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Overview 

• Which isotopes require baselines?
• Strontium

• Oxygen

• Sulphur

• What archives can we sample for baselines

• How we sample for baseline?

• Which archives are best?

• Debates in archive and mapping approaches

• Creating baseline maps



Why do we need an 
isotopic baseline?

So we have something to compare 
our measured value to



• Alkali earth metal

• Expressed as 87Sr/86Sr ratio in a sample

Indicator of mobility in archaeological contexts

• 86Sr is stable whereas 87Sr is formed by the decay of 87Rb
• Half life of 48.8 billion years

• Rock87Sr/86Sr ratio depends on: 

• how much 87Rb is in the sample,

• how long the 87Rb has been decaying (i.e. how old the 
sample is)

• 87Sr/86Sr ratios in archaeology typically range ~0.702-0.750, with 
the number of decimal places reported according the standards

• Sr substitutes for Ca in bones and teeth

Strontium



What influences strontium in an environment?

• Geology

• Atmospheric depositions
• Sea spray

• Dust

• Rain

• Glacial transport of soils

• Fluvial transport of soils

• Groundwater

• Differential weathering of minerals 
within a rock

• Volcanic tephra

• Erosion

• Mixing of sources

• Anthropogenic influences
• Fertilisers 



Weathering

Enters the food chain

Uptake

Substitutes for calcium 
in bones & teeth

Strontium cycle

Bedrock
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Bioavailable Sr baselines

Ireland - Snoeck et al., 
2020

France - Willmes et al., 2018

Southern Almería - Frank et al., 2022

The Netherlands - 
Kootker et al., 2016

Europe - Hoogewerff et al., 2019

Global - Bataille et al., 2020

Southwestern Turkey - Wong et al., 2021

Basel 
Switzerland – 
Brönnimann 
et al., 2018



What can we sample for Sr baselines?

• Geology

• Plants

• Soil leachates

• Surface water

• Archaeological fauna

• Invertebrates

• Modern fauna 

Caribbean region - Bataille et al., 2012
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What can we sample for Sr baselines?

• Geology

• Plants

• Soil leachates

• Surface water

• Archaeological fauna

• Invertebrates

• Modern fauna 

Israel - Moffat et al., 2020



Testing strontium soil leaching methods

Shrub



What can we sample for Sr baselines?

• Geology

• Plants

• Soil leachates

• Surface water

• Archaeological fauna

• Invertebrates

• Modern fauna 

Denmark - Frei and Frei, 2011



What can we sample for Sr baselines?

• Geology
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• Soil leachates
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• Invertebrates

• Modern fauna 

The Netherlands - Kootker et al., 2016



What can we sample for Sr baselines?

• Geology

• Plants

• Soil leachates

• Surface water

• Archaeological fauna

• Invertebrates

• Modern fauna 

France- Britton et al., 2020



What can we sample for Sr baselines?

• Geology

• Plants

• Soil leachates

• Surface water

• Archaeological fauna

• Invertebrates

• Modern fauna 

Cape York Australia
Adams et al., 2019



What can we sample for Sr baselines?

• Geology

• Plants

• Soil leachates

• Surface water

• Archaeological fauna

• Invertebrates

• Modern fauna 

Cape York Australia
Adams et al., 2019



Strontium 
isoscape of 
the world
(Bataille et 
al., 2020)



Do we need high-density sampling? 



Sr predictions for Corsica



Bioavailable Sr measurements

• Two datasets
• Triple plant sampling 

• Paired plant and soils

• 245 plant samples

• 83 soil leachate samples

• Overall 87Sr/86Sr range of 
0.7075 to 0.7169



How does the prediction compare to the 
measured values?

Measured 

Predicted

Surface geology



What methods do we 
use for making a map?

• Domain

• Contour 

• Machine learning

Review paper Holt et al., 2021



B C

A

Mapping Portugal
New paired measurements of plants and 
soils from 151 sites across Portugal, plus:

• 33 soil sites (Hoogewerff et al., 2019, STOTEN)

• 20 plants from Perdigões (Žalaitė et al., 

2018 JASR; Valera et al., 2020 JASR)

Range of 87Sr/86Sr = 0.7058 to 0.7349



Sampling Lab work

Analysis
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r2 = 0.88



Empirical Bayesian Kriging Regression
using surface geology and elevation 

as explanatory variables

Median per surface geology unit (1:1million OneGeology)

Portugal plant isoscapes

James et al., 2022, JAS



Importance of 
mapping at 
archaeological sites

James et al., 2022, JASSite data from Žalaite et al., 2018 JASR; Valera et al., 2020 JASR

Country baseline predicts 
local region is 87Sr/86Sr = 
0.7136-0.7155

Measured plants extend 
this range to 87Sr/86Sr = 
0.7115 to 0.7184



More BASr for Portugal
More data:

• 2 unpublished regional datasets on grass, 
shrubs, and trees at 93 sampling sites, 279 
87Sr/86Sr values

• 4 additional plants from archaeological sites 

• 39 archaeological samples 

• 34 natural mineral waters, surface waters 
and snow

In total 334 sampling sites with 706 87Sr/86Sr measurements

Wright et al., 2019 JASR; Price et al., 2014; Carvalho et al., 2019 AAS; Waterman et al., 2010 JAS; MacRoberts at 
al., 2020 JASR; Voerkelius et al., 2010 Food Chem. ; Ribeiro et al., 2014 Comunicações Geológicas



Combining datasets 
in Portugal

Empirical Bayesian Kriging Regression
using surface geology and elevation 

as explanatory variables

Median per surface geology unit 
(1:1million OneGeology)



How well can plant baselines 
predict other sample types?

Measured 87Sr/86Sr
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Mapping Czechia

• Plant samples from 65 sampling sites

• Site medians range from        
87Sr/86Sr = 0.7084 – 0.7208



Using the Sr baseline in Ireland



Ballymacaldrack

Ballynahatty

Using the Sr baseline in Ireland



Clontygora

Annaghmare

Using the Sr baseline in Ireland



Sr baselines in ecology



Palaeontology



Palaeontology

Strontium

The 87Sr/86Sr ratios (n = 37) fluctuate between 
0.706333 and 0.707396 along the tooth 



Oxygen isotopes (ẟ18O)
Rain ẟ18O changes 
with amount of rain 
and temperature

Oxygen in human 
tissues mainly from 
drinking water

Assuming that water 
is sourced locally 
from rainwater 

ẟ18O reflects rain 
during the time the 
tissue was forming. 

Terzer et al., 2013

Annual rainfall ẟ18O



Not just mobility influencing ẟ18O

• Seasonal changes in rain
• ~3‰ between summer and winter

• Breastfeeding
• Breastmilk is more enriched in 18O, 

• Water sources

• Humans doing stuff to liquids
• Storing

• Boiling

• Stewing

• Brewing

• Slow cooking



What can you measured ẟ18O in?



Fractionation

The incorporation of O isotopes into skeletal tissues involves a fractionation

Offset between structural carbonates (δ18OC) and body water is ~ 27‰; the phosphate (δ18OP) to 
body water offset is smaller ~ 18‰ 

Difference between carbonate and phosphate oxygen in human tooth enamel explained by the 
equation:
δ18OP = 1.0322 ±0.008  x δ18OC − 9.6849 ±0.187  - (Chenery et al., 2012)

Converting δ18O values into water values
δ18Ow = 1.54 x δ18Op – 33.72  (Daux et al., 2008)
δ18Ow = 1.590 x δ18OC – 48.634 (Chenery et al., 2012)

Equations are species specific



USA

Ehleringer., 2016; Kendall and Coplen 2001

Rainfall

Hair

Surface water



Ehleringer., 2016; Kendall and Coplen 2001

Body water

Hair

Tap water

Tooth enamel carbonate



Juarez et al., 2019

Mexico



Groundwater (Pellegrini et al., 2016) Tooth enamel carbonate (Pellegrini et al., 2016)

UK



Oxygen 
isotope 
analysis is 
widely used in 
archaeology



Is there enough δ18O variation to 
identify homelands

How do we identify outliers? 



European tooth enamel δ18OP fall within 13.7 to 
20.7‰ (a total of 1266 individuals from 91 sites).

63 of the 92 analysed European sites fall between 
δ18O = -9 and -7‰, and all sites have δ18O of between 
-10.5 and -5.8‰



Lightfoot et al., 2016

Number of outliers in a population is 
dependent on the number of samples 
analysed from that population. 



Lightfoot et al., 2016

How do you identify outliers?





Terzer et al., 2013

Annual rainfall ẟ18O



ẟ18O databases



ẟ18O databases



ẟ18O databases
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Sulphur

• Using Sr, O and S isotope 
analysis to determine the origin 
of teeth with known origins. 

Spatial distribution of the sulfur isotope composition (δ34S) 

across Europe from a compilation of animal and human 

teeth from post-Mesolithic times



Combining Sr, O 
and S isoscapes

Fig 3. Maps showing the probability of tooth origin of 

the dog according to the selected isotopes (strontium, 

sulfur and/or oxygen). Depending on the isotopes and 

combinations of isotopes used, the geographical area of 

assignment is increasingly more precise.



Sulphur for animal migrations 



Conclusions

• Environmental baselines are crucial for understanding 
any bioarchaeological analyses

• Baselines need to be appropriate for the samples and 
the research question

• Any questions, feel free to contact me - 
Hannah.James@vub.be

@ToothDetective
@ERCLumiere
@BrusselsBioarch



Interpreting data using an isoscape

• You have 87Sr/86Sr and δ18O data 
from 10 tooth enamel samples from 
a cemetery. 

• Samples split into two groups (A 
and B), with two outliers (C and D).

• All teeth sampled were M3.

• The site is located above a river at 
the edge of a mountain range.

• There is evidence of a settlement 
next to the site.



87Sr/86Sr and δ18O data

δ18O converted to drinking water

8
7
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/8
6
Sr

 

87Sr/86Sr δ18O (‰) Group

Ind 1 0.7071 -13.3 A

Ind 2 0.7072 -13.4 A

Ind 3 0.7073 -13.3 A

Ind 4 0.7072 -13.4 A

Ind 5 0.7087 -9.1 B

Ind 6 0.7088 -8.9 B

Ind 7 0.7089 -9.2 B

Ind 8 0.7088 -9.0 B

Ind 9 0.7214 -9.6 C

Ind 10 0.7103 -6.4 D

0.7050

0.7100

0.7150

0.7200

0.7250

-14.0 -12.0 -10.0 -8.0 -6.0



Modelled bioavailable 87Sr/86Sr values for the global land 
surface based on measured rock, soil, plant, water, animal and 
human data (Bataille et al., 2020)

Site 
prediction 
is 0.7099



Annual mean δ18O for modern rainwater (WaterIsotopes.org)

Site 
prediction 
is -11.7 ‰



Questions

• Do you think these baselines are appropriate for determining past human 
mobility?

• Based just on the measured individual values and these two isoscapes, do you 
think all these individuals could be local to the site? 

• Are these individuals from the wider region represented by these isoscapes?

• Where might they be from?



Let’s think about how archaeological information 
can help us narrow our predictions

Archaeobotanical evidence indicates large-scale hunting of deer, which are known to live in 
high altitudes of the mountain range. 

• Do you think consuming deer meat would influence the 87Sr/86Sr in these individuals?

• If so, which group (if any) might reflect this diet?

The most likely drinking water source at the site are streams which are sourced from higher 
altitudes. How would that influence the δ18O value? 

• Which group (if any) might reflect this drinking water?

Archaeobotanical evidence from the site shows high consumption of wheat and regions 
northwest of the site are the ideal region for growing wheat.

• How would the consumption of wheat grown in this region influence the 87Sr/86Sr? 

• If so, which group (if any) might reflect this?



Final thoughts

• If we assume that groups A and B are both local to a region, how 
would you interpret the 87Sr/86Sr and δ18O data? 

• How has this changed from your first interpretation? 

• Lastly, can you think of any other information that would help you in 
including or excluding regions of possible origins?
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