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Abstract
The dissolution of the Western Roman Empire and the rise of Early Medieval kingdoms during the fifth and sixth century AD
were accompanied by profound social, economic, and cultural changes. While several studies focus on the investigation of the
reasons explaining the underlying cause of this transition based onwritten and archeological evidence, it is still unclear in how far
this major political turnover affected communities on a regional and local level. Here, we conduct strontium, oxygen, and carbon
isotope analyses of human tooth enamel from 95 individuals from two Early Medieval cemeteries located in the northern Upper
Rhine region in order to investigate population dynamics during a period of political upheaval. The strontium isotopic analysis
has revealed that a high number of individuals born outside the Upper Rhine region, but relative few individuals indigenous to the
area, were interred in cemeteries newly founded at the end of the fifth century AD. During the sixth century AD, the cemeteries
are dominated by individuals local to the Upper Rhine region. However, the presence of individuals with strontium isotope values
below the biologically available strontium isotopic range indicates the arrival of newcomers from different regions compared to
earlier periods which may reflect a change of contacts and relationships in the course of the sixth century AD. Overall, the results
of this study suggest that the change of human mobility patterns in this region is a reaction to the socio-political dynamics of the
transformation period between Late Antiquity and the Early Middle Ages.

Keywords Upper Rhine . EarlyMiddle Ages . Strontium isotopes . Oxygen isotopes . Carbon isotopes . Enamel

Introduction

The dissolution of the Western Roman Empire during the
second half of the fifth century AD marked a period of pro-
found transformations that forever changed the political land-
scape of Europe. At this time, theWestern Roman Empire was
replaced by a series of competing post-Roman successor king-
doms (James 1988, 2009; Wood 1994; Pohl 2002). The de-
cline of the overarching political Roman system, and thus
administrative, military, and fiscal structures, further sparked
a cascade of changes in social and economic systems, as well
as cultural practices (Cleary 2013). While these transforma-
tions varied in pace and scale in the different provinces of the

Western Roman Empire, they were most pronounced in pe-
ripheral regions such as northern Gaul which became increas-
ingly isolated from Imperial rule already during the middle of
the fifth century AD (Halsall 2007; Konrad and Witschel
2011; Fehr 2015). For example, the settlement structure of
single farmsteads (villa-type) was replaced by multi-
farmstead villages (Schreg 2006; Fehr 2015). Furthermore,
burial traditions also changed from inhumation with relatively
few or no grave goods associated with Late Roman mortuary
practices to furnished inhumations often placed in large cem-
eteries used by an entire community in the sixth century AD,
known as Brow-grave^ cemeteries (Reihengräberfelder) in
some of the post-Roman provinces (Halsall 1995; Ament
2003; Fehr 2008).

One of the questions surrounding this dynamic period that
encapsulated the decline of theWestern Roman Empire and the
subsequent increase in power of successor kingdoms focuses
on the extent to which this major political turnover affected the
continuity of communities on regional and local levels. This is
of special concern for peripheral regions, such as the west bank
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of the Upper Rhine, which was the frontier zone of theWestern
Roman Empire, where Roman administration relied more
heavily on military support from non-indigenous populations
in order to maintain economic and political stability. Several
objects of Germanic cultural tradition recovered from military
as well as civil Late Roman contexts have been interpreted as
indicating the incorporation of individuals from regions outside
the Roman Empire including mercenaries, federates, and their
families into Roman society (Bernhard 1981, 1982, 2006,
2007; Grünewald and Hahn 2006).

Written and archeological evidence indicates that Roman
military impact rapidly destabilized in the middle of the fifth
century AD in the northern Upper Rhine area, which is pre-
sumed to have resulted in a power vacuum for several decades
(Oldenstein 1992; Bernhard 1997; Bakker 2012; Fehr 2015).
However, urban settlements were continuously settled during
the fifth and sixth century AD, although there is a scarcity of
archeological evidence for this (Bernhard 2007; Grünewald
and Koch 2009; Knöchlein 2011; Grünewald and Wieczorek
2012). In rural areas, single graves connected to Roman villas
dated after 450 AD suggest that Late Roman communities
were still present after the cessation of Roman administrative
structures (Bernhard 1981, 1997, 2006, 2008). Shortly after
the middle of the fifth century AD, new cemeteries were
established in a limited area in the rural landscape of the
northern Upper Rhine region (Lange 2004; Engels 2005,
2008, 2012; Grünewald and Koch 2009; Koch 2013). These
graves introduce the Early Medieval or (Proto-) Merovingian
period in the region (Ament 1992; Bernhard 1997; Fehr
2010).

Based on the scant archeological and written evidence, it
has been speculated as to what extent these burials sites reflect
the arrival of groups from east of the Rhine such as the Franks
and Alamanni or were founded by local communities includ-
ing the former Roman inhabitants of the regions and/or former
members of federate non-Roman soldiers or a combination of
both (Wieczorek 1996a; Bernhard 1997; Grünewald and
Koch 2009). While the ethnic affiliations of these individuals
and groups remain elusive, it is still an open question as to
how far the foundation of these burial sites in this region were
connected to the arrival of newcomers or, instead, indicate the
adoption of a new burial rite by local communities that
stemmed from socio-political changes during that time
(Brather 2004; Halsall 2007; Fehr 2008; James 2009).

Starting at the beginning of the sixth century AD, this new
burial practise flourished across the region and, in many cases,
produced large Brow-grave^ cemeteries containing more than
500 burials and were in use until the eighth century AD
(Riemer 2008; Grünewald and Koch 2009). The explosion
of these newly established cemeteries broadly coincided with
the placement of the Upper Rhine region and adjacent areas
under the sovereignty of the Merovingian dynasty document-
ed in historical sources (Grünewald and Koch 2009). Previous

archeological research has suggested that this increase in buri-
al sites was associatedwith an inflow of new settlers, a process
supported by an administrated process backed by the
Merovingian king (Wieczorek 1996b; Grünewald and Koch
2009; Leithäuser 2011; Engels 2012).

Archeological and written evidence documenting commu-
nity continuity and mobility during the fifth and sixth century
AD in the Upper Rhine region remain few (Schuh and
Makarewicz, 2016). However, the analysis of stable and
radiogenic isotopes, which provide insights into human mo-
bility (Ericson 1985; Beard and Johnson 2000), can provide
much needed information on human movement during this
period (Hakenbeck et al. 2010; Vohberger 2011; Knipper
et al. 2012; Ortega et al. 2013; Alt et al. 2014; Stauch 2017).
Here, we investigate the strontium, oxygen, and carbon isoto-
pic composition of human tooth enamel from individuals re-
covered from burials of two cemeteries dating to the late fifth
and sixth century AD and located in the northern Upper Rhine
Valley in order to investigate their spatial and dietary biogra-
phies and link these findings to shifts in political terrains as-
sociated with the dissolution of the Western Roman Empire
and the subsequent rise of Merovingian power.

Isotopic analysis of human mobility

The analysis of radiogenic strontium isotopes (87Sr/86Sr) of
tooth enamel is a well-established tool to investigate human
mobility by taking advantage of spatially defined variation
across landscapes caused by differences in the age and compo-
sition of underlying geological formations (Ericson 1985; Faure
and Mensing 2005; Bentley 2006; Montgomery 2010; Slovak
and Paytan 2012). Through weathering, water soluble strontium
becomes bioavailable and is transmitted from rocks and min-
erals to soil, water, plants, and animals and finally into the
human body where it is incorporated into biogenic tissues such
as the mineral component of teeth as a substitute for calcium
(Graustein 1989; Capo et al. 1998; Bentley 2006; Montgomery
2010). Mass-dependent fractionation of strontium isotopes is
corrected by normalization during analysis (Knudson et al.
2010; Slovak and Paytan 2012; Lewis et al. 2017) and thus,
the 87Sr/86Sr ratio of dental enamel, which is more resistant to
diagenesis compared to bone and dentine (Budd et al. 2000;
Trickett et al. 2003), reflects the places fromwhich an individual
ingested local food and water during the time of tooth mineral-
ization. By comparing the distribution of bioavailable strontium
isotopes to the 87Sr/86Sr ratio obtained from enamel, it is possi-
ble to establish residential mobility in human groups.

The biologically available strontium isotope range of the
Upper Rhine Valley, which is composed of young deposits
including Quaternary and Tertiary sediments (Landesamt für
Geologie und Bergbau 2005), can be estimated to vary be-
tween 0.7086 and 0.7104 based on published 87Sr/86Sr values
from archeological samples including human and faunal
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bones and teeth (Price et al. 2001, 2003; Bentley et al. 2003,
2004; Bentley and Knipper 2005; Turck et al. 2012; Bickle
and Whittle 2013; Schuh and Makarewicz 2016) (Fig. 1).
Based on strontium isotope measurements of modern and
archeological faunal material, the 87Sr/86Sr values of the east-
ern and western shoulder areas of the valley which are com-
posed of crystalline and Triassic Buntsandstein geological
complexes, are above 0.71 and markedly distinct from the
Rhine lowland (Bentley and Knipper 2005; Schuh and
Makarewicz 2016) (Fig. 1).

The analysis of oxygen isotopes is increasingly used in
studies of past mobility as they may provide additional evi-
dence for changes in geographic residence of humans in an-
cient communities (Chenery et al. 2010, 2011; Müldner et al.
2011; Laffoon et al. 2013). Oxygen isotope ratios (δ18O) of
human biogenic tissues such as tooth enamel are determined
by the isotopic composition of body water which is influenced
by imbibed water, food, and atmospheric oxygen during tissue
mineralization (Luz et al. 1984; Luz and Kolodny 1985; Kohn
1996; Daux et al. 2008; Chenery et al. 2010). The oxygen
isotopic composition of meteoric water is influenced by alti-
tude, continental positioning, surface air temperature, rainfall
amount and seasonality (Dansgaard 1964; Rozanski et al.
1993; Gat 1996; Bowen and Wilkinson 2002). Water imbibed
bymammals broadly corresponds to the oxygen isotopic com-
position of local precipitation (Longinelli 1984; Luz et al.
1984; Bryant and Froelich 1995; Kohn 1996; Sponheimer
and Lee-Thorp 1999). In northwestern Europe, mean annual
meteoric water δ18O values decrease with a corresponding

increase in distance away from the northern coast and with
an increase in altitude in the Alps (Förstel and Hützen 1983;
Rozanski et al. 1993). Variation in mean precipitation oxygen
isotope values is relatively low with values of around −7‰ at
the North Sea and − 11‰ in the Alps (IAEA/WMO 2018).
While higher precipitation δ18O values are present in western
and southern Europe, lower δ18O values have been modeled
for northern and northeastern Europe (Evans et al. 2012, Fig.
12; Lightfoot and O’Connell 2016, Fig. 6). Given that δ18O
values of local drinking water sources used by a community
approximate the oxygen isotopic composition of local precip-
itation and there are marked differences in δ18O of local pre-
cipitation between regions, the oxygen isotopic signature of
human tooth enamel may help to evaluate if an individual
obtained childhood drinking water locally and thus, to explore
residential mobility during childhood (Chenery et al. 2010;
Müldner et al. 2011). However, the interpretation of human
oxygen isotope values is not straightforward due to physio-
logical factors and culturally-mediated consumption practices,
which may include the ingestion of food and beverages that
have gone under oxygen fractionation through processing
(e.g., stewing, brewing, boiling) or biological processes
(Wright and Schwarcz 1998; Lin et al. 2003; Brettell et al.
2012b; Lightfoot and O’Connell 2016). For example, the con-
sumption of milk results in an increase of δ18O values of the
analyzed tissue as milk is enriched in 18O compared to local
water (Roberts et al. 1988; Wright and Schwarcz 1998; Lin
et al. 2003). In addition, local drinking water sources can be
sourced from several reservoirs with different δ18O values

Fig. 1 Geology of the Upper
Rhine Valley and adjacent areas
with supposed strontium isotope
values
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including groundwater, running waters (e.g., streams and riv-
ers), standing waters (e.g., lakes or ponds), or water containers
such as barrels. For example, ponds and lakes can be enriched
in 18O compared to groundwater and precipitation as result of
evaporative effects (e.g., Horton et al. 2016). Due to these
difficulties, the oxygen isotopic composition of humans that
inhabit temperate climates such as northern Europe, which are
characterized by relatively small spatial and temporal oxygen
isotope variability (e.g., seasonally, inter-annually), may be a
poor monitor of mobility.

The spatial information derived from strontium and oxygen
isotopes can be combined with dietary and environmental data
obtained from carbon stable isotopes (δ13C). The carbon isoto-
pic composition incorporated into the structural carbonate frac-
tion of enamel bioapatite is derived from dissolved blood car-
bonates and bicarbonates and reflects the total macronutrient
content of the diet during childhood (Lee-Thorp et al. 1989;
Ambrose and Norr 1993; Tieszen and Fagre 1993; Jim et al.
2004). The carbon isotopic variation at the base of the foodweb
is determined predominantly by photosynthetic pathway
(O’Leary 1988; Farquhar et al. 1989), but also by environmen-
tal factors such as water availability, light intensity, and salinity
(Tieszen 1991; Heaton 1999). C3 plants average − 26.5‰ in
carbon isotopes compared to C4 plants which average − 12.5‰
(O’Leary 1988; Farquhar et al. 1989). Temperate Europe dur-
ing the Early Medieval period was a C3 environment and the
only C4 plant was millet grown as a crop. Thus, in regions
where there is pronounced, environmentally defined geograph-
ical variation in δ13C of ingested plants and animals, carbon
isotopes of tooth enamel may also be used as an additional line
of evidence to differentiate between local and incoming resi-
dents (Hakenbeck et al. 2010; Laffoon et al. 2013). Metabolic
fractionation effects generate an offset between dietary and
carbonate bioapatite δ13C values (Passey et al. 2005; Prowse
et al. 2007; Dupras and Tocheri 2007). The precise fraction-
ation factor for humans is unknown but has been estimated to
be around +11.5‰ (Krueger and Sullivan 1984; Passey et al.
2005; Dupras and Tocheri 2007).

Material and methods

Sites and sample collection

Human skeletal remains sampled for this study were obtained
from the Early Medieval cemeteries of Eppstein and
Bockenheim (Rhineland-Palatinate, Germany) located in the
north-westernUpper RhineValley (Fig. 1). Both sites date from
the late fifth to the eighth century AD on the basis of material
cultural analyses (Riemer 2008; Engels 2012). The cemetery of
Eppstein was almost completely excavated between 1983 and
1988 and yielded more than 477 burials (Engels 2012). Graves
dating to the late fifth and sixth century AD which correspond

to the SD (Süddeutsch) chronological periods 2 to 6 after Koch
(2001) are represented by ca. 112 burials. A group of ten
graves, dating to the SD-periods 2–3 (460–480/510 AD) and
located in the south-eastern section of the cemetery have been
identified as the founder community of the Eppstein cemetery.
Due to the various cultural influences, it has been postulated
that the cemetery was founded by settlers of diverse prove-
nance (Engels 2005, 2012). Graves dating to the first half of
the sixth century AD (SD-period 4/4–5; 510–530/555 AD; n =
23) are situated west of the founder graves. Thuringian style
pottery in some of these burials has been interpreted as evi-
dence for the presence of settlers from Middle Germany
(Engels 2012). In the middle of the sixth century AD (SD
period 5/5–6, 530–555/580 AD; n = 29), the burial site has
been extended to the west and north. The increase in the num-
ber of graves, compared to earlier periods, has been explained
by the arrival of newcomers from the North Sea region due to
the presence of hand-made pottery in North Sea Germanic
tradition (Engels 2005, 2012). Graves dating to the second half
of the sixth century AD (SD-periods 6/6–7, 555–580/600 AD;
n = 50) are mainly located in the northern burial section al-
though single graves can also be found in southern burial area.

A total of 65 individuals from the Eppstein cemetery have
been selected for this study. The collection included all indi-
viduals with well-preserved teeth and skeletons of 30 males,
25 females and ten undetermined individuals of varying ages
at death (Table 1). This sample set consists of eight burials
from the earliest SD-periods 2–3 (ca. 460–510 AD), 26 dating
to the first half of the sixth century (SD-periods 4, 4–5, 5 and 5–
6; ca. 510–555/580 AD) and 31 from the second half of the
sixth century (SD-period 6, 6–7; ca. 555/580–600 AD). A clear
assignment to a certain period is often not possible, due to the
strong disturbance and robbery of the graves (Engels 2012).
The Bockenheim cemetery was excavated between 1980 and
1991 and, with 583 graves, is the largest Early Medieval cem-
etery in the Upper Rhine region (Riemer 2008). The earliest
known graves of the cemetery, dating to the late fifth and early
sixth century AD (SD-period 3–4; 580–530 AD; n = 6), are
located in the western part of the burial place. There may be
an earlier foundation date of the cemetery, as the western part of
the site remains unexcavated. Sixth century AD graves (n = ca.
90) and graves dating to the seventh and eighth century AD can
be found in the central and eastern part of the cemetery (Riemer
2008, Riemer personal communication). In order to have a
contemporary sample set from a location close to Eppstein,
we selected 30 individuals, including 15 females, nine males,
and three undetermined individuals of varying ages at death.
Five individuals date to the late fifth/early sixth century AD
(SD-periods 2–4) and 25 to the sixth century AD (Table 2). The
imbalance in the number of graves between the different SD-
period groups is due to the general lack of graves dating to the
earliest periods as well as due to preservation issues (no teeth or
poor preservation of teeth).
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Table 1 Results of the isotope analyses on human teeth and context information from the Eppstein and Bockenheim cemeteries (context information
from Riemer (personal communication) and Engels (2012))

Grave Site SD-
period

Tooth Sexa Sexb Age δ13CVPDB

(‰)
±1σ δ18OVPDB

(‰)
±1σ 87Sr/86Sr 2SE Sr (ppm)

SD-2-3 (n = 8)
52 Eppstein 2 M/1? m? nd Adult −14.9 0.1 −4.9 0.0 0.71199 0.00002 86
67C Eppstein 2 M/2? f f Adult I −13.3 0.0 −5.6 0.1 0.70861 0.00001 69
275 Eppstein 2 M/3? nd nd Adult −14.3 0.0 −4.3 0.1 0.71028 0.00002 176
396 Eppstein 2 M/2 nd m Juvenile −13.6 0.1 −5.1 0.0 0.71107 0.00002 119
280 Eppstein 2? P/2 f? (f) Adult −12.8 0.0 −4.5 0.0 0.70907 0.00002 54
50 Eppstein 2–3 M/3? nd nd Adult −9.7 – −5.6 – 0.70821 0.00002 204
66 Eppstein 2–3? M/2? nd nd nd −13.7 0.1 −2.7 0.1 0.71336 0.00002 99
83 Eppstein 3 M/2 f f Adult I −11.2 0.0 −5.3 0.1 0.71031 0.00003 73
SD 4, 4–5 (n = 12)
35* Eppstein 4 M/2 m m Adult −13.5 0.0 −4.3 0.0 0.71242 0.00002 122
48 Eppstein 4 M/2 m (m) Adult I −12.7 – −2.3 – 0.70910 0.00002 156
433* Eppstein 4 M/2 f f Adult I −13.3 0.0 −3.8 0.1 0.70976 0.00002 149
49 Eppstein 4? M/2 m? (m) Adult −13.3 0.0 −5.0 0.1 0.70898 0.00002 221
425 Eppstein 4? M/2 m m Juvenile −11.9 – −3.6 – 0.70873 0.00002 130
431 Eppstein 4? P/1 f f Adult −10.9 – −4.3 – 0.71578 0.00002 83
437 Eppstein 4? M/2 m m Adult I −14.1 0.0 −3.7 0.0 0.71364 0.00002 79
436 Eppstein 4–5 M/2 m m Senile −12.5 0.0 −5.4 0.1 0.70924 0.00002 63
37 Eppstein 4–5? M/2 nd m Adult I −13.9 0.1 −4.1 0.1 0.70937 0.00002 146
47 Eppstein 4–5? M/2 m? nd Adult −13.1 0.0 −5.1 0.1 0.71010 0.00002 91
58 Eppstein 4–5? P/2 m? f Adult −11.7 0.0 −4.1 0.1 0.70905 0.00002 88
428* Eppstein 3–5? m/1? nd nd Infants −12.9 – −3.0 – 0.70944 0.00002 128
SD 5, 5–6 (n = 14)
38 Eppstein 5 M/2 m nd Adult −14.3 0.0 −3.5 0.0 0.70923 0.00002 117
46 Eppstein 5 M/2 m nd Juvenile? −13.9 – −3.7 – 0.70927 0.00002 223
111 Eppstein 5 M/2 m M Adult I −13.1 0.0 −5.2 0.0 0.70954 0.00002 102
189** Eppstein 5 M/1 F? M Infants II −14.5 0.0 −4.1 0.0 0.70946 0.00001 86
192** Eppstein 5 M/1 F? (F) Infants I −14.3 0.1 −3.0 0.0 0.70951 0.00002 148
222 Eppstein 5 P/1 m Nd Adult −12.8 – −4.2 – 0.70930 0.00001 128
411 Eppstein 5 M/1 f nd Infants −13.1 – −3.8 – 0.70947 0.00002 135
418 Eppstein 5 M/2? f? nd Adult −13.4 – −5.1 – 0.7099 0.00001 105
67A Eppstein 5? C? f f Mature II −13.2 0.0 −4.2 0.0 0.70846 0.00002 252
413 Eppstein 5? M/2 f f Adult I −14.0 0.0 −5.5 0.0 0.70889 0.00002 109
426B Eppstein 5? P/2 m m Adult I −12.5 0.0 −4.5 0.1 0.70949 0.00002 168
211 Eppstein 5(−6) P/1 f? (m) Adult II −14.2 – −4.5 – 0.70976 0.00002 111
62 Eppstein 5–6 M/2 m m Juvenile −13.3 – −4.3 – 0.71115 0.00002 127
208 Eppstein 5–6 M/2 nd nd Adult −13.9 0.0 −4.8 0.1 0.70916 0.00001 101
SD 6, 6–7 (n = 31)
29 Eppstein 6 M f f Adult −12.9 – −4.2 – 0.70863 0.00002 135
30 Eppstein 6 P f f Mature II −13.8 0.2 −4.3 0.0 0.70996 0.00002 184
55 Eppstein 6 P/2 f f Adult −12.9 0.2 −4.5 0.5 0.7094 0.00001 146
61 Eppstein 6 M/2 nd (f) Juvenile? −12.4 0.0 −4.8 0.1 0.70843 0.00001 326
70 Eppstein 6 M/1? f f Senile −12.7 0.0 −4.0 0.1 0.70850 0.00002 106
162 Eppstein 6 M/2 m m Adult I −14.2 0.0 −4.1 0.1 0.70922 0.00001 243
167 Eppstein 6 P/2 (m) f? Adult I −13.1 0.2 −4.1 0.0 0.70879 0.00002 145
168 Eppstein 6 M/1 m nd Infants II −13.1 0.3 −3.3 0.1 0.70948 0.00001 156
182 Eppstein 6 M/1 m m Infants II −13.9 0.0 −2.6 0.0 0.70968 0.00002 116
197 Eppstein 6 M/2? f f Juvenile −12.9 0.2 −3.7 0.0 0.70904 0.00001 166
198 Eppstein 6 M/2 nd f Adult I −11.2 0.0 −3.2 0.0 0.70931 0.00001 120
217 Eppstein 6 M/1? f nd Infants −14.3 0.1 −3.6 0.1 0.70963 0.00002 187
224 Eppstein 6 m/1 m nd Infants −12.7 0.1 −3.2 0.2 0.70932 0.00001 163
226 Eppstein 6 M/2 f nd Adult −13.3 0.0 −4.9 0.1 0.70985 0.00001 118
228 Eppstein 6 M/2 f f Juvenile −13.6 0.1 −3.9 0.1 0.70914 0.00002 167
246 Eppstein 6 M/2 m m Adult II −13.5 0.1 −3.6 0.1 0.70925 0.00002 117
279 Eppstein 6 M m m Mature I −13.8 0.0 −3.5 0.2 0.70936 0.00002 113
391 Eppstein 6 P? m m Adult −11.1 0.7 −4.3 0.0 0.70868 0.00002 211
405 Eppstein 6 M/2 m m Senile −13.7 0.3 −4.2 0.2 0.71258 0.00002 235
421 Eppstein 6 P? f f Adult −12.7 1.0 −4.0 0.1 0.70971 0.00001 151
422 Eppstein 6 M/1 m nd Infants −13.9 0.0 −3.9 0.2 0.70954 0.00002 196
435 Eppstein 6 M/1 f nd Infants −13.3 0.0 −4.1 0.1 0.70898 0.00001 154
25 Eppstein 6? M/2 m m Infants II −13.8 0.0 −4.9 0.0 0.70959 0.00002 281
39 Eppstein 6? M/2 nd f Senile −12.6 0.0 −4.1 0.1 0.70932 0.00002 207
188 Eppstein 6? M/2? f f Adult −14.0 0.0 −4.9 0.0 0.70918 0.00002 97
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From all selected individuals (n = 95), one tooth was sam-
pled. If possible, a permanent secondmolar (M/2) or premolar
(P/2), which mineralize between 3 and 7 years of age
(AlQahtani et al. 2010), was collected. If these teeth were
not available, a different permanent tooth was chosen in the
order of preference: first premolar (P/1), third molar (M/3),
first molar (M/1), and canine (C). First molars and canines
mineralize between the first (4.5 and 7.5 months after birth,
respectively) and third year of life. Mineralizing of the first
premolar starts during the second year of life and ends during

the fifth year of life. Third molars form during later childhood
and youth (between the seventh and 14–18th years of age).
Two deciduous first molars were also analyzed and mineralize
before birth and in the first 4 and 5 months after birth
(AlQahtani et al. 2010). We sampled tooth enamel, which
does not remodel after mineralization and reflects dietary in-
take during childhood and adolescence dependent on the sam-
pled tooth. Only bulk enamel samples were taken from human
dentition, which reflects an average isotopic signal over sev-
eral years. Unlike bone, tooth enamel is more likely to retain

Table 1 (continued)

Grave Site SD-
period

Tooth Sexa Sexb Age δ13CVPDB

(‰)
±1σ δ18OVPDB

(‰)
±1σ 87Sr/86Sr 2SE Sr (ppm)

3 Eppstein 6–7 M/2 m m Adult −13.4 0.0 −4.1 0.1 0.70916 0.00001 99
4C Eppstein 6–7 M/2 f f Juvenile −13.5 – −4.8 – 0.70900 0.00001 171
74 Eppstein 6–7 M/2 m? m Adult −13.5 0.2 −4.5 0.0 0.71028 0.00002 126
245 Eppstein 6–7 M/1 nd nd Infants −12.8 0.5 −3.3 0.2 0.70958 0.00001 149
233 Eppstein 6–7 P/2 m m Mature −12.5 – −4.4 – 0.70928 0.00002 152
71 Eppstein 6/7? M/2 nd m Mature II −13.5 0.0 −4.3 0.0 0.70898 0.00003 178
SD 3, 3–4 (n = 5)
391 Bockenheim 3 M/2 f? nd At least adult II −13.4 0.0 −4.0 0.1 0.70936 0.00001 88
482 Bockenheim 3 M/2 f f/m Adult I–II −11.9 – −2.8 – 0.71032 0.00002 119
486 Bockenheim 3 M/2 f f Adult II–mature I −11.8 0.0 −6.8 0.0 0.70886 0.00001 78
488 Bockenheim 3 M/2 f f Juvenile–adult I −14.2 0.1 −5.4 0.1 0.70902 0.00001 64
449 Bockenheim 3–4 M/1 f nd Infants I −14.1 0.0 −4.2 0.1 0.70965 0.00001 127
SD 4–5 (n = 2)
406 Bockenheim 4–5 M/2 f f Senile −13.2 0.0 −3.4 0.0 0.70970 0.00001 72
457 Bockenheim 4–5 M/2? m m/f Juvenile–adult I −13.7 0.1 −4.7 0.1 0.70947 0.00002 94
SD 5, 5–6 (n = 6)
424 Bockenheim 5 M/2 f f Adult II–mature I −10.4 – −3.9 – 0.70977 0.00001 82
454* Bockenheim 5 P/2 m m/f At least adult −12.8 0.1 −4.6 0.1 0.70964 0.00002 231
464 Bockenheim 5 M/2 m f Adult I −13.5 0.0 −4.9 0.2 0.70906 0.00002 197
22 Bockenheim 5–6 M/2 m m Adult II −13.6 0.1 −4.1 0.1 0.70934 0.00001 114
395 Bockenheim 5–6 M/1 f nd Infants I −13.1 0.0 −4.2 0.0 0.70938 0.00002 98
423 Bockenheim 5–6 M/1 nd nd Infants I −14.0 0.0 −4.1 0.1 0.70928 0.00001 61
SD 6, 6–7 (n = 9)
459 Bockenheim 6 M/2 m m Adult II–mature I −12.3 0.0 −5.7 0.2 0.70916 0.00002 71
466 Bockenheim 6 P/2? m m Adult II–mature I −12.8 0.0 −2.8 0.2 0.70835 0.00001 74
470* Bockenheim 6 M/2 f f Juvenile–adult I −13.5 0.0 −5.3 0.0 0.70923 0.00002 152
382 Bockenheim 6–7 M/2 f f Mature II −13.4 0.0 −4.8 0.2 0.70994 0.00002 59
386 Bockenheim 6–7 P/1 nd nd Adult I–II −13.4 0.1 −3.6 0.1 0.70936 0.00002 151
421 Bockenheim 6–7 P/2 m m Adult I −14.3 0.0 −3.8 0.1 0.70927 0.00001 130
478 Bockenheim 6–7 M/2 f f/m Adult II–mature I −12.4 0.0 −4.9 0.1 0.70848 0.00002 201
492 Bockenheim 6–7 P/2 f m/f Mature I–II −13.3 0.1 −4.3 0.1 0.70987 0.00001 143
398 Bockenheim 7–8 P/2 m m Senile −12.7 0.0 −4.8 0.2 0.70819 0.00001 92
SD 4–7 (n = 8)
392 Bockenheim 4–7 M/2 f f Senile −10.4 0.0 −2.8 0.1 0.70976 0.00002 44
396 Bockenheim 4–7 M/2 f nd Infants II −13.7 0.0 −4.8 0.1 0.70820 0.00001 77
397 Bockenheim 4–7 P/2 f f Adult I −13.6 0.0 −4.1 0.2 0.70911 0.00002 79
461 Bockenheim 4–7 M/1 nd nd Infants I/II −13.8 0.1 −4.9 0.2 0.70987 0.00002 114
474 Bockenheim 4–7 M/2 f f Adult I–II −12.9 0.1 −4.4 0.2 0.70935 0.00002 157
480 Bockenheim 4–7 M/1 m? nd Infants I −14.2 0.0 −3.7 0.0 0.70958 0.00002 93
497 Bockenheim 4–7 P/2 f f/m Adult II–mature II −13.0 0.0 −5.1 0.0 0.70974 0.00003 126
473 Bockenheim 5–7 M/1 f nd Infants I −13.8 0.0 −4.0 0.2 0.70928 0.00002 118

SD-period: SD 2 = 460–480 AD, SD 3 = 480–510 AD, SD 4 = 510–530, SD 5 = 530–555 AD, SD 6 = 555–580 AD, SD 7 = 580–600 AD

Tooth: M permanent molar, P permanent premolar, C permanent canine, m deciduous molar

Sexa sex estimation based on grave goods, Sexb sex estimation based on osteological assessment; mmale, f female, nd not determinable, () tendency, ?
probably

*Hand-made pottery BThuringian type^

**Hand-made pottery BNorth Sea^ type
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Table 2 Strontium isotope data for samples used for the establishment of the biologically available strontium isotope range (context information from
Riemer (personal communication) and Engels (2012))

Grave Location Material Species Tooth Date Context 87Sr/86Sr 2SE Sr
(ppm)

269 Eppstein cemetery Enamel Cattle P (bulk) ? Stray find, single tooth 0.70953 0.00002 293

358 Eppstein cemetery Enamel Cattle M/1 (bulk) ? Stray find, single tooth 0.70876 0.00002 232

358 Eppstein cemetery Enamel Cattle M/1 (cusp) ? Stray find, single tooth 0.70877 0.00002 257

358 Eppstein cemetery Enamel Cattle M/1
(cervix)

? Stray find, single tooth 0.70877 0.00001 219

15 Eppstein cemetery Enamel Horse M (bulk) Early Medieval Horse burial 0.70983 0.00002 575

11 Eppstein cemetery Enamel Pig M (bulk) Early Medieval Grave offering? 0.70923 0.00001 335

249 Eppstein cemetery Enamel Pig M/3 (bulk) ? Stray find, single tooth 0.70969 0.00002 256

270 Eppstein cemetery Enamel Pig I (bulk) ? Stray find, single tooth 0.71042 0.00001 142

270 Eppstein cemetery Enamel Pig I (cusp) ? Stray find, single tooth 0.71160 0.00002 197

270 Eppstein cemetery Enamel Pig I (cervix) ? Stray find, single tooth 0.70993 0.00001 198

358 Eppstein cemetery Enamel Sheep/goat M/2 (bulk) ? Stray find, single tooth 0.70955 0.00002 372

255 Eppstein cemetery Eggshell Duck/goose – Early Medieval Stray find, food offering? 0.70931 0.00001 274

236 Eppstein cemetery Eggshell Domestic
chicken

– Early Medieval Food offering 0.70935 0.00001 471

217 Eppstein cemetery Eggshell Domestic
chicken

– Early Medieval Food offering 0.70936 0.00001 468

292 Eppstein cemetery Eggshell Domestic
chicken

– Early Medieval Stray find, food offering? 0.70942 0.00001 331

222 Eppstein cemetery Eggshell Duck/goose – Early Medieval Stray find, food offering? 0.70943 0.00001 368

411 Eppstein cemetery Eggshell Domestic
chicken

– Early Medieval Food offering 0.70948 0.00001 844

422 Eppstein cemetery Eggshell Domestic
chicken

– Early Medieval Food offering 0.70969 0.00001 909

358 Eppstein cemetery Dentine Cattle M/1 ? Stray find, single tooth 0.70916 0.00001 581

15 Eppstein cemetery Dentine Horse M Early Medieval Horse burial 0.70957 0.00002 830

249 Eppstein cemetery Dentine Pig M/3 ? Stray find, single tooth 0.70947 0.00002 494

270 Eppstein cemetery Dentine Pig I ? Stray find, single tooth 0.70964 0.00001 408

3 Eppstein cemetery Dentine Human M/2 Early Medieval Human burial 0.70940 0.00002 403

38 Eppstein cemetery Dentine Human M/2 Early Medieval Human burial 0.70923 0.00002 288

50 Eppstein cemetery Dentine Human M/3? Early Medieval Human burial 0.70863 0.00001 292

71 Eppstein cemetery Dentine Human M/2 Early Medieval Human burial 0.70944 0.00002 443

189 Eppstein cemetery Dentine Human M/1 Early Medieval Human burial 0.70933 0.00001 270

198 Eppstein cemetery Dentine Human M/2 Early Medieval Human burial 0.70935 0.00002 339

246 Eppstein cemetery Dentine Human M/2 Early Medieval Human burial 0.70940 0.00002 266

426B Eppstein cemetery Dentine Human P/2 Early Medieval Human burial 0.70965 0.00002 292

22 Bockenheim
cemetery

Enamel Cattle M/2 (bulk) ? Stray find, single tooth 0.70989 0.00002 178

181 Bockenheim
cemetery

Enamel Cattle M/3 (bulk) ? Stray find, single tooth 0.70976 0.00002 179

195 Bockenheim
cemetery

Enamel Cattle M/2 (bulk) ? Stray find, single tooth 0.70975 0.00001 314

274 Bockenheim
cemetery

Enamel Cattle M/3 (bulk) ? Stray find, complete jaw 0.71107 0.00002 115

363 Bockenheim
cemetery

Enamel Dog M (bulk) ? Dog burial 0.70916 0.00001 380

261 Bockenheim
cemetery

Enamel Pig I (bulk) ? Dog burial 0.70982 0.00002 160

311 Bockenheim
cemetery

Enamel Pig M/3 (bulk) ? Stray find, complete
skull

0.70986 0.00001 178

533 Bockenheim
cemetery

Enamel Sheep/goat M (bulk) ? Pit with two sheep/goat 0.70967 0.00002 389

342 Eggshell – Food offering? 0.70985 0.00002 430
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an original isotopic signal due to its dense structure and low
porosity that is less susceptible to diagenetic processes that
destroy in vivo isotopic signals (Budd et al. 2000; Hoppe
et al. 2003; Chiaradia et al. 2003).

The bioavailable strontium isotope range at Eppstein and
Bockenheim was determined from archeological faunal re-
mains recovered from grave infillings. Bulk tooth enamel
samples from three pigs, two cattle, one horse as well as one
sheep/goat were sampled from the Eppstein cemetery. In ad-
dition to bulk samples, the teeth of a pig and cattle were sam-
pled at two points along the tooth crown. Five archeological
eggshells of domestic chickens and two anseriform bird spe-
cies were also sampled which have been placed in the graves
as food offerings (Table 2). Due to the porous structure of
eggshells, it is possible that these samples have been subject
to diagenetic alteration and may represent a mixture of bio-
genic and soil derived strontium. From Bockenheim, bulk
tooth enamel samples from four cattle, two pigs, one dog,
and one sheep/goat were collected. Further, eggshells of two
domestic chickens, one anseriform bird as well as one uniden-
tified, possible exotic, bird species were sampled (personal
communication J. Stewart). Using tooth enamel from
archeological specimens of domestic animals to estimate the

bioavailable strontium isotope range of a region has its caveats
as studies have shown that animals have been moved over
substantial distances, were imported or used for transport
(e.g., Viner et al. 2010; Stephan et al. 2012; Madgwick et al.
2017). The use of modern biosphere samples such as plants,
water or small animals with limited home ranges such as snails
or rodents was excluded due to the strong anthropogenic over-
print (agricultural and building activities) in the areas where
the cemeteries had been excavated. Therefore, archeological
faunal enamel was the best proxy available for the estimation
of the bioavailable strontium isotope range. In addition, a total
of 22 human and faunal dentine samples from both cemeteries
were analyzed for the validation of the bioavailable strontium
isotope range at each site. Previous research has demonstrated
that dentine 87Sr/86Sr values are often adjusted to the 87Sr/86Sr
ratios of burial soil due to its high susceptibility of post-
mortem strontium uptake (Budd et al. 2000; Chiaradia et al.
2003; Nehlich et al. 2009), which may lead to an underesti-
mation of the bioavailable strontium isotope range. However,
if the uptake by the dentine sample is not complete, this could
result in intermediate values that lie between the strontium
isotope value of enamel and the expected soil value
(Montgomery et al. 2007).

Table 2 (continued)

Grave Location Material Species Tooth Date Context 87Sr/86Sr 2SE Sr
(ppm)

Bockenheim
cemetery

Domestic
chicken

Early
Medieval?

451 Bockenheim
cemetery

Eggshell Domestic
chicken

– Early
Medieval?

Food offering? 0.70986 0.00002 517

479 Bockenheim
cemetery

Eggshell Duck/goose – Early
Medieval?

Food offering? 0.70912 0.00002 392

485 Bockenheim
cemetery

Eggshell Domestic
chicken

– Early
Medieval?

Food offering? 0.70957 0.00001 348

509 Bockenheim
cemetery

Eggshell Exotic? – Early
Medieval?

Food offering? 0.70884 0.00001 802

181 Bockenheim
cemetery

Dentine Cattle M/3 ? Stray find, single tooth 0.70971 0.00002 463

195 Bockenheim
cemetery

Dentine Cattle M/2 ? Stray find, single tooth 0.70971 0.00001 545

274 Bockenheim
cemetery

Dentine Cattle M/3 ? Stray find, single tooth 0.70970 0.00002 499

261 Bockenheim
cemetery

Dentine Pig I ? Stray find, single tooth 0.70989 0.00002 531

22 Bockenheim
cemetery

Dentine Human M/2 Early Medieval Human burial 0.70945 0.00001 246

391 Bockenheim
cemetery

Dentine Human M/2 Early Medieval Human burial 0.70941 0.00002 170

392 Bockenheim
cemetery

Dentine Human M/2 Early Medieval Human burial 0.70952 0.00002 50

454 Bockenheim
cemetery

Dentine Human M/1 Early Medieval Human burial 0.70949 0.00003 333

464 Bockenheim
cemetery

Dentine Human M/2 Early Medieval Human burial 0.70925 0.00001 254

488 Bockenheim
cemetery

Dentine Human M/2 Early Medieval Human burial 0.70933 0.00002 377
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Sample preparation and measurement

Teeth and eggshell samples were mechanically and ultrasonical-
ly cleaned and dried at 60 °C. Bulk enamel samples from human
and animal teeth were removed by separating a small slice along
the entire vertical extent of the tooth crown with a circular
diamond-edged dental saw. Sequential samples from the animal
teeth were obtained by cutting a small horizontal slice of enamel
through the whole thickness of the enamel layer. The surfaces of
the enamel and eggshell pieces were carefully abraded with a
dental saw in order to remove contaminants. Dentine samples
were taken from the primary crown dentine. The eggshell,
enamel, and dentine pieces were finally cleaned ultrasonically
in ultrapure water, dried down at room temperature and stored in
clean containers until further preparation.

Radiogenic strontium isotope analysis was conducted at
the GEOMAR Helmholtz Centre for Ocean Research Kiel.
Samples were weighed into clean Teflon beakers and dis-
solved in 8 M HNO3 and H2O2, evaporated to dryness,
redissolved in 8 M HNO3, and finally loaded on chromato-
graphic columns filled with Eichrom strontium-specific resin.
Strontium was separated from the sample matrix by washing
the column with 8 M HNO3 and eluted using 0.05 M HNO3.
After separation, the solutions were dried down, followed by
heating with a mixture of concentrated HNO3 and H2O2. Sr
concentrations were determined by quadrupole ICP-MS
(Agilent 7500cx). Radiogenic strontium isotope ratios
(87Sr/86Sr) were determined by multicollector ICP-MS
(AXIOM) and were normalized to a 86Sr/88Sr ratio of
0.1194. Samples were also corrected for session drift and the
offset from the international standard NIST-SRM987.
Measurements of the NIST-SRM987 standard gave an aver-
age 87Sr/86Sr values of 0.71026 ± 0.00003 (2σ, n = 20).

Oxygen and carbon isotopes were analyzed from the struc-
tural carbonate fraction of enamel bioapatite. Powdered enam-
el samples were treated with 0.1 M acetic acid to remove
potential exogenous carbonate, rinsed, centrifuged, and finally
freeze-dried. Stable isotope measurements were conducted at
the Leibniz-Laboratory for Radiometric Dating and Isotope
Research Kiel with a Finnigan MAT 253 isotope ratio mass
spectrometer interfaced to a Kiel IV carbonate device. The
results were expressed relative to the international VPDB
standard. Analytical precision was better than ± 0.07‰ for
δ18O and ± 0.05‰ for δ13C.

Results and discussion

Bioavailable strontium isotope range

Results of the samples analyzed for the definition of the bio-
available strontium isotope range are reported in Table 2 and
Fig. 2. At Eppstein, faunal enamel, eggshell as well as human

and faunal dentine samples exhibit 87Sr/86Sr values between
0.7086 and 0.7116 (mean = 0.7095 ± 0.0005, 1σ; n = 31). The
faunal enamel, eggshell as well as human and faunal dentine
samples collected from the Bockenheim cemetery yielded a
similar range between 0.7088 and 0.7111 (mean = 0.7096 ±
0.0004, 1σ; n = 23). By excluding two highly radiogenic
87Sr/86Sr values of 0.7116 and 0.7111 from a pig from
Eppstein and a Bockenheim cattle which have been identified
as outliers (more than 3SD from the mean) and obtained food
from regions outside the Upper Rhine region, the strontium
isotope range of all analyzed samples is between 0.7086 and
0.7104 (mean = 0.7095 ± 0.0003, 1σ; n = 54). This range is
identical to the bioavailable strontium isotope range established
by earlier studies (Price et al. 2001, 2003; Bentley et al. 2003,
2004; Bentley and Knipper 2005; Turck et al. 2012; Bickle and
Whittle 2013; Schuh and Makarewicz 2016).

Human samples

Results of the strontium concentration measurements as well as
the strontium, oxygen, and carbon isotope analyses of the 95
Eppstein and Bockenheim individuals are summarized in
Table 1 and Figs. 3–6. Strontium concentrations of the
Eppstein human enamel samples range between 54 and
326 ppm (mean = 144 ± 53, 1σ), while the Bockenheim samples
exhibit a slightly smaller range between 44 and 231 ppm
(mean = 110 ± 45, 1σ). Differences in diet or food obtained from
different soils but also diagenetic contamination could be re-
sponsible for the different strontium concentrations between
sites and periods. Strontium concentrations are enriched com-
pared to enamel samples taken from the same individual indi-
cating that the dentine samples have taken up strontium from the
burial soil and that enamel samples are less susceptible to the
uptake of labile strontium from the local soil (see Tables 1 and 2).
Strontium concentrations from enamel and dentine are only
available from a subset of individuals and other tests to evaluate
diagenetic contamination have not been performed. Therefore, it
cannot be excluded that some enamel samples are contaminated
and have taken up the strontium isotope ratio of the burial soil
which may result to the underestimation of individuals with
childhood origins outside the Upper Rhine region.

Strontium isotope results

At Eppstein, the 65 human enamel samples exhibit a large
strontium isotope range between 0.7082 and 0.7158 (mean =
0.7097 ± 0.0013, 1σ). A total of 12 individuals (~ 18.5%) have
87Sr/86Sr values outside the established biologically available
strontium isotope range for the northern Upper Rhine region.
Most of the individuals with non-local 87Sr/86Sr values belong
to the earliest SD-periods (SD 2–3 = 50%; SD 4, 4–5 = 25%;
SD 5, 5–6 = 14.3%; SD 6, 6–7 = 9.7%) which correspond to
the time when Roman administrative structures have finally
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ceased and new power relations emerged. Furthermore, the first
two SD-periods (SD-period 2–3 and 4/4–5) show also a wider

variation in 87Sr/86Sr ratios compared to the last two SD-
periods (SD 5/5–6 to 6/6–7) indicating that food was obtained

Fig. 2 Strontium isotope (87Sr/86Sr) results for faunal and human dentine samples, faunal tooth enamel and eggshells samples from several sites located
in the Upper Rhine Valley

Fig. 3 Boxplots showing the
strontium isotopic (87Sr/86Sr)
results for the Eppstein and
Bockenheim cemeteries sorted
after SD period. The light gray bar
marks the biologically available
87Sr/86Sr range in the Upper
Rhine Valley based on faunal
enamel samples
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from diverse geological regions during childhood. Non-local
individuals of all SD-periods are represented by both sexes
(males: n = 6; females: n = 4; not determinable: n = 2) which
suggests that women were not more mobile than men. This
contrasts to other isotopic studies of late Roman and early
Medieval cemeteries in Bavaria which indicate greater mobility
among females (Hakenbeck et al. 2010; Schweissing and
Grupe 2003). All investigated children (n = 12) exhibit a small
87Sr/86Sr range between 0.709 and 0.7097 (mean = 0.7095 ±
0.0002, 1σ) within the bioavailable strontium isotope range of
the Upper Rhine.

The strontium isotope ratios of the 30 Bockenheim hu-
man enamel samples vary between 0.7082 and 0.7103
(mean = 0.7093 ± 0.0005, 1σ). The range of 87Sr/86Sr values
is smaller (0.0021) compared to the Eppstein individuals
(0.0076). Only four individuals (~ 13%) show 87Sr/86Sr ra-
tios outside the established biologically available strontium
isotope range. In contrast to the Eppstein cemetery, all of
these individuals have 87Sr/86Sr values below the bioavail-
able strontium isotope range and do not belong to the
founder community (SD-period 3) of this cemetery.
Individuals of non-local childhood origins are represented
by both sexes (males: n = 2; females: n = 2). The presence
of a child (graves 396) among the non-locals with identical
87Sr/86Sr ratios may indicate the arrival of families as it is
unlikely that children have traveled alone.

For both cemeteries, it has to be considered that the actual
number of individuals with non-local childhood origin is like-
ly to be underestimated as the bioavailable strontium isotope
range of the Upper Rhine region is common for several re-
gions throughout Europe (e.g., Gillmaier et al. 2009;
Voerkelius et al. 2010; Vohberger 2011; Brettell et al. 2012a;
Knipper et al. 2012; McManus et al. 2013).

Oxygen isotope results

Oxygen isotope values of the Eppstein human enamel samples
average − 4.2 ± 0.7‰ (1σ, n = 65) and range between −5.6
and − 2.3‰. Teeth that form during the time when a child is
nursed (deciduous and permanent first molars, permanent ca-
nine) are significantly enriched (−3.5 ± 0.5‰, 1σ, n = 11) in
comparison to permanent premolars and second molars (−4.3
± 0.7‰, 1σ, n = 35) which form after weaning (t test, p =
0.000; only individuals with 87Sr/86Sr values within the bio-
available strontium isotope range are included). This is most
likely the result of a breastfeeding effect as breast milk is
isotopically enriched in 18O compared to drinking water
ingested by the mother (Wright and Schwarcz 1998). The
δ18O range of individuals with 87Sr/86Sr values within the
bioavailable strontium isotope range for the Upper Rhine
Valley (−5.6 to −2.3‰; −4.4 ± 0.7‰, 1σ, n = 40; early
forming teeth excluded) is not different from those with
87Sr/86Sr values outside the bioavailable strontium isotope

range (−5.6 to −2.7‰; −4.2 ± 0.8‰, 1σ, n = 8; early forming
teeth excluded). When single chronological periods are con-
sidered, it is notable that δ18O values of the earliest graves
dating to the SD period 2–3 are lower than δ18O values from
individuals from later chronological periods but the difference
is not significant (One-way ANOVA, p = 0.28; forming teeth
are excluded). No outliers can be detected in Eppstein by
using the outlier methods proposed by Lightfoot and
O’Connell 2016 (1.5IQR and 3MADnorm). Thus, at
Eppstein, it is not possible to identify individuals that obtained
drinking water from outside the Upper Rhine Valley during
childhood on the basis of oxygen isotopes of tooth enamel.

Human enamel δ18O values at Bockenheim range between
−6.8 and − 2.8‰ with an average of −4.4 ± 0.9‰ (1σ, n = 30).
Mean δ18O values of permanent first molars (−4.2 ± 0.4‰, 1σ,
n = 6) are enriched compared to later forming teeth of individ-
uals with 87Sr/86Sr ratios within the bioavailable strontium iso-
tope range (−4.4 ± 1.0‰, 1σ, n = 20), but the difference is not
significant. The less pronounced difference may be either the
result of the reduced number of samples compared to the
Eppstein sample set or the presence of individuals of non-
local origin that skew the oxygen isotopic range and are not
detectable by means of strontium isotopes. The range of δ18O
values at Bockenheim does not change when individuals with
non-local 87Sr/86Sr values and early forming teeth are excluded
(range − 6.8 to −2.8‰; −4.4 ± 1.0‰, 1σ, n = 20). A single out-
lier with a δ18O value of −6.8‰ (using 1.5IQR and
3MADnorm) can be detected and it is likely that this adult wom-
an of the Bockenheim founder community obtained drinking
water from outside the Upper Rhine Valley during childhood.
When this outlier is excluded, the range of δ18O values at
Bockenheim is between −5.7 and − 2.8‰ (−4.3 ± 0.8‰, 1σ,
n = 19) and is almost identical to the δ18O range of the
Eppstein individuals (see above; early teeth and individuals
outside the bioavailable strontium isotope range are excluded).

Overall, the similar range of δ18O values at both cemeteries
between individuals that have likely spent their childhood in
the Upper Rhine region based on strontium isotopes and those
that lived somewhere else as subadults indicates that oxygen
isotopes of human tooth enamel from temperate region such
as the Upper Rhine are rather unsuited to detect individuals
with non-local childhood origins. This is probably due to the
relatively small spatial and temporal oxygen isotope variabil-
ity in northern Europe resulting in an overlap of local drinking
water sources which will be additionally modified due to the
mixing of different drinking water sources with different δ18O
values. These human modifications of δ18O drinking water
values, are probably also the reason for the relatively large
oxygen isotopic ranges of 3.3 and 2.9‰ (excluding the
Bockenheim outlier) at Eppstein and Bockenheim, respective-
ly, which are larger than previous estimates of 2‰ (e.g. White
et al. 2002, 2004) and confirm the results of a recent study
stating that the interindividual variability of δ18O values
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within human communities are greater than 3‰ (Lightfoot
and O’Connell 2016).

Carbon isotope results

The δ13C values of the human enamel samples from Eppstein
range between −14.9 and − 9.7‰ with a mean of −13.2 ±

0.9‰ (1σ). The range of δ13C values is consistent with a
terrestrial diet based on C3 plants and/or animals feeding on
them. However, the high 13C values of some individuals may
also indicate a small amount of C4 plants such as millet or the
consumption of animals that were fed with C4 crop plants. In
addition, variation in carbon isotope values can also indicate
the consumption of plants from different environments. There

Fig. 4 Boxplots showing the
oxygen isotopic (δ18O) results for
the Eppstein and Bockenheim
cemeteries sorted after SD period

Fig. 5 Oxygen (δ18O) and
strontium (87Sr/86Sr) isotope
values of tooth enamel samples
from the Eppstein and
Bockenheim cemeteries sorted
after earlier (SD 2, 3, 4–5) and
later SD-periods (SD 5, 6, 6–7).
The gray bar marks the biologi-
cally available strontium isotope
range in the Upper Rhine Valley
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are no statistically significant differences in mean δ13C values
between chronological periods but it is notable that the indi-
viduals dating to the earliest periods (SD-period 2–3) exhibit
higher variation in carbon isotope values which may indicate
childhood dietary intake from diverse environments compared
to later periods (Fig. 6). In addition, the lowest and highest
δ13C values of the Eppstein enamel samples belong to indi-
viduals with strontium isotope values outside the bioavailable
range of the Upper Rhine Valley and thus, the carbon isotope
values additionally support the consumption of childhood di-
ets outside the region for these individuals.

The δ13C values of the Bockenheim individuals are similar
to those from Eppstein and range between −14.3 and − 10.4‰
with a mean of −13.1 ± 1.0‰ (1σ) and reflect the consump-
tion of a terrestrial C3 diet with no or only minor contribution
from C4 vegetation or animals feeding on C4 crop plants.
Individuals with childhood diets outside the Upper Rhine
Valley based on strontium isotope ratios do not have conspic-
uous δ13C values. Only the individual with the outlying δ18O
value of −6.8‰ has a relatively high δ13C values of −11.8‰
compared to the main bulk of Bockenheim samples underpin-
ning a foreign childhood origin outside the Upper Rhine
region.

Changing patterns of human residential mobility
in the Upper Rhine Valley

The foundation period: late fifth and early sixth century AD

The multi-isotopic analysis of dental enamel from individuals
dating to the late fifth and early sisxth century AD (SD-

periods 2–3 = 460/480–510 AD) from the cemeteries of
Eppstein and Bockenheim suggests that there was a high num-
ber of individuals with childhood origins from diverse regions
outside the Upper Rhine that contributed to the foundation of
the first few settlements and burial places during that time. It is
conceivable that some of these individuals have already lived
in the region when Roman political structures where still intact
and may reflect former federates or mercenaries and their
families (e.g., Wieczorek 1996a). In addition, some of them
may also represent newcomers who took advantage of the
unstable political situation and reconfigurations of territories
and settled in the region. Concurrently, the presence of indi-
viduals with strontium isotope values identical to the
established bioavailable strontium isotope range in the
Upper Rhine region also indicates that locally born individ-
uals contributed to the foundation of both cemeteries.
However, these may also represent descendants of first-
generation newcomers arriving in the region due to military
services during the Late Roman period instead of reflecting an
indigenous Roman provincial community. In addition, as stat-
ed above, it has to be considered that the bioavailable stron-
tium isotope range of the Upper Rhine region is found in
several regions throughout Europe, including possible areas
of origin such as regions east of the Rhine, the Alemannic
area, (Vohberger 2011), the North Sea coast and North
German Plain (Gillmaier et al. 2009; Brettell et al., 2012a;
McManus et al., 2013) as well as Middle Germany, the
Thuringian settlement area (Haak et al. 2008; Knipper et al.
2012) and that individuals with putative local 87Sr/86Sr values
are newcomers, too. The presence of individuals with child-
hood origins from regions with similar bioavailable strontium

Fig. 6 Boxplots showing the
carbon isotopic (δ13C) results for
the Eppstein and Bockenheim
cemeteries sorted after SD period
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isotope ranges is likely indicated by the adult female of grave
486 with a local 87Sr/86Sr value but an outstanding low δ18O
value of −6.8‰. The existence of a high degree of overlap in
human oxygen isotope values excludes the determination of
the childhood origin of this woman (Lightfoot and O’Connell
2016).

Overall, the isotopic data of the Eppstein and Bockenheim
cemeteries indicates the presence of a heterogenic settlement
community at the turn from the fifth to the sixth century AD.
This diversity of origins is also reflected in the material culture
of the burial record in the Eppstein cemetery with cultural
influences from e.g. southern (Alamannic) and Middle
(Elbe-Germanic) Germany (Engels 2005, 2012) .
Bioavailable strontium isotope values consistent with the
87Sr/86Sr values of the non-local individuals are known for
both regions (Bentley and Knipper 2005; Haak et al. 2008;
Voerkelius et al. 2010; Oelze et al. 2011, 2012; Knipper et al.
2012) and an origin of some of the Eppstein cemetery foun-
ders from the Alemannic and Thuringian settlement areas can-
not be excluded. From a geographical point of view, the
nearest possible regions of childhood origin of the Eppstein
founders with 87Sr/86Sr values above the bioavailable stron-
tium isotope range are the Palatinate Forest and the Forest of
Odes which build the eastern and western shoulder areas of
the Rhine lowland (Bentley and Knipper 2005; Schuh and
Makarewicz 2016). However, even if many of the individuals
exhibit isotopic signatures outside the Upper Rhine Valley,
this does not necessarily suggest that the foundation of these
early cemeteries and rise of a new burial tradition in this area is
exclusively connected to the arrival of newcomers. Instead, it
may reflect the socio-cultural reorientation of rural communi-
ties of diverse backgrounds and origins living in this region as
response to the socio-political dynamics and instability of this
time (Brather 2004; Halsall 2007; Fehr 2008; James 2009).

The consolidation period: the first half of the sixth century AD

The presence of non-indigenous individuals in graves dating
to the first half of the sixth century AD (SD-period 4, 4–5 =
510–530/550 AD) of the Eppstein cemetery, when the Upper
Rhine region was finally under the control of the Merovingian
Franks, may reflect a controlled settlement processes used by
the new authoritative administration as a political strategy to
stabilize the power relations in the region (Wieczorek 1996a,
b; Grünewald and Koch 2009). The placing of hand-made
pottery with stylistic similarities to pottery from Middle
Germany (Thuringian type pottery) in some of these graves
(graves 35, 428, 433), also found in graves of other cemeteries
in the region and adjacent areas, have been seen as evidence
for the arrival of non-Frankish settlers from these regions
(Wieczorek 1989, 1996a, b; Koch 2000; Grünewald and
Koch 2009; Engels 2012). From the three Eppstein new-
comers with 87Sr/86Sr values above the bioavailable strontium

isotope range of the Upper Rhine region, only the adult male
of grave 35 contained Thuringian style pottery, while the
others, a female and a male of adult age, revealed no unusual
grave goods. The other individuals with Thuringian style pot-
tery, a child (grave 428) and a female adult individual (grave
433) from Eppstein as well as male adult (graves 454) from
the Bockenheim cemetery have 87Sr/86Sr values identical to
the Upper Rhine range. The reasons for this discordance are
manifold. First of all, it cannot be excluded that individuals
with Thuringian style pottery and 87Sr/86Sr values identical to
the Upper Rhine region originated from the Thuringian settle-
ment area, located between the Thuringian Forest and the Elbe
River, as regions in this area exhibit similar bioavailable stron-
tium isotope ranges as the Upper Rhine (e.g., Knipper et al.
2012; Maurer et al. 2012). Furthermore, the graves with
Thuringian style pottery may represent second-generation in-
dividuals (e.g., the child of grave 428) that have been
furnished with heirlooms of their families. Funerary feasting
and gift giving were also of importance during this period
(Effros 2003; Halsall 2007) and the food and drinking con-
tainers may have been provided by other, non-local families.
Thus, the presence of Thuringian type objects including hand-
made pottery or brooches outside the supposed core area of
the Thuringian kingdom, located between the Thuringian
Forest and the Elbe River, does not necessarily imply the
movement of persons. Instead, it has also been suggested that
the presence of Thuringian type material culture in the Upper
Rhine region may be read in social terms and may symbolize
that Thuringian power was drawn into this area which repre-
sented the fringes of Merovingian power during that time
(Halsall 2007). For example, some people may have turned
to the Thuringian kingdom in competition with those who
sided with the growing Frankish power (Halsall 2007).
While the Upper Rhine region may have been a competition
area between the Thuringians and the Merovingians during
the first decades of the sixth century AD, the Thuringian king-
dom was finally defeated by the Merovingians in the early
530s AD (Halsall 2007; Ewig 2012). However, the presence
of newcomers does not necessarily indicate a political moti-
vated settlement as stated above. Alternatively, this may re-
flect residential changes due to exogamous marriage pattern,
family ties or other personal connections and socio-economic
reasons.

Time of change: the sixth century AD

The shift in the composition of cemeteries to include largely
individuals from the Upper Rhine region as well as new-
comers from regions with 87Sr/86Sr values below the
established biologically available strontium isotopic range
during the sixth century AD (SD-periods 5–6/7: 530–580/
600 AD)may indicate a change in the socio-political situation,
possibly the formation of new strategic alliances. Most of the
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individuals of the Bockenheim and Eppstein cemeteries with
strontium isotope values identical to the Upper Rhine region
are most likely the descendants of the settlers which are buried
in the graves of the preceding periods. The only two individ-
uals, a juvenile and a senile male, of the Eppstein cemetery
with more radiogenic 87Sr/86Sr values (graves 62, 405) may
reflect individual residential mobility, or alternatively, they
may present late arrivals from the same regions as some of
the non-locals from the late fifth/early sixth century AD with
more radiogenic strontium isotopic signatures. The latter as-
sumption may be supported by the fact that the graves of the
two newcomers are located in the southern burial area together
with graves from earlier periods. The presence of newcomers
with strontium isotope values below the bioavailable stron-
tium isotope range present in sixth century AD graves of the
Eppstein and Bockenheim cemeteries compared to earlier pe-
riods may indicate that the network of contacts and relation-
ships in the Upper Rhine region have changed in the course of
the sixth century AD. Similar to the conclusions drawn on the
Thuringian type cultural material, the presence of hand-made
pottery with stylistic similarities to hand-made vessels from
the North Sea area in several sixth century AD graves of the
Upper Rhine region including Eppstein (e.g. graves 189, 192)
and adjacent areas have been interpreted as reflecting the pres-
ence of settlers from the North Sea region in order to consol-
idate Merovingian power and as a political reward to loyal
followers and military services (Gross 1999; Koch 2000;
Stauch 2004; Heather 2010; Leithäuser 2011; Engels 2012).
Instead of representing individual mobility, the presence of a
non-local child as well as similar 87Sr/86Sr values among the
newcomers of the Bockenheim cemetery may indicate the
arrival of families in the Upper Rhine Valley during the sixth
century AD.

Multiple regions in Europe share similar ranges of bioavail-
able strontium isotopes (e.g., Voerkelius et al. 2010, Fig.1) and
thus, it not possible to allocate the childhood origin of the
newcomers in the Eppstein and Bockenheim cemeteries.
However, studies indicate that biologically available stron-
tium isotope values of the North Sea region fall in the range
between 0.709 and 0.710 or even higher and overlap with
those of the Upper Rhine region (Gillmaier et al. 2009; Price
et al. 2015; Kootker et al. 2016). This implies that childhood
origins from the North Sea region for the sixth century AD
newcomers with 87Sr/86Sr values below 0.7086 are unlikely.
In addition, this means that individuals that have spent their
childhood in the North Sea region will be not detected based
on their strontium isotopic signature and that the number of
possible newcomers will be underestimated.

A similar discordance between possible area of origin and
material culture is known from the cemetery of Dirmstein
which is located between the sites of Bockenheim and
Eppstein. A small group of graves oriented along a south-
north axis as well as hand-made pottery of Anglo-Saxon type

has been associated with the arrival of a foreign family from
the North Sea area (Leithäuser 2011). However, highly radio-
genic 87Sr/86Sr values above the established biologically
available strontium isotopic range of the Upper Rhine region
of some of these individuals exclude an origin from the North
Sea area for those newcomers (Schuh and Makarewicz 2016).

Conclusions

The isotopic analysis of human remains from the Upper Rhine
Valley has provided important insights in the dynamics of mo-
bility during times of socio-political changes between the late
fifth and sixth century AD. The strontium isotopic analyses of
human tooth enamel and, to a lesser extent oxygen and carbon
isotopes, have revealed that the cemeteries were founded by
heterogenic communities including individuals of diverse ori-
gins as well as those with childhood origins in the Upper Rhine
region. Even if the complex situation of this border region
during the fifth century ADmakes the interpretationmore com-
plicated, we argue that the rise and spread of the new burial
practice was connected to a socio-cultural reorientation of
heterogenic settlement communities living at the Upper Rhine
as a result of the instability of this transformative period. The
change of mobility pattern in the course of the sixth century AD
with a higher number of newcomers with childhood origins
from regions with less radiogenic strontium isotopic signatures
indicate that the network of contacts and relationships has
changed compared to earlier periods. The origins of these new-
comers with less radiogenic strontium isotopes remain un-
known but theNorth Sea area, as supposed by the archeological
record, can be excluded. The degree to which the presence of
the newcomers is reflective of a controlled political motivated
settlement of the Merovingian authority in order to consolidate
power or as reward for military service remains, however,
somewhat speculative. In addition, the presence of hand-
made pottery and other foreign burial rites or objects cannot
be used as an unambiguous evidence for the presence of non-
local individuals as several other interpretations are possible.
Furthermore, it needs to be stressed that this study is only a
snapshot from two out of numerous Early Medieval cemeteries
in the region. The investigation of further burials from other
cemeteries may show different mobility patterns compared to
these cemeteries. Nevertheless, this study has shown that stable
isotopes, especially strontium isotopes, can provide important
information for a more nuanced understanding of the dynamic
transformation processes taking place between Late Antiquity
and the Early Middle Ages.
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