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• Analytical  methodologies  were
developed  to  analyze  the 87Sr/86Sr
ratio of  human  hair.

• Interior  and  exterior  Sr  signals  to
human  hair  were  distinguished.

• Environmental 87Sr/86Sr  signals
could  be isolated  from  internal
87Sr/86Sr  signatures.

• 87Sr/86Sr  ratios  across  the  transverse
cross-section  profile  of  a  hair  varied.

• Cleaning  method  must  be considered
when comparing 87Sr/86Sr  ratios  of
hair.
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a  b  s  t  r  a  c  t

The  elements  of  human  hair  record  specific  information  about  an  individual’s  health,  diet,  and  surround-
ing environment.  Strontium  isotope  ratios  of  human  hair  have  attracted  interest  as they  potentially
record  an  individual’s  environment.  Yet,  separating  the  external  environmental  signals  from  the internal
dietary indicators  has remained  a challenge.  Here,  we  examined  the  effects  of  five  different  hair-cleaning
methodologies  to determine  the  extent  that  internal  and  external  strontium  signals  can  be  isolated  from
human  hair.  In  the  first study  of  its kind,  we  employed  an  in-line  strontium  purification  methodology
and  a multi-collector  inductively  coupled  plasma  mass  spectrometer  to  obtain  high-precision  strontium
isotope ratio  of  human  hair  and  of  leachates  of  the  different  washing  treatments.  We  found  that  the  dif-
ferent  applications  of  an  individual  treatment  removed  a consistent  amount  of  strontium  from  hair  and
that  replicate  analyses  showed  each  treatment  altered  the  strontium  isotope  ratios  of  hair  consistently.
A  mass-balance  approach  was  applied  to  demonstrate  that  strontium  was  quantitatively  removed  and
was  accounted  for in either  the  treated  hair  or  the  leachate.  We  observed  that  strontium  isotope  ratio
varied as  a function  of  treatment  aggressiveness  so  as  to suggest  that  there  was  a fine-scale  structuring
of strontium  within  hair  (transverse  cross-sectional  variations);  these  variations  existed  as  differences
in  strontium  concentrations  and  isotope  ratios.  As a  result,  the  Sr  isotope  ratio  of  hair  and  hair  leachates
treated  with  the  most  aggressive  cleaning  methods  reflected  the  isotope  ratios  of  the  interior  and  total
exterior strontium  signatures,  respectively.  The  results  of  this  study  indicate  that  external  environmental
strontium  signals  can  be  distinguished  from  the  internal  signals  and  therefore  permit  the  application  of
strontium  isotope  ratios  of  modern  human  hair  for  geospatial  applications.

© 2013 Elsevier B.V. All rights reserved.
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City, UT 84108, USA. Tel.: +1 801 581 3545.
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1. Introduction

Human hair is composed predominately of the structural pro-
tein keratin with trace amounts of many nonstructural elements.
These structural and nonstructural components are incorporated
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into hair either though dietary intake or exposure to the external
environment; together they act as biological and environmental
recorders. A variety of these components relate to an individual’s
physiology, where the abundance and isotopic composition of the
constituent elements provide information about an individual’s
diet [1–5] and health [6–9]. Other components relate to the envi-
ronment in which an individual resides and to the individual’s
exposure to toxins and drugs [10–13]. For example, the trace ele-
mental compositions and isotope ratios of hair can reflect exposure
to urban environmental contaminates [14–18].

Oxygen stable isotopes of structural proteins in human hair have
been shown to predominately reflect an individual’s drinking water
[19]. As the oxygen isotope ratio of drinking water (ı18O) varies
across landscapes [20], the ı18O value of hair reflects a history of
where an individual has lived. An advantage of using ı18O values of
hair to understand where an individual lived or traveled is that the
systematic pattern in ı18O values of water allows for geographic
projections and modeling of the ı18O of hair [19]. In contrast, many
trace nonstructural elements present in hair (such as lead, arsenic,
and mercury) reflect point sources that cannot be modeled across
larger spatial scales.

However, isotope analysis of the non-structural element stron-
tium (Sr) in human and animal tissues has attracted interest for
geospatial applications as the relative abundances of strontium iso-
topes (87Sr/86Sr) in the environment vary spatially [21]. Here the
87Sr/86Sr values of geologic materials are largely defined by rock
type, the rock’s initial concentrations of rubidium and strontium,
and the age of rock units [22,23]. From these parameters, a model
to predict 87Sr/86Sr values within ecosystems was  developed based
on bedrock maps [21]. More recently, expanded models to predict
the 87Sr/86Sr values of bedrocks and of bedrock–water interactions
have been developed that take into account additional parameters
related to bedrock age, lithology, weathering rate, and Sr concen-
tration in order to predict 87Sr/86Sr values within the environment
[24]. These expanded models and resulting map  projections have
increased the potential for using 87Sr/86Sr values within organic
materials and tissues for geographical assessment [25].

Strontium isotope analysis has a simplification over the analysis
of the light stable oxygen isotopes in that there is negligible isotopic
fractionation between source and organic tissues [21]. Thus, the
87Sr/86Sr values of an organism’s tissues directly record its environ-
ment. The lack of strontium isotope fractionation between tissues
and dietary input has been shown in variety of different materi-
als, including antlers [26], teeth and bones [27–34], leaves [35,36],
and feathers [25,37,38]. Most research linking 87Sr/86Sr values of an
organism to its environment has focused on tissues in which stron-
tium substitutes for calcium, such as organic carbonate and apatite
minerals [21,26]. As examples, modern and ancient human move-
ments have been reconstructed using tooth and bone 87Sr/86Sr
values [23,39–45].

Conventionally, the application of 87Sr/86Sr values of kerati-
nous tissues to reconstruct an individual’s movements has been
avoided because the low strontium concentrations within these
tissues were below minimum instrumentation requirements. How-
ever, recent technological advances have made strontium isotope
analysis of keratin-based tissues possible and have proven use-
ful in reconstructing animal geospatial histories [25,37,38,46,47].
Human hair should behave similarly to non-human keratin-based
tissues and thus its 87Sr/86Sr value should also record environ-
mental information. Recently, Font et al. [48] demonstrated that
87Sr/86Sr values of human hair record movement between geo-
graphic regions with distinct 87Sr/86Sr values. In this case, two
individuals that moved from India to the Netherlands showed vari-
ations in 87Sr/86Sr along the length of their scalp hair [48]. While the
initial results of 87Sr/86Sr values as geographic recorders in human
hair are promising, the isotope analysis of a non-structural element

in human hair, like Sr, to reconstruct an individual’s travel history
presents its own  unique set of analytical and theoretical challenges.

Strontium concentrations in hair increase along the length of
human hair from proximal to distal portions [49,50]. These con-
centration increases are due to the incorporation of exogenous
strontium [49,50] on and/or into the hair cuticle. Thus, there are
distinct sources of strontium that must be considered and sepa-
rated in order to understand the Sr abundance and 87Sr/86Sr value
of hair: (1) an endogenous source that is incorporated into the hair
from within the body during hair growth and (2) exogenous sources
derived from sources external to the hair. The endogenous Sr signal
reflects the elemental concentration within hair during subcuta-
neous formation, while the exogenous Sr signature changes along
the length of the hair represent additional Sr that becomes part of
the hair as it grows and is exposed to external factors. This external
source of strontium complicates the interpretation of the hair Sr
isotope analysis as separating the endogenous from the exogenous
signals has previously proven to be difficult [51].

Numerous hair-washing procedures have been described to
“clean” the exogenous “contamination” from hair [4,16,51–56].
However, no standard hair-washing method has been agreed upon
within the literature and the choice of methods often appears to
depend on the element of interest. For example, many hair-washing
methods focus on the behavior of heavy and toxic metals, as these
elements are readily monitored as contaminates [57] and do not
consider the behavior of Sr. However, Font and others [48] were
interested in Sr and they investigated the effects of several hair-
washing treatments on strontium and lead concentrations and
isotope ratios. They removed solid surface particles and isolated
and measured isotope ratios of Sr and Pb of a leached and untreated
fraction of hair using a nitric acid wash [48]. In their study, both
modern and archeological hair samples were used and in some
cases, but not all, the leached and untreated hair differed in their
87Sr/86Sr values [48].

Distinguishing the exogenous contamination from the endoge-
nous Sr source signal in human hair is necessary before 87Sr/86Sr
values of hair can be used in geospatial applications. However, what
remains unclear is which phase (leached hair vs. leachate) or which
Sr source (integrated exterior Sr, surficially-bonded exterior Sr, or
residual Sr) records the most meaningful geographical information.
In this study, we measured the Sr concentrations and 87Sr/86Sr val-
ues of human hair samples to understand the effects of a variety of
cleaning methods. The main objective of this study was to develop
a method of cleaning hair samples for analysis of “clean” hair and
its leachates for strontium abundance and isotope ratios in geospa-
tial applications. We  investigated consistency and efficiency of each
cleaning method with replicate analyses. From these experiments,
we assessed the most efficient method for extracting the exterior
Sr signal from human hair.

2. Experimental

2.1. Samples

Hair samples used in this study were collected from a single
salon in Taylorsville, Utah, USA. Twenty-two locks of hair were col-
lected from clippings from the salon floor and immediately were
placed into paper envelopes after cutting (Table 1). All hair sam-
ples derived from residents of Utah’s Salt Lake Valley. No other
demographic, dietary, socioeconomic, or travel history information
was  collected from the individuals. Locks of hair ranged from 5 to
10 cm in length with no notation of original orientation or over-
all length of the individual’s hair. The hair samples varied in color,
treatment (i.e., dyed, curled, straightened), thickness, and texture
ranging from curly to straight.



Author's personal copy

66 B.J. Tipple et al. / Analytica Chimica Acta 798 (2013) 64– 73

Table 1
Description, strontium content and isotope ratio of untreated human hair samples used in this study.

Serial number Color Texture Sr (�g g−1) 87Sr/86Sr

1 Brown Curly 11.8 ± 0.5 0.71027 ± 0.00002
2  Dark Brown Curly 44.5 ± 1.0 0.71328 ± 0.00001
3  Light Brown Straight 45.1 ± 0.9 0.71403 ± 0.00001
4  Salt/Pepper Curly 13.5 ± 0.2 0.71287 ± 0.00001
5  Brown with Gray Straight 20.2 ± 0.4 0.71274 ± 0.00001
6  Brown Straight 7.5 ± 0.2 0.71196 ± 0.00001
7  Brown Straight 1.0 ± 0.1 0.70909 ± 0.00005
8  Salt/Pepper Straight 4.0 ± 0.1 0.71151 ± 0.00002
9  Red Straight 9.9 ± 0.1 0.70956 ± 0.00001

10  Brown Straight 7.0 ± 0.1 0.71172 ± 0.00002
11  Red Straight 21.3 ± 0.3 0.71147 ± 0.00001
12  Strawberry Blonde Straight 7.4 ± 0.1 0.71122 ± 0.00001
13  Brown Straight 3.3 ± 0.2 0.71244 ± 0.00001
14  Brown Straight 0.8 ± 0.7 0.71230 ± 0.00003
15  Brown Straight 17.4 ± 0.3 0.71333 ± 0.00001
16  Salt/Pepper Curly 11.5 ± 0.2 0.71469 ± 0.00001
17  Light Brown Straight 2.1 ± 0.2 0.71393 ± 0.00002
18  Reddish Brown Straight 10.2 ± 0.1 0.71042 ± 0.00001
19  Dirty Blonde Straight 4.5 ± 0.2 0.71302 ± 0.00001
20  Brown with Blonde Streaks (possibly dyed) Straight 40.7 ± 0.2 0.71154 ± 0.00001
21  Dark Brown Straight 0.7 ± 0.2 0.71232 ± 0.00003
22  Light Brown Straight 13.5 ± 0.1 0.71090 ± 0.00001

2.2. Cleaning treatments

Hair samples were cleaned in a variety of polar and acidic
reagents to test which cleaning method was most effective in
removing external strontium contamination. To remove lipids,
residues, and surface contaminates, subsamples (∼50 mg)  of each
hair sample were cleaned with each of the following treatment
solvents: (1) ultrapure water, (2) chloroform:methanol mixture
(2:1), (3) 0.1 M HCl, (4) International Atomic Energy Agency (IAEA)-
recommended [57] and (5) IAEA-recommended plus 0.1 M HCl. For
Treatments 1, 2, and 3, hair subsamples were placed into 15-mL
centrifuge tubes with enough solvent to completely cover the hair
(∼3–5 mL). Centrifuge tubes were placed in an ultrasonic bath and
sonicated for 10 min. After sonication, the solute was decanted into
another centrifuge tube. This process was repeated a total of three
times with all decanted solutes (“leachates”) combined into a sin-
gle centrifuge tube. For Treatments 4 and 5, we followed a modified
IAEA hair washing methodology with and without an additional
wash of 0.1 M HCl. The IAEA method is a sequential cleaning with
acetone, water, and acetone. This protocol calls for the hair to be
rinsed successively in acetone, water, and again in acetone for
10 min  each. Treatment 4 was a slight modification of this approach
as hair was sonicated in each prescribed solvent for 10 min. Treat-
ment 5 was a modification of Treatment 4 in that an additional
10 min  sonication in 0.1 M HCl was applied following the last ace-
tone wash. Following each cleaning step in Treatments 4 and 5, the
solute was decanted into a centrifuge tube to combine all solutes
from each cleaning step. All acetone (EMD, HPLC-grade), chloro-
form (EMD, OmniSolv®), and methanol (EMD, OmniSolv®) used in
this study were HPLC grade or higher. The ultrapure water used for
sample cleaning and acid dilutions was from a Milli-Q Academic
A10® system (EMD Millipore; Billerica, Massachusetts, USA) with
a resistivity >18 M�.  Cleaned hair samples were allowed to dry at
room temperature for 72 h within a laminar flow hood. Subsam-
ples of each hair sample were also collected and left untreated as a
control for cleaning methods.

2.3. Cleaning experiments

To test the consistency of different hair cleaning methods, three
sub-samples of three randomly selected hair samples were treated
with the five different cleaning treatments (described above) for a

total of three independent replicates of each cleaning method. For
each replicate of treated and untreated hair the quantitative analy-
sis of Sr elemental abundances and isotope ratios were performed.
The leachates from the three replicates were combined into a single
aliquot for Sr concentration (Experiment 1A) and isotope analysis
(Experiment 1B).

The efficiency of different hair cleaning methods was tested
using hair samples treated with three select cleaning treat-
ments (Treatments 3, 4, and 5). The treated and untreated hair
samples and leachates from treatments were analyzed for Sr
concentrations (Experiment 2A) and isotope ratios (Experiment
2B).

2.4. Hair and solute dissolution methods

Treated and untreated (control) hair samples were digested
using an Ethos EZ® microwave digestion system (Milestone, Inc.,
Shelton, CT, USA). Approximately 50 mg  of hair was weighed
into a Teflon® digestion microvessel. Two milliliters of concen-
trated ultrapure HNO3 (Aristar® ULTRA; BDH Chemical, Darmstadt,
Germany) were added to the microvessel containing the hair and
the microvessel was then sealed, submerged in 10 mL  of milli-Q
water and 50 �L H2O2 (30% v/v), and then placed within an outer
vessel. The outer vessel was then placed in the digester carousel.
Two  certified reference materials (TORT-2 Lobster Hepatopancreas
Reference Material for Trace Metals from the National Research
Council Canada and Human Hair No. 13 from the National Institute
for Environmental Studies) and a method blank were digested along
with the hair samples following the principle of identical treatment.
The microwave program used for hair digestion was  13.3 ◦C min−1

ramp to 200 ◦C, followed by an isothermal at 200 ◦C for 15 min
with a 60 min  cool down to room temperature. The microwave
was  operated at full power (1500 W)  for all heating cycles. Once
cooled to room temperature, the hair digests were transferred to
acid-leached 2-mL snap-cap centrifuge tubes. A 100-�L aliquot of
the primary hair digest was  transferred to a 15-mL tube and the
volume was brought to 10 mL  with ultrapure water. A standard
solution containing 10 �g g−1 In was added to each sample as an
internal concentration standard.

Decanted solutions from the cleaning treatments (i.e., the
leachates) and 10-mL aliquots of each of the cleaning solvents
(Milli-Q water, acetone, chloroform, methanol, and 0.1 M HCl) were
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transferred to acid-leached Teflon® beakers and evaporated on a
50 ◦C Teflon® coated hotplate within a laminar flow hood to con-
centrate any solutes present. If additional dissolution was needed,
samples were refluxed on the hotplate in ultrapure HNO3 until
dissolved. The solutes were rehydrated with concentrated ultra-
pure HNO3 (2 mL)  and transferred to acid-leached 2-mL snap-cap
centrifuge tubes. A 100-�L aliquot of the rehydrated solutes was
transferred to a 15-mL tube with 10 mL  of ultrapure water. A
standard solution containing 10 �g g−1 In was added to each sam-
ple as a concentration internal standard.

2.5. Strontium abundance and isotope analysis

All strontium abundance determinations were measured via
inductively coupled plasma quadrupole-mass spectrometry (ICP-
MS)  on an Agilent 7500ce instrument (Agilent Technologies; Santa
Clara, CA, USA) at the ICP-MS Metals Lab in the Department of
Geology & Geophysics at the University of Utah, Salt Lake City, UT,
USA. A double-pass spray chamber with perfluoroalcoxy fluoro-
carbon (PFA) nebulizer (0.1 mL  min−1), a quartz torch, and nickel
cones were used. A calibration solution containing Sr was prepared
gravimetrically using a single-element standard (Inorganic Ven-
tures, Inc., Christiansburg, VA, USA). Standard reference solution
T-205 (USGS, Reston, VA, USA) was measured as an external cali-
bration standard at least five times within each analytical run. The
long-term reproducibility for T-205 and differences relative to the
accepted values indicated that the Sr concentrations were accu-
rate within 10%. The measured mean Sr concentrations of TORT-2
and Human Hair No. 13 were 41.2 ± 4.4 (�g g−1, 2�, n = 6) and
2.3 ± 0.7 (n = 8), respectively. TORT-2 has a certified Sr concentra-
tion of 45.2 ± 1.9 �g g−1 (2�). Human Hair No. 13 is a certified
reference material for heavy metals in human hair and does not
have a reported Sr content; however, measured concentrations of
Cu, Zn, Se, Sb, and Pb are within the 2� range for the certified
concentrations of these elements.

All strontium isotope measurements were made using a Nep-
tune Plus multi-collector ICP-MS (ThermoFisher Scientific, Bremen,
Germany) housed in the Department of Geology & Geophysics at the
University of Utah, Salt Lake City, UT, USA. Digests were introduced
using an online Sr purification system following Mackey and Fer-
nandez [58] and Chesson et al. [59]. This online system automates
the purification of Sr by utilizing a peristaltic pump, a pair of 6-way
valves, an in-line separation column, and a SC-2 DX autosampler
with a FAST2 valve block (Elemental Scientific; Omaha, NE, USA).
The in-line separation column was packed with crown ether Sr resin
(Eichrom Technologies; Lisle, IL, USA). Variable speed settings on
the peristaltic pump allowed samples to be rapidly loaded into the
purification column where Sr was trapped while all other elements
were rinsed away; the column flow was then reversed and purified
Sr was eluted into the spray chamber. A timing solution containing
66 �g g−1 Sr was analyzed daily to insure proper chromatography
and to assess column chemistry and efficiency. The instrument
was operated at an RF power of 1200 W with nickel sampling and
skimmer cones (1.1 mm and 0.8 mm apertures, respectively) and
was optimized daily for signal intensity and stability. Cool, auxil-
iary and sample gas flow rates were 16 L min−1, 0.85 L min−1, and
0.91 L min−1, respectively. The instrument was tuned for sensitivity
daily with a solution containing 20 �g g−1 Sr. For 87Sr/86Sr analysis,
a static multi-collector routine was used that consisted of 1 block of
170 cycles with an integration time of 1.032 s per cycle for an indi-
vidual analysis. Each analysis was followed by a blank to monitor
the efficiency of the crown ether Sr resin column. Sr isotope ratios
of samples and references were blank- and interference-corrected
and then normalized for instrumental mass discrimination using a
defined 86Sr/88Sr of 0.1194.

Solutions of the international Sr standard reference mate-
rial SRM 987 (National Institute of Standards and Technology,
Gaithersburg, MD,  USA) were analyzed with samples. The ratio of
samples to standards within a single run was 5:1. The means of
SRM 987, TORT-2, and Human Hair No. 13 analyzed in this study
were 0.71030 ± 0.00004 (2�, n = 92), 0.70925 ± 0.00002 (n = 7),
and 0.70827 ± 0.00004 (n = 6), respectively. The long-term mean
87Sr/86Sr of SRM 987 analyzed using the automated purification
method and MC-ICP-MS at concentrations of hair and leachate mea-
surements was 0.71027 ± 0.00004 (2�,  n = 292).

2.6. Statistical analysis

Statistical analysis was completed using JMP® 10 (SAS, Cary,
NC, USA) for Mac  OS X. The measured strontium concentrations
of untreated hair samples and those cleaned with the different
treatments were compared to each other (both against untreated
and treated hair and between the treatments) using paired two-tail
T-tests. P-values were considered significant at the  ̨ = 0.05 level.

3. Results and discussion

3.1. Strontium concentrations

In this study, twenty-two hair samples from a local salon were
subjected to a variety of previously published and novel cleaning
protocols. The goals of these experiments allowed us to address
the consistency, efficiency, and effects of different hair-cleaning
methodologies on the strontium concentration of modern human
hair.

3.1.1. Experiment 1A: Consistency and efficiency of hair cleaning
methods

Shown in Table 2 are the Sr concentrations of the three
hair samples analyzed untreated and after treatment with the
five washing methods. We  found the Sr concentration ranged
8.3–58.9 �g g−1 (dry weight) for the untreated hair replicates, with
the unwashed hair subsamples for each of the three hair samples
having a mean value of 11.8 ± 4.2 (2�) �g g−1, 44.5 ± 18.2 �g g−1,
and 45.1 ± 1.0 �g g−1, respectively. Considering that the overall
length of original hair from which these samples were cut was
unknown and that elements with similar behaviors to Sr increase
in concentration along the length of a hair [49,50], the elevated Sr
concentrations of Hairs 2 and 3 may  be consistent with long hair
(i.e., hair exposed to the environment for a considerable length of
time) (Table 2).

Of the five cleaning methodologies tested here, the 0.1 M HCl
treatment (Treatment 3) was  the most effective at removing Sr
from human hair (Table 2). We  based this conclusion on the average
change in Sr concentration between treated and untreated subsam-
ple. We  found that Treatment 3 removed an average of 93 ± 2% (2�)
of the Sr (Fig. 1). The most aggressive treatment was Treatment 3,
where the hair was  thrice washed in weak HCl solution for 10 min.
Previous cleaning experiments on human hair have shown that a
0.1 M HCl treatment removed all Cr, Cd, and Pb [16,60] and our find-
ings suggested that a 0.1 M HCl treatment also effectively removed
nearly all Sr from hair samples. However, based on concentration
data alone, it was difficult to assess if the Treatment 3 quantita-
tively removed integrated exterior Sr component or leached both
the endogenous and exogenous Sr from entire hair.

Treatments 1, 2, and 4 removed relatively similar amounts
of Sr from the hair samples with 11 ± 6% (2�), 10 ± 16%, and
19 ± 7% of the Sr removed, respectively (Fig. 1). Treatment 1
and Treatment 2 used ultraclean water and chloroform:methanol,
respectively, while Treatment 4 was  the recommended IAEA
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Table 2
Strontium content of untreated and treated hair samples.

Serial number Treatment Replicate A (�g g−1) Replicate B (�g g−1) Replicate C (�g g−1) Average (�g g−1) SD (�g g−1) Average change
from unwashed (%)

1

Untreated (control) 10.6 ± 0.3 8.3 ± 0.2 16.5 ± 0.4 11.8 4.2
1.  Water 9.9 ± 0.2 11.2 ± 0.4 12.0 ± 0.3 11.0 1.0 −7
2.  Chloroform:methanol 12.3 ± 0.3 13.1 ± 0.2 12.6 ± 0.2 12.7 0.4 7
3.  0.1 M HCl 0.6 ± 0.2 1.0 ± 0.2 bdl ± n/a 0.8 0.3 −93
4.  IAEA 10.9 ± 0.2 9.8 ± 0.2 10.9 ± 0.2 10.5 0.6 −11
5.  IAEA + 0.1 M HCl 4.4 ± 0.2 4.8 ± 0.2 4.9 ± 0.2 4.7 0.3 −60

2

Untreated (control) 58.9 ± 0.7 24.1 ± 0.6 50.5 ± 0.5 44.5 18.2
1.  Water 40.5 ± 0.7 40.5 ± 0.5 40.6 ± 0.6 40.5 0.1 −9
2.  Chloroform:methanol 39.5 ± 0.2 38.9 ± 0.2 37.1 ± 0.3 38.5 1.3 −14
3.  0.1 M HCl 2.4 ± 0.2 2.8 ± 0.1 2.4 ± 0.2 2.5 0.2 −94
4.  IAEA 31.4 ± 0.4 35.1 ± 0.2 34.7 ± 0.6 33.7 2.1 −24
5.  IAEA + 0.1 M HCl 23.1 ± 0.1 22.9 ± 0.2 21.4 ± 0.2 22.5 0.9 −49

3

Untreated (control) 45.7 ± 0.4 44.0 ± 0.6 45.6 ± 0.5 45.1 1.0
1.  Water 36.2 ± 0.5 36.5 ± 0.3 39.0 ± 0.5 37.3 1.5 −17
2.  Chloroform:methanol 32.8 ± 0.2 34.0 ± 0.3 34.6 ± 0.2 33.8 0.9 −25
3.  0.1 M HCl 3.4 ± 0.2 3.6 ± 0.2 3.7 ± 0.1 3.6 0.2 −92
4.  IAEA 36.2 ± 0.2 35.7 ± 0.2 35.8 ± 0.2 35.9 0.3 −20
5.  IAEA + 0.1 M HCl 17.3 ± 0.2 17.4 ± 0.2 17.7 ± 0.3 17.4 0.2 −61

bdl: below detection limit.

method (water–acetone–water). Treatments 1 and 4 were statis-
tically different (t(8) = 2.65, p = 0.0292), whereas the differences
between Treatments 1 and 2, and Treatments 2 and 4 were not sig-
nificantly different. Treatment 5 combined the IAEA methodology
with a single 0.1 M HCl leach, and as expected, it removed more Sr
(57 ± 7% (2�)) than the IAEA method (Treatment 4) alone and less
Sr than Treatment 3 (three leaches with 0.1 M HCl) (Fig. 1).

All the solvents and reagents used in these experiments had
Sr contents below instrument detection limits, and yet some of
the replicates treated with Treatment 2 had what appeared to be
increased Sr contents after treatment (Table 2). Treatment 2 data
also exhibited the largest standard deviations with some of the
treated replicates yielding higher concentrations than untreated
subsamples. However, in these cases the unwashed hair replicates
also had large variations in Sr concentrations, suggesting the

Fig. 1. The percent change in the strontium concentration of hair samples after
treatments. Percent change was calculated using the difference between the aver-
age  strontium content in untreated (control) hairs and hairs treated with the five
washing methods. Error bars show the standard deviation.

randomly selected hair subsample that was treated may have had
an elevated initial Sr content.

These data indicated that approximately 10–20% of the Sr con-
tent in human hair was  removed by cleaning in water, polar organic
solvents, or a combination of water and organic solvents. Since no
previous study has reported pre- and post-treatment Sr concen-
tration changes, it is not possible for us to compare our findings to
other studies. Based on the observed concentration data, we cannot
determine if Treatments 1, 2, and 4 quantitatively removed all or
just a fraction of the exogenous Sr component. Nonetheless, these
data indicated that Treatments 1, 2, and 4 were comparable in terms
of their impacts on Sr removal. Thus, if similar methods are used,
the Sr concentration data should be comparable when comparing
results in future studies.

Consistency in the fraction of the total Sr removed from human
hair by a cleaning treatment is paramount. Our results show that
regardless of total Sr removed by each washing method, repli-
cate applications of each cleaning protocol removed a consistent
fraction. In all cases except one (Hair 1, using Treatment 3), the
three independent cleanings of replicates of an individual hair
sample yielded standard deviations less than 10% of the aver-
age Sr concentration (Table 2). The three untreated replicates
of each hair sample had a much larger standard deviation than
the three treated replicates. For example, the standard deviation
between untreated replicates of Hair 2 had a value of ±18.2 �g g−1,
whereas the standard deviations between treated replicates of Hair
2 ranged 0.1–2.1 �g g−1. The larger variation in Sr concentration
among untreated replicates relative to treated replicates was likely
due to differential surface contamination on the untreated hair.
Thus we  conclude that—regardless of the cleaning methodology
employed—the cleaning methods used in this study consistently
removed any surface contamination and a fraction of the total Sr
in a hair sample. This consistency provides increased fidelity in
the application of a cleaning method to isolate specific Sr fractions
within and on the surface of human hair.

3.1.2. Experiment 2A: Effects of hair cleaning
Given that each cleaning method consistently removed a frac-

tion of Sr from human hair, an effort was placed on understanding
the effects of the hair cleaning protocols using a larger dataset
of hair samples. Shown in Table 1 are the Sr concentrations of
untreated hair samples from a single salon. We  found the untreated
hair samples from a single salon in the Salt Lake City metro area
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Table  3
Strontium content of treated hair samples used in this study and difference between treated and untreated Sr content.

Serial number Treatment 3 Treatment 4 Treatment 5

Sr (�g g−1) %Change Sr (�g g−1) %Change Sr (�g g−1) %Change

1 0.9 ± 0.2 −93 10.5 ± 0.3 −11 4.7 ± 0.3 −60
2  2.5 ± 0.3 −94 33.7 ± 0.7 −24 22.5 ± 0.3 −49
3  3.6 ± 0.3 −92 35.9 ± 0.4 −20 17.4 ± 0.4 −61
4  14.5 ± 0.3 7 9.5 ± 0.1 −29 9.6 ± 0.2 −29
5  8.7 ± 0.1 −57 6.6 ± 0.1 −67 3.8 ± 0.1 −81
6  5.3 ± 0.1 −29 6.6 ± 0.2 −12 4.2 ± 0.1 −43
7  0.5 ± 0.1 −51 0.8 ± 0.1 −16 0.9 ± 0.1 −6
8  0.3 ± 0.1 −92 2.7 ± 0.1 −32 0.6 ± 0.1 −86
9  3.8 ± 0.1 −61 7.4 ± 0.5 −26 8.3 ± 0.2 −16
10  3.3 ± 0.1 −54 2.8 ± 0.1 −60 4.4 ± 0.1 −38
11  0.6 ± 0.1 −97 13.7 ± 0.2 −36 0.7 ± 0.1 −97
12  1.7 ± 0.1 −77 19.1 ± 0.2 160 7.0 ± 0.1 −5
13  2.6 ± 0.1 −20 2.2 ± 0.2 −33 4.2 ± 0.2 28
14  0.5 ± 0.2 −33 1.0 ± 0.2 24 0.9 ± 0.2 14
15  2.3 ± 0.2 −87 30.4 ± 0.4 74 19.4 ± 0.2 11
16  bdl ± n/a n/a 18.2 ± 0.2 58 3.2 ± 0.2 −72
17  0.6 ± 0.3 −73 2.5 ± 0.1 17 1.2 ± 0.3 −45
18  2.0 ± 0.2 −80 20.6 ± 0.2 103 3.0 ± 0.2 −70
19  2.4 ± 0.2 −47 5.1 ± 0.2 14 1.9 ± 0.2 −58
20  1.5 ± 0.2 −96 71.5 ± 0.6 76 13.3 ± 0.2 −67
21  0.8 ± 0.3 10 1.0 ± 0.1 41 0.4 ± 0.4 −50
22  1.0 ± 0.1 −92 10.2 ± 0.1 −24 2.8 ± 0.1 −79

Average 2.8 ± 0.2 −62 14.2 ± 2 8 6.1 ± 0.2 −44

ranged 0.7–45.1 �g g−1 with a mean value of 14 ± 14 �g g−1 (2�).
When compared to previously published datasets of Sr content of
human hair from individuals living within a single city, these sam-
ples appeared to have elevated Sr values [10,17,18,61]. However,
previous studies reported only Sr concentrations of cleaned hair
and specifically sampled hair at the nap of the neck (i.e., newly
erupted hair) and not hair that had been exposed to the exter-
nal environment for longer time periods. Both treatment processes
would yield significantly lower Sr content. Further, as the overall
length of original hair from which the samples used in this study
were cut was unknown, the elevated Sr concentrations of these
samples were consistent with a clipping from the proximal end of
the hair as would be expected during normal haircuts [49,50].

For this Experiment, only Treatments 3, 4, and 5 were tested
as it was established in Experiment 1A that Treatments 1, 2, and
4 yielded similar Sr concentration results (Table 2). Treatment 4
was selected over Treatments 1 and 2 as it is the hair washing
method recommended by the IAEA and has been used extensively
in previous studies of other element concentrations. Shown in
Table 3 are the results of Treatments 3, 4, and 5 on all 22 hair sam-
ples collected in this study. After cleaning we found hairs washed
with Treatment 3 had an average Sr content of 2.8 �g g−1 and
ranged 0.3–14.5 �g g−1; the average and range for Treatment 4
were 14.2 �g g−1 and 0.8–71.5 �g g−1, respectively, and for Treat-
ment 5 were 6.1 and 0.4–22.5 �g g−1, respectively. Of the three
cleaning treatments used in Experiment 2A, only hair samples
cleaned with Treatments 3 and 5 had significantly different Sr
concentrations than the unwashed hair samples (t(21) = −3.73,
p = 0.0012 and t(21) = −3.80, p = 0.0010, respectively). We  found
the hair samples cleaned with the IAEA-recommended treatment
(Treatment 4) did not have significantly different Sr concentrations
than the unwashed hair samples. The differences in the amount
of Sr removed between Treatments 3 and 5 were statistically sig-
nificant (t(21) = 2.31, p = 0.0311), indicating Treatment 3 removed
more Sr from human hair than Treatment 5, consistent with the
findings of Experiment 1A. Nonetheless, from these data we  could
not determine if Treatment 3 quantitatively removed integrated
exterior Sr component or leached both the endogenous and exoge-
nous Sr from entire hair.

We  found Treatments 3 and 5 removed an average of 62 ± 38%
(2�) and 44 ± 32% of the Sr content, while Treatment 4 added
an average of 8 ± 57% Sr to the treated hair (Table 3). When the
larger dataset of cleaned hair are compared to the samples used
in Experiment 1A, we found a similar reduction in Sr content in
hair samples cleaned with Treatments 3 and 5. However, we found
much more variation in the amount of Sr removed during wash-
ing in the larger dataset when compared to the three hair samples
used in Experiment 1A. There may  be several reasons for this,
including inconsistent impacts of cleaning procedures, Sr added
from reagents used in the cleaning treatments, or large variations
in initial Sr content of unwashed hairs. Given that Experiment 1A
established results from multiple applications of the cleaning treat-
ments were very consistent, it is unlikely that the process of treating
a sample introduced these variations. Furthermore, reagents were
analyzed alongside samples and in all cases the blanks were below
detection limits, indicating it was unlikely that the solvents used
to treat the hair samples introduced additional Sr. Given this, the
most likely reason for the large variation in initial Sr concentra-
tion and percent change is Sr variation in the initial untreated hair
specimens (i.e., sample heterogeneity).

Treatment 3 removed the most Sr content from hair and
yielded Sr content most similar to newly erupted human hair (e.g.,
0.75–1.20 �g g−1) [9,10]. It has been argued that newly erupted
human hair reflects only the endogenous Sr content, as the hair
has not been subjected to the exogenous Sr sources [49,50]. These
data suggested that Treatment 3 was the best method for separat-
ing internal from exterior Sr signals in human hair. In this case, the
cleaned hair likely contains predominately the internal Sr (from
diet and drinking waters), while the leachate should largely con-
tain the Sr from the surrounding environment removed from the
hair.

3.2. Strontium isotope ratios

Here, twenty-two hair samples were sampled from a local salon
and subjected to a variety of previously published and novel clean-
ing protocols. The goals of these experiments were to address
the consistency, efficiency, and effects of different hair-cleaning
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Table 4
Strontium isotope ratios of untreated and treated hair samples.

Serial
number

Treatment Replicate A (87Sr/86Sr) Replicate B (87Sr/86Sr) Replicate C (87Sr/86Sr) Replicate average (SD) Pooled leachate (87Sr/86Sr)

1

Untreated (control) 0.71030 ± 0.00002 0.71027 ± 0.00001 0.71023 ± 0.00002 0.71027 ± 0.00003
1.  Water 0.71032 ± 0.00001 0.71029 ± 0.00001 0.71030 ± 0.00001 0.71031 ± 0.00002 0.71026 ± 0.00002
2.  Chloroform:methanol 0.71032 ± 0.00001 0.71033 ± 0.00001 0.71030 ± 0.00001 0.71031 ± 0.00002 0.71022 ± 0.00004
3.  0.1 M HCl 0.71064 ± 0.00004 0.71044 ± 0.00003 0.71048 ± 0.00004 0.71052 ± 0.00011 0.71022 ± 0.00002
4.  IAEA 0.71031 ± 0.00001 0.71027 ± 0.00001 0.71030 ± 0.00001 0.71029 ± 0.00002 0.71026 ± 0.00001
5.  IAEA + 0.1 M HCl 0.71037 ± 0.00001 0.71035 ± 0.00002 0.71039 ± 0.00001 0.71037 ± 0.00002 0.71026 ± 0.00001

2

Untreated (control) 0.71329 ± 0.00001 0.71327 ± 0.00001 0.71328 ± 0.00001 0.71328 ± 0.00001
1.  Water 0.71317 ± 0.00001 0.71321 ± 0.00001 0.71319 ± 0.00001 0.71319 ± 0.00002 0.71321 ± 0.00001
2.  Chloroform:methanol 0.71314 ± 0.00001 0.71311 ± 0.00001 0.71315 ± 0.00001 0.71314 ± 0.00002 0.71304 ± 0.00002
3.  0.1 M HCl 0.71333 ± 0.00002 0.71321 ± 0.00001 0.71330 ± 0.00001 0.71328 ± 0.00006 0.71327 ± 0.00004
4.  IAEA 0.71314 ± 0.00002 0.71315 ± 0.00001 0.71312 ± 0.00002 0.71314 ± 0.00002 0.71323 ± 0.00001
5.  IAEA + 0.1 M HCl 0.71339 ± 0.00002 0.71328 ± 0.00001 0.71325 ± 0.00001 0.71331 ± 0.00008 0.71335 ± 0.00001

3

Untreated (control) 0.71406 ± 0.00001 0.71400 ± 0.00001 0.71402 ± 0.00001 0.71403 ± 0.00003
1.  Water 0.71379 ± 0.00001 0.71385 ± 0.00002 0.71379 ± 0.00001 0.71381 ± 0.00003 0.71432 ± 0.00001
2.  Chloroform:methanol 0.71380 ± 0.00002 0.71382 ± 0.00001 0.71386 ± 0.00001 0.71383 ± 0.00003 0.71427 ± 0.00004
3.  0.1 M HCl 0.71276 ± 0.00002 0.71273 ± 0.00002 0.71275 ± 0.00001 0.71275 ± 0.00001 0.71444 ± 0.00002
4.  IAEA 0.71392 ± 0.00001 0.71406 ± 0.00001 0.71393 ± 0.00001 0.71397 ± 0.00008 0.71406 ± 0.00001
5.  IAEA + 0.1 M HCl 0.71350 ± 0.00001 0.71349 ± 0.00001 0.71351 ± 0.00001 0.71350 ± 0.00001 0.71431 ± 0.00001

methodologies on the measured strontium isotope ratio of modern
human hair.

3.2.1. Experiment 1B: Consistency of Sr isotope ratios following
hair cleaning

Shown in Table 4 are the 87Sr/86Sr isotope ratios of three sam-
ples of hair analyzed untreated and after treatment with the various
washing methods. We  found Sr isotope ratios of the untreated repli-
cates of the three hair samples used in this experiment ranged
from 0.71023 to 0.71406, with the three aliquots having a standard
deviation of 0.00003 or less (2�) (Table 4). Considering the repro-
ducibility of the certified reference material (SRM 987) used during
analysis was 0.00004, these results indicated that the isotopic signal
recovered from human hair prior to washing was very homogenous
among individual samples.

Hair replicates treated with the various cleaning methods pro-
duced internally consistent 87Sr/86Sr ratios (Table 4) with the
majority having standard deviations below the ±0.00004 level. Of
the five treatments, Treatment 3 showed the most internal varia-
tion with replicates from two of the three hair samples producing
standard deviations greater ±0.00004 (2�  = 0.00011 and 0.00006).
In addition, Treatments 4 and 5 also had one hair replicates
with standard deviations greater than ±0.00004 (2�  = 0.00008 and
0.00008, respectively). Nonetheless, these results indicated that
87Sr/86Sr ratios from treated hair replicates were generally repro-
ducible at ±0.00004 or better, while treatments that involved weak
acidic conditions (e.g., Treatments 3 and 5) to leach Sr from hair
were ±0.00011 or better.

Treating hair with organic solvents and acidic solutions may
alter the 87Sr/86Sr ratios. Differences in the 87Sr/86Sr ratios between
untreated and treated hair replicates indicated treatment meth-
ods could affect the resultant isotope ratio. We  found that in most
cases, the differences between the 87Sr/86Sr ratios of untreated
and treated hairs were distinct within measurement uncertainty
(Table 4), thus treatment method must be considered when com-
paring hair 87Sr/86Sr ratios data.

3.2.2. Experiment 2B: Effects of hair cleaning on Sr isotope ratios
Since we found that the multiple applications of each treat-

ment method removed a fraction of Sr and altered 87Sr/86Sr ratio
of treated hair subsamples in a consistent manner, we sought to
understand the effects on the 87Sr/86Sr ratios of hair due to clean-
ing treatment. Shown in Table 1 are the 87Sr/86Sr ratios of untreated
hair samples from a single salon. Shown in Table 5 are the 87Sr/86Sr

Fig. 2. The variation in strontium isotope ratios of treated hair as a function of stron-
tium concentration remaining in the hair. Three strontium isotope-concentration
profiles of hair samples are shown, as these profiles are representative of those
observed in the larger dataset. Trend lines are shown. Error bars are the standard
deviation of the individual strontium isotope analysis.

ratios of hairs after treatment along with the 87Sr/86Sr ratios of
the leachates collected during treatment. For this experiment, only
Treatments 3, 4, and 5 were tested as it was established in Experi-
ments 1A and 2A that Treatments 1, 2, and 4 consistently remove a
similar amount of Sr and alter the 87Sr/86Sr ratios in similar fashion
(Tables 2 and 4).

We found the 87Sr/86Sr ratios of treated hair subsamples were
not always higher or lower than the untreated hair subsamples.
Variations in 87Sr/86Sr ratios are related to changes in the Sr con-
tent in the treated hair samples. Shown in Fig. 2 are the Sr isotope
ratio profiles of 3 selected hair samples. These data indicated that
the 87Sr/86Sr ratios of hair either remained static or varied with
treatment method. If the treatment methods removed Sr uniformly
throughout the hair sample, we would expect Sr concentrations to
decrease while 87Sr/86Sr ratios remained static, regardless of treat-
ment method. We  did not observe this in the majority of samples
(Table 5). These results suggested that there could be differences in
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Table  5
Strontium isotope ratio of treated hair and leachates.

Serial number Treatment 3 Treatment 4 Treatment 5

Hair (87Sr/86Sr) Leachate (87Sr/86Sr) Hair (87Sr/86Sr) Leachate (87Sr/86Sr) Hair (87Sr/86Sr) Leachate (87Sr/86Sr)

1 0.71052 ± 0.00004 0.71022 ± 0.00002 0.71029 ± 0.00001 0.71026 ± 0.00001 0.71037 ± 0.00002 0.71026 ± 0.00001
2  0.71328 ± 0.00001 0.71327 ± 0.00004 0.71314 ± 0.00002 0.71323 ± 0.00001 0.71331 ± 0.00001 0.71335 ± 0.00001
3  0.71275 ± 0.00001 0.71444 ± 0.00002 0.71397 ± 0.00001 0.71406 ± 0.00001 0.71350 ± 0.00001 0.71431 ± 0.00001
4  0.71269 ± 0.00001 0.71313 ± 0.00001 0.71273 ± 0.00002 0.71359 ± 0.00002 0.71264 ± 0.00001 0.71324 ± 0.00001
5  0.71257 ± 0.00001 0.71277 ± 0.00001 0.71252 ± 0.00001 0.71343 ± 0.00002 0.71262 ± 0.00003 0.71287 ± 0.00001
6  0.71215 ± 0.00002 0.71170 ± 0.00001 0.71215 ± 0.00001 0.71148 ± 0.00005 0.71218 ± 0.00002 0.71164 ± 0.00002
7  0.70970 ± 0.00006 0.70922 ± 0.00004 0.70931 ± 0.00004 0.71015 ± 0.00011 0.70944 ± 0.00006 0.70884 ± 0.00010
8  0.71129 ± 0.00006 0.71150 ± 0.00001 0.71142 ± 0.00002 0.71136 ± 0.00002 0.71140 ± 0.00004 0.71140 ± 0.00002
9  0.70946 ± 0.00002 0.70950 ± 0.00001 0.70950 ± 0.00001 0.70953 ± 0.00002 0.70949 ± 0.00001 0.70954 ± 0.00001

10  0.71161 ± 0.00002 0.71169 ± 0.00001 0.71166 ± 0.00002 0.71173 ± 0.00002 0.71163 ± 0.00002 0.71172 ± 0.00002
11  0.71148 ± 0.00006 0.71144 ± 0.00001 0.71147 ± 0.00001 0.71147 ± 0.00002 0.71152 ± 0.00004 0.71142 ± 0.00001
12  0.71135 ± 0.00003 0.71118 ± 0.00001 0.71118 ± 0.00001 0.71119 ± 0.00002 0.71130 ± 0.00002 0.71118 ± 0.00001
13  0.71289 ± 0.00002 0.71225 ± 0.00001 0.71280 ± 0.00002 0.71165 ± 0.00002 0.71283 ± 0.00002 0.71193 ± 0.00002
14  0.71219 ± 0.00005 0.71264 ± 0.00009 0.71225 ± 0.00006 0.71287 ± 0.00016 0.71213 ± 0.00006 0.71270 ± 0.00011
15  0.71329 ± 0.00003 0.71335 ± 0.00001 0.71329 ± 0.00001 0.71344 ± 0.00004 0.71329 ± 0.00001 0.71343 ± 0.00001
16  0.71510 ± 0.00019 0.71463 ± 0.00001 0.71459 ± 0.00001 0.71466 ± 0.00006 0.71460 ± 0.00002 0.71465 ± 0.00001
17  bdl ± n/a 0.71432 ± 0.00002 0.71352 ± 0.00002 0.71486 ± 0.00011 0.71355 ± 0.00006 0.71459 ± 0.00002
18  0.71046 ± 0.00003 0.71046 ± 0.00001 0.71043 ± 0.00001 0.71043 ± 0.00002 0.71039 ± 0.00002 0.71038 ± 0.00001
19  0.71336 ± 0.00004 0.71313 ± 0.00002 0.71303 ± 0.00002 0.71309 ± 0.00002 0.71261 ± 0.00004 0.71316 ± 0.00002
20  0.71171 ± 0.00004 0.71151 ± 0.00001 0.71153 ± 0.00001 0.71150 ± 0.00002 0.71161 ± 0.00001 0.71148 ± 0.00001
21  0.71228 ± 0.00004 0.71278 ± 0.00008 0.71188 ± 0.00004 0.71224 ± 0.00010 0.71197 ± 0.00009 0.71230 ± 0.00007
22  0.71018 ± 0.00005 0.71091 ± 0.00001 0.71083 ± 0.00002 0.71106 ± 0.00002 0.71044 ± 0.00002 0.71096 ± 0.00001

bdl: below detection limit.

the 87Sr/86Sr ratios across the transverse cross section profile of a
hair. The more aggressive the cleaning treatment, the more Sr was
removed from deeper layers within the hair keratin matrix.

While variation in both Sr concentration and isotope ratios were
observed in the treated hair subsamples and leachates, we found
that all Sr was recovered between the treated hair and leachate. We
used a mixing model to quantify yields and recoveries. The model
was described as:

87Sr/86Srmodeled = 87Sr/86SrSrtreated hair ∗ (f ) + 87Sr/86Srleachate(1 − f )

(1)

where f is the fraction of Sr remaining in the treated
hair [1 − ([Sr]untreated hair − [Sr]treated hair)/[Sr]untreated hair] and the
87Sr/86Srtreated hair and 87Sr/86Srleachate are the measured 87Sr/86Sr
ratio of a treated hair and leachate for an individual treatment
method (Treatments 3, 4, and 5; Table 5). When the 87Sr/86Srmodeled
was compared to the measured 87Sr/86Sr ratio of untreated hair
samples, we found the modeled 87Sr/86Sr ratio of 21 of the 22 hair
samples was within the pooled standard error of the 87Sr/86Sr mea-
surements. The single sample (Hair 7) that did not yield modeled
values within the 87Sr/86Sr ratio error had a low Sr concentration
when compared to other untreated samples (Table 1) and relatively
small changes in Sr content and 87Sr/86Sr ratio when compared to
other treated samples (Tables 3 and 5).

The combination of Sr concentration and isotope ratio suggested
that the Sr leached from hair through cleaning was quantitatively
recovered in the leachate. These results are the first to apply a
mass-balance isotopic approach to assess the recovery and yield
of different cleaning treatments on the Sr in hair. Previous reports
have shown both Sr concentrations and isotope ratios of untreated,
cleaned hair, and leachates [48], but none have applied a coupled
element concentration-isotope ratio approach to address the con-
sistency and recovery of various cleaning methodologies.

To definitively quantify the endogenous and exogenous Sr
sources in human hair controlled dietary studies are needed. How-
ever, the treatment methods used in this study may  allow for a
qualitative assessment of these Sr pools. The trends in Fig. 2 could
be interpreted as a mixing line between two isotopic end members
explained by an exponential relationship.

3.3. Treatment methods for geospatial and dietary applications

It has been established that the 87Sr/86Sr values of human hair
record movement between regions with distinct 87Sr/86Sr ratio.
Font and others [48] reported hair samples from two individuals
showed variations in 87Sr/86Sr along the length of hair associated
with movement from India to the Netherlands. In this example, it
is unclear if the hair samples were cleaned or treated in any way
to remove external contamination prior to analysis. Nonetheless,
the authors suggested the changes in endogenous and exogenous
Sr sources as the reasons behind these variations; however, they
noted that more than 18 months were needed for the 87Sr/86Sr ratio
of hair to reach an equilibrium value after a move to a new geo-
graphic location. This temporal lag was explained as Sr recycling
from bone surfaces and exchangeable Sr pools, and thus sug-
gests that the endogenous factors, namely diet and drinking water,
largely control the hair 87Sr/86Sr ratio.

Here, we presented evidence that 87Sr/86Sr variation in human
hair samples may  relate to changes in Sr exposure (i.e., exoge-
nous factors). We  found the 87Sr/86Sr ratios of treated hair may  or
may  not vary with increasing aggressiveness of treatment and the
removal of increasing amounts of Sr (Fig. 2). These results indicate
that there could be differences in the isotope ratios of Sr across
the transverse cross section profile of a hair. As multiple studies
have shown, Sr concentration is greatest on the exterior of human
hair due to the incorporation of exogenous contamination of stron-
tium on and into the hair cuticle [4,49,50]. Our data further suggest
that variations in 87Sr/86Sr ratios of exogenous Sr sources may  be
recorded not only along the length of a hair, but also across the cross
section of the hair itself. We  interpret the 87Sr/86Sr ratios of hair
samples in which the 87Sr/86Sr ratios varied with increased leach-
ing as recording 87Sr/86Sr variations in the exogenous Sr source. In
these examples, changes in the 87Sr/86Sr ratio may be related to
variations in the exogenous Sr source 87Sr/86Sr ratio due to travel
or other causes. As mentioned above, previous reports have noted
a 1.5-year interval was  needed for the 87Sr/86Sr ratio of human
hair to reach equilibrium after a change in the Sr sources and was
explained as remobilization of Sr from bone tissues [48]. Our find-
ings suggest the time needed for the 87Sr/86Sr ratio of human hair
to reach a new isotopic equilibrium will be influenced by mixing
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of the former exogenous 87Sr/86Sr signal with a recent exogenous
87Sr/86Sr signal from the new location as the Sr propagates into the
hair keratin matrix.

In our experiments, we  found that Treatment 3 (0.1 M HCl) was
the most aggressive washing method tested, leaving the lowest
Sr concentrations in the cleaned hair. We  propose hair cleaned
with Treatment 3 is most representative of the interior Sr signal,
while the leachate recovered is the integrated external Sr signal.
When isolated using Treatment 3, the Sr signal in the leachate likely
corresponds to many months of exposure and, if the individual
has traveled during that time, could include multiple geographic
regions. To constrain the more recent surficially-bonded exterior Sr
signal, we suggest the leachates from hair washed with Treatment
5 (IAEA + 0.1 M HCl) are likely more representative of near-term
Sr exposure because this washing method removed less Sr con-
tent (i.e., the most surficial Sr from hair strands). If a bulk hair Sr
signal is needed, we suggest Treatments 1, 2, or 4 are equivalent
and analysis of the treated hair sample would capture a combined
exogenous and endogenous Sr signal. Thus, to understand dietary
Sr inputs, hair treated with Treatment 3 is likely the most useful,
and leachates from Treatments 3 and 5 are the most appropriate
for geospatial applications.

For some hair samples tested in this study, the 87Sr/86Sr ratio of
hair cleaned with Treatment 3 and the 87Sr/86Sr ratio of leachates
from Treatments 3 and 5 were similar. These data suggest that
the interior and exterior Sr signals are similar for these samples.
These findings could be interpreted in several ways: either (1) the
treatment methods described here do not separate the interior and
exterior Sr contributions in human hair effectively, (2) these indi-
viduals were eating and drinking locally produced foods and drinks,
or (3) the exogenous Sr contribution dominates the endogenous Sr
signal. As the overall original length of hair from which these sam-
ples were taken is not known, it is likely that many of these hair
samples came from the proximal end of long strands of hair. As the
length of hair increases, so too does the accumulated exogenous Sr
contributions [4,49,50]; thus it is likely possible that the exogenous
Sr signal overprints the endogenous in hair that has been outside
the scalp for a long period of time. Further controlled studies are
needed to definitively isolate the influences of the endogenous and
exogenous Sr sources on the 87Sr/86Sr ratio of human hair, partic-
ularly studies of individuals with differing diets and studies that
record the exposure interval for hair.

In addition, we observed the 87Sr/86Sr ratio of leachates from
Treatments 3 and 5 showed a wide range. These data suggest that
the 87Sr/86Sr ratio of exogenous Sr this population was exposed
to may  be variable or that the individuals traveled. If these indi-
viduals did not travel and as these samples came from a single
salon, they were likely exposed to similar exogenous Sr sources
from dust. Thus, an additional exogenous source of Sr may  need
to be considered to explain the range in the 87Sr/86Sr ratios of this
population.

4. Conclusions

Human hair is an excellent medium to capture environ-
mental information and exposure to elemental contaminates.
Non-structural elements within in hair, such as strontium, come
from both endogenous and exogenous sources; however, no
consensus has been established for the appropriate cleaning pro-
cedures to separate these two sources of strontium for dietary
and geospatial applications. Here, we tested the consistency and
effectiveness of five cleaning methods to separate the internally
and externally sourced strontium in hair keratin. Multiple applica-
tions of each of the 5 investigated treatment methodologies were
found to be consistent in removing the same amount of strontium

from hair replicates. Treatments 1, 2, and 4 that applied cleaning in
water, chloroform:methanol mixture, and a combination of water
and acetone, respectively, removed 10–20% of the strontium from
hair, while Treatments 3 and 5, which included 0.1 M HCl in the
methodology, removed 93 ± 2% and 57 ± 7%, respectively.

Measurements of the 87Sr/86Sr ratios of treated hair samples
demonstrated that the 87Sr/86Sr ratios vary as a function of both
treatment method and hair Sr concentration, indicating transverse
87Sr/86Sr variation across a cross section of the hair. Based on final
Sr concentrations, we concluded that cleaning hair with Treatment
3 most likely removed the majority of external Sr contamina-
tion, thus capturing the dietary Sr signal within the treated hair
sample. The leachate recovered from Treatment 3 represents the
long-term external Sr signal, while the leachate recovered from
hair washed with Treatment 5 is more representative of the near-
term surficially-bonded external Sr signal. We  postulate that the
leachates from Treatments 3 and 5 are potentially the most appli-
cable for geospatial applications.
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