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Abstract-Paleodietary analysis based on variations in the trace element and stable isotopic composition 
of inorganic and organic phases in fossil bone depends on the assumption that measured values reflect in 
vivo values. To test for postmortem alteration, we measured s7Sr/s6Sr, “C/“C, ‘sO/‘6O and 15N/14N ratios 
and Sr concentrations in modem and prehistoric (610 to 5470 yr old) bones of animals with marine or 
terrestrial diets from Greenland. 

Bones from modem terrestrial feeders have substantially lower Sr concentrations and more radiogenic 
%/%r ratios than those from modem marine feeders. This contrast was not preserved in the prehistoric 
samples, which showed almost complete overlap for both Sr concentration and isotopic composition in 
bones from the two types of animals. Leaching experiments, X-ray diffraction analysis and infrared spec- 
troscopy indicate that alteration of the Sr ~n~ntmtion and isotopic com~sition in prehistoric bone probably 
results from nearly complete exchange with groundwater. Oxygen isotope ratios in fossil apatite carbonate 
also failed to preserve the original discrimination between modem terrestrial and marine feeders. The C 
isotope ratio of apatite carbonate did not discriminate between animals with marine or terrestrial diets in 
the modern samples. Even so, the ranges of apatite a’% values in prehistoric bone are more scattered than 
in modem samples for both groups, suggesting alteration had occurred. 613C and 61SN values of collagen in 
modem bone are distinctly different for the two feeding types, and this distinction is preserved in most of 
the prehistoric samples. 

Our results suggest that postmortem alteration of dietary tracers in the inorganic phases of bone may be 
a problem at all archaeological sites and must be evaluated in each case. While collagen analyzed in this 
study was resistant to alteration. evaluation of the oossibility of diagenetic alteration of its isotopic composition 
in bones from other contexts is also warranted. 

~~NSTRU~ON OF p~histo~c diet is a primary goal 
of many researchers attempting to unravel the history 
of human biological evolution and cultural develop- 
ment. Methods of studying paleodiets include analyses 
of skeletal morphology, tooth and stone-tool micro- 
wear, cultural artifacts and the abundances of excavated 
food items (WALKER, 198 1). The relative utilization 
of dietary components has also been estimated from 
the trace element and stable isotopic composition of 
fossil bone, an approach based on studies that have 
linked feeding habits with variations in bone chemistry 
and isotopic composition in modem animals (for re- 
cent reviews, see VAN DER MERWE, 1982; SILLEN and 

KAVANAGH, 1982). In order for this approach to be 
valid for prehistoric bone, postmortem alteration of 
the bone chemical and isotopic compositions that are 
influenced by diet must not have occurred. 

In this paper, we present the results of isotopic and 
trace element analyses of modem and prehistoric bones 
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from species with known diets. The objective of the 
study was to test for diagenetic alteration of the most 
commonly used and potentially useful chemical and 
isotopic tracers of diet. We analyzed the s7Srfs%r ratios 
and strontium concentrations in total bone, 13C/‘2C 
and isO/‘6O ratios in bone apatite carbonate, and 13C/ 
12C and “N/14N ratios in bone collagen. Each of these 
tracers in fresh bone reflects certain aspects of an an- 
imal’s diet and therefore is potentially useful for dietary 
reconstruction. 

The strontium concentration in fresh bone is deter- 
mined by dietary intake and metabolic processes. The 
predominant use of strontium analysis of prehistoric 
bone has been the determination of the relative abun- 
dance of plants versus meat in the diet (SILLEN and 
KAVANAGH, 1982). TUREKIAN (1961) suggested that 
strontium concentration in bone would also discrim- 
inate between marine and terrestrial diets, although 
the only data of which we were aware (WESSEN et al., 
1978) did not support his proposal. Bone *‘Sr/?3r ra- 
tios should also reflect the relative consumption of 
marine and terrestrial foods if the isotopic composition 
of strontium in the environment where the terrestrial 
foods originated differed from that of seawater. Results 
reported here confirm that strontium concentration 
and isotopic composition in fresh bone can be used to 
determine the relative utilization of marine and ter- 
restrial food sources in the appropriate geological set- 
tings. 
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DENIRO and EPSTEIN (1978, 198 1) demonstrated 
that the carbon and nitrogen isotope ratios in fresh 
bone collagen and the carbon isotope ratio of the car- 
bonate occurring in the hydroxya~t~te of fresh bone 
are determined by the isotopic composition of an an- 
imal’s diet. For individuals subsisting primarily on ter- 
restrial plants, the carbon isotope ratios reflect con- 
sumption of Cs plants versus C4 and CAM plants (VAN 
DER MERWE, 1982). Further, it has been suggested that 
the nitrogen isotopic composition of collagen should 
reflect legume versus non-legume consumption (DE- 
NIRG and EPSTEIN, 198 1). Both carbon and nitrogen 
isotope ratios of collagen distinguish between the use 
of marine and terrestrial food sources (TAUBER, I98 1; 
CHISHOLM et al., 1982, 1983; SGHOENINGER et al., 

1983; HO~SON and COLLIER, 1984; SCHOENI~GER and 
DENIRO, 1984). 

The relationship between diet and the oxygen iso- 
topic composition of bone apatite carbonate is not 
clear. The carbonate may be precipitated in isotopic 
equilibrium with water in the blood (LAND& al., 1980). 
The isotopic composition of water in blood is deter- 
mined primarily by the isotopic composition of drink- 
ing water, but a number of factors, including the oxygen 
isotopic composition of the diet, are also influential 
(Luz et al., 1984). 

Only a few studies on postmortem alteration of the 
chemical and isotopic dietary tracers in bone have been 
pubhshed. Most of these concerned alteration of 
strontium concentration in interred bone, a topic re- 
viewed recently by SILLEN and KAVANAGH (1982) and 
LAMBERT et al. (1984). Comparison of strontium levels 
in prehistoric bones that had different in viva concen- 
trations (i.e. bones of contemporaneous herbivores and 
carnivores) and analysis of the ~~bution of ~ontium 
within prehistoric bones and in the surrounding soil 
have been used to identify samples and sites in which 
diagenetic alteration has or has not occurred. No work 
has been published on the effects of diagenesis on bone 
strontium isotope ratios. Postmortem alteration of the 
carbon and nitrogen isotopic composition of bone col- 
lagen, accompanied by changes in the elemental com- 
position and chemical nature of that organic fraction, 
has been demonstrated recently (DENIRO, 1985). LAND 
et al. ( 1980) and SCHOENINGER and DENIRO ( 1982) 
presented evidence that the carbonate in bone apatite 
can exchange with groundwater carbonate after burial. 
This interpretation has been disputed by SULLIVAN 
and KRUEGER (1983), who maintain that the carbon 
isotopic compositions of prehistoric bone apatite car- 
bonate reflect the in vivo values (SULLIVAN and KRUE- 
GER, 1981). 

In order to test for postmortem alteration, we de- 
signed a study to determine if the chemical and isotopic 
dietary signatures in the organic and inorganic phases 
of bones of animals with known diets are preserved 
after burial. We analyzed bones from modern animals 
with purely marine or purely terrestrial diets from re- 
gions along the coast of Greenland. We chose marine 
and terrestrial feeders because the studies discussed 

above indicated that these feeding preferences should 
produce large differences in bone mineral strontium 
concentrations, bone collagen nitrogen and carbon 
isotope ratios, and bone apatite carbonate carbon iso- 
tope ratios. Because of the antiquity of the crust and 
the attendant high R7Sr/a6Sr ratios (MOORBATH TV iii.. 
1972), we expected that the *7Sr/86Sr ratios of bones 
of terrestrial feeders from Greenland should be easii) 
distinguishable from those of marine feeders. Addi- 
tionally, because of the very negative 6% values that 
characterize precipitation in Greenland (DANSGAARD 

et al., 1969, 1975), we expected that terrestrial animals 
would have low ‘sO/‘6O ratios in their bone apatite 
carbonate relative to marine animals. The prehistoric 
bones we analyzed came from animals whose modern 
counterparts are either purely marine feeders or pure& 
terrestrial feeders, and, in many cases, were members 
of the same genera or species as the modem animals 
we studied. On the assumption that the feeding habits 
of these species have not changed in the past 5.500 
years (the age of our oldest specimen), we interpreted 
significant departures of chemical and isotopic com- 
positions of fossil bone from values we observed in 
modem bone as evidence for diagenetic alteration. 

MATERIALS AND METHODS 

Various types of bones from modern and/or prehistoric 
Ran&& tara~d~s (reindeer), Ovibus ~oseh~~ (musk est. 
&is/Capra (sheep or goat; the excavated bones could not be 
assigned more specifically), Phoca virulina (harbor seal). Pha- 
gophilus groeniandicus (harp seal), and Phoca sp. (seal) were 
used in this study. Modem bones are museum specimens from 
animals captured live along the southern coast of West 
Greenland. Most of the prehistoric specimens are from a mid- 
den excavated at the Norse farm Niaqussat at Godthabs Fiord 
in the same area that the modem specimens were cohected. 
One of the other prehistoric sampIes came from a midden at 
Solbakken, on the coast of Hall Land in western North 
Greenland. The rest of the prehistoric samples are surface 
finds of reindeer antlers from different locations in Peary Land. 
North Greenland, and are not associated with prehistoric set- 
tlements. The ground at God&&s Fiord thaws during the 
summer, whiie in North Greenland, ah but a thin surface 
layer remains frozen. (All info~ation in this paragraph from 
HENR~K TAUBER, pets. commun.) 

Methods used to determine the concentration of collagen 
and apatite in bone and the elemental and/or isotopic com- 
position of these phases have been described elsewhere 
(SCHOENINGER and DENIRO, 1982, 1984). Carbonate and 
collagen concentrations are given as dry weight percentages 
of the mineral fraction and totaI bone respectively. Collagen 
elementai compositions am given as atomic carbon-to-nitrogen 
ratios. Isotope ratios of carbon, nitrogen. and oxygen are re- 
ported in the b notation, where 

and *X/X = ‘3C/‘zC, ‘JN/‘4N or ‘sO/‘60. The standards are 
the PDB carbonate for carbon and oxygen isotope ratios and 
AIR nitrogen for nitrogen isotope ratios. The pm&ions for 
the determinations of 6 values, C/N ratios, collagen concen- 
trations and carbonate concentrations are ~~0.2%. +O. 1. _+2k 
and +2% respectively. 

For strontium concentration and isotopic anaiyses, me- 
chanically and uI~ni~iIy cleaned non-corticai bone frag- 
ments were ashed at 800°C for 24 hours (TIJREKIAN and 
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Table 1: Concentrations and isotopic eompasitions of bone strontium, apatxte carbonate and collagen 

SA??LE SPECIES 8 BONE’ 

HODERN MARINE 

762 Phagophilus groenlandicus 1 14 877.9 0.70919 

763 Phrxa vitulina 1 15 1074.8 0.70925 
764 Phegophiiusgroenlandicus I 14 
765 Phoca virulina I 15 1073.5 0.70927 

774 Phocavituliaa 1 15 

775 Phocaviruiina 1 15 

777 Phagophilusgroenlandicur 1 14 
773 Phagophilus graenlandicus 1 14 

MODERN TERRESTRIAL 

169.0 0.75421 

181.6 0.75828 
200.8 0.73728 

PREHISTORIC MA8INE 

743 Phoca sp. 

745 Phocn sp. 

747 Phoca SJ. 

PREHISTORIC TERRESTRIAL 

2 920f50 943.2 0.74585 

2 9aot40 909.1 0.74570 

2 87Ot40 848.7 0.74743 

-112 - 6.9 4.0 
-13.2 - 5.2 3.h 

-11.9 - h.7 3.4 
-II.? - 5.6 4.2 
-,?..I _ 6.0 
-12.8 - 5.5 
-Ii?.? - 5.6 
-10.6 - 6.4 

-12.0 -10.5 4.8 

-10.9 - 9.1 5.1 

-11.2 -10.3 5.0 
-11.1 -10.8 5.9 
-12.:: -10.9 4.z 

-13.5 -10.9 2.9 
-12.0 - 9.5 5.1 
-12.5 - 8.6 3.5 

-10.6 - 5.9 4.4 -13.1 +14.4 3.2 21.6 

-10.9 - ii.0 -12.9 +13.g 3.2 14.9 

-11.2 - 7.8 3.5 -12.9 +,4.4 3.2 19.2 

-13.0 - 6.0 6.0 

-13.4 -11.3 4.9 

- 8.2 -12.7 5.0 

-10.8 - 3.8 5.9 

- 8.5 -12.1 4.8 

- 9.3 -11.4 3.7 

-15.8 r15.4 3.3 21.2 

-15.0 r16.5 3.3 28.: 

-15.2 +15.9 3.3 23.7 

-15.i. r1s.s 3.3 ??.7 

-14.3 rt7.7 3.2 ?0.3 

-15.0 +15.: 3.3 20.7 

-14.4 +li.8 3.2 22.1 

-15.1 rl5.6 3.3 25.0 

-20.6 + 3.- 3.2 23.5 

-20.1 + 2.2 3.2 21.8 

-20. I + 2.4 3.2 24.2 

-ZD.b + 2.B 3.3 24.2 

-20.4 + 3.0 3.2 15.3 

-20.5 + 3.5 3.2 23.6 

-20.1 + 2.3 3.2 23.2 

-20.6 + 2.9 3.2 23.4 

744 Rangifer tarandus 2 99or40 907.3 0.74929 

7‘2 Ovis/* 2 960250 933.5 0.75376 

746 ovis/* 2 6401’50 $041.2 0.75037 

748 
1 
OVlS/~ 2 blot50 

750 -0s mascharus 3 3870ft35 

751 Rangifer tarandus 4 5470t95 

752 Rangifer tarandus 5 2080f75 

753 Rangifer tarandus 6 1830f75 

-19.4 + 4.6 3.2 18.8 
-20.5 +I,.6 3.2 23.2 

-19.7 + 4.0 3.2 24.9 

-16.8 r12.7 3.2 17.1 

-19.8 + 2.3 3.1 13.0 

-21.3 + 1.0 3.2 15.4 

‘All samples for mdern marine and terrestrial animals are mandibles. The prehistoric bones are: 743, sacrm; 

745, humerus; 747, pelvis; 742 and 744. ulnas; 74b.femur diaphysis; 748, metacarpal; 750, cranium; 

751, 152 and 753,amlers. 

‘The key to the sites is given in Table 4. 

‘The ages of the bones indicate years since collection until the present for modern bones, and radiocarbon dates 

in years BP for the prehistoric specimens. 

‘Concencrarions of strontium are in ppm for ashed bone; those of collagen and apatite carbonate are in dry weight 

percent for total bone and for the inorganic fractians of bone, respectively. 

‘The 6 values are given in ‘I_, 

KULP, 1956). Samples were then dissolved in 4 N HCl. Sep- 
aration of Sr and mass spectrometry procedures are the same 
as described in DE PAOLO (1981). The Sr procedural blank 
was 2 ng and was insignificant relative to sample concentra- 
tions. Strontium concentrations are reported with respect to 
the weight of the ashed sample. The precisions for the deter- 
minations of the strontium isotope compositions are 
~0.~5; those of the strontium ~on~ntmtions are 
ItO.2 ppm. 

X-ray diffraction patterns and infrared spectra of powdered 
bone samples were obtained using standard methods (BONAR 
et al., 1983; BLUMENTHAL et al., 1972). 

The amino acid compositions of collagen were determined 
as described by HARE (1980). 

RESULTS 

Strontium, carbon, nitrogen and oxygen isotopic 
compositions and concentrations are presented in Ta- 
ble 1, and sample locations in Table 4. 

There is a clear distinction between modem marine 
and terrestrial feeding animals on the basis of bone 
strontium concentration and isotopic composition (Fig. 
1). Seals (Phugophilus and Pkcu) have bone strontium 
concentrations 700 to 900 ppm higher than reindeer 
(Rangifer), confirming the suggestion that such a sep- 
aration should exist (TUREKIAN, 196 1). Reindeer bones 
are isotopicaliy radiogenic and heter~eneous. In con- 
trast, the seal bones he within our analytical uncertainty 
of the value measured for modem seawater (*7Sr/86Sr 
= 0.70923, DE PAOLO and INGRAM, 1985). This con- 
trast in strontium concentrations and isotopic com- 

positions between marine and terrestrial feeders is not 
preserved in the prehistoric bone samples, however 
(Fig. 1). Strontium concentrations for prehistoric seal 

L J- modern terrestrial 
\ 

Sr Fiim) 

i 

FIG. 1. Strontium isotope ratios and concentrations of hones 
from modem and prehistoric terrestrial and marine feeders. 
Open and solid symbols represent modem and prehistoric 
samples respectively. Circles indicate marine animals, while 
terrestrial animafs are symboiized by various non-circtdar 
shapes. A detailed key to the symbols is given in Table 4. The 
boxes encompass the data for the indicated types of modem 
animals. 
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FOG. 2. Carbon and oxygen isotope ratios of the apatite 
carbonate of bones from modem and prehistoric @rest&l 
and marine feeders. Open and solid symbols mpresent modem 
and prehistoric samples respectively. Circles indicate marine 
animals, while terrestrial animals are symbolized by various 
non-circular shapes. A detailed key to the symbols is given in 
Table 4. The boxes encompass the data for the indicated types 
of modem animals. 

overiap those for reindeer and sheep/goat. This overlap 
cannot be ascribed to in vivo differences in the stron- 
tium levels of the various bones we analyzed, because 
the range of strontium ~n~ntmtions within the skel- 
etons of modern seal and deer are only about 200 ppm 
( WESSEN et al., 1978). Although s?Sr/s$r ratios of pre- 
historic seal bones am still somewhat lower than those 
of bones from the prehistoric terrestrial feeders we 
measured, they are far removed from their original 
seawater composition, and even mare radiogenic than 
that of one of the modern reindeer samples. 

Oxygen isotope ratios in apatite carbonate of pre- 
historic bones also failed to preserve the contrast ob- 
served between modem marine and terrestrial animals 
(Fig. 2). Modem reindeer have 6”O values 2-6s lower 

than those of marine animals, whereas the ranges of 
values from prehistoric terrestrial and marine animals 
overlap. There is no difference in the 6’jC values of 
bone carbonate apatite between modem marine and 
terrestrial feeders, which range from .- 10.6%0 to 
-13.5%~ (Fig. 2). Although most of the prehistoric 
specimens have 613C values in the same range. three 
terrestrial feeders have values substantially more pos- 
itive than that of any modem animal we analyzed 
(Fig. 2). 

Both the d”C and 61fN values for bone coliagen 
cleariy distinguish between modem seal and reindeer 
(Fig. 3). The difference between the two groups is ap- 
proximately 5%0 in Sz3C vah~es and 14%~ in 6”N values. 
similar to the average difference previously reported 
for a large group of modem marine and terrestrial 
feeding animals (!SCHOENINGER and DENIRO, 1984). 

With two exceptions (samples 748 and 75 I), collagen 
6°C and S15N values distinguish between prehistoric 
species feeding in the marine and terrestrial environ- 
ments. Although the isotope ratios for the well behaved 
prehistoric samples do not coincide perfectly with those 
of the modem marine and terrestrial animals we stud- 
ied, they do fall within the ranges reported for much 
larger groups of modem animals that feed in the two 
environments (~HOE~IN~ER and DENIRO, 19841. 

iXSCUS!jION 

Bone collagen carbon and nitrogen isotope raw~ 

All but two of the prehistoric bones we analyzed had 
collagen with 6°C and 6”N values similar to the values 
in bone collagen of modem animals with the same 
feeding habits (Fig. 3). The two exceptions, samples 
748 and 75 1, are a goat/sheep and a reindeer. These 
two animals may have had diets that explain their pe- 

-25,4 j ’ ’ ’ ’ ’ ’ ’ ’ ’ ’ I ’ ’ ’ ’ ’ ’ ! +50 YOO +150 +200 
8’5NA,~t%o) 

FIG. 3. Carbon and nitrogen isotope ratios of the collagen fraction of bones from modem and prehistoric 
terre&al and marine Gzeders. Open and solid symbols represent modern and prehistoric samples respectively. 
Circles indicate marine animals, while terrestrial animals are symbolized by various non-circular shapes. A 
detailed key to the symbols is given in Table 4. The boxes encompass the data for the indicated types of 
modem animals. 
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of 3.2, which is the same (within analytical precision) 
as the C/N ratios for all other collagen samples we 
analyzed (Table 1). Analysis of over one hundred bone 
collagen samples from prehistoric marine and terres- 
trial feeders has shown that significant diagenetic al- 
teration of collagen d13C and/or 6”N values (on the 
order of 5% or more) is always accompanied by shifts 
in the collagen C/N ratios to values outside the range 
observed for fresh collagen samples, which is 2.9-3.6 
(DENIRO, 1985). Second, collagen samples from 75 1 
and 748 have amino acid compositions similar to those 
of collagens from modern and other prehistoric rein- 
deer or sheep/goat (Table 2, Fig. 4), indicating that 
diagenetic processes have not altered their amino acid 
compositions. We conclude that the isotope ratios of 
collagen from samples 748 and 75 1 have not undergone 
postmortem alteration because diagenetic processes 
that alter collagen isotopic composition would also af- 
fect the elemental and amino acid com~sition of the 
collagen. 

Most of the prehistoric bones analyzed in this study 
had collagen concentrations of lo-20 weight percent, 
substantially less than the 20-30 weight percent that 
characterizes modem bone (Table 1; HARE, 1980). The 
low temperature in the depositional environments in 
which these bones were interred presumably is re- 
sponsible for the relatively good preservation of col- 
lagen in our samples (TURROS er al., 1980). For com- 
parison, bones analyzed by DENIRO and EPSTEIN 

(1981), ranging in age from 8000 years BP to 1000 
years BP, that were excavated from dry caves in the 
Tehuacan Valley of Mexico had collagen concentra- 
tions ranging from 12 to 3 weight percent. Whatever 
processes were responsible for removal of collagen from 
the prehistoric bones we studied did not cause changes 
in the isotopic, elemental, or amino acid compositions 
of the collagen. Further study will be necessary to 
identify these processes, and to determine how they 
differ from diagenetic processes that do cause changes 
in collagen chemistry and isotopic and elemental com- 
positions (DENIRO, 1985). 

?,AHPLE: 751 746 753 746 767 2X1 253= 743 765 

““droxvoroline 9.7 9.7 9.6 10.0 10.3 9.6 9.5 10.0 9.8 
~I 

Asp&; Acid 
Threonine 
serine 
Cluramic Acid 
Proline 
Glycine 
A1alline 
Valine 
netllionine 
Isoleucine 
Leucine 
TyW*i”e 
Phenylalanine 
Hisfidine 
Hydroxylysine 
LysLne 
Arginine 

4.5 4.6 4.9 4.8 4.13 4.7 5.1 4.b 4.9 
2.0 1.9 1.8 2.1 1.9 1.9 2.0 2.0 2.0 
3.7 3.3 3.5 3.4 3.5 3.5 3.6 4.2 4.3 
8.1 8.2 8.1 7.0 8.0 8.0 8.3 8.1 8.1 

11.4 11.4 11.6 11.9 10.7 11.2 10.5 11.5 11.7 
33.6 32.8 32.8 33.1 32.8 33.1 33.8 32.2 32.5 
11.5 12.4 12.3 11.9 11.8 12.1 12.2 11.3 11.4 

1.7 1.8 1.7 1.4 1.7 1.6 1.6 2.0 1.8 
0.6 0.6 0.5 0.5 0.5 0.4 0.2 0.7 0.5 
0.8 0.9 0.9 1.0 0.9 0.8 0.9 0.7 0.7 
2.4 2.6 2.6 2.7 2.6 2.6 2.6 2.6 2.6 
0.3 0.2 0.2 0.3 0.4 0.4 0.3 0.3 0.4 
1.5 1.4 1.4 1.3 1.4 1.3 1.3 1.4 1.4 
0.6 0.5 0.5 0.7 0.5 0.6 0.4 0.5 0.7 
0.5 0.5 0.6 0.5 0.8 0.5 0.4 0.5 0.6 
2.5 2.6 2.7 2.5 2.7 2.7 2.6 2.6 2.4 
4.6 4.7 4.6 4.7 4.7 4.6 4.6 4.6 4.3 

&den sheep (Ovis eries) and 2.0dern goat (* sp.) from -___ 
SCHOENINGER and DENXRO (1984). 

culiar isotope ratios. The d13C and 6i5N values for the 
reindeer fall on a mixing line between pure marine 
and pure terrestrial feeders (Fig 3), suggesting that this 
animal ate marine foods in addition to the terrestrial 
foods that comprised the diet of the other reindeer in 
this study. Under starvation conditions reindeer will 
eat plants refused by other animals (WESTERLING, 
1970). In the case of sample 7.5 I, these may have in- 
cluded large quantities of seaweed or other marine 
plants. The isotope ratios for sample 748, the sheep/ 
goat, do not fail on the mixing line. The 613C value for 
this sample is similar to those of other terrestrial feeders 
in this study, but its 6’$N value is about 100/w higher 
than those of the terrestrial animals. It is possible that 
this animal subsisted on terrestrial plants growing along 
the coast. Such plants would have had normal 613C 
values relative to other terrestrial plants but higher 6”N 
values because of the incorporation of nitrogen that 
came from seaspray (VIRGINIA and DELWICHE, 1982). 

It is also possible that samples 748 and 75 1 had their 
collagen isotope ratios altered in the postmortem en- 
vironment. Wowever, two observations suggest that 
diagenetic alteration does not account for the anom- 
alous isotopic compositions of collagen in these two 
samples. First, both collagen samples have C/N ratios 

RG. 4. Ranges of amino acid concentrations in all collagen samples listed in Table 2, indicated by boxes, 
compared with ranges for collagen in fresh bone from various species (HARE, 1980), indicated by vertical 
bars. 



1946 B. K. Nelson et al. 

Bone apatite carbon and oxygen isotope ratios 

The carbon isotopic composition of carbonate in 
the hydroxyapatite of the modem bone we analyzed 
did not distinguish between terrestrial and marine 
feeders (Fig. 2). This observation can be explained by 
the fact that the modem marine animals are carnivores. 
while the terrestrial animals are herbivores. KRUEGER 
and SULLIVAN (1984) observed that in herbivores, the 
613C values of bone apatite carbonate are approxi- 
mately 7%~ more positive than those of collagen, while 
for carnivores the difference is only 39bo in the same 
direction. In light of this observation, the 5-6%’ dif- 
ference in 613C values of bone collagen between seals 
and reindeer should not be reIlected in 613C values of 
their bone apatite carbonate (Table 1). Thus, the lack 
of contrast between the carbonate 613C values of pre- 
historic marine and terrestrial feeders is not proof of 
diagenesis. Even so, the larger scatter in the 6’% values 
for the prehistoric samples relative to those for modem 
samples (Fig. 2) does suggest some diagenetic alteration 
of isotopic compositions. 

The observation that the 2-6% difference in the 6’*0 
values of apatite carbonate from the bones of modem 
seal and reindeer is not preserved in prehistoric marine 
and terrestrial animals (Fig. 2) is also reasonably ex- 
plained as a consequence of diagenesis. There is an 
alternative explanation, however. The 6’sO values for 
the prehistoric terrestrial animals could have been 
shifted towards the more positive values that charac- 
terize marine mammals because ofclimatically induced 
increases in the “0 concentration in the water sources 
they utilized. Contrary to such an interpretation is the 
observation that the 6’*0 values of ice in cores from 
Greenland covering the same ages as our prehistoric 
specimens (Table 1) lie within + 1% of the values for 
ice forming at present on top of the cores (DANSGAARD 

et al., 1969, 1975). For this reason, diagenetic effects, 
rather than climatically induced variations in the iso- 
topic composition of water, are likely to be responsible 
for the overlap in the 6”O values of carbonate apatite 
in the bones of prehistoric marine and terrestrial 
mammals. 

The method we used to treat bone samples before 
isotopic analysis of their apatite carbonate removes 
authigenic carbonate minerals introduced during dia- 
genesis (SULLIVAN and KRUEGER, 198 1; !SCHOENIN- 

GER and DENIRO, 1982). In this regard, note the similar 
concentrations of carbonate in the modem and pre- 
historic bones listed in Table 1. Thus, the isotopic shifts 
we observed result from apatite carbonate interactions 
with air or groundwater carbon and oxygen, and are 
not caused by postmortem addition of carbonate 
phases. 

Bone mineral strontium concentrations 
and isotope ratios 

The strontium isotope ratios and concentrations of 
the samples we analyzed show clear evidence for post- 
mortem alteration (Fig. 1). Because the differences in 

strontium concentration and isotopic composition of 
bone caused by marine versus terrestrial feeding are at 
least three orders of magnitude greater than our ana- 
lytical precision, diagenetic changes in these parameters 
are unambiguous. All of the prehistoric samples in- 
cluded in the strontium analyses came from a single 
excavation at GodthHbs Fiord. The shift of both marine 
and terrestrial bones from their inferred widely dis- 
parate original strontium concentrations and isotopic 
compositions toward the common values they share 
as fossils (Fig. 1) suggests that these bones interacted 
with a common source of strontium, most likely in 
groundwater. Other investigators have observed over- 
laps in strontium and barium concentrations in pre- 
historic bones of different species whose in wvo levels 
should have differed significantly (BOAZ and HAMPEL. 
1978; WESSEN et al., 1977; SILLEN, 1981). Such ob- 
servations have also been interpreted as evidence for 
postmortem interaction with the depositional envi- 
ronment (SILLEN, 1981; SILLEN and KAVANAGH, 
1982). 

Strontium from soil moisture or groundwater may 
be introduced into fossil bone in any of four ways. 
First, the strontium may be associated with authigenic 
minerals such as calcium carbonate that were added 
during diagenesis. Second, the strontium may be in- 
corporated if bone hydroxyapatite becomes more crys- 
talline during interment (WYCKOF, 1972). Third, the 
strontium may replace calcium and strontium in the 
original hydroxyapatite crystal structure. Finally, the 
strontium may not be bound within any crystalline 
structure but may instead reside in microcracks, dis- 
locations or vacancies, or adsorbed onto the surface of 
the apatite crystals. In order to try to discriminate 
among these possibilities, we conducted X-ray diffrac- 
tion and infrared spectroscopic analyses on selected 
samples. 

The X-ray powder diffraction patterns for the mod- 
em (samples 763, 765, 774, 775) and prehistoric (743. 
747) marine animals and modem (25 1,253,766-769) 
and prehistoric (746,748) terrestrial animals show only 
two broad peaks at the diffraction angles that charac- 
terize poorly crystalline hydroxyapatite (SONAR et al, 
1983). Infrared spectroscopy of the same samples in- 
dicated that there were no differences in the degrees of 
crystallinity of the modem and prehistoric samples. 
Specifically, the magnitudes of the splitting of the an- 
tisymmetric bending mode of phosphate between 550 
and 600 cm-‘. which is a measure of the degree of 
hydroxyapatite crystal size/perfection (BLUMENTHAL 
et al., 1972) were similar for prehistoric marine and 
terrestrial animals compared to those for their modem 
counterparts. The absence of evidence for secondary 
mineralization and for changes in crystallinity in the 
prehistoric bone indicates that the drastic changes in 
strontium concentration and isotopic ratios we ob- 
served must be caused, in large part, by the adsorption 
of groundwater strontium, or by its exchange with the 
original strontium or calcium in the bone apatite. In 
order to differentiate between these two possibilities, 
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we conducted a leaching experiment on modem and 
prehistoric Phocu (seal) bone. 

For the leaching experiment, samples 743 and 765 
were ashed as described above and then powdered in 
an agate mortar. An aliquot of each sample was 
weighed and then leached in a solution consisting of 
equal volumes of glacial acetic acid and water for three 
hours while being treated with ultrasound. After cen- 
trifugation, the leachate was decanted, and combined 
with three ultra-pure Hz0 rinses of the residue. The 
residue was dried, then weighed to determine the weight 
loss by leaching. The prehistoric sample (743) was more 
susceptible to leaching, losing 59% of its weight, com- 
pared to 24% for the modem sample (765). Further 
results of the leaching experiment are shown in Table 
3. The s7Sr/86Sr ratios of the leachate and residue from 
the prehistoric sample are the same within analytical 
uncertainty. The difference with respect to the value 
for untreated bone is probably a result of heterogeneous 
alteration of the sample. Compared with the modem 
sample, which showed essentially no shift in strontium 
concentration after leaching, the prehistoric bone has 
strontium that is more labile in that its residue has 
approximately half the concentration of the unleached 
sample (Table 3). 

By analogy with experiments that employ acid 
leaching of minerals to remove ions adsorbed onto 
crystal surfaces or in microcracks (GANCARZ and 
WASSERBURG, 1977; NELSON and BICKFORD, 1980; 
GOPEL et al., 1985) we believe that the leaching of the 
prehistoric bone was so severe that similarly adsorbed 
ions should have been removed from the residue. The 
absence of a shift in isotopic composition caused by 
leaching argues for the exchange of strontium in 
groundwater with original calcium or strontium atoms 
in the bone apatite as the major mechanism of dia- 
genetic alteration in the samples analyzed in this study. 
We estimate that original strontium must constitute 
less than one percent of the total strontium in the pre- 
historic bone used in the leaching experiment. If more 

Table 3: Strontium concentrations and 
isotopic compositions of untreated 
modern and prehistoric seal bone and of 
their leached fractions and residues’. 

Sample 

Modern seal 
(765. Phoca vitulina) -- 

untreated 1073.5 0.70927 
leachace 843.6 0.70958 
residue 1086.5 0.70923 

Prehistoric seal 
(743. Phoca sp.) 

untreated 943.2 0.74585 
leachate’ 1049.0 0.74559 
residue 467.0 0.74554 

‘Leached fractions and residues were pro- 
duced using a 1:l mixture (by volume) of 
glacial acetic acid and water. 

‘Expressed as concentration in bane 
removed by leaching. 

Table 4: Symbol key for Figs. 1-3. 

SYMBOL SITE SPECIES ACE 

@ ’ Phagophilus groenlandicus modern 

1 Rangifer tarandus 

6 ‘--- 

modern 

Phoca vitulina modern 

2 Rangifer carandus 

; 1 %sp. 

prehistoric 

prehistoric 

ov,s/capra 

T :____ 

prehistoric _- 

Ovibus moschatus prchlstorlc 

4,5,6 Rangifer tarandus prehistoric 

The sites are: 1, unspecified locaclons in southern 
West Greenland; 2, GodthPbs Fiord, southern West 
Greenland; 3, Solbakken, Hall Land, uesfern Rorth 
Greenland; 4, 5, and 6, Kap rloltke. Paralleldalen, 
and Kap Morris Jessup, respectively, all in Pear) 
Land, Korth Greenland. 

than this amount of original strontium were present, 
the isotopic composition of the residue would differ 
from that of the leachate. It may be possible to analyze 
the *7Sr/86Sr ratios of small volumes of a prehistoric 
bone such as sample 743 using an ion microprobe in 
order to determine whether or not diagenetic replace- 
ment of in vivo strontium is complete. 

CONCLUSIONS 

The results of this study have specific implications 
for the nature of the diagenetic processes that affected 
the chemical and isotopic compositions of the prehis- 
toric bones we analyzed, and more general conse- 
quences for the use of chemical and isotopic tracers in 
bone as paleodietary indicators. 

Our data show no persuasive evidence for alteration 
of carbon and nitrogen isotopic composition of bone 
collagen during diagenesis. In contrast, the isotopic and 
chemical tracers that reside in the inorganic phases of 
bone did not preserve their dietary signatures. The 
strontium concentrations and isotopic compositions 
give the most clearcut evidence of this, in that all pre- 
historic samples excavated from the same site, regard- 
less of their original composition, were altered to sim- 
ilar ranges of values. In the case of the seal bones, 
strontium concentrations remained approximately 
constant, so that the isotopic data are the only indi- 
cation that the original bone strontium had been re- 
placed. The differences in strontium concentrations 
between modem and prehistoric reindeer bones dem- 
onstrate that the similarity of concentrations in modem 
and prehistoric seal bones was only coincidental. An 
obvious problem with interpreting dietary tracers in 
the inorganic phases of bone is that these phases may 
be contaminated by minerals deposited from ground- 
water. But the leaching experiment reported here 
demonstrates that nearly total replacement of struc- 
turally bound ions is also possible. By inference, similar 
effects may occur for other alkaline earths useful for 
dietary analysis, such as barium (WESSEN et al.. 1978; 
ELIAS et al., 1982; LAMBERT et al., 1984). 

In extending the observations reported here to ap 
plications of isotopic and chemical analysis of bone 



I948 B. K. Nelson et al 

from other locations, we emphasize that the samples 

we analyzed are not representative of the usual types 

of samples and sites of interest to most prehistorians. 

They were chosen to maximize the possibility of iden- 

tifying diagenetic alteration in bone strontium and 

apatite carbonate. In this regard, we note that bones 

of marine animals are less dense than those of terrestrial 
ones, so that the latter, as weLl as dense skeletal elements 

such as enamel, may be more resistant with regard to 

strontium alteration than the seal bones analyzed here. 

However, the convergence of bone strontium concen- 

tration and isotopic composition for the prehistoric 
terrestrial and marine feeders suggests similar suscep- 
tibility to alteration. The stability of collagen and the 
absence of diagenetic alteration of its 6’“C and 6’*N 
values in the samples we analyzed probably are due, 
in part, to the low temperature at which the bones 
resided prior to being excavated. Bones excavated from 
sites where higher temperatures prevailed are more 
likely to be affected by postmortem processes that can, 
in some cases, lead to alteration of collagen elemental 
and isotopic ratios (DENIRO, 1985). Our results should 
be taken as a warning that diagenetic ~te~tion of bone 
chemistry and isotopic composition is a potential 
problem at every site. D&genetic effects must be eval- 
uated by application of the approach used here or by 
other means prior to attempting to reconstruct pre- 
historic diet from the chemical or isotopic composition 
of fossil bone. 

Acknowledgements-We thank Henrik Tauber of the Carbon- 
14 Dating L&oratory at the National Museum of Copenhagen 
for providing all identified and dated bone specimens used in 
this study; Mahtahb Rezvani, Henry Ajie, Jean Richter and 
Dave Winter for preparing and determining hone apatite car- 
bonate and cot&en isotope ratios; Estee Shay for performing 
the X-ray diffraction and infrared spectroscopic anatyses; and 
Steven Weiner, Andrew Sillen and Henry Schwartz for com- 
ments on the manuscript. Supported by grants fmm the UCLA 
Academic Senate Committee on Research and NSF grants 
BNS 79-24756, BNS 84-l 8280 and EAR 82-l 5 143. 

Edirorial handling: H. P. Schwartz 

REFERENCES 

BLUMENTHAL N. C.. PO~NER A. S. and HOLMES J. M. (1972) 
Ef&ct of preparation on the properties and transformation 
of amorphous calcium phosphate. Mnf. Res. Bull. 7, 1 I8 I - 
1190. 

BONAR L. C., ROUFOSSE A. H., SABINE W. K., GRYNPAS 
M. D. and GLIMCHER M. J. (1983) X-ray diffraction studies 
of the crystallinity of bone mineral in newly synthesized 
and density fractionated bone. Calcif: Tissue In&. 35,202- 
209. 

BOAZ N. T. and HAMPEL J. (1978) Strontium content of fossil 
enamel and diet in early hominids. 1. Pakeontol. 52, 928- 
933. 

CHISHOLM B. S., NELSON D. E. and SCHWARCZ H. P. (I 982) 
Stable-carbon isotope ratios as a measure of marine versus 
terrestrial protein in ancient diets. Science 216, I 13 l-1 L 32. 

CHISHOLM B. S.. NELSON D. E. and SCHWARCZ H. P. (1983) 
Marine and t&rest&l protein in prehistoric diets on thk 
British Coiumbia coast. Current Anthropoi. Z&396-398. 

DAN~GAARD W., JOHNSEN S. J., MOLLER J. and LANC;%A~ 
C. C. (I 969) One thousand centuries of climatic record 
from Camp Century on the Greenland ice sheet. Science 
X66,377-38 I. 

DANSGAARD W.. JOHNSEN S. J.. REEH N.. GUNDESTRCJP F*‘., 
CLAUSEN H. B. and HAMMER C. V. (1975) Climattc 
changes, Norsemen and modem man. Nature 255,24-28, 

DEN~RO M. J. ( 1985) Postmortem preservation and alteration 
of in viva bone collagen isotope ratios in relation to pa- 
laeodietary reconstruction. Nczure 317, 806-809. 

DENIRO M. J. and EPSTEIN S. f 1978) Influence of diet on the 
djst~but~on of e&on isotopes in animals. Cic*nclr,m. c‘cts- 
m~hzm. &la 42.49.5-506. 

DENIRO M. J. and EI?STEIN S. ( 1981) Influence of diet on the 
distribution of nitrogen isotopes in animals. C+r&~rt. fhi- 
mochim. Acta 45, 34 I-35 I. 

DE PAOLO D. J. (198l)A neodymium and strontium isotopic 
study of the Mesozoic talc-alkaline granitic batholiths ol 
the Sierra Nevada and Peninsular ranges. California. .I 
Geophys. Rex 86, 10470- 10488. 

DE PAOLO D. J. and INCRAM B. L. (1985) High resolution 
stratigmphy with strontium isotopes. Scienctj 227,938-94 1. 

ELIAS R. W.. HIRAO Y. and PATERSON C. C. ( 1981) The 
circumvention of the natural biopurification of calcium 
along nutrient pathways by atmospheric inputs of industrial 
lead: Geochim. Cosmochim. Acra 46,256 I-2580. 

GANCARZ A. J. and WA~SERBURC G. J. (1977) Initial Pb of 
Amitsoq gneiss, West Greenland. and ~mpIi~tions for the 
age of the Earth. Geachim. C~s~z~chit~. Ana 41, 128% 
1301. 

GOPEL C.. MANHES G. and ALL&RE C. J. ( 1985) U-Pb sys-, 
tematics in iron meteorites: Uniformity of primordial lead. 
Geochim. Cosmochim. Acca 49, I68 I - 1695. 

HARE P. E. (1980) Organic geochemistry of bone and Its re 
lation to the survival of bone in the naturai environment. 
In Fossils in the Making. I’ertetvate Taphonotny and Pa- 
Ieoeco/ogy(eds A. K. BEHRENSMEYER and A. P. HILL), pp 
208-2 19. University of Chicago Press. 

HOBSON K. A, and COLLIER S. (1984) Marine and terrestrial 
protein in Australian Aborigmal diets. Cfirreni .4nrhropl. 
25238-240. 

KRUEGER H. W. and SULLIVAN C. H. (I 984) Models for a- 
bon isotope fra~ionation between diet and bone. In Srable 
Isotopes in ~z~~r~~ion (eds. J. E. TURNLUND and P. E. 
JOHNSON), pp. 205-22 1, American Chemical Society. 

LAMBERT J. B., SIMPSON S. V.. SZPUNAR C. B. and BUIKSTRA 
J. E. (1984) Ancient human diet from inorganic analysis 
of bone. .4tr. Chem. Res. 17, 298-305. 

LAND L. S.. LLJNDELIUS E. L. and VALASTRO S. (1980) Iso- 
topic ecology of deer bones. Puleogeqqr. Palroc~limarol P@, 
leoecol. 32, l43- I “; I. 

Luz B., KOLODNY Y. and HOROWITZ M. ( 1984) Fractionation 
of oxygen isotopes between mammalian bone-phosphate 
and environmental drinking water. Geochim. (~b.vnochim 
Acra 48, 1689-1693. 

M~~RBATH S,, O’NIONS R. K.. PANKHURSI K. J.. GALE 
N. H. and MCGREGOR V. R. (1972) Further rubidium 
strontium age dete~inations on the very early Precamb~n 
rocks of the Godthaab district. West Greenland. ~f~fr~rf, 

Fh?y. SC;‘. 240, 78-82. 
NELSON B. K. and BICKFORD M. E. ( 1930) Lead zsotope het- 

erogeneities in K-feldspar: implications for geochronolagy 
and models of mantle evolution. EOS. .4tnw GeaphJs. 
Union 61, 1157. 

SCHOENINGER M. J. and DENIRCI M. J. (1982) Carbn isotope 
ratios of apatite from fossil bone cannot be used to recon- 
struct diets of animals. Natltre 297, 577-578. 

SCHOENINGER M. J. and DENIRO M. J. (1984) Nitrogen and 
carbon isotopic composition of bone collagen from marine 
and terrestrial animals. Geochitn Cosmochim. Acta 48, 
625-639. 

SCHOENINGER M. J.. DENIRO M. J. and TA~JBER l-l. t 1983) 



Sr, C, N, 0 in bone 1949 

lsN/i4N ratios of bone collagen reflect marine and terrestrial 
components of prehistoric human diet. Science 220, 138 l- 
1383. 

SILLEN A. (198 1) Strontium and diet at Hayonim Cave. Amer. 
J. Phys. Anthropol. 56, 13 1- 131. 

SILLEN A. and KAVANAGH M. (1982) Strontium and paleo- 
dietary research: A review. Yeurb. Phys. Anthropol. 25,67- 
90. 

SULLIVAN C. H. and KRUEGER H. W. (1981) Carbon isotope 
analysis of separate chemical phases in modem and fossil 
bone. Nature 292, 333-335. 

SULLIVAN C. H. and KRUEGER H. W. (1983) Carbon isotope 
ratios of bone apatite and animai diet r~nst~~ion. Nature 
301, 117. 

TAUBER H. ( 198 1) 13C evidence for dietary habits of prehistoric 
man in Denmark. Nature 292, 332-333. 

TUREKIAN K. K. (196 1) The role of trace-element geochem- 
istry in archaeology. Yule Sci. Mug. 25, 6- 11. 

TUREIUAN K. K. and KULP J. L. (1956) Strontium content 
of human bones. Science 124,405-407. 

TUROSS N., EYRE D. R., HOLTROP M. E., GLIMCHER M. J. 
and HARE P. E. (1980) Collagen in bone. In Biogeochemistq 

of Amino Acids (eds. P. E. HARE, T. C. HOERING and K. 
KING, JR.), pp. 53-63. John Wiley & Sons. 

VAN DER MERWE N. J. (1982) Carbon isotopes, photosynthesis 
and archaeology. Amer. Ski. 70, 596-606. 

VIRGINIA R. A. and DELWICHE C. C. (1982) Natural 15N 
abundance of presumed Nr-fixing and non-NJ-fixing plants 
from selected ecosystems. Oecologio 54, 3 17-325. 

WALKER A. (198 1) Dietary hypotheses and human evolution. 
Phil. Trans. Roy. Sot. London B292, 57-64. 

WESSEN G.. RUDDY F. I-I., GUSTAFSON C. E. and IRWIN H. 
(1977) Characterization of archaeolo~cal bone by neutron 
activation analysis. Archaeometry 19, 200-204. 

WESSEN G., RUDDY F. H.. GUSTAFSON C. E. and IRW!~~ H. 
(1978) Trace element analysis in the characte~zation of 
archaeological bone. In Archaeoiogical Chemistr~~ (ed. 
G. F. CARTER), pp. 99-108. American Chemical Societv. 

WESTERLING B. ( 1970) Rumen ciliate fauna of semi-domestic 
reindeer (Rangifer tarundus L) in Finland: Composition. 
volume and some seasonal variations. .4cfu Zoologica Fen- 
nicu 127, 1-66. 

WYCKOFT R. W. G. (1972) The Biochemistry qf.&limal Fos- 
sils. Scientechnia. 152 p. 


