DIETARY HABITS AND FRESHWATER RESERVOIR EFFECTS IN BONES FROM A
NEOLITHIC NE GERMAN CEMETERY
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ABSTRACT. Within a project on Stone Age sites of NE Germany, 26 burials from the Ostorf cemetery and some further
Neolithic sites have been analyzed by more than 40 accelerator mass spectrometry (AMS) dates. We here present the results
of stable isotope and radiocarbon measurements together with reference 4C dates on grave goods from terrestrial animals
such as tooth pendants found in 10 of the graves. Age differences between human individuals and their associated grave goods
are used to calculate '“C reservoir effects. The resulting substantial reservoir effects have revealed misleadingly high '4C ages
of their remains, which originally indicated a surprisingly early occurrence of graves and long-term use of this Neolithic
burial site. We demonstrate that in order to '4C date the human bones from Ostorf cemetery, it is of utmost importance to dis-
tinguish between terrestrial- and freshwater-influenced diet. The latter may result in significantly higher than marine reservoir
ages with apparent 4C ages up to ~800 yr too old. The carbon and nitrogen isotopic composition may provide a basis for or
an indicator of necessary corrections of dates on humans where no datable grave goods of terrestrial origin such as tooth pen-
dants or tusks are available. Based on the associated age control animals, there is no evidence that the dated earliest burials
occurred any earlier than 3300 BC, in contrast to the original first impression of the grave site (~3800 BC).

INTRODUCTION

Marine or freshwater diets result in radiocarbon ages apparently too old due to the so-called reser-
voir effect. Marine and freshwater organisms are depleted in '“C relative to the atmosphere, result-
ing in apparent 4C ages that are too old compared to contemporaneous terrestrial organisms. This
difference is called the reservoir age (R). For marine organisms living in the upper, mixed layer of
the open ocean, the reservoir age is generally about 400 4C yr (Stuiver and Braziunas 1993; Hughen
et al. 2004). In shallow marine waters, the reservoir age can be higher or lower, depending on atmo-
spheric CO, exchange, influx of hard freshwater, and upwelling of deep ocean waters (Heier-
Nielsen et al. 1995). Freshwater may contain dissolved CaCOj; from fossil carbonate in soils. The
freshwater reservoir age is known to vary considerably with time and location (Heier-Nielsen et al.
1995; Lanting and van der Plicht 1998; Olsen et al. 2009). Hence individuals who subsisted or partly
subsisted on marine or freshwater diets are often very difficult to date directly by their bone remains
(Lanting and van der Plicht 1998; Arneborg et al. 1999; Bonsall et al. 2004; Fischer et al. 2007).

Since the early 1980s, measurements of stable isotopes of carbon and nitrogen in bone collagen have
proven a useful way of obtaining information on the protein part of diets (Wada et al. 1991; Ambrose
1993; Richards and Hedges 1999; Ambrose and Krigbaum 2003; Erikson 2003; Richards et al.
2003). The stable isotope ratio of carbon (813C) is especially useful for estimating the proportion of
marine relative to terrestrial diets. This is because the carbon reservoirs of the marine and terrestrial
environment have different isotopic compositions, and this difference is passed on to the consumer
from either of these reservoirs. Carbon isotopes are, however, much less suited to distinguish
between a terrestrial and freshwater diet as the carbon isotopic compositions of these reservoirs
often have similar values.
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The nitrogen stable isotope composition (8'°N) reflects the trophic level of a consumer. Thus, her-
bivores have significantly lower 85N values than carnivores (Schoeninger and DeNiro 1984).
Because aquatic (i.e. marine and freshwater) food webs are longer than their terrestrial counterparts,
diets dominated by food from fresh and/or marine waters can usually be distinguished from more
terrestrial diets through their elevated 85N values.

Although lipids and carbohydrates in diets may constitute significant parts of the energy intake, they
have little influence on 8'3C of the protein in bone collagen—at least in protein-rich diets (Hedges
2004). Since they contain no nitrogen, they have no effect on 85N either. The isotopic composition
of collagen from the most compact bones of adult humans represents the average diet over a consid-
erable time (of the order of 20 yr) prior to death (Geyh 2001; Wild et al. 2000). By contrast, collagen
from non-compact (trabecular) bones from adult humans represents the average diet over a much
shorter period, ~4 yr (Martin et al. 1998).

The effect of possible reservoir “C age offsets may be revealed by stable isotope analysis on bone
remains for dietary reconstruction or if the individuals can be associated with #C datable material
reflecting their true age. The latter is the case for the humans excavated from the Ostorf cemetery in
Schwerin, NE Germany (Figure 1), who in many cases were buried with grave goods such as animal
tooth pendants from badgers, beavers, roe deer, and wild boars. Terrestrial tooth pendants provide an
opportunity to 1) obtain an absolute age of the humans despite their possible aquatic diet, 2) estimate
the reservoir effect, and 3) obtain independent information on their diet that can confirm or supple-
ment isotopic dietary data. The Ostorf cemetery is part of a larger Neolithic research project in NE
Germany covering 5 sites and 29 burials and includes more than 30 accelerator mass spectrometry
(AMS) 4C dates (Figure 1). Lakes, rivers, and groundwater of the surrounding area of the 5 locali-
ties are characterized by a high content of dissolved carbonates, i.e. by hard waters. These carbonate
ions originate from dissolution of fossil carbonate minerals having no 'C activity. A high content
of 4C-free carbon may significantly increase the reservoir age of freshwater systems, i.e. the so-
called hardwater effect (Boaretto et al. 1998; Dye 1994). Thus, the hardwater effect results in
increased apparent “C ages of humans with a subsistence based on freshwater environments. Here,
the human remains from the Ostorf cemetery are used as case study on the '*C hardwater effect on
humans with a freshwater diet. This study also illustrates further implications that the '*C hardwater
effect may have on dating, for example, food residue on pottery (Fischer and Heinemeier 2003; Hart
and Lovis 2007). The results presented here contrast the original first impression of the Ostorf grave
site, which dated the first occurrence to around 3800 BC. For a further presentation and discussion
of the archaeological context, see Liibke et al. (2009) and Olsen and Heinemeier (2009).

METHODS

For samples prepared and measured at the AMS “C Dating Centre at the University of Aarhus
(denoted AAR- in Table 1), collagen was extracted from human and animal bones following stan-
dard protocol (DeNiro and Epstein 1981; Jarkov et al. 2007). Bone samples were demineralized in
IM HCl at 4 °C for 1 hr, being stirred every 5 min. They were then rinsed to neutral pH with deion-
ized water. Then, 0.2M NaOH was added to remove contaminating humic acids. Samples were
rinsed again to neutral pH with deionized water. HCI was added to the sample tubes to reach a pH
of 2.5. The samples were then covered and gelatinized in this weak acid solution at 70 °C for 16 hr
in order to dissolve the protein components. After removing insoluble residues by centrifuging the
samples at 2500 rpm for 10 min, the remaining supernatant solution was concentrated to ~3 mL by
evaporation at 100 °C for 6 hr. The solution was then freeze-dried for 24 hr. The extracted collagen
material has been quality-checked in terms of collagen percentage and C:N values (DeNiro 1985;
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Figure 1 Map showing the location of the Ostorf cemetery, excavated in Schwerin, Germany

van Klinken 1999). The collagen was then converted to CO, by combustion in sealed evacuated
ampoules with CuO. Part of the resulting CO, gas was used for 5'3C analysis on a GV Instruments
IsoPrime stable isotope mass spectrometer to a precision of 0.2%o, while the rest was converted to
graphite for AMS '*C measurements by reduction with H, using cobalt as a catalyst (Vogel et al.
1984). The results are reported according to international convention (Stuiver and Polach 1977) as
conventional '“C dates in '“C yr BP (before AD 1950) based on the measured '“C/!3C ratio corrected
for the natural isotopic fractionation by normalizing the result to the standard 8!3C value of —25%o
VPDB (Andersen et al. 1989). The 8!5N values were measured on collagen powder on a GV Instru-
ments IsoPrime stable isotope mass spectrometer to a precision of 0.2%o.

RESULTS AND DISCUSSION

The results of 25 carbon and nitrogen stable isotope measurement together with 26 4C measure-
ments on human and animal bone remains from the Ostorf cemetery are presented in Table 1. Six-
teen 4C dates on human bones had been previously measured by the Utrecht AMS laboratory (UtC-
lab nr, Table 1). Laboratory numbers AAR-#-1 indicate isotope measurements from Aarhus.

Figure 2 illustrates the carbon and nitrogen stable isotope data of the animal tooth pendants associ-
ated with human remains from the Ostorf cemetery. Also shown are values for prehistoric animals
from a Danish study (Fischer et al. 2007). The 5 boxes in Figure 2 indicate isotopic ranges from min-
imum to maximum values of 8'3C and 8'N. Hence, these 5 boxes distinguish between 5 main
dietary protein sources: terrestrial herbivores (roe deer, red deer, and domestic cattle, all in one box),
2 freshwater species (pike and tench, in 2 separate boxes), and 2 marine food sources (fish and seal,
each in a separate box).

Though the Ostorf animal samples may not be directly comparable to the Danish material, it is clear
that the carbon and nitrogen isotopic values of the low trophic herbivores roe deer and beaver fall
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Figure 2 Measured §'3C and 3'5N bone collagen values of animal pendants from the Ostorf
cemetery (large symbols) shown together with isotopic values for animals from Denmark
(small symbols) (Fischer et al. 2007). The boxes represent the different isotopic ranges of
terrestrial, marine, and freshwater animals.

within the terrestrial food item box. The wild boar samples have on average a 8'°N value that is
2.7%o higher than the average 5'°N value of the herbivores and show very similar carbon isotope
values (Table 1, Figure 2). This suggests the wild boar to be about 1 trophic level above the herbi-
vores. In contrast, the badger samples display very elevated values in both 51N and 8'3C. Surpris-
ingly, the 815N values are comparable with high trophic marine and freshwater fish.

Figure 3 illustrates the 15 human carbon and nitrogen isotope measurements together with the asso-
ciated animal samples. In addition, the 5 boxes are taken from Figure 2 (dashed) and displaced by
1%o for 8'3C and 3.5%o for 8'°N (solid line) to account for the diet-to-consumer shift (trophic level)
(Schoeninger and DeNiro 1984; Lidén 1995; Richards and Hedges 1999). Thus, the solid-line boxes
define the isotopic range in which a human would end up if consuming only food from one of these
food categories. Consumer isotopic values outside the boxes indicate a mixture of 2 or more differ-
ent food sources. The Ostorf humans all display elevated 8!5N values, but similar '3C values com-
pared to the herbivores. Therefore, based on the isotopic evidence, it seems very probable that the
Ostorf humans have subsisted on a significant component of freshwater resources. Further, their
813C and 815N isotopic values are weakly correlated (p = 0.50), suggesting that their diets may stem
from a few resources only with distinct carbon and nitrogen isotopic end-member values. The 8!3C
values range from —19.2%o to —22.0%0 VPDB and the §!5N values range from 12.8%o to 15.3%0 AIR.
The relatively small span of !3C and 3'°N values indicates that this population must have had rather
uniform dietary choice. The 8!°N span indicates about 1 trophic level difference between the most
extreme values. Contrary to the expected 8'°N difference between parent and offspring of 3%o, the
mother and child presented here give almost similar 3'3N values (Table 1, Figure 3). A more thor-
ough analysis of the dietary habits of the Ostorf humans requires a suite of reference animals and
cannot be carried out on the data presented here.
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Figure 3 Measured §!3C and 8!5N bone collagen values for the Ostorf cemetery humans shown together with the
isotopic values of animal tooth pendants from associated grave goods. The solid boxes represent food items dis-
placed to the equivalent consumer values by 1%o for '3C and 3.5%o for 3'SN to account for trophic level shift rel-
ative to the reference animal values (dotted boxes). This shift is indicated by the arrows. See also Figure 2.

Due to their elevated 8!°N values indicating a fish diet, the Ostorf humans may be expected to
exhibit apparent 4C ages that are too old, depending on the reservoir age of the local freshwater
environment. However, their associated tooth pendants from terrestrial animals are not expected to
be influenced by reservoir effects and should therefore provide the correct age for each of the Ostorf
individuals buried with such grave goods. The reservoir age effect defined as the !“C differences
between '4C age of the human and associated animal pendant can then be calculated (Table 1). As
illustrated by Figures 4, 5A and B, about 80% of the dated Ostorf humans have apparent “C ages
older than their associated terrestrial animal pendants. Furthermore, it is striking that the human
apparent 4C dates indicate a very extended inhumation period of the Ostorf cemetery ranging from
3800 to 2900 BC, whereas the animals reveal a shorter and later inhumation phase from 3350 to
2600 BC (Figure 4). Also, it is remarkable that apart from the 2 youngest animals (08-1961 and 09-
1961, Table 1, Figure 4), the animal 4C dates show no statistical difference (Ymeas: 4.7 < 2 16.5).
This suggests that these 9 individuals may reflect a single burial event or a very short inhumation
phase of the cemetery with the 2 humans from grave 08-1961 and 09-1961 being buried later.

The calculated reservoir age (Table 1, Figure 5) shows considerable variability, ranging from —103
to 835 yr, which may reflect individual dietary preferences, i.e. amounts of freshwater fish, or sub-
sistence from multiple lakes with different freshwater reservoir ages. The low collagen yield for the
terrestrial reference dates AAR-10596, -10592, and -10597 may question the validity of their 4C
age and in turn the calculated reservoir age. However, the C:N ratios are in the acceptable range of
2.7-3.6 (Schoeninger and DeNiro 1984), and only AAR-10597 deviates appreciably from the gen-
eral age pattern (Table 1). Notably, the negative reservoir ages obtained for 2 individuals (03-1935
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Figure 4 Calibrated age probability distributions of humans shown together with associated animal tooth pendants
for 10 of the Ostorf graves using OxCal 4.1 (Bronk Ramsey 2009) and the IntCal04 calibration curve (Reimer et
al. 2004). The generally much higher ages for the human samples are due to (freshwater) reservoir effects.

and 04-1935) are not significantly different from a 0 yr reservoir age. They may thus indicate no
consumption of freshwater fish or at least a diet, perhaps consisting of freshwater fish, in “C equi-
librium with the '“C content of the atmosphere. The latter can be true for freshwater lakes containing
no dissolved fossil carbonate, though these are very rare if not absent in the study area.

Obviously, the most suitable reference material for calculating the reservoir ages are herbivores,
whereas animals like wild boar and in particular badger may obtain their food from sources depleted
in 14C. The badger, known to digest amphibians, may therefore reflect apparent '“C ages being too
old. If the associated animal control samples turn out to be too old, this would only underestimate
the calculated reservoir age of the humans. Therefore, the negative reservoir ages may be explained
by associated control animals having too old ages. In support of this hypothesis, most of the reser-
voir age variability is exhibited by associated control animals like the badger and wild boar (see
Table 1 and Figure 5C, D). On the other hand, the consistent ages of all associated control animals
speak against this possibility.

The Ostorf cemetery data set offers a unique opportunity to investigate the relationship between the
stable isotopes dietary evidence and the resulting reservoir age (Figure 5C, D). Both the human §'3C
and 89N values are only weakly correlated with the reservoir age (p = 0.54 and p = 0.53). However,
removing the 2 samples with negative reservoir ages increases the correlation to 0.64 and 0.71 for
813C and 89N, respectively. This is a clear indication of a correlation between diet and reservoir age
of an individual. Thus, the human carbon and nitrogen isotopic values may be applied for estimating
the reservoir age and thus to yield crudely corrected dates for the humans found in a similar envi-
ronment with no associated animal grave goods. The lack of a better correlation is probably because
humans may consume both smaller and larger fish exhibiting different !N values but similar res-
ervoir age. Also, different lakes may have different reservoir ages, contributing further to the
observed scatter (Figure 5C and D). However, the removal of 2 samples in order to obtain an accept-
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Figure 5 A) Measured human '“C ages versus the associated terrestrial animal tooth pendant '“C age (reference
age). The solid black line indicates no reservoir effect, i.e. similar animal tooth pendant and human 'C age (x =y
line). Note that the reservoir age is calculated as the vertical distance from the no reservoir effect line to the human
14C age. B) Associated terrestrial animal tooth pendant '“C age (reference age) versus calculated reservoir age R.
C) The human §'3C values versus the calculated reservoir age. D) The human §!5N values versus the calculated
reservoir age R. For each data point in C and D the species of the reference animal is indicated by a number.

able correlation between the calculated reservoir age, '3C and 8'°N values fundamentally show that
estimation of reservoir ages based on stable isotope models may in general yield considerably mis-
leading results and therefore should be carried out with great caution (e.g. Lanting and van der Plicht
1998).

CONCLUSION

We have demonstrated that in order to '*C date the human bones from Ostorf cemetery, it is of
utmost importance to obtain dietary knowledge to distinguish between terrestrial- and freshwater-
influenced diet. The latter may result in significant reservoir ages with apparent '“C ages up to ~800
yr too old. The carbon and nitrogen isotopic composition may provide a basis for, or at least a warn-
ing against, necessary reservoir corrections of dates on humans where no datable grave goods of ter-
restrial origin such as tooth pendants or tusks are available. Based on the associated control animals,
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there is no evidence that the first burials occurred any earlier than 3300 BC, a result that contradicts
the original first impression of the grave site (3800 BC) as discussed by Liibke et al. (2009).

REFERENCES

Ambrose SH. 1993. Isotopic analysis of paleodiets:
methodological and interpretive considerations. In:
Sandford MK, editor. Investigations of Ancient Hu-
man Tissue. Philadelphia: Gordon and Breach Science
Publishers. p 59—130.

Ambrose SH, Krigbaum J. 2003. Bone chemistry and
bioarchaeology. Journal of Anthropological Archae-
ology 22(3):193-9.

Andersen GJ, Heinemeier J, Nielsen HL, Rud N, Thom-
sen MS, Johnsen S, Sveinbjornsdottir AE, Hjartarson
A.1989. AMS 4C dating on the Fossvogur sediments,
Iceland. Radiocarbon 31(3):592—600.

Arneborg J, Heinemeier J, Lynnerup N, Nielsen HL, Rud
N, Sveinbjornsdottir AE. 1999. Change of diet of the
Greenland Vikings determined from stable carbon iso-
tope analysis and '“C dating of their bones. Radiocar-
bon 41(2):157-68.

Boaretto E, Thorling L, Sveinbjérndottir AE, Yechieli Y,
Heinemeier J. 1998. Study of the effect of fossil or-
ganic carbon on '*C in groundwater from Hvin-
ningdal, Denmark. Radiocarbon 40(2):915-20.

Bonsall C, Cook GT, Hedges REM, Higham TFG, Pick-
ard C, Radovanovi¢ 1. 2004. Radiocarbon and stable
isotope evidence of dietary change from the Me-
solithic to the Middle Ages in the Iron Gates: new re-
sults from Lepenski Vir. Radiocarbon 46(1):293-300.

Bronk Ramsey C. 2009. Bayesian analysis of radiocar-
bon dates. Radiocarbon 51(1):337-60.

DeNiro MJ. 1985. Postmortem preservation and alter-
ation of in vivo bone collagen isotope ratios in relation
to palacodietary reconstruction. Nature 317(6040):
806-9.

DeNiro MJ, Epstein S. 1981. Influence of diet on the dis-
tribution of nitrogen isotopes in animals. Geochimica
et Chosmochimica Acta 45(3):341-51.

Dye T. 1994. Apparent ages of marine shells: implica-
tions for archaeological dating in Hawai‘i. Radiocar-
bon 36(1):51-7.

Erikson G. 2003. Norm and difference. Stone Age dietary
practice in the Baltic region [PhD dissertation]. Stock-
holm: Stockholm University.

Fischer A, Heinemeier J. 2003. Freshwater reservoir ef-
fect in 14C dates of food residue on pottery. Radiocar-
bon 45(3):449-66.

Fischer A, Olsen J, Richards M, Heinemeier J, Sveinb-
jornsdéttir AE, Bennike P. 2007. Coast-inland mobil-
ity and diet in the Danish Mesolithic and Neolithic:
evidence from stable isotope values of humans and
dogs. Journal of Archaeological Science 34(12):
2125-50.

Geyh MA. 2001. Bomb radiocarbon dating of animal tis-
sue and hair. Radiocarbon 43(2B):723-30.

https://doi.org/10.1017/50033822200045665 Published online by Cambridge University Press

Hart JP, Lovis WA. 2007. The freshwater reservoir and
radiocarbon dates on cooking residues: Old apparent
ages or a single outlier? Comments on Fischer and
Heinemeier (2003). Radiocarbon 49(3):1403—10.

Hedges REM. 2004. Isotopes and red herrings: com-
ments on Milner et al. and Lidén et al. Antiquity
78(299):34-7.

Heier-Nielsen S, Conradsen K, Heinemeier J, Knudsen
K, Nielsen HL, Rud N, Sveinbjornsdottir AE. 1995.
Radiocarbon dating of shells and foraminifera from
the Skagen core, Denmark. Radiocarbon 37(2):119—
30.

Hughen KA, Baillie MGL, Bard E, Beck JW, Bertrand
CJH, Blackwell PG, Buck CE, Burr GS, Cutler KB,
Damon PE, Edwards RL, Fairbanks RG, Friedrich M,
Guilderson TP, Kromer B, McCormac G, Manning S,
Bronk Ramsey C, Reimer PJ, Reimer RW, Remmele
S, Southon JR, Stuiver M, Talamo S, Taylor FW, van
der Plicht J, Weyhenmeyer CE. 2004. Marine04 ma-
rine radiocarbon age calibration, 0-26 cal kyr BP. Ra-
diocarbon 46(3):1059-86.

Jorkov MLS, Heinemeier J, Lynnerup N. 2007. Evaluat-
ing bone collagen extraction methods for stable iso-
tope analysis in dietary studies. Journal of Archaeo-
logical Science 34(11):1824-9.

Lanting JN, van der Plicht J. 1998. Reservoir effects and
apparent 4C-ages. The Journal of Irish Archaeology
IX:151-64.

Lidén K. 1995. Prehistoric diet transitions [PhD disserta-
tion]. Stockholm: Stockholm University.

Liibke H, Liith F, Terberger T. 2009. Fishers or farmers?
The archaeology of the Ostorf cemetery and related
Neolithic finds in the light of new data. Berichte der
Romisch-Germanischen Kommission 88:307-38.

Martin P, Bruce, Burr DB, Sharkey NA. 1998. Skeletal
Tissue Mechanics. New York: Springer. 392 p.

Olsen J, Heinemeier J. 2009. AMS dating of human bone
from the Ostorf cemetery in the light of new informa-
tion on dietary habits and freshwater reservoir effects.
Berichte der Romisch-Germanischen Kommission 88:
339-52.

Olsen J, Rasmussen P, Heinemeier J. 2009. Holocene
temporal and spatial variation in the radiocarbon res-
ervoir age of three Danish fjords. Boreas 38(3):458—
70.

Reimer PJ, Baillie MGL, Bard E, Bayliss A, Beck JW,
Bertrand CJH, Blackwell PG, Buck CE, Burr GS, Cut-
ler KB, Damon PE, Edwards RL, Fairbanks RG,
Friedrich M, Guilderson TP, Hogg AG, Hughen KA,
Kromer B, McCormac G, Manning S, Bronk Ramsey
C, Reimer RW, Remmele S, Southon JR, Stuiver M,
Talamo S, Taylor FW, van der Plicht J, Weyhenmeyer


https://doi.org/10.1017/S0033822200045665

644 J Olsen et al.

CE. 2004. IntCal04 terrestrial radiocarbon age calibra-
tion, 0-26 cal kyr BP. Radiocarbon 46(3):1029-58.
Richards MP, Hedges REM. 1999. Stable isotope evi-
dence for similarities in the types of marine foods used
by Late Mesolithic humans at sites along the Atlantic
coast of Europe. Journal of Archaeological Science

26(6):717-22.

Richards MP, Price TD, Koch E. 2003. Mesolithic and
Neolithic subsistence in Denmark: new stable isotope
data. Current Anthropology 44(2):288-95.

Schoeninger MJ, DeNiro MJ. 1984. Nitrogen and carbon
isotopic composition of bone collagen from marine
and terrestrial animals. Geochimica et Cosmochimica
Acta 48(4):625-39.

Stuiver M, Braziunas TF. 1993. Modeling atmospheric
14C influences and '“C ages of marine samples to
10,000 BC. Radiocarbon 35(1):137-89.

https://doi.org/10.1017/50033822200045665 Published online by Cambridge University Press

Stuiver M, Polach HA. 1977. Discussion: reporting of
14C data. Radiocarbon 19(3):355-63.

van Klinken GJ. 1999. Bone collagen quality indicators
for palaeodietary and radiocarbon measurements.
Journal of Archaeological Science 26(6):687-95.

Vogel JS, Southon JR, Nelson DE, Brown TA. 1984. Per-
formance of catalytically condensed carbon for use in
accelerator mass spectrometry. Nuclear Instruments
and Methods in Physics Research B 5(2):289-93.

Wada E, Mizutani H, Minagawa M. 1991. The use of sta-
ble isotopes for food web analysis. Critical Reviews in
Food Science and Nutrition 30(4):361-71.

Wild EM, Arlamovsky KA, Golser R, Kutschera W,
Priller A, Puchegger S, Rom W, Steier P, Vycudilik W.
2000. '4C dating with the bomb peak: an application to
forensic medicine. Nuclear Instruments and Methods
in Physics Research B 172(1-4):944-50.


https://doi.org/10.1017/S0033822200045665


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue true
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f300130d330b830cd30b9658766f8306e8868793a304a3088307353705237306b90693057305f00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /FRA <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU (Use these settings to create PDF documents suitable for reliable viewing and printing of business documents. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [1200 1200]
  /PageSize [612.000 792.000]
>> setpagedevice


