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Introduction

Recent developments in the application of laser ablation-inductively coupled plasma-mass
spectrometry (LA-ICP-MS) have spurred interest in its use to probe the inorganic biochemistry of
mineralized tissues. Many questions have been addressed, such as elemental signatures associated with
locale of origin (Arai et al. 2007; Beard et al. 2000; Castro et al., 2010; Cucina et al. 2005, 2007, 2011,
Dudgeon 2008), consequences of epidemiological exposure to toxic or non-essential elements during
growth and development (Abdullah et al. 2011; Budd et al. 1998, 2000; Dolphin et al. 2005; Zaichick et
al. 2011), and studying the process of post-depositional alteration, including fossilization, in the
sedimentary context (Koenig et al. 2009; Kohn 2008; Hinz and Kohn 2010). With few exceptions, these
studies tout the high spatial resolving power of modern laser ablation sampling devices to characterize
elemental variation over micrometer-level scales, and across heterogeneous and biologically-important
domains associated with tissue growth and differentiation. ICP-MS can generate fully quantitative,
atomic mass/charge specific-information for 70+ elements over several orders of magnitude
concentration, and achieves near zero background signals for most of these elements, making it a logical
choice for the examination of compositional variation in biological matrices. As with elemental
chemistry technologies developed in other disciplines (INAA in geochemistry and nuclear physics, WD-
XRF in materials science and geochemistry, electron microprobe in geochemistry, etc.), ICP-MS and
more specifically LA-ICP-MS has been adopted by archaeologists to answer fundamental questions of

artifact composition, environmental variability and diagenetic alteration.

Mineralized Tissues

The utilization of LA-ICP-MS to interrogate archaeological mineralized tissues has developed
slowly over the past several years. This is due to the complex sets of variables surrounding dietary
incorporation of minor and trace elements in bony tissues (Burton et al. 1999; Zaichick et al. 2011),
often mediated by the sometimes unpredictable and rate-variable exchange of ions in and out of these
tissues in hydrodynamic sedimentary contexts (Trueman and Tuross 2002). Unlike most other classes of
archaeological material (but see Golitko et al. 2011), biominerals interact extensively with their
environment both during and after the life of the individual, creating difficulties for separating the
biogenic signature of life, versus diagenetic alteration after entry into the depositional environment. The
basis for this high level of interaction is the composition of the hydroxyapatite crystal

[Ca10(CO3,P0O,)s(OH),] itself. The apatite molecule is accommodating of chemical and elemental



substitutions: the hydroxyl (OH) ion can be readily substituted by anions CI"and F’; the phosphate (PO,*
) molecule by AsO,%, SO,*, CO4%, SiO,*; the Ca* ion by a variety of cations, including K*, Na*, Mn?, Ni**,
Cu2+, Co?, Zn®*, Sr**, Ba?*, Pb**, Cd%, Y*, UO? (Wopenka and Pasteris 2005). For this reason, identifying
components of incorporation in both biogenic and diagenetic contexts requires careful assessment of
the overall preservation of the element under consideration, the bio- or geochemical pathway of
incorporation, a set of general rules for the expected concentration of elements in mineralized tissue
and provisional explanations for the departure of actual from expected element concentrations.

Previous research in LA-ICP-MS of archaeological trace element biomineralization have
attempted to determine the biogenic incorporation of trace elements for the purpose of determining
diet (Rasmussen et al. 2009), resolving migration and residence locale (Cucina et al. 2005, 2007, 2011,
Dudgeon 2008; Horstwood et al. 2008), and epidemiological exposure in past human populations (Uryu
2003). More recently, LA-ICP-MS has been applied to the question of post-depositional alteration and
estimating the extent of diagenetic alteration in both archaeological and paleontological contexts
(Koenig et al. 2009; Kohn 2008) LA-ICP-MS has proven to be particularly useful under these conditions
for two reasons. First, because LA-ICP-MS is capable of gathering discrete spatial information for bio-
available elements, growth structures can be sampled at high precision; permitting sampling across or
around histologically-relevant morphological features such as dentin-enamel interfaces, seasonal annuli
or compositional structures such as Haversian canals and osteons. These features may contain chemical
information that informs on growth and development, exposure timing and mechanism of diagenetic
alteration and facilitates increased specificity for evaluating the mechanism of incorporation. With a
typical laser beam diameter as small as 4.0 um, all but the smallest of morphological structures are
capable of being targeted for discrete acquisition.

Second, in many cases LA-ICP-MS permits noninvasive sample collection, preserving macro-scale
morphological structure for curation or future analytical inquiry. Modern laser sampling devices are
capable of vaporizing minute quantities of solid material (0.002 mm®) while achieving detection limits
around 0.5 pg/g for many elements. Moreover, the ability of laser ablation devices to selectively and
discretely remove surface contamination at the actual site of analysis prior to laser ablation rather than
pre-treating the entire sample, has proven of profound benefit for minimally destructive sampling which
is often required for museum artifacts or private archaeological collections (Durant and Ward 2005).
This chapter focuses on two of the most important issues for laser ablation analysis of archaeological

mineralized tissues: selecting appropriate analytical standards and calibration routines for bones and
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teeth; and using the high spatial resolution of LA-ICP-MS for identifying biogenic and diagenetic modes

of uptake and incorporation.

LA-ICP-MS Calibration Strategies

Two main schools of thought have emerged among practitioners of LA-ICP-MS regarding
quantification of trace element composition of solid materials. These might be generalized as those
preferring matrix matched analytical standards for generating fully quantitative element
characterizations, and those preferring to measure full mass spectra of unknown samples and
semiquantitatively assessing the contribution of individual elemental components against a total mass
spectrum. A third approach, not generally used by archaeometrists, involves simultaneous introduction
of desolvated liquid standards with the ablated unknown sample, approximating a method of standard
addition.

Aeschliman and colleagues (2003) proposed a high precision laser ablation calibration of few
elements using a near-dry liquid standard aspirated concurrently with the ablated sample as an
alternative to an external, matrix-matched solid standard. The method assumes that ablation transfer
efficiency is the same for all elements and that the desolvated standard is behaving in a manner
comparable to the ablated sample. This method proved difficult to implement for complex matrices and
was never seriously adopted for quantitation of archaeological samples, probably due to the large
number of potentially informative analytes comprising geological unknowns.

Emblematic of the semiquantitative, full-spectrum approach, Leach and Hieftje (2001) proposed
a method using a single laser pulse and averaging points from several simultaneously collected
individual elements using transient analysis. Elements are calculated as a ratio of an individual element
to the total number of elements in the sample followed by linear regression analysis. By using relative
measurements of analyte concentrations they suggest that there is no need to use matrix-matched
standards. However, they also point out that this method is strongly dependent on element
concentrations (0.1 — 100 %) and may not be useful if the signal to noise ratio is too high, unless a minor
isotope of major elements is used, in which case detector saturation is avoided and concentrations as
low as 0.02% can be measured (Leach and Hieftje 2001:2966).

By far the most common calibration approach for archaeologists is the use of graded standards
whose concentration brackets the expected concentration and whose matrix composition is similar to

the sample unknowns (Bertini et al. 2011; Eckert and James 2011; Golitko et al., 2011; Cochrane and
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Neff 2006; van Elteren et al. 2009). This approach is similar to the method introduced by Gratuze (1999,
2001). Essentially, Gratuze’s method accounts for instrumental drift and matrix effects by using an
internal standard naturally present at a known concentration in the unknown sample to calculate
ablation efficiency, and by analyzing external reference standards between every few samples. To
produce more accurate results, he suggests the use of several different element “menus” or groups of
analytes at similar ranges of concentration. The first menu includes all major elements, which are then
summed to 100 % and the element chosen for an internal standard for the rest of the “menus” is taken
from this analysis. Further, to increase accuracy he emphasizes the importance of a wide concentration
range of solid reference standards with a similar matrix composition to the unknown. This method was
later refined by Neff (2003), who advocated the use of multiple standards to generate an instrument
response slope parameter. Neff has shown that using a shorter wavelength laser ablation system (213
nm versus 266 nm) and adjusting the instrumental sensitivity for high concentration and low ionization
potential elements allows collection of all elements of interest without the use of multiple element
“menus” (2003:24).

Well-characterized standard reference materials are essential to this effort. The development of
specialized, graded-concentration standard reference materials by NIST, USGS, BAM and others
increased the applicability of LA-ICP-MS for many classes of archaeological silicate-based materials.
Recently, the introduction of the USGS geologic reference materials program has improved graded
bracketing calibrations for many classes of archaeological materials significantly, by offering a set of
graded-concentration glasses (GSC-1G [nom. 5 ppm], GSD-1G [nom. 50 ppm], GSE-1G [nom. 500 ppm])
as well as vitreous solid standards of mafic basalts (BHVO-2G, BCR-2G, BIR-1G) containing a wide
dynamic range in typical high-concentration elements. Because of this large range in several light and
transition elements, USGS reference materials offer improved calibration flexibility over the NIST SRM
glass series (SRM 614, 612, 610) in many geologic silicates of interest to archaeologists.

Accurate and fully quantitative analysis of non-silicates has developed more slowly, however. In
many cases, silicate-based standard reference materials produce poor calibration performance when
applied to non-silicates. From the author’s experience, this is primarily due to differences in laser
coupling efficiency between dissimilar molecular matrices, which create variability in the total volume of
material ablated. This can be a result of sample heating, where energy of vaporization is disseminated as
heat in the surrounding matrix (metals), or as a kinetic vibration effect in poorly consolidated materials

(pressed powders). Although matrix dependence is reduced with decreasing wavelength (193 nm <213
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nm < 266 nm), matching the major element component and material state of standards and unknowns
is advisable under any circumstances (Koenig 2008). A plot of concentration versus raw ICP-MS
intensities for sequential LA-ICP-MS analyses of certified reference materials and well-characterized
standards and unknowns, including standard addition glasses, vitrified and unmodified basalts, human
dentin and synthetic hydroxyapatites, and alloyed bronzes demonstrates the effects of density and
crystallinity on ablation performance (Figure 1).

Additional difficulties arise from matrix suppression and matrix interferences contributed by the
high percentage of Ca and P (up to 90+ % sum weight) in biological apatites (see Castro 2008, for an
experimental design to test for matrix suppression in biological apatites). Matrix suppression results
from competitive exclusion of minor and trace element ions in the plasma by major elements and by
space charge effects causing electrostatic repulsion and defocusing of the ion beam, reducing ion
transmission efficiency (Fonseca and Miller-1hli 2006, Tanner et al. 1994). For this reason, a method to
monitor the amount of matrix suppression that is element and concentration specific is desirable. If
sample unknowns are calibrated with standards of similar major element concentration (e.g., within a
few percent by weight to the unknown), matrix suppression effects can be mitigated (Koenig 2008).
Matrix interferences in biological apatites are caused by the polyatomic species of major elements Ca
and P on masses of interest (e.g., “°Ca'®0" on *°Fe and “°Ca®'P*®*0* on #’Sr) and can generally be
accounted for in apatite analyses by selecting alternate masses for quantification (e.g., °’Fe and ®5r).
Additionally, more obvious effects of ablating high matrix samples can be visualized on the sampling
interface, where matrix solids can accrete on the sampling cone, changing the orifice size and shape or
even plugging the opening completely. Regular external standard acquisitions, coupled with a constant
aspirated liquid internal standard can identify and even mitigate these manifest effects of high matrix
ablation during extended ablation experiments.

Unfortunately, most non-silicate archaeomaterials are marked by a general lack of effective
analytical calibrating standards spanning the range of typical occurrence in biological systems. We have
arrived at a methodological solution to the problem of calibrating archaeological mineralized tissues
which employs the internal standard correction method of Gratuze (1999, 2001), but augments it
further by utilizing high-precision, semi-quantitative major and minor element measurements
(proximate to the ablation site) of weight percent concentration using SEM-EDS for spatially discrete
estimation of the internal standard concentration. This is an alternative to the full spectrum method,

which employs assumption of major (Gratuze 1999) or all element oxide states (Neff 2003) for the



calculation of final concentration. Even though full spectrum or ‘dual mode’ high — low concentration
approaches based on oxide calculation produce data in reasonable agreement with internally-
standardized measured values, internal standardization, where possible, is preferred (Speakman and
Neff 2005). This is because in many artifact classes assumption of an oxide state is unwarranted. Metal
artifacts such as bronze and iron do not exist in oxide equilibrium except in their corrosion products, and
these oxidized surfaces are not representative of the technological process or compositional recipe of
the artifact’s construction (Cooper et al. 2008; Dussubieux et al. 2008).

Because biological mineralized tissues are almost never in stochiometric equlibrium, significant
and varying fractions of carbon, nitrogen and oxygen in biomolecules such as collagen, non-collagenous
proteins and low-molecular weight peptides (Hedges and van Klinken 1992) comprise the total ablation
volume. The non-mineralized, organic portion of unaltered biological apatites varies from around 2 - 5
% in dental enamel, 20 — 30 % in dentin (Gage et al. 1989; Nanci 2008) and up to 30 + % in cementum
and bone (Hillson 1996. The percentage of these organic components is highly variable within each
tissue type, depending on the amount of diagenetic matrix alteration. lonic substitutions replace calcium
and phosphates in the burial environment, creating spatially heterogeneous major, minor and trace
element concentration gradients (Hinz and Kohn 2010; Koenig et al. 2009; Kohn 2008). In order to
ascertain the degree of post-depositional alteration and the magnitude of a biogenic or living signature
of trace elements at a few tens of ppm to sub-ppm levels, a robust, spatially-sensitive internal
standardization procedure—coupled with a matrix-specific external calibration—is required. In the
remainder of this chapter, we describe our instrumental calibration procedures and demonstrate their
efficacy for determining the distribution of archaeologically-relevant trace elements in the human

skeleton.

Dual Mode Calibration for Biomineralized Tissues

In order to constrain and parameterize the instrumental uncertainties in LA-ICP-MS of mineralized
tissues, we have adopted a dual mode strategy for overcoming the components of cyclical and secular
drift of the ICP-MS, the suppression of signal caused by high matrix loads in the plasma (space charge)
and the spatial heterogeneity of major elements in the material ablated. These uncertainties can be
divided into three primary standardization/correction mechanisms: 1) dual inlet GCMS interface for

simultaneous liquid standard and ablated material measurement; 2) frequent external calibration during



the ablation experiment; and 3) estimation of spatially-specific major element concentrations for
internal standard correction of analyte signals, post laser ablation.

Our ICP-MS is a Thermo X-series Il quadrupole instrument with a dual inlet, or GCMS interface.
This interface consists of a Peltier-cooled spray chamber with concentric Meinhard nebulizer, aspirating
a constant 20 ppb solution of internal standard (IS) solution (typically Sc, Ga, In, Ru, Rh, In, Ir and TI).
Multielement internal standards are useful when matrix elements contain one or more IS elements, or
when particular mass ranges are analyzed (generally, an IS of middle mass is chosen). A separate laser
ablation inlet is mounted above the spray chamber, which feeds into a dual inlet quartz torch. Helium
sweep gas is used in the laser ablation chamber, and this line is mixed with argon makeup gas in a “T”
configuration prior to entering the dual inlet torch (typical gas flow and liquid aspiration parameters are
found in Figure 2). The advantage of the dual inlet system is that suppression of IS analyte signal can be
monitored and corrected on the fly, mitigating the effects of high matrix loads. Regular external
standard measurements (USGS standards, synthetic apatites) allow ‘bracketing’ calibration of unknowns
over short intervals, to constrain uncertainties associated with cyclical and secular instrument drift. Over
the course of many thousands of analyses, we have determined that our particular instrument manifests
cyclical drift with a periodicity of 0.98 + 0.29 hours, peak to trough (Figure 3). For this reason, we have
chosen to conduct external standard calibration every 0.5 hours to maintain calibration along the
flattest portion of the time-averaged response curve.

The basic approach to data calibration is a slight modification of the approach described
previously (Neff and Dudgeon 2006; Speakman and Neff 2005). ICP-MS data calibration was performed
by fitting standardized concentrations (ratios to calcium) in the standards to standardized counts (ratios
of raw counts to raw calcium counts in the standard). That is, is the standardized signal (SS) for element

x (background subtracted and liquid internal standard corrected) is defined as:

$S«=1CPS, / ICPS¢,

And the standardized concentration for element y is:

SC, = Conc, / Conce,

Using the external standards, regression of SC, on SS, for each element yields the slope parameter for
calculating the standardized concentrations (SC,.) in the unknowns. In principle, forcing the regression
line through zero (as in the Excel function /inest) minimizes the effect on the slope parameter of residual
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background signal on the unknowns, and experience has demonstrated that forcing the regression
through zero produces the most consistent calibration curve at low signal intensities. With the intercept

forced through zero, the slope (k) can now be used to calculate SC, in the unknowns by:

SCy = K(SS,)

Because SC, is defined as the actual concentration divided by the internal standard concentration, the
concentration of each analyte can be determined by multiplying the slope parameter and standardized

signal by the internal standard concentration of calcium (Concc,), as follows:

Conc, = K,(SS,)Conc,

The stochiometric concentration of calcium in hydroxyapatite [Ca;o(PO4)s(OH),] is around 39%
wt/wt. In living systems however, calcium concentration by weight varies from this theoretical value.
Because calcium is used to standardize the laser ablation signal intensities for each element acquisition,
deviations from the expected stochiometric concentration affect the accuracy of the concentration
determination. We adopted a procedure to externally measure the actual calcium concentration at each
ablation site, using a Bruker Quantax 200 SDD-EDS system on an FEI Quanta 200F SEM. A minimum of
ten replicate EDS measures of calcium (normalized weight percent) were averaged and the mean value
used in the internal standard correction (Concc,) of the unknowns (see Figure 2 for SEM-EDS instrument

parameters).

Understanding the Biological Implications of Archaeometallurgy

We employed our LA-ICP-MS instrumental setup and calibration strategy to study the epidemiological
implications for archaeometallurgy in a collection of skeletal material from the Kammenyi Ambar 5
cemetery (Middle Bronze Age [2035 to 1735 cal. B.C.]) in the Karagaily-Ayat River Valley of the southern
Ural Mountains in Russia. This project was provoked by the assertion of previous authors that heightened levels
of bone arsenic were a consequence of long-term exposure to gaseous arsenic during the production of arsenical
bronze (Oakberg et al. 2000). A dissenting opinion was provided by Pike and Richards (2002), who argued that
substantial post-depositional incorporation resulted in the measured arsenic in the bone matrix. Due to the
disagreement on the likelihood of preservation of biogenic signatures of metallurgy under complex
soil/bone interaction in the post-depositional environment this question has engendered a lively debate

over the proximate mechanism for arsenic incorporation in the skeleton (Martineaz-Garcia et al. 2005; Millard
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2006; Oakberg et al. 2000; Ozdemir et al. 2010; Pike and Richards 2002). Because arsenic may substitute for
phosphorus in the apatite matrix of bone and teeth as an AsO, —» PO, substitution, incorporation is
possible from inhalation and drinking water (Kabata-Pendias and Mukherjee 2007) in the biogenic
context and infiltration from soil pore water (Mahoney et al. 2005) in the diagenetic context.

In order to determine the concentration and mode of uptake of arsenic in apatite matrix, it is
necessary to profile the distribution of the element in both histological and archaeological sedimentary
orientation. When this is coupled with evidence from mobile elements present in the burial soil, a
record of pre and post-depositional incorporation can be compiled to trace the source of arsenic
contamination. Previous work on arsenic uptake in bone was performed using acid digestion ICP-MS
(Oakberg et al. 2000; Ozdemir et al. 2010). While careful precautions were taken to remove
contamination from the cortical surfaces of bone, averaging effects from using whole bone samples
prevent the interpretation of the mode of uptake. Our laser ablation approach to this problem allows us
to visualize the spatially-discrete occurrence of arsenic and to test the alternate hypotheses of

diagenetic diffusion uptake, versus incorporation during biogenic formation and remodeling.

Materials and Methods

Human skeletal samples consisted of 67 bone fragments (47 femora, 10 tibia, 4 humera, 2 radii,
1 ulna, 1 rib, 1 unknown element) and 15 permanent teeth (5 lower 1% or 2™ molars, 9 upper 1% or 2™
molars and 1 upper premolar). Animal skeletal samples consisted of 18 individual bone fragments from
7 genera (Bos sp. = 3, Canus sp. = 2, Equus sp. = 3, Sus sp. = 2, Ovis sp. = 3, Marmota sp. = 4, Allactaga sp.
=1 [Great Jerboa]). Small samples (x 7.0 mm x 7.0 mm x 3.5 mm) were cut from the bones using a low
speed saw (Buehler Isomet). The cut bone samples and whole teeth were mounted in polystyrene petri
dishes using cyanoacrylate glue and embedded in low viscosity epoxy (Buehler EpoThin). The samples
were placed in a vacuum chamber to draw epoxy into voids in the bone matrix and to remove surface
bubbles obscuring histological features.

The epoxy discs were sectioned using the low speed saw to expose the inner bone or tooth
surface, ground using commercial silica and alumina wet/dry sanding paper and polished on a Buehler
Ecomet grinder/polisher with colloidal silica. Discs were ultrasonicated in 18 M-Q water to remove
grinding contamination and photographed prior to laser ablation so they could be used as sample maps

when setting up the laser patterns (Figure 4).

LA-ICP-MS Analysis



Laser ablation analyses were performed on the flattened and polished bone surface created
from the sawn sections. Samples were ablated using a New Wave UP-213, 213 nm wavelength laser
ablation system in imaged aperture mode. Ablated particulate material was analyzed by a Thermo X-
Series 2 Inductively Coupled Plasma-Mass Spectrometer using a dual-inlet GCMS interface. Helium was
used as the laser cell transport gas (0.33 L min™), which was blended at the dual inlet interface with
argon and 20 ppb rhodium and iridium aspirated internal standard (0.70 L min™). Laser beam diameter is
adjustable from 4.0-200.0 ym but was generally held at 100 pm, providing a compromise between
discreteness of ablation target and sufficient ablation volume to achieve quantification above minimum
detection limits for all of the elements analyzed (Table 1). Ablation of each sample was performed using
avariable grid of 100 um spots spaced each 250 um (Figure 5) after pre-ablating the surface with a
lower powered 200 um spot to assure removal of surface contaminants from grinding, polishing and
handling. Each sample had a different number of sampling locations depending on the size of the
sample.

The sampling protocol in the ICP-MS software was set up with a pre-experiment delay of five
minutes to monitor background signal intensity. Each sample was run with an uptake time of 15
seconds, a run time of 15 seconds and a washout time of 60 seconds. Calibration standards were run
every 0.5 hours, and were bracketed by three washouts (essentially a reagent blank) for a total of 270
seconds on either side to allow the backgrounds to reach stability. A combination of calibration
standards (GSC-1G, GSD-1G, GSE-1G, BHVO-2G, BCR-2G, BIR-1G and six synthetic apatites) was
employed to calculate the concentration of 35 analytes of interest for evaluating biogenic and
diagenetic alteration. Calibration and calculation of element concentration was performed according the

procedure outlined above.
SEM-EDS Analysis

Immediately after completion of laser ablation data collection, sample discs were carbon coated
(Structure Probe, Inc.) and major element concentration by normalized weight percent was obtained
using a Bruker Quantax 200 SDD-EDS mounted to an FEI Quanta 200 FE ESEM. Three replicate EDS
acquisitions were taken adjacent to individual ablation craters, to provide an estimate of calcium
concentration to incorporate into the internal standard correction calculation. EDS measurements were
performed in high vacuum mode using the backscattered electron detector (BSED) to pinpoint areas
adjacent to ablation craters and to visualize density variation across heterogeneous domains. We used

an accelerating voltage of 20 kV, a spot size of 5.0, a working distance between 11 and 12 mm and a
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horizontal field width of approximately 1 mm. Prior to collecting concentration data, we set a preset or
constrained element list to use for all data acquisition. The preset list included all possible major
elements (> 0.1 wt. %) that are expected to be part of biomineralized tissue: nitrogen, oxygen, sodium,
magnesium, phosphorus, sulfur, potassium, calcium and strontium. This prevented the collection of
elements that might be on the sample surface from handling (such as chlorine), and allowed for the
deconvolution of the carbon coating on the sample surface.

Improvements in concentration estimation of the LA-ICP-MS results are readily apparent when
stochiometric baseline (i.e., 359,042 ppm) and EDS-calculated internal standard corrections are
compared to the values obtained by acid digestion ICP-MS from a modern tooth sample (Figure 6). This
is clearly due to the erroneous assumption of internal standard calcium where organic components and
other matrix substitutions have occurred. Table 2 shows the magnitude of deviations from acid digestion

ICP-MS values for measured and inferred calcium internal standard corrections.
Post Analysis Calibration

All unknown samples were hand calibrated in Excel, employing the liquid internal standard and SEM-EDS
calcium concentration to correct for variable calcium concentration and differential laser coupling in
enamel and dentin. External laser ablation standards were composed of members of the USGS standard
series and synthetic hydroxyapatite standards. This combined approach proved useful because several
of the analytes of interest are either not present in consensus concentrations in the USGS standards
(e.g., Hg), or are present at one or more orders of magnitude greater than the desired calibration range
on the unknown samples (e.g., Na, Mg, Al, Si, K, Ti, Cr, Mn, Fe, Ni, Ba, Pb). Several authors have shown
the value of using only standards that immediately bracket the expected or measured range of the
unknowns (Cucina et al. 2007; Duwe and Neff 2007; Scharlotta et al. 2011). Closely bracketing standard
concentrations to the expected concentrations of the unknowns increases precision of estimation by
removing the potential effect of non-linear instrument response at higher concentrations of analytes in
graded standards under matrix load or space charge suppression. This can be performed iteratively post-
experiment, by ‘ballparking’ the concentration of the unknowns using all available standards and
subsequently constraining the calibration curve to standards in the immediate concentration vicinity of
the unknowns. Experience has demonstrated that unknown sample concentrations which exceed the
maximum calibrant by 20 — 30 % can still be effectively calibrated by extrapolation of the calibration

curve (data not shown).
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Eventually, we collapsed on a procedure to use only two of the six USGS standards (GSC-1g and
GSD-1g) in conjunction with the first four of six synthetic apatite standards (see Table 1). Even though
our in-house apatite standards have not been consensus validated, results of > 50 acid digestion and
laser ablation measurements using three different ICP-MS systems have helped us arrive at something

approximating a pseudo-consensus concentration estimate.

Results

Our initial results of bone trace element uptake thought to occur from adsorptive diffusion at
the soil-bone pore water interface suggested that the outer cortical surfaces of bone and teeth were
substantially altered by incorporation of elements Mn and Fe, with a minor component of As, and the
inner surface at the trabecular-cortical interface by uptake of U (Figure 7). We surmised that this spatial
pattern was evidence of minimal post-depositional incorporation of As, and would likely have been
removed by the surface contamination procedures suggested by previous authors (Oakberg et al. 2000;
Ozdemir et al. 2010). The distribution of U followed a nearly opposite pattern of incorporation, with the
highest concentration (up to 250 ppm) on the trabecular-cortical interface progressing inwards, hinting
at a substantially different process of diffusion-mediated uptake of water soluble elements into the
bone matrix.

Our laser ablation comparison of paired cortical bone and tooth samples taken from the same
individual from the KA-5 cemetery gives an empirical perspective on the process of diffusion and
incorporation of trace elements across different skeletal elements in histological context (Figure 8). In
this second experiment, grids of laser spots were placed over the entire crown of the sectioned tooth
(1,333 analyzed spots) and bone (440 analyzed spots) surface (Figure 5). Sections were prepared as
described previously, and multi-standard calibration was performed every 0.5 hour. After the laser
ablation data collection was completed, an SEM visual inspection was made of the ablation surface to
remove spots that had missed the bone or tooth and ablated only epoxy from the grid matrix.

Since compact bone is composed of morphological structures supplying blood and innervation
(Haversian canals) and terminates gradually into trabeculae at the cortical margins, it cannot be
assumed to be three-dimensionally homogeneous and solid. Laser ablations penetrating thin surfaces of
bone may open voids in the matrix that are either filled with epoxy or are empty, resulting in a much
lower time-averaged intensity signal on the ICP-MS. To address this, post-EDS internally standardized

values were examined for normalized phosphorus concentration, to further exclude partial bone or
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tooth matrix ablations. Phosphorus concentrations at each ablation site were compared to the overall
specimen average for phosphorus and to the average at adjacent ablation sites. Deviations from overall
or localized average phosphorus concentrations were subsequently removed from the ablation matrix
and replaced with a blanked node in the resultant Surfer concentration maps. This data validation
procedure allows us to create surface plots that are generally free from artifacts related to laser ablation
performance and increases the representativeness of the trace element profiles in histological context.

By conducting our laser spot mode analysis over the entire crown region of tooth and the
cortical to inner trabecular margin of the bone, we are able to construct surface plots of element
distributions to investigate the diffusion process across different biomineral classes (enamel, dentin and
bone). We utilized Surfer software to construct surface plots of the Kriged laser spot data for elements
manganese, iron, arsenic, barium, cerium and uranium to evaluate the direction and to infer the rate of
uptake of metals into the hydroxyapatite matrix in each specimen (Figure 9). In this paired-sample
experiment, our analyses revealed significant diffusion-mediated post-depositional uptake in both bone
and tooth, but the diffusion patterns indicate histologically-differential absorption into the
hydroxyapatite matrix. In this series of plots it appears that the cations with electrochemical similarities
to calcium (barium and uranium) are following a generally different histological path of incorporation
from elements manganese, iron, arsenic and cerium. Barium in particular shows evidence of multiple
pathways of incorporation in both tooth and bone samples, from the cortical surface of the bone and
from the pulp chamber of the tooth. Alternatively, uranium concentrations are highest in the pulp
chamber, like barium, but show considerably higher incorporation along the trabecular margin of inner
cortical bone.

Generally, the opposite pattern obtains for elements manganese, iron, arsenic and cerium,
demonstrating weakly developed diffusion gradients along the occlusal and ventral surfaces of tooth
enamel, with secondary ingression along the dentin-enamel junction. In the bone specimen, these
profiles are highest on the cortical surface, with secondary diffusion from arsenic along the trabecular-
cortical margin of the inner bone. Based on the diffusion profile estimated from the surface and contour
plots, we compared the element concentrations from the central, minimally-altered region of both bone
and tooth specimens (see Figure 8). For both the bone and tooth, elements iron, manganese and cerium
are of similar concentration between bone and tooth, but elements arsenic, barium and uranium are

nearly an order of magnitude higher concentration in the bone specimen, compared to the tooth.
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Summary averaged element concentrations from the interior region of tooth and bone, including

estimated soil concentrations, are listed in Table 3.

Discussion

As noted by Pike and Richards (2002), understanding the diffusivity of trace metals into bone or
tooth requires not only fine-scale data on the chemical characteristics of soil, groundwater and
mineralized tissue (including pH, redox state, soil moisture and temperature), but also a mathematical
model for the partition coefficient (Ky), the electrochemical potential of ionic transmission between
different matrices at the pore water interface. Recent work by Kohn and colleagues (Hinz and Kohn
2010; Kohn 2008) explore the mechanisms of diffusion under fossilization, using LA-ICP-MS to measure
the uptake of trace elements to understand the complex interactions of soil and mineralized tissue pore
water in burial matrices. They discovered a variety of unpredictable modes of trace element
incorporation in fossilized material that suggests the path of diffusion, adsorption and recrystallization in
biominerals is element specific and can provide information on the specific context of burial. For
instance, elements strontium, barium and uranium should diffuse and adsorb similarly, but with
decreasing effective rate into bone matrices, as a function of Ky, where Ky = Sr < Ba < U. Practically
speaking, diffusion profiles of barium should show lower spatial heterogeneity than uranium, and
strontium should be lower than either barium or uranium. In the case of fossilized bone from a 25 kya
Pleistocene site in southwestern Montana, diffusion of strontium, barium and uranium is complete,
suggesting equilibration with local soils was complete at the time of collection (Hinz and Kohn 2010).

Koenig et al. (2009:513) suggest that deviations from diffusion equilibrium under fossilization
may indicate faster or slower rates of secondary recrystallization, with consequent differences in
observed histological preservation. They argue that lower overall concentrations of diagenetic barium
and strontium within mineralized tissues may suggest relatively faster rates of recrystallization, and may
lead to preservation of biogenic signatures, versus much higher concentrations of these elements in
more profoundly altered samples. In samples that exhibit poorly developed diffusion gradients, they
suggest that retention of a biogenic signature may be possible, although several others are somewhat
more pessimistic (Hinz and Kohn 2010; Kohn 2008; Pike and Richards 2001; see also Berna et al. 2004).

Our results suggest that diffusion-adsorption reactions are taking place within both of the paired
skeletal elements from the KA-5 cemetery, but that the rate and direction of these reactions are not

consistent between material type or by element. Similar to our preliminary study of the KA-5 materials,
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surface enrichment of several elements (manganese, iron, cerium, arsenic) is consistent with respect to
bone and tooth specimens, and indicates a mode of uptake and incorporation that is mediated by direct
contact with soil adhering to the tissue surface. The observation of enrichment, relative to sediment
concentration in the first row transition metals (e.qg., titanium, vanadium, chromium, manganese, iron,
cobalt, nickel and copper), and rare earth elements has been modeled for rock varnish systems by
Thiagarajan and Lee (2004), who proposed that these elements are physically leached from clay particles
in aqueous atmospheric environments, precipitating on underlying solid surfaces. Because clay particles
are expected to infill around the outer surfaces of the skeleton after soft tissue decomposition, the
partition coefficient of these elements between clay and hydroxyapatite at the pore water interface
controls their uptake and resultant diffusion. The poorly-developed diffusion profile created from the
laser ablation data for these elements suggests that either the partition coefficients for these elements
are high, relative to As, Ba and U, or that pore water-mediated diffusion is less effective at transmitting
these elements into the hydroxyapatite matrix. The latter case seems plausible, given the observation
that seasonal variation in soil moisture and freeze-thaw cycles may contribute to localized soil moisture
reduction at the pore water interface, resulting in decreased diffusion probability across the soil-bone
contact area.

In contrast, the relative efficiency of transport into hydroxyapatite tissues of elements arsenic,
barium and uranium—all producing water soluble compounds (e.g., H3AsO,4, BaCOs3, UO,SO,4)—may lie in
their ability to remain as free ions in pore water solutions. In this situation, pore water solutions
containing arsenic, barium and uranium can be delivered via capillary action into the pulp chambers of
teeth and marrow cavities of bones, and proceed by diffusive uptake and incorporation in the
hydroxyapatite matrix. On the other hand, elements contributing to the outer surface diffusion profile
reported here (Mn, Fe, As, Ce) have affinities for clay particles, and in complexation with each other
(Hsia et al. 1994). Lin and Puls (2000) showed that in laboratory experiments, As(lll) and As(V) were both
adsorbed onto various clay particles and that over time, the desorption of these arsenic species
decreased, likely due to time-dependent diffusion and incorporation into the crystal structure of the clay
particles. Therefore, arsenic adsorbed onto clay particles and complexed with iron in the local
environment may eventually come into pore water contact with the surfaces of bone and teeth as
adhering soils, transmitting by diffusion into the apatite mineral.

The direction of incorporation of a suite of trace elements in enamel, dentin and bone appears

to be driven primarily by the element’s propensity to disassociate from sediment particles and become
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soluble in pore water. Transition metals and rare earth elements persist as oxides on clays and other
sediment particles, and produce weakly developed diffusion gradients corresponding to their partition
coefficients at the pore water interface. Alternately, elements with electrochemical similarity to calcium
(strontium and barium), or with phosphate affinity (uranium) may enter the larger bone cavities as
agueous ions and replace calcium in the phosphate lattice until apatite mineral equilibrium is attained
(Koenig et al. 2009; Pike et al. 2002). Viewing the laser ablation diffusion profiles of several elements in
our bone and tooth specimens (Figure 9), we see that element barium has diffused from both cortical
trabecular surfaces of the bone section and predominantly from the inner pulp chamber of the tooth
specimen. We argue that this pattern is consistent with capillary uptake of aqueous barium, rather than
through diffusion at the pore water interface, due to the histological microstructure revealed through
SEM imaging (Figure 10). These small orifices on the outer surface of compact bone (Haversian canals)
are connected with other canaliculi, lacunae and voids in bone and as dentinal tubules within the pulp
chamber (Kohn et al. 1999). These are contrasted with the more impermeable mineralized surfaces of
enamel and cementum (covering the dentin) which, unlike the periosteal membrane, persist in the post-
depositional context.

Conversely, arsenic follows the uptake profile of manganese, iron and cerium (not shown), with
a strong diffusion gradient terminating about 500 pm into the cortical and trabecular surfaces of the
bone specimen and about 250 um into the occlusal enamel and pulp chamber dentin surfaces (Figure 9).
This pattern is more consistent with partition coefficient-mediated diffusion from adhering clay particles
at the pore water interface suggested by others (Koenig et al. 2009; Hinz and Kohn 2010), and can be
discretely visualized in the laser ablation surface maps. While it may be argued that some elements—
notably strontium and barium—nhave diffused so completely in the bone and dentin that no biogenic
signature remains (what Hinz and Kohn term “diagenetic overprinting” [2010:3228]), we believe that
arsenic retains evidence of biogenic uptake in both sub crown dentin and enamel, owing to the lower
apparent partition coefficient of arsenic, compared to manganese, and the substantial agreement of
concentrations of manganese, iron and cerium recovered from the inner portions of the bone and tooth
sections (Figure 8; Table 3). The almost 6x increase in bone versus tooth arsenic in the paired sample
comparison remains a concern for future bone studies, however. While we believe it is possible that the
lower values in the tooth sample reflect exposure during development of the dentition, with higher
bone values representative of lifetime exposure, a conservative approach would apply only ratio-level

comparisons between the permanent teeth of individuals interred in the same cemetery in the same
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depositional context. Using our laser ablation spot mode mapping method gives us the best method to
assess discrete variation in individual specimens in histological context, and to determine the mode of
uptake and the possibility of post-mortem damage which could obscure the collection of a biogenic

signature (Koenig et al. 2009).

Conclusion

While we have firmly internalized the cautionary tales of overreliance on trace element data as
proof of biogenic signature in archaeological bones (Radosevich 1993; Sanford 1993), we show that
utilizing the technological advances incorporating high-sensitivity ICP-MS trace element analysis with
well-controlled UV laser ablation systems can generate spatial data on element concentration with
excellent resolution and accuracy across morphological and histological structures. Combined with
matrix-matched standard arrangements that provide fine-scale bracketing of specimen concentration,
and internal standard routines that monitor instrumental drift and correct for laser-sample coupling
variation in heterogeneous matrices, our multi-modal analytical methodology represents incremental
improvements over previous strategies, with an eye towards increasing precision of measurement and
repeatability. Somewhat different than other strategies that employ laser raster patterns and long
acquisition times on verifiably homogeneous matrices, the procedures outlined here are crucially
important for employing high-density spot analysis to understand the additive components of biogenic
and diagenetic incorporation, often at sub-ppm variation in concentration.

Since laser acquisitions of this type can take many hours to complete, accurate characterization
and normalization of instrument drift and cyclical sensitivity changes are necessary to visualize
elemental variation across histological domains. Employing ancillary technologies like SEM-EDS to
visualize micro-morphological and major chemical structural variation add to our assessment of post-
depositional change and have proven useful in creating independent, internal standard calibration data
to ensure comparable data across biomineralized tissues of different densities, crystal orientation and
ablation response. In combination, this methodological strategy is profoundly useful for evaluating the
process of biogenic and diagenetic uptake of trace elements in the archaeological skeleton, providing
new empirical evidence for evaluating the presence and impact of specific patterns of human activity
(Sanford et al. 2000).

By comparing models and empirical evidence for the process of fossilization (Hinz and Kohn

2010; Koenig et al. 2009; Kohn 2008) with our own case studies of post-depositional alteration on much
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shorter archaeological timescales (c. 4500 years), we have shown that well-developed diffusion
gradients persist in samples of archaeological bone and tooth. Even though certain diagenetic
“overprinting” indicator elements (Sr, Ba and U) demonstrate rapid diffusion and absorption in the
hydroxyapatite matrix, elements (As) with explanatory potential for archaeological activities like
metallurgy do not show the same pattern of uptake and incorporation (Figure 9), leading us to posit a
different mechanism for their occurrence. Our evidence demonstrates the presence of histologically-
mediated uptake of free metal ions in pore water solutions through innervation and blood supply
conduits on both the cortical and medullary aspects of long bones and within the pulp chamber of the
dentinal root (Figure 10). In contrast, transition metals and rare earth elements are adsorbed onto clay
particles that eventually make pore water contact with biomineral surfaces such as enamel, cementum
and cortical bone. Diffusive uptake of these elements is therefore guided largely by partition coefficients
between clay particles and hydroxyapatite at the pore water interface, rather than by ionic solubility
and electrochemical similarity to calcium in the bone mineral.

The general lack of evidence for arsenic (and any other study elements) diffusing into the
cementum below the cemento-enamel junction remains unexplained, especially with regard to its
expected relative permeability (lowest to highest: enamel << dentin << cementum [Nanci et al. 2008;
Tziafas 2005]). SEM images of cementum (Figure 10) show a pebbly, roughened surface (compared to
enamel), but without the regular dentinal tubules visible in the pulp chamber dentin. Perhaps the lower
permeability of cementum with regard to either transition metals — rare earths or dissolved barium and
uranium is due to the low inorganic fraction (45 — 50 % hydroxyapatite [Nanci 2008]), compared to
enamel or dentin and the smaller, more platy apatite crystal form, versus enamel. We surmise that one
primary reason for the absence of substantial adsorption-diffusion-recrystallization in the dentin for all
elements besides strontium and barium is the cementum tendency to inhibit water uptake via the
dentinal tubules, significantly reducing hydrolytic destruction of collagen and preserving apatite crystal
bond integrity.

Whereas bone is quickly depleted of its non-mineral periosteal covering shortly after burial and
exposure to soil bacterial and enzymatic action, the semi-inorganic composition of cementum may tend
to preserve interstitial organic molecules in the dentin hydroxyapatite matrix, serving as a barrier to
more rapid uptake and diffusion of trace elements in pore waters. Trueman and Tuross (2002:494)
observed a 26 % porosity increase in freshly deproteinated bone, compared to unmodified bone,

suggesting that destruction of interstitial collagen permits absorption pathways between apatite
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crytallines in the range of 10 — 50 nm. Increasing diagenetic porosity provides a lateral pathway for
diffusive uptake from ‘capillary reservoirs’ in the Haversian canals (300 um), dentinal tubules (3-4 um)
and other histological structures. This observation fits our summary arsenic values for human and
presumably cooked sacrificial animal bone recovered from KA-5 (Figure 11). Interior (pulpal) dentin
presents exposed dentinal tubules along its entire inner margin, with a significantly higher density of
tubules per unit area occurring in the superior coronal aspect (ceiling and upper sides) of the pulp
chamber (Schellenberg et al. 1992). The primary mode of incorporation by barium, as uptake and
diffusion from the pulp chamber of the tooth supports this observation, as its diffusion gradient appears
to radiate outward from the ceiling of the pulp chamber, achieving its greatest extent in the dentin
horns inferior of the enamel crown (Figures 5 and 9).

Enamel, by contrast is nearly devoid of interstitial organic material, and upon cessation of
salivary calcium phosphate maintenance activity (Dawes 2003) after death, surface demineralization
promotes pore water absorption sites perpendicular to the long axis of the prismatic enamel crystallite
(Figure 12). Without obvious absorption pathways in the outer enamel matrix, diffusion and adsorption
processes are much slower at the pore water interface, creating a well-defined but shallow diffusion
profile extending only a few hundreds of microns within the enamel structure. Direct ionic uptake and
substitution from the coronal dentin, while generating a less well-defined diffusion gradient in the
enamel, conveys diagenetic elements like strontium, barium and uranium greater distances, appearing
to follow micro-fractures in the dentin and creating ‘plumes’ of trace elements at higher concentrations
than would otherwise be expected by transmission via histological structures (Figures 5 and 9). As
mentioned by Koenig and colleagues (2009:513), laser ablation compositional maps can help identify
structural damage to bony tissues caused by post-depositional alteration versus sample preparation and
analysis damage, using the distribution of diagenetic elements within and around damage sites.

We have presented a methodological and analytical strategy for measuring the spatial and (by
inference) temporal aspects of trace element uptake in mineralized tissues. Demonstrating the
sensitivity of LA-ICP-MS for investigating the dual component of biogenic and diagenetic incorporation,
we addressed one particularly thorny question in archaeological science: can we identify aspects of
archaeometallurgy using trace elements specific to certain methods of manufacture (Oakberg et al. 2000;
Ozdemir et al. 2010; Pike and Richards 2002)? Our answer to this question is a resounding maybe. While
we believe that our method provides the best approach to identify, separate and quantify components

of biogenic incorporation and diagenetic alteration, further work is required to assess the replicability of
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these results in experiment situations. These include sorption experiments in modern biominerals and
their analogs, interspecific comparisons of bioavailable trace metals in tissues and examination of
bioarchaeometallurgy in skeletal assemblages with variable post-depositional environments. Our LA-ICP-
MS experiments demonstrate that it is possible, in principle, to identify the mechanisms of
incorporation of trace elements and to create archaeologically-sufficient explanations for their observed
patterns in mineralized tissues.

In addition to our primary aim to evaluate the biogenic versus diagenetic signatures of
archaeologically important trace elements, this methodological approach has important implications for
dietary stable isotope studies. A recent study suggests that collagen, in contrast to DNA and other
organic proteins in biomineralized tissue, maintains a stable amino acid profile until the weight percent
of collagen falls below 1.0 % (Dobberstein et al. 2009). Using our method of topographic mapping of
mineralized tissues, measuring the post-depositional uptake of trace elements may yield proxy data on
secondary carbonate (CO5?) incorporation, likelihood of surviving collagen and the best locations for
recovering biogenic stable isotope samples (see Trueman and Tuross 2002 for an excellent summary).
Our preliminary results indicate that biogenic signatures can persist in archaeological skeletal material
on the order of 4500 years old, but discerning this signature requires careful selection of specimen,
sampling location within the specimen, analytical technique, and a great deal of caution in the

interpretation of the proximate mechanisms producing the observed elemental distributions.
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Figure 6. Comparison of concentration estimates derived from calcium internally standard-corrected
laser ablation values (y-axis) to acid digestion values (x-axis) for five elements. Internal standard
correction calculated from stoichiometric calcium or SEM-EDS normalized weight percent adjacent to
the ablation site.
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Figure 7. KA-5 human bone specimen with a 3 x 15 grid of 100 um laser spots at 250 um intervals (right).
Wireframe contour profiles for four elements (iron, manganese, uranium and arsenic; left).
Concentration reported in parts per million (ppm, pg/g).

%
A =\
PO AT

RO,

A
Wl




Figure 8. Comparison of six trace elements and their concentrations in human bone (y-axis) and dentin
(x-axis) specimens from KA-5.
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	We employed our LA-ICP-MS instrumental setup and calibration strategy to study the epidemiological implications for archaeometallurgy in a collection of skeletal material from the Kammenyi Ambar 5 cemetery (Middle Bronze Age [2035 to 1735 cal. B.C.]) in the Karagaily-Ayat River Valley of the southern Ural Mountains in Russia. This project was provoked by the assertion of previous authors that heightened levels of bone arsenic were a consequence of long-term exposure to gaseous arsenic during the production of arsenical bronze (Oakberg et al. 2000). A dissenting opinion was provided by Pike and Richards (2002), who argued that substantial post-depositional incorporation resulted in the measured arsenic in the bone matrix. Due to the disagreement on the likelihood of preservation of biogenic signatures of metallurgy under complex soil/bone interaction in the post-depositional environment this question has engendered a lively debate over the proximate mechanism for arsenic incorporation in the skeleton (Martíneaz-García et al. 2005; Millard 2006; Oakberg et al. 2000; Özdemir et al. 2010; Pike and Richards 2002). Because arsenic may substitute for phosphorus in the apatite matrix of bone and teeth as an AsO4 → PO4 substitution, incorporation is possible from inhalation and drinking water (Kabata-Pendias and Mukherjee 2007) in the biogenic context and infiltration from soil pore water (Mahoney et al. 2005) in the diagenetic context. 
	In order to determine the concentration and mode of uptake of arsenic in apatite matrix, it is necessary to profile the distribution of the element in both histological and archaeological sedimentary orientation. When this is coupled with evidence from mobile elements present in the burial soil, a record of pre and post-depositional incorporation can be compiled to trace the source of arsenic contamination. Previous work on arsenic uptake in bone was performed using acid digestion ICP-MS (Oakberg et al. 2000; Özdemir et al. 2010). While careful precautions were taken to remove contamination from the cortical surfaces of bone, averaging effects from using whole bone samples prevent the interpretation of the mode of uptake. Our laser ablation approach to this problem allows us to visualize the spatially-discrete occurrence of arsenic and to test the alternate hypotheses of diagenetic diffusion uptake, versus incorporation during biogenic formation and remodeling.
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