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THESIS ABSTRACT

The purpose of this thesis is to provide a framework for evaluating bison mobility in the
eastern Great Basin during the thirteenth-century using strontium (Sr) isotope analysis. The
Promontory Caves, Utah (42BO1 and 42B0O2) were occupied for a relatively short period
(A.D.1250-1290) but have a rich record of incredibly well-preserved organic remains including a
high abundance of bison remains indicating that bison were a key prey species. Previous research
indicates a decline in the local bison population which may have triggered a push for ancient
people to navigate the landscape to shift their home (or seasonally-used territory). One possible
site that the Promontory people visited is West Fork Rock Creek (WFRC) (10-Oa-275), Idaho.
There is evidence that WFRC was visited by Promontory people as they were hunting bison in
the late thirteenth-century.

Sr variability is complex and values can differ between different substrates in a single
area. It is important to select suitable substrates for a baseline to facilitate a strong interpretation
of provenience. Because of the incredible preservation of the organic material at the Promontory
Caves, they provide an exceptional opportunity to explore Sr variability among multiple
substrates. This thesis employs a multi-substrate baseline analysis for the Promontory Caves to
explore the variability of Sr isotope values in multiple substrates including herbivore dung which
is a relatively novel substrate in Sr isotope studies. Comparison of the Promontory Sr baseline
with Sr isotope values of two teeth samples recovered from WFRC provides an indication that
addressing bison migration between the Promontory area and WFRC in future mobility studies is
promising. The concluding baseline for Promontory provides a framework for reconstructions of
bison mobility. The baseline will be used in future studies to reveal whether bison at Promontory
and WFRC had overlapping ranges or whether the sites were occupied by herds with distinct
ranges
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THESIS INTRODUCTION

First excavated by Julian Steward in 1937, the Promontory Caves have captured the
attention of archaeologists with their abundance of well-preserved items and the stories they tell.
Promontory Caves 1 (42BO1) and 2 (42B02) have incredible preservation of organic remains,
including bone tools, gaming pieces, arrow shafts, basketry, cordage, and moccasins (Ives,
2020). The over 300 moccasins excavated from the Promontory Caves were interpreted by
Steward (1937) as incongruous for the late thirteenth-century Great Basin, but rather are fitting
with more northern Subarctic Dene styles. This suggested that Promontory people were a Dene
group transitioning to a southwestern way of life, and possibly ancestors of modern southwestern
Apachean groups (Ives, 2014; 2020; Ives et al., 2014; Ives and Janetski, 2022; Steward 1937).

Multiple lines of evidence, including genetic and linguistic, indicate that the initial Dene
journey to the south took place 1000-1100 years ago (Ives, 2022). The push to migrate was
possibly initiated by the White River Ash east lobe eruption that occurred A.D. 852-853 where a
founding population of northern Athapaskans left the north and gradually journeyed to the
northern Plains and beyond (Ives, 2022, Kristensen et al., 2020). This transition would have been
eased by the sophistication of northern Athapaskan hunting strategies and abilities of large game
such as caribou, sheep, and wood bison (Ives, 2022).

Among the organic remains at the Promontory Caves are copious quantities of bison hide,
bones, and fur, demonstrating that bison were a significant resource for the Promontory people.
Because some bison remains found in the caves, such as skulls and hooves, are difficult to
transport, it is likely that the Promontory people hunted bison nearby (i.e., see Figure 5.13 a,e in
Ives, 2022). Based on archaeological and paleontological records, Grayson (2006) concludes that

the Great Basin supported a flourishing of bison populations between 1600 and 600 BP. Due to
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the number of bison remains in the Promontory Caves, it is suggested that bison were abundant
in the area around the caves. However, the caves were abandoned after a relatively short
occupation of ~40 years (A.D. 1250-1290) (based on Bayesian modeling of AMS radiocarbon
dates), thus leading researchers to question the reasons for the departure of Promontory people
from the caves (Ives, 2014). A possible explanation for the departure is that the bison population
in the region became significantly less abundant (Lupo and Schmitt, 1997), thus causing a
‘push-factor’ for the Promontory people to leave the caves. Because bison were a significant
resource at Promontory, understanding bison mobility will allow researchers to make inferences
about the relationship between Promontory people and bison. With their knowledge of the
landscape, Promontory occupants would have been well-prepared to migrate in pursuit of bison,
or for other reasons (Metcalfe et al., 2021).

Bowyer and Metcalfe (2023) examined pollen from Promontory-phase bison dung and
obtained carbon isotope data from Promontory-phase bison tissues to examine the
paleoenvironment of Promontory and explore whether there is evidence of a severe drought that
would have caused the bison to leave the region around Promontory. The analyses indicate no
strong evidence for severe drought in northeastern Utah during the occupation of Promontory
Caves. This is consistent with other studies in the region (southeastern Idaho: Lundeen and
Brunelle, 2016 and central Utah: Fisher and Valentine, 2013) that suggest relatively wet
environmental conditions during and after this occupation. It remains possible that bison left as
soon as dry conditions occurred, leaving no physical evidence of drought in any of the bison
remains in the caves. The decline of bison local to Promontory, or shifts in their range, may have

influenced the Promontory Cave inhabitants to migrate elsewhere around this time.
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The purpose of this thesis is to provide a framework for evaluating Promontory bison
mobility using Sr isotope analysis. Sr isotope studies provide direct evidence of mobility. Sr
isotope reconstructions are based on the principle that eroding underlying geological material
makes its way into the soil and is taken up into vegetation which is then consumed by animals,
where Sr replaces calcium (Ca) in the skeletal bioapatite (Bentley, 2006). Because different
regions can have different geological substrates with different Sr isotope values, the Sr isotope
signatures within bones can be used to identify the geographic areas in which an animal obtains
its food.

Recently, the use of a Sr isotope baseline has become common in Sr mobility studies. A
Sr baseline provides a range of ‘local’ Sr isotope values to be used as a reference for assigning
provenience to materials or tissues of interest. To date, no Sr isotope baseline exists for this
region of study. This thesis pilots the use of Sr isotope analysis in the eastern Great Basin by
establishing a Sr isotope baseline for the Promontory Caves. This will aid future researchers in
making interpretations about ancient bison mobility patterns, which may, in turn, provide insight
into the Promontory people's hunting strategies and perhaps give insight into why the
Promontory people left the caves in the late thirteenth century.

There is no single way of creating a Sr baseline because different substrates are more or
less applicable to different types of studies. Because of the incredible preservation of the organic
material at the Promontory Caves, they provide an exceptional opportunity to explore Sr
variability among multiple substrates. One such substrate is ancient bison dung. A recent study
suggested that herbivore dung is the ideal substrate for a Sr baseline, but the use of dung in Sr
isotope studies has only been minimally explored and only modern dung has been analyzed

(Chase et al., 2018).
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This thesis is motivated by the broad goal of determining the migrational range of bison,
for which a local baseline is a crucial first step. This thesis follows an integrated-article style.
This style presents the main chapters of this thesis as independent articles, thus resulting in some
repetition of information. This thesis is divided into two main chapters: the first chapter reviews
Sr baseline methods and discusses substrate variability; the second chapter is a geochemical
study of Sr isotope values from multiple substrates (archaeological terrestrial animal teeth and
dung and modern plant material) to establish a ‘local’ Sr isotope baseline for the Promontory
Caves. The second chapter aims to answer the following specific research questions: (1) Do the
Sr isotope values of Utah flora and Promontory fauna differ from Sr isotope values in other parts
of Utah? (2) Which substrates best represent a ‘local baseline’ for Promontory? (3) Is dung a
useful baseline substrate for Sr isotope studies? (4) Do the Sr isotope values of West Fork Rock
Creek fauna differ from Sr isotope values in other parts of Idaho? (5) Do the Sr isotope values of

Promontory fauna differ from those of WFRC?
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CHAPTER ONE: Review of Strontium Isotope Baselines for Provenience Studies

Introduction

Strontium (Sr) isotopic studies have revolutionized archaeology in the last few decades as
they allow researchers to reconstruct the mobility of past humans and animals. Simpson and
colleagues (2021) have noted that the number of published Sr isotope studies has had a sharp
increase in the last 20 years within six major-impact anthropological journals. The use of Sr
isotopes for mobility is unique to other methods as it can provide direct evidence of residency. Sr
isotope analyses can inform researchers about ancient human and animal practices. It has become
increasingly common to use a Sr isotope baseline which is a defined range of isotopic Sr values
that characterize a region. This chapter reviews the various substrates that can be used to create
Sr baselines and why some are more or less relevant for particular research questions than others.
Selecting the appropriate substrate for a study area and research question is a critical step in

creating an effective baseline.

Background

Sr has four naturally occurring isotopes: three non-radiogenic isotopes, including *Sr,
%Sr, and *Sr, and one radiogenic isotope ¥’Sr that is formed through the $-decay of rubidium-87
(*Rb) (Faure, 1997; Faure, 1998). Sr isotope values are typically expressed as the ratio between
¥7Sr to %Sr (*’Sr/*Sr). The *’Sr/*Sr value varies across geologies of different ages as it reflects
the passage of geological time and is partially dependent on the Rb concentration of the parent
bedrock (Bentley, 2006; Graustein, 1989). Very old rocks (> 100 million years ago) have more
time for *’Rb to decay into *’Sr, thus, tend to have higher ¥’Sr/**Sr ratios (above 0.710), while

younger rocks (< 1-10 million years ago) generally have lower *’Sr/**Sr values (Bentley, 2006).
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The ¥Sr/*Sr value of rocks do not change significantly over timescales of archaeological interest
because *’Rb has a very long half-life: 4.88 x 10'° years (Bentley, 2006; Holt et al., 2021).

Sr isotopic studies of mobility are based on the fact that Sr isotope signatures in animals
are derived from their diets, with plants ultimately obtaining Sr from weathered geological
materials. The basic principle of Sr isotope reconstructions is that grazing animals consume
eroded bedrock Sr that has been taken up by vegetation from the soil. St* replaces calcium
(Ca*) in the skeletal bioapatite of the consuming individuals (Figure 1.1) (Bentley, 2006). There
is relatively little fractionation (i.e. change in the ratio of *’Sr to **Sr) between trophic levels due
to the large atomic mass of the Sr isotope; this means that animals have Sr isotope values that are
nearly the same as those of the foods they consume (Bentley, 2006; Graustein, 1989).

Sr isotope values vary among different geological substrates, thus, the Sr isotope
signatures within the skeleton can be used to identify the geographic area where an animal lived.
Sr isotope studies of migration commonly infer geographical movements based on variations at
the fourth (Bataille et al., 2020) or fifth decimal place (e.g., Bentley, 2006, Price et al., 2002).
However, geologic Sr isotope values are not necessarily equivalent to biologically-available, or
‘bioavailable’ Sr isotope values, because Sr variability is complex and the bedrock weathering
rates can differ. Using only bedrock Sr values is therefore not sufficient to analyze animal
mobility. Non-geologic sources (e.g., sea-spray, anthropogenic products, atmospheric dust) of Sr

also influence Sr isotope values (Figure 1.1).
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Figure 1.1. A simplified version of the strontium cycle whereby Sr from the
bedrock is introduced to the ecosystem and individuals in a number of processes.
Words in black are Sr reservoirs and words in white are the processes where Sr
isotope ratios may be modified. Adapted from Figure 1 in Bataille et al., 2020.

Environmental and Other Factors Affecting Sr Isotope Values

Non-local Sr has the potential to be carried by water (i.e., streams, rivers, lakes) and/or
wind through sediments or aerosols. Connecting water systems transport sediments that could be
deposited on the banks or shores of distant locations. Thus, sampling soil or rock near waterways
will likely provide a Sr isotope value that does not represent the immediate local environment. Sr
isotope values may also change over time, thus modern water samples may have a different Sr

isotope value than ancient waters, thus would not be suitable in an archaeological study. As well,
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water systems can transport meltwater from the tops of mountains which are also likely to have
varying Sr values.

The sea-spray effect is another environmental phenomenon that, depending on the
locality, can influence Sr isotope values. The sea-spray effect occurs when ocean-derived Sr is
incorporated into the terrestrial soils via ocean spray or rainwater, which causes the Sr isotope
values on land to be dominated by ocean Sr (Alonzi et al., 2020; Bentley, 2006). Present-day
ocean water has a relatively homogeneous Sr isotope value of 0.7092 (Alonzi et al., 2020;
Bentley, 2006; Elderfield, 1986; McArthur et al., 2001; Veizer, 1989). Whipkey and colleagues
(2000) found that sea-spray supplies up to 83% of Sr in soils within 50 m of the coast in South
Point, Hawaii. The sea-spray effect has also shown variable influence on Sr isotope values in
coastal locations such as Portugal (James et al., 2022), Ireland (Alonzi et al., 2020; Ryan, 2017;
Snoeck et al., 2020), and in coastal samples (within 100 km) of Europe (Hoogewerff et al.,
2019). For example, plants growing within 50 m of the coast of Ireland have an average Sr
isotope value of 0.7094 which is comparable to the value of seawater, while more distant plants
growing on the same geological rock type have a Sr isotope value of 0.7089 (Ryan, 2017,
Snoeck et al., 2020). However, Alonzi and colleagues (2020:7) caution that the sea-spray effect
“should not be conceptualized as uniform blanketing of seawater on coastal lands” but rather “a
process that introduces variability” into Sr isotope values from coastal locations.

Similarly, wind-carried (aeolian) dust can be transported across landscapes, potentially
introducing sediments with different (non-local) Sr isotope values (Capo et al., 1998; Hartman
and Richards, 2013; Reynolds et al., 2012). This Sr can be incorporated into the soil and taken up

by plants, which then influences their isotopic values.
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Anthropogenic activities such as agricultural fertilization and industrial chemical
production use and release substances that also have the potential to influence the Sr signature of
the material. Britton and colleagues (2020) describe how modern environmental and
anthropogenic practices may influence the isotopic values of plants. Products such as fertilizers
from modern agricultural practices can significantly change the results of ¥Sr/*Sr values in
water and plants (e.g., Bohlke and Horan, 2000; Christian et al., 2011; Maurer et al., 2012,
Tichomirowa et al., 2010). Béhlke and Horan (2000) found that in parts of Locust Grove,
Maryland, USA between 1994 and 1997, the use of fertilizers with a Sr isotope value of ~0.715
raised the Sr isotope values of groundwaters from ~0.708 to 0.713-0.715. In another study,
Maurer and colleagues (2012) found decreasing *’Sr/*Sr values within oak tree cores since the
1920’s. They suggested that this trend mirrors the increasing use of industrial practices including
local coal mining activities, liming, and/or soil acidification, which became significant processes
over the last century in the region.

Since modern agricultural and industrial practices can have effects on the Sr isotope
values of modern substrates, including water and plant materials, it is important that modern
substrates for archaeological Sr baseline studies should only be recovered from areas that do not
use modern fertilizers or pesticides and are not affected by run-off contamination or non-local
water. However, anthropogenically affected values may be preferable for modern studies. In
short, careful consideration of these factors is imperative when planning a Sr baseline for both

archaeological and modern provenience studies.
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Approaches to Strontium Isotope Mobility Studies

Mobility studies have gained a significant place in paleontology and archaeology.
Interpretations of Sr isotope data can contribute to insights that otherwise may not be possible by
examining archaeological materials. Among other applications, Sr isotopes have been used to
explore ancient trade and food procurement strategies (e.g., Haverkort et al., 2008; Thornton,
2011), determine the location of origin of sacrificial victims (e.g., White et al., 2007), the
mobility patterns of ancient groups (e.g., Grupe et al., 1997; Wright, 2005), and the migration of
large mammals such as bison and mammoths (e.g., Esker et al., 2019; Glassburn et al., 2018;
Wooler et al., 2021). The following section will review a few studies in more detail to show how

Sr isotope analysis can be applied to different research questions.

Inter-Individual Mobility Studies

One use of Sr isotope analyses can be to identify non-local individuals within a
population (e.g., Ezzo et al., 1997; Slovak et al., 2009; Wright, 2005) The results can be used to
define the proportion of ‘immigrants’ in a population. Direct evidence of migration can inform
us about the settlements of groups and interactions among them. This can be done by referencing
the population’s Sr isotope data with itself rather than using an established Sr isotope range.

Originally proposed by Wright (2005), this method removes individuals with outlying Sr
isotope values so that the remaining sample approximates a normal distribution. Wright obtained
Sr isotope values from 83 tooth enamel samples of individuals buried at Tikal, Guatemala to
identify ‘migrants’ to the ancient Maya city. Wright discusses that a normal distribution of Sr

isotope data may be expected if “there is good reason to believe that the majority of the
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population were born locally, that all individuals consumed foods grown on the same soils”
(561). Wright defined a ‘local’ range for Tikal as 0.70766-0.70850 with a mean of 0.70812.
Next, a “trimmed” range was defined first by excluding eight individuals whose Sr isotope
values, when graphed by eye, were “clearly” non-local presenting values <0.7075 and >0.7085.
Wright then excluded three more individuals (presenting values of 0.7075) to remove the skew in
the “trimmed” dataset to obtain a normal distribution of values, thus defining this as the “local”
range of values. Wright's approach suggests that ~10% of the sample population is non-local.
However, this is just an inference based on the sampled population, and thus may not be entirely
accurate. This approach was criticized by Grimstead (2017) who discusses that as sample size
increases, it may become increasingly difficult to identify where the data should be trimmed.

Sr isotopes can also be used to assess the hunting or food procurement strategies of
ancient groups, which in turn also provide insight into the social structures. For example,
Haverkort and colleagues (2008) used Sr isotope values from human bone and tooth samples of
Middle Holocene Glazkovo foragers in the Baikal region of Siberia to test which of two models
of food procurement was more supported. The competing hypotheses would each produce a
distinct pattern of intra- and inter-variability. Sr isotope results revealed four distinct patterns of
intra-individual variability into which each individual was categorized. The results show that
there is wide variability in the Sr isotope values between individuals and varying degrees of
variability in the Sr isotope values within individuals, thus suggesting that a logistical
procurement model, whereby a group is tasked with traveling on behalf of the population, is
more likely to have been adopted. These Sr isotope studies provide insight into the organization

and social structures of the group.



Mancusa 18

Intra-Individual Mobility Studies

Another approach to Sr mobility studies is to evaluate the mobility of an individual
throughout their life by comparing Sr isotope signatures between the individual’s skeletal
elements (or portions of elements) (e.g., Ericson, 1985; Frei et al., 2015; Grupe et al., 1997;
Haverkort et al., 2008; Hoogewerff and Papesch 2001; Miiller et al., 2003; Price et al., 1994;
Price et al., 2000). This approach is based on the turnaround times of bone and/or the sequential
deposition of enamel throughout life. This method of sampling provides a general idea of
whether or not an individual migrated and a relative idea of when these moves took place which

allows researchers to make inferences about an individual’s life history.

Bone

Although bone is highly susceptible to diagenetic alteration, if the diagenetic
contaminants can be removed, the Sr isotope values that are incorporated into bone during an
animal's lifetime could reflect animal mobility and be used for paleomigration studies or for Sr
baselines. The incorporation of Sr into the bone is reliant on bone turnover rates, which vary
between skeletal elements (Schweissing and Grupe, 2003 in Bentley, 2006). After an individual
moves from place A to place B, there is a gradual change in their Sr isotopic signature until the
whole bone has remodeled and there is little to no Sr isotope signal from place A. The rate of
turnover varies between skeletal elements; cortical bones such as the diaphysis of the femur and
tibia remodel over decades, while elements with higher proportions of trabecular bone, such as
the ribs, can remodel over a few years (Price et al., 2002). Different elements that represent
varying deposition times can be analyzed for Sr isotope signatures and then compared to one

another.
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Different skeletal elements or body tissues can be used to indicate locality at various
times in an individual’s life because they form at different times. The resulting Sr values can be
compared in each of the materials to determine general moves and the relative time of said
moves (e.g., childhood, early 20’s, near-death). For example, the use of bone turnover rates
paired with Sr isotopic values to identify mobility was applied to the ‘Alpine Iceman’ (aka’ Otzi
the Iceman’) by Miiller and colleagues (2003). Miiller and colleagues argue that the difference
between Sr values in childhood (as represented by the enamel) and those at adult age (as

represented by bone and intestinal contents) indicates mobility throughout life.

Teeth

Sampling a single skeletal element with a known sequence of deposition (i.e., a tooth,
tusk) using micro-sampling techniques can also reveal mobility over time. Because tooth enamel
is deposited in incremental layers and does not remodel as bone does, different enamel layers can
be targeted for analysis to obtain a sequential ‘timeline’ of Sr isotope values (e.g., Britton et al.,
2011; Esker et al., 2019; Glassburn et al., 2018; Widga et al., 2010). For some species, the
enamel is accreted at known growth rates, thus, the approximate duration of individual enamel
can be calculated. For example, Glassburn and colleagues (2018) determined seasonal mobility
patterns of two modern bison from interior Alaska using sequential analysis to obtain a series of
Sr isotope values from the second (M,) and third molars (M;). Using previously published bison
enamel growth rates, the samples were expected to capture 9-10 months of growth from the M,
of the first bison, 11-12 months from the M; of the first bison, and 14 months of growth from the
M; of the second bison. By comparing the Sr and O isotope results from the same sequentially

sampled enamel, it is possible to correlate physical movement patterns (Sr isotope values) with
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season changes (peak and troughs of sinusoidal O isotope values) (Glassburn et al., 2018). Doing
this shows that the bison occupied seasonal habitats which correlate with the birthing season of
bison. The results not only have important implications for understanding modern bison
behavioral ecology but may also be useful for reconstructing prehistoric bison mobility patterns
(Glassburn et al., 2018).

Using this method for obtaining Sr isotope values, researchers are also able to make
inferences about the life histories of extinct animals. For example, Wooler and colleagues (2021)
used sequential Sr isotope values from a 1.7-meter tusk of an Arctic woolly mammoth that lived
17,100 years ago to reconstruct its geographic range and patterns of movement. The results
provide insight into habitats used during different life stages and suggest that the animal’s range
had constricted near the end of its life. Wooler and colleagues suggest that, due to environmental
changes during the transition from the Ice Age to the Holocene, mammoths became
geographically constrained which potentially contributed to their extinction. Studies such as
these can provide insight into the life patterns of animals that cannot be observed today (i.e.,

extinct species).

Specific Locations of Residency

The use of Sr isotope baselines allows researchers to potentially identify specific regions
of residency, rather than simply determining that there were changes in residence throughout an
individual’s life. A Sr isotope baseline is compared with the Sr isotope values of individual(s) in
a mobility study, to determine if they ‘match’, and if, therefore, the animal lived in a particular
location. Sr baselines allow the determination of locality to be narrowed down to one or multiple

areas, depending on the variability of Sr isotope values in a location (e.g., Esker et al., 2019; Frei
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and Price, 2012; Glassburn et al., 2018; Price et al. 2002). To construct a Sr isotope baseline, a
researcher collects material(s) to obtain a ‘local’ Sr isotope signature for the areas of interest.
Different types of materials may be more or less applicable to a study depending on the research
subject and objectives.

For example, Esker and colleagues (2019) compared a Sr isotope baseline to Sr isotope
values obtained by serial-sampling enamel from four mammoths recovered from the Late
Pleistocene fossil site at Waco Mammoth National Monument (WMNM), a location that was
hypothesized to preserve remains from a catastrophic mass death of a mammoth (M. columbi)
herd. For their Sr isotope baseline, they collected 38 vegetation and 37 sediment samples over 12
lithologies within a 300 km radius of their sample site. Esker and colleagues selected grasses for
the baseline, as the mammoths were grazers and the primary source of Sr in terrestrial herbivore
teeth is ingested vegetation. The serial samples of enamel Sr isotope values were compared to Sr
isotope values from baseline data composed of regional vegetation and sediment to suggest
possible locations where the mammoths grazed. The baseline Sr data was organized into a
colour-coded map of Sr isotope values called an ‘isoscape’ using Google Earth Pro. The isoscape
was generated based on an age-lithology model which assumed that rocks of the same geologic
age and rock type have the same Sr isotope signatures. Esker and colleagues concluded that three
of the mammoths could have been members of a single social unit since their Sr isotope values
are relatively consistent with one another and are congruous with grazing on plant material that
grew <70 km SE of the WMNM. The fourth mammoth was assumed to be part of a different
social unit due to its higher Sr isotope values (different at the second or third decimal place).
This individual spent some time feeding on vegetation growing ~180 km to the SSW of the

WMNM. The application of the isoscape allowed Esker and colleagues to identify two distinct
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geographic ranges, contributing to interpretations of temporal and geographic habitat use. This
also informs researchers about population dynamics and social units of extinct species.
However, the use of baselines is not as simple as it may appear since Sr isotope values
can overlap in multiple areas of a region. Snoeck and colleagues (2018) were interested in the
origins of human remains found at Stonehenge. Previous archeological evidence suggested that
these individuals could have been local, or could have come from up to 200 km away in west
Wales, where Stonehenge’s bluestones are known to have been sourced from. They obtained Sr
isotope values from fragments of cremated human occipital bone from Stonehenge, which
represent about a decade of Sr intake prior to death. To compare with the human remains, an
online isoscape (see next section for details on isoscapes) was updated to include Sr isotope
values of modern plants from west Wales. Sr isotope values for ‘local’ individuals were defined
as <0.7090. Individuals whose Sr isotope values are > 0.7110 are reflective of older lithologies
such as those found in parts of southwest England and Wales, but also further in Scotland,
Ireland, and continental Europe, however, the latter was suggested to be less probable.
Individuals whose Sr isotope value is between 0.7091 and 0.7118 were proposed to reflect a
mixture of sources. This suggests that these people were mobile, possibly between the sites of
interest, within the last decade of life. However, if individuals moved to either location prior to
their last living decade, their Sr isotope value would eventually become ‘local’. Thus, it is
difficult to identify complex patterns of mobility using the average Sr isotope value of a single
element of interest. Snoeck and colleagues also used Sr concentrations and carbon isotope values
( 8"C) to support their identification of ‘locals’ and ‘non-locals’, whereby the ‘locals’ tend to
have higher 8'°C values, although there was some overlap. This example shows how Sr isotope

analysis should be used in conjunction with other lines of evidence (i.e., archaeological,
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analytical) to support conclusions about locations of origins for individuals since Sr isotopes
alone cannot identify a specific location, especially when there are areas with overlapping Sr

isotope values.

Isoscapes

It is becoming increasingly common for those using a Sr isotope baseline to create an
‘isoscape’ using a computer program. Isoscapes are maps with colour-coded gradients of isotopic
compositions across a given area (Figure 1.2). Isoscapes often derive their models based on the
geologic compositions of local bedrock, in combination with a reference set of Sr isotope values

for the different bedrock types.
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Figure 1.2. Global isoscape of predicted Sr isotope values. Adapted from Figure
9 in Bataille et al., 2020.

Domain mapping or the ‘nominal approach’ takes advantage of the relationship of Sr
isotope values in relation to different lithologies based on their age and mineral compositions,

and assumes that bedrock geology is the dominant control on bioavailable Sr isotope
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compositions (Bataille et al., 2018; Evans et al., 2010; Holt et al., 2021). Thus, proxy materials
(i.e., baseline samples) are analyzed to determine the Sr isotope signature of an area, sometimes
using the full range (i.e., Lambert 2019) or using a trimmed dataset and/or statistical analyses
(i.e., mean, median, interquartile range, standard deviation) (i.e., Evans et al., 2010; Kootker et
al., 2016). The Sr isotope value for the sample(s) of interest is/are then compared to the values
that define a given area.

An alternative approach to isoscape mapping is using contour mapping or the ‘Bayesian
continuous approach’ which applies geostatistics to extrapolate a continuous gradient of isotopic
compositions across an area based on measured Sr isotope values (Bataille et al., 2018; Holt et
al., 2021). Methods include various types of kriging (e.g., Adams et al., 2019, Willmes et al.,
2018) or Inverse Distance Weighting in ArchGIS (e.g., Emery et al., 2018; Fenner and Frost,
2009). Hoogewerff and colleagues (2019:1040 in Holt et al., 2021) criticized kriging as it
provides uncertainty by extrapolating the known data beyond its original limits. The scale of the
study must be given some thought as this method relies on measured results that are extrapolated
to other areas. Thus, more samples are necessary for a large landscape with diverse lithologies,
compared with a smaller area with less diverse lithologies. Using a continental isoscape may not
provide the degree of spatial resolution necessary when attempting to study the mobility of an
animal known to stay within a smaller local area. As well, creating an isoscape with an
unnecessary degree of detail may prove too time-consuming and/or expensive when attempting
to study the mobility of an animal known to travel great distances. Depending on the scale
required, obtaining sufficient data can be expensive.

Global and national Sr isoscapes (e.g., Bataille et al., 2020; Chesson et al., 2012; James et

al., 2022; Lugli et al., 2022; Snoeck et al., 2020; West et al., 2009) have been published, but there
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have been few more detailed Sr isoscapes published of smaller areas (see Janzen et al., 2020;
Lazzerini et al., 2021; Tucker et al., 2020 for exceptions). Research about animal migration
patterns or suspected areas of travel should be done prior to planning a baseline sampling

strategy.

Substrates for Strontium Baselines

The choice of appropriate materials to establish a Sr baseline is critical because different
materials in the same location can have different Sr isotope values. For example, plant materials
are representative of bioavailable dietary Sr (for the animals that consume those plants) whereas
soil samples are representative of geologic Sr. Animal tissues represent an average of the local Sr
isotope values of the foods consumed during the formation time of the particular tissue that is
analyzed. Different materials can be more or less applicable to different studies (i.e.,
archaeological, forensic, agricultural). For example, archaeological skeletal remains are
representative of ancient biologically available Sr, whereas, for modern samples, contamination
may be a concern (e.g., due to the use of non-local modern fertilizers in agricultural areas).

Grimstead and colleagues (2017:185) called for a ‘comprehensive’ baseline for
archaeological provenience studies, whereby multiple substrates are analyzed (e.g., rocks, soil,
water, fauna, and vegetation) to capture the “total *’Sr/*Sr variability within the region”. This
idea is echoed by Scaffidi and Knudson (2020:15) who emphasize the need for baseline models
of the entire food chain (water, plant, fauna). However, in archaeology, sampling such a range of
local archaeological materials is not always feasible due to the limited availability of faunal
remains. Sampling modern materials may be complicated by possible influences on the Sr

isotope values of modern practices such as fertilizers (Bohlke and Horan, 2000; Christian et al.,
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2011). For these reasons, a standardization of baseline methodology for archaeological studies is
probably not practical. Instead, a case-by-case method should be considered, and careful
planning of a baseline(s) prior to collecting samples is the most efficient way of preparing a

provenience study using Sr isotope analysis.

Plant Materials

Plant materials are very useful substrates for Sr isotope baselines. Plant materials
represent the bioavailable Sr in the region. By collecting multiple plant specimens, one can form
a comprehensive baseline of the bioavailable Sr in a region. This type of baseline is useful for
establishing Sr isotope values to later apply to a broad range of provenience studies. Because Sr
is more abundant in plants than animal tissues, and because plants are the base source of Sr for
animals (i.e., through diet), plant materials are often considered highly informative when
constructing a bioavailable Sr baseline (Coelho et al., 2017; Ladegaard-Pedersen et al., 2020;
Ryan et al., 2018). Plant material collected from a modern site is reliably local and often readily
available and relatively easy to collect and transport. These are important qualities for
archaeological provenience studies if there are limited archaeological faunal remains to collect.

Root depth can be a source of variation in the Sr isotope compositions of plants.
Differences in Sr isotope values can be found with changes in the rooting depth of different
species, as the plant will reflect the values of the layer of soil it grows in, which may themselves
have different Sr isotope values. The Sr isotope values in different soil layers may vary due to
multiple factors influencing soil