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Abstract
Stable isotope-based dietary information on the tenth century CE Hungarian population serves as a valuable comparative 
tool to other dietary stable isotope studies in the region. This study presents a multiproxy approach involving skeletal sam-
ples with the least diagenetic alteration and the best-preserved primary signals. Dental and bone samples collected from 
three cemeteries in northeastern Hungary were investigated using a combination of Fourier-transform infrared spectroscopy 
(FTIR), stable isotope geochemistry, and strontium isotope analysis. FTIR measurements were used to detect the addition 
of secondary carbonate to the skeletal apatite carbonate component and to differentiate diagenetically altered samples. Our 
results suggest that all but the bone apatite carbonate stable isotope values and 87Sr/86Sr ratios are trustworthy and may be 
used to interpret the diet and migration of the researched individuals. We also determined that the inhabitants of the three 
tenth century CE Hungarian settlements relied primarily on  C3 plants, but that  C4 plants, most likely broomcorn millet (P. 
miliaceum), comprised a moderate portion of their plant-based diet and that animal products were generally consumed in 
moderate-high amounts. Coupled analyses of carbonate oxygen and strontium isotope compositions revealed that most of the 
bone apatite carbonate was heavily altered, whereas enamel apatite carbonate samples largely preserved their primary com-
positions. The bones showing the least amount of diagenetic alteration may partially preserve their primary apatite carbonate 
compositions, as well as show a combination of primary and secondary signals, which should be taken into consideration 
when bone apatite carbonate data are interpreted.
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Introduction

Since the pioneering research of the 1980s (see Ambrose 
1990), hundreds of studies have used stable carbon, nitrogen, 
and oxygen isotope measurements, as well as 87Sr/86Sr ratio 
analyses of human bone and dental samples to decipher the 
migration histories and dietary habits of ancient societies. 
The Carpathian Basin has been the crossroad for peoples’ 
migrations from the east and south to the west for thou-
sands of years, making it an excellent topic of several stable 
oxygen isotope and 87Sr/86Sr composition studies (Giblin 
2009; Gerling et al. 2012; Giblin et al. 2013; Alt et al. 2014; 
Noche-Dowdy 2015; Giblin and Yerkes 2016; Hakenbeck 
et al. 2017; Gamarra et al. 2018; Gugora et al. 2018; Knipper 
et al. 2020; Depaermentier et al. 2020; 2021). Ancient Hun-
garian tribes settled the Carpathian Basin in 895/896 CE, 
bringing with them the genetic and cultural characteristics 
from several boundary regions between Europe and Asia, 
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while also adopting habits of the local inhabitants (e.g., 
Avars and Slavs) (Fóthi et al. 2020, and references therein). 
As such, the cemeteries of the tenth century CE Hungarian 
populations, ranging from commoners (at Tiszanána in East-
ern Hungary) to the military upper class and their families 
(at Kenézlő-Fazekaszug and Karos-Eperjesszög in north-
eastern Hungary), may provide insight into the migrations 
and dietary habits of the people in the region. The studied 
populations appeared to have possessed the same culture, 
with differences, such as diet, likely due to differing food 
procurement practices as a result of site-specific environ-
mental constraints (e.g., marshy Kenézlő and Karos vs. dryer 
Tiszanána). A complex study involving stable C-N–O iso-
tope (13C/12C, 15 N/14 N, and 18O/16O ratios) analyses and Sr 
isotope (87Sr/86Sr ratio) measurements (Gugora et al. 2021; 
2022) was begun to determine diet and migration at sev-
eral tenth century CE Hungarian Conquest period sites. The 
study includes stable carbon and nitrogen isotope analyses of 
dentin and bone collagen, as well as stable carbon and oxy-
gen isotope analyses of enamel and bone apatite carbonate. 
If well preserved, the carbon isotope composition of apatite 
can provide information about carbohydrate consumption, 
whereas the carbon and nitrogen isotope compositions of 
collagen reflect the protein portion of diet (Krueger and Sul-
livan 1984). The stable oxygen isotope composition of apa-
tite carbonate may be used to infer diet and environmental 
conditions, provided that diagenesis has not altered the car-
bonate component (Sponheimer and Lee-Thorp 1999; Koch 
et al. 1997; Salesse et al. 2014; Wang and Cerling 1994). 
Previous studies have recommended chemical treatment pro-
cedures to remove the contaminating secondary carbonate 
or methods to detect diagenetic alteration by crystallinity 

analyses (Crowley and Wheatley 2014; Garvie-Lok et al. 
2004; Koch et al. 1997; Person et al. 1995; Stuart-Williams 
et al. 1996; Weiner and Bar-Yosef 1990). Additionally, stron-
tium isotope ratios may yield information about migration 
and diet due to local differences in environmental strontium 
isotope compositions where bioavailable Sr is incorporated 
into the human body (Bentley 2006). Stable isotope com-
positions of teeth reflect childhood, whereas those of bones 
reflect the final 3–10 years before death (depending on the 
bone type), allowing for a complex evaluation of diet and 
migration that potentially spans the entire lifetime of the 
studied individuals (Arneborg et al. 1999; Hedges et al. 
2007). However, to determine if the apatite and collagen 
analyses provide reliable data, the effects of potential post-
depositional diagenetic alteration in the soil-hosted graves 
must be determined. Fourier-transform infrared spectros-
copy (FTIR) is a powerful tool to detect diagenetic alteration 
in skeletal material (Roche et al. 2010). This study presents 
a combination of FTIR and isotope analyses to achieve a 
reliable selection of unaltered skeletal samples and pristine 
compositions.

Materials and methods

Materials

Skeletal samples were collected from three tenth century 
CE cemeteries: Karos-Eperjesszög (i.e., Karos), Kenézlő-
Fazekaszug (i.e., Kenézlő), and Tiszanána, in eastern and 
northeastern Hungary (Fig. 1). Kenézlő is located in north-
eastern Hungary, along the Tisza River’s northern bank 

Fig. 1  Locations of the tenth century CE cemeteries studied in 
this paper. The sites investigated by Depaermentier et  al. (2021) 
(Mezőzombor-Községi temető [MEKÖ], Tiszadob-Okenéz [TISO], 

Kompolt-Kígyós-ér [KOKI], Tiszabura Bonishat [TIBO], and Puszta-
taksony Ledence [PULE]) are also shown
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(Upper Tisza region), and contains opulent burials of high-
status individuals, likely military leaders and their family, 
as well as other warriors and household servants (Révész 
2014, 2020) (Fig. 1), indicating it was likely part of the 
princely retinue of the Upper Tisza region. It was discov-
ered in 1913 and excavated in the 1920s (Révész 2014).

Karos is situated near Kenézlő in northeastern Hun-
gary and also contains several upper class individuals, 
including military leaders, their family, and upper class 
warriors, as well as warriors and other members of the 
lower classes, such as household and personal servants 
(Nagy and Révész 2003) (Fig. 1). Because the site is com-
posed of three adjacent and contemporaneous cemeter-
ies (I-III), they were each discovered at different times by 
different individuals. Karos I is the smallest of the three 
and was found in 1899 by fieldhands (Nagy and Révész 
2003; Révész 1996). Karos II is the largest and was ini-
tially discovered in 1936 and rediscovered in 1985 by a 
resident of Karos village (Nagy and Révész 2003; Révész 
1996). Karos III was the final cemetery to be processed, 
between 1988 and 1990 (Wolf and Révész 1996). Karos 
is presently the most opulent tenth century CE Hungarian 
cemetery excavated (Nagy and Révész 2003). Both Karos 
and Kenézlő are located in a marshy floodplain called the 
Bodrogköz, which made the cultivation of many com-
mon  C3 plants, such as wheat (T. aestivum), difficult and 
impractical. Instead, the Hungarians living here relied 
more heavily on broomcorn millet (P. miliaceum) (a  C4 
plant), as it is much quicker to cultivate (40–90 days) than 
 C3 cereal grains, thus allowing it to be harvested before 
the area flooded (Balassa 1994; Motuzaite-Matuzeviciute 
et al. 2013).

In contrast, Tiszanána is in northern Hungary (Fig. 1) and 
likely was discovered at a sand mine in 1958 by a member 
of the mining company (Révész 2008). The cemetery was 
extensively damaged by plowing and looted by mine work-
ers, as well as area residents. Tiszanána appears to have had 
a fairly egalitarian society, with few, if any, upper class indi-
viduals, as the graves contained relatively modest material 
artifacts. Additionally, warriors likely did not inhabit the 
site, because weapons were not found (Révész 2008).

The areas of studied cemeteries are characterized by Qua-
ternary fluvial deposits, clays, and mudstones (interactive 
geological map of Hungary, Mining and Geological Survey 
of Hungary, https:// map. mbfsz. gov. hu/ fdt100/).

These three tenth century CE Hungarian sites were cho-
sen because the archaeological and anthropological evidence 
suggest that they contained a variety of social statuses and 
potential indications of non-native individuals. They are 
therefore considered to be representative of the Hungarians 
living in that period, as well as anthropologically interesting.

The number of samples (n) collected is as follows: 71 
teeth and 83 bones from Karos, 19 teeth and 11 bones from 

Kenézlő, and 8 teeth and 37 bones from Tiszanána (Sup-
plementary Table S1).

Methods

Biological sex and age at death were determined for the 
collected samples by Tóth (1958) and Kustár (1993; 1996) 
(Supplementary Table  S1). For apatite analyses, tooth 
enamel and bone samples were ground in a ceramic mor-
tar and pestle, after which the skeletal powder was repeat-
edly sieved using a 180-μm sieve, so that the grain size was 
approximately 180 μm (Garvie-Lok et al. 2004).

Attenuated total reflection (ATR) FTIR analyses 
were performed using a Bruker Vertex 70 Fourier Trans-
form Infrared spectroscope controlled by OPUS 8.1 soft-
ware. For each sample, 64 scans were recorded in the 
4000–400  cm−1 spectral range, with a resolution of 4  cm−1. 
FTIR spectra were baseline-corrected using the Bruker 
Opus software. Peak area OH/PO4 and  CO3/PO4 ratios 
were calculated on the basis of the following wave number 
intervals: 890–1190  cm−1  (PO4), 1320–1530  cm−1  (CO3), 
3000–3600  cm−1 (OH). Instead of peak intensities, which 
are based on single values for OH,  CO3, and  PO4, integrated 
peak area values were used (Demény et al. 2019). Keeping 
the sample powder grain size just below 180 μm allowed 
for the exclusion of large variations in grain size, which can 
significantly affect the measured  CO3/PO4 ratios (Konto-
poulos et al. 2018).

Apatite samples were prepared following the procedures 
adapted from Garvie-Lok et al. (2004) and described by 
Gugora et al. (2018). Distilled water was used to clean the 
teeth, which were then dried overnight in a drying oven at 
60 °C. Bone was similarly prepared. Using a ceramic mortar 
and pestle, 20–30 mg of skeletal sample (likewise for both 
enamel and bone) was ground to a fine powder (< 180 μm) 
and placed into 2 mL plastic tubes. Then, 0.04 mL of a 2% 
sodium hypochlorite (bleach) solution per mg of sample 
was added to the sample for 24 h and 72 h, respectively, 
for enamel and bone. The samples were rinsed 5 times with 
distilled water, after which 0.04 mL of 0.1 M acetic acid was 
added to each sample. The samples were soaked in the acetic 
acid solution at room temperature for 4 h and were rinsed 5 
times with distilled water. The sample containers were then 
placed in the freezer at − 40 °C for 2 days and were freeze-
dried at − 60 °C and at 200 millitorr for 2 days to remove all 
moisture, to prevent possible isotopic exchange during stable 
isotope analysis. Finally, the samples were weighed and the 
apatite percent yields were calculated.

Dentin and bone collagen were extracted following the 
adapted Longin (1971) procedure, which was previously also 
used in Gugora et al. (2018). When the teeth and bone were 
ultrasonically cleaned with distilled water, the dentin was 
isolated from the enamel and placed into 10 mL glass culture 
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test tubes, while 1–2 g of bone was fragmented into smaller 
pieces and placed into 50 mL plastic centrifuge tubes. Bone 
was immersed in 10 mL of 2:1 chloroform:methanol for 
20-min intervals, until the liquid was clear, to ensure the 
removal of lipids that may potentially skew collagen iso-
tope results. Afterwards, the bone underwent 3 rinses in 
distilled water and was dried overnight. Dentin was demin-
eralized in ~ 5 mL of a 0.5 M hydrochloric (HCl) acid solu-
tion, while bone was demineralized in ~ 10 mL of a 0.25 M 
HCl solution, with daily HCl changes. Complete deminer-
alization occurred in about 2.5 months for dentin and in 
about 1 month for bone. Three rinses with distilled water 
followed for both dentin and bone. Then, 5 mL (for dentin) 
and 10 mL (for bone) of a 0.5 M sodium hydroxide (NaOH) 
solution were added to the samples in 20-min intervals to 
remove humic acids, until the solution was clear. Samples 
were rinsed in distilled water to achieve a pH of 7 ± 1. Next, 
the samples were rinsed with 0.25 M HCl acid, decanted, 
and then rinsed in approximately 5 mL of distilled water, 
until the pH was between 2.5 and 3. The sample tubes were 
baked (with caps) in a drying oven at 90 °C for 24 h (den-
tin) and 16 h (bone) to solubilize the collagen. Afterwards, 
the dentin and bone collagen solutions were pipetted into 
dram vials and baked uncovered in the oven at 60 °C, until 
the water evaporated and the collagen solidified. Finally, the 
samples were weighed and the collagen percent yields were 
calculated.

Stable isotope compositions are expressed in ‰ as δ13C, 
δ18O, and δ15N values relative to VPDB (δ13C), VSMOW 
(δ18O), and AIR (δ15N), respectively. Stable carbon and oxy-
gen isotope compositions of the carbonate component of 
skeletal apatite were measured by applying an orthophos-
phoric acid reaction at 72° C (Spötl and Vennemann 2003) 
and an automated GASBENCH II sample preparation device 
attached to a Thermo Finnigan Delta Plus XP Isotope Ratio 
Mass Spectrometer at the Institute for Geological and Geo-
chemical Research (IGGR). The raw data were calibrated 
using three in-house standards (calibrated using the NBS-
18, NBS-19, and LSVEC standards from the International 
Atomic Energy Agency). Three replicates were run, when 
sample weight allowed. A δ13C value of − 6.34 ± 0.05‰ 
(n = 24) was obtained for the NBS-120c phosphate rock 
standard (carbonated fluorapatite, whose δ13C value is 
frequently reported; e.g., Passey et al., 2007). The general 
reproducibility of the sample measurements is about 0.1‰ 
(see Demény et al. 2019).

C and N concentrations (wt%) as well as stable carbon 
and nitrogen isotope compositions of collagen samples 
were determined using an automated Flash 2000 Ele-
mental Analyzer attached to a Thermo Finnigan Delta V 
Advantage Isotope Ratio Mass Spectrometer at the IGGR. 
Two-point linear normalization was used to recalculate 
raw isotope values to VPDB (δ13C) or AIR (δ15N) scales 

based on analyses of IAEA-CH-6 and IAEA-CH-7 stand-
ards for carbon and IAEA-N1 and IAEA-N2 standards for 
nitrogen. Standard deviations of δ13C and δ15N values of 
the reference standards were about 0.05‰ and 0.15‰, 
respectively. δ13Cap and δ13Ccoll are used to represent car-
bon isotope compositions of the carbonate component of 
apatite and of the collagen samples, respectively, while 
δ18O refers to the oxygen isotope composition of skeletal 
carbonate, as other components of apatite (e.g., phosphate) 
were not analyzed.

For strontium isotope analyses, bone and dental enamel 
samples were physically pre-cleaned using a Dremel 300 
drill equipped with a diamond tipped tool to remove any 
surface contaminants. Samples were then cut with a dia-
mond saw. Any remaining dentin on the teeth or cancellous 
bone on the cortical bone was removed using a diamond 
tipped Dremel tool attachment. The samples were exam-
ined under a microscope to ensure that all contaminants had 
been eliminated. Bones were repeatedly cleaned of dust by 
ultrasonication in milliQ water, after which they were rinsed 
in a 1 M acetic acid solution to remove diagenetic carbon-
ate. Then, the samples were rinsed 3 times in milliQ water 
and dried overnight at 60 °C in a drying oven. Twenty mil-
ligrams of enamel and 50 mg of bone samples, respectively, 
were weighed and placed into cleaned, labelled PFA beak-
ers. Additional blank and standard solutions were included 
to verify the blank and accuracy of the chemical preparation. 
Enamel samples were digested twice in 1 mL of 14 M  HNO3 
and placed on a hotplate at 120 °C to evaporate to dryness. 
Bone samples were digested twice in 1 mL of 14 M  HNO3 
and 100 µL of  HClO4. When the sample was fully demineral-
ized, it was taken up in in 3%  HNO3 and loaded into the pre-
cleaned Sr spec column to separate Sr from the other matrix 
elements. All sample preparation occurred in a Class 1000 
cleanroom. Ultrapure water (UPW) (Merck, 18 MΩ cm) and 
doubly distilled 14 mol  L−1 nitric acid were used for sample 
digestion, resin cleaning, and elutions. Crown ether-based 
Sr-Spec Resin (100–150 µm particle size) from Triskem 
International, France, was pre-cleaned with 8 M  HNO3 and 
UPW prior to use. Sr was isolated from the matrix compo-
nents and from Rb to avoid an isobaric overlap of 87Sr+ and 
87Rb+. Following this separation, the solution was evapo-
rated to dryness, and 1 mL of 14 mol  L−1 nitric acid was 
added, and the sample was evaporated again. The residue 
was taken up in 4 mL 3%  HNO3 solution. Standard solutions 
were prepared from the NBS987  SrCO3. Strontium isotope 
ratios were measured using a Neptune Plus MC-ICPMS 
(Thermo Scientific), equipped with an Aridus-3 (CETAC) 
desolvating system at the Isotope Climatology and Environ-
mental Research Centre (ICER) in Debrecen, Hungary. The 
87Sr/86Sr ratio was corrected for instrumental mass discrimi-
nation using 88Sr/86Sr = 8.375209, as well as by applying 
an interference correction for 87Rb+ and 86Kr+ with 85Rb+ 
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and 83Kr+, respectively. All values were normalized to the 
accepted value of 0.710240 for NBS987 (Wall et al. 2013).

Results and discussion

This study is based on 226 δ13C-δ18O analyses of apatite 
carbonate and 220 δ13C-δ15N analyses of collagen sam-
ples extracted from teeth and bones, supplemented with 82 
FTIR measurements and 78 87Sr/86Sr ratio determinations 
of enamel and bone samples. The data are listed in Supple-
mentary Tables 2–5 (see Supporting Information Material).

Detection of diagenetic alteration

The δ13C and δ18O values of the carbonate component of 
enamel and bone apatite, as well as their average values, 
1σ standard deviation, and minimum and maximum values 
are listed in Supplementary Table S2. The enamel apatite 
δ13C and δ18O values from Karos, Kenézlő, and Tiszanána 
overlap (Fig. 2A), with the Karos data showing the largest 
scatter and the Tiszanána data the smallest. This difference 
may derive from the greater magnitude of data at Karos 
(68 samples) than at Kenézlő (10 samples) or Tiszanána (6 
samples). In contrast, the bone apatite samples show sig-
nificant δ18O shifts from the enamel fields (with − 2.4‰ at 

Fig. 2  Stable carbon and 
oxygen isotope compositions of 
A the carbonate component of 
bone and enamel apatite, and B 
contaminating carbonate from 
soil debris collected along with 
skeletal samples. Limestone 
compositions that the green 
arrow points to are from Haas 
and Demény (2002)
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Karos, − 0.8‰ at Kenézlő, and − 2.7‰ at Tiszanána), while 
the δ13C ranges are either similar in enamel and bones or 
the bone fields are slightly shifted towards lower δ13C val-
ues (Fig. 2, Supplementary Table S2). It is interesting to 
note that the Kenézlő samples are characterized by the least 
amount of difference between the enamel and bone δ18O 
values, whereas the Karos and particularly the Tiszanána 
data indicate larger shifts.

The enamel-bone difference may originate from migra-
tion and dietary changes during the lifetimes of the individu-
als, with the enamel preserving information during child-
hood and the bones reflecting environmental and dietary 
conditions over the final ~ 3–10 years of the individual’s 
life. Thus, it is essential to determine if the observed δ18O 
differences reflect primary compositions or if the bone data 
are related to secondary, post-depositional diagenetic altera-
tion due to the porous structure of the bones, which makes 
them vulnerable to contamination, compared to the dense, 
compact material of teeth, particularly of the enamel portion. 
The isotopic compositions of skeletal apatite are determined 
from the carbonate component, so the suspected alteration 
is likely due to infiltration of groundwater and incorporation 
of a secondary carbonate component to the apatite structure, 
leading to elevated carbonate concentration (Demény et al. 
2019). This effect may be present if the bone carbonate data 
resemble data of soil carbonate compositions. As such, soil 
samples collected alongside or scraped from the surface of 
the skeletal elements were also analyzed. The isotopic com-
positions of the potential contaminating material are plotted 
in Fig. 2B.

The distribution of δ13C and δ18O values indicates the 
presence of two main contaminating components: marine 
sedimentary carbonate (limestone and dolomite debris), with 
elevated δ13C and δ18O values (Haas and Demény 2002), and 
authigenic soil carbonate, with low δ13C and δ18O values 
(Fórizs et al. 2017). The negative δ13C shift in bone com-
pared to enamel data suggests that the limestone debris is 
not truly a contaminating material, as it is easily removed by 
pre-treatment. However, groundwater infiltration and incor-
poration of a secondary carbonate appear to have caused 
the alteration observed in bone carbonate δ18O (Demény 
et al. 2019). Secondary, soil-related carbonate is precipitated 
from infiltrating groundwater, covering the outer, cortical 
surface of bones, and may infiltrate the bone itself, as well. 
Figure 2B shows that most of the contaminating carbonate 
scraped from the bone surfaces has low δ18O values com-
pared to the bone compositions, while limestone debris has 
elevated δ13C values. As the limestone grains are removed 
by washing the bones, the negative δ18O shift of the bone 
samples compared to the enamel samples can be attributed 
to the presence of secondary carbonate precipitated from 
infiltrating groundwater or incorporated into the apatite 
structure (Demény et al. 2019).

To investigate the carbonate content of the enamel and 
bone samples, FTIR analyses were conducted. Peak areas 
were computed, and OH/PO4 and  CO3/PO4 peak area ratios 
were plotted in Fig. 3A. The enamel samples have low OH/
PO4 and  CO3/PO4 ratios, with a slight positive correlation, 
which continues in the Kenézlő bone data. In contrast, the 
Karos and Tiszanána bones show elevated  CO3 contents, in 
accordance with their suspected diagenetic alteration. The 
shift from the Kenézlő enamel and bone trend is expressed 
by the ΔCO3/PO4 value, which is the difference between the 
measured ratio and the value corresponding to the meas-
ured OH/PO4 ratio on the Kenézlő trend (see Fig. 3A). The 
isotopic data were next plotted as a function of ΔCO3/PO4 
values to investigate the effect of secondary carbonate for-
mation on the δ13C and δ18O values. The δ13C values did 
not indicate a relationship with the  CO3 contents (Fig. S1 
shown in the Supplementary Tables excel file). The δ18O 
data, however, display systematic changes with the ΔCO3/
PO4 values (Fig. 3B). The plot clearly shows that the enamel 
data are unaffected, the Kenézlő bones are slightly altered, 
and increasing alteration appears in the Karos and Tiszanána 
bone samples (with the bone carbonate δ18O values at Karos 
and Tiszanána shifted by − 2.4 and − 2.7‰, respectively, and 
the  CO3/PO4 ratios elevated from 0.08 ± 0.01 to 0.14 ± 0.04 
at Karos and from 0.07 ± 0.03 to 0.22 ± 0.03 at Tiszanána; 
Supplementary Tables S2 and S3). The unaltered nature (i.e., 
free of diagenetic alteration) of the enamel data suggests 
that, although the carbonate component of skeletal apatite 
is generally more prone to late-stage alteration than is the 
phosphate component, enamel data may still provide pri-
mary information.

Collagen resistance to alteration

Diagenetic collagen alteration may result in differential 
removal of C and N, which appears if the atomic C:N ratio 
is plotted as a function of C% (following Ambrose 1990). 
Unaltered collagen has an atomic C:N ratio between 2.9 
and 3.6 (DeNiro 1985; Ambrose 1990); thus, samples out-
side this range, with low C and N concentrations, may be 
regarded as altered, which may affect the C and N isotope 
compositions, as well (Ambrose 1990). Following this 
rationale, collagen C and N concentrations and δ13C and 
δ15N values were determined (Supplementary Table S4) and 
plotted in Fig. 4.

Figure 4A shows the atomic C:N ratio as a function of C 
wt% data. Apart from two outliers, all the data fall within 
the 2.9 to 3.6 atomic C:N range, regardless of whether the 
sample was dentin or bone collagen. However, some of 
the Karos and Tiszanána bone collagen data are shifted 
towards lower C wt% values, with slightly elevated C:N 
ratios, whereas the dentin and bone collagen from Kenézlő 
plot in narrow ranges. This corresponds with the general 
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degree of alteration inferred from the FTIR analyses, 
with the Karos and Tiszanána samples showing signs of 
enhanced diagenetic alteration and with the Kenézlő sam-
ples displaying the least. The next task is to determine 
how, if at all, this alteration affects the C and N isotopic 
compositions, as it is important to select unaltered compo-
sitions when interpreting dietary differences with collagen 
δ13C and δ15N values. Figure 4 B and C show that there 
are no relationships between collagen biochemistry and 
isotopic composition. Consequently, we can confidently 
conclude that the δ13Ccoll and δ15Ncoll values can be used 
to infer dietary variations, which will be the subject of a 
follow-up study (Gugora et al. 2022).

Unaltered δ13C data can also be used to examine plant 
protein consumption. If the δ13Cap values are plotted as 
a function of δ13Ccoll data, the consumption of  C3 and  C4 
plants can be graphically determined (Kellner and Schoe-
ninger 2007), as shown in Fig. 5. Dental enamel and dentin 
data from Karos, Kenézlő, and Tiszanána plot between the 
 C3 and  C4 plant protein lines, indicating that a significant 
portion of the diet was comprised of  C4 plant foods. The 
most likely candidate is millet, as it was detected in ear-
lier (sixth century CE, Alt et al. 2014) and later (thirteenth 
century CE, Gugora et al. 2018) medieval Hungary. This 
observation is somewhat different to what is seen among the 
Avars (sixth–ninth centuries CE), who, like the tenth century 

Fig. 3  A OH/PO4 and  CO3/PO4 
peak area ratios of bones and 
teeth determined by Fourier-
transform infrared spectroscopy. 
B Carbonate oxygen isotope 
compositions as a function of 
 CO3/PO4 shift from the Kenézlő 
sample trend of A 
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CE Hungarians, had a history of the pastoral nomadic tradi-
tions typical of the Eurasian Steppe peoples (Herold 2008; 
Noche-Dowdy 2015; Vidal-Ronchas et al. 2019). Despite 
this, the Hungarians consumed more  C4 plants (i.e., millet) 
than did the Avars (Noche-Dowdy 2015). This may be due 
to environmental conditions, such as at Karos and Kenézlő, 
where the terrain was marshy and prone to flooding (Nagy 
and Révész 2003). This type of environment likely neces-
sitated the cultivation of quick-growing plants, like millet 
(Gugora et al. 2021; Nagy and Révész 2003). Tiszanána, 

however, was much dryer, so  C3 cereal crops were viable, 
but even they consumed slightly more millet than did the 
Avars. Interestingly, the  C4 plant percentages at tenth cen-
tury CE Karos and Kenézlő more closely resemble those of 
the Scythians from north of the Black Sea (Ventresca-Miller 
et al. 2021) than the Avars (Herold 2008; Noche-Dowdy 
2015; Vidal-Ronchas et al. 2019) or medieval Europeans 
(Gugora et al. 2018; Leggett et al. 2021). Although the 
tenth century CE Hungarians had a history of nomadism, 
like the Black Sea Scythians did, they practised sedentary 

Fig. 4  Atomic C:N ratios as a 
function of A C wt%, and stable 
carbon B and nitrogen C isotope 
compositions of collagen 
extracted from bones and dentin
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agriculture, rather than traditional nomadism by the time 
they reached the Carpathian Basin in 895/896 CE (Nagy 
and Révész 2003). This suggests that the increased  C4 plant 
consumption is likely explained primarily by environmental 
constraints (i.e., marshy Karos and Kenézlő), with poten-
tially a moderate cultural component (i.e., preserving dietary 
customs from ancestors’ nomadic past), as well. Most of the 
bone δ13C data overlap with the dental values, indicating 
that no significant δ13C alteration occurred, but the low and 
high δ13C ends indicate changes in the bone apatite carbon-
ate content and slight collagen alteration. The red arrows 
in Fig. 5 mark the effect of soil carbonate invasion into the 
bone apatite carbonate. The low δ13Cap values around − 14‰ 
may indicate direct addition of low-δ13C soil-related carbon-
ate, whereas the elevated δ13Ccoll values up to − 12‰ may 
suggest collagen alteration due to groundwater infiltration. 
This observation supports the selection procedure based on 
the combined FTIR and stable isotope analyses.

Strontium isotopic compositions: alteration, 
migration, and diet

Strontium isotope compositions of dental and bone samples 
were analyzed to investigate the preservation of the original 
isotopic compositions. The samples were pre-treated both 
mechanically and chemically to remove superficial second-
ary carbonate.

The skeletal strontium isotope data (along with averages, 
1σ standard deviations, and minimum and maximum val-
ues) are listed in Supplementary Tables S5 and are plot-
ted together with the apatite carbonate δ18O values (Fig. 6). 

As expected, the bone data differ significantly from the 
enamel compositions (Fig. 6). The Kenézlő samples are 
an exception, as both the bone and enamel samples have 
similar oxygen and strontium isotope ranges, excepting 
only two bone samples, KF1023 and KF1030, with low 
δ18O values (of about − 23.3‰) and low 87Sr/86Sr ratios 
(of 0.7091). In contrast, the Karos enamel and bone data 
are clearly different, particularly due to the differences in 
the δ18O values (mean enamel δ18O = 25.5 ± 0.6‰, mean 
bone δ18O = 23.1 ± 0.6‰). The Tiszanána enamel and bone 
samples show even larger δ18O and 87Sr/86Sr differences, 
although it should be noted that only 3 enamel and 4 bone 
samples were measured for both isotope compositions. The 
Tiszanána bones plot close to the Karos bones, although 
with slightly higher Sr isotope ratios and lower δ18O values. 
The bone-enamel differences raise the possibility of second-
ary carbonate contamination; however, the powdered and 
oxidized samples were soaked in 0.1 M acetic acid for 4 h, 
which should remove secondary carbonate from the bioapa-
tite. As Demény et al. (2019) showed, calcite is not detected 
after the acid treatment, so the carbonate can be attributed 
entirely to structural carbonate within the apatite. Thus, the 
elevated  CO3/PO4 ratios and low δ18O values are related to 
the incorporation of carbonate into the apatite structure due 
to groundwater infiltration in the grave soil. This carbon-
ate may be considered to be analogous to soil carbonate. 
Depaermentier et al. (2021) used human bone strontium 
isotope compositions as representative values for burial 
soils, assuming thorough alteration. The nearest locations 
studied by Depaermentier et al. (2021) with sedimentary 
environments (fluvial sediments) similar to those of Karos 

Fig. 5  Stable carbon isotope compositions of apatite as a function of 
collagen data obtained from teeth.  C3,  C4, and marine protein lines 
are from Kellner and Schoeninger (2007). Bone data are shown as 
shaded field for comparison. Red arrows indicate the effect of soil 
carbonate addition

Fig. 6  Stable oxygen isotope compositions as a function of strontium 
isotope ratios. The blue arrow marks the coupled δ18O-87Sr/86Sr vari-
ation due to migration. Grey arrows indicate shifts from enamel data 
towards bone compositions. Estimated soil carbonate 87Sr/86Sr range 
and δ18O values are from Depaermentier et al. (2021) and from car-
bonate-water oxygen isotope fractionation calculations (see text)

Page 9 of 13    58Archaeological and Anthropological Sciences (2022) 14: 58



1 3

and Kenézlő are Mezőzombor-Községi temető (MEKÖ) 
and Tiszadob-Okenéz (TISO), whereas the Tiszanána cem-
etery is close to the Kompolt-Kígyós-ér (KOKI), Tiszabura 
Bonishat (TIBO), and Pusztataksony Ledence (PULE) sites 
investigated by Depaermentier et al. (2021). The comparison 
of these sites is also supported by the similarities of local 
geological characteristics, as Fig. 6 shows the 87Sr/86Sr range 
from these sites, as well as the δ18O range of the estimated 
secondary carbonate. Secondary carbonate is precipitated 
as a product of alteration induced by groundwater infiltra-
tion, primarily in the warmer seasons (Újvári et al. 2019). 
Summer temperatures range from 19 to 22 °C in the area 
(Demény et al. 2012; Újvári et al. 2019), which serve as an 
upper limit of soil-related carbonate formation. The lower 
limit is the annual average of 10–11 °C (Czuppon et al. 
2018; Újvári et al. 2019). However, because carbonate for-
mation predominantly occurs during the warmer seasons, 
the bone carbonate formation temperatures are closer to 
the upper limit. The groundwater compositions can be esti-
mated from the δ18O data of precipitation (Czuppon et al. 
2018) to be around − 9‰ (annual average) to − 7‰ (sum-
mer average). The expected bone carbonate composition 
can be calculated from the bone carbonate–water oxygen 
isotope fractionation determined by Lécuyer et al. (2010). 
The observed δ18O values range from 20.0 to 25.8 ‰, with 
most compositions fitting the lower δ18O limit that corre-
sponds to δ18Owater =  − 9‰ and t = 22 °C. This is presented 
on the δ18O axis of Fig. 6. As shown in Fig. 6 by the grey 
arrows, the bone compositions are shifted from the enamel 
data towards the estimated soil carbonate δ18O and 87Sr/86Sr 
ranges. However, because bone alteration and, consequently, 
the stable isotopic shifts are not uniform, the bone data may 
represent mixed compositions between enamel data and 
local soil values. This should be taken into account when 
bone isotope values are used as representative of soil com-
positions (e.g., Depaermentier et al. 2021).

Unlike the bone data, the enamel data may represent pri-
mary compositions that can be used in dietary and migra-
tion studies. Most of the Karos and Kenézlő enamel apatite 
samples overlap in Fig. 6, which is in agreement with the 
proximity and similar environmental conditions of the sites. 
However, one of the Kenézlő enamel apatite samples (KF 
10.940) plots far away from the other samples and displays 
the largest 87Sr/86Sr ratio (0.71164) of the present dataset, 
but a relatively low δ18O value (24.0‰), which is the low-
est value among the Kenézlő enamel samples. This differ-
ence may be explained by the migration of this individual 
from a mountainous area that has old crustal rocks with 
elevated strontium isotope ratios (Mason et al. 1996) and 
low δ18O values of the precipitation water (Kern et al. 2019). 
Another Kenézlő enamel sample (KF 1027-t) plots within 
the Tiszanána enamel group, suggesting that this individual 
may have been originated from a similar place to Tiszanána. 

The Tiszanána enamel data have higher 87Sr/86Sr ratios than 
do the Karos and Kenézlő enamel data, which may mirror 
the local sedimentary environmental characteristics or may 
be evidence of migration. The aforementioned locations 
studied by Depaermentier et al. (2021) are geographically 
close to the sites researched in this paper and do not show 
systematic Sr isotope differences along the Tisza river. The 
Sr isotope difference between the Tiszanána and the Karos-
Kenézlő data may derive from inhomogeneities in the fluvial 
sediments. Alternatively, the Tiszanána enamel data may 
indicate that the analyzed individuals migrated from a place 
with higher 87Sr/86Sr ratios. To support the latter possibil-
ity, detailed investigations with more samples and additional 
archaeological information are required, which are beyond 
the scope of this paper.

Conclusions

Skeletal remains from three tenth century CE cemeteries 
in northeastern Hungary (Karos, Kenézlő, and Tiszanána) 
were investigated using a combination of Fourier-transform 
infrared (FTIR) spectroscopy and C-N–O-Sr isotope geo-
chemistry. The primary aim of this study was to determine 
the degree of alteration among teeth and bone samples, as 
well as to select isotope data that may be used to infer pri-
mary migration and dietary information. Stable carbon and 
oxygen isotope compositions of enamel and bone apatite 
carbonate suggest significant diagenetic alteration, and addi-
tional, independent data were supplied by  CO3, OH, and 
 PO4 contents by means of FTIR analyses. The FTIR analy-
ses detected surplus carbonate in the bones that was formed 
by the infiltration of groundwater and secondary carbonate 
incorporation, whereas the enamel remained unaltered. In 
contrast, collagen samples extracted from dentin and bone 
showed only slight alteration on the basis of typical bioar-
chaeological markers of preservation, such as atomic C:N 
ratios and C and N contents. This indicates that the collagen 
C and N isotopic compositions did not undergo diagenetic 
alteration and are therefore appropriate for dietary analysis. 
Stable carbon isotope values of enamel apatite carbonate and 
dentin collagen suggest that  C3 plants were the primary plant 
type consumed but that a significant portion of their vegetal 
diet also included  C4 plants, most likely from millet. Addi-
tionally, these observations indicate a dietary similarity with 
some Eurasian Steppe peoples (e.g., Scythians living north 
of the Black Sea, Ventresca-Miller et al. 2021) instead of 
with Avars (sixth–eighth centuries CE, Herold 2008; Noche-
Dowdy 2015; Vidal-Ronchas et al. 2019) or medieval Euro-
peans (Gugora et al. 2018; Leggett et al. 2021), although 
environmental conditions favouring  C4 plant cultivation at 
Karos and Kenézlő can also induce such dietary differences.
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Another way that filtering out diagenetically altered 
samples may be useful is in the interpretation of strontium 
isotope ratios, specifically relating to migration and diet. 
Some of the bone apatite 87Sr/86Sr ratios indicate second-
ary carbonate formation, but the enamel samples do not and 
thus provide primary Sr information. The stable isotope data 
from Karos, Kenézlő, and Tiszanána predominantly reflect 
local compositions, with only limited migrations, as just one 
individual is assumed to have originated from outside the 
research area. This study indicates that careful investigation 
of the effects of diagenetic alteration can lead to the selec-
tion of primary compositions that may be used to detect 
subtle differences in diet and/or migration.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s12520- 022- 01532-3.
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