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Distributional analysis of trace metals in biological tissue provides important archived toxicological and
nutritional information. In this study, lead, strontium, zinc, and lithium concentrations were measured in
dental tissue using laser ablation-inductively coupled plasma-mass spectrometry (LA-ICP-MS). Teeth from
two populations were sampled: ancient Chilean mummies (n=16) from Arica city as well as recently exfo-
liated deciduous teeth from contemporary Egyptian children (n=20) living in the Nile Delta. In this study,
LA-ICP-MS was used to obtain high-resolution (50 μm) elemental bioimages in dental tissue. The experi-
ments consisted of fully quantitative Pb bioimages as well as semi-quantitative Zn and Li bioimages of one
contemporary Nile Delta, Egypt tooth and one ancient tooth from the Andes. Lead levels in the Egyptian teeth
averaged an order of magnitude greater than in the ancient Chilean teeth (14.93±32.28 μg/g and 1.33±
0.84 μg/g, respectively), and had a much greater range of variation among teeth (1.02 μg/g–68.38 μg/g versus
0.36 μg/g–2.35 μg/g, respectively). Lithium, an element widely present in northern Chile, was found in higher
concentrations in the Arica teeth than in the Kalama teeth,with the highest concentrations at two sites in Chilean
burial grounds where water is tainted with natural lithium. Micrometer resolution images of quantified Pb, Zn,
and Li concentrations from two teeth revealedhigher concentrations of Pb and Zn in the pulp and surface enamel.
Zn and Li are concentrated in the crown, potentially indicative of higher prenatal exposure.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

Calcified tissues such as bones and teeth are mainly composed of
inorganic hydroxyapatite [Ca10(PO4)6(OH)2], and are therefore mostly
chemically inert [1–4]. Teeth comprise three distinct tissues: the outer
crown consists of enamel, themost highlymineralized andhardest den-
tal tissue, followed by dentine, making up the bulk of the inner crown
and root, and a thin layer of cementum, which is similar to bone and
aids in the attachment of the root to the bony socket. In addition, a bio-
logically active zone, the pulp canal, continues to provide blood and
nerves with connective tissues from the end of the root into the
crown dentine.

Trace metal bioaccumulation often occurs by isovalent replacement
at the calcium sites. Teeth form chronologically, somewhat like tree
rings. Enamel apposition is particularly under strong genetic control
with a typical daily increment of 4 nm [5] and is then followed rapidly
by almost complete calcification [6]. Thus, the location of a chemical
change in enamel as well as the other dental tissues offers a permanent
record of the time of deposition of particular chemical substitutions in
apatite. This facilitates tracking of archived elemental exposure, giving
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information about chronology and dose of exposure to toxic trace
metals (i.e. lead) [7] aswell as dietary evidence concerning nutritionally
important elements such as zinc and iron.

Teeth arewell suited to bioimaging studies aswell as environmental
and anthropological studies. In deciduous teeth, calcification begins in
utero around the end of the first trimester and continues into infancy,
thus offers both pre- and post-natal trace metal exposure information.
As a result, bioaccumulation readings allow identification of long-term
trace metal exposure and may provide more archived information
than traditional blood sampling [8,9]. In addition, teeth, particularly
core dental enamel, are essentially inert once formed, making them
ideal biomaterials for studying trace metal accumulation in contempo-
rary, historic and prehistoric samples [10–14].

Laser ablation-inductively coupled plasma-mass spectrometry
(LA-ICP-MS) has become an important elemental bioimaging technique
[15] because of its high-sensitivity, temporal elemental analysis capabil-
ity of dental tissue [16,17], minimal sample destruction, high resolution,
and direct solid-state sampling. LA-ICP-MS can produce high-resolution
images of trace metal distribution in biological tissue. Kang et al. [12]
were first to demonstrate the applicability of LA-ICP-MS to bioimaging
ofmicro‐spatial distribution of tracemetals in the different dental tissue
zones of deciduous teeth using small-area raster sections. Later, Hare et
al. [18] semi-quantitatively imaged the micro-distribution of Cd, Pb, Sr,
and Zn in whole deciduous teeth using a single standard.
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Table 1
Laser ablation operating parameters.

Operating conditions Spot ablations Linear ablations

Sampling scheme Spot ablations arranged
in grids

Linear ablations across teeth

ICP radio frequency
(W)

1000 1000

Nebulizer gas flow
(L.min−1)

0.87 0.87–0.81

Carrier gas flow
(L.min−1)

0.25 0.25

Average fluence
(J.cm−2)

19.81–29.19 12.45–23.43

Average energy
delivered (mJ)

0.388–0.573 0.245–0.460

Laser energy (%) 50 50
Spot size (μm) 50 50
Spot separation (μm) 50 n/a
Resolution (μm) 50 n/a
Repetition rate (Hz) 20 10
Speed (μm/s) 50 50
Ablation duration (s) 1 n/a
Inter-site dwell time (s) 5 n/a
Isotopes measured
(m/z)

43Ca, 208Pb, 64Zn, 7Li, 88Sr 43Ca, 208Pb, 64Zn, 7Li, 88Sr

Table 2
Elemental concentration in different dental tissues determined by LA-ICP-MS.

Sample/tissue
region

n Pb (μg/g) Zn (μg/g) Sr (μg/g) Li (μg/g) 88Sr/43Ca

Ancient mummies Arica, Chile
Enamel 15 1.00 40 35 1.41
Dentine 16 1.13 26 42 1.64
Pulp 9 2.25 107 45 1.77
Total 16 1.33±0.84 50±57 40±25 1.59±2.06 0.86±0.40

Contemporary Kalama, Egypt
Enamel 16 3.38 119 87 0.12
Dentine 20 5.70 92 87 0.10
Pulp 13 43.35 109 65 0.13
Total 20 14.93±

32.28
106±115 81±40 0.12±0.07 1.02±0.18
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In this study, we investigated LA-ICP-MS bioimaging capabilities
and its applicability to fully quantitative bioimaging of Pb distribution
in human dental tissue using a series of biologically incorporated lead
solid standards; these quantifications were used to assess and com-
pare Pb exposure in contemporary and ancient deciduous teeth. In
addition, Zn and Li distributions of both cohorts were compared by
semi-quantitative analysis using a single standard.

2. Experimental methods

2.1. Teeth and sample preparation

The teeth sampled were from two sources. The contemporary teeth
were from infants that were involved in the Nutrition Collaborative
Research Support Program (NCRSP) in the Nile Delta town of Kalama,
Egypt in 1983–1985 (samples courtesy of Professor Alan H. Goodman,
Hampshire College, USA and data collection and analysis was approved
by the institutional review boards and human subjects committees at
Hampshire College and Al Azhar University, Cairo, Egypt) and subse-
quently collected upon exfoliation (n=20) (AH Goodman, Develop-
mental Stress and Enamel Hypoplastic Defects. National Institutes of
Health, no. R15 DE 11444). Kalama is a semi-agrarian village in the
Nile Delta located 25 km north of Cairo where diet consists mainly of
staples of rice and wheat supplemented with legumes, seasonal fruits,
vegetables, and some animal products [19].

Chilean archeological samples (n=16) come from the arid coast of
northern Chile and ranges from the Archaic Chinchorro Period (circa
5000–2000 BCE) to the IncaHorizon (1470–1532 A.D.). All were coastal
sites except the Lluta-54 sites (samples provided by Professor Bernardo
Arriaza, Instituto de Alta Investigacion, Universidad de Tarapacá, Arica,
Chile). Chinchorro samples (Camarones-17, Yungay-372, Morro-1) are
fishing–hunter–gatherer populations of the Archaic Period, while
Playa Miller-4, Camarones-8, and Camarones‐9 are also coastal groups
but of the Late Intermediate Period (1000–1470 A.D.). As such they
had a more complex socio-political organization, and had fine woven
polychromous textiles and ceramic. They complemented their coastal
diet with terrestrial and domesticated food resources. Lluta-54 sample
came from a nearby valley associated with the Inca Horizon [20–22].
All bodies were buried in the sands of the Atacama Desert, and
depending on the period they were either wrapped in vegetal fiber
mats or in camelid woven textiles. The dry desert conditionswere espe-
cially suitable for natural mummification of these bodies.

Tooth samples were pre-cleaned following previously described
methods [3,12]. Teeth mounted in epoxy resin were sliced longitudi-
nally using a low speed steel-bladed saw (Buehler Low Speed Saw,
Isomet 11‐1180, Lake Bluff, IL) to expose all dental tissues. Approxi-
mately 2 mm longitudinal sections were removed from the center
of the tooth, cut, polished, and etched with 1 M HCl, then washed
with DI water and acetone.

2.2. Laser ablation-inductively coupled plasma-mass spectrometry
(LA-ICP-MS)

LA-ICP-MS (New Wave ESI NWR 213 Laser Ablation System, ESI,
Portland OR and ICP-MS Perkin Elmer Elan 6000A, Shelton, CT) was
used to determine 208Pb, 64Zn, 7Li, and 88Sr concentrations. 43Ca was
used as an internal standard. Calibration of LA-ICP-MS was achieved
using NYS-RM (kindly provided by Prof. Patrick Parsons, Wadsworth
Center, New York State Department of Health, Albany, NY) lead-dosed
caprine bone pellet standards [(CRM‐NYS RM05-01: 1.09±0.03;
RM05-02: 16.1±0.3; NYS RM05-04: 31.5±0.7 Pb μg/g)] with
1000 μm long linear scans (n=3). Linear laser ablations began at the
lingual (inner) side of the tooth crown and continued, through core
dentine and pulp, to the labial (outer) enamel. Background measure-
ments of analytes were collected 40 s prior to ablation and for at least
Please cite this article as: J. Farell, et al., Bioimaging of trace metals in a
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30 s post ablation using the argon blank. Samples included deciduous
incisors, canines, and primary molars (ntotal=36).

Spot ablation experiments consisted of spots arranged in grids
covering whole teeth. One contemporary tooth from Kalama, Egypt
(60015: female deciduous incisor) and one ancient Chilean tooth
(PLM4 T14: 2 year child incisor; sex unknown) were sampled in
this way; both teeth were deciduous incisors. Table 1 shows the linear
and grid laser ablation parameters.

2.3. Data analysis

Raw elemental intensity LA-ICP-MS data were imported into Excel
(Microsoft Office X 2004 for Mac, Microsoft, Redmond, WA). Lead con-
centrations were calculated from the calibration function generated
from the NYS certified reference standards; Zn, and Li concentrations
were calculated using a single-point NYS standard. Peak-concentration
ablation sites were labeled and analyte concentrations were aggregated
using R software (R Foundation for Statistical Computing, Vienna,
Austria). These datawere formatted intomatrices and graphed as surface
plots. Tooth images and corresponding elemental concentration data
plots were imported into Flash (Adobe Flash Professional CS5, San Jose,
CA), where surface elemental distributions, and their axes were overlaid
on the ablated zones and scaled to fit.

3. Results and discussion

Laser ablation parameters were optimized to maximize signal-to-
noise ratios, spatial resolution, and sample throughput (Table 1). Signal
ncient Chilean mummies and contemporary Egyptian teeth by laser
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Fig. 1. Pb concentration distribution (μg/g) determined by LA-ICP-MS linear ablation scans across teeth. (a) Pb distribution in enamel, dentine, and pulp and total lead concentration
in Kalama, Egypt teeth. (b) Pb distribution in enamel, dentine, and pulp and total lead concentration in Chilean mummy child teeth.
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intensities were normalized by 43Ca (M+/43Ca) to compensate for abla-
tion variations. Pb concentrations in teeth tissue were quantified using
NYS caprine bone standards and routine calibration functions had linear
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Fig. 2. Li concentration distribution (μg/g) determined by LA-ICP-MS linear ablation scans
Kalama, Egypt and ancient Chilean mummy teeth from several burial sites in Chile.
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correlations (r2)>0.9964. Zn, Sr, and Li levels were semi-quantitatively
determined by using a single standard [mean of all 4 NYS-RM informa-
tional values for Li (0.70 μg/g), Sr (160 μg/g) and Zn (82 μg/g) was
and Burial Grounds

Mean

Maximum

Minimum

Median

across teeth. Li concentration (μg/g) in teeth of contemporary deciduous teeth from
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Fig. 3. Microphotographs of deciduous teeth: (a) Kalama, Egypt (60015) and (b) Chilean mummy deciduous incisor (PLM4 T14); magnification (× 12). Spatial Pb (μg/g) distribu-
tion: (c) a contemporary deciduous whole incisor from Kalama, Egypt (60015) [horizontal line on the bottom half of the image is an artifact due to a previous liner ablation line] and
(d) an ancient Chilean mummy deciduous incisor (PLM4 T14). The legend for Pb concentrations of contours is shown below the elemental distribution bioimage.
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used]. The detection limits for 208Pb, 64Zn, 88Sr and 7Li were 0.04, 0.0038,
0.0002 and 0.0002 μg/g (n=30; 3∗σb where σb=standard deviation of
the argon blank), respectively. Concentrations of these elements found
in the sample teeth were consistently above detection limits.

3.1. Lead, zinc, and lithium concentrations, and Sr/Ca ratios

Table 2 shows the elemental concentrations of Pb, Zn, Sr and Li
found in different dental tissues. In both cohorts of the samples,
lead, and zinc distributions followed the same pattern: enamel b
dentine ≪ pulp (see Fig. 1a and b). Elemental distribution generally
Please cite this article as: J. Farell, et al., Bioimaging of trace metals in a
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follows this pattern with the exception of surface enamel, where a
peak was often evident; this is from ion exchange between the calci-
um in hydroxyapatite and divalent cations, a phenomenon that does
not generally penetrate further than 100–150 μm [23,24]. Enamel
may be beneficial in assessing acute or chronic lead exposure; the
core enamel Pb concentration in deciduous teeth formed in the
mother's body is likely a reflection of prenatal Pb exposure whereas
the dentine tissue of deciduous teeth offers an indication of early
childhood lead exposure [25].

The distribution of lead in dental tissues has been observed before
[12,17]. As expected, Pb concentrations were greater in the teeth from
ncient Chilean mummies and contemporary Egyptian teeth by laser
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Kalama, Egypt than in the teeth fromArica, Chile; the average concentra-
tions differed by an order of magnitude ([Pb]ancient/[Pb]contemporary=
0.0891) and suggest anthropogenic lead contributions in the Egyptian
contemporary teeth samples. The very low Pb also points to only natural
Pb contribution from geological sources in pre-Columbian Chilean
mummy teeth; there was no lead contribution from anthropogenic
sources.

Although concentrations varied highly between individuals, the
average zinc level in ancient Andean teeth was low (50±57 μg/g;
n=16) and in modern-day Egyptian teeth (106±115 μg/g; n=20)
was marginal, indicative of possible nutritional zinc deficiencies. Pre-
viously it has been reported the Zn concentrationsb90 μg/g in
children's teeth could be due to borderline zinc bioavailability [26].

The observed Sr/Ca ratios between the two groups of teeth shown
in Table 2 are not statistically significant (p>0.05). Strontium
decreases as trophic level increases due to biopurification or stron-
tium discrimination [27,28], so it could be expected that Sr/Ca ratio
would be lower in the Chilean teeth than in the Egyptian Kalama
teeth due to dietary differences. But this was not confirmed in this
study, even though the ancient Chilean hunter-gathered populations
relied primarily on a marine based seafood diet [21,22] whereas the
diet of the Kalama children was heavily plant-based and relied on
bread and legumes [19].

Elevated lithium concentrations were found in all Chilean mummy
teeth. Average lithium concentrations in the Chilean teeth (1.59±
2.06; μg/g; n=16) were significantly higher (pb0.05) than the lithium
concentrations found in the Egyptian teeth (0.12±0.07; μg/g; n=20)
(see Fig. 2). These elevated Andean lithium levels are consistent with
lithogenic contributions; Li is relatively abundant around the Andes,
including Bolivia and the Atacama region of Chile. Teeth from two of
the Chileanburial sites, Lluta and Camarones (n=5, combined) had sig-
nificantly higher concentrations than the other burial sites (i.e. Playa
Fig. 4. Spatial Zn (μg/g) distribution: (a) a contemporary deciduous whole incisor from Kala
The legend for Zn concentrations of contours is shown below the elemental distribution bi
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Miller (PLM), Morro, and Yungay; located near the bluff of present
day Arica, Chile, n=11 combined). Through bioaccumulation in calci-
fied tissues, environmental lithium (likely via drinking water from sur-
face water sources) contributes to lithium present in teeth and bone. A
study by Zaldívar [29] showed that Li concentrations in the contempo-
rary Lluta River and the Camarones River were unusually high
(1509 μg/L, 5171 μg/L, respectively) and elevated lithium levels were
correlated with higher blood plasma lithium. The blood plasma thera-
peutic Li levels reported by the National Institutes of Health are 0.8 to
1.2 mEq/L and the “abnormal” values are set at anything in excess of
2.0 mEq/L [30]. Since trace metals generally bioaccumulate in calcified
tissue at much lower levels than are measured in blood plasma values,
it is likely that the ancient Arica people, particularly those who lived
in the Lluta and the Camarones valleys, were exposed to potentially
harmful lithium levels. Artificial mummification in this region might
have arisen as reaction to widespread arseniasis due to drinking
arsenic-laden river water [20,31]; yet lithium exposure could have
played an equally integral role in beginning this ritual.
3.2. Bioimaging of lead, zinc, and lithium in deciduous teeth from con-
temporary Egypt and the ancient Andes

Spot ablations were arranged in grids with 50 μm resolution in
orthogonal directions of Kalama, Egypt (60015, 1983–1985 A.D.) tooth
(Fig. 3a) and ancient Chilean mummy (PLM4 T14, 1000–1470 A.D.)
tooth (see Fig. 3b). Both teeth were deciduous incisors. Elemental distri-
bution trends are consistent between the two teeth for all three elements
measured: lead, zinc, and lithium. Micro-scale dental bioimaging using
LA-ICP-MS has been successful before constructing qualitative [12] or
semi-quantitative micro-scale dental bioimages using single standards
[18]; this study presents quantitative lead distribution images of two
ma, Egypt (60015) and (b) an ancient Chilean mummy deciduous incisor (PLM4 T14).
oimage.
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Fig. 5. Spatial Li (μg/g) distribution: in an ancient Chilean deciduous incisor (PLM4 T14).
(Li levelswere below the detection limit (0.2 ng/g) for the Kalama, Egypt tooth; the image
is not shownhere.) The legend for Li concentrations (μg/g) of contours is shown below the
elemental distribution bioimage.
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deciduous teeth and semi-quantitative zinc and lithium elemental
bioimages.

Fig. 3c shows the spatial distribution of lead in the contemporary
Egyptian deciduous tooth (60015) from Kalama at 50 μm resolution.
The lead concentration (μg/g) in this tooth shows elevated levels,
indicative of exposure to anthropogenic lead. Lead distribution clearly
followed the order previously observed with single linear scans
across the tooth ([Pb]enamel b [Pb]dentine ≪ [Pb]pulp). Pb is lowest in
the enamel except for a peak in the surface enamel, higher at the den-
tine enamel junction, greater in the dentine than in the enamel, and
most concentrated in the pulp/secondary dentine. Elevated Pb zones
are also distinguishable in surface enamel and at the dentine–enamel
junction. The anomalous line in the bottom quarter of the Kalama
tooth image (Fig. 3a) is an artifact left over from a previous linear
ablation that preceded the spot ablations. It is likely that the tooth
was not polished down past the previous ablation depth.

Lead concentrations measured in the ancient Chileanmummy tooth
were much lower than lead measured in the contemporary tooth
(Fig. 3d). Pb distribution does not vary greatly throughout this tooth
and is relatively low; indeed, it does not exceed 1.5 μg/g in most of
the tooth. It is likely that this sample reflects the “natural” background
lead levels; the Late Intermediate Period Chilean mummies were part
of a pre-industrial and pre-ceramic society [20]. In addition, there is
no difference in Pb concentrations between early (i.e. Morro, Yungay),
and late Chilean tribes (i.e. PLM4 T14) that have ceramic. Prehistoric
lead exposure likely came from naturally occurring geological sources.

The distribution of zinc in both modern and ancient teeth and lith-
ium in the ancient tooth (Fig. 4a and b) follows an interesting trend:
these metals are concentrated in the crown of the tooth. In general,
Zn is lowest in the enamel, higher at the dentine enamel junction,
and greater in the dentine than in the enamel in both teeth. Zinc is
also more concentrated at the tooth's crown, indicative of higher
pre-natal zinc levels. It is possible that these levels reflect compo-
nents of both maternal bone store levels and current maternal expo-
sure levels [32].

Raw lithium data were gathered for the tooth from Kalama, Egypt;
all data points were below detection limit (0.0002 μg/g), so this plot is
not reported here. Lithium in the Andean tooth (see Fig. 5) from the
laya Miller site (PLM4 T14; from the Late Intermediate Period
(1000–1470 A.D.)) had a lower concentration than in those teeth
from the Lluta and Camarones valleys. Still, this tooth had concentra-
tions up to 2 μg/g in comparison to the lithiummeasured in themodern
Egyptian teeth. As described previously the Li in the drinking water
found in Lluta and Camarones rivers [29] in northern Chile is very
high. Since trace elements in blood are at higher concentration than
found in calcified dental tissue, it is likely that the individual was
exposed to extremehigh lithium concentrations fromgeological sources.

4. Conclusions

This study demonstrated the applicability of LA-ICP-MS to micro‐
scale imaging of trace metals in whole teeth. To our knowledge, this
is the first study to accomplish fully quantitative lead bioimages of
human dental tissue using biologically incorporated Pb standards.
The images show heterogeneous distribution of trace elements across
dental cross-sections. The pulp typically recorded the highest trace
element concentrations whereas the dental calcified tissues recorded
variations that may relate to the temporal dynamics of exposure.

Elevated lead levels were found in many of the teeth from Kalama,
Egypt in comparison to ancient teeth from pre-Columbian Chilean
mummies. The elevated lead levels in these contemporary teeth are
likely due to anthropogenic lead sources, such as leaded gasoline.
Zinc levels in both cohorts of deciduous teeth reflect their dietary
contributions. Elevated lithium concentrations were present in Ande-
an mummy teeth as compared to Egyptian teeth. Several mummy
teeth from the Lluta and Camarones valleys showed elevated lithium
Please cite this article as: J. Farell, et al., Bioimaging of trace metals in a
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levels consistent with a high lithium contribution from natural lithi-
um sources in the surface waters and soils in the northern Atacama
region of Chile. Comparison of linear and spatial (grid) ablation ele-
mental images shows a heterogeneous distribution pattern of trace
metal accumulation, with more accumulation in the pulp than in
the other dental tissues.

The differences in elemental concentrations within and among
teeth and groups may have significance for public health and suggest
further study. It is important, for example, to further understand the
sources of lead exposure in Kalama, Egypt. Further research would
also be justified to better understand lead that is clearly accumulating
before and after birth. Finally, it would be useful to know if lead in the
calcified teeth is directly related to prenatal diets and breastfeeding or
whether and to what degree it might reflect lead coming from bone
decalcification and turn over during pregnancy and lactation.

Nonetheless, this study further demonstrates the use of multiple
hard tissues to determine intake of pollutants and nutritionally
important trace elements and furthermore, the use of these tissues
to provide a retrospective, longitudinal picture of elemental incorpo-
ration into calcified tissues.

LA-ICP-MS is a versatile analytical approach for further studies in
the bioimaging of archived elemental distribution in dental tissue.
Environmental and nutritional stressors can be identified, and histor-
ical information can be accessed. With the availability of more solid
elemental standards, other elemental distributions can be fully quan-
tified using LA-ICP-MS.
ncient Chilean mummies and contemporary Egyptian teeth by laser
icrochem. J. (2012), http://dx.doi.org/10.1016/j.microc.2012.09.005

http://dx.doi.org/10.1016/j.microc.2012.09.005


7J. Farell et al. / Microchemical Journal xxx (2012) xxx–xxx
Acknowledgments

Wewould like to acknowledge theNational Science Foundation-NSF
MRI-R2 (grant no: BRI 0959028) grant for funding the LA-ICP-MS sys-
tem. DAwould like to thank, the National Science Foundation-Chile: In-
ternational Cooperation Travel Grant (Fondecyt grant # 7080013)
which funded DA's travel to Chile, the Society for Analytical Chemists
of Pittsburgh (UARP grant 2011) for undergraduate research support,
and the Summer Faculty Development Grant. BA thanks Fondecyt pro-
jects 1070575 and 7080013. The initial Egyptian nutrition study,
NCRSP, was funded by the US Agency for International Development
(US AID). Sincere thanks to Dr. Mohammed Hemeda for coordinating
data collection and Drs. Galal and Harrison for access to the Kalama/
CRSP data. The subsequent collection of exfoliated teeth was funded
by Developmental Stress and Enamel Hypoplastic Defects, National In-
stitutes of Health, no. R15 DE 11444 to AH Goodman. Special thanks
to Convenio Desempeño, UTA/MINEDUC and Museo Arqueológico
San Miguel de Azapa, and the Instituto de Alta Investigación of the
Universidad de Tarapacá, Arica, who offered additional funds for
this mummy research project. Special thanks also go to Ms. Sarah
Steely for her instrument support.

References

[1] J.C. Elliott, Structure, crystal chemistry and density of enamel apatites, in: D. Chadwick,
G. Cardew (Eds.), Dental enamel, Ciba Foundation Symposium, 205, Wiley, Chichester,
1997, pp. 54–72.

[2] J.C. Elliott, R.M. Wilson, S.E.P. Dowker, Apatite structures, Adv. X-Ray Anal. 45
(2002) 172–181.

[3] E. Webb, D. Amarasiriwardena, S. Tauch, E.F. Green, J. Jones, A.H. Goodman, Inductively
coupled plasma-mass (ICP-MS) and atomic emission spectrometry (ICP-AES): versatile
analytical techniques to identify the archived elemental information in human teeth,
Microchem. J. 81 (2005) 201–208.

[4] Th. Leventouri, A. Antonakos, A. Kyriacou, R. Venturelli, E. Liarokapis, V. Perdikatsis,
Crystal structure studies of human dental apatite as a function of age, Int. J. Biol.
Materials 2009 (2009) 1–17.

[5] Oral development and histology, in: J.K. Avery (Ed.), Development of Teeth and
Supporting Structures, Section II, Development of the Teeth and Supporting
Structures, 3rd edition, Georg Thieme Verlag, New York, NY, 2002, p. 104.

[6] A.H. Goodman, J.C. Rose, Assessment of systemic physiological perturbations from
dental enamel hypoplasias and associated histological structures, Yearb. Phys.
Anthropol. 33 (1990) 59–110.

[7] M. Sharon, The significance of teeth in pollution detection, Perspect. Biol. Med. 32
(1988) 124–131.

[8] W. Kovarik, Ethyl-leaded gasoline: how a classic occupational disease became an
international public health disaster, Int. J. Occup. Med. Environ. Health 11 (2005)
384–397.

[9] H.L. Needleman, I.M. Shapiro, Dentine lead levels in asymptomatic Philadelphia
school children: subclinical exposure in high and low risk groups, Environ. Health
Perspect. 7 (1974) 27–31.

[10] C.J. Brown, S.R.N. Chenery, B. Smith, A. Tomkins, G.J. Roberst, L. Sserunjogi,
M. Thompson, A sampling and analytical methodology for dental trace element
analysis, Analyst 127 (2002) 319–323.

[11] P. Budd, J. Montgomery, A. Cox, P. Krause, B. Barreiro, R. Thomas, The distribution
of lead within ancient and modern human teeth: implications for long-term and
historical exposure monitoring, Sci. Total. Environ. 220 (1998) 121–136.
Please cite this article as: J. Farell, et al., Bioimaging of trace metals in a
ablation-inductively coupled plasma-mass spectrometry (LA-ICP-MS), M
[12] D. Kang, D. Amarasiriwardena, A.H. Goodman, Application of laser ablation-inductively
coupled plasma-mass spectrometry (LA-ICP-MS) to investigate trace metal spatial
distributions in human tooth enamel and dentine growth layers and pulp, Anal.
Bioanal. Chem. 378 (2004) 1608–1615.

[13] A. Goodman, J. Jones, J. Reid, M. Mack, M.L. Blakey, D. Amarasiriwardena, P. Burton,
D. Coleman, Isotopic and elemental chemistry of teeth: implications for places of
birth, forced migration patterns, nutritional status, and pollution, in: Skeletal
Biology Final Report, 2004, http://www.africanburialground.gov/FinalReports/
HUsbrABG_Ch6_Rvsd.pdf (2004). Accessed 7 Nov. 2011.

[14] A.E. Dolphin, A.H. Goodman, D. Amarasiriwardena, Variation in elemental intensities
among teeth and between pre- and postnatal regions of enamel, Am. J. Phys.
Anthropol. 127 (2005) 1–13.

[15] J.S. Becker, M. Zoriy, A. Matusch, B. Wu, D. Salber, C. Palm, J.S. Becker, Bioimaging
of metals by laser ablation inductively coupled plasma mass spectrometry
(LA-ICP-MS), Mass Spectrom. Rev. 29 (2010) 156–175.

[16] A. Cox, F. Keenan, M. Cooke, J. Appleton, Trace element profiling of dental tissues
using laser ablation-inductively coupled plasma-mass spectrometry, Fresenius
J. Anal. Chem. 345 (1996) 254–258.

[17] K.M. Lee, J. Appleton, M. Cooke, F. Keenan, K. Sawicka-Kapusta, Use of laser ablation
inductively coupled plasma mass spectrometry to provide element versus time
profiles in teeth, Anal. Chim. Acta 395 (1999) 179–185.

[18] D. Hare, C. Austin, P. Doble, M. Arora, Elemental bio-imaging of trace elements in
teeth using laser ablation-inductively coupled plasma-mass spectrometry, J. Dent.
39 (2011) 397–403.

[19] A. Kirksey, G.G. Harrison, O.M. Galal, G.P. McCabe, T.D. Wachs, A. Rahmanifar, The
human costs of moderate malnutrition in an Egyptian village, in: Egypt Nutrition
CRSP Collaborating Institutions: Final Report to the U.S. Agency for International
Development, 1992.

[20] V.G. Standen, B.T. Arriaza, C.M. Santoro, External auditory exostosis in prehistoric
Chilean populations: a test of the cold water hypothesis, Am. J. Phys. Anthropol.
103 (1997) 119–129.

[21] B.T. Arriaza, Arseniasis as an environmental hypothetical explanation for the origin
of the oldest artificial mummification practice in the world, Chungara, Rev.
Antropol. Chil. 37 (2005) 255–260.

[22] B. Arriaza, D. Amarasiriwardena, L. Cornejo, V. Standen, S. Byrne, L. Bartkus, B. Bandak,
Exploring chronic arsenic poisoning in pre-Columbian Chilean mummies, J. Archaeol.
Sci. 37 (2010) 1274–1278.

[23] E. Reitznerová, D. Amarasiriwardena, M. Kopčáková, R.M. Barnes, Determination
of some trace elements in human tooth enamel, Fresenius J. Anal. Chem. 367
(2000) 748–754.

[24] V.E. Gomes, M.L.R. de Sousa, F. Barbosa, F.J. Krug, M.C.P. Saraiva, J.A. Cury, R.F. Gerlach,
In vivo studies on lead content of deciduous teeth superficial enamel of preschool
children, Sci. Total. Environ. 320 (2004) 25–35.

[25] F. Barbosa, J.E. Tanus-Santos, R.F. Gerlach, P.J. Parsons, A critical review of biomarkers
used for monitoring human exposure to lead: advantages, limitations, and future
needs, Environ. Health Perspect. 113 (2005) 1669–1674.

[26] H.M. Tvinnereim, R. Eide, T. Riise, G. Fosse, G.R. Wesenberg, Zinc in primary teeth
from children in Norway, Sci. Total. Environ. 226 (1999) 201–212.

[27] H. Toots, M.R. Voorhies, Strontium in fossil bones and the reconstruction of food
chains, Science 149 (1965) 854–855.

[28] A. Sillen, Biogenic and diagenic Sr/Ca in Plio-Pleistocene fossils of the Omo
Shungura Formation, Paleobiology 12 (1986) 311–323.

[29] R. Zaldívar, High lithium concentrations in drinking water and plasma of exposed
subjects, Arch. Toxicol. 46 (1980) 319–320.

[30] N.I.H., Medicine Plus. Therapeutic Drug Levels, http://www.nlm.nih.gov/medlineplus/
ency/article/003430.htm2012Accessed August 2012.

[31] S. Byrne, D. Amarasiriwardena, B. Bandak, L. Bartkus, J. Kane, J. Jones, J. Yañez, B. Arriaza,
L. Cornejo,Were Chinchorros exposed to arsenic? Arsenic determination in Chinchorro
mummies' hair by laser ablation inductively coupled plasma-mass spectrometry
(LA-ICP-MS), Microchem. J. 94 (2010) 28–35.

[32] C.M. Donangelo, J.C. King, Maternal zinc intakes and homeostatic adjustments
during pregnancy and lactation, Nutrients 4 (2012) 782–798.
ncient Chilean mummies and contemporary Egyptian teeth by laser
icrochem. J. (2012), http://dx.doi.org/10.1016/j.microc.2012.09.005

http://www.africanburialground.gov/FinalReports/HUsbrABG_Ch6_Rvsd.pdf
http://www.africanburialground.gov/FinalReports/HUsbrABG_Ch6_Rvsd.pdf
http://www.nlm.nih.gov/medlineplus/ency/article/003430.htm
http://www.nlm.nih.gov/medlineplus/ency/article/003430.htm
http://dx.doi.org/10.1016/j.microc.2012.09.005

	Bioimaging of trace metals in ancient Chilean mummies and contemporary Egyptian teeth by laser ablation-inductively coupled...
	1. Introduction
	2. Experimental methods
	2.1. Teeth and sample preparation
	2.2. Laser ablation-inductively coupled plasma-mass spectrometry (LA-ICP-MS)
	2.3. Data analysis

	3. Results and discussion
	3.1. Lead, zinc, and lithium concentrations, and Sr/Ca ratios
	3.2. Bioimaging of lead, zinc, and lithium in deciduous teeth from contemporary Egypt and the ancient Andes

	4. Conclusions
	Acknowledgments
	References


