et al.

2016; S€ollner et al. 2016, see chapter “Isotopic Map of the Inn-Eisack-Adige-

Brenner Passage and its Application to Prehistoric Human Cremations”). Given

their omnivorous feeding behaviour, domestic pigs were likely fed on agricultural

by-products and kitchen refuse, which may even have included whey (Werner

1995). Cattle played a key role in the economies north of the Alps and were

involved in labour, supplied dung, and produced milk and offspring during their

lifetime and were the source of primary products such as meat, fat, hides, etc.,

which explains why valued animals were taken care of by their owners. In the Alps

and their piedmont regions, however, selected animals may have been involved in

vertical transhumance and Alpine pasturing as well, explaining why from the

Neolithic period onwards, patterns of seasonal mobility might complicate interpre-

tation of isotopic composition in faunal remains (e.g. Haas 2004; Jacomet et al.

2004; Kühn and Hadorn 2004). In contrast to pigs and cattle managed by humans,

red deer (Cervus elaphus) were roaming freely at all times and therefore more

flexible in terms of mobility, food intake and access to sources of drinking water.

As mentioned before, patterns of mobility and trading of animals have been

addressed in previous research projects, but most studies published so far dealt with

local patterns or short-distance trade (Bentley and Knipper 2005a, b; Price et al.

2006; Stephan et al. 2012). Whereas the results of these studies are extremely

valuable and beneficial from a methodological and interpretational viewpoint, it is

clear that the isotope study intended here is on a different scale and therefore

perhaps more challenging.

Discussion

From the archaeological inventories studied so far, it is obvious that from the very

beginning of the Roman occupation in 15 BCE onwards, trade via and possibly with

Gaul was of key importance to supplying Raetia with merchandise necessary for

cultivating a Mediterranean lifestyle. Whereas from early occupation onwards the

via Claudia Augusta linking the northern Alpine foreland with Northern Italy was

used for the transportation of goods across the Alpine divide as well, it is beyond
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question that this trade route only played a secondary role in terms of supplying

goods to the provincial population. Routes further east across the Tauern were well

established for supplying civil and military settlements in Noricum but—according

to the distribution of fine and coarse wares—were of no significance for the supply

of Raetia.
Together with other finds from early Roman sites in Raetia, the numerous

remains from first century CE refuse deposits of the roadside settlement at

Langweid, located on the via Claudia Augusta 15 km north of Augusta
Vindelicum/Augsburg, also illustrate that supply and consumption patterns changed

significantly in the course of the first century CE. During the reign of Tiberius, for

instance, regular imports of Italian tablewares ceased and—with the exception of

small groups like ‘Pompeian Red’ Ware plates—were fully replaced by fine wares

produced in Gaul or in the wider region. From the Flavian period onwards regional

products not only became more important, our analysis of the fine wares also

illustrates that with the exception of southern Gaulish Terra Sigillata, there was

no longer a major demand for imported fine wares (Gschwind 2015).

Since the archaeological findings point to Gaul as the major region of trade for

early Roman table- and kitchenwares, amphorae etc., it is possible that draught and

pack animals arrived in Raetia from the west as well, unless transportation occurred

by rotation, with animals being exchanged at stopping places along the road.

However, archaeozoological findings point to the long-distance transfer of mounts,

pack animals, breeding stock and pets, and conceivably the via Claudia Augusta
played an important role in this kind of trade. Whether the patterns emerging for the

material culture also apply to animal trade remains to be seen.

Having said that, each method used for documenting the transfer of animals

across the Alps has its limitations, and isotope analysis is no exception to this. A

first issue relates to the long-distance transfer of large breeding stock (horse, cattle)

early in life. To avoid problems of handling, this kind of transfer would ideally take

place well before the animals reached sexual maturity, i.e. at an age when the

process of bio-mineralisation of the high-crowned permanent dentition might not be

concluded yet. In such individuals only the upper (older) part of the tooth crown

retained the primary isotopic signature indicative of the animal’s provenance,

whereas enamel and dentine generated during the final phase of tooth formation

would produce a second, distinct signature characteristic of the region of destina-

tion, provided the individual’s transfer did not take months. Since animals exploited

as mounts and sires or for pulling ploughs and carts usually exhibited considerable

longevity, the crown section corresponding isotopically to the animal’s early stages

of food intake might have disappeared through abrasion. Consequently, difficulties

will be faced tracing the provenance of horses and cattle imported for breeding and

labour purposes when introduced to their final destination as young animals.

Another problem concerns animals that witnessed multiple transfers during life.

Indeed, valuable long-living animals like mules and horses employed in military

may have rendered service in different ecological settings, e.g. after cavalry and

other army units were relocated due to the changing geopolitical situation. In such

cases, isotope values in bone (in the absence of tooth samples) will reflect a
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combination of the original place of residence, length of stay in other settings

during life and number of years of residence prior to death (Price et al. 2004).

Considerable mobility can also be assumed for pack animals and mounts serving in

the cursus publicus, the official state run postal system for speedy communication

along the roads to distant provinces. Associated with this infrastructure were relay

stages (mansiones) at regular intervals, where injured animals received medical

treatment by mulomedici whilst exhausted ones could be replaced. Ambiguous

signatures in bones and teeth can also be expected in mobile livestock herds that

had been pastured in isotopically distinct landscapes. This applies to the

populations inhabiting the Alps and their southern and northern piedmonts, which

witnessed exploitation of pasture land at higher altitude since prehistory

(e.g. Career 2013; Deschler-Erb et al. 2015; Mandl 2006; Marzatico 2007;

Reitmaier 2010) and its continuity into the Roman period (e.g. Donat et al. 2006;

Segard 2009; Staudt et al. 2014). Provided meat supply of larger urban centres in

Raetia (e.g. Cambodunum/Kempten) fell back on individuals that were integrated

in transhumance in the northern Alpine region, isotopic signatures will represent a

mixture of different seasonal parameters (Bentley and Knipper 2005a; Stephan

et al. 2012), explaining why the map intended by the project is highly relevant.

Thirdly, most models discussing transfer of animals across rugged hostile terrain

like high mountain ranges tacitly assume unidirectional events. As mentioned

before, isotopic signatures in the enamel of adult animals would ideally be indica-

tive of the place of birth and those in bone of the region of exploitation until it died.

Whereas in stock introduced for local breeding or in comparably short-living

species like the chicken this supposition seems justified, the possibility of multiple

crossings should not be discounted entirely. Of course, the speedy crossing of

mountain barriers such as the Alps will remain undetected (Berger et al. 2010),

but provided after crossing phases of recovery north and south of the Alps were

scheduled, for instance, during the winter months when major passages were closed

due to heavy rain and snowfall, back and forth movements can be evidenced.

Prominent examples of this are the mules that died in the battle of Kalkriese

9 CE (Uerpmann and Uerpmann 1994). However, questions like this can only be

answered by applying sequential isotope analysis of molar teeth.

Finally, as indicated above, isotope analysis in this project largely depends on

the ability of zooarchaeology to recognise possible outliers in faunal assemblages.

However, breeding with imported sires likely already resulted in morphologically

divergent offspring since the first generation. From a statistical viewpoint, it can

therefore be expected that isotope analysis of specimens selected essentially by

applying osteological criteria could catch primarily individuals resulting from local

breeding efforts rather than founder individuals transferred to Raetia for this

purpose. In addition, the exclusive use of morphology and size to sort out specimens

might result in non-local individuals being overlooked, simply because it cannot be

excluded that some animals introduced showed close resemblance to autochthonous

breeds. According to us, any attempt aiming at quantifying this kind of methodo-

logical bias seems futile, even if large samples were screened systematically. Some

additional challenges may be introduced by the overall small number of samples
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analysed and the fact that the assemblage only represents a minor segment of the

original deposit.

Concluding Remarks

This project combines archaeological, zooarchaeological and stable isotope evi-

dence from contexts dating between the first century BCE and the first century CE

to improve our understanding of human exploitation of animals and developments

in livestock breeding practices in Raetia in the course of Romanisation. Supposedly

representing a region nearly void of inhabitants at the time of the Roman conquest

(Sommer 2008), archaeological finds uncovered recently from first century BCE

contexts (e.g. Müller 2008) and excavations of burials and settlements belonging to

the Heimstetten Group (~30–60 CE) (e.g. Volpert and Früchtl 2012) revealed

architecture and material culture possibly indicative of cultural persistence from

the La Tène culture into the first century CE (Steidl and Will 2005). New archaeo-

logical and faunal data also suggest that Romanisation of eastern and western

Raetia may have occurred at a different pace and intensity (Trixl et al. in press).

Conceivably, proximity to the province of Gallia and infrastructure measures such

as the opening up of the via Claudia Augusta for wheeled transport speeded up the

process in the western part of the province. Central questions in our study, there-

fore, are the timing and extent of Mediterranean influence on Raetian society and its

animal world north of the Alpine divide on the one hand and the issue of continuity

versus discontinuity in local cultural traditions and husbandry practices on the

other.

As explained elsewhere (chapter ‘Isotopic Map of the Inn-Eisack-Adige-

Brenner Passage and Its Application to Prehistoric Human Cremations’),

georeferenced isotope signatures (Sr, Pb, O) from ancient and modern locations

across the study area are essential to tackle the question of human migration and

transfer of animals across the Alps (Grupe et al. 2015). Notwithstanding the

potential of stable isotope analysis for evidencing individuals of non-local origin

in the Roman northern Alpine foreland that were introduced for reasons as different

as military operations and melioration of livestock and poultry lineages or simply as

companion animals, expectations should probably be attenuated with respect to the

number of animal imports that can be positively evidenced at all, not to mention

their geographic origin. Complicating factors are the use of long-living mounts and

pack animals by the Roman army and cursus publicus, considerably enhancing the

probability that these beasts of burden had been relocated more than once in life,

thus blurring isotope signatures. Moreover, although it is uncontested that Roman

know-how about animal breeding and husbandry was introduced north of the Alps

together with suitable (Mediterranean?) founder stock (Peters 1998; Peters and

Manhart 2004), detecting the latter applying stable isotope analysis might be like

looking for a needle in a haystack. Notwithstanding these obvious limitations,

isotope fingerprinting of larger series of early Roman finds not only promises

unique insight into the human-induced mobility of several animal species but also
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into human decision-making concerning husbandry practices in the different parts

of Raetia. Needless to say that similar work in other provinces of the Roman

Empire will help improve our knowledge about long-range movements of animals

as well as the intention behind these transfers.
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Reitmaier Th (2010) Auf der Hut—Methodische Überlegungen zur prähistorischen Alpwirtschaft

in der Schweiz. In: Mandl F, Stadler H (eds) Archäologie der Alpen. Gr€obming, pp 219–238
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The Crystalline State of Archaeological
Bone Material

Wolfgang W. Schmahl, Balazs Kocsis, Anita Toncala,
Dominika Wycisk, and Gisela Grupe

Abstract

Isotope studies on archaeological bone mineral require a validation of the

investigated sample material. Diagenetic alteration or contaminated bone mineral

should be recognized as such and not be used for conclusions requiring pristine

material. X-ray diffraction (XRD) and Fourier Transform Infrared Spectroscopy

(FTIR) provide two complementary tools to characterize the state of the bone

mineral. While IR measurements are easy and rapid, their interpretation is still

largely empirical. Modern XRD analysis is more demanding with respect to

experiment and data evaluation, but it is based on rigorous theoretical modelling

of the observed data. Our study involved both uncremated animal bone samples

from the alpine region covering ages from 7600 to 550 years before present, as

well as cremated human bone remains in comparison with experimentally cre-

mated bovine bone. All samples were mechanically cleaned to remove soil, and

inner and outer periosteal surfaces were mechanically removed. We avoided

visually decomposed bones completely. The mineralogic state of the thus cleaned,

uncremated samples showed only minor systematic changes with archaeologic

age. The changes are most pronounced for the lattice parameter and crystalline

domain size in the short dimension of the original bone-apatite platelets. The long

direction corresponding to the crystallographic c-axis of the apatite appears almost

unaffected. We conclude that in the investigated samples, there is only a minor

diagenetic alteration of the original bone mineral, possibly related to exchange of

carbonate by hydroxyl or fluorine.
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From annealing experiments with bovine femur bone material at different

temperatures for 1 h annealing time, we established calibration curves to be used

to estimate cremation temperatures of bones based on FTIR spectra and X-ray

diffractograms. While the evaluation of the diffractograms is rigorously based

on a physical model, the evaluation of spectral components in FTIR spectra is

empirical. The experiments indicate that original bone apatite contains little–if

any–OH� such that it is carbonate-H2O-apatite (rather than hydroxyapatite), and

with increasing temperature, water and carbonate leave the material, and from

600 �C, hydroxyapatite is formed with increasing purity and crystallite size with

increasing temperature. The analysis of some cremated bones from Urnfield

Culture sites of Eching and Zuchering, southern Bavaria, clearly indicated that

the archaeological cremated bones are inhomogeneous materials where different

parts of the samples were subjected to different cremation temperatures and/or

times at temperature within fractions of centimetres. This can be attributed to the

conditions in the pile of burning logs and burning tissue. Nevertheless, a fair

estimation of cremation temperatures is certainly possible even where the FTIR

approach and the XRD approach still do not have a full mutual consistency.

Future work needs to address the anatomical variability of original bone material

within and between species in much more detail than is known at present.

Beyond the well-defined temperature/time conditions in furnace annealing

experiments, cremation experiments with bone material analyses must also be

done in more realistic conditions as they occur in a funeral pyre.

Introduction

The creation of a map of isotope signatures of archaeological vertebrate bone finds

excavated along the Inn-Eisack-Adige passage via the Brenner Pass in the

European Alps has been at the core of the initial period of the DFG Forschergruppe

FOR1670 (see Introduction). This map is intended to function as a basis to

reconstruct ancient migration, trade and culture transfer across this region by

geochemical analysis of human bone remains. Certainly, any reliable interpretation

of isotopic or microchemical signatures of archaeologic bone samples relies on the

assumptions that the analysed material is the uncontaminated original material and

that this material has been chemically preserved as it was during the life of the

individual. The bioapatite bone mineral, however, represents a biogenic tissue

component with a specific chemistry and nanostructure that is quite different

from that of nominally similar inorganic apatite minerals that are in equilibrium

with the ambient conditions where the bone is buried. This, aside from the trivial

possibility of contamination with soil particles and the effects of the decomposition

of the organic component of the bone, makes bioapatite susceptible to chemical and

structural alterations occurring after the death of the individual as the material

reacts towards equilibrium with the environment. To take precautions against these

possible sources of error in isotope data, FOR1670 decided to screen the
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archaeologic bone finds by mineralogic analysis based on X-ray diffraction and

infrared spectroscopy. In a time period of about 1500 years in the investigated area,

from the Bronze Age until Imperial Roman Times, i.e. 60 generations, cremating

the deceased was the dominant burial custom (Grupe et al. 2015). Thus, we

performed some initial analyses on cremated bones to prepare for a deeper study

in the second funding period of FOR1670.

The Bone Mineral

Bone is a composite material of nearly equal volumes of collagen and nanometre

scale crystallites of a carbonated apatite mineral (Peters et al. 2000). The geologic

mineral hydroxyapatite is rarely found, as the geologic apatite tends to incorporate

F� and Cl� ions instead of OH� to give an approximate formula

Ca10(PO4)6(F1�x�y, Clx, OHy)2. Bone has a complex hierarchical structure

(Wegst et al. 2015; Reznikov et al. 2014; Schwarcz et al. 2014; Weiner et al.

1999; Rho et al. 1998) where the platelike nanocrystals of ~ 2 � 30 � 40 nm size

(Cuisinier et al. 1987; Alexander et al. 2012) provide stiffness and compressive

strength to the hybrid composite.

The formation of the apatite mineral phase is a complex, biologically controlled

process, where the mechanisms of nucleation, growth and growth limitation of the

small crystallites are not yet clear. There are several models, including other

calcium phosphate phases as precursors and growth from an amorphous phase

(Landis and Jacquet 2013).

Chemically, the apatite mineral component of the mammal bone can be

approximated as

Ca1�u�vNau½ �10 PO4ð Þ1�x�y CO3ð Þx HPO4ð Þy
h i

6
OH1�z�w; CO3ð Þz; H2Oð Þw
� �

2

where the small potential vacancy concentration v on Ca-sites is

v¼ 3(x+ y)� z+w�½u ; (x, y, z, u, v,w� 0).

Carbonate (5–8 wt.%) is an essential component of the bone mineral, mostly

substituting for [PO4]
3�, but also for [OH]� to a much lesser degree (LeGeros et al.

1967, 1968; Rey et al. 1989, 1990, 1995; Yi et al. 2013). The two different variants

of [CO3]
2� substitution in the crystal structure (type A [CO3]

2� $ [PO4]
3�, type B

[CO3]
2� $ [OH]�) (Wopenka and Pasteris 2005) can be distinguished by IR

spectroscopy (Balan et al. 2011). The presence of the acidic phosphate species

[HPO4]
2� is also important in the biomineral (Wang et al. 2013; Rey et al. 2014).

For bone apatite, the presence of OH� is low (Pasteris et al. 2004), and water may

reside in the OH position. A multitude of different schemes of coupled exchange to

maintain charge balance can be suggested (e.g. Wopenka and Pasteris 2005; de

Leeuw 2010). In mammal bioapatite, small amounts of F� replace OH� (notably in

tooth enamel), and on the Ca2+ cation position voids (Wilson et al. 2005), Na+ and

Mg2+ can be substituted as well as traces of Sr2+ and Ba2+ (e.g. Elliot 2002; Turner-
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Walker 2008). Sponheimer et al. (2005) report that herbivores accumulate higher

levels of Sr2+ und Ba2+ than carnivores and omnivores.

Nuclear magnetic resonance investigations of Jäger et al. (2006) and Wang et al.

(2013) indicate the existence of an amorphous surface layer of water-bearing

carbonated Ca-phosphate (amorphous calcium carbonate, ACC) which coats a

bioapatite nano-crystallite core. Together with the collagen and other organic/

cellular components, the mineral nanoparticles compose, right from the supramo-

lecular scale, a hierarchical hybrid composite (Wegst et al. 2015; Reznikov et al.

2014; Schwarcz et al. 2014; Weiner et al. 1999; Rho et al. 1998). As long as this

compound structure remains intact, both the inorganic and the organic components

are stabilized against chemical and biochemical attack (Gernaey et al. 2001;

Turner-Walker 2008). The taphonomic (biological postmortem) decomposition of

the about 30 wt.-% organic components of the bone (Peters et al. 2000) creates a

high porosity and internal surface in the remaining mineral. This internal surface is

reactive and promotes adsorption of ions and molecules from solutions in the soil.

The triangular [CO3]
2� groups which are substituted into the crystal structure for

the tetrahedral [PO4]
3� complex or for the essentially spherical OH� induce

structural disorder related to the geometric mismatch and charge compensation

mechanism. Both this structural misfit and the high surface/interface area increase

the free energy of the bioapatite, and thus it has an increased solubility compared to

inorganic hydroxyapatite, which is fairly insoluble (Hedges 2002; Berna et al.

2004; Wopenka and Pasteris 2005; de Leeuw 2010). In vivo this enhanced solubil-

ity plays a substantial role in the continual physiologic reconstruction of bone.

Similarly, the increased free energy provides a driving force for diagenetic recrys-

tallization (Nielsen-Marsh and Hedges 2000; Nielsen-Marsh et al. 2000) and

formation of larger crystals. Thus, secondary minerals may form such as newly

grown abiotic inorganic hydroxyapatite (which is free of carbonate) and calcite,

CaCO3, taking up the [CO3]
2� and associated Ca2+ from the former bioapatite.

Ca1�u�vNau½ �10 PO4ð Þ1�x�y CO3ð Þx HPO4ð Þy
h i

6
OH1�z�w; CO3ð Þz; H2Oð Þw
� �

2

Bioapatite Carbonate-Hydro-Hydroxyapatiteð Þ
!� s Ca10 PO4ð Þ6 OHð Þ2 þ 6xþ 2z� 6yð Þ CaCO3 þ 10u NaCaPO4 þ 2w H2O þ 6y CO2

Hydroxyapatite Calcite

with s� (1� 2u� v� 0.6 x� 0.2zþ 0.6y).
The NaCaPO4 phase here is a nominal phase to account for the sodium. Those

secondary minerals potentially incorporate ions present in the soil solution, such as

Sr2+, Pb2+, etc. (Tütken et al. 2008), which changes the trace elements signatures of

the sample.

While the bone mineral is comparatively stable against exposures at temperatures

reached by cooking, boiling, or roasting, conditions above ca. 500 �C profoundly

change the bulk chemistry and crystalline consistence of the bioapatite (Rogers and

Daniels 2002; Enzo et al. 2007; Munro et al. 2008; Piga et al. 2008, 2009a, b, 2013;
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Harbeck et al. 2011; Galeano and Garcia-Lorenzo 2014). From about 500 �C, a
significant recrystallization of the bioapatite and crystallite growth of hydroxyapatite

sets in. Prehistoric cremation pyres could reach temperatures up to 1000 �C (McKinley

2016). Ratios of stable isotopes of light elements contained in the atmosphere change

considerably during heat treatment (Olsen et al. 2008; Schurr et al. 2008), while those

of elements such as strontium and lead do not appear to be altered as long as there are

no reactions with surrounding materials (Harbeck et al. 2011).

The selected techniques for mineralogical characterization of the bone materials,

X-ray diffraction (XRD) and Fourier Transform Infrared Spectroscopy (FT IR), are

essentially complementary. To characterize the diagenetic recrystallization of bone

apatite, Person et al. (1995) defined their classical empirical “crystallinity index”

(CI) on the basis of the width of X-ray diffraction lines. This index number became

widely used (e.g. Hedges 2002). Another popular empirical index number is the

infrared splitting factor (IRSF) by Weiner et al. (1993) (see, e.g. Surovell and Stiner

2001). The utility of the simple IRSF to describe complex spectral features is debated

in the literature (Sillen 1989; Shemesh 1990; Weiner and Bar-Yosef 1990; Wright

and Schwarcz 1996; Trueman et al. 2008; Tütken et al. 2008). According to

Shinomiya et al. (1998), the IRSF indicated chemical alterations already a few

years after death. Sample preparation for XRD or FTIR measurement certainly has

an influence on the CI/IRSF results (Surovell and Stiner 2001). The simplifying

indices for a “crystallinity” of the bone mineral do not correlate with modifications of

chemical composition and also not with stable isotope data of the structural carbonate

(e.g. Lee-Thorp and Sponheimer 2003; Pucéat et al. 2004; Trueman et al. 2008;

Tütken et al. 2008). Moreover, physiological differences in bioapatite characteristics

between different species, different skeletal elements and different age groups of the

population can be expected and need to be considered in the future (Rey et al. 1991,

2009; Yerramshetty and Akkus 2008). To put the IRSF on a more physical basis,

Lebon et al. (2008) suggested spectral decomposition by curve-fitting procedures on

the relevant part of the infrared spectrum; these procedures were later improved by

Vandecandelaere et al. (2012) and Grunenwald et al. (2014). Pedone et al. (2007) and

Yi et al. (2014) contributed more rigorous considerations on the theory of phosphate

and carbonate vibrations to be expected in bioapatite.

The X-ray diffraction (XRD) technique takes advantage of the periodic lattice-

like structure of crystalline materials, as it measures interference patterns of the

X-ray waves scattered from the atoms or molecules in the material. Crystals are

objects with a spatially periodic arrangement of the constituting atoms, ions or

molecules, and for such materials, the interference maxima become sharp if the

spatial range of the periodic order is wide. The concept of a crystal is an array of

building blocks (called unit cells, Fig. 1) which are periodically repeated in a space-

filling, lattice-like fashion. The positions of the X-ray diffraction peaks are defined

by the unit-cell dimensions, the so-called lattice parameters. The peak intensities,

explained in a nutshell, are related to the electron density distribution pattern in the

unit cell averaged over time and space in the crystal. This pattern reflects the

positions and electron densities of all the individual atoms or molecules in the

crystal, superimposed by the space and time average (cf. for details e.g. to
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Pecharsky and Zavalij 2003 and Mittemeijer and Welzel 2012). For small

crystallites, as is the case for bioapatite, there are fewer atoms contributing to the

interference phenomenon, and thus the diffraction maxima widen inversely propor-

tional to the coherence length of the periodic crystalline order (de Keijser et al. 1982).

The width and shape of the X-ray diffraction peak related to a particular lattice plane

depend both on this coherence length (i.e. in the simplest case the crystallite size)

perpendicular to that plane and on the variance of the lattice parameters in the sample,

the so-called microstrain. Microstrain results from inhomogeneities in chemical com-

position, other lattice defects, and from mechanical strains on the scale of the crystal-

lite size. In the case of bone, such mechanical strains can result from the composite

structurewith collagen.Note that the frequently used term “crystallinity” (Rogers et al.

2010) is a notion mingling effects of crystallite size, microstrains, random chemical

substitution and presence of amorphous phases in a rather undefined way.

Deviations from the average structure give a very small intensity contribution in

XRD, which we neglect here. Amorphous substances do not have a periodic

structure; their diffraction pattern consists of diffuse intensity halos with maxima

related to peaks in the spatial probability density distribution of the constituting

atoms. In any case, amorphous, crystalline or “in between”, the diffraction signal is

the Fourier transform of the electron density self correlation function, which is

straightforward to calculate (see Schmahl et al. 2016 for more information). Thus,

Fig. 1 Crystal structure of hydroxyapatite in hexagonal setting after Wilson et al. (1999) and

Tonegawa et al. (2010). Some authors (Ikoma et al. 1999; Tonegawa et al. 2010) believe that

monoclinic symmetry (space group P21/c) gives a better description for well-crystalline hydroxy-

apatite. In bioapatite, the [PO4]
3� is exchanged by [CO3]

2� and [HPO4]
2�, while the channel sites

(OH� location of hydroxyapatite) contain [CO3]
2�, H2O, OH

� and other ions. The Ca-sites are

also occupied by minor amounts of Na+ and by vacancies (white square). It is here where trace

elements such as Sr2+ and Pb2+ reside
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modern XRD analysis is based on a rigorous calculation of the diffraction profile

and algorithms fitting the model parameters to obtain the best-possible agreement

with the observed diffraction profile (so-called Rietveld refinement method,

Rietveld 1969; Rodriguez-Carvajal 1993; Rodriguez-Carvajal and Roisnel 2004;

Pecharsky and Zavalij 2003; Mittemeijer and Welzel 2012).

This quantitative treatment of theX-ray diffraction profile led to assessments of the

crystallographic characteristics of archaeological and paleontological bone materials

(Stathopoulou et al. 2008; Piga et al. 2008, 2009a, b, 2013; Harbeck et al. 2011).

Stathopoulou et al. (2008) examined Miocene and Pleistocene samples from the

Aegean with the Rietveld technique and arrived at the conclusion that “Diagenetic

trends, common to all these sites include a subtle but systematic decrease of the unit-

cell volume and a-axis of carbonate hydroxylapatite, as well as a parallel increase of

the coherence length along the c-axis”. Stathopoulou et al. (2008) also established a

correlation of X-ray diffraction data with IR data. Enzo et al. (2007), Piga et al. (2008,

2009a, b, 2013), Harbeck et al. (2011), and Galeano and Garcia-Lorenzo (2014)

applied modern full-profile analysis of X-ray diffractograms to evaluate effects of

cremation on the bone mineral. From about 500 �C, a significant recrystallization of

the bioapatite and crystallite growth of hydroxyapatite sets in. Piga et al. (2008, 2009a)

experimented with varying cremation times at different temperatures and found that

between 600 �C and 850 �C, the transformation of the bioapatite to hydroxyapatite

occurs essentially within the first 20 min of the heat treatment.

X-ray diffraction is less well suited to probe local molecular environments.

Infrared spectroscopy, however, can distinguish, e.g. the two different variants of

[CO3]
2� substitution in the crystal structure (type A [CO3]

2� $ [PO4]
3�, type B

[CO3]
2� $ [OH]�) (Wopenka and Pasteris 2005). Infrared spectroscopy

(IR) probes the frequencies of molecular scale vibrations in the material. Infrared

photons are absorbed if their frequency is in resonance with a frequency of a

molecular scale vibration in the sample. The frequency characteristics of the

vibration depend on the precise local structural configuration of the vibrating entity

in the sample. In a crystallographically well-ordered material, the vibrations in

neighbouring unit cells are identical. In this case, the IR absorption peaks are well

developed and rather sharp. In a disordered or amorphous material, the IR absorp-

tion signal is still present, but it broadens as the molecular vibration frequencies

become locally different due to different molecular environments in the structure.

This interaction is complex, however, as the frequencies shift both with changing

chemical bond strengths and masses of vibrating bodies in different configurations

or environments, but the signal also broadens in relation to the fading (damping) of

the vibration after its initial excitation.

In any case, the IR spectrum reflects the time structure of local molecular scale

environments of the vibrating entities in the sample, while the X-ray diffraction

signal reflects the spatial periodicity in the atomistic structure. Accordingly, the two

methods give complementary information. Atoms and molecules vibrate around

their equilibrium configuration in all materials, regardless if the materials structure

is crystallographically ordered or not. This gives an advantage to IR spectroscopy

for the investigation of materials which are not spatially ordered. On the other hand,
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IR probes periodic long-range order (“crystallinity”) only indirectly: by the effect

of the crystal structure on the time structure of the vibrations. So far, there is no

straightforward general way to calculate this indirect influence.

Materials and Methods

Among the uncremated archaeological animal bone samples which were prepared

for isotope studies in FOR1670 (see chapter “Isotopic Map of the Inn-Eisack-Adige-

Brenner Passage and its Application to Prehistoric Human Cremations”), we

selected 63 random samples for screening by X-ray diffraction. The samples were

from the species Bos taurus, Sus domesticus and Cervus elaphus. Fresh bovine bone
samples and fossil samples of a Miocene hippopotamus from Bavaria were obtained

for comparison. A piece of compact bone was cut from the skeletal element, and the

endosteal and periosteal surfaces were mechanically removed by grinding off. The

sample was then ultrasonically washed in deionized H2O (35 kHz), where the water

was changed every 5 min. The washing was repeated until the water remained clear.

After drying in air, the bone piece was defatted for 5 h with diethylether in a Soxhlet

and air dried again. Finally, the sample was homogenized to a fine powder.

For experimental cremation, we used thus prepared bovine femur powder and

subjected it to heat treatment in air in a muffle. The samples were put into the

preheated furnace for an exposure time of 1 h, after which they were removed and

left to cool in air.

For an investigation archaeological bone samples from burials which were

subjected to cremation as a burial rite, we selected long bones from the Bronze

Age (Urnfield Culture) site of Eching (1300–800 BC) and a skull from the Zuchering

site of the same culture, both in in southern Bavaria. All cremated bones were

buried in urns; the urns were found in a broken state.

X-ray diffractograms were collected on a General Electric 3003 powder diffrac-

tometer in Bragg-Brentano reflection geometry. Cu-Kα1 radiation was selected with
a focussing monochromator in the primary beam. Data collection time for a

complete diffractogram from 5 to 100 degrees 2θ amounted to 240 min with a 1D

Meteor detector and exposure time of 1000 s for each frame. The instrumental

resolution function was experimentally determined with a NIST LaB6 standard. For

data evaluation and Rietveld refinement, the FULLPROF code (Rodriguez-Carvajal

1993; Rodriguez-Carvajal and Roisnel 2004) was employed. The Thompson-Cox-

Hastings method for convolution of sample effects such as anisotropic size and

isotropic microstrain broadening (Thompson et al. 1987) with instrumental resolu-

tion (as determined with a NIST LaB6 standard) was applied.

Infrared spectra were measured on a Bruker Equinox FTIR instrument with a

resolution of 4 cm�1. A total of 128 scans was averaged resulting in a 2 min

acquisition time per sample. The bone powder (as described above for XRD) was

sieved through a 100 μmmesh, and 1 mg of resulting sample powder was manually

mixed with 200 mg of KBr in a mortar and pelletized subsequently. Spectral

decomposition into seven bands was performed in the range 400–800 cm�1. The

seven bands were fitted with a Gaussian-Lorentzian sum function with fixed ratio of
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3:7 each. For each band, the center position, the full width at half maximum

(FWHM) and the peak area were fitted. Background was described with a cubic

polynomial, but the function remained essentially flat.

Results and Discussion

The Uncremated Mammal Bones

Due to the nanoscale dimension of the bone bioapatite particles, the diffraction

peaks of original bone material are significantly broadened (Fig. 2). The broadening

is anisotropic, as the (002) peak, corresponding to the crystallographic c-axis of the

crystallites, is comparatively sharp while the peaks corresponding to the a- and

b-directions are significantly broader. We parameterized the size as a second rank

tensor, corresponding to an ellipsoid. The agreement between observed and calcu-

lated diffraction profile is excellent in view of the complexity of the system. Due to

Fig. 2 X-ray diffraction trace of the bone mineral from the femur of modern domestic cattle (Bos
taurus) taken with Cu-kα1 radiation. Red dots: observed data points; black line: calculated XRD

profile; blue line on bottom: difference of observed and calculated data. Blue vertical bars:
positions of the diffraction peaks. The two enlarged regions show the most featured parts of the

diffractogram. The XRD profile was fitted with an anisotropic size model for the coherently

diffracting domain

The Crystalline State of Archaeological Bone Material 83



the hexagonal symmetry, the XRD peaks which would have been able to discrimi-

nate different crystallite sizes in a- and b-directions directly overlap, so that a

distinction is not possible with the current method. Correspondingly, quoted crys-

tallite sizes correspond to an average of the directions in the a-b plane. For the fresh

bovine bone, we arrive at 12.6 nm for the c-direction and 3.9 nm for the a-b plane.

The estimated precision of these numbers from the Rietveld least-squares fit is in

the order of 5 %. Most of the archaeological samples show a slightly reduced

broadening such that the 211, 121, 112 and 030 peaks become more distinct

(Fig. 3). This may indicate grain growth and/or dissolution of the finest-scaled

fraction during burial. Most importantly, we observe calcite as a secondary phase in

about 20 % of the investigated archaeological sample. Note that all investigated

samples had visually very good quality to be selected for isotope analysis, and their

surfaces were cleaned away to avoid contamination by soil. There is no indication

of typical soil minerals such as clay minerals or quartz, other than calcite, such that

the selection and cleaning procedure was effective. Only in 3 samples out of 63, the

determined calcite fraction was � 2 wt.%, with the maximum at 5 wt%. The

Fig. 3 X-ray diffraction trace of an archaeologic animal bone sample (Bos taurus, radius) from
the Brixen Stufels, Hotel Dominik site. Cu-kα1 radiation. Red dots: observed data points; black
line: calculated XRD profile; blue line on bottom: difference of observed and calculated data.

Green vertical bars: positions of the diffraction peaks; top row: bone apatite; bottom row: calcite.
The two enlarged regions show the most featured parts of the diffractogram. The XRD profile was

fitted with an anisotropic size model for the coherently diffracting domain. In the enlarged region

the different broadening of the 002 and the 030 peaks can be clearly seen (c.f. Fig. 5)
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observed calcite itself shows a diffraction line broadening which indicates a

crystallite size on the scale of 100 nm, which is a strong indicator that this calcite

is not simply due to crystallization from infiltrating soil solution, for which

micrometre-sized crystals would be expected. We examined an archaeological

deer bone (metatarsus) in the SEM after careful deproteination (Fig. 4). The calcite

is contained inside the bone fabric in the form of ideal rhombohedral crystals of the

100–500 nm size range.

Fig. 5 Comparison of the 25�‐42� 2θ range of X-ray diffractograms of fresh bone (Bos taurus,
femur) and two archaeological bones (Sus domesticus, mandibula, Cervus elaphus, metatarsus III

+IV). Cu-kα1 radiation. Blue dots: observed data points; red line: calculated XRD profile; black
line on bottom: difference of observed and calculated data. crosses: positions of the diffraction

peaks; top row: bone apatite; bottom row: calcite

Fig. 4 SEM micrograph of deproteinated archaeological deer bone (metatarsus) from the Brixen-

Stufels “Hotel Dominik” 4856 archaeological site (~ 5th century BC). Note the ideal rhombohedral

crystals of secondary calcite (arrows) distributed in the bone fabric
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A closer comparison of the 25�–42� diffraction angle (2θ) range is shown in

Fig. 5. There is a small but detectable sharpening of the XRD peaks of the

archaeological material compared to the fresh bovine femur.

Figure 6 gives an overview on crystallographic parameters of the 63 examined

archaeological samples. Figure 6a compares the apatite unit-cell volume and the

crystallite size along the c-axis with the archaeological age group. We observe only a

vague correlation of unit-cell volume decreasing with archaeological age, and the

crystallite size shows no correlation with age. Clearly, this indicates that there are

other factors contributing to the measured lattice parameter than just changes with

age, related to possible loss of carbonate. These other factors may include humidity

and soil pH at the archaeological site, which might affect the alteration reaction, and

also intraspecies and across-species variations of the crystallographic parameters of

the bone mineral, which still need to be examined in the future. Figure 6b displays the

lattice parameters and unit-cell volume. The star in Fig. 6b marks the lattice

parameters of the fresh bovine femur bone material. The pinkish circles mark the

lattice parameters of a bone fragment of a fossil Miocene hippopotamus fromBavaria

(~ 20 million years old). The plot of Fig. 6b allows to conclude that the c-axis of the

archaeological bone mineral is fairly constant while the a-axis lattice parameter

varies in a systematic way. The data lie on a pseudo-linear trend (because the unit-

cell volume V scales with the lattice parameters as V¼ a2c sin 120�, and the parabolic
relation between V and a is approximately linear in a small range of data), but

interestingly, this trend line connects the fresh bone with the fossil bone. Synthetic

hydroxyapatite also lies on this trend line (light-blue circle) and fluorapatite (orange

circles) as well. We infer that the bone mineral undergoes a chemical alteration

during burial, possibly by exchange of the carbonate with hydroxyl and fluorine. But

this interpretation needs to be confirmed with future studies.

Fig. 6 Overview on crystallographic parameters of the uncremated archaeological samples of

animal bones. (a) Unit-cell volume vs. archaeological (cultural) age group. The bubble size

indicates the size along c of the coherently diffracting domain. There is only a weak correlation

with archaeological age. (b) Lattice constants (unit-cell axes) vs. unit-cell volume. Red dots and
blue triangles: unit cell c-axis and a-axis, respectively, of the archaeological bones. Yellow stars:
modern bovine femur. Pink circles: Miocene (~20 million year old) fossil hippopotamus from

Bavaria. Light blue circles: hydroxyapatite. Orange circles: fluorapatite

86 W.W. Schmahl et al.



Figure 7 plots the unit-cell volume vs. the distribution width of the statistical

variation of lattice parameters within each single sample (the so-called microstrain),

which also gives a diffraction line broadening, which can be distinguished, however,

from the size broadening to its different dependence on the scattering angle (tanθ)
compared to the size broadening (cosθ)�1. There is a correlation indicating that

smaller unit cells, which appear to occur due to alteration by loss of carbonate, as

discussed above, have a more inhomogeneous distribution of lattice parameters. This

can be explained by an inhomogeneity in the progress of the alteration reaction within

each bone sample. However, the plot also indicates that the three different species

which were examined show different characteristic, with the wild form (Cervus
elaphus) displaying a larger spread than the domesticated species (Sus and Bos).

Figure 8 displays a compilation of crystallographic parameters and 87S/86Sr

isotope values for the 63 samples. It shows that the data set is fairly uniform with

any correlations occurring in a quite random manner. We interpret this situation as

due to the successful cleaning procedure, which removed potential contamination,

and that in the selected material, the isotope ratios do not show any trends with the

crystallographic parameters of the bone apatite.

Furnace Annealing (Experimental Cremation)

To simulate the effect of heat treatment on bone material, we performed annealing

experiments with bovine femur material. Figure 9a gives an overview of the change of

the bone mineral diffractograms as a function of annealing temperature; Fig. 9b and c

show sections of the diffractograms as difference plots between measured and calcu-

lated profile. Below 400 �C, thewidth of the peaks reduces only little, but we see small

but significant changes of the lattice parameters (Fig. 10). These could be the result of

the breakdown of the collagen and the changes in the composite structure of the bone

occurring accordingly. Between 400 �C and 600 �C, the trend in the lattice parameters

is reversed compared to the lower temperatures, indicating that a different and so far

unknown structural process sets in. From about 600 �C upwards, there is a marked

Fig. 7 Correlation of unit-

cell volume with microstrain

broadening. Microstrain is the

statistical variation of the

lattice parameters due to

chemical or mechanical

inhomogeneity in the sample.

Smaller unit-cell volumes,

indicative of higher degree of

diagenesis, are associated

with larger inhomogeneity of

the lattice parameters in the

sample
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increase in sharpness of the XRD peaks, which is related to a dramatic increase of the

crystallite size and a progressive transformation from carbonated apatite to hydroxy-

apatite as a function of annealing temperature (Fig. 10; Table 1). Similar results have

been obtained by Rogers and Daniels (2002). CaO forms as a further reaction product

of the bioapatite decomposition at 800 �C and above.

Infrared spectra of the cremated bioapatite are shown in Figs. 11, 12 and 13.

Figure 11 compares a typical IR spectrum of archaeological bone with those of two

selected experimentally annealed bones. The archaeological bone–like fresh bone–

shows carbonate vibration bands. Their intensity decreases with heat treatment, and

they are absent in the material annealed at 1000 �C, which shows the spectrum of

hydroxyapatite. In Fig. 12, spectral changes with heat treatment are shown, in

particular, the development of the OH� stretching vibration at 3568 cm�1 and the

OH� libration near 633 cm�1 as a function of heat treatment. It is very evident

that the contributions of OH� to the spectra of untreated bone are quite insignificant

and that they rise with heat treatment. This can also be seen in the FTIR spectra

of Stiner et al. (1995). Further, the deproteinated untreated bone shows an intense

contribution of H2O, which diminishes with heat treatment and which is

practically absent in the sample treated at 1000 �C. This all points to the assumption

that the bioapatite is a carbonate-H2O-apatite with little OH� (Rey et al. 1995;

Loong et al. 2000; Pasteris et al. 2004) and it becomes hydroxyapatite with

Fig. 8 Scattergram of the most relevant crystallographic parameters (from Schmahl et al. 2016)
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heat treatment, losing CO2 and perhaps some H2O (CO3
2� + H2O! CO2 + 2OH� ).

At the same time, the high temperatures lead to an increased crystallite size by

Ostwald-ripening, driven by the reduction of free energy by lowering the internal

surface. The excess free energy due to the surface is proportional to (2γ/r) where γ is
the specific surface energy and r is the crystallite size; thus, large crystallites grow
at the expense of smaller crystallites.

Figure 13 displays the spectral decomposition based on seven peaks in the

400–800 cm�1 range which covers the v4 phosphate group bending modes and

the mode at 633 cm�1 which is attributed to OH� libration (Gonzalez-Diaz and

Hidalgo 1976; Gonzalez-Diaz and Santos 1977; Vandecandelaere et al. 2012). The

most robust spectral parameter useful to correlate with cremation temperature is the

full width at half maximum (Balan et al. 2011) of the band at 603 cm�1. It correlates

linearly with cremation temperature (Fig. 14). For uncremated bones and for low

temperatures of heat treatment, the FTIR peaks are poorly developed and show a

large overlap of the spectral features (Figs. 13a and 14). As the material gets more

ordered while it approaches more stoichiometric chemistry with increasing

sintering temperature, the peaks get increasingly narrower and well defined. The

calibration equation is

Fig. 9 Overview of X-ray diffractograms of bovine femur bone mineral samples annealed for 1 h

at different temperatures (experimental cremation). Note the dramatically increasing sharpness of

the XRD peaks with annealing temperatures above 600 �C corresponding to increasing crystallite

size. Exemplary Rietveld fits are shown in (b) and (c) for treatment at 600 �C and 800 �C
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Fig. 10 Size of the coherently diffracting domains in c- and a- and b-direction (crystallite sizes

labelled “c-size” and “a-size”, respectively) and lattice parameters for the experimentally annealed

samples as a function of annealing temperature. Annealing time is 1 h
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FWHM ¼ �0:0231
cm�1

�C

� �
*T þ 37:9 cm�1

� � ð1Þ

where T is the cremation temperature in �C.

Table 1 X-ray diffraction results on experimentally annealed samples and cremated archaeolog-

ical samples

Experimentally annealed samples

Annealing temperature (�C) c (Å) a (Å) c-size (nm) (a,b)-size (nm)

21 6.8854(5) 9.4318(7) 12.7 3.9

200 6.8876(5) 9.4234(7) 11.7 4.1

300 6.8932(5) 9.4218(7) 11.8 4.2

400 6.8912(4) 9.4161(6) 11.7 4.3

500 6.8921(4) 9.4231(5) 12.1 4.6

600 6.8899(3) 9.4266(4) 12.7 6.1

700 6.88718(11) 9.4303(12) 22.1 19.0

800 6.88486(5) 9.42865(6) 81.2 75.8

900 6.88616(6) 9.43106(7) 108.2 70.6

1000 6.88601(5) 9.42822(5) 163.7 131.5

Eching samples

8_Eching_247 6.891953(18) 9.41861(20) 104 93

10_Eching_626 6.8836(7) 9.44582(9) 128 44

14_Eching_727 6.89629(12) 9.41812(17) 22.5 11.5

17_Eching_346 6.88568(3) 9.42397(3) 113 101

18_Eching_140 6.88682(3) 9.42269(4) 143 98

19_Eching_219 6.88686(2) 9.42079(3) 188 130

20_Eching_222 6.89439(14) 9.4198(2) 22.5 10.2

Zuchering skull

Outer_1 6.89796(6) 9.42178(8) 69 60

Inner_1 6.89727(14) 9.4221(2) 36 22

Outer_2 6.89857(4) 9.42311(5) 139 147

Inner_2 6.89603(5) 9.42419(6) 173 108

Outer_3 6.89873(5) 9.4215(6) 73 63

Inner_3 6.89832(16) 9.4211(2) 35 21

Outer_4 6.89772(11) 9.42127(14) 36 27

Inner_4 6.89885(18) 9.4185(2) 23 13

Outer_5 6.89797(8) 9.42159(11) 42 32

Inner_5 6.9004(2) 9.4206(3) 22 12

Numbers in brackets are standard deviations referring to the last digit(s). The estimated standard

deviation for crystallite sizes is estimated as 5 %
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Cremated Archaeological Samples

We exemplify results on cremated archaeological bone remains from the Bronze

Age (Urnfield Culture) of southern Bavaria with long bones from the Eching site

and a skull from the Zuchering site.

Figure 15 shows the Fourier transform infrared spectra of seven samples from

the Eching locality in the spectral range of the ν4 phosphate group bending modes

and the OH� libration mode at 633 cm�1. The seven samples can be separated into

two groups. The first group consists of the samples 20_Eching (black trace) and

14_Eching (red trace) which show fairly similar FTIR spectra. Their ~567 cm�1

band is at lower frequencies than that of the second group, and the width of both the

567 cm�1 band and the 603 cm�1 band is broad; further, they do not show a well-

Fig. 11 Comparison of FTIR spectra of uncremated archaeological and experimentally annealed

samples with the most important vibrational bands indicated. Note the absence of carbonate bands

in the 1000 �C annealed samples and the absence of OH� libration in the uncremated sample and

the 400 �C annealed sample

Fig. 12 Change of the FTIR spectra of degreased and deproteinated bovine (femur) bone material

as a function of experimental annealing temperature (annealing time 1 h). Note the pronounced

increase of the OH� signals and the decrease of the H2O signal with increasing treatment

temperature
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differentiated hydroxyl libration peak at 632 cm�1. The second group consists of

the remaining five samples with narrower peaks for the phosphate bands and a well-

differentiated OH� libration band. Correspondingly, the group 2 samples have seen

higher cremation temperatures than the group 1 samples.

Table 2 lists the results for the estimated cremation temperature based on Eq. (1)

from the spectral decomposition of the P–O bands. For group 1, we estimate a

cremation temperature around 750 �C, while the group 2 samples are placed

between 1000� and 1150 �C.
As the XRD of the Eching samples (see below) gave strong indications that

cremated bones are typically inhomogeneous with respect to the cremation state,

we also investigated a cremated skull from the Zuchering site for which we had

visually observed colour differences between the inner and outer side of the

cranium. Five samples from the cranium were divided into the inner compact

bone layer and the outer compact bone layer (the spongiosa was thus lost). Infrared

spectra of the skull sample are shown in Fig. 16; FWHM values of the ~603 cm�1

band and corresponding calculated cremation temperatures are given in Table 2.

First of all, the IR data for the single skull are quite variant and indicate a range of

cremation temperatures between 834 �C 	 45 �C and 1016 �C 	 20 �C, and there

are significant differences between corresponding inner and outer layers, which are

just millimetres apart. In contrast, the estimation of the cremation temperature

Fig. 13 Spectral decomposition of the FTIR signal of the ν4 [PO4]
3� vibration bands and the OH�

libration band in the 400 cm�1 to 800 cm�1 range into seven contributions for two exemplary

states of experimental annealing of bovine femur bone mineral
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Fig. 14 Correlation of the full width at half maximum (FWHM) of the 603 cm�1 band

vs. annealing temperature of experimental cremation (annealing time 1 h)

Fig. 15 FTIR spectra of archaeological cremated samples from the Urnfield Culture site of

Eching (1300–800 BC). The phosphate ν4 bending modes are highlighted with changes in the

frequency (1) of the ~567 cm�1 band, and the appearance and broadening of the OH� libration

mode at 633 cm�1 are indicated (2)
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Table 2 Full width at half maximum of the ~603 cm�1 ν4 [PO4] infrared absorption band for the

archaeological cremated samples from the Eching and Zuchering Urnfield Culture sites, the

corresponding calculated cremation temperature from Eq. (1), the cremation temperature

estimated from XRD crystallite size (Table 1; Fig. 10) and the cremation temperature estimate

from the colour of the specimen on the basis of (Wahl 1981)

Sample

FWHM of

the 603 cm�1

P–O band

(cm�1)

Calculated

cremation

temperature

from Eq. 1 (�C)

Estimated cremation

temperature from

XRD line width (�C)

Estimated

cremation

temperature

after Wahl

(1981) (�C)
20_Eching_222 20.1(1.2) 769(100) 700

14_Eching_727 20.7(1.3) 743(100) 700

8_Eching_247 14.4(3) 1015(15) 840

10_Eching_626 14.3(2) 1020(10) 920

17_Eching_346 11.6(7) 1136(100) 900

18_Eching_140 12.74(1.8) 1087(10) 950

19_Eching_219 11.6(2) 1136(10) 1030

Zuchering skull

Outer 1 16.6(7) 920(30) 780 550

Inner 1 18.6(0.98) 834(45) 750 550

Outer 2 15.12(81) 985(35) 920 >800

Inner 2 14.4(4) 1016(20) 1020 >800

Outer 3 15.12(57) 984(25) 800 550–600

Inner 3 15.0(5) 989(25) 740 550–600

Outer 4 17.6(8) 877(35) 740 500–550

Inner 4 20(3) 773(167) 700 500–550

Outer 5 16.5(7) 925(30) 750 550

Inner 5 20(3) 773(130) 700 550

Fig. 16 FTIR spectra of archaeological cremated skull from the Urnfield Culture site of Zuchering

(1300–800 BC) covering the phosphate ν4 bending modes and the OH� libration mode near 633 cm�1
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based on the colour of the sample (Wahl 1981) gives much lower temperatures. The

estimate of the cremation temperature based on the FWHM of the ~603 cm�1 band

may give slightly overestimated values as the correlation in Fig. 14 may not really

be linear and flatten off at temperatures >700 �C. However, even a simple interpo-

lation between the data points in Fig. 14 with the FWHM values of the cremated

samples indicates temperatures in excess of those based on the method of

(Wahl 1981).

The X-ray diffractograms of the Eching samples are compiled in Fig. 17. Here

three groups can be distinguished. Like in the FTIR data above, the samples

14_Eching and 20_Eching experienced lower cremation temperatures as their

XRD peaks are broad. Rietveld refinement (Fig. 18) puts their crystallite sizes to

22 nm (Table 1), which corresponds to 700 �C cremation temperature, within limits

of error well corresponding to the estimate derived from FTIR above. The group

2 samples have sharper lines with the exception of 10_Eching. The latter forms a

very particular case which cannot be treated with our temperature calibration for

XRD (see below). The group 2 samples excluding 10_Eching show crystallite sizes

in the order of 100–190 nm which puts them into the 800–1000 �C range, again

corresponding to the FTIR within bounds of error. A representative Rietveld

analysis is shown in Fig. 19. The apatite in the 10_Eching sample appears to have

an entirely different structure from what has been encountered so far in fresh,

uncremated archeologic and experimentally cremated bone samples. The observed

diffraction trace can be fitted with a monoclinic apatite structure (Ikoma et al.

1999), which is able to produce the flat-topped XRD peaks encountered here

Fig. 17 XRD patterns of the cremated archaeological samples of the Urnfield Culture Eching

locality. Cu-Kα1 radiation. The group 1 samples 14_Eching and 20_Eching show broad peaks,

indicating smaller crystallize sizes and thus lower cremation temperatures than the other samples

(group 2). The diffractogram of the 10_Eching sample indicates a completely different material

state than the other group 2 samples
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(Fig. 20). Quartz and calcite impurities from the sediment are also present, which

were included in the fit. A possibility to explain the occurrence of the monoclinic

symmetry of apatite may be a reaction with ashes or other materials at high

temperature in the burning funeral pile. What is clear from the Rietveld refinements

of the archaeological sample is that we get pathologic XRD profiles which are not

as clearly interpretable as the profiles from fresh or experimentally annealed bone

materials. The diffractograms clearly indicate an inhomogeneity in the sample in

the sense that apatites with different lattice parameters, different crystallite sizes,

Fig. 19 Section of the X-ray diffractogram of the 8_Eching sample. Red: observed profile.

Cu-Kα1 radiation. Black: calculated profile. Blue: difference curve. Green: markers for reflection

positions. To fit the observed profile with reasonable quality, two apatite phases with slightly

different lattice parameters and different microstructural characteristics had to be used

Fig. 18 Section of the X-ray diffractogram of the 14_Eching sample. Red: observed profile.

Cu-Kα1 radiation. Black: calculated profile. Blue: difference curve. Green: markers for reflection

positions. From top to bottom: calcite, quartz, apatite‐I and apatite‐II. To fit the observed profile

with reasonable quality, two apatite phases with slightly different lattice parameters and different

microstructural characteristics had to be used
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and microstrain values are needed to model the diffractograms. The origin of

inhomogeneity can be attributed to different degrees of cremation intensity.

These can result from inhomogeneous temperatures produced by the burning

wood logs and tissues, and also from differing lengths of time to which certain

bone segments were exposed to the highest cremation temperatures. A similar

observation has been made by Stiner et al. (1995) on paleolithic bone material.

Finally, we turn to the XRD results on the Zuchering skull samples.

Diffractograms are shown in Fig. 21. The inner parts of samples 4 and 5 have the

broadest lines corresponding to the lowest treatment temperatures. From the

corresponding crystallite size of 22–23 nm obtained from Rietveld refinement

(Table 1), we estimate the cremation temperatures as 700� or slightly above,

which is quite consistent with the IR data discussed above. Sample 2 has certainly

experienced the highest cremation temperatures, and here we also have fair agree-

ment between FTIR and XRD results. On the whole, we see that the IR calibration

overestimates the cremation temperature compared to XRD; for the skull sample

3, we have the greatest discrepancies. There are several potential origins of

Fig. 20 Section of the X-ray diffractogram of the 10_Eching sample. Red: observed profile.

Cu-Kα1 radiation. Black: calculated profile. Blue: difference curve. Green: markers for reflection

positions. From top to bottom: calcite, quartz, monoclinic apatite. To fit the observed profile with

reasonable quality, monoclinic symmetry for apatite had to be used
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difference obtained in cremation temperature when applied to archaeological cre-

mated samples. First, our IR calibration is based on the assumption of a linear

relationship between the FWHM of the ~603 cm�1 phosphate vibration (Fig. 14)

and the annealing temperature. From the XRD evaluation of the experimentally

annealed samples, we clearly see that the microstructural change in the material is

strongly nonlinear in temperature, with a drastic change between the regimes below

and above 600–700 �C (Fig. 10). Second, the archaeological cremated bones are

clearly inhomogeneous, and the calibration so far assumes a well-defined average

state. However, both the IR and the XRD data are at odds with the cremation

temperatures estimated from the colour of the specimens after Wahl (1981).

Fig. 21 Section of the X-ray diffractograms of the Zuchering skull sample comparing outer and

inner compact bone layers of the cranium. Cu-Kα1 radiation
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Concluding Discussion

Our study of uncremated mammal bone samples from the alpine region covers ages

from 7600 to 550 years before present. Only those samples which were of the best

quality selected for the isotope studies within FOR1670 were analysed. Visually

decomposed bones were avoided completely, and also the surfaces of the bones

were mechanically cleaned by grinding away soil and/or decomposed material. The

mineralogic state of the thus prepared samples showed only minor signs of diage-

netic alteration, and beside bone apatite, the only secondary phase was calcite. The

most pronounced change with archeologic age resides in the lattice parameter and

in the crystalline domain size in the short dimension of the original bone-apatite

platelets; the long direction corresponding to the crystallographic c-axis of the

apatite appears almost unaffected. From the data, it is clear that other factors such

as anatomic variation of the original materials and conditions in the soil play a

major role in the diagenetic change of the bone material, masking the changes with

burial time. As judged from the lattice parameters, the diagenetic alteration of the

original bone mineral, apart from the sight increase in crystallite size, is possibly

related to exchange of carbonate by hydroxyl and fluorine.

We established calibration curves from annealing experiments with bovine

femur bone material at different temperatures for 1 h annealing time, which were

subsequently used to estimate cremation temperatures of archaeological bones

based on FTIR spectra and X-ray diffractograms. The experiments indicate that

the original bone apatite contains little–if any–OH� while carbonate and H2O are

present. Thus, the bone mineral is a carbonate-hydro-apatite rather than hydroxy-

apatite. With increasing annealing temperature, water and carbonate leave the

material, and from 600 �C, the bone mineral progressively reacts to form hydroxy-

apatite with increasing purity and crystallite size with increasing temperature. We

analysed some cremated bones from the Urnfield Culture sites of Eching and

Zuchering, southern Bavaria. The analyses clearly indicate that the archaeological

cremated bones are inhomogeneous materials, where within fractions of

centimetres, the different parts of the samples experienced different cremation

temperatures and/or times at temperature. Thus, compared to annealing

experiments in furnaces, the conditions within the pile of burning logs and burning

tissue are strongly variable locally, in particular towards the outside of the pyre. As

the urns typically contain only a small fraction of the skeleton, the selection of bone

fragments for burial in the urn might preferentially pick such items which experi-

enced inhomogeneous conditions. The estimated cremation temperatures based on

the FTIR and XRD analytical approaches tentatively agree but are still not fully

mutually consistent. The IR and XRD data are consistently at odds with the

cremation temperatures estimated from the colour of the specimens after Wahl

(1981). To discuss the discrepancies between the FTIR and the XRD approaches,

we first need to consider that the archaeological cremated bones are clearly inho-

mogeneous and the calibration so far assumes that a well-defined average state

exists. Secondly, our IR calibration so far assumes a linear model relation (Eq. 1)

between the FWHM of the ~603 cm�1 phosphate vibration (Fig. 14) and the
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cremation temperature. From the XRD evaluation of the experimentally annealed

samples, however, we clearly see that the microstructural change in the material is

not simply proportional to temperature: there is a drastic change between the

regimes below and above 600–700 �C (Fig. 10). Below this temperature, the IR

signal is more sensitive to the change in material state, while in the temperature

range above 600 �C, it is the XRD signal which is more sensitive. In the future,

more refined models can be produced on the basis of more annealing experiments

made to obtain better statistics. Further, cremation experiments must be done in the

conditions that exist in a funeral pyre to gain experience on temperature and

burning time inhomogeneity. While the evaluation of the diffractograms today is

rigorously based on a physical model, the evaluation of spectral components in

FTIR spectra is still empirical, and results depend very much on empirical

assumptions made on the spectral shape of any single band and the number of

bands contributing to the spectral range of overlapping peaks. Future work also

definitely needs to address the chemistry and anatomical variability of original bone

material within and between species in much more detail than is known at present.
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The Isotopic Fingerprint: New Methods
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Abstract

The generation of an isotopic map of the reference region featuring local stable

isotopic fingerprints requires the application of data mining methods due to the

heterogeneity and complexity of the generated data. In this chapter, we explore

new techniques to process isotopic data with the ultimate goal of constructing a

map of locally characteristic isotopic fingerprints that help predict the places of

origin of particular findings and, thus, supports archaeologists in deriving and

testing hypotheses. In particular, we propose a new method for feature selection

and apply it to a sample dataset of animal bones from the reference region. This

application confirms that a multivariate fingerprint is clearly superior over

univariate analysis and that the impact of oxygen on the reliability of the

fingerprints is not very prominent. These findings confirm that it is possible to

explore cremated human material for provenance analysis. Based on these

results, we also propose a new spatial clustering method for detecting spatially

consistent areas of homogeneous isotopic fingerprints resulting in an isotopic

map of the reference region.
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Introduction

The term isotopic landscape or isoscape emerged around the turn of the millennium

and describes maps of isotopic variation produced by iteratively applying (predic-
tive) models across regions of space using gridded environmental datasets,
whereby one common use of isoscapes is as a source of estimated isotopic values
at unmonitored sites, which can be an important implementation for both local- and
global-scale studies if the isoscape is based on a robust and well-studied model
(Bowen 2010). In bioarchaeology, the variation of isotopes is used to predict

patterns that can be utilized to “fingerprint” the origin of geological and biological

materials at a small spatial scale. Such isotopic maps are empirically generated by

sampling the relevant environmental components and measuring their isotopic

signatures. The samples typically come from human and animal remains found at

designated spatial locations, i.e., archaeological sites. Early studies concerned the

reconstruction of paleodiet and ancient food webs by stable carbon and nitrogen

isotopes in bone collagen (e.g., Vogel and van der Merwe 1977; Bumsted 1981;

Schoeninger et al. 1983; Norr 1984; Schwarz et al. 1985; DeNiro 1985) and

provenance analysis by stable strontium and lead isotopic ratios in bone mineral

(Ericson 1985; Molleson et al. 1986). However, the vast majority of stable isotope

studies in this field are small-scale projects that lack the fundamental capabilities of

prediction and modeling.

This study rather aims at the construction of a large-scale isotopic map of the

reference region, the Inn-Eisack-Adige transect via the Brenner pass in the

European Alps. This area covers a long distance from northern Italy (around

Bolzano) to southern Germany (around Munich) and, thus, requires a large collec-

tion of data from approximately 30 sites along that route. A geographic map of the

reference region including the sample sites is visualized in Fig. 1. The envisioned

isotopic map will represent the common, local isotopic signatures (or fingerprints)

characteristic for a given spatial region, e.g., north/middle/south of the Alps. The

application of this map will help to differentiate between local finds and nonlocal

finds and for the definition of the place of origin of the latter in order to answer the

aforementioned scientific questions regarding mobility, trade, as well as cultural

transfer. The reason behind this application is that knowledge of the spatial distri-

bution of stable isotopes in the environment allows identifying outliers that repre-

sent primarily nonlocal individuals and predict places of origin of samples.

Historically, stable isotopes in bioarchaeological finds were measured and

simply compared to the known spatial distribution of the isotopic system under

study such as 87Sr/86Sr in geological maps or the climate- and habitat-dependent

distribution of C3- and C4-plants which is reflected in the 13C-values of the

consumers’ tissues. Outliers, detectable by conservative statistics (e.g., Grupe

et al. 1997), were readily interpreted as immigrant individuals. Very often, this

was simply done by measuring one specific isotopic system, e.g., δ18O from

phosphate in bones and then manually determining local models and outliers in

the univariate plots of the resulting values. However, growing insights into small-

scale variabilities in isotopically characterized ecogeographical compartments gave
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rise to more fruitful discussions on mobility versus migration/trade in the past.

Pretty soon it became obvious that measurement of stable isotopes for the recon-

struction of migration and trade in bioarchaeology cannot be looked at in isolation

but rather necessitates collecting a lot of accompanying data (e.g., analysis of not

only human but also animal bones or soil sampled from the same site) for the

assessment of ecogeographical baseline values to account for the small-scale

variability in time and space.

A common approach of analyzing isotopic data for these purposes used by

domain experts is visual inspection of 1D/2D scattered plots. These approaches

Fig. 1 The reference region: sampling sites across the transalpine Inn-Eisack-Adige passage
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are obviously limited to univariate and bivariate analyses only. This makes the

standard visual analysis approaches not applicable anymore. Instead, multivariate

analysis using data mining algorithms is required to define small-scale spatial

regions with their respective characteristic isotopic fingerprints.

From the very beginning of this study, the intention was to derive an isotopic

map not only based on animal bones but also based on human remains. However,

human remains of the relevant time periods in this area are typically cremated.

Cremated material, however, does not allow the measurement of certain isotopic

systems such as oxygen, which has recently been very popular in deriving isotopic

fingerprints (see above).

As a consequence, one first application for data mining to the problem of

isoscaping in the reference region is to carefully analyze isotopic features and

their impact on the construction of a reliable map of isotopic fingerprints. This

will not only support choosing the best features for isoscaping but will in turn also

help in deciding whether or not a certain isotopic feature (such as oxygen) is

needed. In the end, these results will leverage the decision if certain available

materials can be utilized or not, e.g., if cremated material that lacks oxygen values

is eligible for fingerprinting.

Here, we address this problem in a generalized way: we focus on the question

which isotopic systems should be measured in order to generate a reliable data

source for map construction. We describe a framework that was developed to solve

this problem in general and, thus, supports any domain experts in making decisions

before or during data generation. As mentioned above, we are particularly inter-

ested in the impact of oxygen when generating local fingerprints. For that purpose,

we used a preliminary sample dataset consisting of non-cremated bones. Based on

the experience of the domain experts, seven isotopic systems from three elements

(oxygen, strontium, and lead) were identified as being potentially relevant for the

differentiation between local and nonlocal finds and the definition of the place of

origin of the latter, i.e., the construction of the envisioned map. From the sites

displayed in Fig. 1, sample findings were picked, and for each of these bones, seven

isotopic values were derived. The data mining task was to discover which of the

isotopic systems (oxygen, strontium, lead) was the most relevant or the most

redundant and therefore irrelevant isotopic ratio for provenance analysis in this

reference region. The results reveal the impact of single features, in particular

oxygen, and supports the claim stated above that a multivariate approach clearly

outperforms a univariate approach in terms of reliability of the resulting map.

With the design of a suitable data source for map construction, the derivation of

the isotopic map is also challenging. Multivariate data can no longer be analyzed

manually, but local isotopic fingerprints need to be identified by means of clustering

algorithms that can identify groups of findings having similar isotopic values.

However, even though clustering is a very well-studied problem in the data mining

community, the particular task of isotopic fingerprinting is still far from trivial.

A cluster in the sense employed here is a set of samples, which when grouped

maximize the samples’ similarity in isotope space, while minimizing the similarity

between clusters. As an “unsupervised” task, clustering will produce a model for

the presented data regardless of the underlying real-world implications. This has
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several drawbacks: First, the resulting clustering does not account for spatial

coherence, i.e., clusters might be spread all over the reference region with heavily

overlapping covering area. Second, we have to expect that not all findings within a

small area are indeed originating from this location. On the one hand, these

nonlocal samples will disrupt the local models. On the other hand, since we do

not exactly know the ground truth, i.e., which sample is nonlocal and which sample

is local, all we can do is treat all samples as equally important.

In this chapter, we present a variation of a classical probabilistic clustering

algorithm (Gaussian Mixture Models with expectation maximization) that takes

spatial information of samples into account. This approach not only solves the first

of the abovementioned problems but also eases out the negative impact of local

outliers in the data. We apply this spatial clustering approach to the isotopic

measures of the reference region in order to derive a reliable map of local isotopic

fingerprints.

In summary, the contributions of this chapter are as follows:

• We present a new framework for feature selection that evaluates the impact of

features on the identification of local fingerprints (cf. section “Feature Selection

for Isotopic Mapping”).

• We provide a preliminary case study that uses our new framework for feature

selection with a set of non-cremated material from the reference region

(cf. section “A Case Study on Feature Selection in the Reference Region”).

• We detail the lessons learned from this case study in section “Lessons Learned

from the First Case Study” including two important conclusions: First, oxygen

can be omitted leveraging the use of cremated material. Second, the traditional

univariate approach using one or two isotopic features only is not sufficient to

derive a reliable isotopic map of the reference region.

• We present a novel spatial clustering solution for defining characteristic isotopic

fingerprints at small spatial scale that supports the prediction of places of origin

and, thus, leverages archaeological studies on mobility, cultural transfer, trade,

etc. (cf. section “Spatial Clustering for Identifying Local Isotopic Fingerprints:

Towards an Isotopic Map of the Reference Region”).

• Based on this new spatial clustering algorithm, we present the first version of an

isotopic map of the reference region (also cf. in section “Spatial Clustering for

Identifying Local Isotopic Fingerprints: Towards an Isotopic Map of the Refer-

ence Region”). The map is based on six isotopic features from two isotopic

systems (strontium and lead).

Feature Selection for Isotopic Mapping

Feature selection aims at identifying the most relevant features for a given data

mining task. In the context of this study, we aim at identifying those isotopic ratios

that are most relevant or most redundant and therefore most irrelevant for prove-

nance analysis in this reference region.
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We present a general framework based on a technique that explores the rele-

vance and redundancy of individual variables to a clustering in comparison to a

reference clustering. There is no obvious reference clustering, because no ground

truth is known and none can be derived by domain experts. However, we can use

domain-specific knowledge and assumptions to generate several plausible refer-

ence clusterings that are estimations of a ground truth. Thus, the general idea is to

explore how the relevance and the redundancy of single features behave under

different ground truth assumptions.

In our approach, the quality of a feature, or feature subset, is assessed based on

its contribution to a reference data structure. In particular, we assess how stable

(i.e., unchanged) the data structure is while applying feature space projections. Our

assumption is that a highly relevant projection will result in a data structure that

resembles the reference data structure. There are many approaches for supervised

feature evaluation (Guyon and Elisseeff 2003), which however require class infor-

mation, i.e., the data structure is inferred from the classes. Since we have no class

labels, we rely on unsupervised learning to learn the data structure. That is, the data

structure is actually the clusters extracted upon the data. To assess the effect of a

projection on the data structure, we compare the projection-based partitioning to the

reference data partitioning.

The proposed unsupervised feature evaluation framework consists of three steps:

1. The data structure extraction step

2. The data structure comparison step

3. The feature ranking step

Before explaining each of these steps, let us introduce some notation: Let D be a

dataset described upon a feature space F. Let F0�F be the feature set upon which a

reference data structure, i.e., clustering, is extracted; we refer toΘF0 as the reference
clustering and to F0 as the reference feature space. Let Fv�F be a set of features to

investigate w.r.t. their quality for the reference data structure,ΘF0 . Note that Fv and

F0 are treated as being independent from each other even though they need not to be

disjunct.

To extract structure from the data, we use a clustering approach. Domain

knowledge suggests continuous values for the measurements, which can be best

modeled as a mixture model of continuous distributions, like a Gaussian Mixture

Model. To extract a robust indication of the data’s structure in an unsupervised way,

we applied the expectation-maximization (EM) algorithm (Dempster et al. 1977).

EM fits a number of multivariate normal distributions over the given dataset. The

result is a soft clustering; in our dataset though, the assignment is typically fairly

hard. A typical run over an isotope dataset results in a standard deviation of 0.115

for the maximum likelihood cluster labels. As an example, Fig. 2 depicts the

membership and spatial structure of a sample clustering done on the set of

217 bones where only the seven isotopic features are used.

For easier handling, we convert the cluster probabilities to hard cluster assign-

ment by their maximum likelihood. The result of the clustering is a set of partitions,
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ΘF¼ {θ1, θ2, . . . , θk}, where k is the number of clusters (optimized by cross-

validation, see below).

To compare how well a clustering ΘFv extracted upon an under-investigation

feature projection Fv reflects the structure of a reference clusteringΘ
Fv , we employ

the Adjusted Rand Index (ARI) (Hubert and Arabie 1985) of the two clustering

partitionings:

s F0;Fvð Þ :¼ ARI ΘF0 ;ΘFv
� �

ARI evaluates the agreement between two clusterings by counting pairs assigned

to the same cluster under both clusterings and pairs assigned to different clusters

Fig. 2 Example of EM clustering on isotope data. Image best viewed in color. Left: spatial
projection of maximum likelihood cluster. Right: membership likelihood (red is 100 %, yellow
50 %)
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versus the total number of pairs in the dataset. ARI (Hubert and Arabie 1985) was

proposed to reduce the influence of randomness on the traditional Rand Index

(RI) (Rand 1971) and has been proven to perform better when the number of

clusters in the two clusterings is not the same (Milligan and Cooper 1987; Vinh

et al. 2010). ARI has a maximum value of 1 and takes the value 0 when the index

equals its expected value. Negative values are also possible and indicate less than

expected agreement between two clusterings.

Not all attributes are equally important for a given analysis task: a feature may be

unnecessary to describe the result of a given analysis, or the data reflected in the

feature may be noise or encompassed by other attributes. By selecting a suitable

comparison feature space, we investigate the structural relevance of a feature (i.e.,
how well it captures the structure in isolation) for a clustering as well as its

structural redundancy (i.e., if the clustering becomes unstable without this particu-

lar feature).

To generate these scores, we extract a single-feature f ∈ Fv. Let Df be our

original dataset projected onto dimension f, and let Θ f be the clustering over

Df : Θ
f ¼ θ1; θ2; . . . ; θk0f g, where k

0
is the number of clusters. We refer to Θ f as

the univariate clustering. Let f�¼Fv\ f be the complementary feature space, that is,

all dimensions in Fv except for the investigated feature f. Let D f� be the comple-

mentary dataset, i.e., the dataset projected onto the complementary feature space f�.
Applying EM onD f� generates a clusteringΘ f� ¼ θ1; θ2; . . . ; θk00

� �
where k

00
is the

number of clusters. We refer to Θ f� as the complementary clustering.
To calculate the structural relevance of f, we compare the univariate clustering

Θ f derived from the specific feature f to the reference clustering ΘF0 :

srelevance f ;F0ð Þ :¼ ARI Θ f ;ΘF0
� �

To calculate the structural redundancy of f, we compare the complementary clus-

tering Θ f� derived from the complementary feature space f� to the reference

clustering ΘF0 :

sredundancy f ;F0ð Þ :¼ ARI Θ f� ;ΘF0
� �

The first comparison evaluates the structural relevance of f for ΘF0 , whereas the

second evaluates whether f ’s contribution can be reproduced by some other feature

(s) in the feature space. In that sense, the first score derives the specific feature’s

structural relevance and the second score its structural redundancy due to the

existence of other feature(s) in the feature space.

Combining structural relevance and structural redundancy scores in a single

score is not straightforward, due to their complimentary semantics. We characterize

each feature f in terms of both structural relevance and structural redundancy. To

help a domain expert glance the effect a feature may have on their analysis, we

combine the two scores in one plot where the x-axis reflects the structural relevance
score and the y-axis the structural redundancy. In other words, the x-axis represents
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the degree to which the reference clustering structure is evident in a single-

dimension f, while the y-axis shows whether the reference clustering structure can

be captured by the rest of the dimensions. We present such plots in the next section.

A Case Study on Feature Selection in the Reference Region

We apply our general framework for evaluating feature relevance and feature

redundancy described above as a first step toward the establishment of the final

map of the reference region. The goal of this case study is to decide which isotopic

features should be considered for the construction of isotopic fingerprints. It should

be stressed that the results presented in this section only hold for the specific

reference region of the study, i.e., the Inn-Eisack-Adige passage. However, our

framework is quite generic and is most likely applicable to other reference regions

and/or other isotopic systems.

The case study was done with a small set of 217 non-cremated animal samples

derived from 30 investigated sites. From each investigated specimen, seven

isotopes were measured: 18O, 86Sr, 87Sr, 204Pb, 206Pb, 207Pb, and 208Pb. Due to

technical particularities of isotope measuring, the strontium (Sr) and lead

(Pb) isotopes were measured and recorded as fractions of isotopes of the same

element, yielding the fractions 87Sr/86Sr, 208Pb/204Pb, 207Pb/204Pb, 206Pb/204Pb,
208Pb/207Pb, and 206Pb/207Pb. The oxygen isotope was normalized against ocean

water isotope levels and recorded as δ18O. This yields a seven-dimensional feature

vector for each recovered sample. In addition to these isotope measurements, each

sample was annotated with a spatial description (latitude, longitude, altitude) based

on the discovery area. Also, each sample was recognized as one of the three animal

species (pig, cattle, and red deer).

Due to the aforementioned reasons, we first focused on oxygen as a marker to

distinguish between local and nonlocal finds. A preliminary manual analysis of the

δ18O of 118 of the 217 animal bone samples by a domain expert revealed a highly

significant correlation (r ¼ �0.68) between δ18O and altitude, whereby the aver-

aged δ18O values plotted exactly on the regression between altitude and δ18O in

precipitation in the Alps as published by Kern et al. (2014). However, although the

δ18O values behaved as expected and, thus, are potentially suitable for provenance

analysis as a single marker, in this study, it proved impossible to distinguish even

rough spatial compartments (such as north, center, and south of the Alps). The same

observation was made when considering species-specific fractionation factors.

Interindividual variability remained high and did not permit for a firm assignment

of individual animals to spatial regions. The histogram of δ18O values shown in

Fig. 3 illustrates this variability. The samples from the three very coarse

compartments north, center, and south derived from a hypothesis of the domain

experts are marked in different colors.

These results confirm that deeper insights in the reliability of oxygen and the

other isotopic features are needed. Thus, we applied our framework for isotopic

feature selection to the set of 217 non-cremated animal remains.
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The definition of the reference clustering is crucial for our ARI-based feature

evaluation presented in the previous section. However, there is no ground truth

reference clustering available for the region under inspection nor for the dataset at

hand. A purely data-driven approach is also not possible since we cannot be sure

about the originality of each finding, i.e., we do not know if a bone found at a

specific site s in fact originates from s or is a nonlocal outlier. As a consequence,

even if we explore local isotopic outliers within each site, we are not sure if the

outliers are the nonlocal finds or the local ones. However, the domain experts have

some assumptions and hypothesis available about possible spatial compartments

that could be used to derive potentially plausible approximations of the ground

truth. Thus, we follow a mixture between data-driven approaches enriched by

domain expertise (Table 1).

Instead of using just one potential reference clustering, we investigated several

possible definitions for the reference clustering based on the available features, in

close collaboration with the domain experts. In other words, we generated reference

clusterings in a data-driven way using clustering but rely on the domain experts for

deciding on which feature space the clustering was done. In particular, we varied

the feature space from containing all isotope and spatial features to containing only

single-domain features, i.e., isotopes or spatial coordinates to generate a reference

clustering. In the following, the set I¼ {87Sr/86Sr, 208Pb/204Pb, 207Pb/204Pb,
206Pb/204Pb, 208Pb/207Pb, 206Pb/207Pb, δ18O} denotes all isotopic features, and

I�O¼ {87Sr/86Sr, 208Pb/204Pb, 207Pb/204Pb, 206Pb/204Pb, 208Pb/207Pb, 206Pb/207Pb}

denotes all isotopic features except oxygen. In addition, we use S¼ {altitude,
latitude, longitude} for all spatial attributes, and S�lon¼ {altitude, latitude}

refers to the spatial attributes without longitude (see Table 1 for an overview).

We list the different setups for the feature spaces that we used to generate the

reference clusterings based on the input of the domain experts below. For this

first set of experiments, the set of features under investigation is always the set

of isotopic features, i.e., Fv¼ I.

12 13 14 15 16 17 18

δ18O

Fig. 3 Distribution of δ18O
by region. Although very

large regions were picked,

there is only a very weak

correlation observable
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F0¼ I[ S (Isotopes + Spatial) The feature space consists of all available isotopic
features and spatial features. This is the most information we have and, thus,

serves as the starting point of the study.

F0¼ I[ S�lon (Isotopes + (latitude, altitude)) From the spatial attributes, only

those that has been found to have an effect on the isotopes are retained, namely,

altitude and latitude. Since the passage under inspection is mostly north/south,

the domain experts expect that longitude does have only minor influence on the

spatial compartments.

F0¼ I (Isotopes only) The feature space consists only of the isotopic features.

There is no spatial influence. Such a feature space is typically used for finger-

printing and predicting the origin of new samples (with unknown spatial

coordinates).

In a second analogously conducted series of reference clusterings, oxygen was

removed from the isotopic features at all since the domain experts wanted to test the

hypothesis that oxygen is much less relevant in this reference region and for this

sample selection as it seems to be in other existing provenance studies. Especially

the sample selection using a mix of three different species may have a blurring

impact on the δ18O-values according to the domain experts. Analogously, the set of

features under investigation is always the set of isotopic features without oxygen,

i.e., Fv¼ I�O. The resulting configurations are similar to the four alternatives listed

above:

F0¼ I�OS (Isotopes (except oxygen) + Spatial) The feature space consists of all

isotopes minus oxygen and all spatial features.

F0¼ I�O (Isotopes only (except oxygen)) Only the isotope description, without the
oxygen feature.

F0¼ I�O[ S�lon (Isotopes (except oxygen) + (latitude + altitude)) Isotope

description, without the oxygen feature and spatial coordinates except longitude.

A supplementary feature space to be used as a reference clustering is purely

spatial:

F0¼ S (Spatial only) The feature space consists only of spatial coordinates.

Isotopic values do not play any role, and findings from spatially close sites are

considered as being in the same cluster (compartment). This ground truth

scenario must be complemented by a corresponding set of investigated features,

i.e., Fv¼ I and Fv¼ I�O.

Table 1 Notations for the

different subsets of features

used to derive reference

clusterings

Notation Description

I All seven isotopic features

I�O All isotopic features except oxygen

S All three spatial attributes

S�lon All spatial features except longitude
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For each of the feature spaces described above, we apply EM to derive the

reference clustering, and we evaluate how each isotope attribute “contributes” to

the corresponding reference clustering. We illustrate these results in the structural

relevance-vs-structural redundancy plots presented in the previous section. For the

EM, the number of clusters was selected by cross-validation as in the Weka data

mining framework (Hall et al. 2015). When examining the presented reference

attribute sets, we chose Fv¼ I or Fv¼ I�O to reflect the isotopes in the reference

attributes. That is, where F0 contains I, Fv becomes I, where F0 contains only I�O,

Fv¼ I�O. A special case is F0¼ S, which does not contain any isotopes to compare

with. In these scenarios, we investigated both Fv¼ I and Fv¼ I�O for completeness.

The results of reference clusterings containing isotopes including oxygen are

presented in Fig. 4, experiments with isotopes excluding oxygen are presented in
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Fig. 4 Structural relevance-vs-structural redundancy plots using reference clusterings with all

isotope features
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Fig. 5, and those with only spatial attributes are presented in Fig. 6. Regarding the

ARI values, a score of zero indicates random behavior, while a score of one

indicates identical clusterings.

In the following, we discuss the individual experiments showing structural

redundancy and structural relevance for all described reference feature sets and

discussing potential explanations for the observed values.

F0¼ I[ S, Fv¼ I (see Fig. 4a)
Strontium is the most prominent attribute as it has the highest structural relevance

score and the lowest structural redundancy score. Lead isotopes depict a similar

behavior, scoring average relevance and redundancy scores. An exception is 208Pb/
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Fig. 5 Structural relevance-vs-structural redundancy plots using reference clusterings with all

isotopes except oxygen
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204Pb, which has a very low relevance; a closer inspection of the results shows that a

clustering based on 208Pb/204Pb only places all instances in the same cluster, i.e., the

values in this feature follow one Gaussian distribution. Oxygen has also a very low

relevance score.

F0¼ I[ S�lon, Fv¼ I (see Fig. 4b)
F0 now includes no longitude information. There is no much difference in the

rankings comparing to the IS case, although the scores are higher. An interesting

change is the repositioning of oxygen: its redundancy became lower and relevance

became higher.

F0¼ I, Fv¼ I (see Fig. 4c)
The removal of all spatial information from F0 pits the isotopes against each other.

This might be due to the better quality clusterings we obtain by also employing

spatial information. Strontium is still the top relevant isotope; however, two lead

isotopes score very close, namely, 206Pb/207Pb and 206Pb/204Pb. Both isotopes

repositioned in the plot after the removal of the spatial information from the

reference clustering. In particular, they became more relevant and less redundant.

Also, the redundancy of oxygen increased.

F0¼ S, Fv¼ I (see Fig. 6a)
This scenario tests how well the isotope’s structure lines up with the spatial

structure. We expect very little alignment as the spatial structure will be dominated

by the density of sample sites, which the isotope values reflect indirectly at best.

The lead isotopes have very low redundancy and relevance scores, indicating that

they neither reflect the spatial structure nor does their complimentary feature space

do so. Strontium seems to reflect all the structure: the sets of isotopes that contain
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Fig. 6 Structural relevance-vs-structural redundancy plot: reference clustering upon S (a), So (b)
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strontium achieve a median score of 0.08, and strontium by itself achieves a score of

0.13. All other isotopes have relevance scores around zero (oxygen scoring highest

at 0.04).

F0¼ I�O[S, Fv¼ I�O (see Fig. 5a)
Without oxygen, strontium is again the most prominent attribute, whereas the

relevance of lead decreases.

F0¼ I�O[S�lon, Fv¼ I�O (see Fig. 5b)
Compared with the previous scenario containing the entire set of spatial attributes,

strontium retains very similar scores, but some lead isotopes’ relevance increases.

This indicates a stronger role of those lead isotopes in the formation of the structure,

possibly because longitude supports other structural elements that are now being

expressed less strongly.

F0¼ I�O, Fv¼ I�O (see Fig. 5c)
Removal of all spatial information (and oxygen) affects the ranking of strontium.

Lead isotopes are now more relevant comparing to strontium, but still more

redundant than strontium.

F0¼ S, Fv¼ I�O (see Fig. 6b)
If oxygen is omitted, the situation changes only marginally compared to the original

setup with Fv¼ I. This indicates that oxygen had little influence on the structure of

the isotope space, consistent with the analysis above.

Lessons Learned from the First Case Study

We already pointed out that each experiment refers to a specific reference cluster-

ing, and therefore it is not straightforward to compare scores based on different

reference clusterings. However, we can draw some conclusions about the dataset

from the interpretation of all experiments.

First of all, it is clear that the choice of the reference clustering influences the

ranking of the different isotopes w.r.t. their structural relevance and structural

redundancy to that reference clustering. There are however some “trends” which

are repeated across the different configurations. In particular, there is a much better

separation in the rankings when the spatial coordinates are considered, cf. Fig. 4a,

b. A possible explanation is that the reference clustering is much more

differentiated when considering the complete feature space of isotopes and spatial

features. A similar observation holds when we remove oxygen from the feature

space, cf. Fig. 5. The worst distinction is manifested when we consider all isotopes,

including oxygen, cf. Fig. 4c.

Regarding the behavior of the different isotopes, strontium and lead are the top

structural relevant isotopes, i.e., they display higher values in the structural rele-

vance axis. This implies that in isolation, these isotopes manage to capture most of
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the reference clustering structure. Oxygen depicts a low structure relevance score,

meaning that oxygen alone is not a good indicator of the reference clustering.

With respect to structural redundancy, the lead isotopes display high redun-

dancy as expected since we have five different lead isotopes in our dataset.

Strontium has the lowest redundancy, implying that the information in strontium

is not replicated by some other isotope or combination of isotopes in the dataset.

It is noteworthy that two of the lead isotopes, 206Pb/207Pb and 206Pb/204Pb,

behave similarly across all the different experiments. The domain experts have no

direct explanation for this observation. However, the result inspired them to further

investigate these isotopes’ connection since this may be an indication that stable

lead isotopes can be very promising for provenance studies.

Overall low relevance scores indicate that no isotope alone reflects the full

structure of the data. This supports our hypothesis that univariate analysis is not

powerful enough to draw meaningful conclusions.

The bad scores achieved by all isotopes against the reference clustering includ-

ing only spatial coordinates illustrate that there is no trivial correspondence

between the two domains, isotope and spatial. Domain knowledge suggests a

connection, but it is not pronounced enough to be automatically reflected by the

isotope feature set. Therefore, the combination of both domains to extract a

spatially coherent isotope map is also not trivial and will require more complex

models.

In summary, our study resulted in the two major insights that were previously

uncertain and represented major added values for the domain experts.

Insight 1 A multivariate isotopic fingerprint is indeed needed instead of a univari-

ate analysis relying on oxygen only.

Our analysis showed that despite its popularity, oxygen does not provide excep-

tional structure to the dataset (average structural relevance), nor are they unique in

the role they play (no exceptionally low structural redundancy values). Thus, at

least in this reference region, provenance studies based solely on oxygen is bound to

fail. On the other hand, the implication from our results is that the envisioned

isotopic map can benefit strongly from a multi-isotopic fingerprint that includes

strontium and lead isotopes as well.

Insight 2 The omission of oxygen in the isotopic fingerprint does not considerably

decrease the quality of the fingerprinting.

Oxygen did not show a particularly low redundancy. Where spatial information

was included (IS, IS�lon), the redundancy was close to 70 % while it decreased to

about 35 % in I. The latter scenario has less relevance for the fingerprinting of

regions, because it omitted the spatial component. This indicates that the other

isotopes can provide much the same information as oxygen, i.e., they can be

substituted for oxygen where it is not available. Its low relevance score indicates

that oxygen does not dominate the structure (i.e., other isotopes are needed). While

the redundancy was not 100 %, it was definitely not outstanding and never the

lowest value in the analysis.
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The fact that oxygen seems not very relevant to provenance analysis in the

reference region opens up the opportunity to use cremated material for isotopic

mapping.

Spatial Clustering for Identifying Local Isotopic Fingerprints:
Toward an Isotopic Map of the Reference Region

In this section, we present a new clustering algorithm for deriving an isotopic map

addressing the following challenges: First, the dataset may contain nonlocal outliers

which are hard to be identified as such. Second, the resulting clusters should be

spatially coherent.

As before, we use a Gaussian Mixture Model as basic clustering model, i.e., a set

of k Gaussian distributions are iteratively fit to the data. Gaussian models are

powerful and versatile models that suit many kinds of scientific data. Their strength

is in the ubiquitous natural distributions that can be modeled well using the simple

Gaussian formulation. Efficient algorithms like expectation-maximization exist that

allow building Gaussian (Mixture) Models quickly. Also, the resulting Gaussian

distributions are well suited for predicting class memberships for new samples, i.e.,

using the maximum likelihood decision principle.

In a spatial domain, Gaussian Mixture Models have a shortcoming in that the

best fit for a feature dataset must not necessarily align with a best spatial fit. This has

a number of interesting consequences:

• Clustering using both the spatial and feature domains as equals may be

dominated by one or the other, resulting in a suboptimal model.

• Clustering based on only one of the domains can result in a particularly bad

model for the domain.

It is fairly simple to calculate the probability density for each point in the

modeled domain and construct a new model by applying the normalized density

onto measurements from the other domain. The result is a projection of the original

model into another domain. If the first law of geography holds (and a “correct”

model was built), there should be little discrepancy between the fit of the original

model and the derived model. Given this case, a projection of the data will be

concise and can be treated as equally “correct.”

To be able to visualize a feature model in a spatial domain, we must generate a

spatial projection of the model. Given the data upon which the feature model is

based and associated spatial dimension, we can calculate the membership probabil-

ity of each point and use this information combined with the spatial information to

derive a corresponding model in the spatial domain. This model can then be used to

determine the spatial extent of each model. In addition, the feature model can be

used to determine colors that represent the feature domains. This color can be
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applied to the spatial extent of each feature to visualize the semantical connection

between the models and their influence on the spatial projection.

Given a feature model Σ, feature data f, and corresponding spatial coordinates s,
we can determine a spatial model Σs. If Σ¼ (μ(k), σ(k)) is a Gaussian Mixture Model,

the normalized probability density function p can be used to determine the proba-

bility of cluster membership for each cluster c(k). These probabilities can then be

applied to s to determine the spatial projection of the model. This approach works

for various different forms of Gaussian model, e.g., without a measure of variance,

a variance vector, or a covariance matrix.

Given a suitable model for the data, the results must be presented in a way that

allows domain experts to understand and interpret the results. Spatial projections

lend themselves much better to visual presentation than feature models. In addition,

the spatial distribution of a Gaussian model is necessary for some application

domains like provenance analysis. Given a two-dimensional geo-projection of the

spatial distribution, we require an intuitive representation of the (possibly multidi-

mensional) underlying feature model. One remaining visual domain is color. The

LUV color model is designed to preserve perceptual differences proportional to the

Euclidean distance between the color vectors. Given its three-dimensional nature,

we require a three-dimensional input. If the feature space is higher dimensional, its

three strongest principal components are used. Normalization of the feature space

yields a set of three-dimensional vectors that can be interpreted as LUV vectors as

given below:

v ¼ PCA3 xjdð Þ �min PCA3 djdð Þð Þ
max PCA3 djdð Þð Þ �min PCA3 djdð Þð Þ

col ¼ RGBLUV v0 � 100; v1 � 200� 100; v2 � 200� 100ð Þ
where d is the training data, PCA3(x| d ) transforms x according to d’s three principal
components, and RGBLUV is a function that transforms LUV colorspace to RGB.

The scaling of the values of v is chosen to approximate the LUV color space’s

limits, but due to LUV’s design being modeled after human perception, it is

possible for this formula to yield invalid (but approximately correct) RGB values.

This problem can be addressed by normalizing the resulting values to valid RGB

feature ranges in a final step. This weakens the perceptual distance between the

points but is limited to the small range that was not expressible as LUV values.

Given the presented color model, it becomes possible to express the expected

feature values in the region of interest. The Gaussian Mixture Model over the

feature space allows predicting the value generated by the mixture of the feature

means. This allows assigning any given point an appropriate feature value and

corresponding color.

We used the described spatial EM clustering algorithm in combination with the

proposed coloring schema and applied it to the isotopic data of the reference region

derived from the project partners. The dataset contains six isotopic features from

two isotopic systems (strontium and lead) omitting oxygen including human and

animal remains.

122 M. Mauder et al.



Figure 7 (best seen in color) displays the resulting map both for using only the

animal data and using only the human data. Both maps have a clear tendency: while

the fingerprints in the south (northern Italy around Bolzano) and the north (Munich

stone plain) of the Alps are similarly stable, the isotopic values measured for the

inner alpine area (basically the Inn valley) are very heterogeneous and are hard to

group into small-scale characteristic fingerprints.

Conclusions

In this section, we presented two novel data mining methods that may contribute to

the generation of isotopic maps in general and are particularly used to derive a map

of isotopic fingerprints for the reference region of this study, the Inn-Eisack-Adige

transect in the European Alps.

The first method deals with feature selection and can be used to evaluate the

impact of isotopic features on provenance analysis in a reference region. It can

support domain experts to decide about the necessity of single features for their

particular study. We applied this method to a preliminary dataset of animal remains

and could derive important insights that were used later on for the construction of

the final map: First, the results confirm that a multivariate approach using more than

(a) Humans (b) Animals

Fig. 7 Map of isotopic fingerprints for the reference region using animal data and human data
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only one or two isotopic features is much more stable and will most likely produce a

more reliable map. Second, the popularity of oxygen as a marker could not be

supported. Rather, oxygen seems to be rather redundant for provenance analysis in

the reference region. This also confirms that cremated material can be used for map

isotopic fingerprinting which leverages the use of massive data on human findings.

The second method addresses the construction of the map by clustering the

isotope data into groups of similar isotopic features that are spatially coherent. This

algorithm is a variant of the classical Gaussian Mixture Model clustering on the

isotopic features using the spatial coordinates of the findings as an additional

(independent) domain for validation. We also propose a coloring model to display

the results.

The resulting maps for animals and humans (similar maps are available for each

animal species as well as a combined map; the results are mostly redundant) depict

a clear picture: while the isotopic fingerprints derived for the areas in the south and

in the north of the alps are rather stable, there is a quite heterogeneous area in the

inner alps. The models behind the clustering algorithm are probabilistic and allow

for predicting the places of origin of a new sample based on its isotopic values.

It should be pointed out that while the data mining methods presented here are

generic in the sense that they can be applied to virtually any data from any reference

region, the concrete results of the case study (e.g., the relevancy of single features)

do only hold for this particular reference region. However, due to the generality of

the methods, it is easy to integrate more data in the future or even open the focus of

this study to other parts of the Alps like Switzerland and France in the west or the

other parts of Austria in the east.
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Isotopic Map of the Inn-Eisack-Adige-
Brenner Passage and its Application
to Prehistoric Human Cremations

Anita Toncala, Frank S€ollner, Christoph Mayr, Stefan H€olzl,
Karin Heck, Dominika Wycisk, and Gisela Grupe

Abstract

This chapter summarizes the results achieved in an attempt to contribute to

bioarchaeological research aiming at the reconstruction of migration and culture

transfer in a region of eminent archaeological importance in Europe, namely, the

Inn-Eisack-Adige passage via the Brenner Pass in the European Alps. 219 archae-

ological animal bone samples of three residential species (Bos taurus, Sus scrofa,
Cervus elaphus) from 30 archaeological sites covering the transalpine passage

have been analysed in terms of δ18Ophosphate,
87Sr/86Sr, 208Pb/204Pb, 207Pb/204Pb,

206Pb/204Pb, 208Pb/207Pb and 206Pb/207Pb, thus generating a multi-isotope fin-

gerprint. All measurement data and the laboratory processing methods are

reported in detail. The isotopic map based on the spatial distribution of isotopic

signatures in the bone finds is augmented by modern reference samples

(water, soil, vegetation) to verify whether the choice of animal skeletal

samples was appropriate and to perform a pilot study leading to a predictive

model for 87Sr/86Sr isotopic ratios in local bioarchaeological specimens.

Univariate statistics for each single isotopic signature and the related maps

with the respective spatial distribution are presented.
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This isotopic map is a prerequisite for the quantification of human population

movement in the reference region and for defining direction of migration.

Information based on single isotopic ratios that is necessary for understanding

whether migration took place in a north-to-south direction or vice versa is

limited. In addition, cremating the dead was the major if not exclusive burial

rite during several periods in European history. Since stable isotopic ratios of

light elements such as oxygen are thermally less stable than the isotopic ratios of

the heavy elements strontium and lead, migration research based on isotope

analysis of fully cremated finds is restricted to the latter. In a pilot study,

184 human cremations from the Urnfield period and the Fritzens-Sanzeno

culture recovered in the reference area were analysed for strontium and lead

isotopic ratios, and the spatial distribution for each ratio was also mapped.

Subsequent GMM clustering (see chapter “The Isotopic Fingerprint: New

Methods of Data Mining and Similarity Search”) resulted in a clear definition

of micro-regions to the north and south of the Alps.

Introduction

To contribute to bioarchaeological research aiming at the reconstruction of migra-

tion, trade and culture transfer in a region that experienced considerable population

dynamics through time (see chapter “Transalpine Mobility and Trade Since the

Mesolithic”), a map has been established for the Inn-Eisack-Adige passage via the

Brenner Pass in the European Alps (Fig. 1). This isotopic map is based primarily on

archaeological vertebrate bone finds excavated along this Alpine transect and

augmented with modern reference material. In addition to the routinely measured
87Sr/86Sr isotopic ratio in the bioapatite of the skeletons, lead and oxygen isotopic

ratios of the bone mineral were also determined to generate a multi-isotope finger-

print (see chapter “The Concept of Isotopic Landscapes: Modern Ecogeochemistry

Versus Bioarchaeology”). This way, the differentiation between a “local” and “non-

local” multi-isotopic signature including the migratory direction of primarily

non-local individuals is achieved. While isotopic ratios of heavy elements such as

strontium and lead are not altered by exposure to high temperatures (Harbeck et al.

2011), stable isotopic ratios of light elements such as oxygen do change consider-

ably (Olsen et al. 2008; Schurr et al. 2008). Therefore, δ18Ophosphate does not

provide reliable information for the detection of non-local individuals in cremated

finds. While common cooking, roasting and boiling temperatures will not corrobo-

rate apatite δ18O (Harbeck et al. 2011), prehistoric cremation pyres could easily

reach temperatures up to 1000
�
C (see below). For a time period of about 1500 years

in human prehistory (from the Bronze Age until Imperial Roman Times), cremating

the dead was the major if not exclusive burial custom (Grupe et al. 2015). Although

recent work by Snoeck et al. (2015) suggests that cremations could also be a

suitable substrate for migration research by the use of stable isotope analysis, a

systematic evaluation of this special research substrate has yet to be attempted. This

implies that for about 60 human generations, the extent of population admixture and
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Fig. 1 Geographical location of the European Alps and magnification of the Inn-Eisack-Adige

passage. Sites sampled along this transect are marked with site codes. Figure by A. Toncala,

created by the use of scribblemaps http://www.scribblemaps.com

Isotopic Map of the Inn-Eisack-Adige-Brenner Passage and its Application to. . . 129
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cultural exchange is still insufficiently exploited. Our study aims at initiating the

closure of this knowledge gap.

Isotopic mapping of the Alpine transect is challenging in two ways: (1) The

region is characterized by significant geological and ecological diversity and small-

scaled isotopic patterning where considerable isotopic mixing occurs, and (2) the

isotopic methodology for uncremated archaeological bones consisting of lead,

strontium and oxygen stable isotopic ratios needs to be reduced to a fingerprint

consisting of stable strontium and lead isotopic ratios only, when applied to

cremated finds. The subsequent comparison of the spatial specificity will open up

the possibility for a systematic inclusion of cremated finds into bioarchaeological

migration research. The ultimate goal of our research is the establishment of a high-

resolution isotopic fingerprint for archaeological contexts in the regions of northern

Italy, the inner Alpine regions and the northern Alpine foothills. While it is

necessary to stress at this point that the results outlined in this chapter are related

to this specific reference area only, the general methodological and interpretive

procedure can be adopted to other regions of interest.

With regard to the multifaceted sociocultural and historical research contexts,

the choice of a specific region in the European Alps is understandable. However,

since both the northern and the southern Alpine foothills are dominated by carbon-

ate soils, a regional differentiation based on the commonly applied 87Sr/86Sr

isotopic system only is very limited. Migration from the carbonate-dominated

areas in the north to the carbonate-rich areas of the south or vice versa will largely

remain undetected. The establishment and appropriate interpretation of a multi-

isotope fingerprint for bioarchaeological migration research are requisite.

In a climatological sense, every alpine region is vertically stratified due to the

ambient atmospheric conditions. The altitudinal changes in condensation temperature

and humidity, however, also have an influence on the isotopic composition of the rain

water. This is the reason why stable oxygen isotopic ratios (δ18O) in the skeleton of

residential vertebrates are correlated to the altitude of the habitat. While the

unweighted global gradient of δ18O in precipitation averages �0.16 ‰ per 100 m

altitude, the northern slopes of theEuropeanAlps exhibit a slightly larger such gradient

(�0.18‰) than the southern ones (�0.08‰ per 100 m; Humer et al. 1995). Local

δ18Oprecipitation is, however, also influenced by additional parameters, e.g. when a site

is situated at the leeward side of a high mountain chain (Mayr et al. 2007).

The general hydrological difference in the Alps is mainly due to the origin of

precipitating air masses from the Atlantic and the Mediterranean, enhanced by the

continental effect which results from the different distances travelled by the air masses

originating from the north or south.Whenδ18O ismeasured in bonewhich is remodelled

throughout the lifetime of an individual, temporary short-term climatic fluctuations are

integrated. With regard to the reference area, publications on the variability of δ18O in

precipitation in southernGermany and northern Italy are already available (Humer et al.

1995; Longinelli and Selmo 2003; Tütken et al. 2004; see also the “Global Network of
Isotopes in Precipitation” (GNIP) database, Aggarwal et al. 2010).

Geologically, the Alps exhibit a complex make-up and are subdivided into the

Western, Eastern and Southern Alps. The Inn-Eisack-Adige passage belongs to the

Eastern Alps (Fig. 2a, b). A molasse basin that developed at the northern foothills

130 A. Toncala et al.
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has been filled mainly with debris of the Northern Calcareous Alps; therefore, soils

developed on carbonate-rich substrate dominate the region north of the mountain

chains up to the Danube River. In the inner Alpine regions, from the Inn Valley to

the city of Brixen in the south, the mountains consist of crystalline and siliciclastic

rocks (Moebus 1997; Henningsen and Katzung 1998; Park 2014). With regard to

the north-to-south transalpine transect, the northern and southern Alpine foothills

are geologically indistinguishable from each other. The central regions are, how-

ever, very diverse because of extensive sediment mixtures created through erosion

and material transport by mudslides, rivers and glaciers, generating a mixture of

different rock varieties with primarily distinct stable strontium isotopic ratios. In

addition, multiple ore deposits in the Alps have generated provinces with charac-

teristic stable lead isotope patterns (e.g. Kovach 1968; K€oppel and Schroll 1988;

Schroll 1990; Schroll et al. 2006). In sum, the European Alps are a region with a

large potential for reconstructing the place of origin of bioarchaeological finds on a

small scale given the prerequisite that the multi-isotope fingerprint is appropriately

deciphered.

Material

Archaeological Animal Bone Finds

Following the suggestion of Price et al. (2002) for the establishment of a map of

spatial variability of bioavailable stable isotopes within the scope of archaeological

migration research, and also according to our own experience, uncremated skeletal

remains of vertebrates from archaeological contexts were sampled for analysis.

Three mammalian taxa in particular were selected for two reasons. First, the species

should be available at the majority of sites. Second, the larger the animal, the better

it integrates local stable isotopic signatures into its tissues, which are incorporated

by feeding and drinking across broader spatial scales (Crowley et al. 2015). The

taxa chosen for this project are cattle (Bos taurus), domesticated pig (Sus scrofa
domestica) and red deer (Cervus elaphus). Bioapatite was purified, and 87Sr/86Sr,
208Pb/204Pb, 207Pb/204Pb, 206Pb/204Pb, 208Pb/207Pb, 206Pb/207Pb and δ18Ophosphate

were measured. For comparative reasons, δ18Ocarbonate was also measured in a

subsample of the bones.

All three species are assumed to be fairly residential, a logical assumption for the

domesticated pigs and cattle since they were likely kept in close proximity to the

human settlements. However, herd management for cattle and pigs could have been

different because the practice of a transhumant economic system in alpine regions

was developed very early in prehistory. It cannot be excluded that cattle spent

several months of the year at higher altitudes grazing in meadows of the mountain

slope, while pigs may have been kept within the settlement. The catchment area of

red deer, a species which is also known for its seasonal migration, should have been

considerably larger in prehistory compared to modern times. However, the size of

catchment areas and hunting grounds in prehistory is for the most part unknown.
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Therefore, the term “residential” is relative, and it cannot be expected that all three

species integrate the local isotopic signals of their environment in the same way.

Moreover, species-specific metabolic peculiarities have a further influence on

average δ18Ophosphate. δ18O in the body is related to the respective isotopic ratio

in drinking water, which is in turn related to δ18O of precipitation. While both cattle

and pigs drink daily and are diurnal species, red deer are crepuscular animals which

cover their water demands mostly by dew and succulent green fodder. Diet is also

species-specific: pigs are omnivores, while both cattle and red deer are herbivores

and ruminants. Cattle are grazers and folivores preferring open meadowlands, while

red deer live in forests and grasslands where they feed on leaves and bark. Due to

their different drinking behaviour and regular leaf eating, red deer δ18O can be

significantly enriched in 18O compared to cattle in a given micro-region (see,

e.g. Fricke et al. 1998). Furthermore, the type of thermoregulation of a species

(e.g. sweating versus panting) can play a major role in the oxygen isotope balance

of a mammal body.

Any isotopic map generated by the use of local vertebrate bone finds will

therefore rely on similar but not identical isotopic fingerprints. The same holds

for human skeletal isotopic fingerprints which are later related to this “faunal

isotopic map”. Therefore, in several ways isotopic signatures constitute “data

with some uncertainties”. First, every isotope value obtained has an analytical

error that also comprises the quantitative decontamination of a bone that was

subjected to soil conditions during centuries or even millennia of burial (see chapter

“The Crystalline State of Archaeological Bone Material”). Second, individual

physiological and metabolic peculiarities frequently exert an unknown influence

on the isotopic signature. Third, species specificity and the environmental

variability of isotopic fingerprints render the definition of cut-off values between

“local” and “non-local” quite complex and can hardly be achieved using univariate

statistics alone. This necessitates new efforts for the extraction of the relevant

information from the fingerprint (see chapter “The Isotopic Fingerprint: New

Methods of Data Mining and Similarity Search”). Finally, after establishing this

environmentally defined cut-off value, the notion of “foreignness” in relation to the

size of a micro-region and distance travelled, in other words the differentiation

between “mobility” and “migration/trade/import”, must be discussed in relation to

the particular archaeological context. An additional difficulty is introduced by the

fact that an archaeological bone find may plausibly be assumed to be local to a site,

but it can often not be assessed a priori whether certain animal individuals, or parts

of them, have been imported to the site of their recovery as food or raw material.

Since the Alpine transect studied in this project was a transition zone, it cannot be

firmly excluded that, for example, cadavers of draught animals such as oxen were

disposed of in the vicinity of a settlement.

The faunal specimens considered for the isotopic map are housed at the Bavarian

State Collection for Anthropology and Palaeoanatomy in Munich and have been

analysed osteologically according to international archaeozoological standards.

The assemblages under study essentially consist of butchering refuse and meat

consumption but occasionally comprise whole carcasses as well. Prior to isotope
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analysis, key archaeozoological parameters including skeletal element, taxon, bone

weight, size, sex, age at death and butchering marks were recorded and the data

entered into the research database OssoBook (http://xbook.vemed.uni-muenchen.

de), together with the relevant archaeological information. Relative to isotopic

mapping, remains of cattle, red deer and pigs from pre-Roman contexts were

selected.

Analysing archaeological animal bone finds for the establishment of an isotopic

map is not an end in itself. The possibility that some of the animals which had been

assumed to be local exhibit an isotopic fingerprint which is not shared by the other

individuals of the same species instead can be of great historic significance. As will

be shown below, this actually happened in our data set. The question about the

underlying motive for the transfer of animals is automatically raised – was this done

to improve local breeds, were these animals in accompaniment during population

movements or even military manoeuvres, or was this an outcome of normal trade?

This way, the isotopic map may serve as a design for future archaeozoological

projects (see chapter “Early Roman Transfer of Animals Across the Alps: Setting

the Stage for Interpreting the Results of Isotope Fingerprinting”).

Animal bones excavated from 30 archaeological sites of the Alpine transect were

sampled. Sites were selected according to the archaeological relevance, quality of

the documentation and availability of appropriate material. Sites and bones were

labelled with site codes. Sites labelled between 100 and 199 are located north of the

Alps, inner Alpine sites are labelled between 200 and 299, and southern Alpine sites

have labels �300 (Fig. 1). Whenever possible, compact bone of three adult animals

per species and site were sampled to ensure that the measured isotopic ratios are

integrated over several years or even the total lifetime of the individual in question.

Selection of Archaeological Sites

The map of bioavailable isotopic ratios in vertebrate bone finds constitutes the

necessary framework and supplies the background data for answering archaeolog-

ical questions related to mobility, trade, migration and culture transfer in the

reference area. It is not uncommon that the settlements belonging to prehistoric

burial grounds are not known. Therefore, the archaeological sites from which the

animal bones were sampled were chosen according to the following reasons: The

sites should cover the Inn-Eisack-Adige passage as good as possible, well-

preserved bones of the three vertebrate species chosen should be available, and

the sites of animal bone recovery should be located as close as possible to archaeo-

logical sites containing human cremations used in isotopic fingerprinting for prov-

enance analysis. It should be emphasized that the archaeological dating of the

archaeofaunal remains (see Table 1) is not necessarily identical with the dating of

the human cremations. This is in part due to the availability of material but was also

performed on purpose because this permits the monitoring of possible changes in

isotopic ratios through time. The best case scenario is when the isotopic map, which

records bioavailable isotopic ratios in consumer tissues and are unbiased by modern
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industrialisation, will be suitable for the majority if not all archaeological strata. In

the following listing, the sites are ordered by latitude (see Figs. 1 and 2).

Archaeological Sites to the North of the Alps

• Berching-Pollanten (site code 106); coordinates: 49.14
�
N, 11.45

�
E, 400 m a.s.l.

• Griesstetten (site code 115); coordinates: 49.03
�
N, 11.6

�
E, 390 m a.s.l.

• Manching, Pfaffenhofen/Ilm (site code 127); coordinates: 48.72
�
N, 11.53

�
E,

379 m a.s.l.

• Freising Domberg (site code 114); coordinates: 48.4
�
N, 11.75

�
E, 459 m a.s.l.

• Erding-Altenerding (site code 149); coordinates: 48.3
�
N, 11.91

�
E, 467 m a.s.l.

• Wehringen-Hochfeld (site code 147); coordinates: 48.25
�
N, 10.81

�
E, 537 m a.s.l.

• Eching-IKEA (site code 108); coordinates: 48.22
�
N, 11.53

�
E, 483 m a.s.l.

• Schwabm€unchen (site code 148); coordinates: 48.17
�
N, 10.86

�
E, 566 m a.s.l.

• Pestenacker/Lech (site code 131); coordinates: 48.15
�
N, 10.95

�
E, 572 m a.s.l.

• M€unchen-Trudering (site code 136); coordinates: 48.12
�
N, 11.67

�
E, 533 m a.s.l.

• Unterhaching “Am Rodelberg” (site code 137); coordinates: 48.06
�
N, 11.63

�
E,

561 m a.s.l.

• W€orthsee-Steinebach (site code 150); coordinates: 48.06
�
N, 11.20

�
E, 575 m a.s.

l.

• Gr€unwald-Parkgarage (site code 116); coordinates: 48.04
�
N, 11.53

�
E, 599 m a.

s.l.

Inner Alpine Sites

• Kirchbichl/W€orgl “Grattenbergl” (site code 217); coordinates: 47.5
�
N, 12.08

�
E,

587 m a.s.l.

• Radfeld-Mauken (site code 238); coordinates: 47.44
�
N, 11.95

�
E, 1020 m a.s.l.

• Brixlegg/Inn “Mariahilfbergl” (site code 203); coordinates: 47.43
�
N, 11.88

�
E,

631 m a.s.l.

• Wiesing/Jenbach Buchberg (site code 236); coordinates: 47.4
�
N, 11.79

�
E, 614 m

a.s.l.

• Fritzens Pirchboden (site code 205, 206); coordinates: 47.31
�
N, 11.59

�
E, 805 m

a.s.l.

• Thaur “Kiechlberg” (site code 241); coordinates: 47.3
�
N, 11.45

�
E, 1026 m a.s.l.

• Pfaffenhofen/Inn (site code 230); coordinates: 47.29
�
N, 11.08

�
E, 860 m a.s.l.

• Innsbruck “Kalvarienberg” (site code 215); coordinates: 47.29
�
N, 11.41

�
E,

626 m a.s.l.

• Mieming (site code 229); coordinates: 47.28
�
N, 10.96

�
E, 792 m a.s.l.

• Ampass-Widumfeld (site code 237); coordinates: 47.26
�
N, 11.46

�
E, 636 m a.s.l.

• Bergisel-IBK (site code 201); coordinates: 47.25
�
N, 11.40

�
E, 725 m a.s.l.

• Hohe Birga (site code 240); coordinates: 47.24
�
N, 11.30

�
E, 855 m a.s.l.
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Archaeological Sites to the South of the Alps

• Brixen-Stufels “Villa Kranebit” (site code 314); coordinates: 46.72
�
N, 11.66

�
E,

553 m a.s.l.

• Brixen-Stufels “Russo” (site code 312); coordinates: 46.72
�
N, 11.66

�
E, 574 m a.

s.l.

• Brixen-Stufels “Hotel Dominik I+II” (site code 301); coordinates: 46.72
�
N,

11.66
�
E, 572 m a.s.l.

• Sanzeno (site code 310); coordinates: 46.37
�
N, 11.08

�
E, 683 m meters a.s.l.

• Zambana (site code 311); coordinates: 46.17
�
N, 11.08

�
E, 194 m a.s.l.

Modern Reference Samples

An isotopic map suitable for archaeological strata must be free of modern

contaminants, e.g. introduced by mineral fertilizers or industrial lead. To control

for this, the map based on animal bone finds was augmented with modern reference

samples which had been gathered in the course of several field excursions in the

years 2013 and 2015. Soil samples were taken from the archaeological horizons of

the sites and were subjected to a leaching step prior to analysis afterwards (after

Drouet et al. 2005, see methods’ section). Groundwater was taken from the bottom

of neighbouring springs or wells at the closest distance to the archaeological site.

Accordingly, these water samples consist of both precipitation and surface water

enriched with soil components. Since no archaeobotanical material was available,

modern vegetation was sampled from trees which develop deep-reaching roots well

below the agricultural horizon. Preference was on hazelnut branches (Corylus
avellana) because of the frequent availability of this plant species (G€ohring et al.

2015).

In a pilot study, local 87Sr/86Sr isotopic ratios of archaeological strata were

modelled for five selected sites in the Inn Valley, a region where small-scale

mixed isotopic composition is expected (S€ollner et al. 2016). The specific sites

and samples for the model calculations are:

• Fritzens, Pirchboden (site code 206): soil developed on argillaceous sand, light

brown with crystalline components of boulder pavement of varying size, defi-

nitely of moraine origin (87Sr/86Sr ¼ 0.714, profile depth ¼ 100–110 cm);

hazelnut wood; spring water from a nearby well.

• Innsbruck-M€uhlau, Kalvarienberg (site code 215): soil consisting of brown ren-

dzina with calcareous fragments and some crystalline pebbles, covered by land-

slide material interspersed with carbonate fragments only (87Sr/86Sr ¼ 0.70876,

profile depth¼ 25–30 cm); hazelnut wood; water from a well next to the church at

the Kalvarienberg.

• Pfaffenhofen/Inn, H€ortenberg (site code 230): soil developed on grey soft clay

(87Sr/86Sr ¼ 0.72533, profile depth ¼ 100–130 cm), whereby the whole fine-
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grained loamy profile intercalated with chalk bands suggests a lacustrine

sequence (see also Fig. 11); hazelnut wood; spring water from a well inside

the “Maierhof” farm.

• Wiesberg, Buchberg (site code 236): soil developed on sandy silt (87Sr/86Sr

¼ 0.71081, profile depth ¼ 50–60 cm); hazelnut wood; spring water from the

nearby village of Jenbach.

• Ampass, Widumfeld (site code 237): soil containing small pebbles of quartz-

phyllite, probably related to an argillaceous sandy valley or lake filling from

post-Roman times, it is assumed that the sediment source remained similar

during postglacial times with no fundamental change of strontium isotopic ratios

of the reservoir (87Sr/86Sr¼ 0.71736, profile depth¼ 50–60 cm); hazelnut wood;

spring water from the nearby forest (S€ollner et al. 2016).

Finally, to monitor the altitudinal gradient of δ18O in precipitation, α-cellulose
was purified from 24 wood samples of nine plant species (Acacia sp., Corylus
avellana, Fraxinus excelsior, Juglans regia, Malus sp., Prunus sp., Quercus sp.,
Ribes sp., and Sambucus nigra) from selected sites (G€ohring et al. 2015). Bulk

analyses were performed instead of annual tree ring analyses to integrate over the

growth period of the trees. Seventeen groundwater and three river water samples

were taken for comparison (G€ohring et al. 2015).

Methods

Stable Oxygen Isotopes in the Bone Apatite Structural Carbonate
(d18Ocarbonate)

The endosteal and periosteal surfaces of small pieces of compact bone were

removed manually by the use of tweezers and tongs to avoid any heat generation

through grinding. One-way gloves were worn all time. The remaining compact

bone core was homogenized to a fine powder with a ball mill (ZrO2 beakers). About

100 mg of bone powder was incubated into 5 mL of 4 % NaOCl for deproteination,

and the solution was kept under constant motion for at least two full days. On the

third day latest, the solution was replaced with fresh NaOCl, and incubation

continued until effervescence ceased. The powder was then washed with deionized

water by centrifuging at 5000 rpm for 5 min each. When a pH between 5 and 6 was

reached, the pellet was suspended in 5 mL 1 M calcium-acetate-acetic acid buffer

(pH 4.5) and kept under constant motion for at least one full day. The sample was

then washed as described before and lyophilized. Stable isotope analysis was

performed by a coupled analysing system GasBench II/Delta Plus (Thermo

Finnigan), where the sample reacts with orthophosphoric acid at 72
�
C and the

resulting CO2 is transferred in He (4.6) as carrier gas into the mass spectrometer. A

laboratory standard was calibrated against the IAEANBS 19 and NBS 20 standards,

and isotopic ratios were expressed in the conventional δ-notation against the VPDB
standard. Measurement error did not exceed 0.1 ‰.
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Stable Oxygen Isotopes in the Bone Apatite Phosphate
(d18Ophosphate)

The samples were deproteinated according to the protocol for the purification of the

apatite structural carbonate. 3 mg of deproteinated apatite powder was then placed

into a 2 mL Eppendorf cup and dissolved in 115 μL 2 M HF. The solution was kept

under constant motion for at least 4 h. To neutralize the solution, 115 μL 2 M KOH

were added followed by centrifuging at 3000 rpm for 15 min. The supernatant was

pipetted into a new Eppendorf cup, and 1500 μL AgNO3 solution (pH 10–11) was

added for the precipitation of silver phosphate. The open tube was kept overnight at

60
�
C. On the following day, the supernatant (pH between 6 and 7) was discarded.

The crystallized silver phosphate was washed carefully with distilled water,

whereby the Eppendorf cups were placed five times for 3 min each into an

ultrasonic bath to loosen all crystals still adherent to the tube walls. Next, as

much liquid as possible was pipetted away, and the crystals were dried in the

open tubes at 60
�
C to a constant weight and homogenized.

For the mass spectrometry, three times 0.93 mg each of the silver phosphate

powder (triplicate measurements) was weighted into tin capsules and vacuum dried

at 60
�
C for 48 h. The samples were then immediately transferred to an autosampler

flushed with helium and pyrolyzed in a HEKAtech HT Oxygen Analyser. Quanti-

tative pyrolysis was achieved in a SiC reaction tube at 1490
�
C in the presence of

glassy carbon covered with granulated carbon. The resulting carbon monoxide was

transferred in a continuous He flow via a trap filled with Carbosorb and MgClO4

and a gas chromatography column (GC, 70
�
C) to the mass spectrometer (Delta V

Advantage, Thermo Fisher Scientific). Stable oxygen isotopic ratios are reported as

δ18Ophosphate (VSMOW). Analytical precision was 0.2 ‰.

The oxygen isotopic ratio was calculated from the m/z ratios 30 and

28 in the mass spectrometer and by the use of the benzoic acid standards IAEA

601 (δ18O ¼ 23.3 ‰) and 602 (δ18O ¼ 71.4 ‰). Two additional standards were

processed in the same way as the samples, namely, a phosphorite rock standard

(NBS 120c, δ18O ¼ 22.6, n ¼ 21) and bone ash (SRM 1400, δ18O ¼ 17.1 ‰,

n ¼ 23). The δ18O value of the NBS 120c standard is in agreement with previously

reported values (22.6 � 0.1 ‰, Vennemann et al. 2002, and 22.4 � 0.2‰, Fischer

et al. 2013, respectively) but disagrees with lower values reported elsewhere (see

Fischer et al. 2013 for discussion). Such differences are due to different calibration

standards, phosphate extraction protocols or methods and facilities for isotope

analyses (Vennemann et al. 2002). Triplicate analyses of 24 bone phosphate

samples had an average standard deviation of 0.12 ‰. Oxygen concentration per

sample was determined from the m/z ratios related to the weight used in the isotope

analysis certified standards for elemental analyses and was used to check the purity

of the extracted phosphate (Mayr et al. 2016).
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Stable Oxygen Isotopes in the a-Cellulose of Modern Wood
(d18Ocellulose)

After manual removal of the bark, the wood samples were air-dried and

homogenized to a fine powder in a ball mill. This powder was passed through a

125 μm sieve, and the remaining particles filled into polyester filter bags with a pore

size of 25 μm. α-cellulose was purified according to Jayme (1942) and Gaudinski

et al. (2005): A 24 h Soxhlet extraction with a mixture of toluene and ethanole (2:1)

was followed by a second 24 h Soxhlet extraction with 95 % ethanole. Samples

were then air-dried and boiled for a minimum of 4 h in distilled H2O, whereby the

water was changed until no further changes in colour occurred. For the following

extraction steps, the filter bags must not be allowed to dry. Bleaching was achieved

ultrasonically at 70
�
C by the use of a solution made up of 7 g NaClO2 dissolved in

500 mL distilled water, acidified with 3 mL glacial acetic acid. Every 2 h, another

7 g of sodium chlorite and 3 mL glacial acetic acid were added, and after 8 h total,

the samples remained in the solution overnight at room temperature. After being

washed four times ultrasonically with 70
�
C distilled water for 15 min each, both the

bleaching and washing step were repeated a second time. During the last wash in

hot water, the water needs to be replaced every 15 min until the pH does not change

any more. The filter bags were then placed into a filter flask in an ultrasonic bath

(70
�
C) and washed for another 4 h under continuous water flow. The remaining

holocellulose was then washed four times ultrasonically for 15 min each with 2 L of

cold water (about 4
�
C).

For the solubilization of hemicellulose, the samples were then stirred in 500 mL

17 % NaOH solution for 1 h at room temperature. Afterwards, the samples were

washed four times for 15 min each, and then for another 2 h under continuous water

exchange. Sugars and sugar residues were then removed by an ultrasonical treat-

ment of the samples in a solution made up of 450 mL distilled H2O and 50 mL

glacial acetic acid for 1 h. Finally, the filter bags with the purified α-cellulose were
dried to a constant weight at 50

�
C. 300 μg of α-cellulose each were weighed for

mass spectrometry. α-cellulose standard C8002 (Sigma) was used for quality

control. The purification protocol was validated by FTIR (G€ohring 2014; G€ohring
et al. 2015). The oxygen isotope analysis was performed with the same device as

reported for the bone apatite phosphate.

Stable Strontium and Lead Isotopes in the Bioapatite

The endosteal and periosteal surfaces of compact bone pieces (2–4 g) and all

trabecular bone parts were removed by the use of a diamond-tipped saw. The

sample was then divided into two parts, whereby one fragment was processed

further for stable strontium and one for lead isotope analysis. To remove all

remaining bone powder generated by the grinding process, the bone pieces were

washed two times each ultrasonically with deionized H2O for 5 min and air-dried.

From now on, samples were manipulated wearing one-way gloves. Uncremated
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bones were defatted for 5 h with diethylether in a Soxhlet reflux device and

air-dried.

To also remove the inner sample surfaces, the bone/tooth pieces were etched

ultrasonically at 35 kHz for 5 min in concentrated HCOOH* (98 %) for stable

strontium isotope analysis and for 10 min in concentrated HCl** (37 %) for stable

lead isotope analysis. Next, the specimens were washed ultrasonically with

deionized H2O until a pH between 5 and 6, air-dried, and the dry weight was

recorded. The samples were then ashed for 12 h at 800
�
C in a muffle furnace, and

the weight of the ash was also recorded after cooling to room temperature for a

calculation of the apatite yield. Last, the specimens were homogenized to a fine

powder in a ball mill (ZrO2 beakers).

For 87Sr/86Sr determination, a maximum of 50 mg homogenized apatite was wet

ashed in 1 mL concentrated HNO3*** (65 %) in closed Teflon cubes for 24 h on a

hotplate at 100
�
C, and the remaining liquid was evaporated at the same temperature

overnight. For the following column separation, the sample was solubilized for a

minimum of 20 min on a hotplate at 100
�
C in 1 mL 10 N HNO3*** and forwarded

to the column separation (after Pin et al. 2003, modified by Vohberger 2011).

Column cleaning and conditioning was performed as follows: About 75 μL
Sr-spec solubilized in H2O** are loaded, divalent ions are removed with

0.8–1 mL 6 N HNO3***, the column is rinsed with 0.8–1 mL H2O**, Pb is removed

with 0.8–1 mL 6 N HCl**, the column is rinsed with 0.8–1 mL H2O**, and the

column is finally conditioned with 100 μL 10 N HNO3***. Next, 300 μL of the

sample is loaded and flushed into the resin by adding 100 μL 10 N HNO3***

followed by 200 μL, 600 μL and again 200 μL 10 N HNO3 (elution of Rb and

binding of Sr to the resin). Purified Sr is eluted by adding 1000 μL 0.05 N

HNO3***, and the liquid is evaporated on a hotplate at 100
�
C. The sample is

then again solubilized in 1000 μL 10 N HNO3***, and the loading process is

repeated with the complete 1000 μL sample volume. After evaporation of the

remaining liquid, the sample was forwarded to mass spectrometry.
87Sr/86Sr was analysed with a thermal ionisation mass spectrometer Finnigan

MAT 261.5 on single tungsten filaments. Significant extant Rb was evaporated

from the loaded filament by controlled preheating before the isotopic Sr composi-

tion was measured. A certified reference material served for quality control (SrCO3,

NIST SRM 987, 87Sr/86Sr: 0.710219 � 0.000059 STD, n ¼ 80). Isotope mass

fractionation during analysis was corrected by referencing to an invariant 88Sr/86Sr

value of 8.37521. Total analytical uncertainty (precision + accuracy) for 87Sr/86Sr

on natural samples was estimated to be <50 ppm. In addition, Standard Reference

Material (SRM) 1400 “Bone Ash” (NIBS, Washington DC) was used with regard to

the wet ashing and Rb-Sr separation (87Sr/86Sr: 0.713091 � 0.000081, n ¼ 43).

Measurement precision was � 0.00001 (S€ollner et al. 2016).
For lead isotope analysis (208Pb/204Pb, 207Pb/204Pb, 206Pb/204Pb, 208Pb/207Pb,

206Pb/207Pb), 200 (� 1) mg homogenized bone/tooth sample was solubilized in

1 mL concentrated HNO3***, evaporated for about 2 h under red light and wet

ashed in closed quartz vessels for 4 h at 800
�
C. The ashed sample was then

moisturized with concentrated HBr, evaporated for 30 min under red light and
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solubilized ultrasonically in 0.45 mL 0.5 N HBr for 1 minute at 35 kHz. The

solution was then centrifuged for 3 min at 13,400 rpm and the supernatant

forwarded to the column separation, which was performed in two steps (separa-

tion of Pb followed by a “clean-up”).

For element separation columns were loaded with 40 μL Dowex (1�8) anion

exchange resin which has been cleaned before by replicate flushing with 1 N HNO3

and H2O***. After cleaning columns were conditioned by adding 100 μL 0.5 N

HBr. Next, the complete supernatant was loaded and Pb was purified by adding

three times 200 μL 0.5 N HBr. After converting to chloride form by adding 250 μL
2 N HCl, Pb was eluted by adding two times 150 μL 6 N HCl. Then the sample was

evaporated to dryness.

For the “Pb clean-up”, the same resin was used after cleaning as described

above. After conditioning with 100 μL 2 N HCl, samples were loaded in

100 μL 2 N HCl. Then Pb was cleaned by flushing the resin two times with

100 μL 2 N HCl. The purified Pb was eluted into PFA containers by adding two

times 150 μL 6 N HCl. Before eluating, 1 μL HClO4 was added to the beakers to

destroy remaining organics during evaporation of the samples under red light. All

reagents were of ultrapure grade, and equipments were thoroughly cleaned before

using. The blanks of the complete analytical procedure were far below 1 ng Pb,

which was regarded to be insignificant. Lead samples were loaded on precleaned

rhenium filaments using the silica gel technique. Lead isotopic ratios were

measured with a MAT Finnigan 261.5 mass spectrometer in static mode. Isotope

mass fractionation during analysis was corrected with �0.1 � 0.05 % per atomic

mass unit, which was deduced from repeated analyses of the NBS 982 international

standard. NIST Standard Reference Material NBS 982 served for quality control

(206Pb/204Pb ¼ 36.75842 � 0.03473, 206Pb/207Pb ¼ 2.14129 � 0.00087, n ¼ 83) of

the measurement. In addition, Standard Reference Material SRM 1400 “Bone Ash”

(NIBS, Washington DC) was analysed with regard to test the laboratory processing

protocol (206Pb/204Pb ¼ 18.36663 � 0.01188, 206Pb/207Pb ¼ 1.17229 � 0.00047,

n ¼ 132).

Strontium Stable Isotopes in Soil

Soil samples were sieved through a 0.5 μmmesh. 300 mg of the sample was treated

with 2 mL 35 % HCl** overnight at 120
�
C. After evaporation of the acid, 1 mL of

65 % HNO3** was added, and the sample was dissolved overnight at the same

temperature. Remaining minerogenic particles were removed by centrifuging for

10 min at 11,000 rpm. The supernatant was transferred into Teflon cubes and

inspissated overnight. In case the sample exhibited a conspicuous brown colour

or appeared semi-fluid, an additional solubilization in 1 mL 65 % HNO3** over-

night was necessary. After evaporation of the acid prior to column separation, the

sample was collected for a minimum of 20 min in 1 mL 6 N HNO3*** on a hotplate

at 100
�
C. 300 μL sample was forwarded to the column separation (see above).
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Results and Discussion

Isotopic Map of the Inn-Eisack-Adige Passage based on uncremated
Archaeological Vertebrate Skeletons, augmented by modern
Environmental Reference Samples

All measurement data obtained on animal skeletal finds are listed in Table 1. For

very few individuals only, the amount was not sufficient for reliable measurements

of lead or oxygen isotopes. Therefore, the complete data set consists of 219 samples

for 87Sr/86Sr, and 217 individuals for δ18Ophosphate and lead isotopes, respectively.

A summary of univariate statistics of all animals and all sites is given in Table 2.

When the complete data set without differentiation per site of recovery is consid-

ered, no significant differences in any of the five isotopic ratios per species exist.

Statistically, cattle, pig and red deer share the same data population in terms of their

single isotopic signatures.

Since both strontium and lead are non-essential trace elements which are taken

up in food and drinking water, these elements are mostly excreted. Atoms that

remain in the body are sequestered into the bone mineral at calcium lattice

positions. With regard to oxygen, however, species-specific metabolic and dietary

peculiarities need to be taken into account. For animals, the primary oxygen source

should be surface water, but the raw measurement data of δ18Ophosphate are strongly

biased by these aforementioned peculiarities. To account for that, species-specific

regressions between δ18Ophosphate and δ18Owater have been established, namely:

δ18Ophosphate, cattle ¼ 1:01� 0:04ð Þ � δ18Owater

þ 24:90 D
,
Angela and Longinelli 1990ð Þ, ð1Þ

δ18Ophosphate,pig ¼ 0:86� 0:05ð Þ � δ18Owater þ 22:71 Longinelli 1984ð Þ, ð2Þ
and

δ18Ophosphate,deer ¼ 1:13� 0:14ð Þ � δ18Owater

þ 25:55 D
,
Angela and Longinelli 1990ð Þ: ð3Þ

After transformation of the δ18Ophosphate into δ18Owater data, the univariate

statistics exhibit slight changes and so does the Kernel density plot (see below),

but still, no species-specific differences are detectable: For cattle, δ18Owater varies

between �12.1 and �7.6 ‰ with a mean of �9.9 � 0.93 ‰ and a median of

�9.9‰; for pigs, variation is�11.9 to�7.7‰ with a mean of�9.7� 0.99‰ and

a median of�9.7‰; and for red deer, variation is�11.5 to�7.5‰, with a mean of

�9.6 � 0.80 ‰ and a median of �9.6 ‰.

A relationship between isotopic signatures and spatial coordinates (latitude,

longitude and altitude in meters a.s.l.) as indicated by the R2 values remained

mostly undetectable. Weak such relationships exist for δ18Ophosphate and altitude

in all species and for δ18Ophosphate and latitude in pigs, for 87Sr/86Sr and latitude in
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Table 2 Number of specimens (n), minimum, maximum and mean isotopic ratios with one

standard deviation (sd) and median isotopic ratios for all animals and all sites, differentiated per

species

Cattle Pig Red deer

δ18Ophosphate

n 88 81 48

Minimum 12.7 12.5 12.6

Maximum 16.5 16.1 17.1

Mean 14.8 14.4 14.7

sd 0.1 0.1 0.1

Median 14.9 14.4 14.7
87Sr/86Sr

n 89 82 48

Minimum 0.70708 0.70809 0.70843

Maximum 0.72068 0.71876 0.72043

Mean 0.71154 0.71134 0.71128

sd 0.00305 0.00237 0.00301

Median 0.71034 0.71072 0.71019
208Pb/204Pb

n 88 81 48

Minimum 38.1878 38.2927 38.2659

Maximum 38.8265 38.7769 38.6825

Mean 38.5376 38.5473 38.4848

sd 0.1118 0.1095 0.1037

Median 0.5414 38.565 38.4782
207Pb/204Pb

n 88 81 48

Minimum 15.6043 15.6046 15.6105

Maximum 15.857 15.7914 15.7827

Mean 15.6547 15.6624 15.6573

sd 0.0359 0.0328 0.0375

Median 15.648 15.6585 15.6468
206Pb/204Pb

n 88 81 48

Minimum 18.3299 18.421 18.4794

Maximum 21.3966 20.6645 20.4403

Mean 18.8843 18.9816 18.9453

sd 0.3968 0.4272 0.4447

Median 18.8109 18.8916 18.7919
208Pb/207Pb

n 88 81 48

Minimum 2.4081 2.429 2.4392

Maximum 2.4766 2.4762 2.4736

Mean 2.4617 2.4611 2.4581

sd 0.0086 0.0078 0.0069

Median 2.4619 2.4619 2.4583

(continued)
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all species and for 87Sr/86Sr and altitude in cattle and red deer, for 206Pb/204Pb and

latitude in all species, for 208Pb/207Pb and latitude for cattle and for 206Pb/207Pb and

latitude in all species (Table 3). In the reference area studied, variability of isotopic

ratios by longitude obviously produced no valuable information with regard to

provenance analysis, a result that is compatible with the negligible role of this

spatial feature in the structural ranking of features in the course of the cluster

analysis (see chapter “The Isotopic Fingerprint: New Methods of Data Mining and

Similarity Search”). A variability of δ18O by altitude meets expectations (see

below), and also the spatial variability of isotopic ratios by latitude is informative

especially with regard to 87Sr/86Sr, 206Pb/204Pb and 206Pb/207Pb. After transforma-

tion of δ18Ophosphate into δ18Owater, the relationships between the isotopic signatures

and coordinates are maintained (R2
altitude¼ 0.17 for cattle, 0.26 for pigs, 0.23 for

red deer; R2
latitude¼ 0.11 for pigs).

In the following sections, the spatial distribution of isotopic signatures is

mapped in the traditional way one by one. Mathematically, one or more of the

isotope values of individual animals were outliers (n¼ 21, Table 4), but not a single

individual represents such a statistical outlier with regard to all its isotopic

signatures. In the traditional way of interpreting isotope values, either by comparing

them one by one or in bivariate plots, these mathematical outliers would be

considered indicators for “non-local” individuals on the site of their recovery. But

since the specimens in this data set constitute statistical outliers either with regard to

stable strontium isotopic ratios or to lead isotopic ratios, yet not a single specimen

exhibits outliers for both strontium and lead, such a ready conclusion is possibly not

justified. Mathematical outliers may have several underlying reasons whereby

mobility is only one. The usually applied univariate statistical procedure can

evaluate the structure of an existing data set but cannot take into account the

small-scale variability of geological and soil conditions. Also species-specific

home ranges or herding practices of domesticates will be of influence on the

measurement data.

Boxplots and histograms are useful tools in univariate statistics for a graphic

representation of data distributions, but the limitations, especially of the latter, are

well known. Therefore, Kernel density estimates, which are of major benefit in

Table 2 (continued)

Cattle Pig Red deer
206Pb/207Pb

n 88 81 48

Minimum 1.1722 1.1758 1.1822

Maximum 1.3492 1.3088 1.295

Mean 1.2063 1.2119 1.2099

sd 0.0229 0.0250 0.0259

Median 1.2017 1.2064 1.2028
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analytical chemistry, have been performed for each isotopic data population. A

Kernel estimate visualizes the density function of a data population without the

necessity of making a previous assumption on the data distribution (e.g. normal

distribution; see Thompson 2006). It is conspicuous that additional peaks in the

Kernel density plots (see below) are nearly exclusively related to the domesticated

species and less frequently depicted in the stable isotopic ratios of free-ranging red

deer. As mentioned in the introduction, the notion of an “isotopically local” sample

Table 3 R2 values of

regressions between

isotopic ratios and spatial

coordinates per species

Cattle Pig Red deer

δ18Ophosphate

n 88 81 48

Latitude 0.02 0.11 0.07

Longitude 0.04 0.04 0.02

Altitude 0.16 0.26 0.24
87Sr/86Sr

n 89 82 48

Latitude 0.26 0.14 0.22

Longitude 0.04 0.04 0.05

Altitude 0.13 0.04 0.11
208Pb/204Pb

n 88 81 48

Latitude 0.07 0.02 0.00

Longitude 0.05 0.00 0.03

Altitude 0.00 0.04 0.01
207Pb/204Pb

n 88 81 48

Latitude 0.03 0.02 0.04

Longitude 0.04 0.01 0.00

Altitude 0.01 0.06 0.08
206Pb/204Pb

n 88 81 48

Latitude 0.15 0.15 0.11

Longitude 0.05 0.01 0.00

Altitude 0.05 0.07 0.05
208Pb/207Pb

n 88 81 48

Latitude 0.11 0.05 0.05

Longitude 0.00 0.01 0.02

Altitude 0.01 0.00 0.02
206Pb/207Pb

n 88 81 48

Latitude 0.16 0.16 0.12

Longitude 0.05 0.00 0.00

Altitude 0.03 0.07 0.04
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is not exactly defined, and the exploitation of different microhabitats by free-

ranging and domesticated vertebrates, thereby integrating different bioavailable

isotopic ratios, is plausible. Therefore, while the simple spatial distribution of

bioavailable isotopic ratios in the generated maps includes the 21 individual

animals with statistically outlying measurement data in the first instance, these

outliers were no longer included into the data set forwarded to data mining. In a

second step, the outliers were plotted on the geographical map to evaluate whether a

different place of provenance would indeed be the most plausible interpretation (see

chapter “The Isotopic Fingerprint: New Methods of Data Mining and Similarity

Search”).

Stable Oxygen Isotopes

The distribution of the δ18Ophosphate raw measurement data, and the transformation

of these raw data into estimated δ18Owater to account for species-specific metabolic

peculiarities and drinking behaviour, is visualized both by boxplots (quartiles)

and Kernel density plots (Figs. 3a–d). Not a single bone sample exhibits a statisti-

cally outlying isotopic ratio. As expected, the Kernel density is smoother in case of

δ18Owater. It is conspicuous that only in the free-ranging red deer, the data are

normally distributed with a very high probability (δ18Ophosphate, p(normal)¼ 0.9990

and 0.9993, Jarque-Bera and Monte Carlo tests, respectively; δ18Owater, p(nor-
mal) ¼ 0.9982 and 0.9986, Jarque-Bera and Monte Carlo). The probability for a

normal data distribution is only 0.05537 for δ18Owater in cattle (Jarque-Bera) and is

insignificant for all other oxygen isotope data sets. Additional peaks in the Kernel

density are evidenced in the domesticated species only. Figure 4a, b shows the

spatial distribution of δ18Ophosphate and δ18Oprecipitation of the whole data set along

the Alpine transect. Especially the northern Alpine foothills appear very uniform in

terms of both isotopic ratios, and the inner Alpine regions exhibit the most 18O-

depleted values. It is conspicuous that δ18Oprecipitation values <�11.5 are restricted

to the inner Alpine regions and only occasionally occur to the south of the Alps,

which is indicative of individual drinking water sources that are probably related to

the herd management of domesticates (see below).

A look at the raw measurement data reveals that total variability of δ18Ophosphate

ranges from 12.5 ‰ (site code 201) to 17.1 ‰ (site code 301). Median values are

15.0 ‰ for both Germany and Italy, while the inner Alpine median of 13.9 ‰ is

significantly lower. Total variability per country is largest in Italy (12.6–17.1 ‰,

Δ ¼ 4.5 ‰) despite the relative paucity of sampled archaeological sites, while

the ranges are nearly identical in Austria (12.5–16.1 ‰, Δ ¼ 3.6 ‰) and

Germany (13.0–16.5 ‰, Δ ¼ 3.5 ‰). Within one archaeological site, variability

of δ18Ophosphate is relatively stable around 1.9 ‰, although three different species

are lumped together. Only at five sites (site codes 311, 215, 238, 108 and 312) is

variability �3 ‰ and <1 ‰ at three other sites (site codes 310, 127 and 150).

Overall, the relation of oxygen isotopic ratios with geographical location allows
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Fig. 3 Measurement data of δ18Ophosphate and isotopic values transformed into δ18Oprecipiation.

(a) Boxplot (quartiles) of δ18Ophosphate per species and (b) δ18Ophosphate Kernel density plot.

Red: cattle, blue: pig, grey: red deer; (c) Boxplot (quartiles) of δ18Oprecipiation per species and

(b) δ18Oprecipiation Kernel density plot. Red: cattle, blue: pig, grey: red deer
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Fig. 3 (continued)
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depicting general spatial gradients, but the data set does not permit a fine-scaled

spatial resolution.

Altitude Effect of d18Ophosphate

It was expected that any spatial information hidden in the δ18Ophosphate values of the

archaeological animal bones in the Alpine environment should largely relate to the

altitude effect (see chapter “The Concept of Isotopic Landscapes: Modern

Ecogeochemistry versus Bioarchaeology”). To test whether this was indeed the

case, what would at the same time imply that the animal bone samples were

appropriately chosen for the establishment of an isotopic map, a subsample of

118 specimens, namely, 26 deer, 47 cattle and 45 pig bones, was analysed with

regard to this essential aspect at a relatively early stage of the project (Mayr et al.

2016). The samples originate from 16 sites and different archaeological horizons:

Late Neolithic (115, Griesstetten; 131, Pestenacker), Bronze Age (114, Freising;

108, Eching; 236, Wiesing), Iron Age (106, Berching-Pollanten; 114, Freising;

127, Manching; 116, München-Grünwald; 229, Mieming; 237, Ampass-

Widumfeld; 201, Bergisel; 312/314, Brixen-Stufels; 310, Sanzeno; 311, Zambana)

and Roman Times (137, München-Unterhaching; 237, Ampass-Widumfeld). The

Alpine transect is thus covered from north to south from Berching-Pollanten to

Zambana with geographical coordinates from 49.14
�
N to 46.17

�
N and from 11.45

�
E

to 11.08
�
E, spanning altitudes between 193 m a.s.l. (Zambana) and 792 m

a.s.l. (Mieming). No consistent relationship between δ18Ophosphate and time was

detectable. Comparison with the geographical coordinates showed that the variation

of oxygen isotopic ratios was mainly due to altitude (Mayr et al. 2016), a result that

is maintained in the complete data set made up of 217 specimens (see Table 3). To

erase the species effect, δ18Ophosphate values were transformed into δ18Owater by the

use of the regressions published by Longinelli (1984) and D’Angela and Longinelli

(1990) (Eqs. 1–3).

Slopes of the regression lines between δ18Owater and altitude were

�0.0026 � 0.0007 for cattle, �0.00036 � 0.0010 for pigs and �0.0018 � 0.0010

for red deer, but interindividual variability per species remained too high to permit a

firm allocation of specific individuals to a certain altitude (Mayr et al. 2016). This is

not unexpected, because an archaeofaunal assemblage accumulates over many

years. Therefore, individuals of the same taxon should have hardly lived under

the same conditions, including access to drinking water sources, herding practices

and small-scale fluctuations in climate and precipitation. To minimize such

differences, all calculated δ18Owater values per site were averaged. Only the pigs

from the southernmost Zambana site were significantly depleted with 18O and did

not fit into the new regression, which strongly supports our assumption of the

underlying reasons for the considerable interindividual variability observed.

Zambana is located at the lowest altitude of the Alpine transect in the Adige

River valley. Field observations during the collection of modern reference samples

suggest that until today wells at this site are fed by groundwater infiltrating from the
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river, the catchment of which is reaching considerably higher altitudes. Therefore,

local water sources of the pigs may have been influenced by the river water and thus

do not mirror the actual altitude of the site. Excluding the Zambana pigs, a

significant correlation following the equation

δ18Owater ¼ �0:0030� 0:0014ð Þ � altitude � 7:95� 0:77ð Þ ð4Þ
was found (Mayr et al. 2016). It is noteworthy that the average calculated δ18Owater

values plot perfectly on the regression between δ18Oprecipitation and altitude that has

recently been published by Kern et al. (2014). The authors evaluated the stable

oxygen isotopic signature in precipitation at 39 stations in Switzerland between

1995 and 2000 and found a relationship between altitude (below 2000 m a.s.l.) and

annual amount-weighted δ18Oprecipitation values following the equation

δ18O meteoric water ¼ �0:0034� altitude� 7:79 ð5Þ
(Kern et al. 2014). Within errors of slopes and intercepts, the equations provided by

Mayr et al. (2016) and Kern et al. (2014) are indistinguishable from each other. We

conclude that the general altitude effect of δ18O in precipitation of the Alpine

transect studied in our project is adequately integrated by the δ18Ophosphate of

archaeological vertebrates transformed into δ18Owater, and that the choice of

samples for the isotopic map was appropriate with regard to δ18O.
Still, some lessons are to be learned from these results. First, it is clearly

demonstrated that quite a large amount of data needs to be available for

approximating palaeo-altitudes by the use of bioarchaeological finds. Only 26 red

deer specimens were available for this subproject, and we cannot exclude that this

small sample size is responsible for the considerably weaker correlation between

reconstructed δ18Owater/precipitation (red deer) and altitude compared to the

regressions for pigs and cattle. But large home ranges and seasonal migration

might also have been responsible for this. The example of the pigs from the

Zambana site suggests that these animals either spent their lives at a place different

from the one where the slaughter remains had been deposited or that their drinking

water sources originated from much higher altitudes and did not reflect local

meteoric water δ18O (Mayr et al. 2016).

Comparison of d18Ophosphate with d18Ocarbonate in Animal Bones

δ18O in skeletal apatite can be either measured in the phosphate group or in the

structural carbonate that substitutes for both the hydroxyl and the phosphate group

in vivo. In the course of measuring stable isotopes of light elements such as carbon

for the purpose of reconstructing palaeodiet, δ18Ocarbonate is usually measured

together with δ13Ccarbonate. In addition, the purification of structural carbonate

does not need much more than a deproteination of the sample, while phosphate is

purified by the use of a silver phosphate precipitation method that affords many
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more laboratory steps including the manipulation of dangerous chemicals such as

hydrofluoric acid. Many researchers make use of these analytical benefits to gain

information on the drinking water source of the individuals in question by measur-

ing δ18Ocarbonate, which is related to ecogeographical features (see chapter

“The Concept of Isotopic Landscapes: Modern Ecogeochemistry versus

Bioarchaeology”). Although “reasonable” information can be obtained this

way, the reliability of δ18Ocarbonate was questioned early on and claimed inferior

to δ18Ophosphate because the P–O bonds in the apatite crystals are stronger and less

prone to diagenesis (Lee-Thorp 2002). Shortly thereafter, Zazzo et al. (2004) were

able to show that this assumption only holds as long as no biogenic decomposition

processes are involved, which is readily explained by the microbial phosphate

metabolism. Bacteria are important vectors within the geochemical phosphate

cycle (Blake et al. 1998) because most of them can take up inorganic phosphorus

only. This Pi is released from phosphate molecules by enzymatic reactions that

necessarily happens outside the cell and hence under open-system conditions

(Blake et al. 1997). In temperate climates, biogenic bone decomposition plays a

major role. Therefore, the question arises whether the spatial information hidden in

bone apatite δ18O is best derived from δ18Ophosphate or δ18Ocarbonate.

To answer this question with regard to the specimens analysed in the frame of

the transalpine study, both δ18Ocarbonate and δ18Ophosphate were measured in a

subsample of 91 animal bones (Table 5). Total variability of all δ18O values was

considerably higher in the structural carbonate (17.32–23.44 ‰, Δ ¼ 6.12 ‰)

compared to the apatite phosphate (12.47–17.12 ‰, Δ ¼ 4.65 ‰). This holds

also for a separate consideration per species: while δ18Ophosphate varies between

3.22 and 3.89‰, variability of δ18Ocarbonate reaches values up to 5.84‰ in cattle. A

look at the data by site reveals that an individual of a certain taxon that, for example,

exhibits the highest δ18Ophosphate value at a particular site does not necessarily also

exhibit the highest δ18Ocarbonate value. If both δ18O signatures were equally reliable

ecogeographical indicators, the order from minimum to maximum isotopic ratio in

individuals of the same species per site should have been maintained. This was,

however, only the case for 5 out of 12 sites, namely, Freising (site code 114),

Pestenacker (site code 131), Unterhaching (site code 137), Bergisel (site code 201)

and Zambana (site code 311) (Lihl 2014).

This result contradicts the seminal publications by Iacumin et al. (1996),

Pellegrini et al. (2011) and Chenery et al. (2012) who all found a very strong linear

correlation between δ18Ocarbonate and δ18Ophosphate and an offset between these two

data of around 9 ‰ within the same skeletal sample. Accordingly, such a strong

correlation was not found in the data set of the transalpine project (Lihl 2014). We

explain the higher stability of the δ18Ophosphate signals in our data set as mainly

resulting from physiological reasons. Bryant et al. (1996) emphasized that different

enzymes, namely, ATPases in the case of phosphate and carbonic anhydrases in the

case of carbonate, mediate the oxygen exchange between the stoichiometric groups

in the apatite and body water. Also Pellegrini et al. (2011) admitted that the strong

linear relationship postulated between the δ18O values needs not hold in every

instance because phosphate and carbonate might precipitate from different body
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Table 5 Comparison of δ18Ocarbonate with δ18Ophosphate in a subsample of 91 archaeological

animal bones

Site code Site name Lab no. Species δ18Ocarbonate δ18Ophosphate Δδcarb-phos
106 Berching 106.1 Cattle 22.3 14.3 8.0

106.2 Cattle 22.5 15.1 7.1

106.4 Cattle 22.2 14.6 7.6

106.5 Pig 22.4 15.2 7.3

106.7 Pig 22.0 14.8 7.2

106.9 Pig 22.8 15.6 7.2

106.13 Red deer 22.0 14.9 7.1

106.14 Red deer 23.4 15.5 8.0

106.15 Red deer 22.1 15.6 6.5

115 Griesstetten 115.11 Cattle 20.6 15.4 5.2

115.14 Cattle 18.9 15.4 3.5

115.15 Cattle 17.3 13.7 3.6

115.2 Pig 21.6 15.0 6.5

115.3 Pig 22.1 15.4 6.7

115.4 Pig 21.6 15.2 6.4

115.7 Red deer 21.9 15.4 6.5

115.8 Red deer 22.0 14.9 7.1

115.9 Red deer 22.0 15.2 6.9

114 Freising 114.1 Cattle 22.5 14.4 8.0

114.3 Cattle 22.8 15.6 7.2

114.5 Cattle 23.0 15.7 7.3

114.6 Pig 22.6 15.2 7.4

114.7 Pig 23.3 15.7 7.7

114.8 Pig 22.7 15.7 7.1

114.11 Red deer 23.3 15.5 7.7

114.12 Red deer 22.2 14.6 7.7

114.13 Red deer 22.6 15.5 7.2

131 Pestenacker 131.6 Cattle 19.9 14.4 5.5

131.7 Cattle 20.6 14.2 6.4

131.9 Cattle 20.2 15.0 5.2

131.11 Pig 19.8 14.4 5.4

131.12 Pig 20.3 14.3 6.0

131.14 Pig 19.1 14.0 5.1

131.1 Red deer 20.7 14.5 6.2

131.2 Red deer 20.3 14.3 6.1

131.5 Red deer 22.8 15.3 7.6

137 Unterhaching 137.1 Cattle 22.4 14.7 7.7

137.4 Cattle 22.5 14.9 7.6

137.5 Cattle 22.7 14.9 7.8

137.6 Pig 22.0 14.6 7.3

137.14 Pig 22.0 14.6 7.4

137.15 Pig 21.7 14.3 7.5

137.11 Red deer 10.3 13.2 6.1

137.12 Red deer 21.8 14.1 7.7

137.13 Red deer 20.1 13.9 6.2

(continued)
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Table 5 (continued)

Site code Site name Lab no. Species δ18Ocarbonate δ18Ophosphate Δδcarb-phos
236 Wiesing 236.1 Cattle 21.4 14.1 7.4

236.2 Cattle 20.7 13.4 7.4

236.3 Cattle 21.3 13.7 7.6

236.6 Pig 20.2 13.9 6.3

236.7 Pig 21.5 14.8 6.6

236.8 Pig 21.6 14.4 7.3

237 Ampass 237.1 Cattle 20.9 14.3 6.6

237.2 Cattle 21.4 14.3 7.1

237.4 Cattle 20.9 14.8 6.1

237.6 Pig 20.5 14.4 6.1

237.7 Pig 20.3 13.4 6.9

237.8 Pig 21.8 15.5 6.3

237.11 Red deer 21.0 14.6 6.4

201 Bergisel 201.1 Cattle 20.9 12.8 8.0

201.3 Cattle 22.2 14.7 7.5

201.5 Cattle 22.4 14.7 7.8

201.6 Pig 20.6 12.5 8.1

201.7 Pig 21.4 13.1 8.2

201.8 Pig 21.4 13.7 7.7

301 Brixen

Hotel

Dominik

301.9 Cattle 20.1 15.1 5.0

301.10 Cattle 21.5 15.1 6.4

201.12 Cattle 21.1 16.1 6.1

301.5 Pig 21.9 15.7 6.2

301.7 Pig 21.2 15.1 6.1

301.8 Pig 20.2 14.7 5.6

301.1 Red deer 22.0 17.1 4.8

301.2 Red deer 22.3 15.6 6.7

301.3 Red deer 20.6 14.9 5.8

314 Siebeneich 314.1 Cattle 22.1 15.5 6.6

314.2 Cattle 21.8 15.6 6.2

314.3 Cattle 21.9 15.7 6.3

314.6 Pig 21.1 14.4 6.7

314.7 Red deer 20.1 15.0 5.1

310 Sanzeno 310.7 Cattle 21.4 14.9 6.6

310.8 Cattle 21.5 14.3 7.3

310.9 Cattle 22.2 14.8 7.5

310.3 Pig 21.3 14.0 7.3

310.4 Pig 21.8 14.8 7.0

310.6 Pig 22.4 14.2 8.2

311 Zambana 311.6 Cattle 23.2 14.9 8.3

311.7 Cattle 22.2 15.7 6.5

311.9 Cattle 23.2 16.2 7.0

311.2 Pig 20.9 13.7 7.2

311.3 Pig 21.1 14.2 6.9

311.4 Pig 21.5 14.1 7.3
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water components. This assumption is strongly supported by the fact that carbonate

occurs in the form of solubilized bicarbonate in blood and is therefore in constant

isotopic equilibrium with dissolved CO2 (Podlesak et al. 2008), while phosphate is

involved in a variety of metabolic reactions and therefore maintains a constant

exchange with the body fluids (Blake et al. 1997). Luz and Kolodny (1989)

emphasized that different turnover rates of skeletal elements are responsible for

varying biological half-lives of the phosphate groups, but this developmental aspect

does not account for our results because δ18Ocarbonate and δ18Ophosphate were

measured from one and the same skeletal sample (Lihl 2014).

It cannot be firmly decided at this stage whether the lack of a correlation between

the δ18O signatures in the apatite phosphate and structural carbonate in the transal-

pine data set is due to special burial conditions at the sampling sites or due to the

considerably reduced spatial distribution of the sampling sites and the different

archaeological dates compared to the earlier publications mentioned above. The

conclusion that has to be drawn from this comparative study is that for the scope of

an isotopic mapping of bioarchaeological finds in the reference region, δ18Ophosphate

has to be preferred over δ18Ocarbonate. But even without consideration of possible

sampling biases, the fact remains that bioapatite is a carbonated hydroxylapatite

(see chapter “The Crystalline State of Archaeological Bone Material”). Therefore,

the stoichiometric phosphate group is always an integral part of the bone mineral,

while the structural carbonate is always a substitute for either the hydroxyl or the

phosphate group which involves different and additional metabolic processes.

d18O in Modern a-Cellulose and Water Reference Samples

To further test whether δ18O in archaeological animal bone apatite reliably reflects

the ecogeographical variability of stable oxygen isotopes in precipitation of the

reference area, both modern groundwater and spring water (n¼ 20) and δ18Ocellulose

of wood (n ¼ 24, 9 species) were analysed (Table 6).

δ18Ocellulose values were significantly higher in the Italian samples compared to

wood from the Austrian sites ( p ¼ 0.0031; Fig. 5), but no clear altitude effect was

detectable. At best, a tendency to more positive stable oxygen isotopic ratios

>28 ‰ at lower altitudes was evident (Table 5, Fig. 6) (G€ohring et al. 2015).

Species-specific differences in α-cellulose can be significant (e.g. Song et al. 2014)
and were indeed as large as 3.78 ‰ between hazelnut and apple tree wood at the

Sanzeno site (site code 310). Considering the most abundant wood species in our

sample only, namely, hazelnut (Corylus avellana, n ¼ 15), the correlation between

δ18Ocellulose and latitude becomes much stronger and rises from r ¼ �0.55

( p ¼ 0.0071, complete data set) to r ¼ �0.80 ( p ¼ 0.0004, hazelnut only)

(Fig. 7; G€ohring et al. 2015).

Only three spring water samples as representatives for meteoric water were

available opposed to 17 groundwater samples. The latter were significantly

depleted in 18O ( p ¼ 0.02). In contrast to the isotopic ratios measured in

α-cellulose, no general relationship between longitude and latitude was detected.

168 A. Toncala et al.



T
a
b
le

6
δ1

8
O
o
f
m
o
d
er
n
re
fe
re
n
ce

sa
m
p
le
s
(w

at
er
,
α-
ce
ll
u
lo
se
)
(G

€ oh
ri
n
g
et

al
.
2
0
1
5
)

S
it
e
n
am

e
L
at
it
u
d
e

(o
N
)

L
on

gi
tu
d
e

(�
E
)

M
et
er

a.
s.
l.

S
it
e
co
d
e-

la
b
n
o.

W
at
er

δ1
8
O

w
a
te
r

(V
S
M
O
W
)

S
it
e
co
d
e-

la
b
n
o.

C
el
lu
lo
se

w
oo

d
δ1

8
O

c
e
ll
u
lo
se

(V
S
M
O
W
)

K
ir
ch
b
ic
h
l

4
7
.4
9

1
2
.0
8

5
3
1

2
1
7
–
2

G
ro
u
n
d
w
at
er

�1
1
.6

K
u
n
d
l

4
7
.4
5

1
2
.0
1

5
7
3

2
2
4
–
3

P
re
ci
p
it
at
io
n

�1
0
.6

B
ri
x
le
g
g

4
7
.4
3

1
1
.8

6
0
6

2
0
3
–
2

G
ro
u
n
d
w
at
er

�1
0
.4

2
0
3
–
4

C
or
yl
us

2
6
.7

E
h
rw

al
d

4
7
.3
9

1
0
.9
1

9
9
8

2
0
4
–
3

G
ro
u
n
d
w
at
er

�1
2
.8

E
h
rw

al
d

4
7
.4

1
0
.9
2

1
0
0
1

2
0
4
–
4

C
or
yl
us

2
7
.7

W
ie
si
n
g

4
7
.3
9

1
1
.7
9

6
1
4

2
3
6
–
3

C
or
yl
us

2
6
.7

B
ie
b
er
w
ie
r

4
7
.3
8

1
0
.8
9

1
0
0
1

2
0
2
–
3

G
ro
u
n
d
w
at
er

�1
1
.3

2
0
2
–
2

C
or
yl
us

2
7
.9

F
ri
tz
en
s

4
7
.3
1

1
1
.5
8

8
0
5

2
0
6
–
2

C
or
yl
us

2
6
.4

F
ri
tz
en
s

(v
al
le
y
)

4
7
.3
1

1
1
.5
9

8
1
6

2
0
6
–
4

G
ro
u
n
d
w
at
er

�1
1
.3

F
ri
tz
en
s

(v
al
le
y
)

4
7
.3

1
1
.5
8

6
1
3

2
0
5
–
2

G
ro
u
n
d
w
at
er

�1
1
.8

P
fa
ff
en
h
o
fe
n

4
7
.2
9

1
1
.0
7

8
2
2

2
3
0
–
6

G
ro
u
n
d
w
at
er

�1
0
.3

P
fa
ff
en
h
o
fe
n

4
7
.2
9

1
1
.0
7

8
6
0

2
3
0
–
3

C
or
yl
us

2
6
.6

H
€ ot
ti
n
g

4
7
.2
8

1
1
.4
1

6
3
0

2
1
5
–
2

G
ro
u
n
d
w
at
er

�1
2
.9

H
€ o
tt
in
g

4
7
.2
6

1
1
.4
1

6
2
5

2
1
5
–
3

G
ro
u
n
d
w
at
er

�1
3

2
1
5
–
4

C
or
yl
us

2
8
.5

M
ie
m
in
g

4
7
.2
8

1
0
.0
6

7
9
2

2
2
9
–
2

C
or
yl
us

2
8
.2

A
m
p
as
s

4
7
.2
6

1
1
.4
6

6
5
8

2
3
7
–
1
0
3

C
or
yl
us

2
6
.8

V
€ ol
s

4
7
.2
5

1
1
.3
5

5
8
7

2
3
2
–
6

Ju
gl
an

s
2
5
.5

V
€ ol
s

4
7
.2
4

1
1
.3
8

6
3
6

2
3
2
–
1
1

C
or
yl
us

2
7
.2

W
il
te
n

4
7
.2
4

1
1
.4

7
2
6

2
1
2
–
2

C
or
yl
us

2
7
.9

Im
st

4
7
.2
4

1
0
.7
3

8
0
3

2
0
7
–
3

G
ro
u
n
d
w
at
er

�1
3

Im
st

4
7
.2
4

1
0
.7
3

8
1
7

2
0
7
–
2

P
ru
nu

s
2
8
.1

R
o
p
p
en

4
7
.2
2

1
0
.8
1

7
5
9

2
3
1
–
2

G
ro
u
n
d
w
at
er

�1
3
.9

2
3
1
–
3

C
or
yl
us

2
9
.3

W
en
n
s

4
7
.1
7

1
0
.7
3

1
0
2
0

2
3
5
–
2

G
ro
u
n
d
w
at
er

�1
3
.6

2
3
5
–
3

C
or
yl
us

2
7
.9

(c
o
n
ti
n
u
ed
)

Isotopic Map of the Inn-Eisack-Adige-Brenner Passage and its Application to. . . 169



T
a
b
le

6
(c
o
n
ti
n
u
ed
)

S
it
e
n
am

e
L
a
ti
tu
d
e

(o
N
)

L
on

gi
tu
d
e

(�
E
)

M
et
er

a.
s.
l.

S
it
e
co
d
e-

la
b
n
o.

W
at
er

δ1
8
O

w
a
te
r

(V
S
M
O
W
)

S
it
e
co
d
e-

la
b
n
o.

C
el
lu
lo
se

w
oo

d
δ1

8
O

c
e
ll
u
lo
se

(V
S
M
O
W
)

M
at
re
i

4
7
.1
6

1
1
.4
3

9
6
3

2
2
7
–
5

P
re
ci
p
it
at
io
n

�1
0
.7

M
at
re
i

4
7
.1
6

1
1
.4
4

9
3
8

2
2
7

Sa
m
bu

cu
s

2
7
.4

M
at
re
i/

B
re
n
n
er

4
7
.1
3

1
1
.4
5

9
9
3

2
2
8
–
1

G
ro
u
n
d
w
at
er

�1
2
.2

E
lv
as

4
6
.7
3

1
1
.5
6

7
0
3

3
1
2
–
1
0
3

R
ib
es

3
0
.3

B
ri
x
en

4
6
.7
1

1
1
.6
5

5
5
3

3
0
2
–
4

C
or
yl
us

3
0
.8

L
at
sc
h

4
6
.5

1
0
.9
1

1
2
3
8

3
0
4
–
1
0
4

G
ro
u
n
d
w
at
er

�1
2

S
ie
b
en
ei
ch

4
6
.5
1

1
1
.2
8

3
6
6

3
1
4
–
3

P
re
ci
p
it
at
io
n

�9
.5

3
1
4
–
1
0
4

Q
ue
rc
us

3
0

P
fa
tt
en

4
6
.3
8

1
1
.2
8

2
4
6

3
0
8
–
1
0
6

A
ca
ci
a

2
9
.8

P
fa
tt
en

4
6
.4
1

1
1
.2
7

2
1
4

3
0
8
–
1
0
8

G
ro
u
n
d
w
at
er

�1
1

S
an
ze
n
o

4
6
.3
6

1
1
.0
7

6
6
0

3
1
0
–
1
0
5

G
ro
u
n
d
w
at
er

�1
0
.7

S
an
ze
n
o

4
6
.3
7

1
1
.0
8

6
8
3

3
1
0
–
1
0
4

C
or
yl
us

3
0
.3

S
an
ze
n
o

4
6
.3
7

1
1
.0
8

6
8
3

3
1
0
–
1
0
3

M
al
us

2
6
.6

Z
am

b
an
a

4
6
.1
5

1
1
.0
7

2
1
3

3
1
1
–
1
0
6

G
ro
u
n
d
w
at
er

�1
0
.2

Z
am

b
an
a

4
6
.1
5

1
1
.0
9

2
0
0

3
1
1
–
1
0
5

F
ra
xi
nu

s
2
8
.1

170 A. Toncala et al.



Only when the Austrian samples were considered separately, a significant correla-

tion between longitude and δ18Owater becomes evident (Fig. 8; r ¼ 0.58, p ¼ 0.023)

(G€ohring et al. 2015). The correlation with altitude however was significant

Fig. 5 δ18Ocellulose plotted by latitude and longitude, sampled sites are labelled with site codes.

Figure by A. G€ohring, created in R

Fig. 6 Altitude of sampling sites for modern reference vegetation samples. Figure by A. G€ohring,
created in R
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(r ¼ �0.45, p ¼ 0.05). The general altitude effect between the lowest (Zambana,

213 m a.s.l.) and the highest sampling site (Latsch, 1238 m a.s.l.) is �0.18 ‰ per

100 m and thus in very good agreement with the respective overall gradient

published by Humer et al. (1995) but less than the gradient reported by Kern

Fig. 7 Latitude effect of δ18Ocellulose in Corylus avellana. Figure by A. G€ohring, created in R

Fig. 8 Spatial distribution of modern δ18Owater with site code labels. Three spring water samples

are marked with an asterisk. Figure by A. G€ohring, created in R
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et al. (2014). Considering the Austrian sites separately, the gradient is much steeper

with�0.41‰ between the lowest and the highest sampling site (Kirchbichl, 531 m

a.s.l., and Wenns, 1020 m a.s.l., respectively) (G€ohring et al. 2015).

Both modern α-cellulose and water therefore exhibit δ18O values that permit a

separation between samples taken along the Inn-Eisack-Adige passage that origi-

nate in Austria and Italy, respectively. This can be related to the different origin of

the precipitating air masses and indicates the potential use of δ18Ocellulose for

isotopic mapping of the Alpine transect, whereby a restriction to a single wood

species is advisable. Also the negative correlation between δ18Owater and altitude

meets expectations. Declining temperatures and the preferential rainout of H2
18O

(Marshall et al. 2007) lead to 18O depleted meteoric water at higher altitudes. Since

altitude rises in Austria from east to west and in Italy from south to north in our

reference area, the relationships between δ18Owater and both latitude and longitude

are evident. Although no clear correlation was found between δ18Ocellulose and

altitude, an indirect altitude effect should nevertheless exist: δ18Ocellulose is nega-

tively correlated with latitude, which in turn is positively correlated with altitude in

the Alpine transect. The limited sample size could be responsible for this indirect

effect, but also the influence of site-specific climatic parameters such as air humid-

ity and water availability plays a large role as demonstrated by growth chamber

experiments (Mayr et al. 2002).

Strontium Stable Isotopes (87Sr/86Srapatite)

The distribution of 87Sr/86Sr isotopic ratios per species over all sites is illustrated in

Fig. 9. Only a few individuals exhibited particularly high 87Sr/86Sr ratios and were

identified as mathematical outliers, whereby one cow and four out of five red deer

were recovered at the Brixen-Stufels site (see Table 4). The Kernel density plot

shows a second peak at 87Sr/86Sr � 0.716, which is largely restricted to the

domesticates. Since individual red deer also exhibit such high isotopic ratios, the

predominance of domesticates might be due to the smaller sample size of this free-

ranging species (n ¼ 48 compared to n > 80 in cattle and pigs, Table 2). Five

mathematical outliers, however, correspond to 10.4 % of the complete red deer data

set. The spatial distribution of bone apatite 87Sr/86Sr of all species per site is

visualized by Fig. 10.

Total variability of 87Sr/86Sr along the Alpine transect ranges from 0.7071

(Griesstetten, site code 115) to 0.7207 (Brixen-Stufels, site code 312) which

makes a considerable difference of Δ ¼ 0.0136. With regard to the regional median

values, a north-to-south trend is recognizable, namely, from 0.7095

(0.7071–0.7135, Δ ¼ 0.0064) in Germany over 0.7120 (0.7092–0.7204,

Δ ¼ 0.0112) in Austria to 0.7152 (0.7085–0.7207, Δ ¼ 0.0122) in Italy. Definition

of place of origin for those individuals exhibiting a 87Sr/86Sr � 0.710 is however

impossible, because such values occur in the north and south and in the inner Alpine

regions as well. Nevertheless, low 87Sr/86Sr isotopic ratios around 0.7095, coupled

with the least variability, are found in the alluvial plains of southern Germany. In
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this area, only two out of 106 specimens exhibit a 87Sr/86Sr value>0.71 (Manching,

site code 127, 0.7135; Schwabmünchen, site code 148, 0.7129); otherwise, an upper
limit of 0.7110 is not exceeded by any specimen. Geological variability in present-

day Austria and Italy is considerably higher and reflects a broader scatter of the

strontium isotopic signatures. Conspicuously high ratios of up to 0.7204 are found

at the site “Hohe Birga” (site code 240) which is located in an area dominated by

quartz-phyllite and in the Brixen region (site codes 301, 312 and 314) where the

Fig. 9 Measurement data of apatite 87Sr/86Sr. (a) Boxplot (quartiles) of 87Sr/86Sr per species and
(b) 87Sr/86Sr Kernel density plot. Red: cattle, blue: pig, grey: red deer
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strontium isotopic ratio is related to phyllites and gneisses from the Palaeozoic. On

the other hand, lowest bioavailable 87Sr/86Sr isotopic ratios in Austria of around

0.7094 were measured in specimens from Innsbruck (site code 215) and Thaur (site

code 241), which are located at the foot of the southern slopes of the Northern

Calcareous Alps. This meets expectations for this region, because of the occurrence

of Mesozoic carbonates and alluvial deposits originating from them in the Inn River

valley.

The overall geographic redundancy of bioavailable 87Sr/86Sr is also reflected in

the considerably high variability of strontium isotopic ratios per site. Only at 8 out

of 30 sites is local variability lower than the conservatively defined cut-off of 0.001

between “local” and “non-local” specimens (Grupe et al. 1997), namely, at

149, Erding; 108, Freising; 131, Pestenacker; 136, München-Trudering;
137, Unterhaching; 116, München-Grünwald; 217, Kirchbichl; and 237, Ampass-

Widumfeld. Again, the overall homogeneity of the south Bavarian alluvial plains is

confirmed. The highest interindividual differences were found at Brixen-Stufels

(site code 312, Δ ¼ 0.0089) and Sanzeno and Hohe Birga (site codes 310 and

240, respectively; Δ ¼ 0.0072 each). The fact that not all animal bones might

actually originate from truly residential individuals and that the observed variability

could be related to osteologically unrecognized imported animals has been men-

tioned before. Another factor might be related to individual and species-specific

dietary preferences and seasonal variations within the transhumant economical

system. In sum, while expected relations of individual bioavailable 87Sr/86Sr

isotopic ratios to the underlying geology of the region are met, the considerable

spatial redundancy of strontium isotopic ratios sets obvious limitations to

bioarchaeological migration research including provenance analysis.

Model Prediction of Local Bioavailable 87Sr/86Sr Isotopic Ratios by
Modern Reference Samples

Animal bone specimens are tissue samples that integrate the bioavailable 87Sr/86Sr

isotopic ratios in the environment in the course of an individual’s lifetime. Any

individual that exhibits an isotopic signature outside the range of the majority of data

measured in the other members of the respective taxon should indicate a non-local

individual according to the exclusion principle. Conservatively, and with regard to

the measurement precision, a difference of �0.001 is considered significant

(Grupe et al. 1997; S€ollner et al. 2016). Due to the spatial redundancy of 87Sr/86Sr

(Fig. 10), the place or even the region of origin of this non-local individual cannot be

satisfactorily assessed. Migration studies based on a single isotopic ratio such as the

most commonly used 87Sr/86Sr need both a more precise and site-specific definition

of the appropriate cut-off value between a “local” and a “non-local” isotopic

signature and a refined method for the assessment of the probable place of origin.

Multi-isotope fingerprints would likewise benefit from such cut-off definitions.

In a pilot study focusing on the inner Alpine Inn Valley, where considerable

isotopic mixing occurs for obvious topographical reasons, model calculations and
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predictions of small-scaled local bioavailable 87Sr/86Sr isotopic ratios in prehistory

were performed. These model predictions make use of geological mixing diagrams

into which isotopic ratios of modern reference samples are entered, namely,

groundwater, vegetation and soil (see materials section). Since this approach also

monitors the element flux through the biosphere and into the consumer’s body,

model predictions constitute a step towards the establishment of prehistoric isotopic

landscapes (see chapter “The Concept of Isotopic Landscapes: Modern

Ecogeochemistry Versus Bioarchaeology”).

Vertebrates including humans ingest strontium with food and drinking water,

whereby most strontium is supplied by calcium-rich food. Strontium from both

food and water mixes in the vertebrate’s body, whereby the amount of strontium

taken up with the drinking water was most probably highly underestimated for a

long time (Crowley et al. 2015). Plants have entirely different strontium sources

than animals. They take up the dissolved mineral components in the soil but also

absorb considerable amounts of strontium from the atmosphere. In a geological

mixing diagram, 87Sr/86Sr is plotted against the reciprocal strontium content of the

end members. A lesson to learn from our ongoing research is that the Sr concentra-

tion (ppm) should be more frequently measured together with the isotopic ratio to

permit for a quantification of the various proportions of Sr taken up by plants and

vertebrates. For our pilot study, we had to largely rely on published or estimated

values.

The 87Sr/86Sr of modern ocean water is 0.70924 � 0.000032 (Veizer 1989), and

the amount of strontium in precipitation was estimated to be 0.0013 ppm (Drouet

et al. 2005). Since the water samples taken at the archaeological sites were

deliberately taken from the bottom of the springs and wells to permit for

a measureable uptake of mineral components related to the respective parent rock,
87Sr/86Sr of groundwater was approximated by these reference samples. Strontium

concentration in groundwater was estimated according to Xin and Hanson (1994),

Voerkelius et al. (2010) and Frei and Frei (2011), who showed how strontium

concentrations in water adjust to the local geological conditions in relation to the

residence time below surface. We therefore estimated a strontium concentration

of 0.06 ppm for carbonate soils with 87Sr/86Sr < 0.709, 0.03 ppm Sr for

soils characterized by 0.709 < 87Sr/86Sr < 0.7135 and 0.02 ppm Sr for soils with
87Sr/86Sr > 0.7135. By the use of these data, the stable strontium isotopic ratio of

the drinking water [drinking water X(aq � f )] can be calculated, whereby we

estimated the proportion of atmospheric water in the drinking water f(atm,aq � f )
to about 30 % (see Xin and Hanson 1994).

Stable strontium isotopic ratios measured in leached soil taken from below the

agricultural horizon (Fig. 11) and the vegetation samples were measured, and the

respective strontium contents estimated or calculated: With regard to the strontium

concentrations in soil [Sr(wea)] and the frequency distribution of the water

components in the atmosphere [f(atm,aq � f )] and the fauna [(aq � f, fauna)],
variations of 50 % were assumed (for details and complete model calculations step

by step, see S€ollner et al. 2016). The following data were entered into the mixing

diagrams (Figs. 12 and 13), whereby X ¼ correlation of 87Sr/86Sr and 1/Sr [1/ppm]
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for the special case and f ¼ frequency distribution of the water components

(standard deviations were taken into account with regard to the measurement error):

f(atm,aq � f ) ¼ proportion of the atmospheric water component in drinking water

f(atm,aq� v)¼ proportion of the atmospheric water component in vegetation water

f(aq � v,veg) ¼ proportion of the vegetation water component in the vegetation

f(aq � f,fauna) ¼ proportion of the drinking water component in faunal bones
87Sr/86Sr(atm) ¼ strontium isotopic ratio in the atmosphere (literature, see above)
87Sr/86Sr(wat) ¼ strontium isotopic ratio in groundwater (measured)
87Sr/86Sr(aq � f ) ¼ strontium isotopic ratio of drinking water (mixture of atmo-

spheric and groundwater) incorporated into the fauna
87Sr/86Sr(aq � v) ¼ strontium isotopic ratio of vegetation water (mixture of

atmospheric and groundwater) assimilated in vegetation
87Sr/86Sr(veg) ¼ strontium isotopic ratio of vegetation (measured)
87Sr/86Sr(wea) ¼ strontium isotopic ratio of weathered soil (measured)
87Sr/86Sr(fauna) ¼ strontium isotopic ratio of faunal bone (calculated)

Fig. 11 Taking soil samples during field trips, site code 230 (Pfaffenhofen/Inn). Figure by

F. S€ollner
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Sr(atm) ¼ strontium concentration (ppm) in atmospheric water (literature, see

above)

Sr(wat) ¼ strontium concentration (ppm) in groundwater (literature, see above)

Sr(aq � f ) ¼ strontium concentration (ppm) in drinking water, mixture of atmo-

spheric and groundwater

Sr(aq � v) ¼ strontium concentration (ppm) in vegetation water, mixture of

atmospheric and groundwater

Probe 236
measured data

X(wea)

mixing line X(wea)-X(veg)-X(aq-v)

mixing line X(aq,f)-X(fauna)-X(veg)

mixing line X(wat)-X(aq-f)-X(aq-v)-X(atm)

X(atm)

X(veg)
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X(wat)

calculated data X (fauna) cattle measured X (atm) estimated cut-off X(fauna) pig measured
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Fig. 12 Model prediction for local bioavailable 87Sr/86Sr isotopic ratios at the Wiesing site based

on modern reference material (cf. text) and measured data of six archaeological animal bone finds.

Figure by F. S€ollner
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Fig. 13 Model prediction for local bioavailable 87Sr/86Sr isotopic ratios at the Pfaffenhofen/Inn

site based on modern reference material (cf. text) and measured data of three archaeological

animal bone finds. Figure by F. S€ollner
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Sr(fauna) ¼ time-dependent assimilated strontium concentration (ppm) in faunal

bone (calculated)

Sr(veg) ¼ time-dependent assimilated strontium concentration (ppm) in vegetation

(calculated)

Sr(wea) ¼ strontium concentration (ppm) in weathered soil (literature, see above).

The following two mixing diagrams are chosen as representatives for the general

outcome of these model predictions. At Wiesing (site code 236, Fig. 12), the mixing

model followed expectations: With the exception of a single cattle bone, all

measured 87Sr/86Sr isotopic ratios in the faunal bones plot into the triangle

delineated by the end members’ water, vegetation and leached soil. According to

the conservatively defined cut-off value between “local” and “non-local” finds (�
0.001), the pig and the cattle with apatite 87Sr/86Sr ratios >0.712 have to be

considered primarily non-local to the site of their recovery. According to the

univariate statistics, these two animals exhibit no mathematically outlying value

(Table 4) and would not have been recognized as import. The distance travelled by

these two individuals, however, might have been short (see below). At

Pfaffenhofen/Inn (site code 230) in contrast, 87Sr/86Sr in leached soil obviously

did not contribute to the respective isotopic ratio in consumer tissues (Fig. 13). Both

modelled and measured 87Sr/86Sr values in the bones are almost exclusively

dependent upon drinking water and vegetation moisture. This result is in agreement

with the recent study by Crowley et al. (2015) who showed that for a variety of sites

in the United States, animal bone 87Sr/86Sr isotopic ratios are best predicted by the

respective ratio in local water. Unfortunately, only three archaeological cattle bones

were available from site number 230. The individual with the highest strontium

isotopic ratio has to be considered non-local according to the defined �0.001

difference, but as all three measured values plot very close to each other, this is

debatable (Fig. 13).

Although this pilot study was carried out with the finds from only five selected

sites in a consciously chosen region, it was possible to define three geology-related

domains in the Inn Valley (S€ollner et al. 2016) and to identify individual animal

bones which had been assumed to be local according to osteology as non-local. In

fact, the majority of the investigated animals had apatite 87Sr/86Sr isotopic ratios

between 0.709 and 0.7135, implying that they had lived on moraine soil. This

comes to no surprise, since glacial and fluvioglacial deposits had filled the Inn

Valley to a depth of several hundred meters (S€ollner et al. 2016). We conclude that

these model predictions open up the possibility for an approximation of an isotopic

landscape for bioarchaeology, because they permit for a much finer scaled regional

differentiation of local, bioavailable isotopic ratios and the recognition of primarily

non-local finds which are by far superior to the traditional exclusion principle. We

need to emphasize that the results also imply short-distance mobility rather than

long-distance migration. The distance covered between the five selected sites in the

Inn Valley is only about 70 km what does by no means prevent a regular mobility,

exchange and trade between the sites even in prehistoric times.
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Lead Isotopes

Reliable measurements of lead isotopes in archaeological skeletons are less routine

in bioarchaeology compared to the measurement of 87Sr/86Sr isotopic ratios and

also not that easy. This holds especially for the light stable isotope 204Pb because it

is of very low abundance in nature (1.4 % only). In addition, although lead is a

“bone-seeking” element and bone lead is therefore a very good indicator of long-

term lead absorption (Nordberg et al. 1991; Pemmer et al. 2013), skeletal lead

content in pre-industrial times is generally low (Grupe 1991). This holds in partic-

ular for animal bones. While humans came into contact with heavy metals soon

after metal use started in prehistory, domesticates and free-ranging vertebrates were

only seldom subject to such direct contamination. Animals take up lead mainly

through food and water ingestion but also by inhalation. Unless food was consumed

in a contaminated region, for example, in the vicinity of ore deposits or metal

smelters, absolute bone lead concentration would hardly be expected to exceed a

few ppm. Although it has been strongly advised to consider all four lead isotopes for

the scope of georeferencing (Villa 2016), the majority of publications do not rely on
204Pb but rather on the more commonly used ratios 208Pb/207Pb and 206Pb/207Pb.

Therefore, the presentation of the results of the isotopic mapping of bioavailable

bone lead isotopic signatures along the Inn-Eisack-Adige passage will start with

these two ratios. Just as for 87Sr/86Sr, spatial redundancy of lead isotopes is high

along the transect, but in general, a north-to-south gradient is observed. It can be

depicted from the following maps that end members for the highest and lowest

radiogenic isotopic ratios in this reference area are the German site 206 (Berching-

Pollanten) and the Italian site 314 (Brixen-Stufels), respectively. Since to our

knowledge a systematic, small-scaled regional mapping of bioavailable lead isoto-

pic ratios has not been performed before, it is not yet possible to define an empirical

cut-off-value between “local” and “non-local” finds for a specific site. Modelling

bioavailable lead isotopic ratios in order to predict expectations, as demonstrated

for 87Sr/86Sr in the pilot study (see above), will be a preferred future task.

208Pb/207Pbapatite and
206Pb/207Pbapatite

The boxplot of 208Pb/207Pb (Fig. 14a) shows that isotopic ratios found in red deer

are only insignificantly lower than in the domesticates. Mathematical outliers

mainly concern 208Pb/207Pb � 2.44 in all three species. This is clearly reflected in

the Kernel density plot (Fig. 14b), where the majority of outlying isotopic ratios

were again detected in individual domesticates. The spatial distribution of

measured 208Pb/207Pb isotopic ratios along the Alpine transect does not exhibit

any distinct isotopic domain (Fig. 15). Isotopic ratios between 2.454 and 2.472

occur almost everywhere, and also no site-specific trends are detectable. Total

variability is from 2.408 (site 106, Berching-Pollanten) to 2.477 (site

314, Brixen-Stufels), which makes a difference of Δ ¼ 0.069. Only a slight north-

to-south gradient is observable: To the north of the Alps in Germany, and at the

inner Alpine sites in Austria, median 208Pb/207Pb values are both 2.461, while to the

south of the mountain chains in Italy, median isotopic ratio is 2.466. Variability of
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measured values is largest in Germany (2.408–2.472, Δ ¼ 0.064), followed by

Austria (2.439–2.475, Δ ¼ 0.036) and Italy (2.454–2.477, Δ ¼ 0.023).

With regard to 206Pb/207Pb, mathematical outliers are exclusively found among

the higher isotopic ratios (Figs. 16a, b). Bioavailable 206Pb/207Pb between 1.179

and 1.217 is found both to the north and to the south of the Alps and also in the inner

Alpine area (Fig. 17). Total variability along the Alpine transect is from 1.172 (site

312, Brixen-Stufels) to 1.349 (site 106, Berching-Pollanten), which equals a range

Fig. 14 Measurement data of apatite 208Pb/207Pb. (a) Boxplot (quartiles) of 208Pb/207Pb per

species and (b) 208Pb/207Pb Kernel density plot. Red: cattle, blue: pig, grey: red deer
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of 0.177. The slight north-to-south gradient of rising 208Pb/207Pb isotopic ratios is

reflected by parallel declining 206Pb/207Pb signatures: The highest median value

(1.212) and largest range (1.179–1.349, Δ¼ 0.171) are found in Germany, followed

by a median of 1.198 in Austria and a range from 1.174 to 1.259 (Δ ¼ 0.085) and a

median of 1.194 in Italy with the smallest range (1.172–1.217, Δ ¼ 0.044).

The five most radiogenic 206Pb/207Pb isotopic ratios >1.277 have all been found

to the north of the Alps in Germany, namely, at the sites Berching-Pollanten (site

Fig. 16 Measurement data of apatite 206Pb/207Pb. (a) Boxplot (quartiles) of 206Pb/207Pb per

species and (b) 206Pb/207Pb Kernel density plot. Red: cattle, blue: pig, grey: red deer
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code 106), Freising (site code 114) and Manching (site code 127). Together with

Griesstetten (site code 115), these three sites belong to the northernmost locations

where animal bones for this isotopic map have been selected. The respective

individual animal specimens at the same time exhibit the highest 206Pb/204Pb

isotopic ratios. Likewise, the animal bones in which the lowest 206Pb/207Pb values

were measured also exhibit the lowest 206Pb/204Pb ratios (see below). With regard

to the low abundance of 204Pb and the technical differences accompanying its

measurement, the analytically more reliable 206Pb/207Pb ratios are helpful in

validating isotopic ratios expressed against 204Pb.

208Pb/204Pbapatite,
207Pb/204Pbapatite and

206Pb/204Pbapatite
In Fig. 18a, b, the distribution of bioavailable 208Pb/204Pb per species over all sites

is shown in the form of a boxplot and a Kernel density plot. A single mathematical

outlier was found (see Table 4), and just as in Fig. 9b, the Kernel density exhibits a

second peak at 208Pb/204Pb� 38.6 which is largely due to the domesticated animals.

However, although the sample size of the red deer specimens is much smaller, the

trend is also detectable in this free-ranging species. The spatial distribution of

measured 208Pb/204Pb in archaeological animal bones is shown in Fig. 19. 208Pb,

the heaviest stable lead isotope and the end product of the 232Th (t1/2 ¼ 1.4 � 1010

years) decay series, has a natural abundance of 52.4 % opposed to only 1.4 %

abundance of 204Pb; therefore, for simple fractional arithmetic reasons, the relation

between numerator and denominator is not a favourable one.

The spatial redundancy of bioavailable 208Pb/204Pb in archaeological animal

bones is obvious from Fig. 19, since isotopic ratios between 38.355 and 38.725 are

found at many locations along the Alpine transect. Total variability is from 38.188

(site 106, Berching-Pollanten) to 38.827 (site 314, Brixen-Stufels) that is a range of

Δ¼ 0.639. A slight north-to-south gradient is detectable by rising median values by

country, namely, from 38.511 in Germany with a range from 38.188 to 38.777

(Δ ¼ 0.589), followed by a median of 38.518 in Austria (range 38.266–38.725;

Δ ¼ 0.459) and a median of 38.591 in Italy (range 38.355–38.827, Δ ¼ 0.472).

Despite this general trend, certain site specificity is depicted in Fig. 19 since the five

most radiogenic 208Pb/204Pb ratios >38.750 occur both to the north (German sites

106, Berching-Pollanten, and 108, Eching) and to the south of the Alps (Italian site

314, Brixen-Stufels). Also the five least radiogenic ratios <38.321 exhibit a larger

spatial distribution and are found both in the north (German sites 106, Berching-

Pollanten, and 137, Unterhaching near Munich) and in the inner Alpine region

(Austrian sites 229, Mieming, and 215, Innsbruck).
207Pb is the end product of a uranium-actinium decay series starting with the

radioactive 235U atom (t½ ¼ 703.8 million years). The boxplot distribution

(Fig. 20a) exhibits some mathematical outliers exclusively due to more radiogenic

isotopic ratios. The Kernel density plot (Fig. 20b) shows that these higher isotopic

ratios are encountered in all three species but more clearly in cattle. Along the

Alpine transect, 207Pb/204Pb isotopic ratios in animal bones vary from 15.604 (site

137, Unterhaching near Munich) to 15.857 (site 106, Berching-Pollanten) (Fig. 21).

This difference of 0.253 is thus found between sites which are both located to the
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north of the Alps. This in turn implies that the German sites alone cover the total

measured variability. The 207Pb/206Pb median of the German sites is 15.655 and

higher than in the central Alpine and southern Alpine regions. Despite a consider-

able geological inhomogeneity, total variability is much smaller in Austria (median

15.650, range 15.605–15.705; Δ ¼ 0.1) and smallest in Italy (median 15.654, range

15.614–15.696; Δ ¼ 0.082). Such a relative spatial stability of 207Pb/204Pb follows

expectations because of the relatively short half-life of the parent isotope 235U.

Fig. 18 Measurement data of apatite 208Pb/204Pb. (a) Boxplot (quartiles) of 208Pb/204Pb per

species and (b) 208Pb/204Pb Kernel density plot. Red: cattle, blue: pig, grey: red deer
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Since locations in the reference area with most radiogenic 207Pb/204Pb isotopic

ratios also exhibit highest 206Pb/204Pb signatures (see below), underlying bedrock

should be enriched with uranium compared to the other locations. The ten highest
207Pb/204Pb ratios >15.732 were all measured at German sites, namely, at site

114 (Freising, n ¼ 2), site 127 (Manching, n ¼ 6) and a single individual each at

sites 106 (Berching-Pollanten) and 131 (Pestenacker/Lech). Accordingly, site-

Fig. 20 Measurement data of apatite 207Pb/204Pb. (a) Boxplot (quartiles) of 207Pb/204Pb per

species and (b) 207Pb/204Pb Kernel density plot. Red: cattle, blue: pig, grey: red deer
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specific variability of 207Pb/204Pb is particularly high in Germany. At Berching-

Pollanten (site code 106), the variability of 0.250 almost equals the highest

Δ measured across the complete data set (0.253, see above). With a Δ of

0.178 and 0.172 at Freising (site code 114) and Manching (site code 127), local

variation of 207Pb/204Pb is still conspicuously high. Smallest site-specific variations

are independent from the geographical location in our reference area.
206Pb finally is the end product of the decay of a uranium-radium series starting

with the mother radioisotope 238U (t½ ¼ 4.469 � 109 years). Mathematical outliers

have more radiogenic isotopic ratios (Fig. 22a), whereby the majority of

the affected individual bones also constitute mathematical outliers with regard to
207Pb/206Pb (see Table 4). Accordingly, also the Kernel density plot (Fig. 22b) is

rather similar. Five individuals with the most radiogenic 206Pb/204Pb isotopic

signatures come from northern Alpine sites in Germany, namely, 106 (Berching-

Pollanten), 114 (Freising) and 127 (Manching), which all belong to the northernmost

sites where animal bones were sampled for the project. Carbonate rock and related

soil frequently exhibit elevated 206Pb/204Pb> 19 (K€oppel and Schroll 1985). Since

sandy, clay and carbonate rock are abundant in this micro-region, measured

isotopic ratios meet expectations. Although several details about the lead isotope

flux from rock into the food chain are still lacking, animals ingest lead mostly with

food, and especially grazing herbivores take up lead by soil ingestion (see chapter

“The Concept of Isotopic Landscapes: Modern Ecogeochemistry versus

Bioarchaeology”). Lead in soil is generally not very mobile (United Nations

2010). Transfer of soil lead into the food chain occurs via the plant roots, but

only a small portion of lead is present in soil solution (Hansen et al. 2004), which in

turn is responsible for the generally low lead content of food under natural

conditions (United Nations 2010).

The total variability of measured 206Pb/204Pb along the transalpine passage is

18.330 (site 312, Brixen-Stufels) to 21.397 (site 106, Berching-Pollanten)

(Δ ¼ 3.067) with a median of 18.831 (Fig. 23). Again, a weak north-to-south

gradient is apparent. The German sites to the north of the Alps exhibit the highest

median value (18.969) and the largest variability almost covering the total variation

of the complete data set (range 18.421–21.397, Δ¼ 2.976), followed by the Austrian

(median ¼ 18.744, range 18.353–19.748; Δ ¼ 1.395) and Italian sites

(median ¼ 18.673, range 18.330–19.088; Δ ¼ 0.758). All countries share bioavail-

able 206Pb/204Pb isotopic ratios between 18.421 and 19.088. With regard to the site-

specific “local” variability, highest ranges with an average of 19.090 occur at

German sites, a result that corresponds with other bioavailable lead isotopic ratios.

Ranges exceeding this average occur at Berching-Pollanten (site 106), Freising (site

114), Eching (site 108), Manching (site 127) and Pestenacker/Lech (site 131). As

stated before, the definition of a “local” bioavailable isotopic ratio is complicated

by the possibility that some animals or parts of them had not been primarily local to

the site of their recovery. A particular example of this is the Iron Age oppidum of

Manching (site 127), which was a densely populated town at that time (Sievers

2003). Pestenacker/Lech (site 131), however, was a Neolithic settlement (B€osl et al.
2006) where a considerably smaller catchment area of animals taken to the site is
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expected. It is therefore impossible to define an empirically based cut-off value

between local and primarily non-local finds. Accordingly, sites where the ranges

between the measured isotopic ratios were conspicuously small show no relation-

ship to geographical location or geological background (site 314, Brixen-Stufels,

Δ ¼ 0.122; site 203, Brixlegg, Δ ¼ 0.192; site 230, Pfaffenhofen/Inn, cattle only,

Δ ¼ 0.307; and site 310, Sanzeno, Δ ¼ 0.359).

Fig. 22 Measurement data of apatite 206Pb/204Pb. (a) Boxplot (quartiles) of 206Pb/204Pb per

species and (b) 206Pb/204Pb Kernel density plot. Red: cattle, blue: pig, grey: red deer
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Isotopic Mapping by Multi-isotope Fingerprints in Archaeological
Fauna from the Alpine Transect

Without doubt, the five isotopic signatures measured in the apatite of residential

archaeological fauna (cattle, pig, red deer) do exhibit some spatial variation, mainly

in terms of altitude and latitude (Table 3). While some sites exhibit quite particular

isotopic signatures, the overall very high spatial redundancy of single isotopic ratios

in this reference area is obvious despite variability with regard to geological

background and altitude that meets expectations in most cases. Reliable recognition

of “non-local” bioavailable isotopic signatures is possible by the exclusion princi-

ple, but the definition of place of origin remains fraught with ambiguity. The

question pertaining to how far an imported animal has been transported cannot be

answered at all. This, however, constitutes a crucial aspect in the discussion of

migration and trade versus normal mobility within the frame of a micro-region. Not

all limitations inherent to migration research in prehistory are overcome by the

application of novel methods provided by computer sciences with the intention of

evaluating the spatial information hidden in a multi-isotope fingerprint. Also,

mining of measurement data is not an end in itself – the computer scientist

definitely needs contextual input from the domain experts. In this case, the domain

experts come from the subjects of biology (metabolical peculiarities, feeding and

habitat preferences of vertebrate taxa) and mineralogy (validation of isotopic data,

exclusion of decomposition artefacts in archaeological skeletal finds) and naturally

from the subject of archaeology (find context). This way, interdisciplinary cooper-

ation is indispensable, which is sometimes time consuming and even tedious.

However, proof that this is worth the effort has been demonstrated in chapter

“The Isotopic Fingerprint: New Methods of Data Mining and Similarity Search”.

Application of data mining methods to the data set led to a much more fine-scaled

spatial resolution of the multi-isotope fingerprint on the individual level. Micro-

regions are much better defined, and a separate analysis of outlying isotopic

signatures according to univariate statistics led to a definition of non-local

individuals and possible place of origin with a much higher probability. Research

on migration, trade and culture transfer in prehistory will significantly benefit from

this research progress.

A second question that still needs to be solved is whether such research based on

stable isotopes is still possible with cremated finds. Although the altitude informa-

tion hidden in δ18Ophosphate is not overwhelming for an individual specimen, it is

clearly present and informative. In a fully cremated find, stable oxygen isotopic

ratios have been thermally altered. Upon experimental cremation under controlled

conditions, the cystallographic unit cell of the bone apatite shows substantial

thermal alterations at temperatures exceeding 600–700
�
C (Harbeck et al. 2011),

a temperature that is easily reached by a prehistoric cremation pyre. Omitting δ18O
from the multi-isotope fingerprint will unavoidably lead to a loss of spatial infor-

mation. A large sample of human cremations was analysed in order to test whether

spatial resolution based on apatite strontium and lead isotopic signatures only is still

reliable enough to at least determine the micro-regions identified along the Alpine
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transect. The resulting isotopic maps of (1) a traditional spatial plot of the measure-

ment data and (2) after data mining are the subject of the following section.

Migration research and culture transfer in prehistory largely focuses on humans.

Population admixture is frequently related to acculturation phenomena. Humans, in

the course of domestication, trade and the supply of raw material, mostly force

mobility of animals. How does the isotopic map based on fully cremated human

skeletal finds agree with the one established on uncremated skeletal remains of

residential vertebrates? Do vertebrates integrate the local bioavailable isotopic

signatures in a way that the results are compatible with sympatric human finds? If

this is the case, then the isotopic maps that are presented in this chapter will be

suitable for the majority if not all archaeological strata in the reference region.

Isotopic Fingerprints of Human Cremated Finds from
the Reference Area

Cremating the dead before burial was not uncommon in prehistory. For a period of

about 1500 years in Central Europe, namely, from the Bronze Age until late

Imperial Roman Times (e.g. between about 1300 BC and about 400 AD), cremation

was the regular if not exclusive burial practice (Kunter 1989). The reasons for this

burial rite should have been manifold; a complete separation of the body and soul of

the deceased person might have been only one of them. Fact is that burning a dead

appeals to all senses of those attending the ceremony (the smell of the smoke, the

light of the fire, the crackle of the burning pyre), who thereby participate at the

transformation of the body (Sørensen and Rebay 2007). Cremated animal bones are

frequently found comingled with the human bodily remains. These are interpreted

as food offerings placed with the dead to nourish them on the way to the afterlife.

The anthropological investigation of archaeological cremations necessitates skilled

osteologists, not only for the scope of sorting the non-human from the human bone

remains but also to gather as much biologically related information to the person as

possible.

Depending upon the quality of wood used and oxygen supply, prehistoric

cremation pyres could reach temperatures up to 1000
�
C (McKinley 2016). Expo-

sure to such high temperatures causes alterations in bone structure leading to a high

degree of fragmentation. Since all organic constituents of the skeleton are burnt

away, the bones lose their elasticity, making cremated remains very brittle. Every

manipulation of a cremation after excavation may lead to further fragmentation and

a potential loss of biological information. Macroscopically, it is possible to assess

the approximate temperatures to which the bones have been exposed, because

oxidation processes and the liberation of carbon are responsible for temperature-

dependent colour changes. In general, the bones maintain their original light colour

up to temperatures of 200–250
�
C, which then changes to brown at 250

�
C onwards.

Between 300 and 600
�
C, the bones turn black and become lighter again via

different shades of dark and light grey from 700
�
C onwards. Completely cremated

bones are chalky white (Wahl 1981; Shipman et al. 1984; Herrmann et al. 1990;
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Quatrehomme et al. 1998; Walker et al. 2008; Grupe et al. 2015). A more precise

definition of the burning temperatures is not possible visually because of variable

parameters such as duration, oxygen availability, etc.

The high degree of fragmentation is both due to the loss of organic tissue

components and thermally induced alterations of the crystal structure. Bone is a

biomineral in which the mineral components are surrounded and penetrated by

organic material, mainly the elastic structural protein collagen. This implies that the

mineral crystals have limited contact to each other in the living being. After the

organic components are gone in the course of the cremation process, space is

supplied that permits growth of the mineral crystals until they fuse with each

other. Crystallite size in a cremation can easily exceed 100 nm (Hüls et al. 2010).
This process is comparable to a sinter process in the form of a solid-state reaction,

which results in a macroscopically visible shrinkage of the skeletal elements. In

fully cremated bones, this shrinkage can reach 10 % in every direction. Spherical

bones such as the ball joint of the femur can be therefore by one third smaller in the

cremated state compared to its original size (Grupe and Herrmann 1983). Since the

different parts of a bone are subject to different physical loads (e.g. attachment sites

of muscles and tendons induce bending stress), mineral density is not equal

throughout the skeleton or even in a single bone. Higher mineral density in vivo

only permits less shrinkage during cremation; therefore, the shrinkage of a bone is

never homogenous. Fragmentation and change in size and shape are the results.

These thermal alterations are especially destructive for teeth. The composition

of the root dentin is very similar to the composition of bone, while mature dental

enamel is almost totally devoid of organic material (Hillson 1996). Shrinkage of the

root leads to a separation of the crown, whereby the brittle enamel tends to split into

smallest fragments. Dental enamel is therefore rarely preserved in cremations, and

at best, tooth roots are preserved in only about 45 % of excavated finds (Grosskopf

2004). While even a small tooth root will not escape the eye of a skilled osteologist,

it might well have been overlooked by the people who collected the burnt remains

of a deceased person for burial, let alone that it is a very common find that not all

body parts are represented in a prehistoric cremation.

Burial of a cremation in prehistoric times may follow different customs. Name-

giving for a whole time period (the Urnfield culture) was the collection of the

cremated bones and their deposition in an urn which was buried. But the cremated

bodily relics could also have been simply buried in the soil, either with or without

remnants of the cremation pyre. If neither pieces of an urn or relics of the pyre are

detected, the cremated bones might have been placed into a container manufactured

from organic material (e.g. a leather bag) which had decayed as time went by

(Grupe et al. 2015).

Osteologists frequently observe that not all body parts are contained in a

cremation. The easiest explanation is that only selected bones had been collected

for burial which served as pars pro toto. On the other hand, more than one

individual can be represented by a single cremation. If this concerns the majority

of the body parts, more than one individual had been cremated at the same time.

More often, only single or very few bones indicate the presence of a second
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individual. This happens quite frequently when the prehistoric people used the same

location for the cremations over and over again.

The anthropological investigation of cremated finds is therefore much more

complex and time consuming than the inspection of uncremated inhumations.

Under the prerequisite of a good state of preservation and the presence of the

majority of body parts, macroscopic inspection augmented by histological and

metric analyses leads to an anthropological diagnosis that is not or at least not too

inferior to the respective diagnosis of an uncremated skeleton. But these

prerequisites can by no means be taken for granted; therefore, for those time periods

where inhumations are dominated by cremations, the reconstruction of human

population development in time and space is still rather incomplete.

Since organic constituents are no longer or only by chance preserved, important

archaeometric approaches such as palaeogenetic analyses are usually no longer

possible. But the reconstruction of population admixture, mobility and migration by

stable isotope analysis of heavy elements such as strontium and lead which are not

subject to thermal alteration is possible and worth the effort, although with inherent

limitations. First, the state of preservation must be sufficient for a firm identification

of the basic biological parameters such as age at death and sex, and comingled

bones of other individuals must be identifiable with certainty. In the case of the

human cremations from the Urnfield culture which had been excavated to the north

of the Alps, state of preservation was often very poor. Since a systematic investiga-

tion of human mobility based on cremated finds was attempted by our research

group for the first time, an additional limiting factor was brought about by the mere

amount of cremated bone material with regard to the indispensable accompanying

mineralogical inspections for a validation of the isotopic date (Fig. 24a, b; see

chapter “The Crystalline State of Archaeological Bone Material”). As a result,

several cremated finds which should have been included into the project according

to the initial plans turned out to be of limited use with regard to the overall research

design, and substitutes had to be found.

Second, tooth roots were preserved in the study material only in exceptional

cases. This constitutes an insurmountable limitation to migration research based on

cremations. As mentioned above, dental enamel is hardly ever preserved, and tooth

roots are on average preserved in less than 50 % of the finds. Enamel precipitates

during childhood and juvenile age and is not remodelled thereafter. Non-local

stable isotopic ratios in dental enamel are therefore unambiguous indicators for

an immigrant to the site, because the individual in question must definitely have

spent its childhood at a different place. In the absence of dental enamel, root dentin

can be analysed alternatively because dentin, once formed, is only remodelled to a

minimal extent during lifetime compared to the bone (Walters and Eyre 1983).

When the dentition develops, the crown of the tooth is formed first, and the

following growth of the root leads to the eruption of the tooth into the mouth cavity

(Grupe et al. 2015). Dentin thus precipitates later than enamel but still during

childhood and juvenile age. Modern clinical investigations on tissue turnover

rates therefore frequently make use of dentin as a “metabolically inactive control

material” (e.g. Sivan et al. 2008; Stabler et al. 2009).
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In cremations where no dentin is preserved, no archaeometric access to child-

hood conditions including the identification of early immigrants to a site is possible.

Migration research based on stable isotopes will be limited to bone, a tissue that

Fig. 24 Human cremations

from the Urnfield culture. (a)
Site 116: München-Grünwald
(see Table 7). Fragment size

is rather small and hardly

meets the preservation criteria

for this project. A single

fragment has to be available

that is large enough to permit

for both strontium and lead

isotope analyses and a

mineralogical investigation.

(b) Site 111: Englschalking
(see Table 7). Almost perfect

preservation, not only for the

scope of the isotopic analyses

but also for the osteological

investigation. Photos by

D. Wycisk
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integrates elemental uptake and respective isotopic signatures over years and even

decades. Therefore, while a cremated “non-local” skeleton can be readily identified

by its bone isotopic signatures according to the exclusion principle, this individual

must have been a late immigrant to the site, because it had died before the bones had

adjusted the isotopic signatures to the local ones in the course of the slow tissue

turnover. The original extent of population admixture will necessarily remain

underestimated. However, in the event that no late immigrants to the site are

identified isotopically, this implies that all isotopically “local” individuals must

have spent years to decades at or near the site of their recovery, indicative of a stable

community.

The following spatial distribution of lead and stable strontium isotopic ratios in

human cremations and the results of the data mining procedure are not yet in the

state of giving clues to specific archaeological questions. To successfully

perform the data mining, a sufficient number of human cremations needed

to be analysed. To date, 184 individual human isotopic fingerprints consisting of
87Sr/86Sr, 208Pb/204Pb, 207Pb/204Pb, 206Pb/204Pb, 208Pb/207Pb and 206Pb/207Pb are

available (Table 7), whereby 16 uncremated individuals from the Latsch site

(site code 304) were included to augment the data set. With regard to the further

perspective of our project, all human cremations date either into the Urnfield

period or are associated with the Fritzens-Sanzeno culture. Also, sample number

per site is highly variable because some individual burials, which are of

particular archaeological interest, were consciously selected. The first issue

that needs to be evaluated is whether the transalpine transect with its isotopic

micro-regions as reflected by the isotopic fingerprints of archaeological animal

bone finds is also mirrored by the human cremations.

Since lead is a bone-seeking trace element and tends to heavily contaminate

bones and teeth (Wittmers et al. 2008), quantitative decontamination of

bioarchaeological finds is a necessity for the validation of the isotopic signatures.

The mineralogical investigation of the finds confirmed that despite the crystallo-

graphic alterations due to the high temperature exposure, no contaminating mineral

phases were detectable after completion of the laboratory processing protocol. Also

the lead isotopic signatures measured are compatible with pre-industrial lead

isotopic ratios (Tables 7, 8). In Europe, soils that are contaminated with industrial

lead typically have 206Pb/207Pb isotopic ratios <1.16, while uncontaminated soils

exhibit ratios >1.20 (Reimann et al. 2012). This difference is largely due to the

large-scale introduction of imported lead, mostly in the form of leaded gasoline. All

measured isotopic signatures, whether uncremated animal or cremated human

bone, are in total agreement with the pre-industrial variability in skeletons as

reported by Kamenov and Gulson (2014).

The spatial variability of the isotopic signatures measured in human cremations

is plotted into the map and visualized by Figs. 25, 26, 27, 28, 29 and 30. Geograph-

ical coordinates and site codes are listed in Table 7. 87Sr/86Sr isotopic ratios in the

northern Alpine gravel plain are relatively uniform and do not exceed a value of

0.71 with the exception of three individuals (one sample each from sites

144, Forstinning; 121, Hofoldinger Forst; and 136, Trudering). None of the six
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Table 8 Comparison of the range of isotopic ratios in archaeological animal bones (uncremated)

and human bones (cremated), differentiated per gross geographical region

87Sr/86Sr Animals Humans 208Pb/204Pb Animals Humans

Germany Germany

Minimum 0.707 0.708 Minimum 38.19 38.15

Maximum 0.714 0.712 Maximum 38.78 38.79

Δ 0.007 0.004 Δ 0.59 0.64

Austria Austria

Minimum 0.709 0.708 Minimum 38.27 37.92

Maximum 0.72 0.717 Maximum 38.76 38.96

Δ 0.011 0.009 Δ 0.49 1.04

Italy Italy

Minimum 0.709 0.71 Minimum 38.36 38.36

Maximum 0.721 0.722 Maximum 38.83 38.91

Δ 0.012 0.012 Δ 0.47 0.55
208Pb/207Pb Animals Humans 207Pb/204Pb Animals Humans

Germany Germany

Minimum 2.41 2.42 Minimum 15.6 15.59

Maximum 2.47 2.47 Maximum 15.86 15.75

Δ 0.06 0.05 Δ 0.26 0.16

Austria Austria

Minimum 2.44 2.37 Minimum 15.61 15.61

Maximum 2.48 2.47 Maximum 15.71 15.99

Δ 0.04 0.1 Δ 0.1 0.38

Italy Italy

Minimum 2.45 2.46 Minimum 15.61 15.61

Maximum 2.48 2.48 Maximum 15.7 15.72

Δ 0.03 0.02 Δ 0.09 0.11
206Pb/207Pb Animals Humans 206Pb/204Pb Animals Humans

Germany Germany

Minimum 1.18 1.17 Minimum 18.42 18.3

Maximum 1.35 1.27 Maximum 21.4 20.03

Δ 0.17 0.1 Δ 2.98 1.73

Austria Austria

Minimum 1.17 1.16 Minimum 18.35 18.28

Maximum 1.26 1.2 Maximum 19.75 18.86

Δ 0.09 0.04 Δ 1.4 0.58

Italy Italy

Minimum 1.17 1.17 Minimum 18.33 18.46

Maximum 1.22 1.2 Maximum 19.09 18.84

Δ 0.05 0.03 Δ 0.76 0.38

Since only empirical cut-off values are yet available for the reference area, lead isotopic ratios are

listed up to the second decimal place only
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animal bones recovered at the Trudering site exhibited a 87Sr/86Sr isotopic ratio

>0.70899; therefore, the single human individual would be cautiously considered

as probably not primarily local to the site based on stable strontium isotopic ratios

alone. The considerable isotopic mixing due to the topographical particularities of

the Inn Valley is reflected in a high 87Sr/86Sr variability from 0.708 to 0.717,

whereby the H€otting site alone (site code 209) covers the complete range. Most

radiogenic ratios up to 0.722 were finally detected at the Italian Latsch site (site

code 304).

Interpretation of the human lead isotopic ratios necessitates an in-depth consid-

eration of the find context, archaeological data and all facets of possible relations to

early metallurgy. This is beyond the scope of this book, but it can be stated that at

least 207Pb/204Pb ratios are in total agreement with ore deposits at Schwaz-Brixlegg

in the Inn Valley that had been exploited in the regional prehistory (H€oppner et al.
2005). The largest inhomogeneity of 206Pb/204Pb is found in Upper Bavaria with

particular radiogenic isotopic ratios up to 20.03 (site 108, Eching), although ratios

�20 were occasionally also measured in animal bones from the German sites

(Table 1). Radiogenic isotopic ratios are dependent on the age of rock or

ores and logically also exhibit a considerable geographical redundancy

worldwide. Ore deposits in the European Alps and in several other locations

in Central Europe typically have lead isotopic ratios with a low variability, namely,
206Pb/204Pb ¼ 18.3–18.5, 207Pb/204Pb ¼ 15.6–15.7 and 208Pb/204Pb ¼ 38.3–38.7

(Villa 2016). Only slightly different typical ratios have been reported for the entire

continent (see chapter “The Concept of Isotopic Landscapes: Modern

Ecogeochemistry versus Bioarchaeology”). Provenance analysis by lead isotopes

in human skeletal remains is particularly difficult because after metal working had

started on a regular scale, airborne lead covered very large distances. This is but one

example for the high mobility of lead in nature. While these effects introduced no

longer typically “local” but still pre-industrial isotopic signatures into regions even

at distances from the location of ores and metal smelting, humans came into daily

contact with lead artefacts that might once have been manufactured from distant ore

deposits. All these isotopic ratios mix in the consumer’s body and incorporate lead

into the bone over many years. While in general, the lead isotopic signatures

measured in the bioarchaeological finds match the “local” pre-industrial lead

composition, radiogenic ratios, e.g. 206Pb/204Pb around 20, might therefore not

necessarily indicate an immigrant to the site. Blending of different lead sources

for the manufacturing of goods of daily life (cauldrons, vessels, pipes, etc.) can

totally obscure any local isotopic signature and even the typical signature of the

mining districts where the ores had been exploited (Boni et al. 2000; Bray and

Pollard 2012; Villa 2016). In times when people deliberately created industrial

blends, such as during Imperial Roman Times, provenance analysis by lead isotopes

will be extremely tricky, and it is hard to imagine how this can be achieved by

univariate statistics alone.

The high spatial redundancy of 87Sr/86Sr in human cremated bone is also

depicted from Fig. 31: The alluvial sites in Bavaria and the Austrian Inn Valley

exhibit an overlap with regard to isotopic ratios between 0.709 and 0.711, while the
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Austrian Inn Valley and South Tyrolean alluvial river sites, related to the geology of

the adjacent mountain regions, have an overlap of ratios between 0.711 and 0.714.

Thus, the general north-to-south gradient is obvious. It does, however, only permit

for a firm differentiation between regions with the lowest radiogenic isotopic ratios

in Upper Bavaria and highest radiogenic ratios in South Tyrol. The situation

becomes much clearer in a bivariate plot, when, for example, 206Pb/207Pb is plotted

against 87Sr/86Sr (Fig. 32). Here, the specimens from South Tyrol are separated

from the others, and especially the (uncremated) finds from the Latsch site (code

304) form a distinct cluster. Unfortunately, only human skeletal finds from three

southern Alpine sites were available for this first overview of the spatial distribution

of isotopic signatures along the Alpine transect. Therefore, it cannot yet be told how

significant the isotopic separation of Upper Bavaria and South Tyrol is on the

population level.

But to return to the initial question, the answer to whether an isotopic map based

on presumably local vertebrate bone finds would be suitable for an isotopic

mapping and subsequent migration research with human cremations is “yes”.

Comparison of the spatial variability of the isotopic ratios in the three main regions

(to the north and to the south of the Alps and inner Alpine regions) reveals that the

isotopic signatures of cremated human bones readily plot into the variability of

bioavailable ratios as established by the use of the uncremated animal bone finds

(Table 8). In some cases, total variability of isotopic signals measured in the animal

bones exceeds the respective one in the cremated human bones which is most

plausibly explained by the fact that for the establishment of the animal data set,

members of three different species have been lumped together. Since the human

data set is also not uniform in terms of archaeological time frame (see above) and

Fig. 31 Distribution of bioavailable 87Sr/86Sr in human cremated finds per gross geographical

region. Figure by D. Wycisk
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since several cremations have been chosen purposefully for analysis for a variety of

reasons and therefore need not be representative for the local, indigenous popula-

tion, it would be too early at this stage of the project to interpret single individuals

with mathematically outlying isotopic signatures as immigrants to the site. It is

conspicuous, however, that with regard to the lead isotopes measured in Austrian

cremations, total variability exceeds the one of the animal data set. Interestingly,

the lowest 208Pb/207Pb ratio (2.37), the lowest 208Pb/204Pb ratio (37.92) and the

highest 207Pb/204Pb ratio (15.99) were all measured in one and the same individual

from the H€otting site (burial 62; site code 209). In this particular case, it could be

concluded that this individual should have been primarily foreign to the site of its

recovery and that it immigrated there rather shortly before its death. Archaeologi-

cally, however, the grave goods associated with this burial are inconspicuous and

do not indicate a primarily non-local individual (S. Reuß, personal communica-

tion). Cluster analysis did not identify this particular individual as being totally

foreign to the reference area what is in agreement with the archaeological finds.

In a first attempt of GMM clustering of 162 human data, a rather clear separation

of a micro-region each to the north (green cluster) and to the south of the Alps (red

and pink clusters) results, with some mixing in the Inn Valley (Fig. 33). The

individual from the H€otting site with several “non-local” lead isotopic signatures

was picked up by the red cluster which also occurs in the Inn Valley. We need to

Fig. 32 Bivariate plot of bioavailable 206Pb/207Pb versus 87Sr/86Sr in human cremated finds. Site

labels cf. Table 7. Figure by D. Wycisk
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emphasize at this stage of the project that this initial data mining was performed

with minimal contextual information and that data from two different archaeolog-

ical horizons have been lumped together. This merely represents a pilot study to test

whether the human data plot within the isotopic map established on presumably

residential vertebrates, and the outcome is positive. The spatial redundancy has

been overcome, and migration from north to south or vice versa along the Alpine

transect will be detectable with a high certainty. Keeping in mind that only

Fig. 33 Result of GMM clustering of apatite strontium and lead isotopic ratios measured in

162 human cremations (see Table 7). The micro-regions to the north and to the south of the Alps

are clearly differentiated. Figure by M. Mauder
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cremated bones had been analysed and that, therefore, only “late immigrants” are

detectable by isotope analysis, the first impression gained from a glimpse at Fig. 33

is that the micro-regions to the south and the north of the Alps seem to have been

rather stable with some adult individuals that had migrated from the north into the

inner Alpine regions (green cluster) and some others who were recovered in the

north or at inner Alpine sites which match the isotopic signatures prevailing in the

south (red and pink clusters). Since only bones were available for analysis, nothing

can be said about the people who had spent their childhood or juvenile age

elsewhere. Therefore, the extent of population admixture cannot be assessed and

is most probably underestimated. But one leap forward has been achieved: multi-

isotopic fingerprinting and adequate mathematical data analysis are possible for

cremated finds, even in a geologically small-scaled region. This enables

bioarchaeologists to systematically close the knowledge gap about past human

population dynamics revolving around cremation burial rites and practices. Specific

archaeological questions about mobility, trade, migration and especially culture

transfer in the respective time horizons, however, necessitate adequate find preser-

vation. Only then will it be possible to get access to individual place of residence

during childhood and juvenile age. The next tasks to perform will be (1) a similarity

search: human multi-isotopic signatures are similar to animal ones, but how similar

do they need to be to equally point to a defined region of origin?, and (2), even more

importantly, the results need an in-depth evaluation in the frame of the respective

archaeological context.
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archäologischem Skelettmaterial: Herkunftsbestimmung des karolingischen Maultiers von

Frankenthal und Vergleich mit spätpleistozänen Großsäugerknochen aus den
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226 A. Toncala et al.



United Nations (2010) Final review of scientific information on lead. United Nations Environment

Progamme, Chemicals Branch, DTIE

Veizer J (1989) Strontium isotopes in seawater through time. Annu Rev Plant Physiol Plant Mol

Biol 17:141–167

Vennemann TW, Fricke HC, Blake RE, O’Neil JR, Colman A (2002) Oxygen isotope analysis of

phosphates: a comparison of techniques for analysis of Ag3PO4. Chem Geol 185:321–336

Villa I (2016) Provenancing bronze: Exclusion, inclusion, uniqueness, and Occam ‘s Razor. In:

Grupe G, McGlynn GC, (eds) Isotopic landscapes in bioarchaeology. Springer, Berlin, pp.

141–154

Voerkelius S, Lorenz GD, Rummel S, Quétel CR, Heiss G, Baxter M, Brach-Papa C, Deters-

Itzelberger P, H€olzl S, Hoogewerff J, Ponzevera E, VanBocxstaele M, Ueckermann H (2010)

Strontium isotopic signatures of natural mineral waters, the reference to a simple geological

map and its potential for authentification of food. Food Chem 118:993–940

Vohberger M (2011) Lokal oder eingewandert? Interpretationsm€oglichkeiten und Grenzen lokaler
Strontium- und Sauerstoffisotopensignaturen am Beispiel einer Altgrabung in Wenigumstadt.

PhD Thesis, Universität München
Wahl J (1981) Beobachtungen zur Verbrennung menschlicher Leichname. Archäologisches
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Abstract

Provenance analysis for the scope of quantifying the extent of population

admixture and the direction of migration and trade will remain an important

topic in the future and is not restricted to bioarchaeological science. We under-

stand the maps as a starting point for the generation of an ecogeographic

“isotopic landscape”, which can be of benefit for other sciences as well, such

as ecology, biodiversity and forensic sciences. As outlined in chapter “The

Isotopic Fingerprint: New Methods of Data Mining and Similarity Search”,

identification of the structural importance and structural redundancy of single

isotopic signatures within a multi-isotope fingerprint will significantly contribute

to the probability with which a region of provenance can be identified for

non-local individuals. While the results reported in this book are specific for

the chosen reference region, the general methodological approach may be

suitable for other regions as well.

One of the major results achieved is that provenance analysis of fully

cremated finds in the region is possible by measuring apatite lead and strontium

isotopic ratios. Ongoing research concentrates on defined archaeological

projects related to transalpine mobility and culture transfer where provenance

analysis by multi-isotope fingerprints of cremated finds is specifically targeted

and to which the isotopic map is applied. Aims and scopes of these archaeolog-

ical projects that address periods from the Urnfield Period until Imperial Roman

times are briefly outlined. Specifically, these projects concentrate on “Mobility

and social dynamics in Southern Bavaria and the eastern Central Alps in the Late

Bronze Age (1300–800 BCE)”, “Migration or acculturation—the genesis and

spread of the early Fritzens-Sanzeno culture (fifth/fourth century BCE)”, “Pop-

ulation and domestic animals of the Raetian Alps and Alpine foreland during the

first century CE” and “Gontia as melting pot? The composition of the population

during Günzburg’s Roman military period, as reflected by its graves”.

The Isotopic Map: Future Options

The isotopic map of the reference region has been generated, but this was not an end

in itself. Provenance analysis for the scope of quantifying the extent of population

admixture and the direction of migration and trade will remain an important topic in

the future, and this is also not restricted to bioarchaeological sciences. We under-

stand this map as a starting point for the generation of an “isotopic landscape”:

Entering more data into the database will naturally lead to a further refinement of

both the map and the clustering procedure. We also cannot fully exclude that the

map presented in this volume may be subject to some revision. It needs to be tested

for every new entry into the database by which of the existent clusters this individ-

ual isotopic fingerprint will be caught or whether additional clusters will arise. As

outlined in chapter “The Isotopic Fingerprint: New Methods of Data Mining and

Similarity Search”, identification of structural importance and structural redun-

dancy of single isotopic signatures within the multi-isotope fingerprint will
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significantly contribute to the probability with which a region of provenance can be

identified for non-local individuals, be it man or animal.

It is expected that the structural importance/redundancy of isotopic ratios of

specific elements may change over time. For instance, metal working, even to a

small extent, produces airborne metals and aerosols which can be distributed over

long distances and will alter the natural regional isotopic patterning of lead

(e.g. Kamenov and Gulson 2014). Metal working in preindustrial times had to

exclusively rely on wood as fuel, whereby the clearing of woods and the removal of

roots rendered the soils prone to substantial erosion with the consequence of long-

distance transport of pollutants by rain, rivers and mudslides. Analysis of archaeo-

logical finds from different time horizons are suitable for an assessment and

quantification of the regional and even supraregional anthropogenic input of

metal sources through time, such as the global aerosol transport is assessed by

analyzing ice cores (e.g. Hong et al. 1994) or peat bogs (e.g. Shotyk et al. 1996;

Dunlap et al. 1999). Lead concentrations and lead isotopic ratios in archaeological

skeletal finds are very good indicators for these processes (Grupe 2016) and give

clues by which extent the consumer was affected, since anthropogenic lead is more

soluble and more readily incorporated into the mineralized tissues than mineral-

bound lead (Budd et al. 2000). This way, deliberate analysis of bioarchaeological

finds excavated from specific time horizons will shed light on important aspects of

environmental history and the generation of anthropogenic landscapes.

Modern biodiversity research is confronted with a rapid decline of the number of

extant species, and one can only estimate how many species become extinct before

they have even been discovered. Biodiversity research through time may also

benefit substantially from bioarchaeological isotopic maps. The reconstruction of

dietary and habitat preferences by use of stable isotopes of light elements such as

carbon and nitrogen from bone collagen has already shown how the home ranges of

some vertebrate species have become considerably smaller from preindustrial times

until today (e.g. Becker and Grupe 2012). Additional information on the place of

provenance and hence the firm differentiation between local game and imported

animals, what cannot always be assessed morphologically, would contribute signif-

icantly to the current efforts with regard to landscape protection.

Let alone that multi-isotope fingerprints have also become routine in forensic

sciences (Lehn and Graw 2014) and the prosecution of legal cases including the

application of multivariate statistics to unravel the geographically defined data

structure for provenance analysis (e.g. Ziegler et al. 2016). New methods of data

mining applied to large databases are likely to reduce the overall global redundancy

of regional single isotopic patterns, which is today substantially higher because of

the global transport of food, beverages and pollutants.

This volume, however, focuses on the isotopic mapping of a specific geographi-

cal reference area with the scope of a better approach to time-related isotopic

landscapes and a quantification of population admixture, migration and trade in

the past—topics which belong to the driving forces of human history and are major

determinants of human population development in time and space. While the

results achieved so far are specific for this reference region, the general
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methodological procedure is applicable to other regions of interest as well. The

application of data mining methods proved suitable for the contextual resolution of

the multi-isotope fingerprint and constitutes a leap forward with regard to the

generation of a bioarchaeological isoscape, but it needs to be emphasized that a

pre-evaluation of the data set by conventional univariate statistics remains indis-

pensable (see chapter “Isotopic Map of the Inn-Eisack-Adige-Brenner Passage and

its Application to Prehistoric Human Cremations”). A major option for the future is

continuing with and refining the model calculations for local isotopic ratios based

on modern reference samples, not only because this constitutes a step forward

towards predictability but is at the same time highly informative for the data mining

community. It seems that the interdependencies of soil, water and vegetation with

regard to bioavailable trace elements for the consumer are much more complex than

previously assumed and that the analysis of radiogenic isotopes in bioapatite has

been too much focussed on underlying bedrock and soil properties.

Also, the computer scientists necessarily rely on a substantial contextual input

by the domain experts, such as information on mineral metabolism. The other side

of the medal, however, is that data mining depends on a minimum number of

individual data sets, the establishment of which is both time and money intensive.

With regard to the benefits for several academic and applied sciences, from cultural

heritage via biodiversity and forensic studies, this might be worth the efforts.

One of the major results achieved is that provenance analysis of fully cremated

finds is possible by measuring apatite lead and strontium isotopic ratios, however

with some contextual caveat. The isotopic map has been purposefully established

by analyzing compact bone, a tissue that integrates small-scale variability of

regional isotopic signatures over years and decades, if not the lifetime of an animal.

This way, local isotopic fingerprints were defined. Mobility, migration and trade on

the other hand necessitate at least one residence change during an individual life,

and its recognition depends on the adequate choice of mineralized tissue for

analysis. In uncremated finds, this is usually tooth enamel or dentin which

precipitates during childhood and juvenile age. Any non-local isotopic signal

detected in dental tissue is a firm proof for an individual residence change between

childhood and death/burial. The majority of cremated finds however lacks any such

tissue, and the analyses are restricted to the bone. The quantification of the extent of

population admixture by immigration is thus restricted to “late immigrants”, that is,

people that migrated to their place of recovery at some time during adult age.

Difficult to resolve are mixed isotopic signatures in the bone which are generated

when an immigrant did not spend sufficient time at the new place of residence to

permit the skeleton to adjust to the local isotopic fingerprint in the course of tissue

remodelling. The in-depth interpretation of mixed isotopic fingerprints, both in

cremated and uncremated finds, will explicitly constitute a major research topic in

the future, and we expect that, again, GMM clustering can be beneficial. Trace

elements in biominerals exhibit a reservoir effect that depends on tissue turnover,

but data on such effects are relatively scarce (e.g. Rabinowitz et al. 1976; Leggett

1993; Gulson 2008; Montgomery et al. 2010; Keller et al. 2016).
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An additional task to fulfil in the near future is a similarity search, again aided by

computer scientists. Isotopic maps for bioarchaeological purposes are mainly based

on the isotopic analysis of residential bone finds, and the a priori generation of a

spatial map was also the method of choice in this study. However, food, beverages,

inhalation, etc. always produce mixed isotopic ratios in the consumer’s tissue

without exception. Therefore, a local human isotopic fingerprint will be similar to

a local isotopic fingerprint established on an animal skeleton, but since feeding

habits substantially differ between taxa, the term “similar” needs quantification. For

instance, pigs living from human food leftovers are probably more similar to

humans in their isotopic composition than free ranging deer. Which species

matches the humans best is currently under study. After this will be worked out,

provenance analysis can proceed to a next step when similarity search through the

database will be capable of giving answers to questions such as “find any individual

within a distance of 50 km from a certain site that belongs to the same species and

shares the same isotopic fingerprint”.

When the project has come to an end, the database established so far will be

augmented by a large number of new data sets established by the archaeological

research projects which rely on the isotopic map (see below) and will be made

public in the form of a worldwide data sharing. For a sustainable storage and long-

term availability of the produced data, the IT infrastructure is hosted by the Munich

Leibniz-Rechenzentrum (LRZ) and will be curated by the ArchaeoBioCenter of the

Ludwig-Maximilians-Universität (LMU). It will be accessible through a web inter-

face available on the homepage of the ArchaeoBioCenter (http://www.

archaeobiocenter.uni-muenchen.de).

At present, ongoing research concentrates on defined archaeological projects

related to transalpine mobility and culture transfer where provenance analysis by

multi-isotope fingerprints of cremated finds is specifically targeted and to which the

isotopic map is applied.

Mobility and Social Dynamics in Bavaria and the Eastern Central
Alps in the Late Bronze Age (1300–800 BCE)

Passages connecting the Italian Peninsula with Central Europe and beyond through

the central Eastern Alps belong to the most important long-distance contact routes

in Europe and are thus well suited for assessing the role of migration or mobility in

prehistoric communities. For this particular area, both concepts have always played

an important role in explaining cultural and demographic change.

Our project concentrates on periods in which the prevailing burial custom was

cremation, paying tribute to the anthropological methods applied. Cremation was

practiced in the late Bronze Age, the Iron Age as well as in Roman times.

Looking first at the Bronze Age segment of the research group, the late Bronze

Age or Urnfield Period provided an ideal study area. Although immigration pro-

cesses of the Northern Alpine population groups of the early Bronze Age

(ca. 2150–1600 BCE) belonging to the so-called Straubing group located in

Current Synthesis and Future Options 233

http://www.archaeobiocenter.uni-muenchen.de
http://www.archaeobiocenter.uni-muenchen.de


southern Bavaria (Ruckdeschel 1978; Massy 2016) and reaching into the Tyrolean

Inn Valley have been suggested recently (S€older 2002; T€ochterle 2015), the

persisting absence of graves in this area makes it impossible to test this hypothesis

on the basis of anthropological analyses.

The north Tyrolean Inn Valley lost its interregional significance due to the

replacement of fahlore copper by a new copper type of sulphidic chalcopyrite

(Kupferkies), the so-called East Alpine copper, in the early Middle Bronze Age at

around 1500 BCE (Fig. 1) (St€ollner 2015a). The abundant chalcopyrite deposits of
the Mitterberg region in the Austrian Salzach Valley and Saalfelden Basin were

exploited during the Middle and Late Bronze Age (1600–800 BCE) on a large scale

by deep mining and surface shaft working (Shennan 1995; Kienlin 2013; St€ollner
2015b).

The Inn Valley regained its importance as a mining and metal-producing area

during the last phase of the Bronze Age, the so-called Urnfield Period dating

between 1300 and 800/750 BCE. In the 13th and 12th centuries BCE, we observe

a significant increase in burial and also mining and metal-processing activities

(Goldenberg 2015). New cemeteries were founded with significantly more graves

than in the middle Bronze Age (Kossack 1993; Sperber 1992, 1997, 2004). What is

equally important is the fact that grave constructions display a new design with well-

equipped urn-burials or long stone cists, in which the cremated bones of the deceased

were sometimes strewn in the form of the actual body with the attire in place of the

imagined body parts. Secondly a couple of artefact types themselves mirror a

spectrum which is alien to the local Middle Bronze Age alpine cultural environment

but match perfectly with grave inventories in southern Bavaria (Fig. 2).

These significant similarities of burial rites and the material culture between

southern Bavaria and the north Tyrolean Inn Valley exhibit tight cultural

Schwaz/
Brixlegg

Kelchalm/
Jochberg

Leogang/
Viehhofen

Bischofshofen/
Mitterberg/St. Veit

Innsbruck

Salzburg

Fig. 1 Location of the main copper deposits and Bronze Age metal working districts in the central

eastern Alps (graphic: Reuß)
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Fig. 2 Grave assemblages of the early Urnfield Period (13th–12th century BCE) from the north

Alpine piedmont zone and the north Tyrolean Inn Valley in comparison. Left: Bavarian sites: 1.

Riegsee, tumuli 25 and 23; 2. München-Grünwald, grave 12; 3. München-Grünwald, grave 32;

Right: North Tyrolean sites: 1.-2. Selection of artefacts from the cemetery of Volders; 3. Wilten,

grave 68 (after Koschik 1981, pl. 132–133; Müller-Karpe 1957, pl. 8 H, 10 A; ibid. 1980, pl. 411

B–C; 409C)
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relationships between these two regions. While the cultural development in south-

ern Bavaria in the Late Bronze Age, i.e. Urnfield Period (1300–800 BCE), is

derived from a local substrate (Koschik 1981; Müller-Karpe 1957, 1959), the

contemporary burial customs in Tyrol differ substantially from the Middle Bronze

Age traditions (Müller-Karpe 1959; Moosleitner 1991; Tomedi et al. 2006). This

supports the model of immigrants from south Central Europe as founders of the

specific Tyrolean Urnfield communities (Sperber 1992, 1997, 2004). New studies

focusing on archaeometallurgy, mining activities and settlement structure even

speak of colonization by newcomers (Staudt and Tomedi 2015). The reason for

this occupation was seen in the intention to exploit the copper ore deposits of the

Inn Valley (Rieser and Schrattenthaler 1998/99; Goldenberg and Rieser 2004;

Goldenberg 2013) and to control the trade of copper ores or ingots to the north

(Winghart 1999; M€oslein and Winghart 2002).

Although a thorough analysis of cultural traits and customs is applied, the

question whether the described processes of new burial practices and increased

burial activity can be explained by the immigration of people from southern

Bavaria, as has been argued, or whether they were the result of cultural adaptation

Fig. 2 (continued)
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and appropriation processes is evaluated by stable strontium and lead isotopes in

human cremations. The isotopic signature of each individual can be assessed, and

local and foreign individuals can in effect be distinguished from one another.

In combination of archaeological with anthropological investigations of the

cremation burials, the focus of our project lies in the definition of the kind and

extent of mobility, migration processes and cultural transfer (Fig. 3).

That southern Bavaria played a key role in this scenario and profited immensely

by the control of the copper exchange is supported by the fact that in the 13th and

12th centuries BCE, emerging hierarchies became evident in new behavioural

patterns of the social elites (i.e. Winghart 1998). In the archaeological context,

these changes are displayed in the equipment of ostentatious graves, some of which

Fig. 3 Distribution of the cemeteries from which graves of Late Bronze Age/Urnfield Period date

were sampled: most sites are located in the north Tyrolean Inn Valley, the Salzach Valley—both in

Austria—and the area around Munich; others in the Lech Valley and along the Danube in southern

Bavaria (graphic: Reuß)
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contain the first bronze-clad four-wheeled vehicles in Central Europe (Pare 1987)

and lavish metal drinking sets (Müller-Karpe 1956; Nebelsick 2016) as supreme

status markers of a sword-fighting warrior elite.

The newly discovered cremation cemetery of Vomp near Innsbruck with pres-

ently 467 cremations in stone cists and in urns is the largest cemetery ever

discovered in the area (S€older 2015). Its rich equipment with bronze objects and

the high percentage of north alpine-type warrior graves strongly suggest migration

of population groups from Northern Alpine areas. Within our project, cremated

bones from a series of burials from Vomp will be analysed. So far comparatively

few graves have been restored; thus, an evaluation of the extent of non-local and

local elements is difficult to conduct. What is already clear however and also

supported by the evidence of previously excavated burials such as Volders and

others (Kasseroler 1959; Sperber 1992, 1997, 1999) is the fact that many graves

contain pottery exhibiting local styles or a mixture of local and non-local pots or

other artefact types. Thus, it is of particular interest to test the hypothesis of an

immigration event in Vomp and other places or the model of possibly lifelong

mobility patterns or perhaps exchange processes by local people, indicating modes

of cultural transfer and cultural appropriation.

In order to pursue this objective, 250 burials from cemeteries in Bavaria and the

Tyrolean Inn Valley have been or are currently being sampled (analyses by

Dominika Wycisk). Although the artefacts from burials of the southern Bavarian

or Munich Urnfield group from the period spanning between 1300 and 1100 BCE

(early to middle Urnfield culture) are considered key for the proposed immigration

events, a thorough evaluation of the burial rituals in Northern Alpine cemeteries has

only been undertaken on a broader level (Falkenstein 2005; Wiesner 2009). A

detailed analysis, however, including the spatial arrangements of grave goods, the

treatment of dress accessories or other personal equipment such as weapons or

tools, and analysis of quality and quantity of grave goods in regard to sex and age

for this catchment area, will be focused on within a doctoral dissertation (Simone

Reuß). The comparison not only of quality but also quantity of grave goods is

essential to understand cultural affiliations, social dynamics as well as mobility and

exchange patterns. Of equal importance is the comparison of ritual components

such as the treatment of the cremated bones and occurring selection processes in a

post-cremation state (Fig. 4).

First results indicate that the number of non-local individuals in the Inn Valley

seems to be less significant than assumed; secondly, there seems to be no significant

influx of people from the inner Alps into the north alpine areas, hinting that dual

exchange by mobile people appears to be at least of marginal importance in the

context of the burial record. This may support the idea that putative settlers or their

descendants, who originally came to the Tyrolean Inn Valley in search of copper,

did not go back to the areas in the north where they came from. However, cultural

contacts between different micro-regions are closest between the Inn Valley and the

Urnfield cemeteries around Munich (the so-called Munich Urnfields) as has been

shown by statistical analyses of grave inventories in different catchment areas north

of the Alps and in Tyrol (Reuß and Metzner-Nebelsick in press).
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That the picture of late Bronze Age, i.e. Urnfield Period connectivity in the east

Central Alpine region, is not a static one, but rather dynamic, is clearly represented

by changing exchange networks and/or mobility patterns as represented by the

evidence of cemeteries and graves from the younger and late Urnfield Period

(ca. 1000–800 BCE). At around 1000 BCE, large cemeteries along the Salzach

Valley are founded. In this timeframe the Salzach Valley and the ore deposits of the
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Fig. 4 Cremation grave of

the early Urnfield Period, ca.

1300 BCE, from the Munich
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period the cremated bones

were strewn all over the grave
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Mitterberg region south of Salzburg regain importance (St€ollner 2015a). Urnfield
cemeteries like Obereching and Bischofshofen along the Salzach River starting in

the younger and late Urnfield Period (9th to 10th century BCE) (H€oglinger 1993;
Lippert and Stadler 2009) display a multitude of culturally differently connotated

traits indicating contacts with various geographical areas. Among the grave goods,

mainly pottery displays a varied picture. In some graves, local types are present, in

others non-local forms and yet in others both local and non-local (Fig. 5).

Next to eastern connections to Lower Austria or the southeastern Alps, pottery

types indicate strong affiliations to stylistic expressions which can be found in the

area of Danube bound Lower Bavaria between Straubing and Kelheim and beyond

the Upper Palatinate, those forms are standing in a local tradition. This phenomenon

seems to be analogous to the events in the catchment area of Schwaz-Brixlegg in

the north Tyrolean Inn Valley that took place three hundred years before during the

early Urnfield Period. After about 1000 BCE, the latter region and the Munich

gravel plain no longer seem to have benefitted substantially from interregional

exchange processes. While fewer burial sites are attested for in the Inn Valley, the

Salzach region by contrast shows newly established graveyards that hint at an

increase in population. The settlement processes and settlement structures as such

are still insufficiently investigated; the heterogeneous styles of the grave goods

within these newly founded cemeteries, however, suggest intensified mobility and

cultural transfer or migration. Because of obvious similarities in pottery styles as

Fig. 5 Grave inventories of the late Urnfield Period (9th century BCE) from the Salzach Valley

(a) and the Bavarian Danube region (b–c) in comparison (after H€oglinger 1993; Schopper 1995;
Pfauth 1998)
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well as other artefact types, the lower Bavarian Danube region (Müller-Karpe 1952;
Pfauth 1998; Schopper 1995) seems to have been an important starting point for

contacts with the Salzach Valley in the 9th to 10th century BCE. Possibly, it was

again the search for copper which was the driving force for the Northern Alpine

communities to seek exchange and establish contacts with areas rich in ore

deposits—this time the Mitterberg region in the Salzach Valley.

Migration or Acculturation: The Genesis and Spread of the Early
Fritzens-Sanzeno Culture (Fifth/Fourth Century BCE)

Around 450 BCE, the Fritzens-Sanzeno culture emerged in North Tyrol, South

Tyrol and Trentino. This formation was supported by the extensive use of the

Inn-Eisack-Adige passage and created a unified inner-alpine cultural group,

characterized, for example, by similarities in material culture, house construction,

metallurgic technology and religious beliefs including the practice of cremation and

use of sacrificial sites for burnt offerings (Fig. 6a).

The onset of the early Fritzens-Sanzeno culture is generally defined by the

appearance of specific types of ceramics, namely the so-called Fritzener bowls

(Fig. 6b) and bowls with a compressed S-shaped profile and comb stamped

ornamentation (Fig. 6c). However it still remains a matter of debate whether

these artefacts in fact indicate the emergence, existence and distribution in time

and space of a unique cultural group.

Gamper (2006) postulates a regional and chronological sequence starting from

the Adige Valley (Sanzeno group) and spreading north. The genesis of the Fritzens-

Sanzeno culture should therefore have taken place in the south, and its characteris-

tic features (ceramics, fibula types, house construction) were transferred to the

north. The spread from the Adige Valley into the Brixen region could well be

explained by culture transfer.

Fig. 6 (a) Distribution area of Fritzens-Sanzeno-Culture and the sites to be analyzed. (b) Fritzener
bowl from Vill, Goarmbichl, North Tyrol. Photo: Tiroler Landesmuseum Ferdinandeum

Innsbruck. (c) Bowl with comb stamped ornamentation from Telfes, North Tyrol. Photo: Tiroler

Landesmuseum Ferdinandeum Innsbruck
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An alternative explanation is suggested by the Fritzens-Sanzeno chronology in

the Southern Alps established by Lang (1998) and Marzatico (2001). The onset of

the culture in the lower Inn Valley took place as early as the latest Hallstatt Period/

early La Tène. The time of emergence is based on a securely dated sacrificial site of

burnt offerings at Farchant (Lang 2016) and also on graves documented in Kundl. A

simultaneous development of the characteristic ceramic types of the early Fritzens-

Sanzeno culture is evidenced both north and south of the Alpine range. There is no

evidence to support a formation independent of one another. A highly efficient and

rapid communication network across the Alps existed, resulting in the quick

transfer of stimuli from the one side to the other. Stilistic concepts concerning

artefacts, behavioral patterns, ritual practices and religious beliefs were transferred

and implemented within such a short span of time that it is impossible to differenti-

ate them archaeologically. This was either due to human mobility or to an intensifi-

cation of contacts between people of both sides of the Brenner Pass. The question

arises whether the genesis of this culture resulted from migratory events or if it is

the result of an acculturation process by culture transfer.

The Brixen-Stufels settlement in the Eisack Valley played a central role in

mobility across the Brenner Pass during the late Hallstatt and early Fritzens-

Sanzeno period. It is located at the intersection between the north-south Brenner

route and the east-west route through the Puster Valley in the direction of East

Tyrol. Brixen-Stufels was a centre of innovation and pivotal point of dissemination

for early Fritzens-Sanzeno culture ceramics. The oldest known Fritzener vessels

were found there (Dal Ri 1985; Pezzo 2004). The impulse to adopt this ceramic

form in the Inn Valley likely originated there. This further led to the uniform

manifestation of the Fritzens-Sanzeno culture on both sides of the Brenner Pass.

Mobility and culture transfer are hotly debated topics (e.g. Prien 2005). Archae-

ological tools such as the comparative analysis of artefacts and their respective

dates cannot solve all relevant questions centred around these topics, and the

cooperation with natural sciences such as physical anthropology and archaeometry

is indispensable (Grupe et al. 2015).

Discerning between migration and acculturation is only possible through the

isotopic analysis of cremated human remains and human skeletons dating to the

beginning of the Fritzens-Sanzeno culture and the late Hallstatt period.

Potential places of origin are determined by creating a multi-isotope fingerprint

(Sr, Pb, O). The application of two isotope systems of heavy elements (Sr, Pb),

which do not entail thermally induced isotopic fractionation, will for the first time

permit an isotopic analysis of cremated bones.

Both cremated and uncremated human skeletal remains are available for the time

period marking the formation of this specific culture, thus providing the opportunity

of detecting possible migration events. Isotopic analysis will be conducted on a

total of 120 individuals stemming from the early Fritzens-Sanzeno culture. Pres-

ently, approximately 25 % of the data have already been established. Cremated

samples are available from the Kundl (Lang 1998) and W€orgl (unpublished) sites in
North Tyrol (late Hallstatt and early Fritzens-Sanzeno culture and late Hallstatt

period, respectively) and from Moritzing (Steiner 2002) and Pfatten (Alberti 2007)

in South Tyrol (early Fritzens-Sanzeno culture).
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In the early Fritzens-Sanzeno culture, inhumations were the exception to the

rule, which involved cremating the dead. Among the burial sites which have been

sampled, a small group of 19 uncremated skeletons, 16 of which are partial

inhumations, come from Latsch in the Vinschgau (Steiner 2007). With respect to

burial customs, types of grave goods and their isotopic fingerprint (analyses

D. Wycisk), the group from Latsch represents an ensemble not yet seen in the

Fritzens-Sanzeno culture. One remarkable feature is the topographical location,

which is situated at a main Fritzens-Sanzeno culture traffic and communication

route leading through the Adige Valley.

An isotopic analysis conducted on two individuals whose hands had been tied

and were buried in a double grave discovered in Brixen Oberegger, room B, should

reveal whether these victims of violence belonged to the Latsch group.

Isotopic analyses of animal remains from burials, settlements (Brixen) and a

sacrificial site for burnt offerings (Farchant) should provide information on the

import and export of animals and their impact on livestock farming and farm

animals with respect to local livestock breeding.

Furthermore, for the first time, it is possible to determine the catchment area of

wild animals not under wide human influence. Beyond its special scientific scopes,

this project therefore also has implications for modern biodiversity research and the

reconstruction of anthropogenic environment genesis.

Population and Domestic Animals of the Raetian Alps and Alpine
Foreland During the First Century CE

The conquest of the Alps and its northern piedmont region by Rome in 15 BCE had

a strong impact on the region’s cultural development. Archaeologically unsolved

for the moment are the cultural histories of the autochthonous Celtic and Raetian

populations and their role in the nascent province of Raetia. Of particular interest is

the so-called Heimstetten Group (c. 30–60 CE), confined to the region between the

rivers Lech and Inn. Characterized by inhumation burials with the dead richly

dressed in traditional clothing and accessories, this culture is only tangible for

slightly more than a single generation. Controversy surrounds the existing

interpretations for this culture’s advent and departure: Roman-controlled immigra-

tion from the Tyrolean Inn Valley or cultural development of autochthonous origin

(Mackensen 1978; Keller 1984)?

A comprehensive archaeological, archaeozoological, palaeobotanical and

anthropological examination of finds originating from settlements under Roman-

Mediterranean influence (e.g. Langweid) as well as settlements and graves from the

Heimstetten Group (e.g. Heimstetten, Aubing) was conducted within the frame-

work of the project “Population and domestic animals of the Raetian Alps and

Alpine foreland during the first century CE”. This study revealed marked

differences between the “Roman” and local societies, their settlements and building

style, economies, diet and manner in which they disposed of their refuse. Thus, we

interpret these findings as evidence that the Heimstetten Group was the
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autochthonous population of the Alpine foreland and also postulate a continuous

development from the Iron Age to Roman times. At the same time, it is apparent

that the Roman military presence and early imperial process of Romanization both

boosted the trade of wares and animals stemming from the Mediterranean (see

chapter III, this volume).

The goal of the archaeological and archaeozoological examinations conducted

up to now in this project was to create a foundation for further archaeometric

analyses helpful in assaying and improving already existing models for the Roman-

ization of Raetia. Emphasis is placed on the mobility of humans and animals across

the Alps and tested using strontium, lead and oxygen isotope analysis of bones from

cattle, red deer and pig collected in early Roman archaeological contexts. This

method proved useful with respect to the question of provenance of the early

imperial inhabitants of settlements displaying Roman-Mediterranean influence

(e.g. Cambodunum/Kempten), since, according to their material culture and burial

rituals, they likely originated from populations stemming from upper Italy and Gaul

(Mackensen 1978). This of course leads to the direct comparison with the

Heimstetten Group. In addition to changes in the composition of the human

population, that of the cattle herds is also affected (Peters and Manhart 2004;

Trixl et al. in press). Early imperial archaeofauna show evidence for the importation

of stock used to meliorate local domestic breeds. The possibility that allochthonous

draught and pack animals were brought to Raetia during military movements and

civilian trade traffic must also be taken into consideration. The planned isotopic

analyses should help provide a better understanding of the currently documented

use of domestic animals than now exists, which is presently based solely on

archaeozoological examinations.

On the whole and by incorporating the isotopic map introduced in chapter

“Isotopic Map of the Inn-Eisack-Adige-Brenner Passage and its Application to

Prehistoric Human Cremations”, the possibility of identifying signatures as local

or foreign is given. Determining the time and perhaps even the intensity of human

migration and animal importation will be provided at least to some extent by way of

this approach. We expect to generate a clearly detailed and regionally differential

picture of how local cattle breeding evolved during the Roman period between the

Alpine divide and Danube River. Provided the necessary results are available, this

interdisciplinary project should contribute significantly to understanding the

processes driving the provincialization of Raetia’s rural regions in the first

century CE.

Gontia as Melting Pot? The Composition of the Population
during Günzburg’s Roman Military Period, as Reflected by its
Graves

Where did the Roman population in the Northern Alpine foothills come from? This

question will be addressed in part within the framework of this archaeological

project, which is made up of researchers specializing in Roman archaeology and
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physical anthropologists with expertise in cremated ossified remains. The focus of

this examination will be on one of the largest Roman cemeteries in Germany, the

well-documented Günzburg site. Several aspects of the Günzburg necropolis are

quite unique and have the potential for providing needed information in order to

determine the place of origin of its former inhabitants. For example, the sheer size

of the cemetery, which contained more than 1800 burials consisting of very well-

preserved cremations, will not only provide an excellent opportunity to establish

various biological and demographic parameters of the once living population, but it

also represents a good indicator of population makeup and the changes occurring

within it over time. It was also recently investigated by application of modern

archaeometric methods, yielding information to the settlement area important for

generating a clearer picture of past environmental and geological circumstances.

However two prerequisites must be fulfilled. An archaeological examination of the

enormous amount of artefacts, which are contained in over 2700 boxes, must be

conducted as well as a dating of the burials.

Specifically, this project hopes to elucidate whether the people at Günzburg were
native to the region (Hüssen et al. 2004) or if Günzburg was settled by foreign

migrants that came as a result of the Roman occupation (cf. Chap. “Transalpine

Mobility and Trade Since the Mesolithic”). It is assumed that the soldiers in

Günzburg during this period were members of a special cavalry unit: the ala II
Flavia pia fidelis milliaria (Czysz 2002). Totalling 1000 men, this was the largest

military unit at the time in the province of Raetia. Second only to the provincial

governor, the praefectus was the highest ranking person of Raetia (Scholz 2009).

Civilians may have moved together with the military unit to their new locations (see

chapter “Transalpine Mobility and Trade Since the Mesolithic”; Sommer 1990;

Grünewald submitted 2).

The Roman cemetery at Günzburg was used continuously from the second half

of the first century CE into the fifth century CE. The research concentrates on the

graves of Günzburg’s early phase of occupation in the decades around 100 CE

(Grünewald submitted 1 and 2; for late Antiquity: Hüdepohl in preparation). The

largest burial area of the cemetery was examined in order to discern graves

stemming from this earlier period. A total of 364 burials were selected and are

the focus of study. Chronological dating is based to a large extent on the presence of

Samian ware from La Graufesenque, Banassac, and also the early pottery from

central Gaul. Terra nigra, early fibulae and lamps are also decisive for detecting

early burials. Grave goods including a large number of mirrors and also balsamaria

indicate the presence of women. Numerous inhumations belonging to children were

found among the cremations (anthropological considerations concerning

inhumations are already published by Gerstmann et al. 2015). Both observations

verify the presence of civilian burials inside the Günzburg cemetery at Ulmer

Street. An anthropological study of the buried will shed light on these individuals

and possible differences to the military personnel.

According to archaeological examinations conducted at the cemetery as well as

on the artefacts recovered there, the different burial rites and grave goods

documented indicate a very heterogeneous population at Günzburg and Raetia.
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Both suggest that the provenance of the people there was likely also diverse.

Hypotheses to the probable places of origin based on the archaeological analyses

will be compared with those established by stable isotope analyses of the cremated

remains. This archaeometric analysis is specifically implemented here to determine

the origin of non-local individuals. Together the modern archaeological and

archaeometric examinations of this burial ground presents an especially informa-

tive foundation of information from which our research can profit.

To date, there has been no evidence for a rapid influx of large numbers of people

from Günzburg’s surrounding areas. Despite some indication for Celtic or Ger-

manic traditions (Czysz 2002; Grünewald submitted 1), evidence for migration

predominates. Objects were imported from Italy and Gaul (cf. chapter “Early

Roman Transfer of Animals Across the Alps: Setting the Stage for Interpreting

the Results of Isotope Fingerprinting”) and were later produced in the region.

Among other finds, more than 650 lamps used as grave goods are proof for a

massive cultural impact from the Mediterranean. This cultural influence is also

indicated by evidence for libation rites, which are seldom detected north of the Alps

(Grünewald 2016). Fibulae suggest migration from Gaul, but evidence for contacts

to the Eastern Alpine region and even Britain also exists (Grünewald submitted 1).

The relationship with the Heimstettener group is also a focus of investigation. An

analysis of the names of people from the later ala II garrison in Heidenheim reveals

probable African, German, French and Spanish origins (Scholz 2009, 143; Farkas

2015, 128 f.). It thus appears that the oldest burials at the Günzburg garrison

containing soldiers, their family members and also tradesmen are comprised of

people who came from regions further away.

Following the departure of the Roman military unit, a reduction of Günzburg’s
civilian settlement area is very likely. This is supported by the finding of graveyard

expansion into parts formerly settled (Grünewald 2016). Mass migration to the

Roman frontier can be detected by contextualizing the graves from Günzburg with

the known dated cemeteries of other forts at the Roman frontier region in Germany

(Grünewald submitted 2). Compared with prehistoric epochs, a very high percent-

age of people that migrated through the transalpine region seems probable.

At present, examinations of the graves appear to indicate that the population

during Günzburg’s Roman military period was very diverse and that Günzburg was
a melting pot for different cultural attributes and peoples. A further examination of

the grave goods and burial customs of the Günzburg cemetery and other similar

burial grounds is requisite to acquire more knowledge about the genesis of the

Roman population in the Northern Alpine foothills in the Roman province of

Raetia. The ongoing osteological investigation is indispensable for all further

archaeological interpretation and a prerequisite for subsequent archaeometric

analyses (Grupe et al. 2015). A selection of graves for this analyses based on the

immense archaeological data has been made. A comparison of the archaeological

interpretation with the data from about 100 strontium and lead isotope analysis of

the cremated bones will provide further insights about the origin of the deceased.
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Regensburg, Regensburg

Shennan S (1995) Bronze Age copper production of the eastern Alps: Excavations at St. Veit-
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