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A B S T R A C T

Because there are no internationally distributed stable hydrogen and oxygen isotopic reference

materials of human hair, the U.S. Geological Survey (USGS) has prepared two such materials, USGS42 and

USGS43. These reference materials span values commonly encountered in human hair stable isotope

analysis and are isotopically homogeneous at sample sizes larger than 0.2 mg. USGS42 and USGS43

human-hair isotopic reference materials are intended for calibration of d2H and d18O measurements of

unknown human hair by quantifying (1) drift with time, (2) mass-dependent isotopic fractionation, and

(3) isotope-ratio-scale contraction. While they are intended for measurements of the stable isotopes of

hydrogen and oxygen, they also are suitable for measurements of the stable isotopes of carbon, nitrogen,

and sulfur in human and mammalian hair. Preliminary isotopic compositions of the non-exchangeable

fractions of these materials are

USGS42ðTibetan hairÞd2HVSMOW�SLAP ¼ �78:5 � 2:3%ðn ¼ 62Þ and d18OVSMOW�SLAP ¼ þ8:56 � 0:10%ðn ¼ 18Þ
USGS43ðIndian hairÞd2HVSMOW�SLAP ¼ �50:3 � 2:8%ðn ¼ 64Þ and d18OVSMOW�SLAP ¼ þ14:11 � 0:10%ðn ¼ 18Þ

Using recommended analytical protocols presented herein for d2HVSMOW–SLAP and d18OVSMOW–SLAP

measurements, the least squares fit regression of 11 human hair reference materials is

d2HVSMOW�SLAP ¼ 6:085d18OVSMOW�SLAP � 136:0%

with an R-square value of 0.95. The d2H difference between the calibrated results of human hair in this

investigation and a commonly accepted human–hair relationship is a remarkable 34%. It is critical that

readers pay attention to the d2HVSMOW–SLAP and d18OVSMOW–SLAP of isotopic reference materials in

publications, and they need to adjust the d2HVSMOW–SLAP and d18OVSMOW–SLAP measurement results of

human hair in previous publications, as needed, to ensure all results on are on the same scales.

Published by Elsevier Ireland Ltd.
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1. Introduction

The stable isotopic abundances (and thus the atomic weights)
of many common elements vary as a result of physical, chemical,
and biological processes [1]. The stable isotopic abundances of
hydrogen (Fig. 1), carbon, nitrogen, oxygen (Fig. 2), and other
elements differ because these elements have two or more naturally
occurring stable isotopes that vary in abundance in natural
materials [2]. Stable hydrogen and oxygen isotopic abundances of
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precipitation, rivers, and tap waters are known to vary geographi-
cally and form the basis of isotope hydrology [3–7]. Because the
isotopic composition of water ingested by humans varies
geographically and because the stable hydrogen and oxygen
isotopic compositions of human hair reflect this geographic
variation, in favorable cases, such measurements of human hair
can provide a history of geographical movements of humans [8–
12]. Consequently, measurements of stable hydrogen and oxygen
isotopes in human hair have grown over the last decade in forensic
science, anthropology, and other sciences.

The measurement of accurate isotopic compositions of human
hair, as well as other keratin materials, is complicated by the fact that
human hair has exchangeable hydrogen [13–16]; thus, measure-
ment of the same homogeneous sample in various laboratories can
yield different isotopic compositions. To ensure that measurement of
the same homogeneous human hair sample by any laboratory

http://dx.doi.org/10.1016/j.forsciint.2011.07.035
mailto:tbcoplen@usgs.gov
http://www.sciencedirect.com/science/journal/03790738
http://dx.doi.org/10.1016/j.forsciint.2011.07.035


Fig. 1. Hydrogen isotopic composition and atomic weight of selected hydrogen-

bearing materials; modified from [1,2]. Solid black dots denote internationally

distributed isotopic reference materials. USGS42 and USGS43 are the first stable

hydrogen and oxygen isotopic reference materials for human hair.

Fig. 2. Oxygen isotopic composition and atomic weight of selected oxygen-bearing

materials; modified from [1,2]. Solid black dots denote internationally distributed

isotopic reference materials. USGS42 and USGS43 are the first stable hydrogen and

oxygen isotopic reference materials for human hair.
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worldwide can yield the same isotopic composition within analytical
uncertainty, isotope laboratories globally need at least one, and
preferably two, stable human-hair isotopic reference materials
available globally. Because there are no internationally distributed
stable hydrogen and oxygen isotopic reference materials of human
hair, the U.S. Geological Survey (USGS) has prepared two such
materials, USGS42 and USGS43.

2. Preparation of human-hair isotopic reference materials

When considering the production of isotopic reference
materials, it is convenient for the isotope community to have
two materials with substantially different isotopic compositions
that span values that might be encountered during analysis. It is
desirable to prepare a kilogram of each material so that it can
last for at least a decade. Two types of human hairs with
different stable hydrogen and oxygen isotopic compositions
were sought for this purpose. For the human hair relatively
depleted in 2H and 18O, hair from 117 unidentified individuals
from the Tibetan plateau of Yushu, Qinghai, People’s Republic of
China was obtained (named USGS42). For the second material,
non-oriented strands of southern Indian, non-chemically trea-
ted, Remy human hair was purchased commercially (named
USGS43).

Each material was washed with 1:200 Triton X-100 detergent
(Sigma–Aldrich), rinsed with deionized water (DIW), soaked in
ethanol overnight, rinsed with DIW, dried in air and vacuum oven
at ambient temperature, cut in lengths less than 1 cm, and
pulverized with a Retsch model MM301 ball mill. About 0.8 g of
hair was pulverized at a time using cryogenic grinding with liquid
nitrogen, which took about 20 min for each 0.8 g of hair. Once the
hair was pulverized, it was homogenized using a sieve shaker
(Retsch model AS200). Upper and lower sieves of 60 (0.25 mm) and
100 (0.15 mm) mesh, respectively, were used. Any material not
passing through the 100 mesh sieve was pulverized again. For
USGS43, due to the extreme difficulty of passing this material
through the 100-mesh sieve, the final product is a 60-mesh
powder. Aliquots of 200–400 g were sieved for 10 min. The
material in the bottom collection tray was divided into quarters to
emulate a fraction splitter. More than 10 rounds of sieving,
splitting, and re-pulverizing were performed in order to ensure
homogenization. This was an extremely arduous process. The final
products are grey powders.

3. Experimental methods

In the Reston Stable Isotope Laboratory (RSIL; http://isotopes.usgs.gov/) of the

USGS, measurement of accurate relative stable hydrogen isotope-ratio differences

of water and other hydrogen-bearing substances is a critical endeavor of USGS

programs. The quantity relative stable hydrogen isotope-ratio difference, d2H, is

defined by the relation [17]

d2HVSMOW ¼
ðNð2HÞP=Nð1HÞPÞ � ðNð2HÞVSMOW=Nð1HÞVSMOWÞ

Nð2HÞVSMOW=Nð1HÞVSMOW

where N(2H)P and N(1H)P are the numbers of the two isotopes 2H and 1H of

hydrogen in specimen P, and equivalent parameters follow for the international

measurement standard VSMOW (Vienna Standard Mean Ocean Water). Because the

isotope-number ratio, R, commonly shortened to isotope ratio [17], equals N(2H)/

N(1H), the quantity d2H also is defined by the relation

d2HVSMOW ¼
Rð2H=1HÞP � Rð2H=1HÞVSMOW

Rð2H=1HÞVSMOW

where R(2H/1H) also is written in the literature as R(2H,1H). Commonly an extraneous

numerical factor of 1000 is added to this definition. However, to be consistent with the

Système International d’Unités, the SI (known in English as the International System

of Units), which is published by the Bureau International des Poids et Mesures (BIPM),

the factor 1000 should not appear in this equation so that this equation is written as a

quantity equation and not as a numeric value equation [17,18].

http://isotopes.usgs.gov/


Table 2
Uncertainties of measured d2H and d18O values of USGS42 as a function of mass.

Mass (mg) Uncertainty of d2H Uncertainty of d18O

0.1 �2.3% (n = 6) �0.74% (n = 6)

0.2 �1.0% (n = 6) �0.18% (n = 6)

0.4 �0.6% (n = 6) �0.15% (n = 6)

0.5 �0.7% (n = 6) �0.09% (n = 6)

Table 3
Stable hydrogen and oxygen isotopic composition of non-exchangeable fractions of

USGS42 and USGS43; wH = mass fraction of total hydrogen, where total hydro-

gen = exchangeable hydrogen + non-exchangeable hydrogen; wO = mass fraction of

oxygen; xH-ex = mole fraction of exchangeable hydrogen = n(H of Reservoir B)/((n(H

of Reservoir B) + n(H of Reservoir C)); xO-abs = mole fraction of absorbed water (as O)

in the absorbed water layer (Reservoir A) = n(O of Reservoir A)/(n(O of Reservoir

A) + n(O of Reservoir C)). Estimated combined uncertainty, mC, includes uncertainty

of reference waters used for calibration.

Description d2HVSMOW–SLAP and

estimated combined

d18OVSMOW–SLAP and

estimated combined
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In like manner, the quantity relative stable oxygen isotope-ratio difference, d18O,

is defined by the relation

d18OVSMOW ¼
ðNð18OÞP=Nð16OÞPÞ � ðNð18OÞVSMOW=Nð16OÞVSMOWÞ

Nð18OÞVSMOW=Nð16OÞVSMOW

¼ Rð18O=16OÞP � Rð18O=16OÞVSMOW

Rð18O=16OÞVSMOW

In 1978, it was recognized that measurement uncertainty could be substantially

improved by normalizing d2H and d18O values of water samples relative to a second

anchor, SLAP (Standard Light Antarctic Precipitation) [19], and it was recommended

that isotopic results be normalized to VSMOW–SLAP isotope scales such that the

d2H and d18O values of SLAP (Standard Light Antarctic Precipitation) international

measurement standard are �428 and �55.5%, respectively, relative to VSMOW

(Vienna Standard Mean Ocean Water) [20]. Subsequently, it was recommended that

d2H and d18O values of other materials, such as organic materials, be expressed

relative to the VSMOW–SLAP scale [20], which can be denoted by writing

d2HVSMOW–SLAP and d18OVSMOW–SLAP. Isotope-reporting guidelines appropriate for

forensic science derive from publications of the Commission on Isotopic

Abundances and Atomic Weights of the International Union of Pure and Applied

Chemistry [17].

For d2H calibration, two identical sets of hair reference samples were prepared.

One set was equilibrated with water depleted in 2H and another set was

equilibrated with water enriched in 2H to perform isotope-mass-balance

calculations. After equilibration, samples were dried in a vacuum oven at 60 8C.

The dried human-hair samples were analyzed with a continuous-flow isotope-ratio

mass spectrometer coupled with a Thermo Scientific thermal conversion elemental

analyzer (TC/EA) [21,22] having an autosampler that can be sealed tightly (Costech

Zero-blank autosampler, or equivalent). Hair samples were interspersed among

calibrated water samples sealed in silver tubes using a semi-automated sealing

technique [23]. The d2H and d18O measurements were performed individually

because operating parameters of the TC/EA are different for d2H and d18O

measurements. For d2H measurements, the method of Qi and Coplen [24] was used;

He flow rate = 120 mL/min, reactor temperature = 1450 8C, GC temperature = 85 8C,

and GC length = 1 m, 5 Å. For d18O measurements, the method of Qi and Coplen [25]

was used; operating parameters included the following: mass of each human-hair

sample = 460 � 10 mg, which were weighed into 3.5 � 5-mm silver capsules (Costech

041066); He flow rate = 120 mL/min; reactor temperature = 1350 8C; GC tempera-

ture = 80 8C; and GC length = 1 m, 5 Å [25]. Because the introduction of N2 into the

source of a mass spectrometer during d18O TC/EA measurements interferes with the

background of CO [22], use of an N2 diverting valve was useful in producing high

quality d18O measurements. The use of a relatively new (less than 6 months old) GC

column is preferred because of the improved agreement between d18O measurements

of water and of human hair. The water samples sealed in silver tubes and interspersed

among hair samples had been previously calibrated for hydrogen isotopic composition

by platinum equilibration and dual inlet isotope-ratio mass spectrometry [26,27].

Measurements of d18O on water were performed by CO2–H2O equilibration [28] and

dual-inlet isotope-ratio mass spectrometry [29]. LIMS (Laboratory Information

Management Program) for Light Stable Isotopes [30] was utilized to normalize [31]

isotopic results to the VSMOW–SLAP isotope scale [19,20].

In addition to d2HVSMOW–SLAP and d18OVSMOW–SLAP measurements, USGS42 and

USGS43 also were analyzed for their d13CVPDB–LSVEC, d15NAIR, and d34SVCDT values

using the analytical methods described in Coplen et al. [32], Révész and Qi [33], Qi

et al. [34], and Qi and Coplen [35]. The d13CVPDB–LSVEC values of internationally

distributed isotopic reference materials analyzed with USGS42 and USGS43 are:

d13CNBS19/VPDB–LSVEC = +1.95%, d13CLSVEC/VPDB–LSVEC = �46.6% [32], d13CUSGS40/VPDB–

LSVEC = �26.39% [32,36], and d13CUSGS41/VPDB–LSVEC = +37.63% [32,36]. The d15NAIR

values of internationally distributed isotopic reference materials analyzed with

USGS42 and USGS43 are: d15NUSGS40/AIR = �4.52% and d15NUSGS41/AIR = +47.57%
[34,36]. The d34SVCDT values of internationally distributed isotopic reference

materials analyzed with USGS42 and USGS43 are: d34SIAEA-S-1/VCDT = �0.3%,

d34SIAEA-S-2/VCDT = +22.67%, and d34SIAEA-S-3/VCDT = �32.55% [2,36,37].

4. Results, discussion, and conclusions

Ensuring the isotopic homogeneity of the prepared materials
was a critical endeavor of this project. During early investigations
of USGS42 and USGS43, USGS43 showed more consistent isotopic
compositions. Therefore, we were more concerned with isotopic
homogeneity of USGS42. Six aliquots, 0.5 mg each, were taken
Table 1
Measured d18O values and uncertainties of USGS42 for two size fractions.

Size fraction (mm) d18O

0.15 +7.40 � 0.16% (n = 6)

0.25 +7.53 � 0.12% (n = 6)
from two different size fractions of USGS42 (one 0.15 mm and the
other 0.25 mm). The results in Table 1 show that the hair material
with either powder size of 0.25 mm or 0.15 mm appear to be
homogenized well.

Six aliquots with different masses were analyzed for d2H and
d18O values to check the isotopic homogeneity at low mass levels.
The results are shown in Table 2 and suggest that when sample
mass is smaller than 0.2 mg, a larger uncertainty is obtained. This
could be attributed to a combination of inhomogeneity and system
blank, one source of which is atmospheric oxygen diffusing
through the TC/EA reactor at high temperature.

For the purposes of this investigation, human hair can be
considered to consist of three reservoirs: Reservoir A is absorbed
water that can be removed with sufficient pumping in a vacuum
oven at low or ambient temperature; Reservoir B is a reservoir
containing exchangeable hydrogen, but no exchangeable oxygen,
and the hydrogen cannot be removed, even with by evacuation;
Reservoir C is hair that contains non-exchangeable hydrogen and
oxygen. The stable hydrogen and oxygen isotopic compositions of
the non-exchangeable fractions of USGS42 and USGS43, Reservoir
C, are listed in Table 3. All of the quantities involving hydrogen
were determined using the methods in reference [24]. An
estimated combined uncertainty, mC, is provided that includes
the uncertainty of the reference waters used for calibrations and
the measurement uncertainty. The recommended d2HVSMOW–SLAP

and d18OVSMOW–SLAP values provide intervals that have a 68%
probability of encompassing the true values. The d2H of non-
exchangeable hydrogen are the mean values determined from
water equilibrations at ambient temperature [24].

Dry hair is defined as hair that has been dried in a vacuum oven
at 60 8C. The mass fraction of oxygen in dry hair, wO, is presented in
Table 3. The quantity wO was determined by comparing the mole
fractions of oxygen in IAEA-SO-6 barium sulfate, in dried USGS42,
and in dried USGS43.

The mole fraction of absorbed water (as O) in the absorbed
water layer (Reservoir A), xO-abs, equals n(O of Reservoir A)/(n(O of
Reservoir A) + n(O of Reservoir C)), where n is the amount of
substance (O) expressed in units of mol. The quantity xO-abs is
determined by comparing the amounts of oxygen atoms in moist
samples of USGS42 and USGS43 and in dry samples of USGS42 and
uncertainty uncertainty

USGS42 (Tibetan) �78.5 � 2.3% (n = 62)

wH = 6.1%

xH-ex = 8.6 � 2.0%

+8.56 � 0.10% (n = 18)

wO = 22%

xO-abs = �8%

USGS43 (Indian) �50.3 � 2.8% (n = 64)

wH = 6.1%

xH-ex = 9.0 � 1.9%

+14.11 � 0.10% (n = 18)

wO = 22%

xO-abs = �8%



Table 4
Stable carbon, nitrogen, and sulfur isotopic composition of USGS42 and USGS43; wC = mass fraction carbon, wN = mass fraction nitrogen, and wS = mass fraction sulfur.

Estimated combined uncertainty, mC, includes uncertainty of reference material values used for calibration.

Description d13CVPDB–LSVEC and estimated

combined uncertainty

d15NAIR and estimated

combined uncertainty

d34SVCDT and estimated

combined uncertainty

USGS42 (Tibetan) �21.09 � 0.10% (n = 50)

wC = 45.7%

+8.05 � 0.10% (n = 50)

wN = 15.3%

+7.84 � 0.25% (n = 32)

wS = 4.4%

USGS43 (Indian) �21.28 � 0.10% (n = 50)

wC = 45.7%

+8.44 � 0.10% (n = 50)

wN = 15.3%

+10.46 � 0.22% (n = 35)

wS = 4.5%
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USGS43. The mass fraction of absorbed moisture in hair can vary
from 6.0 to 13.6% as laboratory relative humidity increases from
29.2 to 70.3% at a temperature of 23 8C [38]. In this study, typical
values for the mole fraction of oxygen in absorbed water, xO-abs, for
USGS42 and USGS43 are 8%.

The mole fraction of exchangeable hydrogen, xH-ex, equals n(H
of Reservoir B)/((n(H of Reservoir B) + n(H of Reservoir C)), where n

is the amount of substance (H) expressed in units of mol. The mole
fraction of exchangeable hydrogen measured from these equili-
brations ranged from 5.2 to 10.9% and was a function of the drying
procedure used.

The average mole fraction of exchangeable hydrogen of
8.6 � 2.0% for USGS42 is slightly lower than the value of 9.0 � 1.9%
for USGS43. This difference likely is due to the powder-size difference
between the two reference materials. As indicated earlier, the powder
size of USGS42 is smaller than 0.15 mm and that of USGS43 is larger.
The fraction of exchangeable hydrogen is a function of the powder
size or length of hair segments [13,14,24]. Thus, using powdered hair
reference materials to calibrate non-powdered, cut hairs, could
introduce an error to the final d2H values due to differences in the
fraction of exchangeable hydrogen among reference powders and cut
hair segments. Another uncertainty is introduced due to the fact that
powders of different sizes might retain different amounts of absorbed
water, which we did not investigate. An appropriate evaluation might
be needed to quantify these factors.

The d2H and d18O differences between USGS42 and USGS43 are
28 and 5.6%. A larger difference is desirable, and production of
another human-hair isotopic reference material more depleted in
2H and 18O than USGS42 is under consideration by the RSIL.

The d13CVPDB–LSVEC, d15NAIR, and d34SVCDT values of USGS42 and
USGS43 are shown in Table 4. An estimated combined uncertainty,
mC, is given that includes the uncertainty of the reference material
values used for calibrations and the measurement uncertainty.
These values are provided for the interested reader. USGS42 and
USGS43 are not intended for two-point isotopic normalization of
d13C, d15N, or d34S scales. Users should instead use USGS40 and
USG41 L-glutamic acid [32,34] for d13C and d15N scales. For the d34S
scale, users should consider IAEA-S-1, IAEA-S-2, IAEA-S-3, and
IAEA-S-4 [2,35–37].

5. Analyzing human hair for d2H and d18O values using USGS42
and USGS43

5.1. General guidelines for the use of USGS42 and USGS43

The following recommendations hold for USGS42 and USGS43:

� USGS42 and USGS43 human-hair isotopic reference materials
are intended for calibration of d2H and d18O measurements of
unknown human hair.
� It is suggested that the masses of USGS42, USGS43, and

unknowns should be identical to minimize or cancel biases.
� It is also recommended that one should make the unknown sample

powder size as close as possible to the size of USGS42 and USGS43,
recognizing that in some studies the sample cannot be pulverized.
� Unknown hair samples and hair reference materials analyzed for
both d2H and d18O values need to be equilibrated with laboratory
air at ambient temperature for at least 5 days. In case d18O
samples are not completely dried, the simultaneous 5-day
equilibration of both reference materials and unknowns will
minimize uncertainty caused by moisture that has not been
removed because references and unknowns are treated identi-
cally. Unknowns and references for d18O measurements need to
be thoroughly dried based on our observations [24]; otherwise,
reproducibility is poor. However, based on our observations for
d2H measurements, unknowns and references do not need to be
thoroughly dried.
� USGS42 and USGS43 should be interspersed among

unknowns, treated in an identical manner as unknowns,
and used for normalizing to the d2HVSMOW–SLAP and
d18OVSMOW–SLAP scales.
� When reporting results, authors should always use text in their

reports such as:

‘‘The d2H and d18O values of human-hair samples are
reported relative to the VSMOW–SLAP scale, and on this
scale the d2H and d18O values of USGS42 and USGS43 are
S78.5, +8.56, S50.3, and +14.11%, respectively [refer-
ence].’’

In this manner, readers can re-normalize measurement results
to current values of USGS42 and USGS43 as they are improved with
new techniques. Improved, recommended values of USGS42 and
USGS43 are posted on the website of the Commission on Isotopic
Abundances and Atomic Weights of the International Union of Pure
and Applied Chemistry [36].

5.2. Recommended protocol for determination of d18O of human hair

The recommended protocol for the determination of d18O of
human hair is listed below.

1. Open unknown human-hair sample containers and allow it to
equilibrate with laboratory atmospheric moisture for at least 5
days prior to isotopic analysis. Ensure that USGS42 and USGS43
are treated in an identical manner.

2. Weigh 460 � 10 mg of each reference and unknown human hair
sample into a silver capsule and wrap it.

3. Dry in a vacuum oven at 50 8C overnight.
4. Load unknown and reference samples into autosampler carousel

that is capable of being sealed/evacuated. If the autosampler
carousel is open to the air, reproducibility will be poor. The
typical sequence of samples and references for d18O measure-
ments is 4 USGS42, 3 USGS43, and 10 unknowns. Repeat this
cycle for additional unknowns, and end with 3 USGS42 and 3
USGS43 samples. This sequence design allows scale correction
and correction of drift with time.

5. Analyze samples [25] and make scale and drift corrections as
needed. Normalize all measurement results to the VSMOW–
SLAP scale.



Table 5
The d18OVSMOW–SLAP values in selected human and horse hair determined by normalization to USGS42 and USGS43 using the protocol in Section 5.2. [Reproducibility listed is 1

sigma. Two aliquots of each unknown hair sample were analyzed in each equilibration run unless otherwise specified.].

Material Equilibration 1 Equilibration 2 Equilibration 3 Mean

USGS42 (Tibetan hair) +8.56 � 0.14%
n = 6

+8.56 � 0.16%
n = 6

+8.56 � 0.24%
n = 6

+8.56 � 0.17%,

n = 18

USGS43 (Indian hair) +14.11 � 0.23%
n = 6

+14.11 � 0.23%
n = 6

+14.11 � 0.15%
n = 6

+14.11 � 0.19%,

n = 18

IAEA-085 (human hair) +13.84 � 0.10% +13.96 � 0.16% +13.98 � 0.04% +13.93 � 0.08%,

n = 18

IAEA-086 (human hair) +13.93 � 0.13% +14.27 � 0.19% +14.18 � 0.46% +14.13 � 0.18%,

n = 6

BCR No. 397 (human hair) +12.15 � 0.13% +11.62 � 0.03% +11.94 � 0.02% +11.90 � 0.27%,

n = 6

GBW07601 (human hair) +10.39 � 0.04% +10.26 � 0.08% +9.88 � 0.01% +10.18 � 0.27%
GBW0901a (human hair) +11.85 � 0.05% +11.73 � 0.01% +11.73 � 0.25% +11.77 � 0.07%,

n = 6

Canadian hair-1 (human hair) +8.53 � 0.16% +8.50 � 0.20% +8.74 � 0.10% +8.59 � 0.13%,

n = 6

Canadian hair-2 (human hair) +5.42 � 0.24% +5.38 � 0.16% +5.67 � 0.43% +5.49 � 0.16%,

n = 6

Canadian hair-3 (human hair) +6.34 � 0.06% +6.66 � 0.38% +6.60 � 0.16% +6.53 � 0.17%,

n = 6

Canadian hair-4 (human hair) +11.84 � 0.12% +11.80 � 0.29% +11.93 � 0.01% +11.86 � 0.07%,

n = 6

Utah horse hair +3.60 � 0.13% +3.31 � 0.23% +3.57 � 0.23% +3.49 � 0.16%,

n = 6

Florida horse hair +13.46 � 0.20% +13.06 � 0.01% +13.14 � 0.06% +13.22 � 0.21%,

n = 6
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6. In published reports, authors should state the d18OVSMOW–SLAP

values of USGS42 and USGS43 used for normalization to the
d18OVSMOW–SLAP scale.

An example of the use of this protocol is shown in Table 5. The
inclusion of horse hair is not an endorsement of the use of horse
hair as an isotopic reference material for d18O measurements of
human hair, but is a demonstration that a reproducible value can
be obtained with this protocol.
Table 6
The d2HVSMOW–SLAP of the non-exchangeable fraction of hydrogen in selected human and

aliquots of each unknown hair sample were analyzed in each equilibration run unless 

Material Equilibration 1 Eq

USGS42 (Tibetan hair) �78.5 � 0.3%
n = 6

�7

n =

USGS43 (Indian hair) �50.3 � 0.8%
n = 6

�5

n =

IAEA-085 (human hair) �49.5 � 0.6% �4

IAEA-086 (human hair) �48.1 � 1.2% �4

BCR No. 397 (human hair) �67.2 � 0.9% �6

GBW07601 (human hair) �76.6 � 1.1% �7

GBW0901a (human hair) �62.6 � 0.6% �6

Canadian hair-1 (human hair) �83.7 � 0.7% �8

Canadian hair-2 (human hair) �97.4 � 0.5% �9

Canadian hair-3 (human hair) �102.5 � 1.4% �1

Canadian hair-4 (human hair) �68.2 � 0.4% �6

Utah horse hair �116.0 � 0.1% �1

Florida horse hair �53.5 � 0.2 % �5
5.3. Recommended protocol for determination of d2H of human hair

The recommended protocol for the determination of d2H of
human hair is listed below.

1. Open unknown human-hair sample containers and allow it to
equilibrate with laboratory atmospheric moisture for at least 5
days prior to isotopic analysis. Ensure that USGS42 and USGS43
are treated in an identical manner.
 horse hair using the protocol in Section 5.3. [Reproducibility listed is 1 sigma. Two

otherwise specified.].

uilibration 2 Equilibration 3 Mean

8.5 � 0.6%
 6

�78.5 � 0.8%
n = 6

�78.5 � 0.6%
n = 18

0.3 � 0.7%
 6

�50.3 � 1.1%
n = 6

�50.3 � 0.8%
n = 18

9.9 � 0.3% �46.8 � 0.9% �48.7 � 1.6%
n = 6

7.8 � 0.4% �46.4 � 1.1% �47.4 � 1.1%
n = 6

8.2 � 0.3% �67.8 � 1.7% �67.8 � 1.0%
n = 6

6.0 � 0.0% �76.3 � 0.4% �76.3 � 0.6%
n = 6

2.1 � 0.1% �61.8 � 0.3% �62.2 � 0.5%
n = 6

4.2 � 0.5% �85.0 � 0.3% �84.3 � 0.7%
n = 6

6.8 � 0.7% �97.3 � 0.1% �97.2 � 0.5%
n = 6

03.7 � 0.1% �102.7 � 0.0% �103.0 � 0.9%
n = 6

8.5 � 0.2 % �67.1 � 1.1% �67.9 � 0.8%
n = 6

17.4 � 2.2% �117.7 � 2.5% �117.0 � 1.7%
n = 6

2.3 � 0.1% �52.9 � 0.7% �52.9 � 0.6%
n = 6
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2. Weigh 400 � 10 mg of each reference and unknown human hair
sample into a silver capsule and wrap it.

3. Load unknown and reference samples into autosampler carou-
sel. The typical sequence of samples and references for d2H
measurements is 4 USGS42, 3 USGS43, and 10 unknowns.
Repeat this cycle for additional unknowns, and end with 3
USGS42 and 3 USGS43 samples. This sequence design allows
scale correction and correction of drift with time.

4. Analyze samples [24] and make scale and drift corrections as
needed. Normalize all measurement results to the VSMOW–
SLAP scale.

5. In published reports, authors should state the d2HVSMOW–SLAP

values of USGS42 and USGS43 used for normalization to the
d2HVSMOW–SLAP scale.

An example of the use of this protocol is shown in Table 6,
which presents the d2H of human hair reference materials from
several sources. The inclusion of horse hair in Table 6 is not an
endorsement of the use of horse hair as an isotopic reference
material for d2H measurements of human hair, but is a
demonstration that a reproducible value can be obtained with
this protocol.

The mean d2HVSMOW–SLAP and d18OVSMOW–SLAP measurement
results of the human hair reference materials presented in Tables 5
and 6 are shown in Fig. 3. Recognizing that the symbol % is one
part in one thousand parts, with value 10�3, the least squares fit
regression is d2HVSMOW–SLAP = 6.085 d18OVSMOW–SLAP � 136.0%
with an R-square value of 0.95. Also shown in Fig. 3 are
measurement results of tap water and scalp hair published by
Ehleringer et al. [11]. The scalp hair values lie below those of the
reference materials analyzed in this study in Fig. 3. The mean
human hair d2H difference between these two studies is 34%. This
is more than 15 times the d2HVSMOW–SLAP analytical uncertainty of
many laboratories. Therefore, readers need to pay attention to the
d2HVSMOW–SLAP and d18OVSMOW–SLAP of isotopic reference materials
in publications, and they need to adjust the d2HVSMOW–SLAP and
d18OVSMOW–SLAP measurement results of human hair as needed to
ensure all results on are on the same scales.
Fig. 3. Hydrogen versus oxygen isotopic compositions of tap water and human scalp

hair. Open black circles [for human scalp hair, d2HVSMOW–SLAP = 5.73d18OVSMOW–

SLAP � 166%; R-square = 0.873] are from Ehleringer et al. [11], and solid black

circles are from this study [d2HVSMOW–SLAP = 6.085d18OVSMOW–SLAP � 136.0%; R-

square = 0.95].
6. Source for USGS42 and USGS43

USGS42 and USGS43 human-hair isotopic reference materials
are available from:

U.S. Geological Survey Reston Stable Isotope Laboratory
431 National Center
12201 Sunrise Valley Drive
Reston, Virginia 20192
USA
http://isotopes.usgs.gov/
Fax: +1 703 648 5832
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