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Amulti-isotope investigation (Sr and Pb isotopes and δ18O, δ13C and δ15N)was applied to bone and teeth from an
unidentified male found drowned in the“IJ” Ruyterkade in Amsterdam, The Netherlands in March of 1999. The
individual remained unidentified until mid 2013, after the isotope study was completed. Coupled δ13C and
δ15N values in bone collagen recovered from rib and femur are consistent with an omnivore living in a region
where C3-type diet dominates (i.e. Europe). Integrated Sr and Pb isotopes and δ18O values in canine and third
molar teeth and femur and rib bone data exclude extended residence in north-west Europe and particularly
The Netherlands. Characteristic Pb isotope ratios coupled with inferred δ18O values of drinking water argue for
a most probable place of origin for the unidentified individual in west and south Poland, south-east Slovakia
and the region of Ukraine–Romania–Bulgaria, specifically the region associated with the Carpathian Mountains.
Independent of the isotope study, the Cold Case Team made a positive identification with an individual from
south-west Poland, validating the results of the multiple-isotopic approach.

© 2014 Forensic Science Society. Published by Elsevier Ireland Ltd. All rights reserved.

1. Introduction

The use of multi-stable isotope analysis for the determination of the
geographical place of origin of unidentified living or deceased individ-
uals in forensic police investigations has rapidly expanded during the
last decade [1–3]. The multi-isotope method is also being more fre-
quently applied in archaeological research for human provenancing
and cultural studies [4–6]. This analytical approach is, however, still in
its early stages and further validation and development of laboratory
methods, databases and predictivemodels are required [2,1]. Neverthe-
less, this method is an important tool in providing forensic intelligence
in ongoing police investigations. Successful examples of the application
of themulti-isotope methods in police investigations, including one ex-
ample using both stable and radiogenic isotope systems, are “the Adam
torso” [7], the “Scissors sisters” [1], “Salt Lake Sally” [2,8] and the “lady of
Mammoth lake” cases [9].

The multi-isotope method integrates the analysis of human tissues
(i.e., tooth enamel, bone, hair) fromup to seven isotope systems; hydro-
gen (δ2H), oxygen (δ18O), carbon (δ13C), nitrogen (δ15N), sulphur
(δ34S), strontium (87Sr/86Sr) and lead (207Pb/206Pb) and compares
data with the isotope signatures of the bio-available elements in the
local environment. The underlying principle is that the isotope

signatures recorded in human tissues are transferred into the human
body through diet and ingested water. Furthermore, different types of
tissues grow at various stages of an individual's life. For example,
tooth enamel is fully mineralised during childhood and adolescence
[10], depending on the specific tooth element. Thus, tooth enamel will
record the isotope signatures of the environment where the individual
resided during early life. In contrast, hair keratin, because of its general
rapid growth, records the isotope signatures of the environment where
the individual lived during the last weeks/months of an individual's life.
Isotope signatures recorded in bone bio-apatite record the isotopic com-
position of time period of an individual's life integrated over a time pe-
riod depending on bone turnover rate. Estimated turnover rates for
cortical (compact) bone are in the order of ~3% per year and ~26% per
year for trabecular (spongy) bone [11,12]. Therefore, bones such as
the central part of the femur shaft have a slow turnover time of ~25–
30 years and ribs have fast turnover time of ~4–6 years. Moreover,
the turnover time of an individual bone will vary depending on the de-
gree to which it is put under stress with joints having faster turnover
times than the centre of a bone. Consequently, different bones and
parts of bones will provide an isotopic signature integrated over a few
years to several decades. Any major geographic movement in the life-
time of an individual is therefore expected to be recorded as isotopic
variations, if the individual moved to locations with contrasting isotope
compositions in the environment. The main aim of the multi-isotope
methodology is to provide information on the geographical regions of
origin and recent movements of unidentified individuals.
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In this paper, we present a comprehensive methodology that inte-
grates stable and radiogenic isotope analyses on teeth and bone samples
of an unidentified individual that was part of a forensic human identifi-
cation project lead by the Cold Case and Review Team of the
Amsterdam-Amstelland Police in The Netherlands. The aim of this pro-
ject was to apply newly available forensic techniques, including multi-
isotope analysis, to determine the place of origin and last place of resi-
dence to a number of unidentified individuals found deceased in the
Amsterdam area between 10 and 20 years ago. A number of exhuma-
tions were carried out in the Sint Barbara cemetery in Amsterdam be-
tween September of 2010 and July of 2011. Teeth, bone, hair and nail
samples were obtained from the individual remains for multi-isotope
analysis and other forensic investigations. The case discussed here was
from a number of cases (n = 12) where the multi-isotope method
was applied as part of the large identification project. This case is exam-
ined in detail because the individual was identified after the isotope
studywas completed. Therefore this case can potentially be used as val-
idation of the multi-isotope method.

2. Information about the case

A deceased male was found in the water at the “IJ” Ruyterkade in
Amsterdam, The Netherlands, in March of 1999. Drowning was
established to be the cause of death. The estimated age of the victim
was between 39 and 42 years of age, according to the information pro-
vided when the case request was submitted for human provenancing
investigations. The individual was identified at the beginning of 2013,
however his identity remained undisclosed to the isotope investigators
until the isotope study was completed and reported. Then, the real age
of the individual was found to be 23 years at the time of death. The in-
terpretations of the isotope signatures in the individual's teeth and bone
were based, however, on the estimated age provided to the isotope in-
vestigators when the study was requested.

3. Samples

3.1. Samples from the victim

The samples available for this study were a mandibular canine and
thirdmolar teeth, a ~4 cmpiece of femur bone sampled from themiddle
part of the shaft and a ~5 cm central piece of rib bone (Table 1).

3.2. Sample from The Netherlands: third molars, scalp hair, tap water, soil/
street dust

To characterise the isotope signatures of the environment in The
Netherlands we have carried out multi-isotope analyses of third molar
crown enamel from individuals (n = 30) born and living in The
Netherlands. These data are presented here for the first time (Table 2).
We have also included average isotope values of scalp hair from non-
travelling individuals, tap water and street dust/soil from around The
Netherlands (Table 2). These average isotope compositionswere initial-
ly presented in Font et al. [13]. However, the number of samples of our
database has increased and updated average values are reported in this
study (Table 2).

4. Analytical methods

4.1. Sample preparation and chemistry procedures for Sr and Pb isotope
analysis

4.1.1. Teeth
The crown was cut from the root using a diamond coated disc at-

tached to a drilling tool (Dremel). The crownwas rinsed with ultrapure
water (Milli-Qwater) and immersed in ultrapureH2O2 31% (Merck) in a
pre-cleaned 50 mL centrifuge tube for 12 h to remove organics and im-
purities. Subsequently the crownwas rinsed and sonicated withMilli-Q
water three times and dried down on a hot plate at 80 °C. Enamel pow-
der was extracted from the clean crown by drilling, using a diamond
coated drill bit. The most external surface of the enamel was first me-
chanically removed with a diamond coated drill and discarded. Tooth
enamel powder (14 mg canine and 58 mg third molar) was weighed
into pre-cleaned Teflon beakers and left to dissolve in 2 mL of 14 N
HNO3 for 12 h on the hot plate at 110 °C. The sample solutions were
dried down on the hot plate at 100 °C. After complete dryness, the sam-
ples were dissolvedwith 1mL 3 N HNO3. This solution was used to sep-
arate the Sr and Pb fractions for isotope ratio analysis following a low-
blank chromatographic column chemistry procedure using Sr spec
resin [13]. The acids used during the chemistry procedures were puri-
fied by sub-boiling distillation (HNO3 in Teflon; HCl in quartz) from ini-
tial pro analysis grade acids (Sigma-Aldrich and Romil). The water used
throughout this study for sample treatment and acid dilution is ultra-
pure water obtained from a Milli-Q Element system (Millipore;
resistivity N18 MΩ at 25 °C).

4.1.2. Bone
The pieces of bone samples were initially rinsed with Milli-Q water

and ethanol and were sonicated several times until the Milli-Q water
remained clear. The femur bone sample from the compact section was
extracted by drilling with a diamond coated drill bit. Rib bone was
also drilled in the same manner, but the most external layer of the
bone was mechanically removed with a diamond coated drill and sub-
sequently discarded to obtain a clean sample. Approximately 50 mg of
drilled bone powder was weighed and placed into a centrifuge tube. A
total amount of 4 mL of chloroform:methanol (2:1) mixture was
added and the mixture placed onto a rocker bed for 30 min to de-fat
the bone sample. After incubation the samples were centrifuged and
rinsed inMilli-Qwater three times in three separate stepswith centrifu-
gation in between. The de-fatted bone sample was then transferred into
a pre-cleaned Teflon beaker for dissolution. The bone sampleswere dis-
solved in 4mL of 14NHNO3 on the hot plate at 110 °C. After dissolution
the samples were dried down on the hot plate at 110 °C and subse-
quently dissolved in 3 N HNO3. The same low-blank chromatographic
column chemistry procedure for Sr and Pb separation was followed as
described in Section 4.1.1.

4.2. 87Sr/86Sr isotope analysis

Sr isotopes were measured on the Triton-plus Thermo Finnigan
Thermal Ionisation Mass Spectrometer (TIMS) instrument at the Vrije
Universiteit Amsterdam. The Sr fractionswere loaded onto Re filaments
using a TaF5 activator to enhance ionisation. The 87Sr/86Sr were

Table 1
Sr and Pb isotope ratios and δ18OVPDB values (‰) in tooth enamel and bone bio-apatite from the victim. Errors are (2SE).

Sample δ18O (±1σ) 87Sr/86Sr (2SE) 208Pb/204Pb 207Pb/204Pb 206Pb/204Pb 206Pb/207Pb 208Pb/207Pb

Mandibular canine −6.64 ± 0.04 0.708865 ± 6 38.093 ± 2 15.606 ± 1 18.1339 ± 6 1.16200 ± 5 2.44097 ± 2
Mandibular third molar −6.87 ± 0.08 0.708913 ± 5 38.109 ± 2 15.600 ± 1 18.1827 ± 5 1.16566 ± 4 2.44285 ± 2
Femur bone (external part) n.a. 0.709194 ± 6 38.1673 ± 8 15.6098 ± 8 18.2503 ± 3 1.16916 ± 3 2.44509 ± 2
Femur bone (internal part) n.a. 0.709212 ± 5 38.1696 ± 8 15.6085 ± 6 18.2495 ± 3 1.16920 ± 3 2.44543 ± 2
Rib bone n.a. 0.709454 ± 6 38.1142 ± 9 15.6099 ± 6 18.1886 ± 4 1.16519 ± 3 2.44166 ± 2

n.a., not analysed.

35L. Font et al. / Science and Justice 55 (2015) 34–42



measured using a static multi-collection routine. An analysis consisted
of 15 blocks of 10 cycles with an integration time of 8.1 s per cycle.
The 87Sr/86Sr and 84Sr/86Sr were corrected for mass fractionation using
an exponential law and 86Sr/88S ratio of 0.1194. Analyses of internation-
al standard NBS987 on load sizes of 100 ng were carried out to monitor
the system's performance. The long term 100 ng average 87Sr/86Sr and
84Sr/86Sr for the NBS987 measurements were 0.710242 ± 0.000008
(2 SD) (n = 36) and 0.0564919 ± 0.000004 (n = 36). The analytical
uncertainty of the standards is 0.0010% (2σ). See more details about
the analytical method in Font et al. [13].

4.3. Pb isotope analysis

Pb isotope ratios were analysed on a Neptune Thermo Finnigan
Multicollector ICP-MS (MC-ICPMS) instrument at the Vrije
Universiteit Amsterdam. The samples were measured using a
standard-sample bracketing method [14,15] in a static multi-
collection routine. NBS SRM-981 standard was used for bracketing
and an in-house standard Pb solution (100 ppb CPI International)
was used to check instrument performance during Pb isotope anal-
ysis. Standards were measured in 100 ppb solutions and the NBS
SRM-981 standard values used are after Baker et al. [16]. Sample
Pb concentrations typically were ≤100 ppb. The long term average
ratios (2011–2012) and precision of the in-house Pb standards
analysed during this study are: 208Pb/204Pb = 16.38950 ± 0.008
(2σ), 207Pb/204Pb = 15.48775 ± 0.004 (2σ), 206Pb/204Pb =
36.14369 ± 0.004 (2σ), 206Pb/207Pb = 1.05821 ± 0.0001 (2σ),
208Pb/206Pb = 2.20527 ± 0.0002 (2σ). Instrument blanks were
analysed before and after each standard and sample and the average
of these two measurements was subtracted from each cycle before
calculation of the Pb isotope ratios. Instrumental blanks were

always b5 mV for 208Pb. Samples were introduced into the MC–
ICP-MS using a Cetac Aridus I desolvating nebuliser. The wash out
time between analyses was 3 min and the uptake time was 1 min.
A total of 5 blocks of 20 cycles was measured with an integration
time of 4 s per cycle. Levels of 201Hg were monitored during each
analysis but the signal was always b0.003 mV and therefore no cor-
rections for 204Hg on 204Pb were applied. A session of Pb isotope
measurements consisted typically of 10 samples and 2 in-house
standards, 14 NBS SRM-981 standards and 27 blank measurements
(≤50 pg Pb). Instrument settings and data acquisition parameters
are as in Font et al. [13].

4.4. Oxygen (δ18O) isotope analysis in structural carbonate

Oxygen isotope analyses were carried out on tooth enamel
structural carbonate. Tooth enamel powder (1 mg), pre-leached
in ultrapure H2O2 31% (Merck) to remove organics, was weighed
into glass vials sealed with a septum. Each sample was prepared
in triplicate. Oxygen isotope analyses were carried out using a
Delta plus IRMS with GasBench in the Stable Isotope laboratory at
Vrije Universiteit Amsterdam. The samples were placed in a hot
block at 45 °C for 24 h after adding 100% H3PO4. The measured
isotope values are reported as a δ (delta) values in units of per mil
(δ [‰] = [(18O/16Osample) − (18O/16Ostandard) / (18O/16Ostandard)]
∗ 1000) normalised to the PDB scale using an in-house carbonate refer-
ence material (VICS) calibrated against NBS19 and LSVEC certified refer-
ence materials. The δ18O values are then converted into the SMOW scale
using the published conversion equation of Coplen [17] (SMOW =
1.03091 ∗ δ18OPDB + 30.91). International standard IAEA-CO1 was used
as a control standard to check instrument performance. The

Table 2
Average Sr and Pb isotope ratios and δ18OVPDB values (‰) of third molar enamel (3M) from individuals born and living in The Netherlands (collected in 2010), scalp hair, tap water and
soils/street dust (collected 2008–2012) from The Netherlands. Errors are 2 SE. Gender: male (M), female (F) and age in years.

Sample Gender/age City δ18O (±1σ) 87Sr/86Sr 208Pb/204Pb 207Pb/204Pb 206Pb/204Pb 206Pb/207Pb 208Pb/207Pb

3M enamel
1 M/24 Dordrecht −5.31 ± 0.03 0.709611 ± 9 37.9626 ± 13 15.6094 ± 8 18.0329 ± 5 1.1553 ± 1 2.43201 ± 3
2 F/28 Nootdorp −4.65 ± 0.02 0.709340 ± 6 37.9029 ± 10 15.6037 ± 10 18.0182 ± 4 1.1547 ± 1 2.42906 ± 2
3 F/20 Maarssen −5.06 ± 0.07 0.708951 ± 6 38.0090 ± 15 15.6172 ± 10 18.1328 ± 6 1.1611 ± 1 2.43375 ± 3
4 F/23 Dordrecht −4.99 ± 0.15 0.709644 ± 5 37.9190 ± 10 15.6029 ± 8 18.0329 ± 4 1.1557 ± 1 2.43023 ± 2
5 M/27 Heerlen −4.85 ± 0.38 0.708469 ± 6 37.9227 ± 11 15.6038 ± 6 18.0516 ± 4 1.1569 ± 1 2.43032 ± 2
6 M/32 Amsterdam −5.51 ± 0.08 0.709322 ± 5 37.8416 ± 9 15.5953 ± 9 17.9398 ± 4 1.1503 ± 1 2.42643 ± 2
7 F/30 Maastricht −4.78 ± 0.01 0.709382 ± 6 – – – 1.1561 ± 1 2.43240 ± 6
8 F/25 Bunnik −4.93 ± 0.05 0.709570 ± 5 – – – – –

9 F/23 Amstelveen −4.83 ± 0.15 0.709231 ± 4 – – – – –

10 M/34 Hoorn −5.13 ± 0.02 0.709315 ± 6 – – – – –

11 F/20 Hoofddorp −5.06 ± 0.05 0.709317 ± 4 37.9529 ± 24 15.6091 ± 25 18.0977 ± 7 1.1594 ± 1 2.43130 ± 7
12 M/30 Alkemade −6.40 ± 0.71 0.709267 ± 5 37.8348 ± 8 15.5958 ± 5 17.9329 ± 3 1.1499 ± 1 2.42593 ± 2
13 M/33 Amsterdam −4.71 ± 0.08 0.709402 ± 5 37.8161 ± 8 15.5905 ± 6 17.9241 ± 3 1.1497 ± 1 2.42551 ± 2
14 M/27 Zwijndrecht −5.88 ± 0.22 0.709153 ± 6 – – – – –

15 F/18 Amsterdam −5.85 ± 0.15 0.709441 ± 4 37.7724 ± 11 15.5797 ± 6 17.8547 ± 4 1.1460 ± 1 2.42443 ± 2
16 F/26 Almelo −5.21 ± 0.22 0.709674 ± 8 37.9606 ± 13 15.6104 ± 8 18.0527 ± 5 1.1565 ± 1 2.43175 ± 3
17 M/56 Amsterdam −5.01 ± 0.07 0.709135 ± 6 37.8517 ± 9 15.5856 ± 6 17.9139 ± 3 1.1494 ± 1 2.42859 ± 2
18 F/21 Amsterdam −5.70 ± 0.02 0.709584 ± 6 37.9177 ± 11 15.6049 ± 5 18.0381 ± 4 1.1559 ± 1 2.42982 ± 2
19 M/21 Utrecht −5.09 ± 0.06 0.709273 ± 6 37.9519 ± 13 15.6108 ± 9 18.0596 ± 5 1.1569 ± 1 2.43110 ± 3
20 F/38 Amsterdam −5.17 ± 0.09 0.709267 ± 7 – – –

21 F/25 Amsterdam −5.46 ± 0.07 0.708991 ± 7 – – –

22 F/19 Amsterdam −5.92 ± 0.08 0.709214 ± 6 37.9830 ± 20 15.6099 ± 13 18.0619 ± 6 1.1573 ± 1 2.43371 ± 4
23 F18 Amsterdam −4.81 ± 0.01 0.709301 ± 8 37.9924 ± 12 15.6141 ± 8 18.0745 ± 5 1.1576 ± 1 2.43323 ± 2
24 F/32 Amsterdam −5.11 ± 0.07 0.709378 ± 7 37.9755 ± 11 15.6089 ± 6 18.0813 ± 5 1.1584 ± 1 2.43290 ± 3
25 F/18 Amsterdam −5.35 ± 0.12 0.709430 ± 5 37.9952 ± 16 15.6132 ± 15 18.0888 ± 6 1.1586 ± 1 2.43357 ± 4
26 F/28 Leeuwarden −5.03 ± 0.11 0.709678 ± 7 38.0339 ± 11 15.6098 ± 7 18.1188 ± 5 1.1607 ± 1 2.43650 ± 2
27 F/27 Zaandam −4.58 ± 0.33 0.709409 ± 8 37.9963 ± 34 15.6039 ± 33 18.1062 ± 12 1.1604 ± 1 2.43529 ± 4
28 M/27 Amsterdam −4.86 ± 0.08 0.709279 ± 5 37.9423 ± 11 15.6056 ± 8 18.0437 ± 4 1.1562 ± 1 2.43131 ± 2
29 F/28 Amsterdam −5.11 ± 0.30 0.709083 ± 6 37.9691 ± 12 15.6007 ± 7 18.0324 ± 4 1.1559 ± 1 2.43377 ± 3
30 F/28 Edam −5.18 ± 0.15 0.709145 ± 7 37.9421 ± 12 15.6032 ± 6 18.0579 ± 4 1.1573 ± 1 2.43166 ± 3
Average scalp hair (n = 30), (2σ) n.a. 0.708899 ± 232 37.7877 ± 0.3917 15.5961 ± 0.0792 17.9062 ± 0.3138 1.1484 ± 0.0173 2.4229 ± 0.0183
Average tap water (n = 17), (2σ) −6.98 ± 2.23 0.709068 ± 913 37.7684 ± 0.3022 15.5581 ± 0.0507 17.9174 ± 0.2365 1.1517 ± 0.0114 2.4174 ± 0.0109
Average soils/street dust (n = 9),(2σ) n.a. 0.708961 ± 489 37.9790 ± 0.1871 15.6044 ± 0.0165 18.0540 ± 0.2079 1.1568 ± 0.0090 2.4339 ± 0.0143

(–) Analysis failed; (n.a) not analysed.
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reproducibility of IAEA-CO1 analysed during the analytical session was
±0.16‰ (1σ) for δ18O.

4.5. Carbon (δ13C) and nitrogen (δ15N) isotope analysis of bone collagen

4.5.1. Bone collagen extraction
Femur and rib bone sample powder (~50 mg) was weighed into 2

mL centrifuge tubes. The tubes were filled with a chloroform:methanol
(2:1) mixture to de-fat the bone and were subsequently placed onto a
rocker bed for 30 min. The sample was then centrifuged and the super-
natant removed. The residue was rinsed three times with Milli-Q water
and centrifuged between rinses. To remove non-protein base soluble
contaminants, 2 mL of 0.1 M NaOH was added to the sample and it
was placed on the rocker bed for 20 hour incubation. The supernatant
was then decanted and the sample was rinsed three times with Milli-
Q water and centrifuged between rinses.

The bio-apatite mineral fraction of the de-fatted bone samples was
dissolved by adding 0.6 M HCl at room temperature for one day.
When the dissolution was complete, the sample was rinsed three
times in Milli-Q water and centrifuged between rinses. To keep the col-
lagen in solution pH = 3 HCl acid was added to each sample. The sam-
ples were incubated at 80 °C overnight to gelatinise the collagen
fraction. Then, the samples were freeze dried and stored in a desiccator
prior to analysis.

4.5.2. δ13C and δ15N isotope analysis
The δ13C and δ15N isotopes in bone collagen were analysed using an

IRMS Delta XP plus mass spectrometer. The collagen samples (~0.5mg)
were placed into tin capsules and loaded into a zero-blank auto-sampler
interfaced with a Flash elemental analyser where they were combusted
to produce CO2 and N2 gases for δ13C and δ15N isotope analysis. The
resulting gaseswere chromatographically purified through aGC column
and carried to the mass spectrometer with He gas. International stan-
dards used for sample calibration for δ13C isotope analyses were USGS
40 and USGS 41 (L-glutamic acid standards). The analytical uncertainty
for the standards was better than 0.15‰. For δ15N isotope analysis the
standards usedwereN1, IAEA-310(A) and IAEA-NO3. The analytical un-
certainty was better than 0.32‰.

5. Results

5.1. Tooth enamel

The tooth enamel δ18OVPDB values of the canine and thirdmolar sam-
ples of the victim are within analytical error (Table 1). The δ18OVPDB

values of the tooth enamel from the victim were compared with
δ18OVPDB values of tooth enamel of third molars from individuals born
and currently living in The Netherlands. The samples from the victim
have more negative δ18O values and plot outside the range of third mo-
lars from Dutch individuals (Fig. 1a). The δ18ODW values of drinking
water ingested by the individual can be derived from the δ18O values
of tooth enamel based on the direct relationship between the oxygen
isotope composition in human body tissues and oxygen isotope compo-
sition of ingested water [18–20]. The δ18ODW values have been calculat-
ed using the equation presented by Chenery et al. [21] derived from the
Daux et al. [20] equations. The calculated δ18ODW values for the canine
and thirdmolar tooth enamel are−10.35‰ and−10.73‰ respectively.
These values are alsomore negative compared to δ18ODW values derived
from the third molars enamel from Dutch individuals (Fig. 1b, Table 2).

The 87Sr/86Sr isotope ratios of tooth enamel from both, canine
and third molar are within error and both samples plot within the
87Sr/86Sr isotope range of bio-available Sr in The Netherlands (Fig. 2
and Tables 1 and 2). The 207Pb/206Pb and 206Pb/204Pb isotope ratios of
the mandibular canine from the victim are comparable to the most ra-
diogenic values recorded by third molars from Dutch individuals
(Fig. 3 and Tables 1 and 2). However, the third molar from the victim

Fig. 1. a) δ18OVPDB (‰) vs 87Sr/86Sr in canine and third molar enamel carbonate from
the victim and from third molars of Dutch individuals born and living in The
Netherlands (n = 30). b) Inferred δ18ODW drinking water values vs 87Sr/86Sr in canine
and thirdmolar enamel carbonate from the victimand from thirdmolars of Dutch individ-
uals as for figure a). The δ18OW (‰) and 87Sr/86Sr range of tap water in The Netherlands
is marked by a dashed line box. The error bars are the analytical uncertainty which for
87Sr/86Sr is 0.0010% (2σ) and for δ18ODW is 1‰ (1σ).

Fig. 2. 87Sr/86Sr isotope ratios of canine and thirdmolar tooth enamel and of rib and femur
(external and internal parts) bone bio-apatite. The grey box represents the 87Sr/86Sr iso-
tope range of the bio-available Sr in The Netherlands determined by human scalp hair
and third molar tooth enamel from modern Dutch individuals born and living in The
Netherlands, tap water and soils/street dust.
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plot outside the range defined by Dutch individuals in our database and
overlap with the 207Pb/206Pb and 206Pb/204Pb isotope ratios of teeth
from Bulgaria and Poland [22,23] (Fig. 3). The 206Pb/207Pb and 208Pb/
207Pb isotope ratios of the canine and third molar of the victim plot
along a possible mixing line between Pb ore deposits from Poland,
Bulgaria and Romania and Pb ore deposits from Siberia, Australia and
Canada [24–28]. These Pb isotope ratios also overlap with the 206Pb/
207Pb and 208Pb/207Pb field of Pb ore deposits in west-central Europe
and east Russia and Kazakhstan (Fig. 4).

5.2. Bone bio-apatite

The 87Sr/86Sr ratios of femur and rib bone from the victim are within
the Sr isotope range of the environment in The Netherlands (Fig. 2).
They are, however, outside analytical error compared to the 87Sr/86Sr ra-
tios recorded in tooth enamel from the victim, for both, canine and third
molar. The 207Pb/206Pb and 206Pb/204Pb isotope ratios of rib bone over-
lap with the 207Pb/206Pb and 206Pb/204Pb isotope ratios of the third
molar from the victim (Fig. 3). The 207Pb/206Pb and 206Pb/204Pb isotope
ratios of the compact femur bone are outside error of the range defined
by the canine and thirdmolar and rib bone (Fig. 3). The 206Pb/207Pb and
208Pb/207Pb isotope ratios of femur and rib bone overlapwith the canine
and third molar 206Pb/207Pb and 208Pb/207Pb isotope ratios and plot
along the same mixing line in Fig. 4.

5.3. Bone collagen

The C/N ratios in femur and rib bone collagen samples are ~3.2. The
δ13C and δ15N values analysed in femur and rib bone collagen of the vic-
tim yielded δ13C values between ~−20.5‰ and −22.5‰ respectively
and δ15N values between 10.4‰ and 10.6‰ (Table 3 and Fig. 5).

6. Interpretation

In this section we discuss the isotopic data for the different tissue
types on the basis of the different isotope systems.

6.1. δ13C and δ15N values

The δ13C and δ15N values in bone collagen provide information about
the integrated dietary habits of an individual over time periods ranging
from recent years to throughout their lifetime depending on the bone
turnover time. The C/N ratios of bone collagen are determined along
with δ13C and δ15N values as this ratio provides an indication of the
state of preservation of bone collagen. The accepted C/N range of well-
preserved bone collagen is 2.9–3.6 [29]. In this case, the C/N ratios of
femur and rib bone collagen of the individual are ~3.2, indicating good
preservation of the bone. The δ13C values of both, femur and rib bone
collagen suggests the individual ingested a diet dominated by C3 plants
and the δ15N values suggests ingestion of an omnivore diet rich in ani-
mal protein [30–34]. The collagen δ13C and δ15N values are compared
to δ13C and δ15N values of modern hair from Europe and USA in Fig. 5
[36]. An offset of ~1‰ has to be considered when comparing collagen
δ13C and δ15N values with hair δ13C and δ15N values due to fractionation
effects occurring in the human body between food protein source and
human tissues [32,35]. A C3 plant diet consumer is typical for example
in Europe in contrast with most of North and South America and parts
of Africa where diet is influenced by C4 plants (i.e., wheat vs. corn)
[32,36–39]. These data suggest that the individual did not originate
from a region where C4 plant rich diet dominates. Therefore, we
decided to initially focus the investigation in Europe and adjacent re-
gions. If additional intelligence information were to become available
suggesting a non European origin, then we would have to consider
other regions in the world (e.g. Asia).

Fig. 3. 207Pb/206Pb vs 206Pb/204Pb isotope ratios of canine and thirdmolar tooth enamel from
the victim. The error of themeasurements and external reproducibility are smaller than the
symbols. 207Pb/206Pb and 206Pb/204Pb isotope ratios of crown tooth enamel of modern
individuals from Europe, parts of Asia and Africa from Gulson et al. [22]. 207Pb/206Pb and
206Pb/204Pb isotope ratios from crown tooth enamel of modern individuals from Bulgaria
from Kamenov [23]; and 207Pb/206Pb and 206Pb/204Pb isotope ratios of third molar crown
tooth enamel of modern individuals from The Netherlands part of this study.

Fig. 4. 206Pb/207Pb vs 208Pb/207Pb ratios of canine and thirdmolar tooth enamel and rib and
femur bone from the victim. The error of the measurements and external reproducibility
are smaller than the symbols. 206Pb/207Pb vs 208Pb/207Pb ratios of atmospheric Pb, indus-
trial and petrol Pb and Pb ore deposits fromMukai et al. [24], Tomassini et al. [26], Sangster
et al. [25], Large et al. [27], Zartman et al. [28] Bollhofer and Rosman [58,65]. 206Pb/207Pb vs
208Pb/207Pb ratios from soils in The Netherlands from Hagens et al. [73]. 206Pb/207Pb vs
208Pb/207Pb isotope ratios from third molars from Dutch individuals are from this study.

Table 3
δ13CVPDB and δ15NAIR values of bone collagen samples.

Sample δ13CVPDB δ15NAIR

Rib bone −22.52 ± 0.89 10.46 ± 0.05
Femur bone (external part) −20.48 ± 0.03 10.54 ± 0.17
Femur bone (internal part) −21.98 ± 0.66 10.79 ± 0.10
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6.2. δ18O values

Generally, isotope analysis in crown tooth enamel provides informa-
tion on the isotope composition of the diet and the environment that
the individual was exposed to during early childhood and adolescence.
For this study, crowns of the mandibular canine and third molar were
available, which are fully mineralised at the age of 6–7 years and 12–
16 years respectively. The δ18O values in teeth are interpreted to reflect
the δ18ODW of ingested water. It is commonly assumed that ingested
water is dominated by meteoric input [18–20]. Following this approach
it is possible to assess which parts of the world are compatible with the
δ18ODW calculated values derived from the δ18O values of the teeth of
the victim (Fig. 6). Themeteoricwater from the teeth hasmore negative
δ18O values than precipitation in the Netherlands and is consistent with
a less maritime and colder climate. Fig. 6 is an illustration of the most
probable regions of origin in Europe and includes: the south of Poland
in the border region with Slovakia, the Carpathian Mountains
(Romania, Slovakia and Ukraine), the Alps (Italy, Switzerland and
Austria), Russia, Turkey, south of Norway and south Sweden and east
Scotland. This assessment has been carried out using the Isomap pro-
gram (http://isomap.org) [40,41] by developing an δ18OW isoscape
map of the larger Europe [42] based on a precipitation model [43] and
an assignmentmodel based on the inferred δ18ODW values of the canine
tooth [44]. Assuming that δ18ODW of ingested water is mostly dominat-
ed by meteoric input is a relatively simplistic approach and does not
take into account the large scale movement of water in rivers and an-
cient underground reservoirs [2]. However, it gives an indication that
the victim was highly unlikely to have lived in The Netherlands during
his childhood and adolescence years and he probably lived in a region
dominated by a colder climate less influenced by proximity to the sea.

6.3. 87Sr/86Sr isotope ratios

Sr isotope ratios undergo no isotopic fractionation within the body
[45] unlike light stable isotopes. The 87Sr/86Sr ratios of the teeth are
interpreted to reflect the integrated composition of the bio-available
Sr in the environment during the period of tooth mineralisation. The
Sr isotope ratios recorded in the tooth enamel of the individual suggest,
however, similarities with the Sr isotope signatures of the bio-available
Sr in The Netherlands (~0.709). The fact that the Sr isotope ratios of the
canine and third molar tooth enamel are within error, suggests that the
individual did not move during his childhood and adolescence. The Sr
isotope ratios in femur bone and rib are more radiogenic (0.7091–

0.7094) compared to tooth enamel. The Sr isotope ratios of the teeth
(~0.7089) are typical of environments dominated by coastal and deltaic
sediments, such as found in The Netherlands, south of the UK and other
parts of northwest Europe (i.e., mixed river derived sands, clays and old
marine limestone). Similar Sr isotope ratios are recorded in many parts
of the Earth. Themore radiogenic Sr isotope ratios in bones suggest that
the individual moved to a region that is compatible with an environ-
ment characterised by aeolian sands and loess, and mixed sandstone,
shale and conglomerate successions that formed as terrestrial or shal-
low marine deposits. This type of geology is found in many parts of
Earth, aswell as in the east and south of theNetherlands and in the foot-
hills of rising mountain chains like, for instance, the Alps. This geology,
however, contrasts markedly with the marine sediments found in the
west of The Netherlands. The Sr isotope ratios from the tooth enamel
and femur–rib of the victim are within the Sr isotope range of thirdmo-
lars fromDutch individuals and the Sr isotope range of the bio-available
Sr in The Netherlands. However, these ratios are not particularly diag-
nostic and Sr isotope ratios used as a single system, without the combi-
nation of another isotope system, are not sensitive enough indicators of
provenance in this case. However, they can be used to exclude prove-
nance from three geological environments dominated by: a) volcanic
regions (~0.703–0.705); b) pre-Cambrian basement rocks or derived
sediments (N0.715) and c) purely limestone regions (~0.708). The Sr
isotope data therefore helps to exclude some of the areas suggested
based only on the inferred drinking water δ18ODW values, such as:
west Scotland (Tertiary volcanic flood basalt region; [46–48]);
south of Norway and south Sweden (Pre-Cambrian basement; [49])
and the Alps (metamorphic N 0.710–0.720 [50,51] and calcareous Alps
b 0.7089; [52]).

6.4. Pb isotope ratios

In contrast to Sr, bio-available Pb in the environment represents a
mixture of Pb derived from both geological and anthropogenic sources.
An indication of the present day Pb contribution to European agricultur-
al soil from underlying geology is provided by the study of Reimann
et al. [53]. This study demonstrates a clear E–W variation in Pb isotope

Fig. 5. δ13C and δ15N values of femur (external and internal part) and rib bone collagen of
the victim. The grey and black box show the δ13C and δ15N range of modern human scalp
hair inwestern Europe and USA for comparison [33-36]. An offset of ~1‰ in δ13C between
bone collagen and hair needs to be taken into account when comparing the δ13C values.

Fig. 6.Assignmentmap ofmost probable regions of provenance (red) in the larger Europe.
This map is based on the δ18O values in the canine tooth of the victim and derived δ18ODw

values of ingested water. The δ18ODw calculated value is used to model the most likely re-
gions of provenance [44] using a precipitation δ18Omodel [42,43] taking into account pre-
cipitation data between 1960 and 2000 with a standard deviation of 1‰. The colour scale
varies from regions where the isotopic values are indistinguishable frommeasured values
(red) to regions that have progressively more distinct isotopic values (green to blue). This
map is calculated using Isomap.org program [40].
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ratios in the bulk soils that is predominantly controlled by the variation
in the age of the underlying geology. As with Sr, the isotopic composi-
tion of the bio-available Pb derived from the bulk soil will not be
equal to that of the bulk soil due to preferential breakdown of specific
minerals by weathering processes. The exact isotopic compositions of
bio-available Pb derived from soils will depend on the mineralogy and
maturity of the soil and the prevailing climatic conditions [53–57].
Bio-available Pb in soils, particularly the top soils, will also contain an
anthropogenic component ultimately derived from fertilisers and Pb
ores from around the world [57]. The ores have specific Pb isotopic sig-
natures determined by the geological age and initial U/Pb and Th/Pb ra-
tios of the source rocks from which ore forming fluids are derived. The
effect of mining Pb ores and related smelting and the use of such Pb in
industry, combustions of fossil fuels (former use of gasoline, coal) and
Pb containing products such as batteries and plastics, has introduced
anthropogenic Pb worldwide into the environment [58–60]. Thus, the
Pb isotopic signatures of bio-available Pb in the environment record
a mixed signal of all Pb sources dominated by pollution related Pb
(anthropogenic) and Pb in soils (mostly geological).

Pb isotope analyses in human tissues have been successfully used to
study the exposure of humans to particular Pb polluted environments
since Pb isotope composition is linked to Pb ore sources [22,61–63].
The use of Pb isotopes as a provenance indicator is successful when
isotopic differences between regions are resolvable [63]. Due to global-
isation and gradual change of the Pb isotope composition in the envi-
ronment, the identification of possible geographical areas of human
origin are not always possible. Currently, atmospheric Pb is mostly pro-
duced by industry, but several decades ago leaded gasoline was a large
contributor to atmospheric Pb in Europe and other countries in the
world [26,64,65]. Consequently, the Pb isotope ratios of atmospheric
pollution vary through time [66]. However, in Europe, there has been
east–west variation of atmospheric Pb isotope ratios (Fig. 4). For exam-
ple, ratios such as 206Pb/207Pb and 208Pb/207Pb were higher in atmo-
spheric Pb in the west than in eastern European countries [26,65].
However, there is an overlap in 206Pb/207Pb and 208Pb/207Pb ratios of
Pb ores in central Europe and Russia, except for Pb ores in the Koala Pen-
insula, Russia and Pb ores in Poland, Bulgaria and Romania that are
lower and higher respectively compared to most of Pb ores in Central
Europe and Russia [24–28]. These regional isotopic differences are due
to the different Pb sources used by industry and former use of gasoline.

The Pb isotope ratios from teeth and bones of the victim are com-
pared with Pb isotope signatures from the environment in the 1980s–
1990s and more recent times in Figs. 3 and 4. Temporal variations in
Pb isotope ratios have been determined in a limited number of isolated
locations worldwide [66–73] but regional coverage of Pb isotope varia-
tion across Europe over the last 4–5 decades is not known. According to
the initial age estimation provided to us, the subjectwas calculated to be
most probably born around 1957–1960. The Pb isotope data in the at-
mosphere and soils during his childhood (1960s) are not available
and, therefore, we based our interpretations on more modern data
(1980s–1990s) and the tooth databases that include a limited number
of samples from people born in the 1950–1960s. The individual, howev-
er, was found to be 23 years of age when he died and therefore, was
born in the 1970s. Then, the Pb data used in this study was relevant
for the childhood and adolescent time period of the individual. The Pb
isotope variations observed in the geology and atmospheric Pb are re-
corded in human teeth (bio-available Pb) sampled across Europe, but
also in parts of Asia and Africa (Fig. 3) [22,23]. These data represents
the best currently available record of the bio-available Pb in Europe
and other countries several decades ago (between 1940s and 1980s).
The databases are of direct use in making comparisons with Pb isotope
signatures in femur and rib bone bio-apatite, which provides an inte-
grated signal of environmental Pb isotope composition during the last
~25–30 years of his life for femur bone and the last 4–6 years for rib.

The Pb isotope data from the subject's teeth and bones are compara-
ble with Pb ore deposits from north-west and Central Europe and soils

in The Netherlands and also with Pb ores from eastern Russia and
parts of central-south Russia and Kazakhstan (Fig. 4). But as explained
above Pb isotope ratios of ores and soils are predicted not to be the iso-
topic ratios of the bio-available Pb. Both teeth and bone samples plot
along a mixing line between the Pb isotope ratios of ore deposits in
Poland, Bulgaria, Romania (east Europe) and east Russia and atmo-
spheric Pb in Europe and Russia (Fig. 4). This suggests an incorporation
of eastern European Pb in the victim's tooth enamel and bone bio-
apatite. The teeth and bone of the victim overlap with the range of Pb
isotope ratios of teeth from Poland, Romania, former Yugoslavia and
Bulgaria (Fig. 3) [22]. The canine teeth have combined 207Pb/206Pb and
206Pb/204Pb ratios at the edge of the Pb isotope range defined by third
molar fromDutch individuals (Fig. 3). However, when the data are plot-
ted on a 206Pb/207Pb vs 208Pb/207Pb (Fig. 4), the data can be seen to be
distinct from that of the Netherlands tooth database. The tooth Pb
data therefore, imply that the subject was not born and raised in The
Netherlands. The similarity in the combined Sr and Pb isotope ratios
and δ18O values of teeth and bone suggest that the subject was not
very mobile during the majority of his lifetime. Initially, this conclusion
was based considering the estimated age of 39–42 years. However, this
also applies for the real age of the individual.

7. Conclusions: integration of all isotopic systems

Based on the combination of δ18O values and Sr isotope ratios, it is
possible to eliminate regions with extreme isotopic values such as The
Netherlands, west Scotland, south of Norway and Sweden, the Alps,
Russia and Turkey as the possible area of birth and childhood. The Pb
isotope signatures of teeth rule out childhood in regions such as
Belarus and south-west Russia (former Commonwealth of Independent
States— CIS) and east of Turkey and Georgia (if we assume a similar Pb
isotope composition as for CIS states). The Pb isotope composition of
tooth enamel from the Balkan regions, such as former Yugoslavia and
Bulgaria are compatible with the victim's teeth and bone, but can be ex-
cluded since the δ18ODW values derived from the teeth of the victim
which are incompatible with the δ18O values of meteoric water from
these regions. The Pb isotopes suggest the influence of Pb isotope signals
in the individual typical from east Europe and the Balkan region. There-
fore, we conclude that the region including south Poland, south-east
Slovakia and the region of Ukraine–Romania–Bulgaria, specifically the
region associated with the Carpathian Mountains is the most probable
place of origin for the unidentified individual. However, due to the com-
plexity of the geology of these areaswe are currently unable to pinpoint
the precise locations within this region. A detailed study of local drink-
ing water and geology is required to give our conclusion better spatial
resolution.

After the multi-isotope study was initiated, the Cold Case and Re-
view Team from the Amsterdam-Amstelland Police informed the iso-
tope investigators that they had made a positive identification of the
individual. The identification had been confirmed by DNA analysis. De-
tails of the individual's birth place and mobility were withheld until
completion of the multi-isotope study and submission of a detailed re-
port to the Cold Case Team to ensure that the interpretation of the iso-
topic data could not be influenced by foreknowledge. The individual
originated from south-west Poland, where he spent most of his life.
The region lies within the area proposed by this study and consequently
provides strong validation of the potential power of the combined
multi-isotope methodology.

This study illustrates the importance of using multi-isotope systems
for human provenance investigations. In many cases the use of single
systems, such as Sr isotope ratios in tooth enamel and bone apatite, ap-
pear to be insensitive indicator of provenance. However, the combina-
tion of δ18O values and Sr isotope ratios and the combination of
different Pb isotope ratios appear to be the most useful parameters for
determining the provenance of victims. A major conclusion is that it is
essential to have isotope databases available of different environmental
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and human tissue samples for comparative purposes as well as the use
of existing isotope precipitation data and geological maps.
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