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Abstract

We present in this study results obtained with a laser-ablation coupled with both a quadrupole and a multi-collector
ICPMS. The simultaneous in situ Sr/Ca and 87Sr/86Sr measurements along growth profiles in enamel allows the concomitant
diet and migration patterns in mammals to be reconstructed. Aliquots of the powdered international standard NIST
‘‘SRM1400 Bone Ash” with certified Sr and Ca contents, was sintered at high pressure and temperature and was adopted
as the reference material for external reproducibility and calibration of the results. A total of 145 coupled elemental and iso-
topic measurements of herbivores enamel from the Kruger National Park, South Africa, gives intra-tooth Sr/Ca and 87Sr/86Sr
variations that are well larger than external reproducibility. Sr/Ca profiles systematically decrease from the dentine-enamel
junction to the outer enamel whereas 87Sr/86Sr profiles exhibit variable patterns. Using a simple geometric model of hypso-
dont teeth growth, we demonstrate that a continuous recording of the 87Sr/86Sr variations can be reconstructed in the tooth
length axis. This suggests that the mobility of a mammal can be reconstructed over a period of more than a year with a res-
olution of a ten of days, by sampling enamel along growth profiles. Our geometric model of hypsodont teeth growth predicts
that an optimal distance between two successive profiles is equal to the enamel thickness. However, this model does not apply
to the Sr/Ca signal which is likely to be altered during the enamel maturation stage due to differential maturation processes
along enamel thickness. Here, the observed constant decreases of the Sr/Ca ratios in the ungulates of Kruger National Park
suggests that they did not changed of diet, while some of them were migrating.
� 2008 Elsevier Ltd. All rights reserved.

1. INTRODUCTION

In recent years, there has been a growing interest in the
application of laser ablation inductively-coupled plasma
mass spectrometry (LA-ICP-MS) to trace-element profiling
of incrementally grown biological tissues such as corals
(Munksgaard et al., 2004; Sinclair, 2005; Sinclair et al.,

1998), shells (Christensen et al., 1995), otoliths (Woodhead
et al., 2005; Clarke et al., 2007), and teeth (Ghazi et al.,
2000; Hoffmann et al., 2000; Dolphin et al., 2005; Cucina
et al., 2007). Tooth enamel receives a growing interest be-
cause it allows to reconstruct age-related changes during
the lifetime of living and fossil humans (Dolphin et al.,
2005; Humphrey et al., 2008; Richards et al., 2008).

Dental enamel is a heavily mineralized tissue which
forms early in the lifetime of an animal and is not remod-
eled thereafter. As a result, the chemical variations of enam-
el are a function physiological states and environmental
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changes during tooth mineralization only. However, the
pattern of enamel growth (i.e. mineralization schedule
and tooth shape) controls the geometry of these variations.
For instance, intra-tooth carbon and oxygen stable isotopes
variations in fossil enamel, which are extensively used to
reconstruct changes in ancient dietary habits and past cli-
mates (Fricke et al., 1998; Balasse, 2002; Zazzo et al.,
2002), are known to depend on the micro-sampling strat-
egy. This is due to the fact that the enamel maturation stage
is a three-dimensional complex process which anisotropi-
cally damps the primary signal recorded at the enamel ma-
trix deposition stage (Passey and Cerling, 2002; Balasse,
2003; Zazzo et al., 2005).

Of particular interest for ancient mammal dietary habits
and migrations reconstructions, is the study of fossil enamel
strontium/calcium ratio (Sr/Ca) (Sponheimer et al., 2005;
Sponheimer and Lee-Thorp, 2006) and strontium stable
isotope ratio (87Sr/86Sr) (Feranec et al., 2007; Muller
et al., 2003; Sillen et al., 1998; Wright, 2005), respectively.
On the one hand, the Sr/Ca ratio is a proxy of trophic level
which is based on the constant discrimination of dietary Sr
by mammals resulting in predictable lower Sr/Ca in con-
sumer relative to its diet (Balter, 2004). While this picture
has been clearly depicted for bone for fifty years since the
pioneering works of Comar et al. (1956), the Sr/Ca pattern-
ing for enamel seems to be slightly different. On the basis of
data on modern mammals from the Kruger National Park
(South Africa), it appears that grazing herbivores have the
highest Sr/Ca ratio, followed by browsing herbivores and
carnivores (Sponheimer et al., 2005; Sponheimer and Lee-
Thorp, 2006). On the other hand, because the abundances
of the radiogenic 87Sr isotope are determined after normal-
ization of stable isotope variations to a reference 86Sr/88Sr
ratio of 0.1194, the 87Sr/86Sr ratio is immune to biological
and any other process down the trophic chain. Conse-
quently, the 87Sr/86Sr of an animal ultimately reflects that
of the bedrock on which it feeds (Hobson, 1999).

While this has never been clearly demonstrated, the
validity of the Sr/Ca proxy implies that bone and tooth
Sr and Ca are principally supplied by food and not by
water. If the contrary was true, such proxy would not have
existed because herbivores and carnivores of a trophic chain
usually share the same water spots. Quantitatively, this can
be easily demonstrated using allometric relationships be-
tween body mass (W, g) in one hand, and water intake
(IW, ml/h) or dry matter intake (IDM, g/d) in the other
hand, which are IW = 0.010 W0.880 (Eq. 1) and
IDM = 0.577 W0.727 (Eq. 2), respectively (Adolph, 1949;
Nagy, 1987). Compiled values of the literature give Sr con-
centration in plants (�50 ppm, values in Balter et al., 2001)
three orders of magnitude higher than in rivers and meat
(�50 ppb) (Li, 1982; Balter et al., 2001). For a given body
mass, this gives that the Sr amount derived from plants
and meat is higher than the Sr amount derived from water
by two and five orders of magnitude, respectively.

Simultaneous analyses of Sr/Ca and 87Sr/86Sr ratios in
fossil enamel should help to better describe the ecological
behavior of extinct mammals, including hominids. For indi-
viduals within a species, this would allow to know whether
diet variations were associated with migration or not and

thus, whether this species was predominantly stenotopic
(generalist, with a broad dietary spectrum and tolerant to
a range of environments) or eurytopic (specialist, with a
narrow dietary breadth and strong habitat preference).
Here, we show that simultaneous Sr/Ca and 87Sr/86Sr anal-
ysis in enamel is feasible by coupling a quadrupole (Q-) and
a multi-collector (MC-) ICPMS to a laser ablation. Accu-
rate and reproducible results are obtained in spite of the rel-
atively small pit size (�70 lm) and the moderate Sr
concentration levels of the samples (�300 ppm). Moreover,
we develop a geometric model that allows to reconstruct Sr
isotopic variations throughout the growth of a hypsodont
tooth.

2. MATERIAL

2.1. Teeth samples

The material is composed of four entire molars of three
herbivores specimen (zebra, impala and sable antelope)
from the Kruger National Park (KNP), South Africa.
The three species considered are mobile animals. Zebras
(Equus burchellii) graze over 50 different species of grasses
mainly in open, short-grass savanna, whereas sable ante-
lopes (Hippotragus niger) are specialized grazers feeding
on foliage and herbs (Skinner and Smithers, 1990). Impalas
(Aepyceros melampus) are intermediate feeders (Skinner
and Smithers, 1990). The teeth of the zebra and sable ante-
lope specimens are lower third molar (1132-M3 and 16999-
M3, respectively) and the teeth of impala are lower second
and third molars (16677-M2 and 16677-M3, respectively).
Third molars are preferred to minimize contributions from
suckling. The clean teeth samples were embedded in epoxy
resin and sectioned longitudinally with a diamond wafering
wheel saw. The resulting surfaces were gently polished man-
ually on wet fine-grained sandpaper.

2.2. Solid apatite standards

Three international standards, two sedimentary apa-
tite, SRM-120c (‘‘Florida Phosphorite”) and BRC-32
(Moroccan Phosphorite), and one biological apatite,
SRM-1400 (‘‘Bone Ash”), were used as references to as-
sess the external reproducibility of the data. About
100 mg of these powdered samples were sintered at
2 GPa and 700 �C in a belt apparatus at the Centre des
Hautes Pressions of the Claude Bernard Lyon1 Univer-
sity. In order to obtain clean and flat surfaces, the result-
ing sintered samples were manually abraded and polished
using wet fine-grained sandpaper.

3. METHOD

3.1. Instrumental design

The Sr/Ca ratios were measured on the ThermoElement
X7 quadrupole-ICPMS and the 87Sr/86Sr ratios on the Nu-
HR (Nu-instrument) multicollector ICPMS of the Ecole
Normale Supérieure in Lyon (ENSL). The laser is a
157 nm F2/He excimer laser LPF202 of Lambda Physiks.

Laser ablation Sr/Ca and Sr isotopes in enamel 3981
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The three devices are coupled according to the Fig. 1. The
laser ablation setup and the design of the sample chamber
are described in detail in Telouk et al. (2003). The typical
pit size is 70–100 lm (Fig. 2). For optimal sensitivity the
installation was designed to direct about 90% of the ablated
matter to the MC-ICPMS. As these conditions result in an
inadequate argon flow to the Q-ICPMS, extra argon was
added to overcome disequilibrium (Fig. 1).

3.2. Analytical conditions

Sr isotope data were obtained in static mode. Masses 88,
87, 86, 85, 84 and 83 were measured on Faraday cups. The
isobaric interference of 87Rb was corrected using the 85Rb
signal, which is extremely small (<1 mV), because Rb does
not substitute to Ca in apatite. Krypton interferences at
masses 84 and 86 (<1 mV) are corrected using 83Kr. Sr
and Ca concentrations were analyzed on the X7 using the

43Ca, 44Ca, and 88Sr isotopes. All the results are expressed
at the 95% confidence level (2r). Blanks, which are typically
lower than 1 mV, are measured with the laser off before
each measurement run. The standard bone ash SRM-1400
which is certified to contain 250 ppm of Sr, produces typical
signals of total Sr of about 250 mV on the MC-ICPMS. and
5 � 104 cps for the masse 88 on the Q-ICPMS. In order to
calibrate the data obtained by laser ablation, the metal/Ca
(Me/Ca) ratios of the three afore-mentioned international
apatite standards were measured by wet chemistry and Q-
ICPMS. The concentration ratios (Table 1) match the cer-
tified values (Fig. 3).

3.3. Geometry of hypsodont tooth growth

Here, we sampled enamel along growth prisms, i.e.
along the track left by ameloblast cells (Fig. 2). This new
strategy is expected to optimize the duration, as well as
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Fig. 1. Schematic of the laser ablation tandem quadrupole-multicollector ICPMS technique. The ablation cell is mounted on a motorized
stage holder for X–Y–Z motion. The cell window as well as the convex lens are in CaF2 (as indicated in gray). The ablation cell is surrounded
by a skirt which is permanently purged by argon. Argon and helium flows are reported.
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Fig. 2. Optical photograph of a polished section of tooth showing the different anatomical patterns discussed in the text, as well as the laser
pits of the profiles P1 and P2 of the specimen AZ-16677 third molar. DEJ stands for dentino-enamel junction, Gl for growth in length, Gt for
growth in thickness, respectively. The angle of the Retzius’ lines and growth prisms with DEJ or outer enamel are reported. If the growth of
the tooth is equal in length than in thickness, the Retzius’ striae would be oriented with an angle of 60�/2 = 30� relative to the DEJ. Because
this angle is approximately 15�, it is concluded that the tooth growths twice faster in length than in thickness.
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Table 1
Measured (laser and solution) and certified metal/calcium (Me/Ca) values for three apatites international standards

x Me/Ca (x103), BCR-32 Me/Ca (x103), SRM-1400 Me/Ca (x103), SRM-120c

Measured Certified Measured Certified Measured Certified

n Laser n Solution n Laser n Laser n Solution

Mg 4 3.4663 ± 2146 21 6.3283 ± 3558 (2.7) 6.5163 ± 1705 (0.2) 3 14.1295 ± 1.5257 17.9151 ± 3459 (1.7) 2 2.3477 ± 1628 17 5.4717 ± 2988 (4.3) 5.6234 ± 884 (0.0)
Mn 4 0.0822 ± 28 4 0.0447 ± 7 (3.9) 0.0508 ± 30 (16.3) 2 0.7093 ± 167 6 0.6243 ± 280 (0.6) 0.6093 ± 226 (6.1)
Sr 4 3.4986 ± 904 19 2.6726 ± 1727 (2.1) 54 1.2664 ± 773 0.6522 ± 185 (5.8) 3 3.9807 ± 1854 27 2.9345 ± 1403 (2.3) 2.4638a (1.9)
Ba 4 0.1927 ± 183 15 0.2880 ± 87 (4.5) 54 1.7309 ± 1461 0.6286 ± 263 (5.9) 3 0.1782 ± 749 27 0.2202 ± 70 (3.1)
La 2 0.1071 ± 173 3 0.2914 ± 188 (9.9) 2 0.1153 ± 12 7 0.2695 ± 122 (8.6)
Ce 2 0.0472 ± 63 3 0.0889 ± 22 (8.3) 2 0.2318 ± 31 7 0.3946 ± 150 (5.2)
Nd 2 0.1432 ± 114 3 0.1793 ± 61 (3.4) 2 0.2206 ± 247 7 0.2320 ± 81 (1.6)
Sm 2 0.0411 ± 10 3 0.0359 ± 13 (1.5) 2 0.0707 ± 164 7 0.0473 ± 16 (1.7)
Eu 2 0.0166 ± 30 3 0.0098 ± 2 (2.0) 2 0.0240 ± 44 7 0.0110 ± 3 (5.2)
Gd 2 0.1659 ± 137 3 0.0532 ± 11 (9.5) 2 0.2202 ± 723 7 0.0543 ± 27 (12.2)
Tb 2 0.0104 ± 10 3 0.0076 ± 2 (0.9) 2 0.0140 ± 48 7 0.0079 ± 4 (2.4)
Dy 2 0.0626 ± 18 3 0.0556 ± 17 (1.2) 2 0.0741 ± 143 7 0.0521 ± 18 (1.2)
Ho 2 0.0150 ± 4 3 0.0135 ± 2 (2.8) 2 0.0155 ± 39 7 0.0116 ± 5 (0.7)
Er 2 0.0512 ± 1 3 0.0445 ± 10 (1.2) 2 0.0533 ± 127 7 0.0353 ± 8 (1.6)
Tm 2 0.0080 ± 0 3 0.0061 ± 1 (1.7) 2 0.0074 ± 13 6 0.0047 ± 1 (0.4)
Yb 2 0.0678 ± 18 3 0.0409 ± 14 (2.7) 2 0.0634 ± 153 7 0.0301 ± 16 (5.2)
Lu 2 0.0088 ± 8 3 0.0068 ± 2 (1.7) 2 0.0069 ± 16 7 0.0047 ± 2 (0.6)
Pb 4 0.0228 ± 6 4 0.0096 ± 47 (6.2) 0.0146a (22.4) 6 0.0607 ± 85 0.0238 ± 3 (19.9) 3 0.0907 ± 44 7 0.0423 ± 60 (5.5) 0.0811a (14.1)
U 4 0.5948 ± 1306 4 0.3361 ± 158 (4.0) 0.3376a (8.2) 3 0.5723 ± 2897 7 0.3186 ± 163 (4.2) 0.3336 ± 25 (8.2)

Values in parenthesis are the residue (%) of the least-square regression between the laser and solution Me/Ca (Fig. 3A), and the laser and certified Me/Ca (Fig. 3B).
Values in italic are residue higher than 10%.

a Reported but not certified value.
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the time resolution, of the enamel signal. Another impor-
tant anatomical pattern of enamel is the Retzius’ striae
(Fig. 2), which are the ghosts of the advancing front of
the forming enamel. From the angles made by the growth
prisms and the Retzius’ striae with the dentino-enamel junc-
tion (DEJ), �60� and �15�, respectively, teeth must have
grown twice as fast in length as in thickness (Fig. 2). A sam-
pling point located along a growth prism at a given distance
from the DEJ, should therefore have the same signal as one
located along the DEJ at twice this distance from the
growth prism. In order to take these geometric constraints
into account, all the profiles were positioned relative to each
others with respect to the position of the first pit of the first
profile (L1

abs) along the DEJ according to the formula
ðLn

abs � L1
absÞ=2þ L1

abs; L
n
abs being the position of the first

pit along the DEJ of the nth profile (Table 2).

4. RESULTS

The analyses on the solid SRM-1400 standard (n = 14),
conducted under the normal coupled run conditions over
two consecutive days, yielded an average Sr/Ca value of
0.001224 ± 0.000015, with an in-run precision of
±0.000022 (Fig. 4). In comparison, Sr/Ca data (n = 33) col-
lected over two years using LA-Q-ICPMS only, yielded an
average of 0.001257 ± 0.000018 with an in-run precision of
±0.000013 (Fig. 4). Coupled analysis of the solid SRM-
1400 standard yield an average 87Sr/86Sr value of
0.71340 ± 0.00054 with an in-run precision of ±0.00064
(Fig. 4). The 87Sr/86Sr value of this sample is not certified,
but is similar to a TIMS result of 0.713104 ± 0.000019 re-
ported by (Schweissing and Grupe, 2003). Taking into ac-
count the low Sr content (250 ppm) of the sample, the
rather small size of the laser pit, and the small fraction
(10%) of the sample directed to the Q-ICPMS, these results
comparable favorably with those obtained using LA-Q-
ICPMS (Sinclair et al., 1998; Hoffmann et al., 2000;
Munksgaard et al., 2004), or LA-MC-ICPMS (Christensen
et al., 1995; Bizzarro et al., 2003).

A total of 145 coupled analyses, distributed into 14 pro-
files of �10 spots, yielded highly variable Sr/Ca and
87Sr/86Sr ratios (0.00430 ± 0.00336 and 0.7083 ± 0.0043,
respectively). The Sr/Ca and 87Sr/86Sr variations given in
Table 2 exceeds the external reproducibility by a factor of
30-500 for the Sr/Ca ratio and of 2-8 for the 87Sr/86Sr ratio.
Additional LA-Q-ICPMS (n = 178) and LA-MC-ICPMS
analyses (n = 48) give similar results, with variations larger
by a factor of 30-500 and two for the Sr/Ca and 87Sr/86Sr
ratios, respectively.

5. DISCUSSION

The geological substrates of the KNP (stretching over
about 15,000 Km2 between 22�300S and 25�300S and
31�000E and 32�000E) are mainly composed by >3 Ga years
old archean gneisses which are intruded by granites of the
Murchinson Sequence, and by the Lebombo Volcanic
Group of the Karoo Sequence (Schutte, 1986). Intrusive,
volcanic and sedimentary rocks represent 55%, 41% and
3%, respectively, of the total surface of KNP. Contempora-
neous gneisses of the Kaapvaal Craton (Swaziland) and of
the Zimbabwe Craton yield 87Sr/86Sr values of
0.7102 ± 0.0022 and 0.7108 ± 0.0050, respectively (Davies
and Allsopp, 1976; Wilson et al., 1978). The granite of
the Murchinson Sequence is represented at KNP by the
Nelspruit Migmatite which has a 87Sr/86Sr values of
0.7114 (Davies and Allsopp, 1976). The Lebombo Volcanic
Group is composed of several basalt types for which a glo-
bal 87Sr/86Sr of 0.7056 ± 0.0007 is given by Sweeney et al.
(1994). Although we did not analyze plants or soils samples
from the KNP, the range of the 87Sr/86Sr values obtained in
enamel (�0.704 to �0.718; Table 2) well reflects the Sr iso-
tope variability of the KNP geological substrates. Replac-
ing our samples in this isotopic context allows to deduce
that the sable antelope and the impala preferentially at-
tended the western granitic area of KNP whereas the zebra
was more regularly on the eastern basaltic part of KNP.
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Table 2
Mean, standard deviation, maximum and minimum of the Sr/Ca and 87Sr/86Sr profiles measured by LA-QMC-ICPMS, or LA-Q-ICPMS and LA-MC-ICPMS

Sample ID Profile ID n Labs%
a Lcor%

b Tandem LA-QMC-ICPMS LA-Q-ICPMS LA-MC-ICPMS

Sr/Ca 87Sr/86Sr Sr/Ca 87Sr/86Sr

Mean ± SD Max.–Min. Mean ± SD Max.–Min. Mean ± SD Max.–Min. Mean ± SD Max.–Min.

16677-M2 QMC-M2-1 12 43 43 0.0079 ± 7 0.0087-0.0066 0.7068 ± 3 0.7074-0.7064
QMC-M2-2 10 72 58 0.0081 ± 15 0.0101-0.057 0.7066 ± 2 0.7070-0.7062
QMC-M2-3 10 90 66 0.0081 ± 11 0.0102-0.0062 0.7069 ± 3 0.7077-0.7066
Q-M2-P1 14 42 42 0.0077 ± 9 0.0088-0.0059
Q-M2-P2 10 72 59 0.0080 ± 16 0.0099-0.0050
Q-M2-P3 9 91 67 0.0082 ± 12 0.0105-0.0062

16677-M3 QMC-M3-1 11 45 41 0.0072 ± 10 0.0091-0.0055 0.7066 ± 7 0.7080-0.7060
QMC-M3-2 12 80 56 0.0077 ± 17 0.0100-0.0051 0.7070 ± 6 0.7083-0.7064
QMC-M3-3 11 97 67 0.0077 ± 9 0.0087-0.0061 0.7068 ± 3 0.7073-0.7063
Q-M3-P1 12 37 37 0.0069 ± 8 0.0081-0.0052
Q-M3-P2 11 37 37 0.0069 ± 7 0.0078-0.0054
Q-M3-P3 12 78 57 0.0067 ± 18 0.0092-0.0044
Q-M3-P4 11 78 57 0.0067 ± 17 0.0089-0.0042
Q-M3-P5 12 96 66 0.0063 ± 7 0.0069-0.0043
Q-M3-P6 12 96 66 0.0067 ± 7 0.0072-0.0048
MC-P4 13 36 36 0.7062 ± 3 0.7069-0.7058
MC-P2 11 76 56 0.7075 ± 4 0.7081-0.7068
MC-P1 13 78 57 0.7073 ± 4 0.7079-0.7067
MC-P3 13 93 65 0.7072 ± 5 0.7078-0.7065

16999-M3 QMC-1 11 12 12 0.00063 ± 12 0.00089-0.00052 0.7054 ± 13 0.7075-0.7036
QMC-3 10 28 20 0.00061 ± 11 0.00079-0.00047 0.7049 ± 11 0.7067-0.7032
QMC-4 10 66 39 0.00066 ± 8 0.00082-0.00054 0.7042 ± 6 0.7052-0.7030
QMC-5 11 88 50 0.00062 ± 13 0.00086-0.00045 0.7038 ± 6 0.7045-0.7026
Q-16999-P1 12 13 12 0.00061 ± 13 0.00092-0.00047
Q-16999-P2 11 29 21 0.00065 ± 16 0.00093-0.00042
Q-16999-P3 11 67 40 0.00064 ± 11 0.00086-0.00046
Q-16999-P4 13 89 51 0.00066 ± 13 0.00090-0.00048

1132-M3 QMC-AZ4 6 65 66 0.0020 ± 2 0.0022-0.0017 0.7160 ± 7 0.7165-0.7146
QMC-AZ3 11 70 67 0.0025 ± 5 0.0034-0.0020 0.7160 ± 13 0.7184-0.7138
QMC-AZ2 11 77 74 0.0024 ± 5 0.0030-0.0018 0.7148 ± 11 0.7169-0.7128
QMC-AZ1 9 91 78 0.0019 ± 2 0.0021-0.0017 0.7142 ± 6 0.7156-0.7135
Q-AZ-P2 9 74 70 0.0021 ± 3 0.0027-0.0017
Q-AZ-P1 11 88 77 0.0019 ± 1 0.0020-0.0016

a Labs is the position of the first pit relative to the total length of the teeth.
b Lcor is the position of the first pit relative to the total length of the teeth, corrected for the differential growth rate between length and thickness, and normalized position of the first pit of the first

profile.
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These conclusions are supported by the higher Sr isotope
values found in ivory and bone of elephants living in the
western part of KNP than living in the eastern one (van
der Merwe et al., 1990; Vogel et al., 1990). The Sr/Ca values
obtained in the present study are slightly lower than those

reported by Sponheimer and Lee-Thorp (2006) on different
species of mammals from the KNP. The small number of
grazers and the absence of carnivore and browser in our
samples does not allow to observe the Sr/Ca patterning re-
vealed by Sponheimer and Lee-Thorp (2006).
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The results are presented in Figs. 5–8. The Sr/Ca ra-
tios systematically decrease from DEJ to the enamel sur-
face (ES) whereas 87Sr/86Sr profiles exhibit fluctuating
patterns. Most importantly, our assumptions about tooth
growth geometry are validated by consistent 87Sr/86Sr
profiles, which demonstrated that a continuous record
of the 87Sr/86Sr variations can be reconstructed from
piecewise analyses along the tooth length. The consis-
tency of isotopic profiles is particularly visible in the case
of the third molar of the impala (Fig. 8), for which the
profiles MC-P4 and QMC-M3-1 match perfectly over
40–50% of the tooth length. The bump at about 67%
present on four profiles (MC-P2, MC-P1, QMC-M3-2
and MC-P3) is particularly striking (Fig. 8). Although ze-
bras and sable antelopes are free rangers (Skinner and
Smithers, 1990) and thus should be characterized by var-
iable enamel 87Sr/86Sr ratios, no clear isotopic series are
observed for these animals, probably because of the low
Sr concentration in their enamel and/or the lack of vari-
ation (Figs. 5 and 6). However, it must be pointed out
that overlying profiles are consistent (profiles QMC-
AZ3, QMC-AZ2 and QMC-AZ-1 at about 77% for the
1132-M3 tooth, Fig. 5; profiles QMC-1 and QMC-3 at
about 20% for the 16999-M3 tooth, Fig. 6).

In contrast with the 87Sr/86Sr signal along the teeth
length, the Sr/Ca signal varies by segments (e.g. Figs. 6
and 7). This observation can be explained easily if one
supposes that the elemental and the isotopic ratios differ-
entially bear the successive enamel mineralization phases,
i.e. the matrix deposition stage and the maturation stage.
During the matrix deposition stage, the Sr pool is incor-
porated into enamel from the body fluids with a parti-
tioning relative to Ca most probably similar to bone
(Balter, 2004; Sponheimer and Lee-Thorp, 2006). At this
stage, the Sr isotope fractionation processes are consid-
ered negligible and the Sr isotope composition of enamel
reflects that of diet. The Sr isotope composition is also
unchanged during the maturation stage, while the Sr pool
is modified relative to Ca, because of the active transcel-
lular transport of Ca during this phase (Humphrey et al.,
2008). From the histological point of view, the matura-
tion process of hypsodont teeth, proceeds in successive
fronts progressing inward or outward from DEJ (Suga,
1982). The completion of maturation is achieved with
the mineralization of ES, this layer being the most highly
mineralized (or Ca-enriched) of all the enamel layers. The
observed recurring Sr/Ca ratio decreases from DEJ to ES
can thus be explained by this mechanism. The recent
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data of Humphrey et al. (2008) on Sr/Ca in enamel of
children of known dietary history fully support our con-
clusions. In this study, the decrease of the Sr/Ca ratio
from DEJ to ES is blatant in children who were fully
fed from birth with infant formula diet, a result which
unambiguously demonstrates that the Sr/Ca decrease is
not associated with changing diet. Here, the observed
Sr/Ca ratios decreases in the ungulates of KNP imply
that they did not changed of diet, while some of them
were migrating.

These results have several implications. First, the Sr/Ca
intra-tooth variability should be more extended in the
thickness than in the length of hypsodont teeth. Thus, care
must be taken when sampling enamel for Sr/Ca bulk anal-
ysis (Sponheimer et al., 2005). For such studies, we recom-
mend to drill enamel across its full thickness, the direction
of the sampling relative to the tooth axis being of no matter.
Second, the intra-tooth 87Sr/86Sr variability suggests that a
sampling strategy based on profiles each separated with a
distance equal to twice the thickness of enamel, should min-
imize the overlap between two successive profiles. For
example, a typical bovid molar of 50 mm long with an en-
amel thickness of one mm, will allow to perform about 25
profiles, corresponding to a resolution of about two weeks
given that the molar tooth is formed in roughly one year.

6. CONCLUSION

For the first time, elemental and isotopic results ob-
tained with a laser-ablation coupled with a quadrupole
and a multi-collector ICPMS, are presented. Here, this
technique allows to measure the Sr/Ca and the 87Sr/86Sr ra-
tios along growth profiles in recent tooth enamel in order to
decipher diet and migration patterns in mammals. The cal-
ibration method involves several solid apatites that were
sintered from powdered international standards. Repeated
analysis of the solid SRM-1400 standard yielded results
that are comparable with reported values on LA-Q-ICPMS
or LA-MC-ICPMS. In one hand, intra-tooth Sr/Ca varia-
tions reveal that the Sr/Ca profiles systematically decrease
from DEJ to ES reflecting most probably the progressive
closure of the enamel during the maturation stage. In the
other hand, intra-tooth 87Sr/86Sr variations show varying
patterns suggesting that this isotopic ratio is insensitive to
enamel maturation. Lastly, we demonstrate using a simple
geometric model of tooth growth that a continuous record-
ing of the 87Sr/86Sr variations can be reconstructed using
the whole tooth length. This suggests that the mobility of
a mammal can be reconstructed over a period of more than
a year with a resolution of ten of days, by sampling the en-
amel thickness at several tooth length intervals.
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