
Combined influence of meteoric water and protein intake on hydrogen isotope values in archaeological 1 
human bone collagen 2 
 3 
Christine A.M. France*a, Haiping Qib, Gwénaëlle M. Kavicha 4 
 5 
aSmithsonian Museum Conservation Institute, 4210 Silver Hill Rd., Suitland, MD, USA 6 
bUnited States Geological Survey, 12201 Sunrise Valley Dr., Reston, VA, USA 7 
 8 
*corresponding author: 9 
francec@si.edu, 301-238-1261 10 
 11 
  12 

mailto:francec@si.edu


ABSTRACT 13 
 14 
Hydrogen isotopes in archaeological human bone collagen are poorly understood, but present an 15 
opportunity to add new depth to our understanding of ancient populations.  The competing influences 16 
of meteoric water versus protein intake on human bone collagen hydrogen isotope values were 17 
examined through comparison with the well-understood proxies of hydroxyapatite oxygen and collagen 18 
nitrogen isotopes, respectively.  Consideration of the data set as individual points compared to averaged 19 
pools of individuals in each of 11 archaeological sites suggested the latter partially eliminates inherent 20 
variability due to food choice or regional movement.  Collagen hydrogen isotopes were moderately 21 
correlated with hydroxyapatite oxygen isotopes (R = 0.695, site averages) and collagen nitrogen isotopes 22 
(R = 0.562, site averages).  Correlation improved with a multiple linear regression including both oxygen 23 
and nitrogen (R = 0.745, site averages).  Correlation between meteoric water hydrogen and oxygen 24 
isotope values converted from hydroxyapatite and collagen values, respectively, yielded a slope well 25 
below the expected value of ~8 observed directly in meteoric water (i.e. the “meteoric water line”).  26 
Correlation between converted meteoric water hydrogen and the measured collagen non-exchangeable 27 
hydrogen isotope values showed a slope well below the expected value of 1.0.  Theoretical meteoric 28 
water hydrogen isotope values and theoretical herbivorous collagen hydrogen isotope values were 29 
calculated based on previously established equations in order to construct a hypothetical framework 30 
free of trophic level influences.  Deviations between actual values and these theoretical values 31 
correlated weakly with collagen nitrogen isotope values, suggesting that direct trophic level 32 
enrichment/depletion is not controlling the disparity between expected and measured values.  The 33 
deviations are hypothetically caused by non-local food sources, and a decoupling of expected oxygen 34 
and hydrogen relationships as individuals consumed more meat and decreased in vivo non-essential 35 
amino acid production.  This work presents a new model that facilitates understanding of the complex 36 
relationship between meteoric water and protein intake controls on hydrogen isotopes in omnivorous 37 
human populations that can potentially inform about past meteoric water values and amounts of animal 38 
protein consumption.    39 
 40 
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1. INTRODUCTION 45 
 46 
 Stable isotope analysis of bones is relatively common in archaeology and paleontology to 47 
determine dietary components, provenance, migrations, climate proxies, metabolic functioning, and 48 
social demographics. Several decades of research have established a solid understanding of stable 49 
carbon, nitrogen, and oxygen isotope dynamics in archeological bone collagen and hydroxyapatite.  50 
Hydrogen isotopes in bone have been addressed only recently.  The routing of hydrogen into bone 51 
collagen in particular is less well-understood, but presents new options for understanding archaeological 52 
remains. 53 
 Hydrogen isotopes have been examined more thoroughly in tissues which are similar to the 54 
collagen protein and can serve as basic comparisons.  Keratin (i.e. feathers, claws, nails) has been 55 
studied most heavily, although blood, muscle, lipids, and other organ tissues have been examined as 56 
well (Chesson et al. 2009, Chesson et al. 2011, Hobson et al. 1999, Tuross et al. 2008, Wolf et al. 2011).  57 
Hydrogen is routed to keratin from both dietary food and drinking water, where the former pathway 58 
provides trophic information and the latter indicates latitudinal provenance (Bowen et al. 2005, Bowen 59 
et al. 2009, Ehleringer et al. 2008, O’Brien and Wooller 2007, Sellick et al. 2009).  Where some studies 60 
suggest keratin hydrogen isotopes largely reflect drinking water isotope values (Hobson et al. 1999, 61 
Wolff et al. 2011), others suggest secondary dietary hydrogen input as well (Bowen et al. 2009, 62 
Ehleringer et al. 2008, Kirsanow and Tuross 2011, Pietsch at al. 2011).  Bulk blood, muscle, lipid, and 63 
organ hydrogen isotope values reflect largely drinking water sources (Chesson et al. 2011, Hobson et al. 64 
1999, Wolf et al. 2011), although dietary input may have some influence (Commerford et al. 1983).  65 
While this previous research provides background for understanding hydrogen isotopes in bone 66 
collagen, keratin and other tissues have a more rapid turnover, a fundamentally different structure, and 67 
potentially different hydrogen sources rendering them inadequate proxies for collagen.     68 
 Collagen is the primary protein in animal bones and includes hydrogen atoms bound to carbon, 69 
or bound within carboxyl, amide, and minimal sulfhydryl side-groups.  These side-group hydrogen atoms 70 
are labile and exchange with hydrogen from other water sources.  The more stable carbon-bound 71 
hydrogen atoms comprise a calculated fraction of 0.742-0.829 (majority 0.77-0.81) of all hydrogen 72 
atoms in collagen (Cormie et al. 1994b, Cormie et al. 1994c, Leyden et al. 2006, Sauer et al. 2009, 73 
Topalov et al. 2013) and are generally non-exchangeable with external water sources.  The total (i.e. 74 
TOT) hydrogen isotope composition of bone collagen (i.e. COLL) can be represented as  75 

δ2HCOLL-TOT = (1-f) * δ2HCOLL-NEX + f * δ2HCOLL-EX  76 
where f represents fraction of exchangeable hydrogen (i.e. ~0.19-.23), δ2HCOLL-NEX represents the isotope 77 
value of non-exchangeable hydrogen atoms, and δ2HCOLL-EX represents the isotope value of exchangeable 78 
hydrogen atoms.  Isotope values are in standard delta notation:   79 

δX = [(Rsample – Rstandard) / Rstandard] 80 
where R is the ratio (i.e. 2H/1H), values are in parts per thousand (‰), and the standard is V-SMOW. 81 

The δ2HCOLL-NEX represents the isotope signal incorporated via water or dietary food and can be 82 
considered with a general conceptual framework: 83 

δ2HCOLL-NEX = (δ2Hingested water + εa) + (δ2Hdietary amino acids + εb). 84 
The δ2Hingested water represents δ2H of water taken into the body via food water or direct drinking and 85 
incorporated into amino acids synthesized in vivo during collagen construction (i.e. “non-essential” 86 
amino acids).  The εa represents hydrogen isotope fractionation during this process.  The δ2Hdietary amino 87 

acids represents δ2H of amino acids synthesized ex vivo and are incorporated directly from consumed 88 
dietary proteins (i.e. “essential” amino acids).  The εb represents subsequent fractionation as these 89 
amino acids are incorporated into collagen, although this value is suspected to be minimal and constant 90 
within a given species.  Cormie et al. (1994a), Cormie et al. (1994c) and Chesson et al. (2011) present a 91 
thorough review of factors contributing to bone collagen δ2Hingested water, εa, δ2Hdietary amino acids, and εb; 92 



additional insight is gained from detailed discussions of keratin hydrogen incorporation (Ehleringer et al. 93 
2008, Bowen et al. 2009).     94 

A relatively strong linear correlation between δ2Hingested water and δ2HCOLL-NEX exists in strict 95 
herbivores obtaining all dietary fractions (i.e. amino acids, carbohydrates, water) from plants.  Since leaf 96 
and stem δ2H values reflect local precipitation δ2H values, the herbivore δ2HCOLL-NEX correlates with these 97 
local precipitation δ2H values (Cormie et al. 1994a, Cormie et al. 1994c, Pietsch et al. 2011, Reynard and 98 
Hedges 2008).  Hydrogen isotope values in herbivore bone collagen can be considered with the simpler 99 
representation of δ2HCOLL-NEX = δ2Hingested water + εa.  Carnivores tend to show an apparent trophic level 100 
effect where δ2HCOLL-NEX deviates from the expected correlation with δ2Hingested water (Birchall et al. 2005, 101 
Pietsch et al. 2011, Reynard and Hedges 2008, Topalov et al. 2013, Tuross et al. 2008).  This is due likely 102 
to the additional δ2Hdietary amino acids variable which can show considerable range depending on the type 103 
and amount of animal protein consumed. 104 

Humans present a complex case of omnivory.  Limited research examining human collagen δ2H 105 
values suggests a combination of ingested water and dietary input (Reynard and Hedges 2008), which 106 
agrees with limited data from other omnivorous mammals (Reynard and Hedges 2008, Tuross et al. 107 
2008).  As archaeological human remains are of high interest, examining human collagen δ2H could 108 
provide another dimension by which to examine dietary input and ingestion of environmental water in a 109 
uniquely coupled pathway.  It has the potential to contribute additional information to the study of 110 
geographic origin, migrations, and dietary choices or available foods. 111 

This study uses the well-known relationships of bone nitrogen and oxygen with trophic structure 112 
and meteoric water, respectively, to explore these mechanisms’ effects on δ2HCOLL-NEX.  Nitrogen in 113 
collagen (i.e. δ15NCOLL) is represented in standard delta notation as indicated previously where R 114 
is15N/14N and the standard is atmospheric air.   The δ15NCOLL increases approximately 3-4 ‰ with trophic 115 
level (Bocherens and Drucker 2003, DeNiro and Epstein 1981, Schoeninger and DeNiro 1984) providing a 116 
proxy for amount and type of dietary protein intake.  Oxygen is found in the hydroxyapatite mineral 117 
fraction of bone in both the phosphate (i.e. PHOS) and carbonate (i.e. CARB) sites.  Phosphate and 118 
carbonate oxygen isotopes (i.e. δ18OPHOS and δ18OCARB) are represented in standard delta notation where 119 
R is 18O/16O and the standard is V-SMOW.  Both δ18OPHOS and δ18OCARB correlate with drinking water 120 
isotopes (Bryant and Froehlich 1995, Daux et al. 2008, Kohn 1996, Longinelli 1984, Luz and Kolodny 121 
1985, Luz et al. 1984) providing a proxy for geographic locality.  The δ18O and δ2H values of meteoric 122 
water (i.e. MW) are strongly correlated according to the known meteoric water line:  δ2HMW = 8 * 123 
δ18OMW +10 (Craig 1961, Kendall and Coplen 2001).  In the absence of dietary influence, the δ2HCOLL-NEX is 124 
expected to correlate to δ18OPHOS and δ18OCARB with a similar slope to that of the meteoric water line.  125 
Deviations from this end member were compared to associated δ15NCOLL values, and multiple linear 126 
regression models constructed to determine the combined relative influence of ingested water and 127 
dietary proteins on the δ2HCOLL-NEX values.  Combinations of δ2H and δ18O values in bone collagen have 128 
been used to examine herbivores, but this study adds to the sparser comparisons with δ15N, omnivores, 129 
and carnivores (Cormie et al. 1994a, Kirsanow and Tuross 2011, Kirsanow et al. 2008, Pietsch et al. 2011, 130 
Topalov et al. 2013, Tuross et al. 2008). 131 

 132 
 133 
2. MATERIALS AND METHODS 134 
 135 
2.1 Sample collection and preparation 136 
 Human remains were sampled from 11 North American archaeological sites primarily on the 137 
east coast with one southern site including individuals from Texas (Figure 1, Table 1, Supplementary 138 
Table S1).  These sites were selected based on availability of samples, range of geographic localities, and 139 
range of potential protein consumption.  The sites are primarily temperate regions with similar humidity 140 



and temperature conditions.  The exception is Glorieta Pass wherein the individuals hailed from the 141 
warmer dryer regions of Texas (Alberts 1984).  Carbon, nitrogen, and oxygen isotope data for some 142 
samples were published previously in France et al. (2014) and France and Owsley (2015).      143 
 Mechanical and chemical preparation methods followed France et al. (2014).  Briefly, ~500 mg 144 
of solid bone cross section (majority cortical with traces of trabecular) was removed for collagen analysis 145 
using pliers or a rotary tool.  This cross section yields a homogenized average isotope value across the 146 
final ~10-20 years of life.  Approximately 50mg of powdered bone for phosphate and carbonate analysis 147 
was obtained by crushing with an agate mortar and pestle or using a rotary tool.  Phosphates were 148 
extracted via dissolving mineral phases in hydrofluoric acid (2 M), buffering in ammonium hydroxide (20 149 
%), and precipitating silver phosphate using a silver nitrate solution (2 M).  Carbonates were isolated by 150 
eliminating organics with sodium hypochlorite (2-3 %) and eliminating secondary carbonates using 151 
acetic acid buffered with calcium acetate (pH ~4.5).  Collagen extraction proceeded via sonication to 152 
remove sediments and labile salts, acidification (0.6 M HCl, 4 °C) to remove mineral phases, removal of 153 
humic and fulvic acids with sodium hydroxide (0.125 M), denaturing of the collagen pseudomorph in 154 
hydrochloric acid (0.03 M, 95 °C), and lyophilization.   155 
 156 
2.2 Mass spectrometry and ATR-FTIR 157 
 All isotope ratios were measured on Thermo Delta V Advantage stable isotope mass 158 
spectrometers at the Smithsonian MCI Stable Isotope Mass Spectrometry Laboratory.  Silver phosphates 159 
weighed into silver cups (~500 µg) were thermally decomposed (1450 °C) on a Thermo Temperature 160 
Conversion Elemental Analyzer (TCEA) coupled to a Conflo IV interface and measured for δ18OPHOS 161 
values.  Carbonates (~4 mg) were acidified in 100 % phosphoric acid (SG > 1.92) at 25 °C for 24 hours on 162 
a Thermo GasBench II unit and measured for δ18OCARB values.  Approximately 500 µg of collagen weighed 163 
into tin cups was combusted (1020 °C) on a Costech 4010 Elemental Analyzer coupled to a Conflo IV 164 
interface and measured for δ15NCOLL, weight % N, and weight % C values. 165 
 A separate portion of collagen (~350 µg) was weighed into silver cups for hydrogen isotope 166 
analysis.  Open cups remained in ambient air for 72 hours to equilibrate exchangeable hydrogen atoms 167 
with local water vapor.  Open cups were then placed in a vacuum oven at 60 °C for 72 hours to remove 168 
secondary adhered water molecules.  The vacuum oven was vented with pure argon before cups were 169 
removed, quickly sealed, and loaded into a Costech zero-blank autosampler then flushed with ultra-pure 170 
helium.  Exposure to atmosphere was <10 minutes.  Samples were thermally decomposed on the TCEA 171 
with a chromium reactor column at 1100 °C (modified from Armbruster et al. 2006, Gehre et al. 2015, 172 
Kelly et al. 2001).  Resulting H2 gas was introduced to the mass spectrometer via a Conflo IV interface 173 
and measured for raw δ2H values. 174 
 Attenuated total reflectance Fourier transform infrared spectroscopy (ATR-FTIR) was performed 175 
on bone powders using a Thermo Nicolet 6700 FTIR with Golden Gate ATR (diamond crystal, single 176 
bounce, 45°) equipped with a DTGS detector. Spectra were collected from 450 to 4,000 cm-1 for 128 177 
scans at a resolution of 4 cm-1.  All baseline corrections and ratio calculations were performed using an 178 
automated program in TQAnalyst EZ version 8.   179 
 180 
2.3 Data normalization 181 
 All data were normalized to international reference materials.  The δ18OVSMOW-SLAP values of 182 
phosphates (i.e. δ18OPHOS) were corrected against USGS 34 (δ18OVSMOW-SLAP = -27.9 ‰) and USGS 35 183 
(δ18OVSMOW-SLAP = +57.5 ‰) nitrates.  The δ18OVPDB-LSVEC values of carbonates (i.e. δ18OCARB) were corrected 184 
against LSVEC (δ18OVPDB-LSVEC = -26.7 ‰) and NBS 19 (δ18OVPDB-LSVEC = -2.2 ‰) carbonates and converted to 185 
VSMOW values for easier comparison to δ18OPHOS values using Coplen et al. (2002).  The δ15NAIR values of 186 
collagen (i.e. δ15NCOLL) were corrected against Urea_UIN3 and an acetanilide calibrated to USGS 40 187 
(δ15NAIR = -4.52 ‰) and USGS 41 (δ15NAIR = +47.57 ‰) amino acids (Schimmelmann et al. 2009).  Weight 188 



% N and weight % C values were calibrated using a homogenous acetanilide standard.  Errors associated 189 
with δ18OPHOS values are ±0.4 ‰ (1σ); δ18OCARB and δ15NCOLL are ±0.2 ‰ (1σ); weight % N and weight % C 190 
are ±0.5 % (1σ). 191 
 Non-exchangeable hydrogen isotope values (i.e. δ2HCOLL-NEX) were determined using three new 192 
collagen reference materials developed in parallel experiments with the USGS Reston Stable Isotope 193 
Laboratory.  An Alaskan moose femur (AMF), Alaskan seal femur (ASF), and Minnesotan otter leg (MOL) 194 
were selected based on their observed raw differences in δ2H values.  Whole bone segments of these 195 
reference materials were degreased in sequential soaks of 2:1 chloroform:methanol.  Collagen was 196 
extracted in bulk from the degreased reference bones according to procedures outlined above.  The 197 
δ2HCOLL-NEX and f values of AMF, ASF, and MOL were determined via methods in Qi and Coplen (2011).  198 
Briefly, the exchangeable hydrogen atoms in two identical sets of samples were equilibrated with waters 199 
of known and disparate isotope composition in separate vacuum dessicators.  Samples were transferred 200 
to a vacuum oven and dried at 60 °C to remove secondary adhered water molecules.  Samples were 201 
removed from the oven, quickly sealed into silver cups, placed in a zero-blank autosampler and flushed 202 
with ultra-pure helium.  Samples were calibrated against VSMOW2 and SLAP2 water standards sealed in 203 
silver tubes on a TCEA with a chromium reactor column (Gehre et al. 2015).  The fraction of 204 
exchangeable hydrogen (fAMF = 0.136, fMOL = 0.145, fASF = 0.147) was calculated by f = [δ2Htot1 - δ2Htot2] / 205 
[δ2Hw1 - δ2Hw2] where δ2Htot1 and δ2Htot2 are the isotope values of total hydrogen in the collagen 206 
equilibrated with the two different waters.  The δ2HVSMOW--SLAP of non-exchangeable hydrogen was 207 
calculated by isotope balance (AMF δ2HCOLL-NEX = -73.4 ‰, MOL δ2HCOLL-NEX = +18.3 ‰, ASF δ2HCOLL-NEX = 208 
+164.9 ‰).  The δ2HCOLL-NEX in unknown samples was calculated using a 3-point linear calibration on the 209 
δ2HCOLL-NEX for AMF, ASF, and MOL reference materials as per Wassenaar and Hobson (2003).  Errors 210 
associated with δ2HCOLL-NEX values are ±2.0 ‰ (1σ). 211 
 212 
2.4 Examination of Diagenesis 213 
 Collagen preservation (i.e. post-mortem diagenesis) was examined using established protein and 214 
elemental abundance parameters (Table 2).  Hydroxyapatite phosphate and carbonate were examined 215 
using ATR-FTIR peak height data (Table 2).  Acceptable FTIR values for well-preserved hydroxyapatite are 216 
based on modern material in this study, previous ATR-FTIR data, and data converted from suggested 217 
offsets from more ubiquitous transmission FTIR methods.  As phosphates are generally more resistant to 218 
post-mortem isotope alteration and more strongly correlated to drinking water compared to carbonates 219 
(Iacumin et al. 1996, Person et al. 1995, Person et al. 1996, Tuross et al. 1989), the δ18OPHOS values are 220 
used in subsequent statistical analysis and modeling. 221 
 222 
2.5 Isotope value conversions and comparisons 223 
 Corrected δ2HCOLL-NEX, δ18OPHOS, δ15NCOLL were compared and considered via various conversions 224 
and regression models, both as individual points and by site averages.  The δ2HCOLL-NEX was converted to 225 
meteoric water δ2H values using the equation of Reynard and Hedges (2008):  δ2HMW-COLL = (δ2HCOLL-NEX - 226 
71.9)/1.069 (r = 0.957, SE = 16.2 ‰).  This equation is based on data from humans, non-human 227 
herbivores, and omnivores.  The δ18OPHOS values were converted to meteoric water δ18O values using the 228 
equation of Longinelli (1984):  δ18OMW-P = (δ18OPHOS - 22.37)/0.64 (r = 0.982, SE = 0.68 ‰).  The δ2HMW-COLL 229 
values were compared to theoretical δ2HMW values calculated from the meteoric water line using the 230 
δ18OMW-P values:  δ2HMW-THEOR = 8 * δ18OMW-P +10.  Differences between δ2HMW-COLL and δ2HMW-THEORwere 231 
compared to δ15NCOLL in an effort to discern trophic effects that may influence deviations from the 232 
meteoric water line.   Cormie et al. (1994a) provide evidence of a well-correlated relationship (r = 0.917) 233 
between δ2HCOLL-NEX and δ18OPHOS in strict herbivores from the same locality, thereby essentially 234 
eliminating trophic effects on the δ2HCOLL-NEX.  This study used their equation to calculate a theoretical 235 
δ2HCOLL-NEX based on δ18OPHOS assuming an end-member scenario of humans as strict herbivores:  δ2HHERB-236 



THEOR = 7.8 * δ18OPHOS -160 (r = 0.917, SE = 11.9 ‰).  Differences between δ2HCOLL-NEX and δ2HHERB-THEOR 237 
were plotted against δ15NCOLL in another effort to determine a relationship between trophic effects of 238 
human omnivory on deviations from a pure meteoric water relationship between δ2HCOLL-NEX and 239 
δ18OPHOS.  Finally, multiple linear regression of δ18OPHOS and δ15NCOLL against δ2HCOLL-NEX examined the 240 
concurrent influences of protein intake and meteoric water on hydrogen isotopes in bone collagen.  All 241 
statistical analyses were run in SigmaPlot 14.0.   242 
 In an effort to eliminate other demographic factors as controlling influences on collagen 243 
hydrogen isotopes, the δ2HCOLL-NEX, δ18OPHOS, and δ15NCOLL values were compared with ancestry (i.e. 244 
African American or Caucasian), sex, estimated age, and socioeconomic status (i.e. lower, middle, upper, 245 
or military class).  Socioeconomic status was assigned based on the context of the burial site.  Sex and 246 
age were not available or were indeterminate for some individuals (Supplementary Table S1).     247 
 248 
 249 
3. RESULTS 250 
 251 
 Samples adhering to the defined parameters for well-preserved collagen and hydroxyapatite 252 
were included in subsequent analyses.  Table 3 includes all δ2H, δ18O, and δ15N data pertinent to 253 
statistical analyses and modeling.  Table 4 includes full statistical results from regressions.  Yield data, 254 
C:N ratios, FTIR data, and calculated differences between isotope values are presented in the 255 
Supplementary Tables S2 and S3.  Although δ18OCARB is not used in any subsequent analyses or modeling, 256 
it is included in Supplementary Table S3 to present a complete oxygen data set to the research 257 
community for future comparisons. 258 

As a coarse examination, δ2HCOLL-NEX, δ18OPHOS, and δ15NCOLL values showed no significant 259 
differences between males and females nor between Caucasians and African Americans (two-tailed t-260 
tests, all p > 0.3).  No discernable correlation was observed between δ2HCOLL-NEX, δ18OPHOS, and δ15NCOLL 261 
values and minimum estimated age (all R2 < 0.12).  These demographic groupings included individuals 262 
from different regions.  No single site yielded more than eight individuals with determinate age and sex, 263 
nor did any single site include both Caucasians and African Americans, thereby precluding a rigorous 264 
statistical examination of these factors while controlling for regional variation in meteoric water isotope 265 
values.  Comparison of δ2HCOLL-NEX between socioeconomic groups showed no significant differences 266 
(two-tailed t-test, all p > 0.05), with the exception of the lower class group versus the upper class group 267 
(p = 0.00045) and military group (p = 0.020).   268 
 The δ2HCOLL-NEX for individual points varied from -15.8 to +26.2 ‰; site averages ranged from -2.8 269 
to +17.8 ‰.  The δ18OPHOS for individual points and site averages ranged from +15.8 to +20.3 ‰ and 270 
+16.5 to +20.0 ‰, respectively.  The δ15NCOLL for individual points and site averages ranged from +8.7 to 271 
+11.7 ‰ and +9.7 to +11.7 ‰, respectively.  All regressions and correlations between δ2HCOLL-NEX,  272 
δ18OPHOS, and δ15NCOLL pass Shapiro-Wilk normality tests (p > 0.05).  Linear regression showed a moderate 273 
correlation between individual δ2HCOLL-NEX points and δ18OPHOS or δ15NCOLL, with slightly stronger 274 
correlation between site averages (Figure 2, Table 4). 275 

Conversion to meteoric water values resulted in δ2HMW-COLL ranging from -82.0 to -42.8 ‰ for 276 

individual points and -69.8 to -50.6 ‰ for site averages.  The δ18OMW-P for individual points and site 277 

averages ranged from -10.3 to -3.2 ‰ and -9.2 to -3.7 ‰, respectively.  As these values, and subsequent 278 

δ18OMW-P values, were direct transformations of δ2HCOLL-NEX and δ18OPHOS, the correlations were similar 279 

with site averages showing a stronger correlation than individual points (Table 4).  Both individual points 280 

and site averages showed slopes considerably lower than that expected from the known meteoric water 281 

line (Figure 3). 282 



Conversion of δ2HCOLL-NEX to theoretical values based on the meteoric water line resulted in 283 

δ2HMW-THEOR values ranging from -72.2 to -15.9 ‰ for individual points, and -63.6 to -19.7 ‰ for site 284 

averages.  The δ2HMW-COLL and δ2HMW-THEOR values were compared to one another and showed moderate 285 

correlation (Figure 4, Table 4).  Differences between these two values were compared to δ15NCOLL (Figure 286 

4).  Correlation was very poor between δ15NCOLL and the δ2HMW-COLL-δ2HMW-THEOR difference for individual 287 

points (r = 0.0524) and site averages (r = 0.284). 288 

Conversion of δ2HCOLL-NEX to a theoretical value that assumes humans are strict herbivores 289 

resulted in δ2HHERB-THEOR values ranging from -36.8 to -1.7 ‰ for individual points and -31.4 to -4.0 ‰ for 290 

site averages.  The δ2HCOLL-NEX and δ2HHERB-THEOR values were compared to one another and showed 291 

moderate correlation (Figure 5, Table 4).  Differences between these two values were compared to 292 

δ15NCOLL (Figure 5).  Correlation was very poor between δ15NCOLL and the δ2HCOLL-NEX-δ2HHERB-THEOR 293 

difference for individual points (r = 0.176) and site averages (r = 0.0547). 294 

Multiple linear regression produced better predictive ability for both individual points and site 295 

averages, where the latter again showed better correlation (Table 4).  The highest predictive power lies 296 

in a linear combination of both δ18OPHOS and δ15NCOLL. 297 

 298 
 299 
4. DISCUSSION 300 
 301 
 Hydrogen isotopes in human collagen present a complex combination of influences.  Before 302 
discussing the influences of meteoric water and protein intake on the δ2HCOLL-NEX values, it is worth 303 
considering potential confounding factors in the oxygen and nitrogen proxy variables.  These may 304 
include inter-regional movement of individuals, demographic factors, individual health status, variable 305 
isotope baselines of food, and non-local food sources.  306 

Movement between regions and cities did occur in historic times.  While the δ2HMW and δ18OMW 307 
values should still co-vary in all locations, the available food (and presumably its inherent δ2H values) 308 
would change.  However, the sites included in this study likely represent local populations with a 309 
common set of food resources.  Several (Foscue Plantation, Hilleary Cemetery, Walton Family Cemetery, 310 
Woodville Cemetery) are established family plots including individuals that most likely lived and worked 311 
in the local area for significant portions of their lives. The variability in δ18OMW-P, an indicator of regional 312 
origin, for each of these sites is <1.0 ‰ (1σ), supporting the idea that these individuals did not spend 313 
significant portions of their lives elsewhere. Three sites (A.P. Hill, Pettus, Robinson Cemetery) are slave 314 
populations that were not free to move around as they pleased; these sites show individual δ18OMW-P 315 
variability of <1.2 ‰ (1σ).  Three northern urban sites (FABC, Parkway Gravel, Trinity Catholic Church) 316 
are church cemeteries that historically represent local communities.  Although the urban setting might 317 
suggest higher likelihood for mobility, the δ18OMW-P variability is <0.6 ‰ (1σ) for each of these sites.  The 318 
Glorieta Pass site is constituted entirely of a military unit that historic records show mustered out of 319 
Texas. These individuals show a δ18OMW-P variability of 1.3 ‰ (1σ), which is the expected range in Texas. 320 

Comparison of δ2HCOLL-NEX, δ18OPHOS, and δ15NCOLL values with demographic factors showed no 321 
statistically significant connections between ancestry, sex, and estimated age.  France et al. (2014) found 322 
that ancestry was in fact most strongly predicted by collagen carbon isotope values rather than oxygen 323 
or nitrogen.  Comparison of δ2HCOLL-NEX to social class showed significant differences between the lower 324 
class group versus the upper class and military groups. However, the sole military group in this test is the 325 
southernmost site, while lower class individuals were found in northern locations.  This introduces 326 
regional controls on drinking water isotopes as a potential factor and precludes the conclusion that 327 
social class is the prevailing component in this observed isotopic difference between the lower class and 328 
military groups.  The lower and upper class group contained individuals from similar regions which does 329 



impose some control on regional variability in meteoric water isotope values.  In some populations, 330 
social class is apparently linked to food availability and food choice, which in turn is a rough proxy for 331 
nutritional status (France et al. 2014, Yoder 2012).  As protein intake, and consequently essential amino 332 
acid intake, are linked to food availability and choice, it bears consideration that social class may 333 
influence the δ2HCOLL-NEX values in so much as social class influences the type of food consumed.  334 
However, social class is only moderately predictable using a combination of carbon, nitrogen and oxygen 335 
isotope values and does not appear to be the prevailing factor controlling stable isotope distributions in 336 
these humans (France et al. 2014).  Therefore, the potential influence of social class on δ2HCOLL-NEX values 337 
does not preclude examination of meteoric water and protein intake on said values. 338 

The δ15NCOLL values can be complicated by health issues.  The δ15NCOLL values can reflect extreme 339 
circumstances including disease, infection, and pregnancy (Beaumont et al. 2013, 2015, D’Ortenzio et al. 340 
2015, Fuller et al. 2004, Scorrano et al 2014).  Physiological examination of the remains in this study 341 
suggests no obvious presence of these factors, with the exception of two elderly individuals (31FOSCUE-342 
ECU-4 and 44JC33-PETTUS-270) who exhibit osteopenia (Barca and Owsley 2014).  Neither individual has 343 
outlying δ15NCOLL values which suggests this particular condition did not significantly affect their nitrogen 344 
isotope values.   345 

The baseline δ15N value of plants can vary somewhat by region and incorporation of nitrogen 346 
isotopes into bone collagen can be affected by climate.  Mammals in hotter drier climates will 347 
sometimes exhibit 15N enrichment compared to counterparts in cooler wetter climates (Ambrose 1991, 348 
Cormie and Schwarcz 1994, Fizet et al. 1995, Sealy et al. 1987).  However, the individuals in this study’s 349 
sites do not conform to this pattern.  The larger data set of France et al. (2014), which includes most of 350 
the sites in the current study, shows no correlation between human δ15NCOLL and δ18OMW-P (r = 0.0892).  351 
The exception is Walton Cemetery in Connecticut, the most northern and coolest site.  The human 352 
remains from this site do show the most negative δ15NCOLL values, but the Walton Cemetery site average 353 
(+9.7 ‰) is only 0.6 ‰ less than the average of all sites combined (+10.3 ‰).  Regional climates and 354 
health issues may still exhibit some control over δ15NCOLL values, but it appears to be minor in the 355 
remains sampled here.  The dominant controlling factor is more likely to be dietary input as discussed 356 
below. 357 

Although 18th and 19th century humans consumed a much more localized diet than modern 358 
humans, they still consumed some percentage of non-local food and could exercise choice in their 359 
dietary selections, unlike non-human mammals considered in previous studies.  The more common 360 
imports of the time included cocoas, coffee, tea, rum, molasses and sugar from the West Indies and 361 
other regions; rice from Asia; wine from Europe and other regions; fresh produce and some meat from 362 
other United States regions.  However, broad interregional and international food trade did not become 363 
widespread until the late nineteenth century (Bruegel 2002, Nützenadel and Trentmann 2008, Perren 364 
2006). 365 
 While some of the factors discussed above may have a minor influence on the isotope values, 366 
none appear to be a dominant or significant factor in this study.  However, it is worth bearing such 367 
factors in mind in future examinations of human δ2HCOLL-NEX since the body of published data is currently 368 
small and the understanding of how demographics and health affect hydrogen routing in humans is 369 
poorly understood.  Considering data as individual points will include wider variation while averaging 370 
data by site eliminates some of the variability due to food choice, food availability, and lifetime 371 
movement.  The δ18O and δ15N values are likely to be reliable proxies for meteoric water influence and 372 
protein intake, respectively.  The δ18OPHOS and δ15NCOLL values showed moderate correlation to δ2HCOLL-NEX 373 
values.  Better correlation through multiple linear regression suggests both are coupled to δ2HCOLL-NEX 374 
with ~56 % of the variation in δ2HCOLL-NEX related to a combination of δ18OPHOS and δ15NCOLL (from r = 375 
0.745).  A larger data set of pooled individuals (i.e. site averages) might facilitate a model whereby a 376 
reasonable approximation of any one variable can be determined from a combination of the other two.  377 



Likewise, calculations of δ2HMW-COLL and δ18OMW-P can be performed once δ2HCOLL-NEX or δ18OPHOS are 378 
known.  This holds potential for reconstructing historic meteoric water isotope values from 379 
archaeological remains when faunal remains are unavailable, and subsequently examining geographic 380 
origins, migration, and movement.  381 
 Deviation of the δ2HMW-COLL and δ18OMW-P relationship from the expected meteoric water line 382 
suggests minor input of non-local food sources and metabolic decoupling of the δ2H-δ18O relationship.  383 
The observed slope of this relationship (i.e. 2.1 for individual points, 2.5 for site averages) was well 384 
below the expected value of 8.0.  Regression of δ2HMW-COLL against δ2HMW-THEOR produces a slope well 385 
below 1.0.  Since δ2HMW-THEOR represents a theoretically expected value for δ2HMW based on the meteoric 386 
water line, a slope <1.0 indicates the δ2H incorporated into bone collagen is more negative than it 387 
should be if controlled strictly by regional meteoric water.  This may indicate that dietary amino acids 388 
entering the body via protein consumption had an inherently depleted δ2HCOLL-NEX value.  Local 389 
herbivorous protein sources (i.e. deer, cow, sheep, etc.) foddered on local vegetation should conform to 390 
the meteoric water line where the slope of δ2HCOLL-NEX versus δ18OPHOS is approximately 8.0, and the slope 391 
of δ2HCOLL-NEX versus δ2HMW is approximately 1.0 (Cormie et al. 1994a, Cormie et al. 1994c, Pietsch et al. 392 
2011, Reynard and Hedges 2008, Topalov et al. 2013).  In this study, the deviation from these expected 393 
slopes may be due to inclusion of protein sources imported from northern latitudes, or from local 394 
animals foddered on imported northern grains.  This would result in a depleted δ2Hdietary amino acid input 395 
into the human body, while maintaining the local δ18OMW-P signature, thereby decreasing the δ2HCOLL-NEX 396 
versus δ2HMW slope to <1.0.  Bowen et al. (2009) and Kirsanow and Tuross (2011) also noted that amount 397 
of local versus non-local dietary input can affect expected correlations between δ2H and δ18O in human 398 
keratin and collagen.  While the influence of imported and non-local foods on isotope values cannot be 399 
completely discounted, it is likely to be a relatively minor factor, as discussed above. 400 

Differences between δ2HMW-COLL and δ2HMW-THEOR did not correlate well with δ15NCOLL, nor did 401 
differences between δ2HCOLL-NEX and δ2HHERB-THEOR.  The δ2HMW-THEOR and δ2HHERB-THEOR represent expected 402 
values for meteoric water-controlled hydrogen isotope values without trophic level fractionations.  403 
Nitrogen isotopes show a very systematic enrichment during increased meat consumption where 14N is 404 
preferentially excreted with urea thereby leaving the body enriched in 15N (Sutoh 1987).  If a similar 405 
mechanism fractionated hydrogen isotopes during incorporation into collagen, one would expect δ2HMW-406 

COLL-δ2HMW-THEOR differences and δ2HCOLL-NEX-δ2HHERB-THEOR differences to correlate with δ15NCOLL.  The 407 
noticeable lack of correlation suggests some other metabolic mechanism at work.   408 
 Rather than a systematic enrichment or depletion of hydrogen isotopes during collagen 409 
formation, this data may indicate a threshold of meat consumption exists beyond which the expected 410 
δ2H-δ18O relationships decouple.  Pietsch et al. (2011) demonstrated that pure carnivores drinking very 411 
little water show virtually no correlation between δ2H and δ18O in hair keratin, nor do keratin and 412 
meteoric water δ2H and δ18O values correlate.  Cormie et al. (1994a), Cormie et al. (1994c), Reynard and 413 
Hedges (2008), and Pietsch et al. (2011) demonstrated that strict herbivores show the opposite with 414 
strong correlations between bone δ2H and δ18O values and strong correlations between meteoric water 415 
δ2H and δ18O values.  Data from omnivorous humans in this study fall somewhere in between these two 416 
end members.  This supports the conclusions of Pietsch et al. (2011) that a threshold of meat 417 
consumption may exist above which animals obtain the majority of their amino acids from consumed 418 
meat and have minimal need to produce amino acids in vivo.  Without in vivo amino acid production, 419 
meteoric water hydrogen will not be incorporated into δ2HCOLL-NEX values either through direct water 420 
consumption or via plant tissues.  The primary factor contributing to δ2HCOLL-NEX will then become the 421 
baseline δ2H value of the meat itself which has already cycled through several metabolic processes and 422 
associated fractionations.  The more meat consumed, the more the δ2H-δ18O relationships deviate from 423 
the expected meteoric water line.  Thus the overall   δ2HCOLL-NEX will show some correlation with a proxy 424 



for meat amount consumed (i.e. δ15NCOLL), while relationships between δ2HCOLL-NEX and δ18OPHOS (and 425 
calculated values based on these factors) will decouple. 426 
 This opens the question as to where the threshold lies.  From the previously introduced general 427 
conceptual model, one may consider the δ2HCOLL-NEX for mammals as follows: 428 
Herbivores:  δ2HCOLL-NEX = δ2Hingested water + εa 429 
Omnivores:  δ2HCOLL-NEX = (δ2Hingested water + εa) + (δ2Hdietary amino acids + εb) 430 
Carnivores:  δ2HCOLL-NEX = δ2Hdietary amino acids + εb 431 
Herbivores and carnivores are presented here as extreme end members, which is oversimplified.  432 
Herbivores do obtain some essential amino acids from plants, but these amino acids generally have 433 
similar δ2H values to local meteoric water.  Most carnivores will ingest some meteoric water, albeit in 434 
very limited quantity, or it may enter the body already incorporated into food (i.e. meat).  Nonetheless, 435 
the point at which one end member grades into another is unknown, but potentially useful information.  436 
Future work in feeding studies with gradations of consumed meat amount may be able to use deviations 437 
from the expected meteoric water line δ2H-δ18O relationships to determine percentage of meat in a 438 
person’s diet.  The slope between δ2H and δ18O in keratin or collagen appears to decrease from ~8.0 to 439 
~0.0 as animals move from pure localized herbivory to pure carnivory; likewise the slope between δ2H in 440 
collagen or keratin and meteoric or drinking water δ2H appears to decrease from ~1.0 to ~0.0 between 441 
herbivores and carnivores (Bowen et al. 2009, Cormie et al. 1994a, Cormie et al. 1994c, Ehleringer et al. 442 
2008, Pietsch et al. 2011, Reynard and Hedges 2008, Topalov et al. 2013).  More data is needed for bone 443 
collagen in particular.  The ability to estimate percentage meat consumption would add new depth to 444 
understanding ancient lifestyles, food choice, and food availability in historic and archaeological 445 
populations.  446 
 447 
 448 
5. CONCLUSIONS 449 
 450 
 Hydrogen isotopes in human bone collagen represent a combination of drinking water and 451 
dietary input.  Using phosphate oxygen isotopes and collagen nitrogen isotopes as meteoric water and 452 
protein intake proxies, respectively, one can estimate the collagen hydrogen isotope values.  This is 453 
contingent upon pooling multiple individuals from a given site to eliminate inherent variability from food 454 
choice, food availability, and movement between locations.  Relationships between meteoric water 455 
oxygen isotope values and bone collagen hydrogen isotope values show deviation from the expected 456 
meteoric water line.  This is hypothetically due to the minor inclusion of non-local food sources and a 457 
decoupling of oxygen/hydrogen relationships as individuals reduce in vivo amino acid production due to 458 
increased meat consumption.  Further examination of this decoupling could determine percentage of 459 
dietary meat, thereby adding valuable new information into archaeological dietary studies.  Currently 460 
nitrogen isotope data can provide only relative amounts of meat consumption between individuals or 461 
populations.  Incorporating collagen hydrogen isotopes may facilitate absolute determinations of meat 462 
consumption, as well as adding depth to our understanding of locality and movement within ancient 463 
populations. 464 
 465 
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FIGURE CAPTIONS 475 
 476 
Figure 1 – Site map showing burial locations.  Note individuals buried at Glorieta Pass, New Mexico, 477 

were a military unit of enlisted Texas soldiers. 478 

Figure 2 – (A) Phosphate oxygen isotope values versus collagen non-exchangeable hydrogen isotope 479 

values.  (B) Nitrogen isotope values from collagen versus non-exchangeable hydrogen isotope values 480 

from collagen.  Enlarged symbols indicate site averages. 481 

Figure 3 – Collagen hydrogen isotope values converted to meteoric water values versus phosphate 482 

oxygen isotope values converted to meteoric water values.  Enlarged symbols indicate site averages. 483 

Figure 4 – (A) Collagen non-exchangeable hydrogen isotope values converted to meteoric water values 484 

versus theoretical meteoric water hydrogen isotope values based on the meteoric water line.  (B) 485 

Difference between converted values and theoretical values versus collagen nitrogen isotope values.  486 

Enlarged symbols indicate site averages. 487 

Figure 5 – (A) Measured collagen non-exchangeable hydrogen isotope values versus theoretical 488 
hydrogen isotope values based on pure herbivory.  (B) Difference between measured values and 489 
theoretical values versus collagen nitrogen isotope values.  Enlarged symbols indicate site averages. 490 
 491 
  492 



REFERENCES 493 
 494 
 495 
Alberts, D.E., 1984.  Rebels on the Rio Grande.  University of New Mexico Press, Albuquerque. 496 
Ambrose, S.H. (1990) Preparation and characterization of bone and tooth collagen for isotopic analysis.  497 

J Archaeol Sci 17, 431-451. 498 
Ambrose, S.H., (1991) Effects of diet, climate, and physiology on nitrogen isotope abundances in 499 

terrestrial foodwebs.  J Archaeol Sci 18, 292-317. 500 
Armbruster, W., Lehnert, K., and Vetter, W. (2006) Establishing a chromium-reactor design for 501 

measuring δ2H values of solid polyhalogenated compounds using direct elemental analysis and 502 
stable isotope ratio mass spectrometry.  Anal Bioanal Chem 384, 237-243.   503 

[dataset] Barca, K.G., and Owsley, D. (2014) The Human Skeleton Database, The Smithsonian Skeletal 504 
Biology Program, National Museum of Natural History. 505 

Beasley, M.M., Bartelink, E.J., Taylor, L., and Miller, R.M. (2014) Comparison of transmission FTIR, ATR, 506 
and DRIFT spectra:  implications for assessment of bone bioapatite diagenesis. J Archaeol Sci 46, 507 
16-22. 508 

Beaumont, J., Gledhill, A., Lee-Thorp, J., and Montgomery, J. (2013).  Childhood diet: a closer 509 
examination of the evidence from dental tissues using stable isotope analysis of incremental 510 
human dentine.  Archaeometry 55, 277-295. 511 

Beaumont, J., Montgomery, J., Buckberry, J., and Jay, M. (2015).  Infant mortality and isotopic 512 
complexity:  new approaches to stress, maternal health, and weaning.  Am J Phys Anth 157, 441-513 
457. 514 

Birchall, J., O’Connell, T.C., Heaton, T.H.E., and Hedges, R.E.M. (2005) Hydrogen isotope ratios in animal 515 
body proteins reflect trophic level.  J Anim Ecol 74, 877-881. 516 

Bocherens, H., and Drucker, D., (2003) Trophic level isotopic enrichment of carbon and nitrogen in bone 517 
collagen: case studies from recent and ancient terrestrial ecosystems.  Int J Osteoarchaeol 13, 518 
46–53. 519 

Bowen, G.J., Ehleringer, J.R., Chesson, L.A., Thompson, A.H., Podlesak, D.W., and Cerling, T.E. (2009) 520 
Dietary and physiological controls on the hydrogen and oxygen isotope ratios of hair from in-521 
20th century indigenous populations.  Am J Phys Anth 139, 494-504.  522 

Bowen, G.J., Wassenaar, L.I., and Hobson, K.A., (2005) Global application of stable hydrogen and oxygen 523 
isotopes to wildlife forensics.  Oecologia 143, 337-348. 524 

Bruegel, M., 2002.  Farm, Shop, Landing – The Rise of a Market Economy in the Hudson Valley, 1780-525 
1860.  Duke University Press, Durham. 526 

Bryant, J.D., and Froelich, P.N., (1995) A model of oxygen isotope fractionation in body water of large 527 
mammals.  Geochim Cosmochim Acta 59, 4523-4537. 528 

Chesson, L.A., Podlesak, D.W., Cerling, T.E., and Ehleringer, J.R. (2009) Evaluating uncertainty in the 529 
calculations of non-exchangeable hydrogen fractions within organic materials.  Rapid Commun 530 
Mass Sp 23, 1275-1280. 531 

Chesson, L.A., Valenzuela, L.O., Bowen, G.J., Cerling, T.E., and Ehleringer, J.R. (2011) Consistent 532 
predictable patterns in the hydrogen and oxygen stable isotope ratios of animal proteins 533 
consumed by modern humans in the USA.  Rapid Commun Mass Sp 25, 3713-3722. 534 

Coplen, T.B., Hopple, J.A., Böhlke, J.K., Peiser, H.S., Rieder, S.E., Krouse, H.R., Rosman, K.J.R., Ding, T., 535 
Vocke, R.D., Revesz, K., Lamberty, A., Taylor, P.D.P., De Bièvre, P. (2002) Compilation of 536 
minimum and maximum isotope ratios of selected elements in maturally occurring terrestrial 537 
materials and reagants.   U.S. Geological Survey Water-Resources Investigations Report 01-4222. 538 

Commerford, S.L., Carsten, A.L., and Cronkite, E.P. (1983) The distribution of tritium among the amino 539 
acids of proteins obtained from mice exposed to tritiated water.  Radiat Res 94, 151-155. 540 



Cormie, A.B., and Schwarcz, H.P. (1994) Stable isotopes of nitrogen and carbon of North American 541 
white-tailed deer and implications for paleodietary andother food web studies.  Palaeogeogr 542 
Palaeoclimatol Palaeoecol 107, 227-241. 543 

Cormie, A.B., Luz, B., and Schwarz, H.P. (1994a) Relationship between the hydrogen and oxygen isotopes 544 
of deer bone and their use in the estimation of relative humidity.  Geochim Cosmochim Acta 58, 545 
3439-3449. 546 

Cormie, A.B., Schwarz, H.P., and Gray, J. (1994b) Determination of the hydrogen isotopic composition of 547 
bone collagen and correction for hydrogen exchange.  Geochim Cosmochim Acta 58, 365-375. 548 

Cormie, A.B., Schwarz, H.P., and Gray, J. (1994c) Relation between hydrogen isotopic ratios of bone 549 
collagen and rain.  Geochim Cosmochim Acta 58, 377-391. 550 

Craig, H. (1961) Isotopic variation in meteoric waters.  Science 133, 1702-1703. 551 
Daux, V., Lécuyer, C., Héron, M., Amiot, R., Simon, L., Fourel, F., Martineau, F., Lynnerup, N., Reychler, 552 

H., and Escarguel, G. (2008) Oxygen isotope fractionation between human phosphate and water 553 
revisited.  J Hum Evol 55, 1138-1147.  554 

DeNiro, M.J. (1985) Postmortem preservation and alteration of in vivo bone collagen isotope ratios in 555 
relation to palaeodietary reconstruction.  Nat 317, 806–809. 556 

DeNiro, M.J., and Epstein, S. (1981) Influence of diet on the distribution of nitrogen isotopes in animals.  557 
Geochim Cosmochim Acta 45, 341–351. 558 

D’Ortenzio, L., Brickley, M., Schwarcz, H., and Prowse, T., 2015.  You are not what you eat during 559 
physiological stress:  isotopic evaluation of human hair.  Am J Phys Anth 157, 374-388. 560 

Ehleringer, J.R., Bowen, G.J., Chesson, L.A., West, A.G., Podlesak, D.W., and Cerling, T.E. (2008) Hydrogen 561 
and oxygen isotope ratios in human hair are related to geography.  P Natl Acad Sci USA 105,  562 
2788-2793. 563 

Fizet, M., Mariotti, A., Bocherens, H., Lange-Badré, B., Vandermeersch, B., Borel, J.P., and Bellon, G. 564 
(1995) Effect of diet, physiology and climate on carbon and nitrogen stable isotopes of collagen 565 
in a Late Pleistocene anthropic palaeoecosystem:  Marillac, Charente, France.  J Archaeol Sci 22, 566 
67-79. 567 

France, C.A.M., and Owsley, D. (2015) Stable carbon and oxygen isotope spacing between bone and 568 
tooth collagen and hydroxyapatite in human archaeological remains.  Int J Osteoarchaeol 25, 569 
299-312. 570 

France, C.A.M., Owsley, D.W, and Hayek, L.C. (2014) Stable isotope indicators of provenance and 571 
demographics in 18th and 19th century North Americans.  J Archaeol Sci 42, 356-366. 572 

Fuller, B.T., Fuller, J.L., Sage, N.E., Harris, D.A., O’Connell, T.C., and Hedges, R.E.M., 2004.  Nitrogen 573 
balance and δ15N:  why you’re not what you eat during pregnancy.  Rapid Commun Mass Sp 18, 574 
2889-2896. 575 

Garvie-Lok, S.J., Varney, T.L., and Katzenberg, M.A. (2004) Preparation of bone carbonate for stable 576 
isotope analysis:  the effects of treatment time and acid concentration.  J Archaeol Sci 31, 763-577 
776. 578 

Gehre, M., Renpenning, J., Gilevska, T., Qi, H., Coplen, T.B., Meijer, H.A.J., Brand, W.A., and 579 
Schimmelmann, A. (2015) On-line hydrogen-isotope measurements of organic samples using 580 
elemental chromium─an extension for high temperature elemental analyzer techniques. Anal 581 
Chem 87, 5198–5205. 582 

Hobson, K.A., Atwell, L., and Wassenaar, L.I. (1999) Influences of drinking water and diet on the stable-583 
hydrogen isotope ratios of animal tissues.  P Natl Acad Sci USA 96, 8003-8006. 584 

Iacumin, P., Bocherens, H., Mariotti, A., and Longinelli, A. (1996) Oxygen isotope analyses of co-existing 585 
carbonate and phosphate in biogenic apatite:  a way to monitor diagenetic alteration of bone 586 
phosphate?  Earth Planet Sci Lett 142, 1-6. 587 



Jorkov, M.L.S., Heinemeier, J., and Lynnerup, N. (2007) Evaluating bone collagen extraction methods for 588 
stable isotope analysis in dietary studies.  J Archaeol Sci 34, 1824-1829. 589 

Kelly, S.D., Heaton, K.D., and Brereton, P. (2001) Deuterium/hydrogen isotope ratio measurement of 590 
water and organic samples by continuous-flow isotope ratios mass spectrometry using 591 
chromium as the reducing agent in and elemental analyser.  Rapid Commun Mass Sp 15, 1283-592 
1286. 593 

Kendall, C., and Coplen, T.B. (2001) Distribution of oxygen-18 and deuterium in river waters across the 594 
United States.  Hydrol Process 15, 1363-1393. 595 

Kirsanow, K., and Tuross, N. (2011) Oxygen and hydrogen isotopes in rodent tissues:  impact of diet, 596 
water, and ontogeny.  Palaeogeogr Palaeoclimatol Palaeoecol 310, 9-16. 597 

Kirsanow, K., Makarewicz, C., and Tuross, N. (2008) Stable oxygen (δ18O) and hydrogen (δD) isotopes in 598 
ovicaprid dentinal collagen record seasonal variation.  J Archaeol Sci 35, 3159-3167. 599 

Kohn, M.J. (1996) Predicting animal δ18O:  accounting for diet and physiological adaptation.  Geochim 600 
Cosmochim Acta 60, 4811-4829. 601 

Lebon, M., Müller, K., Bahain, J.J., Fröhlich, F., Falguères, C., Bertrand, L., Sandt, C., and Reiche, I. (2011) 602 
Imaging fossil bone alterations at the microscale by SR-FTIR microspectroscopy. J Annal At 603 
Spectrom 26, 922-929. 604 

Lebon, M., Reiche, I., Bahain, J.J., Chadefaux, C., Moigne, A.M., Fröhlich, F., Sémah, F., Schwarcz, H.P., 605 
and Falguères, C. (2010) New parameters for the characterization of diagenetic alterations and 606 
heat-induced changes of fossil bone mineral using Fourier transform infrared spectrometry. J 607 
Archaeol Sci 37, 2265-2276. 608 

Leyden, J.J., Wassenaar, L.I., Hobson, K.A., and Walker, E.G. (2006) Stable hydrogen isotopes of bison 609 
bone collagen as a proxy for Holocene climate on the Northern Great Plains.  Palaeogeogr 610 
Palaeoclimatol Palaeoecol 239, 87-99. 611 

Longinelli, A. (1984) Oxygen isotopes in mammal bone phosphate:  A new tool for paleohydrological and 612 
paleoclimatological research?  Geochim Cosmochim Acta 48, 385-390. 613 

Luz, B., and Kolodny, Y. (1985) Oxygen isotope variations in phosphate of biogenic apatites, IV.  Mammal 614 
teeth and bones.  Earth Planet Sci Lett 75, 29-36. 615 

Luz, B., Kolodny, Y., and Horowitz, M. (1984) Fractionation of oxygen isotopes between mammalian 616 
bone-phosphate and environmental drinking water.  Geochim Cosmochim Acta 48, 1689-1693. 617 

McNulty, T., Calkins, A., Ostrom, P., Ganghi, H., Gottfried, M., Martin, L., and Gage, D. (2002) Stable 618 
isotope values of bone organic matter:  artificial diagenesis experiments and paleoecology of 619 
Natural Trap Cave, Wyoming.  Palaios 17, 36-49. 620 

Nützenadel, A., and Trentmann, F., 2008. Food and Globalization:  Consumption, Markets, and Politics in 621 
the Modern World.  Berg, New York. 622 

O’Brien, D.M., and Wooller, M.J. (2007) Tracking human travel using stable oxygen and hydrogen 623 
isotope analyses of hair and urine.  Rapid Commun Mass Sp 21, 2422-2430. 624 

Perren, R., 2006.  Taste, Trade and Technology – The Development of the International Meat Industry 625 
Since 1840.  Ashgate Publishing Ltd., Aldershot. 626 

Person, A., Bocherens, H., Mariotti, A., and Renard, M. (1996) Diagenetic evolution and experimental 627 
heating of bone phosphate.  Palaeogeogr Palaeoclimatol Palaeoecol 126, 135-149. 628 

Person, A., Bocherens, H., Saliege, J., Paris, F., Zeitoun, V., and Gerard, M. (1995) Early diagenetic 629 

evolution of bone phosphate:  an X-ray diffractometry analysis.  J Archaeol Sci 22, 211-221. 630 
Pietsch, S.J., Hobson, K.A., Wassenaar, L.J., and Tütken, T. (2011) Tracking cats:  problems with placing 631 

feline carnivores on δ18O, δD isoscapes.  PLoS ONE 6, 1-11. 632 
Qi, H., and Coplen, T.B. (2011) Investigation of preparation techniques for δ2H analysis of keratin 633 

materials and a proposed analytical protocol.  Rapid Commun Mass Sp 25, 2209-2222. 634 



Reynard, L.M., and Hedges, R.E.M. (2008) Stable hydrogen isotopes of bone collagen in palaeodietary 635 
and palaeoenvironmental reconstruction.  J Archaeol Sci 35, 1934-1942. 636 

Sauer, P.E., Schimmelmann, A., Sessions, A.L., and Topalov, K. (2009) Simplified batch equilibration for 637 
D/H determination of non-exchangeable hydrogen in solid organic material.  Rapid Commun 638 
Mass Sp 23, 949-956. 639 

Schimmelmann, A., Albertino, A., Sauer, P.E., Qi, H., Molinie, R., and Mesnard, F. (2009) Nicotine, 640 
acetanilide and urea multi-level 2H, 13C, and 15N-abundance reference materials for continuous 641 
flow isotope ratio mass spectrometry.  Rapid Commun Mass Sp 23, 3513-3521. 642 

Schoeninger, M.J., and DeNiro, M.J. (1984) Nitrogen and carbon isotopic composition of bone collagen 643 
from marine and terrestrial animals.  Geochim Cosmochim Acta 48, 625-639. 644 

Scorrano, G., Brilli, M., Martínez-Labarga, C., Giustini, F., Pacciani, E., Chilleri, F., Scaldaferri, F., 645 
Gasbarrini, A., Gasbarrini, G., and Rickards, O., 2014.  Palaeodiet reconstruction in a woman with 646 
probable celiac disease:  a stable isotope analysis of bone remains from the archaeological site 647 
of Cosa (Italy).  Am J Phys Anth 154, 349-356. 648 

Sealy, J.C., van der Merwe, N.J., Lee-Thorp, J.A., and Lanham, J.L. (1987) Nitrogen isotopic ecology in 649 
southern Africa:  implications for environmental and dietary tracing.  Geochim Cosmochim Acta 650 
51, 2707-2717. 651 

Sellick, M.J., Kyser, T.K., Wunder, M.B., Chipley, D., and Norris, D.R. (2009) Geographic variation of 652 
strontium and hydrogen isotopes in avian tissue:  implications for tracking migration and 653 
dispersal.  PLoS ONE 4, 1-9. 654 

Snoeck, C., Lee-Thorp, J.A., and Schulting, R.J. (2014) From bone to ash:  compositional and structural 655 
changes in burned modern and archaeological bone. Palaeogeogr Palaeoclimatol Palaeoecol 656 
416, 55-68. 657 

Sutoh, M., Koyama, T., and Yoneyama, T. (1987) Variations of natural 15N abundances in the tissues and 658 
digesta of domestic animals.  Radioisot 36, 74-77. 659 

Thompson, T.J.U., Gauthier, M., and Islam, M. (2009) The application of a new method of Fourier 660 
Transform Infrared spectroscopy to the analysis of burned bone. J Archaeol Sci 36, 910-914. 661 

Thompson, T.J.U., Islam, M., Piduru, K., and Marcel, A. (2011) An investigation into the internal and 662 
external variables acting on crystallinity index using Fourier Transform Infrared spectroscopy on 663 
unaltered and burned bone. Palaeogeogr Palaeoclimatol Palaeoecol 299, 168-174. 664 

Topalov, K., Schimmelmann, A., Polly, P.D., Sauer, P.E., and Lowry, M. (2013) Environmental, trophic, 665 
and ecological factors influencing bone collagen δ2H.  Geochim Cosmochim Acta 111, 88-104. 666 

Tuross, N., Behrensmeyer, A.K., Eanes, E.D., Fisher, L.W., and Hare, P.E. (1989) Molecular preservation 667 
and crystallographic alterations in a weathering sequence of wildebeest bones.  Appl Geochem 668 
4, 261-270. 669 

Tuross, N., Warinner, C., Kirsanow, K., and Kester, C. (2008) Organic oxygen and hydrogen isotopes in a 670 
porcine controlled dietary study.  Rapid Commun Mass Sp 22, 1741-1745. 671 

Wassenaar, L.I., and Hobson, K.A. (2003) Comparative equilibration and online technique for 672 
determination of non-exchangeable hydrogen of keratins for use in animal migration studies.  673 
Isot Environ Healt S 39, 211-217. 674 

Wolf, N., Bowen, G.J., and Martinez del Rio, C. (2011) The influence of drinking water on the δD and δ18O 675 
values of house sparrow plasma, blood, and feathers.  J Exp Bio 214, 98-103. 676 

Wright, L.E., and Schwarcz, H.P. (1996) Infrared and isotopic evidence for diagenesis of bone apatite at 677 
Dos Pilas, Guatemala:  palaeodietary implications. J Archaeol Sci 23, 933-944. 678 

Yoder, C., 2012.  Let them eat cake?  Status-based differences in diet in medieval Denmark.  J Archaeol 679 
Sci 39, 1183-1193. 680 

 681 


