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The development of analytical techniques associated with individual life history approaches to reconstructing
prehistoric patterns of diet andmobility has produced significant changes in the potential information contained
within a single skeleton. In the context of Early Bronze Age hunter-gatherer groups in Cis-Baikal, Siberia, a com-
parison of bulk versus micro-sampling strategies has altered understanding of the level of mobility and interac-
tion. Detailed surveys of biogeochemical variation in the landscape combinedwith improved resolution translate
into an ability to examine the provenance and track the movements of an individual through different stages in
their life. Determiningwhere an individualwas on the geographic landscape duringmultiple phases of life, as op-
posed to the geochemical landscape of childhood and death, is important to differentiating between patterns of
migration and smaller scale movements undertaken during life. Advances in micro-sampling capabilities have
enabled new sampling strategies that include the collection of data from multiple points on individual human
teeth and bones. Micro-sampling of multiple skeletal elements expands the resolution with which researchers
can examine an individual's life. Technical advances have also highlighted a need to re-examine the relationship
between theoretical and analytical aspects of behavioral reconstructions in prehistory. Geochemical research in
Cis-Baikal has closely followed advances in analytical capabilities and provides a case study to assess the efficacy
of theoretical assumptions underlying explanations of short and long distance movements during lifetime and
examine potential improvements in data interpretations.

© 2016 Elsevier Ltd. All rights reserved.
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1. Introduction

The use of biogeochemical analysis to reconstruct behavioral pat-
terns has a long history in archaeology though the specific goals for
using these data (e.g., health, diet, mobility) have varied. Studies initial-
ly focused on general nutrition and metabolic interactions with differ-
ent elements and compounds, leading towards dietary reconstruction.
Questions about mobility, interpreted as locale of birth versus adult
life and subsequent death and burial, largely stemmed from the body
of earlier paleodietary research that helped to elucidate which types of
chemical analyses were likely to reflect intact information as opposed
to variable metabolic functions or diagenesis. Metabolic functions can
vary greatly throughout life (i.e., moderated by health, age, pregnancy,
environment), or be influenced in the post-depositional environment,
altering the chemical analytical results.

Early paleodietary research observed that strontium was a particu-
larly useful element, commonly substituting for calcium within the hy-
droxyapatite in bone and teeth and comparatively resilient through life
and subsequent burial (Comar et al., 1957; Comar and Wasserman,
1964; Elias et al., 1982; Likins et al., 1960; Nelson et al., 1986; Nelson
and Sauer, 1984; Price et al., 1992; Rosenthal et al., 1972; Schroeder et
al., 1972; Sillen and Kavanagh, 1982). The use of strontium isotopic
and trace element analysis for studying movement was pioneered by
ecologists mapping the geographical movement of different species
and environmental materials (Gosz et al., 1983; Koch et al., 1992).
This approach was adopted by archaeologists interested in prehistoric
diet andmobility. The techniques have nowbeenused by archaeologists
for decades (e.g., Ericson, 1985, 1989; Ezzo et al., 1997; Grupe and
Herrmann, 1988; Price, 1989; Price et al., 1994a; Price et al., 1994b;
Sealy et al., 1995; Sealy, 1989; Sealy and Sillen, 1988), and have become
routine parts of scientific analyses on archaeological skeletons.

There have been considerable refinements to the technical capabili-
ties, applications, and interpretations over the years. For example, the
transition from using TIMS to SM-MC-ICP-MS and finally to LA-MC-
ICP-MS that resulted in reductions in pretreatment efforts and overall
sampling times and costs, the tandem-use of multiple analytical tech-
niques, and the integration of first multi-elemental sampling and ulti-
mately micro-sampling of these multiple skeletal elements to produce
a robust body of data to reconstruct individual life histories (Dolphin
et al., 2012; Dolphin et al., 2003; Dolphin et al., 2016; Farell et al.,
2013; Haverkort et al., 2008; Kang et al., 2004; Knudson and Price,
2007; Scharlotta et al., 2011; Scharlotta et al., 2013; Scharlotta and
Weber, 2014;Weber et al., 2003;Weber and Goriunova, 2013). Howev-
er, it is rare to see the progression ofmethodological developmentwith-
in a single region, even using materials from the same individuals and/
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or cemeteries (e.g., scale of analysis/sampling, destruction of samples,
duration of life history elucidated, etc.) as has been possible with hunt-
er-gatherers from Cis-Baikal, Siberia through the work of the Baikal Ar-
chaeology Project. In many ways the assumptions behind, and
applications for, such analyses have changed significantly. It is not al-
ways clear that the full data potential of skeletal materials is being
employed, raising doubts about the potential extent to which the ana-
lytical data can be extrapolated to behavioral patterns.

Many of the chemical analyticalmethodswere developed and tested
using sedentary populations of varying size inwhich differences of birth
locality, status, and diet were anticipated. Difficulties can arise when
transitioning to hunter-gatherer populations that vary throughout
their lifetime and may not have distinctive markers of status in either
their dietary makeup, or interred artifacts. For example: How effective
are the established methods at analyzing movements when applied to
populations with radically different behavioral patterns? Are we pro-
ducing data that reflect changes during known time periods of a prehis-
toric lifetime? Does the data support generalizations on behavioral
patterns thatmay not be temporally consistent or significant to the pop-
ulation being investigated? Are there anymeans to determine if techni-
cal and/or theoretical improvements can be made to better link the
scale of behavioral patterns sought in the prehistoric record with the
data being produced during analyses?

This discussion is based in a series of articles and book chapters pro-
duced over the last decade by the Baikal Archaeology Project (BAP) fo-
cusing on is the Cis-Baikal region of eastern Siberia (Haverkort et al.,
2010; Haverkort et al., 2008; Scharlotta et al., 2013; Scharlotta and
Weber, 2014;Weber and Goriunova, 2013; Weber et al., 2011). This re-
search was produced in an environment of rapidly changing technical
and theoretical discussions about how to address hunter-gatherer and
mobility research. Within the region, the dominant geological forma-
tions roughly equate to cultural micro-regions that scholars have been
investigating (Fig. 1). With cultural areas corresponding to geological
differences, it was a promising landscape for geochemical research
into patterns of movement and interaction throughout the region.
The geochemical work has focused heavily on the Khuzhir-Nuge
XIV cemetery in the Little Sea region (Fig. 2), with additional data
from smaller cemeteries in the Little Sea and Upper Lena regions.
More cemeteries are being analyzed to provide broader temporal
and spatial coverage, but without the same type of overlap in re-
search methods.

2. Concept of mobility

The common sense concept of mobility holds that people do not re-
main static in their environment undermost conditions in humanhisto-
ry. Mobility is defined as the quality of beingmobile and thus the ability
to move. The ability to move often includes the additional inference of
being in motion, sequential movements having occurred, or the move-
ment of people specifically. Indeed, individuals will always be mobile
to a certain degree: fetching water, conducting hunting and gathering
trips, traveling to tend to crops and/or herds, as residents of cities, trav-
eling to their place of employment, or changing their social status. There
is the implication that mobility, as the quality of being in motion, is tak-
ing place and can be observed and recorded to somemeasurable extent
as having occurred. Part of the difficulty is that mobility is an active
process, only observable in the present; whereas archaeologically, re-
construction of a series of movements that occurred in the past is
required.

In attempts to describe mobility, having broad arbitrary categories,
such as ‘semi-sedentary,’ can simplify explanatory efforts as researchers
need only identify the appropriate category to place their archaeological
materials. Yet, as noted by Kelly (1992, 1995: 159), ‘it is not useful to
think of mobility in terms of either a single dimension of groupmobility
or as a dichotomy ofmobile versus sedentary (cf. Nicholas, 2007). There
should be a straightforward relationship between the scale at which a
movement occurred in time or space, the direct interactions between
the person or object being moved, the surrounding environment, and
how this will manifest as the result of observation or be reconstructed
through analysis.

Mobility is effectively defined as the state (or capability) of being in
motion, or not at rest. Motion, however, is the action or process of
movement, traveling between a starting and ending point. Physical ev-
idence that this action has occurred must either be directly observed as
a witness to the process, inferred from observation that a change of lo-
cation has occurred, or reconstructed following demonstration that an
object is not characteristic of the local landscape or population and orig-
inated elsewhere. The type of evidence of interaction between amoving
object and its surroundings is less clear and there can be a great deal of
variability (e.g., trip length, duration) involved in the concept of
mobility.

Sedentariness, or the time spent being sedentary, is a variable that
can potentially be quantified and studied. This is the inversely related
member of the same variable as mobility in that it aims to describe
the time in which an object or person is not in motion. The evidence
for sedentariness is rathermore straightforward for it denotes the actual
interaction between the person or object and its surroundings.
Sedentariness can be defined as having limited or restricted mobility
such that groups or individuals are effectively not mobile. Evidence for
sedentariness is also expected to vary in relevant scales; for example ev-
idence for contactwith a certain food/water source, duration of seasonal
habitationwithin a restricted geographical area, and chemical records of
where an individual lived during different periods of their life. While
more terminological accurate, general discussions about sedentism or
sedentariness often refers to the length of time which settlements
were inhabited and whether this suggests the use of stored resources,
quite different than mobility researcher investigating disparities be-
tween the birth and death locale of local human or animal populations.
Efforts to replace the term mobility in discussing the movements of
within and between populations would likely cause confusion; rather
the specific type of patterning in movement researchers are employing
should be made clear.

Differentiating, or more clearly explaining, the different scales of
movement and so related behavioral activities observed in the archaeo-
logical record is significant because physical mobility is the product of
cultural structures and processes both directly and indirectly. Directly,
through the necessary provisioning by groupmembers of consumables,
information and social ties, mobility patterning will be specific to given
cultural groups and can elucidate behavioral trends changing through
time or between different groups that may produce similar archaeolog-
ical assemblages. Indirectly, however, mobility is somewhat more com-
plex and potentially more informative on cultural patterns. Any
individual has choices in their allocation of time and effort to various
duties and functions deemed to be of importance to either the group
or the individual. Thus, differences in patterns of action speak directly
to the types of choices that were important to an individual or group
and so were crucial to the structure of their lives. In regions such as
Cis-Baikal (Weber and Bettinger, 2010; Weber et al., 2010; Weber et
al., 2002) where genetically distinct populations employed different
subsistence strategies and cultural manifestations within the same geo-
graphic area with similar environmental conditions, these decisions are
important to explaining how and why the archaeological record is dif-
ferent for these groups.

Mobility patterning in the archaeological record is a group level phe-
nomenonwhile the actual parts of thepattern are the individual actions.
Patterns are viewed as the aggregate of individual mobility profiles that
yield patterning at the group level susceptible to cultural transmission.
Mobility as a sequence of movements will include a range of variability
impacted by cultural structures. Variability in observed patterns reflects
changes in the direct mobility, patterns of interaction with extant eco-
logical conditions, dietary choices, kinship structures and other cultural
traits.



Fig. 1. Map of the Cis-Baikal, Siberia region, main geological formations, and archaeological micro-regions.
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3. Scales of migration

The range of possible mobility patterns that can be effectively iden-
tified using methods that differentiate between birth and death locale
are limited to those that operate on sufficiently large scales of time to
mimic the effects of migration events. Mobility, as a series of move-
ments that can be observed or reconstructed, can refer to significantly
different temporal and geographic scales; the movements throughout
a single season, year, or decade, all of which may not be visible using
tools designed to capture once-in-a-lifetime events.
Migration is often discussed as a singular event in which individuals
or small/large groups of people move permanently from one location to
another in response to some type of push or pull factor. The reality of
migration is that it is a process that incorporates many of the same as-
pects ofmobility in the attempts to explain how,when, andwhy groups
or individuals vacate one area in favor of another, but also a process that
ranges in time scale from sub-annual to multi-generational (Anthony,
1990, 1992, 1997; Chapman and Dolukhanov, 1992; Lee, 1966;
Lightfoot, 2008; Manning, 2005; Ravenstein, 1885, 1889). There are a
number of factors and stages of preparation and movement involved



Fig. 2. Topographicmap of the Cis-Baikal Region showing the location of theKhuzhir-Nuge XIV cemetery. Topography is based on elevation Shuttle Radar TopographyMission (SRTM) v4.1
data (Jarvis et al., 2008).
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in evenminormigration events such as seasonal relocations. Factors en-
couraging people to move out of or into an area often include local en-
vironmental stress, the presence of kin, knowledge of attractions,
knowledge of routes and destinations, knowledge of transport costs,
and inertia of other group members already moving. The distance over
which these factors exhibit influence can often determine the scale at
which migrations occur. For example, the difference between moving
50 km versus 500 kmmay rest largely in having existing kin in the re-
gion that can provide adequate knowledge and support to warrant the
potentially difficult journey as opposed to remaining in the starting lo-
cation or moving to the next valley/watercourse instead. Many steps
could produce a pattern of movements similar to what one might ex-
pect for opportunistic hunter-gatherers roaming freely in a region, or
following a prescribed seasonal round to known resource.

Part of where mobility and migration have become heavily
intertwined and overlap in explaining similar actions is specifically in
the concept of residential mobility; the moving of the entire residence
group as well as switching between different localized populations. In
theoretical models of hunter-gatherer subsistence and cultural struc-
ture (e.g., traveler/processor, forager/collector, kinship terminology, or en-
dogamous/exogamous relationships), many of the dichotomies lie in the
ability to adequately provision the entire group based on the terrain
and technologies available as well as the extended social networks
that provide crucial information and fallback opportunities if foraging
efforts fail in one area during a given season/year (Bettinger, 1991,
2009; Binford, 1980; Ives, 1990, 1998; Woodburn, 1982). In the finer
scales of geography and chronology, some aspects ofmigration andmo-
bility will overlap and be visible within the archaeological record, how-
ever, there aremanydetails that cannot be readily inferred from specific
lines of evidence and an often incomplete archaeological record. For ex-
ample, using only two skeletal elements (e.g., M1 and femur), or proxies
for childhood and death locale, how could researchers possibly differen-
tiate between patterns of movement experienced during life?

The difficulty in emphasizing the usefulness of geochemical
methods for examination of hunter-gatherer mobility is that most ap-
proaches focus on the identification of a “local” signal and then identifi-
cation of individuals as either local or non-local. The local environment
may contain homogeneous underlying geochemistry over a large geo-
graphic range producing a concurrently large local population group.
Non-local individuals may or may not be ascribed provenance depend-
ing on the scale of regional comparisons available. This effectively limits
discussion of mobility within a cemetery population to the details of a
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migration or kinship structures involving long-distance exchange. The
evidence for shorter term events may be hidden for lack of crossing
major geologic boundaries, or having lasted long enough to permanent-
ly alter their skeleton.

Barring cases where significant annual or seasonal resources are re-
peatedly accessed, the consistent or predictable dietary intake and
physical provenance of hunter-gatherer groups over time cannot be cer-
tain. Mixing models can only effectively resolve mobility between
known regions if they are chemically distinct. Thus, to develop under-
standing of mobility patterns in situations where permanent resources
or settlements cannot be assumed, these methods should be
reexamined.

4. Scientific archaeology

Archaeologically wemust consider how patterns of behavior involv-
ing mobility would be reflected in the physical world and thus the ar-
chaeological record. Perfect mobility, in a physical sense, would mean
absolutely no interaction with the spatial environment, as any interac-
tionwould necessitate some type of stoppage or interruption of themo-
tion. Perfect sedentariness would then be the state of non-motion, or
having only evidence of contact with a limited spatial region without
the importation ofmaterials beyond that area. Each end-member is con-
ceptually possible though practically impossible for living organisms;
complete interaction would imply being bedridden otherwise confined
to a single area and a complete lack of interaction from nonstop move-
mentwould almost certainly lead to death in fairly short order upon de-
pletion of localized and body stores of calories and water.

There is a distinction to bemade between active and effectivemobil-
ity to which different proxymeasures will bemore or less sensitive. The
difference being that activemobility ismovement directly performed by
the individual whereas effective mobility is the mobility observable
through analyses of proxies. For example, two people sharing the
same food items and water sources will have identical geochemical
and stable isotope signatures; regardless of whether both were mobile,
or if one remained stationary the entire timewhile the other performed
all of the active mobility. In terms of biogeochemical analysis, the skel-
etal tissues record only the effective mobility and cannot readily distin-
guish between two individuals who shared the same food and water.
Thus additional lines of evidence could potentially highlight variation
in an otherwise homogenous population. Differences in osteoarthritis
evidence and subtle differences in the geochemistry of the individual
performing the active mobility as their interaction with small inputs
(e.g., berries or water acquired during forays) not experienced by their
sedentary companion are likely.Whether suchminor signals will be ob-
servable given analytical error terms is uncertain for present
capabilities.

Hunter-gatherer archaeology's relationship to discussions of mobili-
ty is uniquely poised within anthropology due to the diverse modes of
subsistence and degree of physical movements undertaken relative to
most agrarian and even pastoralist groups. Hunter-gatherers serve as
a proxy for groups with erratic patterns of movement and interaction
with their environment regardless of their actual mode of subsistence.
For hunter-gatherers, in particular, being able to tell when, where,
how, and oftentimes who was involved in mobility as compared with
other beneficiaries within the group is a key element of many theoreti-
cal approaches to subsistence strategies and group structures. For exam-
ple, efforts to demonstrate aspects of the traveler/processor or the
forager/collector models of mobility can be clouded by the impacts of
front-/back-loaded resources and immediate/delayed systems of forag-
ing as well as personal/communal storage and access (Bettinger, 2009;
Tushingham, 2009; Woodburn, 1982). Changing when resources are
consumed impactsmobility data because it effectively alters the biogeo-
chemical record of where an individual will appear to be during a given
time period. The proxy records recovered from skeletal tissues evidence
a biogeochemical record of the environment of the individual at the
time of formation, that is the food and water sources in which the indi-
vidual had been eating immediately prior to the formation of the tissues.

Eating foods directly at the time of procurementwould represent ac-
tive mobility and would correctly correlate with the effective mobility
that is inferred from proxy measures access through biogeochemical
analysis. On the other hand, any form of delay between procurement
and consumption creates an offset betweenwhat andwhere an individ-
ual appears to have been as compared with where they actually were at
that time. For example, take a forager in Cis-Baikal that harvested a large
amount of cedar cones in the summer from the limited stands of forest
that are productive for this species, and then after extracting the nuts,
consumed them over the subsequent winter. From this information,
the biogeochemical signature for this period of time will be that of the
pine nuts, but very likely the individual would not have remained in
that section of forest for the entire winter. Rather, they likely would
have conserved the nuts for later access by transporting the cones/
nuts to a settlement for storage and sharingwith other groupmembers.
A child in this hypothetical group would show a biogeochemical signa-
ture in their molars of the area where the nuts were procured instead of
the locale where they actually lived if all foods were being imported
through logistical foraging efforts. Alternatively, if the nuts were only
consumed by a portion of the group and not shared with all members,
then multiple individuals living in the same group will present a differ-
ent biogeochemical record of environmental interaction. Consideration
of the type of resource, the potential for storage or other differences in
how and when it might have been used, and social differentiation in
who has access to a given resource could significantly alter the effective
biogeochemical signature.

5. Geochemical analysis methods

Geochemical data is increasingly used as a proxymeasure for mobil-
ity studies as its focus onmaterials (e.g., lithic, faunal, ceramic, housing)
can often be correlated with categories of site-based concepts of mobil-
ity or sedentariness. Using geochemical data to discuss the movements
of people directly within archaeology and has largely been applied to
agrarian populations and to select hunter-gatherer and pastoralist pop-
ulations (e.g., Balasse et al., 2002; Haverkort et al., 2008; Tafuri et al.,
2006; Weber et al., 2003; Weber and Goriunova, 2013). It is useful to
look at the progression of methods involved in biogeochemical analysis
for mobility and/or migration studies.

6. Local/non-local discrimination

Strontium isotopeswere one of thefirst to be used for archaeological
skeletal analysis due to the lack of biopurification effects and reflective
differences in the ages of the geologic formation onwhich an individual
spent their lives. Thus if the local conditions are known for a cemetery
population, then it should be possible to identify individualswith differ-
ent chemical signatures. The three basic ways to do this are first to ana-
lyze a combination of tooth and bone samples from a single individual
and look for differentiation between the birth and death environment
(e.g., Grupe et al., 1997; Price et al., 1994b); second to analyze the cem-
etery population or comparable proxies to gain the local range of vari-
ability in strontium values and identify outliers (i.e., individuals
beyond 2 standard deviations from the population average are catego-
rized as non-local) (e.g., Knudson et al., 2004; Price et al., 2002); and
third to analyze proxies (usually animals with limited foraging ranges,
but also vegetation, soil, and water) for the local biologically available
strontium values and compare the humans to these samples to attempt
to determine their provenance during that phase of life corresponding
with the skeletal element (e.g., Bentley et al., 2002; Evans et al., 2010;
Hodell et al., 2004; Knudson et al., 2005; Kusaka et al., 2009; Laffoon
et al., 2012). Individuals from other areas can be identified by differ-
ences between their teeth and bones and hopefully attributed to anoth-
er neighboring area with geochemical values similar to those observed
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in the outlier. These approaches were developed for largely sedentary
populations as a means of identifying residential mobility between dif-
ferent settlements and surrounding hinterlands or migration events
from outside the region.

The difficulty in emphasizing the usefulness of geochemical
methods for interpretations of mobility is that the theoretical frame-
works focus on either differentiating birth and death locale, or more
broadly the identification of a “local” signal and then identification of in-
dividuals as either local or non-local. Non-local individuals may or may
not be ascribed provenance depending on regional comparisons avail-
able, or identified as not matching local geology/population averages.
This effectively limits discussion of mobility within a population to the
details of a migration or kinship structure involving long-distance ex-
change (cf. Grupe et al., 1997).

Unfortunately the local/non-local division used in geochemical
provenance of skeletal materials is problematic as current models of
hunter-gatherer mobility may not embody a stable geographically dis-
crete population from which individuals come and go. Such a pattern
is only expected once a landscape has been comparatively filled to ca-
pacity and territorial constraints are imposed by interactions between
local populations. Thus the division of local/non-local may be inappro-
priate and serve to collapse different aspects of variability in diet and
movement into a single measurement of provenance.

Additional refinements have focused more heavily on determining
provenance directly and include the use of multi-proxy measures. In
some regions, dietary isotopic information (e.g., carbon, nitrogen, sul-
fur) can provide clues that an individual has lived or traveled to regions
with substantially different resources available, such as marine mam-
mals or domesticates. More broadly, combinations of different isotopic
markers (e.g., lead, oxygen, strontium) and/or trace elemental signa-
tures should be used in tandem, where possible, in order to cross-refer-
ence geographic regions that are homogenous for one marker and so
improve the provenance precision of analysis (e.g., Bentley and
Knipper, 2005; Burton et al., 2003; Knudson and Price, 2007; Turner et
al., 2009).

7. Sampling methods

Tooth enamel of permanent teeth is laid down as a series of layers
beginning just before birth and continuing to approximately 14 years
of age with the completion of the third molar crown (Hillson, 1996).
Once formed, chemical signatures in teeth do not alter in the same
way that bone remodels throughout life (Parfitt, 1979). Strontium isoto-
pic values in different teeth, therefore, represent discrete growth pe-
riods in an individual's childhood and adolescence. Most researchers
collect material from a single tooth and bone sample rather thanmulti-
ple teeth for any one individual in order tominimize the destructive im-
pact on the skeleton. At the same time, however, using a single bulk
sampled data point likely underestimate the amount of mobility in pre-
historic populations and a small number of researchers have addressed
this problem by serially sampling teeth from a single individual
(Buikstra et al., 2004; Schweissing and Grupe, 2003). This approach
using multiple teeth has the advantage in covering a broader range of
time as each tooth has a different time and period of development. For
example, the crown of each of the three permanent molars represents
approximately 3–4 years of developmental time: M1, birth to between
3 and 4 years; M2, between 2 and 3 years and 7–8 years; and M3, be-
tween 7 and 10 years and 12–16 years (Avery, 1992; Hillson, 1996).

Bulk sampling for either Thermal Ionization Mass Spectrometry
(TIMS) or Multi-Collector Inductively-Coupled-PlasmaMass-Spectrom-
etry (MC-ICP-MS) requires the destruction, through powdering, con-
version of the sample to a solution and purification through columns
of cation exchange resin, of a major portion of the tooth crown (cf.
Balasse et al., 2002; Bentley et al., 2003; Budd et al., 2000; Hoppe et
al., 2003;Müller et al., 2003). The use of these methods yields increased
precision of the analysis through homogenization, purification, and
ionization efficiency and to avoid isobaric interference problems. A
comparison of different crown surfaces (i.e., lingual, buccal, mesial,
and distal) determined that it did not matter which surface was used
as the total sample size was the key determinant of producing quality
data (Dolphin et al., 2005). The process of homogenization and purifica-
tion is generally viewed as critical, initially due to the sample size re-
quirements, and more recently due to recognition of significant intra-
tooth variability in isotopic and elemental signatures using laser-abla-
tion techniques (Dolphin et al., 2003; Richards et al., 2008). Intra-
tooth isotopic and chemical variability should be viewed as a source of
further information, but could be problematic when trying to compare
with either older datasets, or employing explanatory structures that
rely on homogenizing multiple years of life.

Montgomery and Evans (2006) and Montgomery et al. (2010) rec-
ommended against the use of micro-sampling techniques because of
difficulties in determining the extent of delay in thematuration of min-
eralization in differentmicrostructures (i.e., striae of Retzius) and uncer-
tainties of the relevance of intra-tooth variations. Studies using large
animals (Britton et al., 2011; Montgomery et al., 2010) found that
intra-tooth sampling could produce evidence for long-term averaging
effects that result from the long-duration that some elements have
within the body. One problem may be that studies focusing on a single
tooth may lack broader applicability in terms of the relationship be-
tween body averages and mineral deposition or maturation rates. For
example, using strontium and oxygen isotopes on multiple teeth,
Britton et al. (2009) observed profiles for reindeer teeth that exhibited
sharp (i.e., not gradual) changes that would not be consistent long-
term averaging. If long-term averaging is the dominant factor, then
intra-tooth isotopic profiles should only exhibit gradual changes unless
there are other mechanisms that can lead to a sharp change in isotopic
composition of enamel at high resolution. An additional problem is that
the residence time can potentially increasewith age as bone remodeling
recirculates strontiumwithin the body (Montgomery et al., 2010). Body
averages can then reflect events that are poorly related to the target of
reconstruction; yielding materials formed in utero from the mother's
body (and location), or strontium potentially from years earlier in de-
velopment being incorporated into new tissues, suggesting that beyond
a certain scale, further sub-sampling may prove challenging. Recent
studies have found that micro-scale isotopic and elemental variability
are sources of useful behavioral information and that micro-milled
powders and laser ablation will play important roles in future research
(Dolphin et al., 2012; Lewis et al., 2014; Müller and Anczkiewicz,
2016; Richards et al., 2008).

8. Cis-Baikal biogeochemical research

The BAP began conducting biogeochemical research on a large scale
during this period of refinement and experimentation, beginning first
with dietary isotopic studies (Katzenberg and Weber, 1999; Lam,
1994; Weber et al., 2002), and expanding into mobility studies using
strontium isotopes (Haverkort et al., 2010; Haverkort et al., 2008;
Scharlotta et al., 2013; Scharlotta and Weber, 2014; Weber et al.,
2003). Initial biochemical researchwas exploratory (Lam, 1994), query-
ing the potential dietary evidence that could be reconstructed from
hunter-gatherers within the Cis-Baikal region.

The presence of diagnostic (C4) grains and/or marine resources was
not anticipated given the period of time and distance to the nearest ma-
rine waters; however, the potential results and ultimately the utility of
the method in the region were largely unknown. The terrestrial and
aquatic food webs were hypothesized to be enough different that a rel-
ative balance of different types of protein sources would be possible,
though the entire food web was proven to be quite diverse
(Katzenberg and Weber, 1999). The length of food chains, particularly
within Lake Baikal, were found to be as long as in marine sources and
a fruitful area for dietary and unexpectedly, for mobility research
(Weber and Goriunova, 2013; Weber et al., 2010; Weber et al., 2016;



Fig. 3. 87Sr/86Sr values from Khuzhir-Nuge XIV by specimen type, following Haverkort et
al., 2008.
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Weber et al., 2011). While the goal of stable isotope studies was to dif-
ferentiate regional and temporal dietary patterns, being able to distin-
guish between the aquatic resources that came from different types of
watercourses (e.g., small/large rivers, shallow/deep waters in Lake
Baikal) has provided an additional means by which an individual can
be associated with different areas based on the distributions of charac-
teristic watercourses.

Mobility research using strontium isotope (87Sr/86Sr) was hypothe-
sized to hold great potential in Cis-Baikal due to the convergence be-
tween dominant geological regions and cultural micro-regions (Weber
et al., 2003). Geographically and culturally discrete populations occupy-
ing differently aged rocks should make identifying local/non-local dis-
tinctions straightforward. In order to maximize the potential dataset,
samples were chosen from individuals with three molars, wherever
possible, as well as a long bone sample. In order to further ensure that
samples were comparable, rather than picking an arbitrary portion of
the molar crown, samples were consistently taken from the base of
the enamel (cement-enamel junction, CEJ). The CEJ is an area that
remained similarly intact regardless of the level of natural wear on the
crownwithin regional cemeteries. Thiswould place the timeframe asso-
ciated with each molar sampled near the end of the specific time inter-
val representing this terminal phase of the development period of the
Fig. 4. 87Sr/86Sr values from Khuzhir-Nuge XIV grouped by
crown; the last section to form and mineralize (e.g., M1, approx. 2–
3 years, M2, 6–8 years, and M3, 10–16 years old).

Initial results from a pilot study (Weber et al., 2003) were encourag-
ing, though understanding of the geochemical environment became
more complicated as the sample size for both human skeletal materials
and environmental comparison samples expanded. Individuals (n =
25) from the Early Bronze Age (EBA) cemetery of Khuzhir-Nuge XIV
(KN XIV) located in the Little Sea area of Cis-Baikal, displayed a range
of 87Sr/86Sr values (0.70888–0.72126) that was smaller than faunal ma-
terials analyzed (Haverkort et al., 2008). The range of 87Sr/86Sr variabil-
ity in terrestrial samples from the whole study region (n = 58) was
from 0.70882, for a mouse in the upper Lena basin, to 0.74330, for a su-
slik (ground squirrel) found near the entrance to the Sarma Canyon in
the Little Sea area. This range of variability in 87Sr/86Sr values was sur-
prising based on the expectations for the dominant geologic formations
within the region, but also because of the limited ranges observed for
human samples, mostly within the lower half of the 0.71000–0.71500
range, and aquatic samples (n = 38) predominantly from 0.70880–
0.71020. Even more perplexing, the highest values came from within
5 km of the KN XIV cemetery which did not have such elevated
87Sr/86Sr values. From these data it became clear that an approach
using a combination of different methods or regional dietary mixing
models would likely be necessary to reconstruct any patterns of move-
ment within this group.

Trying to identify a local range from sediments and samples in prox-
imity to the KN XIV cemetery for a local/non-local boundary, or deter-
mining statistical outliers from this range of values and attributing
them provenance to another regionwas not feasible (Fig. 3). The prima-
ry inference from these data is some filtering or homogenizing effect
produced with age with 87Sr/86Sr values ranging for M1 (0.70940–
0.72126), M2 (0.70949–0.71709), M3 (0.70906–0.71598), and femurs
(0.70888–0.71152) (Haverkort et al., 2008: Fig. 2). As individuals
grow older, a smaller range of strontium values are exhibited; possibly
due to differences in weaning, sub-adult foraging strategies, or some
other cultural pattern of differential subsistence; for example if adults
practiced a more limited or refined subsistence strategy with fewer tar-
gets or inputs contributing to dietary makeup. Further analysis of the
human results indicated four different patterns of 87Sr/86Sr values be-
tween different skeletal elements (Fig. 4), and so inferred different pat-
terns of mobility through life (Haverkort et al., 2008: Fig. 3). The
patterns indicated that in addition to patterns of changing subsistence
distribution patterns, following Haverkort et al., 2008.
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through life, some individuals were more mobile than others, and were
moving across the landscape at different points in their lives. This in-
triguing complexity spawned increased interest in the technical aspect
of analyses and further incorporation of the individual life history ap-
proach (Zvelebil and Weber, 2013), to examine potential areas for im-
provement that could help to clarify these patterns of EBA behavior in
Cis-Baikal.

9. Individual life histories

In order to address questions beyond whether or not individuals
were locally born, or where migrants were coming from, additional
data is needed. The individual life history approach is a good framework
for reconstructing patterns of mobility rather than migration, as the
focus is to understand the entire life story of every individual (Zvelebil
andWeber, 2013). Expanding the number of skeletal elements involved
is the most direct way to learn more about an individual. Each tooth
holds information on the biogeochemical interactions for a different pe-
riod of sub-adulthood; bone represents a time-averaging of the final
years of life, producing four data points for each individual. In order to
differentiate the KN XIV population using this approach, individuals
were separated out by the relationship between the 87Sr/86Sr data at
each point (M1, M2, M3, and femur) for every individual. This yielded
a series of different patterns that better explained the high strontium
variability noted earlier, and suggested relevant patterns in mobility
and foraging behavior (Haverkort et al., 2010; Haverkort et al., 2008).
Parsing out provenance or tying patterns of behavior using the geologic
and faunal reference materials proved elusive as samples such as mice
and suslik, which are not anticipated to contribute greatly to the dietary
intake of subarctic residents, provided the clearest evidence of geo-
graphically discrete areas of high and low 87Sr/86Sr values.

Regional clustering of high 87Sr/86Sr (SarmaDelta) and low 87Sr/86Sr
(Upper Lena) zones suggested that differential patterns of population
movementmight be involved in producing the different behavioral pat-
terns observed. Anecdotally, regional archaeologists had often assumed
that there were significant linkages and likely cultural interactions be-
tween the Angara and Little Sea micro-regions. Regional population
densities inferred from cemetery size/distribution as well as similarities
in the mortuary traditions suggested direct cultural interactions. How-
ever, none of the individuals from KN XIV could be clearly identified
as having spent their childhood on the Angara, moved, and been buried
in the Little Sea (Scharlotta andWeber, 2014). The addition of stable iso-
tope dietary information did help to explain important resources and
whether individuals were foraging in food chains different from their
local area (Weber and Goriunova, 2013; Weber et al., 2016; Weber et
al., 2011).

10. Regional mapping

Given the difficulties encountered during early phases of research, it
was clear that a greater emphasis would be needed on expanding the
biogeochemical reference map as well as explore additional techniques
that could add layers to these data. Improvements on reference sam-
pling can greatly improve the efficacy of a technique, allowing re-
searchers to build comparative maps of the biogeochemical
environment. Refined maps provide a better understanding of the
local environmental variability and allow outliers to be identified with
greater confidence. Effective provenance analysis can be conducted for
the development of patterns of residential mobility as long as suitable
matches for different “local” populations or areas are available. Howev-
er, consideration needs to be given to what materials are being used as
reference samples as different plants and animals represent different
catchment areas, or the territorial range that sustains them and will be
reflected in their geochemical makeup. Herbivores tend to have smaller
ranges than do predators, though migratory animals will have compar-
atively larger ranges, making species with limited home ranges the
preferred options. Geologic maps can look promising (e.g., Fig. 1), but
geochemical analysis of samples that can accurately reflect an area is
necessary to understand the extent of biogeochemical variability.

In spite of relatively simple distributions of dominant geologically-
aged regions, these regions represent a variety of different geologic for-
mations and rock types, as well as a complex history of erosion and de-
position for sediments that will produce bioavailable strontium.
Humans and other animals do not eat rocks directly, but interact with
them through biogeochemical pathways. Chemical processes break
down the rocks into soils that support plants and impart a biologically
accessible fraction of the initial rock formation through water leaching
and nutrient uptake for plants. Fish impart water from their environ-
ment and have a direct, although dilute, means of directly accessing
the rock/soil isotopic and elemental environment of thesewatercourses.
Plants are slightly more complex as their roots reach to different depths
(i.e., soil strata and related geological exposures) and can either contrib-
ute directly to food resources for humans, contribute indirectly by pro-
viding food for animals that human eat, or even more indirectly
(particularly relevant for trees) by contributing their constituent ele-
ments to the soils in which plants directly consumed by humans or
prey species will grow.

The distribution of biologically-available 87Sr/86Sr values shows a
great deal of variation throughout the region as evidenced by faunal
samples from multiple micro-regions in Cis-Baikal (Haverkort et al.,
2008; Scharlotta and Weber, 2014; Weber et al., 2003). Efforts to im-
prove the comparison map and reference sample database, and thus,
the overall provenance potential of this region, focused on collecting en-
vironmental samples (plant andwater) samples (Fig. 5). Additional fau-
nal samples were sought as well, yet as in previous efforts, provided an
important but biased overview of different micro-regions based on ac-
cessibility, fauna present, and ground visibility (Scharlotta and Weber,
2014). Based on the complexity of this map, it was not likely to be pos-
sible to determine provenance for individuals without using complex
mixingmodels informed by detailed dietary information, or a secondary
isotopic or elemental link to provenance.

The dominant geologic formations roughly correspondwith cultural
micro-regions (Fig. 1); however, the biologically available strontium
values (Fig. 5) vary widely, overlap greatly in their ranges, and do not
support neat separations between regions (Scharlotta and Weber,
2014). Conducting a secondary analysis using trace elemental data, in-
ternally standardized tomake disparate materials comparable and ana-
lyzed using multi-variate statistics, did not clarify the situation
(Scharlotta andWeber, 2014). Breaking the 87Sr/86Sr data into arbitrary
sub-groups (e.g., 0.708–0.710, 0.710–0.712, etc.) and examining the
trace elemental data within these subset, it proved possible to effective-
ly separate out all the reference materials into their cultural micro-re-
gions. This was a key step in efforts to refine the 87Sr/86Sr analysis for
mobility studies as it became possible to discriminate isotopically simi-
lar regions within cultural relevant micro-regions of Cis-Baikal.
11. Human samples

Converting data for the 49 elements collected (Li, Na,Mg, Al, P, Ca, Ti,
V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Ga, As, Rb, Sr, Y, Zr, Nb,Mo, Ag, Cd, Sn, Sb, Cs,
Ba, La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, Ta, Au, Tl, Pb, Th,
and U) to ratios using an internal standardmade faunal and humanma-
terials could be compared directly to the plant andwater reference sam-
ples. Experiments comparing faunal materials of known provenance
with the 87Sr/86Sr sub-groups for each micro-region.

proved successful, correctly classifying the faunal samples to the
geochemical groups reflecting their origins (Scharlotta, 2012). The suc-
cess of provenancing faunal materials supporting the hypothesis that
human provenance could be reconstructed. The question then was to
what extent the analytical methods employed could be refined to pro-
duce data that would potentially represent smaller time scales and so



Fig. 5. Gradient map of 87Sr/86Sr isotopic distributions throughout the Cis-Baikal region and locations of environmental (water and plant) sampling sites (Scharlotta and Weber, 2014).
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provide greater insight in the provenance of the individual during as
many points during their life as possible.

11.1. Tooth micro-sampling

Experimentswere conducted to determine the feasible scale for gen-
erating additional data from each tooth using laser ablation (LA)
(Scharlotta, 2012; Scharlotta et al., 2011). Laser ablation MC-ICP-MS as
an alternative means of producing 87Sr/86Sr data than using either
TIMS or solution-mode(SM) MC-ICP-MS had been proposed fairly
early on in BAP research for both the reduced destructive impact to in-
dividual samples and as a potential means of expanding the data poten-
tial of each human molar analyzed. The process of conducting LA for
87Sr/86Sr by MC-ICP-MS and for trace elemental values using a quadru-
pole ICP-MS was also much simpler than the laboratory preparations
necessary to extract and purify 87Sr/86Sr solutions and maintain sepa-
rate aliquots for trace elemental analysis.

At the time, there was an unsolved problem in terms of accurately
reproducing 87Sr/86Sr data for human materials using laser ablation, a
problem that would eventually be identified as an isobaric interference
occurring as a result of the ablation process that could bemodified using
post-hoc correction equations and with modification to the equipment
tuning (Lewis et al., 2014; Müller and Anczkiewicz, 2016; Scharlotta et
al., 2011; Simonetti et al., 2008; Woodhead et al., 2005).

Based on the results of laser experimentation, the growth rate of
humanmolars, mineralization rate, and body-averaging or time-delays,
it seems as though the current maximum effective scale for humanmo-
lars is around 6 sampling sites equally spaced from crown to cingulum
on teeth with minimal wear, and 3–4 for worn teeth (Scharlotta and
Weber, 2014). Each data point was classified by micro-regional group
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before trying to figure out the more precise area. Some samples were
very similar to reference materials and likely spent considerable time
in a specified area, while others likely moved throughout and between
micro-regions (Scharlotta and Weber, 2014).

11.2. Bone micro-sampling

Bone is comprised of calciumhydroxyapatite, similar to tooth enam-
el, but has a different structure and density making tooth enamel more
durable than bones during life andwithin the burial environment.Much
evidence has been produced to suggest a degree of caution and heavy
laboratory cleaning procedures to ensure that strontium and other
chemical data produced from skeletal tissues are representative of ac-
tivities during life and not simply diagenetic overprinting from the buri-
al environment (Bell, 1990; Budd et al., 2000; Copeland et al., 2010;
DeNiro and Hastorf, 1985; Hedges, 2002; Knudson et al., 2012; Koch
et al., 1997; Kohn et al., 1999; Maurer et al., 2011; Nelson et al., 1986;
Nielsen-Marsh and Hedges, 1999; Nielsen-Marsh and Hedges, 2000a;
Nielsen-Marsh and Hedges, 2000b; Price et al., 1992; Smith et al.,
2007; Snoeck et al., 2015).

Bone is more challenging than teeth as a source of finer resolution
data that remains intact as the likelihood of alteration is higher, as are
the number of specific factors that can be involved in the diagenetic al-
teration of skeletal materials. Luckily, currently known diagenetic pro-
cesses follow predictable patterns of intrusion and destruction (e.g.,
Jans, 2008; Jans et al., 2004; Smith et al., 2007; Trueman et al., 2008).
To an extent, individual osteons within long bones are enclosed chemi-
cal environments, largely shut off from the outside world (and burial
environment) until breached by physical or microbial action. This
made it possible to locate resistant micro-structural components within
osteons that yielded laser ablation analytical data on par with purified
solutions (Fig. 6; Scharlotta et al., 2013).

This was hugely important because long bones hold the record of
adult life and can inform researchers on the last 10–15 years of life rath-
er than simply the death and burial environment.

The level of precision for averaged LA analyses is lower than the in-
ternal reproducibility on standards using TIMS or SM-MC-ICP-MS on
standardized materials, but similar to the disparities observed for
human samples from Cis-Baikal that were resampled and/or analyzed
using multiple methods (Haverkort et al., 2008; Scharlotta et al., 2013;
Scharlotta andWeber, 2014). If LA confers a lower average level of pre-
cision, then researchers must consider the variability in bioavailable
strontium sources to determine if LA can provide adequate analytical
data for their needs. Alternatively, intra-individual and intra-sample
heterogeneity is increasingly observed as a likely source of variability
Fig. 6. Solution-mode and laser-ablation 87Sr/86Sr ratios compared with diagenetically-
impacted portions of bone (Scharlotta et al., 2013).
in analytical data. Internal 87Sr/86Sr heterogeneitywill not be observable
ifmaterials are homogenized and analyzed only a single timemaking LA
appear less reliable for sake of an abundance of data. In areas with com-
plex and heterogeneous distributions of bioavailable strontium (e.g.,
Cis-Baikal), geographical movements within or between micro-regions
will only be clearly evidenced by substantial shifts in 87Sr/86Sr values.

The generally low strontium concentrations for Cis-Baikal samples
used for LA-MC-ICP-MS 87Sr/86Sr analysis required a minimum beam
size of ~80 μm, roughly the radius of a full osteon, to produce signal
strength comparable to SM-MC-ICP-MS of bone powders from the
same samples (Scharlotta et al., 2013). Advantages of using LA averag-
ing include the opportunity for testing internal reproducibility by sam-
pling multiple intact osteons, demonstrating the resilience of the
crystalline matrix, and intentionally sampling diagenetically altered
portions of bone for comparison with known degradation processes
and with the burial environment. Samples from regions/populations
with higher strontium concentrations, for example as a result of higher
plant consumption, can likely produce stable 87Sr/86Sr datawith smaller
LA beam sizes.

Luckily, trace elemental analysis was more effective and could pro-
duce 5–10 data points from within a single osteon and verified by rep-
licating the analysis on multiple intact osteons (Fig. 7; Scharlotta et al.,
2013). Using 5 data points for each osteon, multiple movement events
during adult life can be observed, helping to explain patterns of adult
behavior and how they ultimately came to be buried in the Little Sea
micro-region. Used in concert with tooth micro-sampling for individ-
uals with all 3 molars and intact long bones, we can conservatively gen-
erate 12 data points for the first 20 years of life and an additional 5 for
the last 10–15 years before death. For good quality samples, this could
be expanded to close to 30 total data points, though would potentially
cause issues of comparability with more degraded samples from the
region.

12. Conclusions

We have seen in the progression of scientific archaeological tech-
niques applied, that increased accuracy and precision are only beneficial
if they can help to answer specific research questions that involve afiner
scale of analysis. There is often a gap or lag time between the advance-
ment of techniques determiningwhat is possible and researchers asking
questions that are both realistic and innovative to make good use of the
analytical data. Early biogeochemical studies were very clear as to what
type of mobility or migration was being demonstrated by their data.
However, at this point it is no longer clear what exactly researchers
are dealing with. Aspects of migration can involve multiple steps, but
generally refer to major geographic shifts that last years, decades, or
the remainder of an individual's life. Migrations involve a combination
of physical and social elements including kinship and information
Fig. 7. Example of laser ablation analysis within a single osteon.
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availability that go beyond the straightforward action of moving be-
tween a series of geographical locations. Migration, more broadly is a
population level concept that is difficult to apply to individuals or
small groups as evidence for movement over great distances may not
correlate with additional variables related to migration. The conflation
of migration and mobility is problematic. Researchers trying to recon-
struct the movement of a population in/out of a region, or the changing
populationmembership through recruitment outside of the region have
the necessary tools at hand. Researchers reconstructing a series of
movements for an individual during their lifetime, or group level pat-
terning frommultiple individualsmay not benefit from the technologies
and conceptual framework associated with migration. The concern is
that researchers are attempting to address questions of mobility with-
out stopping to consider if theirmethods and explanations truly operate
at a suitable scale for what they hope to achieve.

Discussions of mobility during life are not possible without micro-
sampled data. Usingmultiple skeletal elements is a good start, but limits
the data to four events or periods of possible limited scale, or fewer
long-distance migration events. Generating 15–30 points for diet and
provenance for an individual's life presents an enhanced dataset with
which to discuss actual specific movement events as well as mobility
and subsistence patterns. If researchers do not need this level of detail,
or are asking questions of migration or residential or social mobility,
then explicit terminology would great aid the clarity of the study and
reader's ability to determine if the methods support the conclusions.
For researchers discussing hunter-gatherers or any other population
suspected of frequent or erratic patterns of movement during life, it is
crucial to explain their terminology and employ methods that can gen-
erate data with sufficient resolution to truly address whether or not a
given pattern of behavior can best be explained as a specific type of mo-
bility or if other factors may be involved.

The work of the BAP with skeletal materials from the Cis-Baikal re-
gion have provided an encapsulated look at the progression of technol-
ogy applied in the field of biogeochemistry and attempts to study
prehistoric patterns of mobility. A number of key improvements have
highlighted the importance of matching analytical techniques with the
research goals of the project to ensure that valuable data are not missed
in the process. The resultant resolution for behavioral patterns recon-
structed using the individual life history approach has provided invalu-
able insight into Early Bronze Age hunter-gatherer populations and
provided a framework that can be applied to other populations and re-
gions of the world.
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