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Improved radiocarbon analyses of modern human hair to
determine the year-of-death by cross-flow nanofiltered amino
acids: common contaminants, implications for isotopic analysis,
and recommendations

Guaciara M. Santos1*, Hector A. Martinez De La Torre1, Mathieu Boudin2,3, Marco Bonafini2

and Steven Saverwyns2
1Department of Earth System Science, University of California, Irvine, Irvine, CA 92697, USA
2Royal Institute for Cultural Heritage, Jubelpark 1, B-1000 Brussels, Belgium
3Ghent University, Faculty of Bioscience Engineering, Coupure Links 653, B-9000 Ghent, Belgium

RATIONALE: In forensic investigation, radiocarbon (14C) measurements of human tissues (i.e., nails and hair) can help
determine the year-of-death. However, the frequent use of cosmetics can bias hair 14C results as well as stable isotope
values. Evidence shows that hair exogenous impurities percolate beyond the cuticle layer, and therefore conventional
pretreatments are ineffective in removing them.
METHODS: We conducted isotopic analysis (14C, δ13C, δ15N and C/N) of conventionally treated and cross-flow
nanofiltered amino acid (CFNAA)-treated samples (scalp- and body-hair) from a single female subject using fingernails
as a reference. The subject studied frequently applies a permanent dark-brown dye kit to her scalp-hair and uses other
care products for daily cleansing. We also performed pyrolysis-gas chromatography/mass spectrometry (Py-GC/MS)
analyses of CFNAA-treated scalp-hair to identify contaminant remnants that could possibly interfere with isotopic
analyses.
RESULTS: The conventionally treated scalp- and body-hair showed 14C offsets of ~21‰ and ~9‰, respectively. These
offsets confirm the contamination by petrochemicals in modern human hair. A single CFNAA extraction reduced those
offsets by ~34%. No significant improvement was observed when sequential extractions were performed, as it appears
that the procedure introduced some foreign contaminants. A chromatogram of the CFNAA scalp-hair pyrolysis products
showed the presence of petroleum and plant/animal compound residues, which can bias isotopic analyses.
CONCLUSIONS: We have demonstrated that CFNAA extractions can partially remove cosmetic contaminants
embedded in human hair. We conclude that fingernails are still the best source of keratin protein for year-of-death
determinations and isotopic analysis, with body-hair and/or scalp-hair coupled with CFNAA extraction a close second.
Copyright © 2015 John Wiley & Sons, Ltd.

(wileyonlinelibrary.com) DOI: 10.1002/rcm.7273
Scalp-hair samples have been widely used in the fields of
human forensic science and anthropology. Applications can
vary from toxicology screens to evaluate long-term exposure
to illegal substances[1–4] to isotopic measurements to detect
dietary preferences and nutritional status,[5,6] as well as
spatial distributions and migratory behavior.[7,8]

In cases involving unidentified human remains whose year-
of-death iswithin the past 60 years, direct 14Cmeasurements of
scalp-hair can in principle precisely determine the year-of-
death (YOD).[9] Themethod relies on the excess of atmospheric
14C produced by the above-ground nuclear weapon tests
performed during the mid-20th century. This anthropogenic
* Correspondence to: G. M. Santos, Department of Earth
System Science, 1222 Croul Hall, University of California,
Irvine, Irvine, CA 92697–3100, USA.
E-mail: gdossant@uci.edu
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disturbance in atmospheric 14C concentrations has been well
documented. Atmospheric bomb 14C peaked in the Northern
Hemisphere in 1964 and has been falling since 1965, after
international treaties banned nuclear weapons tests and the
excess 14C worked its way into the carbon cycle.[10] Since all
living organisms incorporate carbon through CO2 fixation
(new plant growth tissue) or nutritional pathways (food
chain), the excess 14C is locked within tissues during their
formation, preserving a time-specific signature from the
bomb-pulse. Although the use of 14C bomb-pulsemethodology
by the Accelerator Mass Spectrometry (AMS) technique is
costly, it has been successfully used in the past to reveal modern
forgeries, identify poaching, validate the annual pattern of
tropical tree species and determine the birth- and/or death-
age of subjects in forensic cases.[11–15] The fast turnaround time
of hair development (~2.5 days from the ’birth’ of the hair cell
until full keratinization[16]) makes this tissue an ideal material
for YOD determinations on modern humans, as well as for
isotopic longitudinal studies. For YOD determinations the
Copyright © 2015 John Wiley & Sons, Ltd.
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keratinized tissue is isolated and processed before undergoing
14C measurements. The resulting 14C signatures can then be
compared with those of pre-established 14C age calibration
curves from where the subject has spent their last few
months.[9,10] Once a match between the 14C from the tissue
and the atmospheric curve is found, a calendar age for the year
of tissue formation can be determined.
However, sociocultural factors and the pursuit of an ideal

appearance drive modern humans to constantly change aspects
of their scalp-hair; subjecting it to any number of cosmetic
products and treatments for regular cleaning and grooming.
Cosmetic ingredients can include hundreds of petrochemical
derivatives that interact with hair to give various effects.[17–20]

Solvents such as benzyl and n-butyl alcohol, and phenol
derivatives (inexpensive carbolic compounds extracted from
coal tar or petroleum), are regularly used in the preparation of
dyeing agents to better facilitate the production of darker
shades.[21–24] Petrochemicals are also the cheapest way to
produce artificial coloring and fragrances in care products.
Botanical and animal by-products are also frequently used in
the hair care industry. Amino acids, proteins, fatty acids, oils
and waxes are just some of the substances added to shampoos
and conditioners to provide texture, assist in moisture retention,
strengthen hair strands, and help chemical reagents from
dye-kits fuse beyond the hair cuticle layer.[17–32] Shampoos
formulated for children also contain plant extracts (e.g., betaines
to help in cleansing[33]) and petroleumderivatives, such aswhite
petroleum jelly, and mineral oil for softening and soothing the
scalp. Since hair care formulations are also designed to penetrate
and treat the scalp tissue, even the developing hair follicles are
exposed to exogenous impurities.[27,34]

For decades, the alteration of human hair strands due to the
use of cosmetic products and treatments has been well
documented. In an early work, Robbins and Kelly demonstrated
that amino acids in human hair fibers (i.e., cystine, cysteic acid,
tyrosine, and methionine) can be altered when subjected to
bleaching and permanent waving in situ,[35] an effect that was
confirmed by others.[36] Regarding dyes and dye precursors
(components to assist in the oxidation, diffusion and locking of
the dye into the hair matrix) special attention has been devoted
to permanent hair coloring and its final effects.[37,38] For instance,
Chen et al. showed the fate of hair dye precursors in the cuticle,
cortex andmedulla of human hair using time-of-flight secondary
ionmass spectrometry (TOF-SIMS).[39] Using a similar approach,
Ruetsch et al. studied coconut andmineral oils, and subsequently
a set of vegetable oils with different types of unsaturation in the
fatty acid components and cationic conditioning compounds.[40–42]

The penetrating effects of polymers into the hair cortex region to
assist in dye-color retention have also been shown by optical
microscopy of cross-sections of hair strands.[21] In quantitative
studies, Jones and Chahal[29] showed that over 50% of botanical
and protein extracts in cosmetic products can be retained in the
hair structure, while Zimmerley et al.[43] showed that ~7% of
externally applied d-glycine percolates into hair fibers.
The ability of extraneous compounds to remain trapped in hair

and the detrimental effects of this ability on forensic analysis
have also been studied. Alcohol-containing hair care products
(such as hair sprays, permanent wave solutions, dyeing and
bleaching agents, and herbal lotions) are known to alter the
concentration of fatty acid ethyl esters – a marker for chronic
excessive alcohol consumption in humans.[44,45] Broecker et al.
used liquid chromatography/hybrid quadrupole time-of-flight
wileyonlinelibrary.com/journal/rcm Copyright © 2015 John Wile
mass spectrometry (LC/QTOFMS) to study scalp-hair from 90
dead subjects.[46] Their findings revealed the presence of several
toxic substances, including panthenol (a pro-vitamin B5 extracted
from natural sources that is regularly used in hair care products
and creams).

Chemical compounds containing carbon and nitrogen once
transferred to and embedded in the scalp-hair shaft of adults
and children can bias isotopic results, especially 14C signatures
and quality control indicators (e.g., %C, %N, and C/N). De La
Torre et al. demonstrated that scalp-hair strands were 14C-
depleted (~5–13‰) compared with the subjects’ fingernail
reference, and that the C/N values appeared anomalous.[47]

Moreover, the 14C offsets increased as the chemical treatments
applied to hair strands evolved from conventional procedures
(i.e., methanol/chloroform[48] and acid/alkaline/acid[9]) to those
capable of stripping the hair surface.[47] The fact that chemical
compounds found in hair care products incorporate themselves
deeply into the hair structure makes it difficult to distinguish
and remove these products. In addition, since some of the
contaminants can be derived from present-day plant or animal
sources, contamination by fossil fuel (and therefore old derived
carbon) can be a hurdle in determining the YOD by 14C pulse-
labelling methodology (e.g., from 1953 onward).[9]

We applied cross-flow nanofiltered amino acid (CFNAA)
extractions[49] to keratinized tissues from a single human subject,
including scalp-hair samples contaminated by a permanent
coloring from a dark-brown dye-kit. In order to investigate
whether the significant discrepancies between contaminated
and non-contaminated keratinized tissues could be resolved, we
conducted isotopic analysis (14C, δ13C, δ15N and C/N) of
solvent-treated and CFNAA-extracted fingernails, scalp- and
androgenic-hair (termed ’body-hair’). We also performed
pyrolysis-gas chromatography/mass spectrometry (Py-GC/MS)
analyses of CFNAA-treated scalp-hair to identify contaminant
remnants that might interfere with isotopic analyses.
EXPERIMENTAL

Keratinized tissues analyzed

Fingernails, scalp- and body-hair were sampled from a single
human subject (subject B in De La Torre et al.).[47] The subject is
a middle-aged female, who has consistently used the same
dark-brown permanent coloring dye kits for over 3 years (same
coloring formula and brand). Fingernails were collected to serve
as references for both types of hair analyzed, as they were not
directly exposed to any cosmetic products (such as nail polish).
All samples were collected together at the end of the summer
of 2012. Subject B’s scalp-hair was previously confirmed to be
contaminated by petroleum-based derivatives, which altered its
14C-isotopic signatures and its quality control indicators (%C,
%N, and C/N).

Once collected, the samples were wrapped in clean
aluminum foil and stored in small plastic bags to be shipped
to the Royal Institute of Cultural Heritage (Brussels, Belgium)
to undergo CFNAA extractions and Py-GC/MS analyses.[49]

The subject gave informed consent to participate in the study.
The participant’s samples were collected during regularly
scheduled grooming. Personal identifiers were completely
removed for anonymity.
y & Sons, Ltd. Rapid Commun. Mass Spectrom. 2015, 29, 1765–1773
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Chemical laboratory procedures

Keratin protein conventional pretreatment

In order to remove superficial contaminates (residual lipids,
oils, fats, waxes and grease) prior to analysis, the samples
were sonicated in an ultrasonic bath for 15 min, and
immersed in successive solvent washes (hexane, ethanol and
acetone; Merck, Brussels, Belgium). Once the solvent
delipidation treatment was complete, the samples were
subjected to a conventional treatment for organic samples,
i.e., sequential baths of 1% HCl, 1% NaOH, 1% HCl (Merck),
followed by rinsing with pure water until all contaminant
chemicals were completely removed. In order to avoid
disintegration of the keratinized material under alkaline
conditions, this chemical treatment was performed at room
temperature.[50] The samples were then dried at 40°C. This
pretreatment procedure is designed to remove molecules
adsorbed or transferred onto the surface of the keratinized
material by endogenous-exogenous pathways. Previous
findings based on C/N ratios and the isotopic ratio values
of horse hair treated with shampoo (rich in protein) and
human hair dyed with henna (a plant-derived dye) indicated
that the effect of exogenous chemicals on the stable isotope
ratios of hair was mostly insignificant.[48]

Cross-flow nanofiltered amino acid extraction analyses

Sub-samples of keratinized materials (15–50 mg) treated by the
conventional procedure described above were then subjected to
CFNAA extraction.[49] First, the amino acids of the protein
material were released by subjecting it to hot acid hydrolysis
with 2 mL 6 M HCl in a sealed tube in a nitrogen atmosphere
at 110°C for 24 h. The hydrolysate was then filtered over a
0.7-μm glass fiber filter (APFF03700; Merck Millipore, Brussels,
Belgium). The concentrate was re-dissolved into a 100 mL
solution with Milli-Q water (Merck Millipore), and then run
through a cross-flow nanofiltration unit loaded with a filter
membrane having a 360 Da MWCO (molecular weight cut-
off)[51] in order to collect the amino acids. Finally, the amino
acids were freeze-dried and reserved for further analyses.

Analytical procedures

Radiocarbon determinations, and stable isotope and atomic C/N
analyses

Before the analyses could be performed, the freeze-dried amino
acids were reconstituted in 1 mL Milli-Q water. For the 14C
analysis the reconstituted amino acids were transferred into
pre-baked 6-mm OD quartz tubes and dried once more before
evacuation and sealing. Carbon dioxide (CO2) was produced
from the extracts by combustion at 900°C in evacuated, sealed
quartz tubes with pre-baked cupric oxide (CuO) and silver
wire.[52] The CuO provides oxygen during sample combustion,
while the silver prevents sulfur and halogens from later
interfering with graphitization. The CO2 produced was then
cryogenically cleaned using a vacuum line and collected within
glass vessels for graphitization and analysis.
Graphitization of the cryogenically clean CO2 and the 14C

measurements of the graphite targets were carried out at the
Keck Carbon Cycle Accelerator Mass Spectrometry
(KCCAMS) Facility, at the University of California Irvine
(Irvine, CA, USA). The evolved CO2 was reduced to
Rapid Commun. Mass Spectrom. 2015, 29, 1765–1773 Copyright © 2015
filamentous graphite using hydrogen and pre-baked iron
powder as catalysts, following established protocols.[53]

High-precision 14C-AMS measurements were performed
using a modified compact AMS system (model NEC 0.5MV
1.5SDH-1; National Electrostatics Corporation, Middleton,
WI, USA). This instrument routinely achieves 0.2–0.3% on
precision and accuracy and can also provide the 13C/12C
values of the respective graphite samples measured.[54]

Thereafter, the 14C results were corrected using the online
δ13C values, following the instrumental analysis described
in Santos et al.[55] For background corrections, coal samples
were processed and analyzed alongside the unknown
samples. The radiocarbon results shown in the figures, tables
and text are expressed as a Fraction of Modern Carbon (FmC
or Fm14C).
Stable isotope and atomic C/N analyses

Approximately 50 μL of permeate (cross-flow nanofiltered
amino acids) were used for stable isotope and C/N analysis.
The stable isotope and C/N values were determined from
amino acid extracts preloaded in tin capsules (5 × 8 mm
capsules; OEA Laboratories Ltd, Callington, UK). Analyses
were performed in duplicate on a Thermo Flash EA/HT
elemental analyser coupled to a Thermo Delta V Advantage
isotope ratio mass spectrometer via a Conflo IV interface (all
supplied by Thermo Fisher Scientific, Bremen, Germany).
During measurements, the samples were interspersed with
in-house standards, such as caffeine and leucine,
International Atomic Energy Agency (IAEA, Vienna, Austria)
reference materials, IAEA-N1 and IAEA-C6, and internally
calibrated acetanilide. The analytical precision of the
measurements was better than 0.25‰ for both δ13C and
δ15N values. The stable isotope results are measured as the
ratio of the heavier isotope to the lighter isotope (13C/12C
and 15N/14N) and reported as δ values in parts per 1000
or ’per mil’ (‰) relative to internationally defined standards
for carbon (Vienna Pee Dee Belemnite, vPDB) and air for C
and N, respectively.[56]
Pyrolysis-gas chromatography/mass spectrometry (Py-GC/MS)

In order to characterize some of the complex compounds in
the treated scalp-hair after the CFNAA extractions, a Py-GC/
MS analysis was performed using a Trace gas chromatograph
coupled to a ThermoFinnigan Polaris Q quadrupole ion trap
mass spectrometer (Thermo Scientific, Erembodegem,
Belgium). A single-shot pyrolysis was conducted in a helium
atmosphere (1 mL/min) at 550°C (EGA/PY-3030D pyrolysis
unit; Frontier Laboratories Ltd, Fukushima, Japan) in the
presence of 2.5% tetramethylammonium hydroxide in
methanol as a derivatization compound. A Supelco SLB-5ms
column (length 20 m, ID 0.18 mm, film thickness 0.18 μm;
Sigma-Aldrich, Diegem, Belgium) was used for
chromatographic separation. The oven temperature was held
at 35°C for 1 min, increased to 240°C at 10°C/min, then from
240°C to 315°C at 6°C/min and finally held isothermally
for 5 min at 315°C. The interface temperature was 290°C.
Electron ionization (EI) mass spectra were acquired in
positive ion mode at 70 eV in the m/z 35–650 mass range,
with a cycle time of 0.5 s.
John Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/rcm
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RESULTS AND DISCUSSION

Radiocarbon results

Petrochemical byproduct contamination into the structure of
scalp- and body-hair is clearly demonstrated by the 14C-
AMS analyses of individual aliquots of keratinized materials
following conventional pretreatment (Fig. 1(A)). The 14C
values of fingernails from the same subject were used as a
reference point for all the comparisons.
As expected, the 14C results show that the fossil C

contamination was more severe in scalp- than in body-hair.
The highest 14C results from the subject’s keratinized tissues
yielded FmC = 1.0421 ± 0.0010 (the mean value obtained from
the fingernail tips subjected to the conventional chemical
pretreatment; Supplementary Table S1, Supporting Information).
This FmC value is equivalent to a Δ14CO2 value of ~32‰,
associatedwith the end of the 2011 calendar year to the beginning
of 2012,[57] in close agreement with the time of the fingernail tip
formation (4–6 months before sampling). The hair 14C offsets
relative to the 14C reference value of the fingernails were 8.7‰
for body-hair and 20.9‰ for scalp-hair.
A significant improvement in the CFNAA analysis 14C

values from the scalp-hair is observed, as the nano-filtration
process removed substantial amounts of the petrochemical
byproducts (Fig. 1(B)). However, direct comparisons between
the 14C results from the fingernails treated by CFNAA and
those from the conventional pretreatment revealed the
presence of some contamination introduced during the
Figure 1. Fm14C signatures of subject’s aliquots of
keratinized materials following: (A) conventional chemical
pretreatments and (B) CFNAA analyses. The horizontal
baseline is the average of Fm14C (±SD) of the fingernails,
and serves as the specific reference point for the hair analyses
shown in this work.

wileyonlinelibrary.com/journal/rcm Copyright © 2015 John Wile
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CFNAA sample processing, thus biasing the 14C results
towards depleted values. It is still unclear whether this
contamination was introduced during the CFNAA procedure
itself, or from the dehydration step, as the amino acids were
loaded into the quartz tubes prior to combustion. This
procedural contamination was, however, observed on all the
keratinized tissues undergoingCFNAAprocessing.Nevertheless,
the single CFNAA procedure shows encouraging results
compared with the conventional and specialized chemical
treatments tested previously.[47,48] The nanofiltration process
applied here is an intermediate process of filtration between
reverse osmosis (RO) and ultrafiltration (UF) that can reject
particles in the approximate size range of 1 nanometer.[58]

However, it cannot discriminate contaminants from molecules
of a similar size such as those of the amino acids that comprise
keratinized tissue.

We also attempted to obtain more accurate 14C results from
the keratinized materials by performing multiple filtrations.
This was done by re-dissolving the amino acids after the first
CFNAA collection and by forcing the solution through the
cross-flow nanofiltration unit two or three times (Fig. 2).
Multiple filtrations did not show any significant improvements
in terms of removing C contaminants from scalp-hair, or from
any of the other keratinized tissues, and did not move the 14C
values of hair any closer to the fingernail reference point (using
the conventional protocol).

Isotopic analyses and atomic C/N determinations

Isotopic analyses and C/N determinations were carried out
on fingernails and hair samples (scalp and body), and the
results are listed in Table 1. Previously, the δ13C values from
the scalp-hair of Subject B were lower than those of the
fingernail by 0.8‰ on average, while the atomic C/N values
ranged from 4.0 to 4.6 (scalp to hair-tip) with a total %C of
45.8–50.4.[47] An apparent loss on the %N was also observed,
probably due to hair protein alterations at the molecular level,
an issue already reported by others.[35,36] Based on the atomic
C/N value of 3.4 for the fingernail of Subject B, we estimated
that the contamination by exogenous carbon into scalp-hair
was of the order of 18 to 35%. Here, however, the overall
stable isotopic values of all the keratinized materials
(fingernails, scalp- or body-hair) were very similar to each
other, whether processed by the conventional or CFNAA
Figure 2. Fm14C signatures of scalp-hair subjected to single,
double or triplefiltration in theCFNAAanalyses. The horizontal
baseline is the average of Fm14C (±SD) of the fingernails
pretreated by the conventional procedure to serve as reference.

y & Sons, Ltd. Rapid Commun. Mass Spectrom. 2015, 29, 1765–1773

itions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Table 1. Isotopic analyses (as δ13C, δ15N and C/N values)
for keratinized materials (fingernails, scalp- and body-hair
samples) from a single female who makes use of
permanent coloring from a dark-brown dye kit

Sample ID
δ13C
(‰)

δ15N
(‰)

C/N
(Atomic)

Conventional pre-treatment
Fingernail �18.9 9.7 3.6
Body-hair �18.8 9.0 3.6
Scalp-hair �18.8 9.1 3.7
CFNAA pre-treatment
Fingernail �18.9 9.6 3.4
Body-hair �18.4 8.8 3.4
Scalp-hair �18.5 9.0 3.4

Improved chemical treatment of modern human hair for isotopic analysis
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chemical pre-treatments. The atomic C/N ratios, however,
were slightly higher for the keratinized materials treated
using the conventional cleaning than for those treated using
the CFNAA (e.g., average C/N = 3.6 versus 3.4, respectively).
Previous time-series experiments using 14C-AMS to address

the deposition and accumulation effects of shampoo
contaminants in scalp-hair on an infant indicated that, once
the contaminant was deposited into the hair, it remained for
a period of several months.[47] Since previous C/N ratios from
Subject B were also anomalous (as mentioned above), we
expected to see the same phenomenon, although all the
keratinaceous samples for this study were taken 1 year apart.
Therefore, we suspect that the lack of an apparent pattern in
Subject B’s scalp-hair (an adult whomakes use of a single dark
dye-kit) can be attributed to: (a) constant change of shampoos
and conditioners. Since a single cosmetic hair care product can
have hundreds of ingredients with a broad range of δ13C
values (e.g., �50 to �10‰, from petrochemical byproducts
to animal and plant extracts; Meier-Augenstein[59]), the
cumulative effects of contaminants in hair would be hard to
Figure 3. Pyrolysis–GC/MS chromatogram o
identification, see Table 2.

Rapid Commun. Mass Spectrom. 2015, 29, 1765–1773 Copyright © 2015
reproduce or properly quantify; and (b) an adult should
experience a loss of approximately 30% of their previously
grown hair in 1 year, due to continuous growth and
shedding.[60] Therefore, we speculate that a combination of
changes in hair-care products and constant shedding could
promote shifts in the effects of C and N contaminants into
the scalp-hair, making it impossible to trace contaminants
using stable isotope values alone, including the C/N ratios.

Micro-analytical identification of the components in treated
human hair by Py–GC/MS

Several human hair microchemical analyses have been
performed with the purpose of evaluating occupational and
environmental exposure to toxic elements or drug abuse.
Py–GC/MS was used in this study to identify the pyrolysis
marker compounds that are embedded in the CFAA extract
of the subject’s scalp-hair. It should be stressed that this test
was not intended to be exhaustive. Rather, it examined
whether some of the exogenous contaminants within hair
might have molecular weights similar to those of primary
amino acid sequences of human hair keratin, and therefore
could not possibly be isolated by the CFAA procedure.

A chromatogram of the pyrolysis products from the scalp
hair is shown in Fig. 3. The large peak at Rt (retention time)
19.29 min is margaric acid (heptadecanoic acid) methyl ester,
which is the internal standard. Our analysis allowed us to
identify several chemical compounds by comparing their
mass spectra with those from reference libraries (Table 2).
Many of the chemical compounds listed are regularly added to
conditioner/shampoo or hair bleaching dye-kit products. These
compounds have molecular weights smaller than the 360 Da
MWCOof thefilter, and therefore it is safe to conclude theywere
also present in the permeate that was later measured by isotope
analysis. The identified compounds can be divided into two
groups: (1) those derived from petrochemical byproducts
that consequently contain a 14C age close to infinite/fossil (or
f the CFNAA-treated scalp-hair. For peak
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1769
nlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Table 2. Pyrolysis products of the CFNAA-treated scalp-
hair

Retention time
(min)

Chemical compound

PETROLEUM SOURCE
3 toluene
4.1 3-methylpyrrole
7.74 p-cresol
8.03 benzoic acid, methyl ester
12.22 methylindole*

PLANT/ANIMAL SOURCE
Lipids

16.19 tetradecanoic methyl ester (C14:0)
17.28 pentadecanoic acid methyl ester (C15:0)
18.06 hexadecenoic acid methyl ester (C16:1)
18.3 hexadecanoic acid methyl ester (C16:0)
19.98 octadecenoic acid methyl ester (C18:1)
20.23 octadecanoic acid methyl ester (C18:0)
27.19 cholesterol derivative
27.53 cholesteryl formate

Peak numbers as in Fig. 3.
*GC/MS analysis could not clarify the location of the
methyl group, which could be any of the following 3
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FmC = 0) and thus biasing hair FmC signatures towards
’depleted older’ values; and (2) those from a plant or animal
source possibly from a present-day extract, and therefore
undetectable by 14C-AMS, as their FmC values are close to those
expected from the protein keratin of the subject tested.
The peaks listed in Table 2 comprise ~40% of all peaks

obtained. The additional unlabeled peaks in Fig. 3 could not
easily be identified, but it is highly probable that they are also
compounds derived from the hair-care solutions.

Implications for forensic year-of-death determination and
isotopic studies

Several studies on toxicology and isotopic composition of body
tissues and its association with diet have used human scalp-hair
samples, due to the non-invasive sampling methodology
compared with other human materials. Recently, modern
human scalp-hair has also been proposed as an alternative and
less invasive material for determining the YOD.[9]

However, as we have demonstrated most of the ambiguities
in 14C results between the subject’s nail-hair parings were
attributable to contaminants embedded within certain types of
keratinized samples. Scalp- and body-hair contains more fossil
C contaminants (e.g., petrochemical byproducts) than
fingernails due to the constant use of cosmetic products
designed to penetrate the hair structure. The contamination is
more prevalent in scalp- than in body-hair. The highest offset
between nail and hair was ~21‰, suggesting that at least 2%
of fossil fuel contamination was present. Since the atmospheric
bomb 14C level has been falling at a rate of 5–6‰ per year, this
offset can cause an error equivalent to ~4 years in the YOD
determination, which is unacceptable in view of the accuracy
expected for applications of the bomb-pulse methodology from
1955 onward.[11–15] These findings also suggest that, regardless
of the decontamination procedure employed (conventional
wileyonlinelibrary.com/journal/rcm Copyright © 2015 John Wile
pretreatments vs CFNAA analyses), contaminants embedded
in hair cannot be fully removed. This conclusion is supported
by the Py–GC/MS analyses (Fig. 3 and Table 2). Nevertheless,
a single CFNAA treatment was able to eliminate ~34% of the
contaminants from scalp-hair strands (Fig. 1(B)).

While it is accepted that any additional carbon of a
different age in a sample undergoing 14C measurements will
cause the measured date to be inaccurate, contamination that
cannot be removed but has an equivalent 14C value to that of
the sample being studied will pass unnoticed. For instance,
the animal and plant extracts added to shampoos,
conditioners and hair-dye kits should have close to modern
14C values, and therefore they cannot be effectively detected
or quantified from present-day hair samples.

Due to the nature of the present-day extracts added to
cosmetic products, one can also expect that the stable isotopic
results of hair strands alone (δ13C, δ15N and C/N values)
cannot help to distinguish signals built into the hair through
metabolic pathways via diet (which also makes use of plants
and animal products) from those of contamination. Indeed,
the stable isotope results and C/N determinations from all
the keratinized tissues obtained here were not dramatically
shifted (e.g., they did not fall outside of the C/N range of
2.9–3.6 of DeNiro[61]), except for the scalp-hair undergoing
conventional treatment (Table 1). It is argued herein that the
unexplained variability in the stable isotope values of
keratinized tissues (nail-hair parings) reported by O’Connell
et al.[62] could be partially due to intermittent C and N
contamination from plant and animal extracts (in addition
to petrochemicals) embedded in hair-care products, although
this was not clearly inferred from their previous tests on
animal and human hair subjected to shampoo and henna
treatments.[48] It also appears that for those early tests the
researchers used a circular reasoning, as they used the quality
control atomic C/N range of 3.0–3.8[48,62] for comparisons
(rather than the C/N range of 2.9–3.6 of DeNiro, which is
narrower[61]) leading to the conclusion that shampoo and
henna could not interfere with the stable isotope signals.
Interestingly, the quality control C/N range of O’Connell
and Hedges was empirically produced using human subject
scalp-hair treated with a conventional solvent pretreatment
(i.e., methanol/chloroform and pure water).[48] This conventional
pretreatment was not designed to penetrate into the hair shaft to
remove all exogenous impurities from the hair matrix. Even the
CFNAA treatment is incapable of isolating the amino acids solely
from the scalp-hair. Consequently, it is not currently possible to
apply any systematic correction to trace back the isotopic
signatures derived solely from the compounds that formed the
scalp-hair keratinized tissue.

It should be stressed that most of the methods used to
evaluate the sorption of cosmetics into hair strands of all textures
(from infants to adults, straight to curly, oiled to dry, or normal
to damaged) have been limited to their overall effects.[33,34,63,64]

Nevertheless, some attempts to quantify individual compounds
from cosmetics transferred into hair have been reported, with
values varying from 7 to >50%.[29,43] We find that even if these
contributions to scalp-hair cannot be properly detected by
measurements of δ13C, δ15N or C/N values, they are still
significant. Biased stable isotopic results due to the presence of
exogenous impurities in scalp-hair may be analytically limited,
if the amino acids of origin (from diet) and from hair cosmetics
(petrochemicals, plants and animal extracts) are characterized
y & Sons, Ltd. Rapid Commun. Mass Spectrom. 2015, 29, 1765–1773
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by similar isotopic signatures, but significant if they are not,
which can be hard to assess on living or deceased human
groups. Consequently, we conclude that scalp-hair is also not
suitable for use in isotopic studies. Nevertheless, since the
growth of human hair throughout the body is cyclic, body-hair,
which can be less contaminated by care products, can in
principle serve as a replacement material, if fingernails from
the subjects are not available to undergo conventional keratin
chemical cleaning for isotopic analyses.
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CONCLUSIONS AND FURTHER
RECOMMENDATIONS

For decades human hair has been used in isotopic analyses, based
on the assumption that contaminants are limited to the surface of
the hair strands. Based on this assumption conventional chemical
pretreatments were designed, and a range of 3.0–3.8 for the
atomic quality control C/N ratio (specifically for hair samples)
was considered adequate.
Recently, scalp-hair has also been tested in YOD

determinations for forensic science applications with limited
success. Although there is a considerable amount of published
information on hair-care product formulations and their
interactions with scalp-hair, a gap in information between
interdisciplinary research fields (cosmetic industry vs isotopic
analyses) is still apparent.
In this study, we provide a brief overview on the chemicals

found in the hair-care treatments, their penetration and alteration
effects in hair and scalp, and some of their detrimental impacts
on forensic and isotopic analysis. We also validate previous
findings that human hair is contaminated with ’older’ C due to
the use of cosmetic products that contain petrochemical
byproducts. No chemical pretreatments applied to hair have
yet been found to completely remove contaminants, which
would enable 14C values derived from hair keratin to match
those of fingernails. Nevertheless, we demonstrate that CFNAA
extractions can help partially remove those contaminants. The
technique is straightforward, and can be easily implemented as
a routine sample pretreatment for hair analyses.
These results could have an impact on studies that continue

to make use of living and/or deceased human scalp-hair
samples. We have demonstrated that the C/N ratio of bulk
or chemically clean hair samples alone is not always a reliable
indicator of contamination built in the hair strands, as some
of those contaminants have the same isotopic signature as
those from a regular diet. This conclusion is supported by
the Py–GC/MS chromatogram of the CFNAA-treated scalp-
hair, as both petroleum and plant/animal remnants were still
found to be present after treatment.
Since identifying a scenario in which hair analysis may be

appropriate is difficult, especially in forensic science
applications, we can at least confidently recommend the use
of the following combinations: body-hair pretreated by
conventional or CFNAA treatments, or scalp-hair coupled
with CFNAA extractions. Generally speaking, fingernails
are still the best source of keratin protein for overall isotopic
analysis and YOD assessments from 1955 onward.
Standardization on one chemical pretreatment method for
fingernails in laboratory studies will be important, and one
possible standard is the conventional chemical treatment
Rapid Commun. Mass Spectrom. 2015, 29, 1765–1773 Copyright © 2015
described here. In addition, we recommend applying the
technique to the nail matrix when sampling the deceased
rather than to the nail tip, so that the directly proportional
signal of 14C of the subject’s ’last meal’ and keratinized tissue
can be evaluated against the atmospheric 14C bomb peak for a
precise calendar age estimate.
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