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A B S T R A C T   

Strontium isotope analysis has recently proven to be a useful tool to elucidate population movements and 
subsistence strategies in ecological and archaeological sciences. The interpretation depends on the size, type, 
availability, and preservation of the sample and the reliability of the produced strontium isotope baseline. 
However, collecting quantitatively and qualitatively suitable baseline samples is considered a challenging task in 
archaeological research. To meet these challenges, we introduce an innovative analytical technique, which en-
ables the analysis of small sample sizes from heterogeneous site distribution and environmental settings. This 
article integrates multivariate environmental modelling and bioarchaeological data of 49 sites to establish the 
first scale-based differentiation between site-specific and micro-regional strontium isotope baselines with various 
sample sizes in Hungary. In future mobility studies, this approach will allow distinguishing human and faunal 
movement ranges on different geographical scales.   

1. Introduction 

Strontium isotope analyses have proven their potential in archaeo-
logical research that aimed to reconstruct mobility patterns (Alt et al., 
2014; Depaermentier et al., 2020a; Knipper et al., 2020; Whittle et al., 
2013), husbandry strategies (Balasse et al., 2002; Gerling et al., 2012, 
2017), and socio-cultural structures (Knipper, 2017; Knipper et al., 
2020) within past societies. However, the analyses require the deter-
mination of local isotope baselines, whose reliability is closely linked to 
the size, type, availability, and preservation of the baseline sample 
(Gerling, 2015; Makarewicz and Sealy, 2015). Because the bioavailable 
strontium composition depends mostly on the geological and pedolog-
ical settings, soil samples and published 87Sr/86Sr ratios of the geological 
units are widely used to determine a local strontium isotope baseline 
(Brönnimann et al., 2018; Giblin, 2009; Heinrich-Tamáska and 
Schweissing, 2011; Knudson et al., 2014; Shaw et al., 2009; Whittle 
et al., 2013). However, other environmental parameters such as 
sea-spray-effect in coastal areas can impact the local strontium compo-
sition, rendering reliance on only geological data unreliable (Alonzi 

et al., 2020; Bentley, 2006; Makarewicz and Sealy, 2015; Montgomery, 
2010; Naumann et al., 2014; Price et al., 2002; Wong et al., 2018). The 
abundance and distribution of various rock minerals are further 
important factors that complicate obtaining representative data from 
soil samples due to weathering processes (Bentley, 2006). 

This also applies for water samples, which can show 87Sr/86Sr ratios 
that correspond to the mixed signal of different geological and sedi-
mentological units, particularly in large hydrologic systems like the 
river Tisza and the Danube floodplains. Furthermore, the strontium 
isotope composition of water is inherently diluted and has only small 
influence on the isotope composition of human tissues. Because plants 
absorb the biologically available strontium and their strontium isotope 
composition is crucial for the isotope abundance within the human tis-
sues, they could be considered a substantially more suitable sample 
category (Corti et al., 2013; Knipper, 2004; Wong et al., 2018). How-
ever, the samples should be taken in considerable distance from modern 
arable fields or in forested areas to avoid contamination by modern 
fertilizers (Alt et al., 2014; Brönnimann et al., 2018). 

Recent research used comparison data from substrate samples to 
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interpolate and geostatistically predict strontium isoscapes for prove-
nance studies in ecological, archaeological, and forensic science (Bar-
telink and Chesson, 2019; Frei et al., 2020; Koehler et al., 2019; 
Ladegaard-Pedersen et al., 2020). However, plants, water, and soils can 
integrate bioavailable strontium at different spatio-temporal scales, 
which challenges the identification of appropriate substrates (Bataille 
et al., 2020) and makes it particularly difficult to compare, resemble, 
and interpolate bioavailable 87Sr/86Sr data from multiproxy and 
intra-site sample variability (Bataille et al., 2020; Bataille and Bowen, 
2012; Maurer et al., 2012; Snoeck et al., 2020). 

Major advances in strontium isotope sampling strategies and base-
line determination have been proposed by manifold authors (Bentley 
et al., 2004; Hoogewerff et al., 2019; Maurer et al., 2012). For example, 
Brönnimann et al. (2018) minimized the bias in the data by the inte-
gration of a large number and variety of samples, including mineral, 
botanical, faunal, and human samples from both an archaeological and 
modern context (Brönnimann et al., 2018). However, limited time 
availability, financial resources, or access to the data would not allow for 

fulfilling these requirements. Because human bones, animal dental 
enamel, and shells are the most common and readily available material 
on archaeological excavations, this paper aims at presenting a new 
method for determining strontium isotope baselines based on this 
restricted sample combination. Due to its high archaeological density, 
Hungary is particularly well-suited to test and introduce this method. 

In this article, a locally variable number of Neolithic human bones, 
faunal dental enamel, and shells were available per site for strontium 
isotope baseline determination. To deal with such a challenging dataset 
and to avoid a combination of baseline samples from various sites 
exclusively based on geographical proximity and/or geological back-
ground data, which would underestimate the small-scale heterogeneity 
of the environmental settings and the disparities within the surround-
ings of each individual site (Depaermentier et al., 2020b; Kempf, in 
preparation, 2020d), we performed comprehensive environmental an-
alyses for the 49 selected Hungarian sites (Fig. 1). If the archaeological 
context points out that strontium isotope composition of human and 
animal hard biogenic tissues is related to the isotope composition of 

Fig. 1. Geological map and soil units in Hungary including the location of the study sites (EGDI, 2020; Kempf, 2020d; Laborczi et al., 2016; Pásztor et al., 2018). For 
abbreviations and detailed geological and pedological data, see (Table 1). 
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consumed food that is overwhelmingly sourced from within the catch-
ment area around a site, we assume that similar environmental settings 
within that catchment would have led to similar strontium isotope 
composition. This paper proposes an innovative analytical technique 
that includes GIS-based, remotely sensed, quantitative and qualitative 
environmental analyses to determine strontium isotope baselines 
considering large sample size variability. Applied to provenance and 
mobility studies, this method enhances the interpretation potential of an 
individual’s local, regional, or supra-regional movement patterns 
(Depaermentier et al., 2020a; Depaermentier et al., 2020b). 

2. Material and methods 

2.1. Environmental settings 

Hungary is characterized by a moderate continental climate with 
marine influences and strong precipitation decline towards the central 
basin (Ács et al., 2015; Demény et al., 2013; Kiss et al., 2015). Large 
parts of the Great Hungarian Plain (Alföld) are covered with Quaternary 
fluvial sediments, Pleistocene loess, and massive sand deposits, which 
separate the major river systems of the north-south draining rivers 
Danube and Tisza (Fig. 1) (Fitzsimmons et al., 2012; Kercsmár, 2015; 
Sümegi and Kertész, 2001). Holocene wind erosion, accumulation of 
sandy deposits (Négyesi et al., 2019; Obreht et al., 2019), and intensive 
floodplain dynamics throughout the early to the mid-Holocene have 
continuously altered the landscape composition and the faunal and 
floral potential habitats (Longman et al., 2019; Tapody et al., 2018). A 
fragmented landscape with micro-site vegetation refuges and 
small-scale heterogeneous soil mosaics developed (Birkás et al., 2004; 
Laborczi et al., 2016; Pásztor et al., 2012, 2018; Várallay, 1989), which 
control agricultural exploitation, land-use opportunities, and settlement 
location choice since the early Neolithic period (Depaermentier et al., 
2020b; Kempf, in preparation, 2020d; Sherratt, 1983; Sümegi et al., 
2013; Whittle et al., 2013). In this specific landscape, loess-covered 
sediment fans interchange with sandy islands and uneroded palae-
olevees across the former floodplain on which hydromorphic alluvial 
and meadow soils provided potential agricultural cropland and pastures 
(Sherratt, 1983). 

The study area can be distinguished into two major regions, Trans-
danubia in the western and the Alföld (Great Hungarian Plain) in the 
eastern part of present-day Hungary (Fig. 1). Geographically, the Alföld 
belongs to the Southeast European region (including Banat and Voivo-
dina) and the hilly landscapes of Transdanubia are related to the Central 
European region. However, this division is also largely cultural, since 
there were strong differences between the cultural groups (and their 
respective long-distance networks) west of the Danube and east of the 
Tisza between the 6th and 4th millennium BC (Bánffy, 2013). In this 
context, the Danube-Tisza Interfluve (DTI) was culturally assigned to 
Transdanubia. The sandy plateau, however, remained mostly uninhab-
ited during the Neolithic due to the less fertile soils and the decreased 
environmental location parameters (Bánffy, 2013; Kempf, in prepara-
tion, 2020d). Because this study was embedded in a German-Hungarian 
interdisciplinary research project that aimed to investigate the settle-
ment and population history of the Carpathian Basin in the Neolithic, the 
distinction between Transdanubia and the Alföld was maintained in this 
paper. 

2.2. Strontium isotope analyses 

The isotope 87Sr is formed in the bedrock through the radioactive 
decay of rubidium (87Rb, t1/2–4.7 × 1010 years) and its concentration 
in local geology is strongly related to the age and type of the bedrock 
(Bentley, 2006; Price et al., 2012). The remaining strontium isotopes 
(84Sr, 86Sr, 88Sr) are non-radiogenic (Price et al., 2004; Price et al., 
2002). Strontium becomes biologically available in soil and water 
trough weathering processes and finally enters the food chain through 

the vegetation (Bentley, 2006; Montgomery, 2010; Price et al., 2012). 
When consuming plants, strontium enters human and/or animal me-
tabolisms and gets stored without significant fractionation into their 
hard mineral tissues as a substitute for calcium (Bentley, 2006; Mont-
gomery, 2010; Price et al., 2002). Consequently, the 87Sr/86Sr ratios 
measured in human and faunal teeth reflect the strontium isotope 
composition of consumed foodstuffs, which depends on environmental 
settings and location of the dietary resources (Bentley, 2006; Mont-
gomery, 2010; Price et al., 2012). 

In this study, Neolithic human bones (n = 182), archaeological 
faunal dental enamel (n = 102), and archaeological shells (n = 2 Gas-
tropoda and 27 Bivalvia)) were sampled for strontium isotope analyses 
within the various excavation areas (see Data S1). Because human bones 
are susceptible to diagenetic processes, their strontium isotope compo-
sition usually equals the 87Sr/86Sr values of the burial soils (Brettell 
et al., 2012; Knipper, 2004; Price et al., 2002). Sampling the dental 
enamel of archaeological domestic fauna is further considered a 
well-suited indicator of the bioavailable strontium but requires an 
intense knowledge of past husbandry strategies (Brönnimann et al., 
2018; Price et al., 2002; Whelton et al., 2018). Mammals with smaller 
habitats and shells might be more suitable to determine a local baseline 
(Bentley, 2006; Brönnimann et al., 2018; Slovak and Paytan, 2011). 
However, snail shells (e.g. Gastropoda) can be biased by soil composition 
or rainwater and consequently show lower 87Sr/86Sr ratios than plants 
or other samples (Evans et al., 2010; Oelze et al., 2012). The bivalve 
shells, on the other hand, reflect the strontium isotope composition of 
the freshwater they are coming from (Maurer et al., 2012). 

In this case, the composition of each baseline sample depended 
largely on the preservation and availability of baseline samples. The vast 
majority of material originated from old excavations and only human 
bones and occasionally animal remains (not systematically including 
teeth) were made available for sampling. If possible, long human bones 
(preferably femura and a few humeri or tibiae), otherwise ribs or other 
skeletal parts (e.g., skull, pelvis or fibula) were selected for strontium 
isotope analyses. The faunal sample comprised mostly domesticated 
species that were expected to be kept close to the Neolithic settlements 
(Sus domesticus and/or Ovis/Capra), or other available species (Bos 
taurus or Canis familiaris)). However, no rodents were available from the 
Neolithic sites. If available, samples from wild species (Cervus elaphus, 
and Sus scrofa) that could represent the isotopic composition of hunted 
and gathered food were included. Shells and faunal remains were food 
leftovers that originated from pits within the Neolithic settlements. They 
were considered the residues of local freshwater bivalves collected by 
Neolithic people in local wetlands in the immediate vicinity of the sites. 
No water, soil, or plant samples were taken due to financial issues and 
the location of the sites within strongly fertilized areas. The samples 
were prepared following the methods described by Corina Knipper and 
colleagues (Knipper et al., 2018). Strontium isotope analyses followed 
the same methods and techniques described by Corina Knipper et al., 
2012 and 2014 (Knipper et al., 2012, 2014) and were conducted at the 
Curt-Engelhorn-Centre for Archaeometry at Mannheim, Germany. 

The baseline samples were inconsistent in type, quantity, excavation 
period, and sampling techniques. Most of the sites provided archaeo-
logical human bones and/or faunal dental enamel samples but shell 
samples were only available from 15 sites (see Data S1 and Table 2). 
Furthermore, 15 sites provided only human bones and three sites only 
faunal dental enamel for the determination of the baseline. Two sites 
delivered only faunal and shell samples and one site only human bones 
and shells. Therefore, a total of n = 113 published 87Sr/86Sr isotope 
comparison data (Alt et al., 2014; Gerling et al., 2012; Gerling, 2015; 
Giblin, 2009; Giblin et al., 2013; Heinrich-Tamáska and Schweissing, 
2011; Price et al., 2004; Whittle et al., 2013) were added to our dataset 
(see Data S2). The in many cases poor quality and quantity of baseline 
samples per site required the development of a new strategy to combine 
strontium isotope baseline data from sites with comparable environ-
mental settings. 
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Table 1 
Study sites with geological and pedological conditions.  

Region Site name Abbr. Lat Lon Soil units Superficial 
geology 

Main 
geological unit 

Age of the 
geological unit 

Bedrock 

Alföld Abony 60. lh. ABO 47.19 20.00 sand soil Fluvial 
sediments 

diamicton Pleistocene clastic 
sediments 

Berettyóújfalu-Nagy-Bócs dűlő BENA 47.23 21.53 meadow soil Fluvial 
sediments 

diamicton Holocene clastic 
sediments 

Cegléd CEG 47.17 19.80 meadow soil Loess silt Pleistocene mudstone 
Cegled Ipari park CGIP 47.20 19.79 meadow soil Loess silt Pleistocene mudstone 
Deszk Ordos DEOR 46.21 20.23 peat soil Fluvial 

sediments 
diamicton Holocene clastic 

sediments 
Ebes- Zsong-völgy EBVÖ 47.48 21.50 Chernozem Loess silt Pleistocene mudstone 
Garadna- Elkerülö 2.lh GAEL 48.41 21.17 brown forest 

soil 
Fluvial 
sediments 

diamicton Pleistocene clastic 
sediments 

Hajdunanas-Eszlari ut, M3-45 HAJE 47.85 21.43 Chernozem Loess diamicton Pleistocene clastic 
sediments 

Hejökürt-Lidl logisztikai központ HELI 47.87 21.01 meadow soil Fluvial 
sediments 

diamicton Holocene clastic 
sediments 

Hódmezővásárhely -Gorzsa V. lh: 
Homokbànya 

HOGO 46.37 20.43 meadow soil Fluvial 
sediments 

diamicton Pleistocene clastic 
sediments 

Hódmezővásárhely Kotacpart HOKO 46.42 20.33 meadow soil Fluvial 
sediments 

diamicton Pleistocene clastic 
sediments 

HMV Kökénydomb KÖKE 46.42 20.33 meadow soil Fluvial 
sediments 

diamicton Pleistocene clastic 
sediments 

Kompolt-Kígyós-ér KOKI 47.73 20.24 meadow soil Fluvial 
sediments 

tuff-breccia Miocene pyroclastic 
rock 

Mezökeresztes-Cethalom MECE 47.80 20.69 meadow soil Fluvial 
sediments 

diamicton Pleistocene clastic 
sediments 

Mezőzombor – Községi temető MEKÖ 48.14 21.26 meadow soil Fluvial 
sediments 

diamicton Pleistocene clastic 
sediments 

Polgár-Piócási-Dűlő POPI 47.86 21.12 brown forest 
soil 

Fluvial 
sediments 

diamicton Holocene clastic 
sediments 

Pusztataksony Ledence PULE 47.45 20.51 sand soil Fluvial 
sediments 

diamicton Holocene clastic 
sediments 

Szegvár Tűzköves SZEG 46.03 20.22 alluvial soil Fluvial 
sediments 

diamicton Pleistocene clastic 
sediments 

Tiszabura Bonishat TIBO 47.56 20.46 sand soil Fluvial 
sediments 

diamicton Holocene clastic 
sediments 

Tiszaszőlős - Domaháza-puszta, 
Réti-dűlő 

TIDO 48.02 20.72 alluvial soil Fluvial 
sediments 

diamicton Holocene clastic 
sediments 

Tiszalök Hajnalos TIHA 48.00 21.37 meadow soil Loess silt Pleistocene mudstone 
Tiszadob-Okenéz TISO 46.97 21.17 alluvial soil Fluvial 

sediments 
diamicton Holocene clastic 

sediments 
Tiszaföldvár Téglagyár TITE 46.97 20.25 meadow soil Fluvial 

sediments 
diamicton Holocene clastic 

sediments 
Debrecen Tócópart Erdöalja TOPE 47.52 21.58 meadow soil Loess silt Pleistocene mudstone 
Visonta VISO 47.78 20.03 meadow soil Fluvial 

sediments 
diamicton Pleistocene clastic 

sediments 
Transdanubia Alsónyék elkerülö 2. lh. ALE 46.20 18.72 meadow soil Fluvial 

sediments 
diamicton Holocene clastic 

sediments 
Balatonszemes Bagódomb BAB 46.81 17.78 meadow soil Loess silt Pleistocene mudstone 
Bátaszék, Lajvérpuszta BAL 46.20 18.70 meadow soil Fluvial 

sediments 
diamicton Holocene clastic 

sediments 
Bátaszék-Mérnöki telep BAM 46.21 18.71 meadow soil Fluvial 

sediments 
diamicton Holocene clastic 

sediments 
Bicske Galagonyás BICS 47.49 18.66 salt affected 

soil 
Fluvial 
sediments 

diamicton Holocene clastic 
sediments 

Borjád Kenderföldek BORK 45.94 18.47 meadow soil Loess silt Pleistocene mudstone 
Bölcske Gyürüsvölgy M3-TO 14. 
lh. 

BÖVÖ 46.74 18.96 sand soil Fluvial 
sediments 

diamicton Pleistocene clastic 
sediments 

Budakeszi 8. lh. Szőlőskert- 
Tangazdaság 

BUD 47.51 18.93 brown forest 
soil 

Weathered 
limestone 

impure 
limestone 

Eocene limestone 

Csabdi Télizöldes CSAT 47.51 18.62 brown forest 
soil 

Loess silt Pleistocene mudstone 

Fajsz FAGA 46.42 18.92 alluvial soil Fluvial 
sediments 

diamicton Holocene clastic 
sediments 

Felsőörs-Bárókert FEB 47.02 17.96 brown forest 
soil 

Weathered 
limestone 

limestone Triassic limestone 

Harta-Gátőrház HARG 46.70 19.03 Chernozem Fluvial 
sediments 

diamicton Holocene clastic 
sediments 

Keszthely-Fenékpuszta 
Pusztaszentegyházi dűlő 

KEFP 46.71 17.24 meadow soil fluv./limn. 
sediments 

org. rich 
sediment 

Holocene clastic 
sediments 

Kóny 85 Enese KON 47.64 17.36 meadow soil Fluvial 
sediments 

diamicton Holocene clastic 
sediments 

Lánycsók Gata Csatola LGCS 46.01 18.62 meadow soil Loess silt Pleistocene mudstone 
Lanycsók Csata alja 46.00 18.58 Chernozem diamicton Holocene 

(continued on next page) 
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2.3. Environmental data sources and analyses 

The composition of the bioavailable strontium depends on the 
environmental settings and it can vary strongly on the local scale 
(Bentley, 2006; Montgomery, 2010; Price et al., 2012; Snoeck et al., 
2020). A qualitative multicriteria landscape analysis was conducted to 
identify those sites that represent comparable environmental settings 
within their catchment area. Similar settings would lead to comparable 
bioavailable strontium isotope compositions. The analyses and envi-
ronmental modelling were carried out using QGIS (QGIS Geographic 
Information System. QGIS Association, http://www.qgis.org), R soft-
ware (R: A language and environment for statistical computing. R 
Foundation for Statistical Computing, Vienna, Austria, https://www. 
R-project.org/), and remote sensing software (SNAP 6.0; multispec 
2018.05.21). Elevation data were downloaded from the USGS (ASTER 
GDEM is a product of METI and NASA) and hyperspectral satellite im-
agery was obtained from the ESA Copernicus open access hub and 
spectrally modified using the red and near infrared channels (Tucker, 
1979). Geological datasets were processed from the European Geolog-
ical Data Infrastructure (EGDI). Digital soil data were provided by László 
Pásztor from the Hungarian Institute for Soil Science and Agricultural 
Chemistry at the Hungarian Academy of Sciences, Budapest, Hungary 
(Bozán et al., 2018; Laborczi et al., 2016; Laborczi et al., 2019; Pásztor 
et al., 2018; Pásztor et al., 2015a; Pásztor et al., 2015b) and the Corine 
Landcover (CLC) datasets were used to estimate potential flooding areas. 
From the datasets, the landscape permeability was calculated using the 
digital terrain model and the hydrologic data attributes (Howey, 2011; 
Kempf, 2019, 2020a; Laabs and Knitter, 2021; Nakoinz and Knitter, 
2016). Based on an accumulative friction surface, the accessibility of 
each site catchment was estimated within a radius of up to 5 km, which 
can be considered a representative and cost-effective settlement catch-
ment average for Neolithic sites in the Carpathian Basin (Kempf, in 
preparation, 2020d). Slope gradient, potential flooding vulnerability, 
and potential agricultural suitability based on soil properties were 
evaluated to compose probability maps for each site catchment and to 
predict potential land-use, crop cultivation, and extent of pastures for 
livestock breeding. To test the hypothesis that the geographical prox-
imity of sites is not a sufficient argument for combining samples from 
various sites for baseline determinations, we compared the 87Sr/86Sr 
values of different areas from the macro-regional (Transdanubia vs. 
Alföld) to the site-specific scale. The second hypothesis is that the 
geological background is not a sufficient argument to combine samples 
from different sites for the determination of the baseline (see also Snoeck 
et al., 2020). To evaluate that, we compared the 87Sr/86Sr values of each 
sample originating from the same geological unit. The consideration of a 
broad variety of environmental parameters (Kempf, in preparation, 
2020d; Laborczi et al., 2016; Pásztor et al., 2018) in the analysis allowed 
to distinguish sites with different environmental compositions and to 

combine similar catchments for the determination of shared strontium 
isotope baselines. 

2.4. Strontium isotope baseline determination 

First, a site-specific baseline range was calculated from the mean 
value of the baseline samples 87Sr/86Sr ratios ±2 standard deviations 
deriving from sites with a large number and variety of baseline samples 
and/or from sites with comparable environmental settings (Table 2, see 
also Fig. S1-S32). Even though we assumed that the faunal and shell 
samples were originating from the local catchment area around the sites, 
either short- and/or long-distance animal trade can still be expected 
during the Neolithic (García-Suárez et al., 2020; Munro and Stiner, 
2020; Scheu, 2018). Consequently, the possibility that extreme values in 
animal dental enamel 87Sr/86Sr-ratios can be related to animal trade 
cannot be excluded with absolute certainty. In contrast, the Spondylus 
sample from Mórágy – Tűzkődomb (MORTM) was excluded from the 
baseline determination because it was identified as an import good from 
the archaeological context. To avoid the inclusion of biased samples in 
this calculation, single samples exhibiting an isotope ratio, which was 
considerably above or below the limits of the site-specific baseline range 
were excluded. 

No site-specific strontium isotope baseline was suggested for sites, 
which neither provided enough baseline data nor could be combined 
with other sites based on similar environmental conditions. The large 
number of sites considered in this study and their spatial distribution 
allowed to determine an additional micro-regional baseline range. This 
micro-regional baseline range was calculated from the mean value of 
every baseline sample’s strontium isotope ratio ±2 standard deviations 
in a given geographical area (Table 2). The site combination suggested 
in this paper for the micro-regional scale is based on site vicinity. The 
size of the micro-region or the number of sites included in it does not 
correspond to site density analyses or a particular metric system. This 
represents a more flexible concept that can be adapted to various 
research areas, sample sizes, and research questions in future projects. 
The establishment of micro-regional baselines is rather an attempt to 
add a further spatial dimension to the determination of strontium 
isotope baselines and the scales of mobility patterns in prehistory. Ac-
cording to this approach, we suggest distinguishing an isotopic signal 
related to local agricultural practices (site-specific baseline range) from 
the isotopic range of a larger surrounding area (micro-regional baseline 
range). Previous results allowed to identify individual mobility patterns 
on different spatial scales (Depaermentier et al., 2020a; Depaermentier 
et al., 2020b). Eventually, the isotopic baseline ranges were plotted with 
their geographical position in order to produce the first strontium iso-
map of Hungary. The baseline ranges were not interpolated so as to 
avoid creating hypothetical isotope values at places that did not provide 
baseline samples. 

Table 1 (continued ) 

Region Site name Abbr. Lat Lon Soil units Superficial 
geology 

Main 
geological unit 

Age of the 
geological unit 

Bedrock 

M6- 
116 

Fluvial 
sediments 

clastic 
sediments 

Mórágy Tűzkődomb B1 MORT 46.21 18.65 brown forest 
soil 

Loess silt Pleistocene mudstone 

Nemesvámos-Kapsa NEK 47.05 17.88 brown forest 
soil 

Loess silt Pleistocene mudstone 

Szederkèny-Kukorica-dülö, 95. 
lh. 

SEKU 46.58 20.71 meadow soil Loess silt Pleistocene mudstone 

Szemely-Hegyes M60/83. lh. SZEH 47.45 18.32 brown forest 
soil 

Loess silt Pleistocene mudstone 

Tolna-Mözs TO 003 TOLM 46.41 18.74 Chernozem Loess silt Pleistocene mudstone 
Versend-Gilencsa VEGI 46.00 18.51 Chernozem mudstone silt Tortonian clastic 

sediments 
Veszprém-Jutasi-Munkacsy út VEJ 47.01 17.91 brown forest 

soil 
Loess silt Pleistocene mudstone  
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Table 2 
Number of samples per sites and site-specific and micro-regional strontium isotope baseline ranges.  

Region Site Abbr. Number of samples per site/comparison data Site-specific scale Micro-regional scale 

Human 
bones 

Animal dental 
enamel 

Shells Comparison 
data 

87Sr/86Sr 
mean 

SD Site-specific baseline 
range 

87Sr/86Sr 
mean 

SD Micro-regional baseline 
range 

Transdanubia Kóny 85 Enese KON 1 3 4 no 0.7099 0.0001 0.70970–0.71004 _ _ _ 
Lanycsók Csata alja CSAT 18 0 0 no 0.7090 0.0001 0.70875–0.70928 _ _ _ 
Bicske Galagonyás BICS 3 0 0 no _ _ _ 
Budakeszi 8. lh. Szőlőskert- 
Tangazdaság 

BUD 7 6 0 yes 0.7091 0.0002 0.70861–0.70957 0.7092 0.0003 0.70844–0.70989 

Veszprém-Jutasi-Munkacsy út VEJ 4 3 0 no 0.7095 0.0004 0.70882–0.70988 0.7096 0.0005 0.70871–0.71051 
Nemesvámos-Kapsa NEK 1 0 0 no 
Felsőörs-Bárókert FEB 3 3 0 yes 0.7098 0.0005 0.70887–0.71067 
Balatonszemes Bagódomb BAB 3 3 0 yes 0.7093 0.0002 0.70878–0.70984 _ _ 0.70878–0.71000 
Keszthely-Fenékpuszta 
Pusztaszentegyházi dűlő 

KEFP 4 0 0 yes 0.7095 0.0001 0.70918–0.70975 _ _ 0.70874–0.70975 

Harta-Gátőrház HARG 3 3 0 yes 0.7091 0.0001 0.70875–0.70962 0.7092 0.0002 0.70884–0.70961 
Fajsz FAGA 2 0 0 yes 
Bölcske Gyürüsvölgy M3-TO 14. 
lh. 

BÖVÖ 3 3 2 no 0.7093 0.0002 0.70890–0.70968 

Tolna-Mözs TO 026 TOLM 2 2 0 no 0.7092 0.0001 (0.70910–0.70937) 
Alsónyék elkerülö 2. lh. ALE 0 4 1 no 0.7093 0.0003 (0.70877–0.70987) 0.7097 0.0003 0.70901–0.71034 
Bátaszék, Lajvérpuszta BAL 7 2 0 no 0.7098 0.0003 0.70927–0.71032 
Bátaszék-Mérnöki telep BAM 0 4 2 no 
Mórágy Tűzkődomb B1 MORT 8 4 1 no 0.7097 0.0003 0.70887–0.71036 
Lánycsók Gata Csatola LCGS 0 3 0 no (0.7097) (0.0001) _ 0.7097 0.0001 0.70939–0.70994 
Lanycsók Csata alja M6- 

116 
4 2 0 no 0.7099 0.0001 0.70955–0.71015 

Versend-Gilencsa VEGI 7 4 0 no 0.7097 0.0001 0.70945–0.70995 
Szederkèny-Kukorica-dülö 95. lh. SEKU 6 0 0 no 0.7095 0.0000 (0.70948–0.70959) 
Borjád Kenderföldek BORK 1 0 0 no 
Szemely-Hegyes M60/83. lh. SZEH 5 3 2 no 0.7097 0.0001 0.70971–0.70998 

Alföld Sajoszentpeter-vasúti örhaz SAVÖ 0 0 0 no _ _ _ _ _ _ 
Garadna- Elkerülö 2.lh GAEL 4 3 1 no 0.7110 0.0002 0.71048–0.71161 _ _ _ 
Visonta VISO 1 0 0 no _ _ _ _ _ _ 
Kompolt-Kígyós-ér KOKI 2 2 0 yes 0.7109 0.0001 0.71067–0.71117 _ _ 0.70920–0.71117 
Mezökeresztes-Cethalom MECE 4 4 2 yes 0.7010 0.0001 0.70983–0.71015 _ _ 0.70920–0.71027 
Hajdunanas-Eszlari ut, M3-46 HAJE 6 4 1 no 0.7098 0.0002 0.70949–0.71015 0.7099 0.0003 0.70929–0.71056 
Tiszalök Hajnalos TIHA 1 0 0 no _ _ _ 
Hejökürt-Lidl logisztikai központ HELI 5 5 3 no 0.7104 0.0001 0.71006–0.71077 
Polgár-Piócási-Dűlő POPI 4 0 0 yes 0.7098 0.0001 0.70969–0.70994 
Tiszadob-Okenéz TISO 5 3 0 no 0.7095 0.0001 0.7094–0.70962 
Mezőzombor – Községi temető MEKÖ 4 3 3 no 0.7101 0.0001 0.70988–0.71032 
Tiszabura Bonishat TIBO 2 0 1 yes _ _ _ 0.7096 0.0001 0.70937–0.71000 
Tiszaszőlős - Domaháza-puszta, 
Réti-dűlő 

TIDO 0 2 0 yes 0.7096 0.0001 0.70939–0.70983 

Pusztataksony Ledence PULE 9 6 2 yes 
Abony 60. lh. ABO 8 4 0 no 0.7092 0.0001 0.70904–0.70938 0.7093 0.0002 0.70894–0.70960 
Tiszaföldvár Téglagyár TITE 3 0 0 no (0.7095) (0.0001) (0.70940–0.70960) 
Cegléd CEG 6 2 2 no 0.7094 0.0001 0.70931–0.70958 0.7096 0.0003 0.7090–0.71025 
Cegléd Ipari park CGIP 4 0 0 no (0.7101) (0.0001) (0.70997–0.71022) 
Debrecen Tócópart Erdöalja TOPE 2 4 0 yes 0.7099 0.0001 0.70984–0.71004 _ _ 0.709–0.711 (Gerling, 

2015) Ebes-Zsong-völgy EBVÖ 3 0 2 yes 0.7010 0.0003 0.70984–0.71042 _ _ 
Berettyóújfalu-Nagy-Bócs dűlő BENA 1 2 0 yes (0.7102) (0.0002) (0.70961–0.71082) _ _ 
Szegvár Tűzköves SZEG 1 0 0 no _ _ _ 0.7095 0.0002 0.70928–0.70976 
Hódmezővásárhely Kotacpart HOKO 2 3 0 no _ _ _ 
Hódmezővásárhely-Gorzsa V. lh 
Homokbànya 

HOGO 1 0 0 no _ _ _ 

HMV Kökénydomb KÖKE 2 0 0 no _ _ _ 
Deszk Ordos DEOR 0 3 0 no _ _ _  
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3. Results 

3.1. Strontium isotope analyses 

The 87Sr/86Sr ratios of the diverse baseline samples varied from 
0.70866 to 0.71147 with a mean value of 0.70967 (SD = 0.0005) 
throughout Hungary (see Fig. 2 and Data S1). The measurements of the 
international standard for 87Sr/86Sr (NBS 987) gave a mean value of 
0.71020 ± 0.00004 (1 SD, n = 23), which fits well with the expected 
value of 0.71034 ± 0.00026 (with a confidence interval of 95%) (Na-
tional Institute of Standards & Technology, 2007). The Eimer & Amend 
(E & A) standard yielded 87Sr/86Sr ratios of 0.70800 ± 0.00006 (1 SD; n 
= 251), which also fits the expected value of 0.708027 ± 0.000035 (1 
SD) (Müller-Sohnius, 2007). The variability of the strontium isotope 
composition mirrors the geographical heterogeneity of the Carpathian 
Basin, and the data follow roughly a normal distribution (R2 = 0.9635), 
although some extreme values were identified (Fig. 3). A first trend can 
be observed on the large-scale as demonstrated by the generally lower 
87Sr/86Sr ratios of Transdanubia compared to the Alföld (Fig. 4). A 
two-sample Kolmogorov-Smirnov test showed that the values were not 
drawn from the same distribution (p-value = 1.234e-07). On the 
regional scale, the data can be divided into smaller units, which show 
intra-regional comparable geographical settings as well as inter-regional 
disparities in 87Sr/86Sr data (Fig. 4). An ANOVA test for variance and a 
TukeyHSD (Tukey, 1977) test for micro-regional site variability have 
been performed (R Core Team and contributors worldwide, 2021). The 
ANOVA gives a F-value of 45.54 and a p-value of nearly 0 (<2e-16 ***), 
which rejects the null hypothesis of no difference between the group 
means of the sample regions. Although we can reject the null hypothesis, 
we cannot determine which groups are different (Haynes, 2013). To 
avoid the multiple comparison problem of single t-test combinations, we 
applied Tukey’s honest significant differences, which takes multiple 
comparisons into account and determines 0.05 as significant difference. 
The plot (see Fig. S33) visualizes the confidence levels with the hori-
zontal line crossing the vertical dashed line indicating no significant 
difference (see also Data_S3) (Carlson, 2017). From the plots, we can see 
large heterogeneity of all sites with most sites showing micro-regional 
variability. A third trend demonstrates that small-scale environmental 
heterogeneity can lead to further disparities on the site-specific scale 
(Figs. 2 and 6; Fig. S1-S32). Similar environmental settings led to similar 

isotope ranges and different environmental settings were occasionally 
characterized by distinct isotopic composition. This applied most of the 
Alföld sites (see Fig. S19-S20 and S25-S32) and a few sites in Trans-
danubia (see Fig. S6-S10) In two cases (MORT compared to 
ALE-BAL-BAM, and VISO compared to KOKI), however, considerably 
different settings led to similar strontium isotope values. 

Most of the sites are situated either on fluvial deposits (diamicton) or 
silt (loess). The soil compositions are mostly characterized by alluvial 
and meadow soils or Chernozem soils (Table 1) (Kempf, 2020d). Due to 
their scattered origin, the long-distance transport, and the heteroge-
neous composition of the fluvial sediments and the loess deposits, the 
sites provided highly variable strontium isotope values (Fig. S34). 

Fig. 2. 87Sr/86Sr ratios of each baseline sample per site and by type. Yellow dots = human bones; green triangles = faunal dental enamel; blue squares = shell 
samples; red crosses = undefined samples. The sites are arranged in a continuous geographical order: Transdanubia (north to south), Alföld (south to north). (For 
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 3. The data follow a normal distribution (R2 = 0.9635). A few extreme 
values can be identified. 
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Despite the significant difference in mean values (Welch two sample 
t-test: p-value = 3.982e-06) and the narrower bandwidth of strontium 
isotope values from silt compared to the fluvial sediments (Two-sample 
Kolmogorov-Smirnov test: p-value = 0.008369), which could be due to 
the generally lower sample number, Fig. 5 and Fig. S34 illustrate the 
overlap of strontium isotope values from silt and diamicton. The other 
geological units did not provide enough samples for a representative 
comparison and statistical analysis. However, there is a tendency for 
limestone and organic rich sediment to show similar 87Sr/86Sr ratios 
compared to the ratios of diamicton and silt. The four samples from 
volcanic tuff breccia show generally higher values. Concluding from 
this, the various geological units do not demonstrate specific 

bioavailable strontium isotope composition. This further highlights the 
importance of multiproxy environmental models to determine local 
strontium isotope baseline ranges. 

The isotope composition of different sample types occasionally 
demonstrated distinct ranges (Fig. S35 and S36). At ABO, ALE-BAL- 
BAM, GAEL, MORT, KON, and TOLM, the human bones and faunal 
dental enamel 87Sr/86Sr ratios were largely distinct and there was only 
slight overlap at BAB, HAJE, TISO, and TOPE. At the other sites, the 
strontium isotope values of human bones largely overlapped with those 
of the faunal dental enamel. However, at BÖVÖ, FEB, NEK-VEJ, HELI, 
and MECE, the human bones showed a narrower range and at BUD, M6- 
116, KOKI, MEKÖ, and DEOR-KÖKE-HOGO-HOKO-SZEG, they showed a 

Fig. 4. Boxplots of regional (Trans-
danubia (TDB), Alföld (ALF)) and 
micro-regional (a–l) 87Sr/86Sr ratios: 
Strontium isotope ratios in Trans-
danubia are generally lower than in the 
Alföld; a: Northern Transdanubia 
(KON); b: Budapest-region. c: Bakony 
Mountains; d: South of the Lake Bala-
ton; e: Fajsz-Harta region; f: Alsónyék- 
Bátaszék region; g: Southern Trans-
danubia; h: Northern Alföld (moun-
tains); i: Northern Tisza-region; j: 
Cegléd-Abony region; k: Sárrét region; l: 
Southern Alföld. Boxplots created using 
the ggplot2 package (Wickham, 2016) 
and R-software.   

Fig. 5. 87Sr/86Sr ratios of the various baseline sample types collected from distinct geological units. Diamicton and silt are the most frequent geological units within 
the site catchment areas, and they provided similar strontium isotope values. 
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larger range compared to the faunal dental enamel. This could illustrate 
that human bones and faunal samples generally provide complementary 
isotope data, although it is important to consider the species habitat 
variability represented by the faunal samples. In this study, however, the 
number of samples from different animal species by site was too low to 
consider the species separately. More than half of the shells included in 
this research showed considerably different values compared to the 
other samples and had to be considered as outliers. Only the shells from 
ALE-BAL-BAM, BÖVÖ, CEG, PULE-TIDO, and TIBO had a similar 
strontium isotope composition than the other baseline samples. The 
results of the Pearson correlation analysis showed no correlation be-
tween the large number of outlier shells and the preparing methods. The 
same applies to the Sr ppm value, the soil units, and the respective 
geological units (see Data_S4). 

It was possible to determine a site-specific and a micro-regional 
strontium isotope baseline range for most of the sites (see Fig. S1- 
S31). At ten sites it was not possible to determine a representative site- 
specific baseline range, because they did not provide enough baseline 
samples and could not be combined with other sites based on the mul-
ticriteria environmental analyses. In nine of these cases, only a micro- 
regional isotopic range was suggested. For Visonta (VISO), no reliable 
site-specific or a micro-regional baseline was determined, which is due 
to the distance to the next comparison sites (Table 2). The baseline 
ranges were mapped with the 87Sr/86Sr value of the upper and lower 
limits of the site-specific (if necessary, the micro-regional) strontium 
isotope baseline range to produce a comparable strontium isomap for 
Hungary. Due to the heterogeneous environmental composition of 
Hungary, a differentiation into seven subregions increases the 

Fig. 6. a. Hungarian strontium isomap. The strontium isotope baseline ranges of 49 Neolithic sites (see Table 1 for the abbreviations) and additional isotopic 
comparison data (see Data S2 for the abbreviations) were mapped with the values of the upper and lower limits of the site-specific baseline range (see Data S1 for 
individual sample data and Table 2 for individual baseline ranges). Due to a locally high site density and graphic overlaps, the regions are split in Fig. 6b and c. A high 
resolution of this isomap is provided in the supplement (Fig. S37). b. Strontium isotope baseline ranges for the regions Danubian Basin/Northern Plain, DTI, 
Transdanubia, and the Danube floodplain. The Northern Plain and the DTI show a low number of sites (KON, CGIP and CEG) and isotope comparison sites (1, 3) (see 
Table 1 and Data S2 for the list of the abbreviations). A high resolution of this isomap is provided in the supplement (Fig. S38). c. Strontium isotope baseline ranges 
for the regions Transdanubian/Northern Range, the river Tisza floodplain and the Nyirség. The river Tisza floodplain shows strontium baseline range values that alter 
from the north to the south according to the change in the sedimentation regime of the river Tisza and the tributaries. The region Nyirség only features four sites that 
are similar to the floodplain baseline ranges due to the comparable geological signal of the alluvial sediments (see Table 1 and Data S2 for the list of the abbre-
viations). A high resolution of this isomap is provided in the supplement (Fig. S39). 
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visualization of the regional isotope baseline ranges (Fig. 6a). Detailed 
macro-regional classifications resulting from environmental and isotope 
analyses are presented in Fig. 6b and c. 

4. Discussion 

4.1. Strontium baseline sample variability 

In this study, Neolithic human bones, faunal dental enamel, and 
shells were sampled for strontium isotope analyses from various exca-
vation sites. The number and variety of the samples depended on the 
preservation and availability of potential baseline samples at the site, 
which led to frequently small and/or inconsistent samples per site (see 
Data S1). Because of the porosity of the tissues, bone strontium isotope 
composition can change rapidly after deposition due to physical 
weathering processes (Nelson et al., 1986; Trueman, 2004; Trueman 
et al., 2004; Trueman and Tuross, 2002). Therefore, human bones are 

often used as a proxy for the strontium isotope value of the local soil 
(Brettell et al., 2012; Knipper, 2004; Price et al., 2002; Trickett et al., 
2003). Based on the continuous remodelling and turnover of bone tis-
sues, a different approach suggests that particularly well preserved or 
cleaned bones are not contaminated and hence can represent an average 
strontium isotope value of the individual’s diet during the last few years 
of life (Knudson et al., 2012; Price et al., 2002; Price et al., 2000; 
Schweissing and Grupe, 2003). In this context, the ribs would represent 
approximately the last five years of life, while the thicker bones such as 
the femora or the pelvis would represent an average value of the last 
decades before death due to different turnover rates (Price et al., 2000). 
The strontium isotope composition of the teeth characterises the child-
hood and the composition of the bone is considered to represent the diet 
and consequently the mobility of the last years before death (Knudson 
et al., 2012; Price et al., 2002; Price et al., 2000; Schweissing and Grupe, 
2003). Frequently, however, the proportion of local bones is surprisingly 
high, giving the impression that circulating soil water actually has a 

Fig. 6. (continued). 
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considerable impact on the strontium composition of the deposited 
material. A difference between the bone and the bedrock or the soil 
strontium isotope value is thus both considered as an evidence for no 
contamination of the bone and for a late mobility of the individual 
(Grupe et al., 1997; Knudson et al., 2012; Kulp and Turekian, 1956). In 
this study, we assumed that the Neolithic bones were altered enough to 
have taken up the strontium isotope values of the surrounding soil and 
water, but further analyses would be required to confirm that their 
strontium isotope composition completely equilibrated. 

Moreover, the isotope composition of different sample types occa-
sionally demonstrated distinct ranges (Fig. S35-S36). The fact that the 
human bones from BÖVÖ, FEB, NEK-VEJ, HELI, and MECE showed 
narrower ranges than the faunal dental enamel, could demonstrate that 
– depending on the heterogeneity and the extent of the potential crop-
land in the catchment around a settlement – the very local soil signal of 

the burial pit cannot be considered representative for the entire human 
activity range (Kempf, 2020d). However, this cannot be assumed 
consistently for the entire study area, because human bones from BUD, 
DEOR-KÖKE-HOGO-HOKO-SZEG, KOKI, MEKÖ, and M6-116 showed a 
larger range than the faunal dental enamel. This rather mirrors 
micro-scale variations in soil composition (Brettell et al., 2012; Knipper, 
2004; Price et al., 2002). Sus domesticus and Ovis/Capra were preferably 
sampled since there is no evidence for extensive pastoralism or 
nomadism for these sites. Recent studies conducted at other Neolithic 
sites showed that cattle was usually kept farther away from the settle-
ment (García-Suárez et al., 2020; Stiner et al., 2014; Vaiglova et al., 
2018). This hypothesis was not supported by our data, because the 
87Sr/86Sr values from Bos taurus dental enamel at BUD and KOKI did not 
differ from the other samples. Due to the small number of species 
samples at the different sites, it was not possible to define more precise 

Fig. 6. (continued). 
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husbandry practices from the dataset. The usual overlap of the strontium 
isotope ranges of human bones and faunal dental enamel (Fig. S35-S36) 
generally showed complementary results within Neolithic 
site-catchment areas. 

In most cases, the shells sampled for this study exhibited distinct 
87Sr/86Sr ratios compared to the other samples from the same sites 
(Fig. S35-S36). That could be explained by diagenetic processes, 
particularly for the two Gastropoda (Evans et al., 2010; Oelze et al., 
2012). The strontium isotope composition of the bivalve shell’s hydro-
logic environment presents a mixed value of various geological units, 
which is not representative for the site-specific strontium isotope 
composition (Maurer et al., 2012). The outlier data were therefore 
excluded from the calculation of the baseline according to the 
above-mentioned method. Considering the high proportion of shell 
outliers in this study, which was not related to cleaning methods, Sr ppm 
values, or specific environmental conditions, we would not recommend 
sampling bivalve shells for baseline determination in future projects. 
Noteworthy exceptions are the TIDO-TIBO-PULE and ALE-BAM-BAL site 
clusters, whose catchment areas are closely linked to the Tisza and the 
Danube floodplains. Recent results have shown that the aquifers of the 
river Tisza and the river Danube have an average 87Sr/86Sr ratio of 
0.7096 (Palmer and Edmond, 1989; Price et al., 2004). The bivalve shell 
values of PULEM1, PULEM2, and TIBOM differed less than 0.0001 from 
that ratio and consequently fitted into the site-specific baseline range 
(0.70939–0.70983). Despite a slightly larger variation at ALE-BAL-BAM, 
the values of BAMM1, BAMM2, and ALEM differed from 0.0001 to 
almost 0.0004 from the river value and fitted into the site-specific 
baseline range (0.70927–0.71032). 

4.2. From samples to scale-based baselines 

The combination of baseline data from different sites was another 
way to improve the sample. However, the large variability of 87Sr/86Sr 
values within a specific geological unit (Fig. S34), and the overlap of 
these 87Sr/86Sr ratios between the distinct geological units (Fig. 5), 
support the hypothesis that the geological background is not a sufficient 
argument for combining baseline samples from different sites. The 
geographical proximity of the sites also can further not be considered as 
an argument, because different environmental settings within adjacent 
catchment areas can lead to distinct site-specific strontium isotope 
baseline ranges (see Fig. S6-S10, S19-S20, and S25-S32). Combining 
baseline samples without accounting for small-scale geographical het-
erogeneity can bias the determination of the site-specific baseline and 
result in a micro-regional baseline (see 4.2). Broad and homogeneous 
regions like the Southern Alföld can however be characterized by a very 
narrow strontium isotope baseline range despite a large geographical 
scale – though the sample size could be too small to be considered 
representative for the whole study area (Fig. S21-S22). The distance 
between the individual sites is consequently not a decisive criterion in 
the baseline composition. A clear ‘cut-off’ value between site-specific, 
(micro-)regional, and non-local remains difficult to establish, partly 
because of the fluid transitions and overlaps in geological and other 
environmental settings (Price et al., 2002; Vohberger, 2011). This study 
demonstrates the important role of multicriteria environmental analyses 
and the consideration of site-catchment areas in strontium isotope 
baseline determination. 

Strontium isotope analyses often focus on a single site or a cluster of a 
few sites within a specific region. The determination of the baseline is 
consequently targeted to only interpret the data from the site or the site 
cluster (Gerling et al., 2012; Giblin et al., 2013; Knipper et al., 2018; 
Naumann et al., 2014). To determine a so-called ‘local’ baseline, two 
main approaches have been suggested. The first method consists of 
exclusively collecting samples from the site (Guede et al., 2018). The 
second integrates additional samples from the surroundings to the 
samples collected at the site (Alt et al., 2014; Hemer et al., 2014; Knipper 
et al., 2014, 2018; McManus et al., 2013; Wong et al., 2018). In this 

study, the first approach was applied because of restricted data avail-
ability. Published comparison data from the surroundings were only 
available for a few sites. The second approach, however, raises the 
question of the geographical location and the distance of the collected 
data compared to the site. A large variety of scale-based approaches to 
the extent of human activity ranges have been proposed in the context of 
isotope baseline determination. ‘Local’ ranges of 2 km (Knipper et al., 
2012), 3 km (Kempf, 2020d), 12 km (Alt et al., 2014), 50 km (Brönni-
mann et al., 2018), 80 km (McManus et al., 2013), and even up to 180 
km (Wong et al., 2018) proofed a high flexibility in the terminological 
discussions about scaled approaches in archaeology. In this study, the 
determination of local strontium isotope baseline was not only tied to 
distance-related buffers but rather to site-catchments with potential 
agricultural fields, pastures, and areas of constant human-environment 
interaction. 

Confronting scales in archaeology is problematic – not only in terms 
of demographic estimations but also concerning site-catchment analysis 
or the determination of a local, site-specific, micro-regional, and macro- 
regional isotope baseline (Laabs and Knitter, 2021; Lock and Molyneaux, 
2007; Müller and Diachenko, 2019; Roper, 1979; Volkmann, 2018). 
Even though the supra-regional understanding of ecological feedbacks 
and interconnections is inevitable for the interpretation of large-scale 
natural environmental networks (Brandolini and Carrer, 2020; Carrer-
o-Pazos, 2019; Costanzo et al., 2021; Knitter et al., 2018; Laabs and 
Knitter, 2021), this study shows that an additional small-scale site-lo-
cation analysis fosters the knowledge of the complex relationships be-
tween geological layers, pedological coverage, surface-cover 
development, and the hydrological system, which control the local 
human behavior and eventually the bioavailable isotopic composition of 
the local community’s foodstuffs (Crowley et al., 2017; Kempf, in 
preparation, 2020d). On the other hand, applied to specific chronolog-
ical or social entities, a cultural component should be considered in the 
analysis, since political, economic, and technological issues play an 
important role in the extent of the sphere of interaction and the process 
of food acquisition. Hence, the determination of a local strontium 
isotope baseline is a complex component in the evaluation of past mobile 
social systems that can be considered a constant adaptation to the 
environmental and cultural components coupled in the group’s inter-
action sphere (Kempf, 2020b, 2020c; Knitter et al., 2018; Kolář et al., 
2016; Kolář, 2020; Llobera, 1996, 2012). The processes behind the 
models, however, vary over space and time and the observations sup-
porting the analyses are conditional to large-scale environmental and 
socio-cultural developments. Stationary data values have the potential 
to hide the dynamic processes behind the generation of the samples and 
thus to lead to a spatially local interpretation instead of a rather 
increased and supraregional human mobility. 

Strontium isotope analyses in archaeological projects are usually led 
to investigate human or faunal mobility (Alt et al., 2014; Gerling et al., 
2017; Hoekman-Sites and Giblin, 2012; Knipper et al., 2012, 2014, 
2018). Defining baselines related to different scales nonetheless allows 
broadening the spectrum of possible interpretations, because 
site-outliers are not systematically a proof for long-distance migrations 
but may also originate from a nearby site. However, the identification of 
various patterns is inherently linked to the determination of the local 
baseline. There were already some attempts to estimate regional base-
line ranges (Blank et al., 2018; Pacheco-Forés et al., 2020; Sjögren et al., 
2016; Whelton et al., 2018), but defining various baseline ranges for 
investigating mobility patterns at one site is still a challenge (Knipper 
et al., 2014, 2018, 2020). In this study, the distinction between 
site-specific and micro-regional baseline ranges was enabled by the large 
number of studied sites, their geographical distribution, and the inte-
gration of small-scale multicriteria environmental analyses. 

Applied to the study of past mobilities, this enables to identify 
mobility patterns within the surrounding area of the sites. This issue has 
been addressed by Claudia Gerling (Gerling, 2015), who suggested a 
regional strontium isotope baseline range for the Sárrét region 
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(0.709–0.711). The lack of data and the large extent of the research area 
did not enable the determination of each site’s local baseline range 
(Gerling, 2015). However, compared to this regional range, each site 
from this area in our study shows a narrower site-specific baseline range 
(see Debrecen Tócópart Erdöalja (TOPE) and Ebes-Zsong-völgy (EBVÖ) 
in Fig. S31-S32). Without the distinction between site-specific and 
(micro-)regional baseline, site-outliers would be underestimated when 
interpreting human dental enamel 87Sr/86Sr ratios. 

4.3. Strontium isomap of Hungary 

Hungary does not show homogeneous isotopic baseline ranges 
(Fig. 6a). The different environmental settings and the mixed sample 
characteristics have significant impact on the site-specific and the micro- 
regional isotopic composition (Fig. S1-S32). The broad floodplains of the 
river Danube and particularly the southern part of the river Tisza show 
similar baseline ranges covering a large part of the Hungarian Plain. 
However, an interpolation of the data spectra is not possible because the 
Danube-Tisza interfluve (DTI) separates the two floodplains by an 
elevated sandy plateau that consists of abandoned paleochannels and 
intra-riverbed islands of the early Holocene anastomosing river systems. 
The geological, pedological, and hydrological conditions, the surface 
water permeability, and eventually the potential vegetation coverage 
differ significantly from the faunal and floral composition of the adja-
cent floodplains. Even though the rather plain landscape of the central 
and southern part of Hungary appears to be comparable in terms of 
similar isotopic data, the DTI shows not only less favorable land-use and 
settlement conditions but also no reliable data density to integrate the 
specific region into the hydrogeographical system of the rivers Danube 
and Tisza. 

The DTI reveals only two sample sites (Cegléd: CGIP and CEG), 
which show different local isotopic baseline ranges within one shared 
micro-region (Fig. 6b, Table 2). The location at the eastern margins of 
the DTI is particularly visible in the baseline range of Cegléd (CEG) that 
rather fits to the river Tisza floodplain baseline range. The marginal 
location parameters illustrate the blurred transition from one region to 
another. None of the regional classifications shows sharp transitions but 
rather continuous transformation with mosaic geological and pedolog-
ical units. Particularly, the fluvial surface characteristics of the small 
river systems draining the DTI produced an interchanging mixed sedi-
ment composition, which depends on flooding events, land-use, and the 
subsequent increase of erosion and sediment transport during extreme 
precipitation events. The stratified sedimentation regime forms a 
gradual change in soil texture from the north to the south. The sedi-
mentological fractionation further influences the isotopic composition 
of the bioavailable strontium. The baseline ranges of the river Tisza 
floodplain (Fig. 6c) illustrate the gradient of the isotopic values 
depending on the sedimentological budget of the river Tisza and the 
tributaries draining the eastern Carpathian Mountain range, the Nyírség, 
and the Great Hungarian Range to the north. The baseline ranges of the 
western margins of the region Nyírség are comparable to the local 
baseline ranges of the eastern river Tisza floodplain region, which em-
phasizes the feedbacks of the strontium ratio values and the composition 
of the sediment load. 

The same pattern can be detected in the southern floodplain of the 
river Danube and the eastern margins of the Transdanubian region 
(Fig. 6b). The sediment input of the west-east draining tributaries to the 
river Danube produced a mixed geological signal in the valleys and the 
foothill area of the western bank of the floodplain. The Alsónyék – 
Bátaszék and Mórágy – Tűzkődomb site cluster (BAM, BAL, ALE, and 
MORT) shows a mixed isotopic baseline range and a micro-regional 
range that is composed of the floodplain signal produced by fine- 
grained sediment layers, the aquifer of the river Danube, and the local 
geological signal of the Transdanubian Range (Fig. S13-S14) (Depaer-
mentier et al., 2020b). The site cluster from the eastern Baranya County 
(BORK, M6-116, LGCS, VEGI, SEKU and SZEH) is situated to the south of 

the Alsónyék – Bátaszék – Mórágy cluster. The geological signals are 
very heterogeneous with loess coverage interchanging with mudstones 
and fluvial sediments (Fig. S15). The local and micro-regional baseline 
ranges, however, show a very narrow extent and a close relationship to 
the river Danube floodplain baselines (Fig. S16). This might be due to 
relocated silty material at the margins of the floodplain of the river 
Danube that has been deposited during Holocene flooding events and 
surface transformation. Due to the small-scale variability in environ-
mental settings and strontium isotope composition, we consider the 
interpolation of site-specific baseline ranges on the isomap as 
inappropriate. 

5. Conclusions 

There is ongoing debate in archaeological research on the reliability 
isotope analyses and to which extent a strontium isotopic value can 
explain patterned behavior of individuals and groups in a specific 
landscape. One of the major limitations of the attempt to reconstruct 
potential palaeoenvironments and mobility and human-landscape 
interaction is the often limited number of statistically significant sam-
ples in supraregional and large-scale research areas and the unbalanced 
selection of sample material (Guede et al., 2018; McManus et al., 2013; 
Naumann et al., 2014). Archaeology is by itself limited to an impossible 
reconstruction of human behavior in specific parts of the landscape, 
however, the combination of a low number of archaeological sites and a 
low number of palaeoenvironmental samples risks inflating the expec-
tations of a comprehensive socio-environmental explanation of human 
behavioral patterns. All too rapidly, new narratives of human evolution, 
technological developments, and large-scale migration processes are 
proposed that neither mirror the archaeological material nor the 
manifold ways how to interpret the results of the scientific analyses and 
particularly strontium isotope data. The determination of a reliable 
baseline depends on both the quantity and the quality of the baseline 
samples. However, for logistical, time, and financial reasons, it is not 
always possible to fulfil the established requirements (Bataille et al., 
2020; Brönnimann et al., 2018; Makarewicz and Sealy, 2015). 

In this paper, a new approach enabled to deal with challenging 
datasets for the determination of strontium isotope baselines in 
Hungary. A combination of multicriteria environmental modelling and 
strontium isotope analyses enabled highlighting significant small-scale 
geographical differences between 49 sites in Hungary. This combina-
tion allowed avoiding an extensive baseline range among inappropriate 
locations that show incomparable environmental settings – despite their 
adjacent location. Consequently, the Hungarian strontium isomap pre-
sented here emphasizes the site-specific and the micro-regional scale 
instead of interpolating an isoscape from point-based strontium data. 
The distinction between site-specific and micro-regional baselines al-
lows for recognizing mobility patterns and subsistence strategies on 
different scales through the interpretation of human dental enamel 
87Sr/86Sr ratios. 
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Grenzen lokaler Strontium- und Sauerstoffisotopensignaturen am Beispiel einer 
Altgrabung in Wenigumstadt. München. PhD thesis.  

Volkmann, A., 2018. Methods and perspectives of geoarchaelogical site catchment 
analysis: identification of palaeoclimate indicators in the oder region from the iron 
to middle ages. In: Siart, C., Forbriger, M., Bubenzer, O. (Eds.), Digital 
Geoarchaeology: New Techniques for Interdisciplinary Human-Environmental Research. 
(Natural Science in Archaeology). Springer, Cham, Switzerland, pp. 27–44. 
Accessed: (Accessed 6 November 2019). 

Whelton, H.L., et al., 2018. Strontium isotope evidence for human mobility in the 
Neolithic of northern Greece. J. Archaeol. Sci.: Report 20, 768–774. https://doi.org/ 
10.1016/j.jasrep.2018.06.020. 

Whittle, A., et al., 2013. Hungary. In: Bickle, P., Whittle, A. (Eds.), The First Farmers of 
Central Europe: Diversity In LBK Lifeways. (Cardiff Studies in Archaeology). Oxbow 
Books and the David Brown Book Company, Oakville, CT, pp. 49–100. 

Wickham, H., 2016. ggplot2: Elegant Graphics for Data Analysis. (Use R!).  Springer, Cham. 
https://doi.org/10.1007/978-3-319-24277-4. Available at:  

Wong, W.W., et al., 2018. Stable isotopes of nitrate reveal different nitrogen processing 
mechanisms in streams across a land use gradient during wet and dry periods. 
Biogeosciences 15 (13), 3953–3965. https://doi.org/10.5194/bg-15-3953-2018. 

M.L.C. Depaermentier et al.                                                                                                                                                                                                                  

http://refhub.elsevier.com/S0305-4403(21)00159-X/sref104
http://refhub.elsevier.com/S0305-4403(21)00159-X/sref104
http://refhub.elsevier.com/S0305-4403(21)00159-X/sref104
https://doi.org/10.1016/j.scitotenv.2019.136248
https://doi.org/10.1016/j.scitotenv.2019.136248
https://doi.org/10.1073/pnas.1322723111
http://refhub.elsevier.com/S0305-4403(21)00159-X/sref107
http://refhub.elsevier.com/S0305-4403(21)00159-X/sref107
http://refhub.elsevier.com/S0305-4403(21)00159-X/sref107
http://refhub.elsevier.com/S0305-4403(21)00159-X/sref107
http://refhub.elsevier.com/S0305-4403(21)00159-X/sref107
http://refhub.elsevier.com/S0305-4403(21)00159-X/sref108
http://refhub.elsevier.com/S0305-4403(21)00159-X/sref108
http://refhub.elsevier.com/S0305-4403(21)00159-X/sref108
http://refhub.elsevier.com/S0305-4403(21)00159-X/sref108
http://refhub.elsevier.com/S0305-4403(21)00159-X/sref108
https://doi.org/10.1017/RDC.2018.38
https://doi.org/10.1017/RDC.2018.38
https://doi.org/10.1016/S0883-2927(02)00181-6
https://doi.org/10.1144/GSL.SP.2004.232.01.22
https://doi.org/10.2138/rmg.2002.48.13
https://doi.org/10.1016/j.jas.2003.11.003
https://doi.org/10.1016/j.jas.2003.11.003
https://doi.org/10.1016/0034-4257(79)90013-0
https://doi.org/10.1016/0034-4257(79)90013-0
http://refhub.elsevier.com/S0305-4403(21)00159-X/sref115
https://doi.org/10.1371/journal.pone.0194474
http://refhub.elsevier.com/S0305-4403(21)00159-X/sref117
http://refhub.elsevier.com/S0305-4403(21)00159-X/sref117
http://refhub.elsevier.com/S0305-4403(21)00159-X/sref118
http://refhub.elsevier.com/S0305-4403(21)00159-X/sref118
http://refhub.elsevier.com/S0305-4403(21)00159-X/sref118
http://refhub.elsevier.com/S0305-4403(21)00159-X/sref119
http://refhub.elsevier.com/S0305-4403(21)00159-X/sref119
http://refhub.elsevier.com/S0305-4403(21)00159-X/sref119
http://refhub.elsevier.com/S0305-4403(21)00159-X/sref119
http://refhub.elsevier.com/S0305-4403(21)00159-X/sref119
http://refhub.elsevier.com/S0305-4403(21)00159-X/sref119
https://doi.org/10.1016/j.jasrep.2018.06.020
https://doi.org/10.1016/j.jasrep.2018.06.020
http://refhub.elsevier.com/S0305-4403(21)00159-X/sref121
http://refhub.elsevier.com/S0305-4403(21)00159-X/sref121
http://refhub.elsevier.com/S0305-4403(21)00159-X/sref121
https://doi.org/10.1007/978-3-319-24277-4
https://doi.org/10.5194/bg-15-3953-2018

	Modelling a scale-based strontium isotope baseline for Hungary
	1 Introduction
	2 Material and methods
	2.1 Environmental settings
	2.2 Strontium isotope analyses
	2.3 Environmental data sources and analyses
	2.4 Strontium isotope baseline determination

	3 Results
	3.1 Strontium isotope analyses

	4 Discussion
	4.1 Strontium baseline sample variability
	4.2 From samples to scale-based baselines
	4.3 Strontium isomap of Hungary

	5 Conclusions
	Authors contributions
	Declaration of competing interest
	Acknowledgements
	Appendix A Supplementary data
	References


