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ABSTRACT OF THE DISSERTATION
ELEMENTAL ANALYSIS OF BIOLOGICAL MATRICES BY LASERABLATION
HIGH RESOLUTION INDUCTIVELY COUPLED PLASMA MASS
SPECTROMETRY (LA-HR-ICP-MS) AND HIGH RESOLUTION INDCTIVELY
COUPLED PLASMA MASS SPECTROMETRY (HR-ICP-MS)
by
Waleska Castro
Florida International University, 2008
Miami, Florida
Professor José R. Almirall, Major Professor
The need for elemental analysis of biological ncaisuch as bone, teeth, and
plant matter for sourcing purposes has emergedirwitie forensic and geochemical
laboratories. Trace elemental analyses for the emisyn of materials such as glass by
inductively coupled plasma mass spectrometry (ICP-lind laser ablation ICP-MS has
been shown to offer a high degree of discriminati@tween different manufacturing
sources. Unit resolution ICP-MS instruments mayfesuffrom some polyatomic
interferences including’Ar'°0*, “°Ar*®0'H*, and*°Ca®0" that affect iron measurement
at trace levels. Iron is an important elementhi@ @analysis of glass and also of interest
for the analysis of several biological matrices. cdmparison of the analytical
performance of two different ICP-MS systems fomit@nalysis in glass for determining
the method detection limits (MDLs), accuracy, anécgsion of the measurement is
presented. Acid digestion and laser ablation mettawd also compared. Iron polyatomic

interferences were reduced or resolved by usingmyn reaction cell and high resolution
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ICP-MS. MDLs as low as 0.08y g* and 0.14ug ¢* for laser ablation and solution based
analyses respectively were achieved. The use afirhehs a carrier gas demonstrated
improvement in the detection limits of both irorotispes °Fe and®’Fe) in medium
resolution for the HR-ICP-MS and with a dynamicatean cell (DRC) coupled to a
guadrupole ICP-MS system.

The development and application of robust analltiogethods for the
guantification of trace elements in biological nads has lead to a better understanding
of the potential utility of these measurements orefisic chemical analyses. Standard
reference materials (SRMs) were used in the dewsdop of an analytical method using
HR-ICP-MS and LA-HR-ICP-MS that was subsequentipliegal on the analysis of real
samples. Bone, teeth and ashed marijuana samples amalyzed with the developed
method.

Elemental analysis of bone samples from 12 differewlividuals provided
discrimination between individuals, when femur dmgdnerus bones were considered
separately. Discrimination of 14 teeth samples dase elemental composition was
achieved with the exception of one case where ssripbm the same individual were
not associated with each other. The discriminatibA9 different ashed plant (cannabis)

samples was achieved using the developed method.
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1 INTRODUCTION

Biological matrices such as bone, teeth, and ptaaterial are matrices of interest
for forensic scientists, since they are commoniyntb in crime scenes and/or massive
burials, and they could provide with valuable imf@ation to solve a case or for

discrimination purposes.

1.1  Significance of the Study

Human remains identification is typically based DNA analysis and/or by
comparison of the individual's dental records. Tdiemsence of DNA in deteriorated
samples and the unavailability of dental recordauldcoaffect the individuals’
identification process. On the other hand, the elg@al composition of such matrices can
provide key information of environmental exposutewarking places, heavy metal
poisoning, discrimination between individuals, atal associate an individual to a
geographical region. Strontium and light isotogéosacomposition of these materials has
been used in the past to follow the trail of digthabits of the inhabitants of a region
and/or to associate the individual to a geographegion [1-3]. Trace elements content
in bones and teeth could contribute with additianédrmation for the discrimination of
individuals with a faster and less complicated radttRecent applications of elemental
composition of such matrices to human authentinateve been reported in the literature
[4, 5]. Similarly, the elemental composition of pia such as marijuana may be used for
discrimination purposes.

Elemental analysis of glass by ICP-MS and LA-ICP-N& previously shown to

provide a very high degree of discrimination betweéferent sources of manufactured



materials [6-8]. There has also been an interegtarapplication of elemental analysis by
these sensitive methods to the analysis of biokbgmatrices. The development and
application of robust analytical methods for théedgon and quantification of trace
elemental analysis will lead to a better understanaf the potential utility of these
measurements in forensic chemical analyses. Aldaiteechnique for the analysis of
biological matrices will require been capable oflgming highly complex matrices,
resolving interferences, analyzing a wide concéioimarange of elements (ng'g %wt),
and offering the possibility of reducing cumbersosaenple preparation procedures and
the contamination of the sample. ICP-MS is onéhefgreferred techniques for elemental
analysis since it can provide excellent sensitjgcuracy and precision of the analysis.
The use of a HR-ICP-MS system offers the resolutddnpolyatomic interferences
improving the detection of trace elements in comptetrices such as bone, teeth, and
plant materials in addition to improving the detactlimits over a quadrupole based ICP-
MS device. By coupling a laser ablation (LA) systéor solid sampling, the sample
preparation steps and the destruction of the saarpleeduced significantly.

The primary aim of this research involves deveigpmn analytical method for the
analysis of bone, teeth and plant material usingl6R-MS and LA-HR-ICP-MS.
Dissolution work in ICP-MS is well known, thus itillivhelps in establishing the
feasibility of using trace elements in bone andhtematrices regardless of the high
concentration of Ca and P, and will provide a pahteference for the laser ablation
work. For laser ablation method development theafismlcium as internal standard was
evaluated for bone, teeth and plant matrices. A&meht menu for discrimination was

assessed based on their discrimination capabi({iibapters 3 and 4).



Buried bones are exposed to different environmeecdalitions that can affect
their natural elemental composition. A strategy Weageloped to decrease the possibility
of including those parts of bones affected by dieges in elemental analysis for
discrimination purposes. Although the approachwuoidiusing the diagenetic signal in
elemental analyses is been reported before [9-ti&Je is an improvement in the
capabilities of detecting elements at the low tlaeel by using LA-HR-ICP-MS, which
also will allow for the use of more elements fosgible discrimination between samples
from different origin. With this method it is pobk to assess the biogenic signal on
buried bone samples when no soil or informationhef environmental conditions have
been provided to evaluate diagenesis effects isdhgples.

Iron (an element of interest in bones, teeth, amahtpmaterial) presents
polyatomic interferences due to the plasma conutiand matrix composition. Standard
ICP-MS measurements commonly include the detectibri’Fe, which has a low
abundance of 2.2% vs 91.72% ftiFe. The polyatomic interferences and the low
abundance of this element are challenges for stdi@®-MS measurements that affect
the detection of iron at trace and ultratrace ev&he capabilities of using HR-ICP-MS
and DRC-ICP-MS for the analysis of iron in termsliofits of detection, accuracy and
precision were evaluated using glass matrix with glarpose of evaluate the possibility
of including*®Fe" in forensic analysis of the aforementioned masrig@hapter 2). This
detection limits study with both ICP-MS systemsbisen reported for the first time
providing to the scientific community the opportiynto evaluate iron in glass and

implement it on routinely analysis based on theina@apabilities.



1.2 Bone, Teeth and Plant Material: Elemental Casitjom

The elemental composition in bones and teeth vamiesncentrations from wt%
to ng g* depending on the intake from diet. Some elememt®ssential for the human
bone development. Exogenous contribution couldemse the concentration of elements
such as iron, aluminum, and magnesium and couldecénom the environmental
conditions surrounding the remains [5, 13, 14].

The inorganic phase in human bones is mostly hydnatite and it contains
elements in minor and trace concentration suchr@as magnesium, zinc, chromium,
copper, and manganese that are associated to leweopment [15]. Cortical bone is
preferred for elemental analysis due to its detrsetsire, slow regeneration process, and
its low susceptibility to environmental changes-[I%. Isotopic information of cortical
bones may provide with information of the indivitisdatest years of life.

The enamel is the hardest material in teeth witls% ¢horganic phase in from of
hydroxyapatite [20]. The enamel is completely fodraound the adolescence and it
doesn’t experience a fast degradation as compace lvchich makes it suitable to
determine elemental composition from childhood [IBje dentine layer on the other
hand has a faster regeneration than enamel, thengfoviding information of elemental
composition related to more recent events.

Plant mineral content is mainly influenced by tlwl &nd water where it has
grown-up. The concentration range of these elemanpant material varies form %wt
to ng g~. The elemental composition of plants could be @iased to a geographical
region since they absorb nutrients from the soiliremment and also to discriminate

between different plants of the same species.



2 ANALYTICAL CAPABILITIES OF HR-ICP-MS AND DRC-ICPMS FOR

THE ANAYSIS OF IRON IN GLASS

Iron is a common element found in bone, teeth dadtpnaterial. The accurate
detection of this element in complex matrices regpiithe resolution of polyatomic
interferences created during the ionization processde the plasma. ICP-MS has
demonstrated to be one of the most effective aigalyinethods for the comparison of
trace elements in small glass fragments due toniifti-element capability, excellent
sensitivity, high sample throughput and the cajigbib provide isotopic information.
Elemental analysis of glass by ICP-MS and LA-ICP-N#S previously shown to provide
a very high degree of discrimination between dédfgrsources of manufactured materials
[6-8, 21-24]. Therefore, glass was chosen to ewaltlze capabilities of these ICP-MS

techniques in detecting iron.

2.1 Iron Content in Glass Matrix

Variations in elemental profiles within glass pagtidns are due to differences in
elemental composition of the raw materials used/andhose assosicatedto the
manufacturing processes. Although some of the raatenals used in glass
manufacturing are relatively pure, a glass prodnay contain impurities, such as iron
oxide, that could produce undesirable color andrdlirnace temperatures. Only one-
part-per-thousand of iron oxide in sand can imgargjreen color on the glass and
therefore manufacturers usually use discoloringhesg® remove or mask the tint. Iron
oxide is typically present at concentrations treatge from 0.07 to 0.16% wt in float

glass, 0.03 to .015 %wt in containers, 0.05% wiarosilicate glass, and 0.01%wt in lead



crystal glass while in optical and insulating leddsses, iron oxide content is reduced to

trace levels [25].

2.2 Elemental Analysis of Iron in Glass Matrix

The elements used for the discrimination of glabyekCP-MS had been critically
selected from previous studies in which precisenturacy and discrimination potential
of these elements were evaluated at major, mindrtiace levels [23, 24]. Iron has been
identified in previous studies as an excellent rifisimating element and it has been
successfully used for classification and discrirtiora of glasses by X-ray fluorescence
[21, 22, 26] and ICP-AES [21, 26]. Nevertheless, ¢bncentration of iron in some glass
populations may be close to or lower than the 8noit detection of XRF and ICP-AES.
Although standard ICP-MS methods provide bettesisgity than the aforementioned
techniques, the analytical performance of iron espnts a challenge due to inherent
interferences. In 2000, Duckwortt al reported that elements measured by ICP-MS
without good bias{10%) and precisior<l0%RSD) were closely inspected before using
them as discriminating elements in a databasedat glass. In this study iron presented
a bias and precision higher than 10% [27]. The pmecision and accuracy of iron
measurements in glass standards do not allow ét$nuglass databases and limits its use
in casework.

The analytical challenges of iron in glass by ICB-kte the result of polyatomic
isobaric interferences such d8Cd®0" and “°Ar'°0* on °°Fe’, and “°Ca®0O'H",
ArtPotH*, and*K*®0" on *’Fe’, respectively.Fortunately, these interferences can be

suppressed or resolved by using either DRC or HRNMS systems [28-30]. A solution



based analysis using DRC-ICP-MS reports a compangdDLs in 2% HNQ, in rain
water/ HNQ/HF matrix and the reporting limits generated byrfirer Geosciences
Laboratories (Seattle, WA) with detection limitsla& as 9 ng L* for the 2% HNQ and
383 ng L* in the rainwater sample [31]. Balcaenal. performed determinations of Fe in
AgNO; solutions with isotope dilution using the DRC-IGFS with NH; as a reactant
gas. They reported lower iron detection limits with tis®tope dilution (0.013ig g%
than with external calibration (1.2g g%) [32]. In 2001 Ginthert al. reported a
comparison of detection limits 8fFe” and”’Fe" using the STD mode and the DRC mode
with hydrogen and neon as reactant and buffer gesgsectively for laser ablation
experiments. The limits of detection were determif@ a spot size of 40n using the
gas blank and the ablation of the SRM NIST 610 gjlds this study, the limits of
detection were improved from 5.@ g'in standard (STD) mode to 20 g using DRC
mode for’’Fe’, while for°°Fe" the limits of detection were reported to be 0g35*[33].

A study of trace elements in quartz by LA-HR-ICP-MSing an external
calibration with the three SRMs NIST 612, NIST 6a#d NIST 616 reported limits of
detection for°Fe" of 2.6 ug g* in medium mass resolution [34]. Iron detectioniténin
the order of pg § were reported for analyses of water, plant, tisane rock samples in
medium mass resolution by a HR-ICP-MS. The MDLsifon in oyster tissue/tomato
leaves and rock sample digestion blanks were regdat be 113 pgyand 3940 pg§
for °®Fe’, and 580 pg§gand 10600 pg Yfor °'Fe" respectively [35].

Although there are reports of iron detection limitsh both ICP-MS systems, at
the present there is no existing data that compaeesetection limits for’Fe” and®’Fe"

in glass samples using those techniques utiliziogh daser ablation and solution



introduction methods. The capability of resolving m@ducing the iron polyatomic
interferences by using the DRC and high resolusgatems will allow for a more
optimized use of Fe for the discrimination of glagad the potential use for
discrimination in bone, teeth, and plant matrices.

This work was conducted to evaluate the methodctetelimits (MDL) that can
be achieved for Fe using the different ICP-MS systéQuadrupole, Dynamic Reaction
Cell and High Resolution) for solution and laselatibn sampling introduction methods
using the glass standard reference materials (SRWsis work also includes the
assessment of precision and accuracy for iron meamnts to evaluate the possibility of

including iron in forensic analyses of glass antiwmlogical matrices by ICP-MS.
2.3 Methodology
2.3.1 Experimental

2.3.1.1 Laser Ablation Analyses

Glass standard reference material (SRM) NIST 6M2atignal Institute of
Standards and Technology, Gaithersburg, MD, USAS used for laser ablation analyses
with both ICP-MS systems using all configuratioB®M NIST 610 (National Institute of
Standards and Technology, Gaithersburg, MD, USAJ #re FGS glass standards,
described elsewhere [36], were used as externératdrs for some experiments using a
NewWave UP 213 laser ablation system (Fremont, G3A) and argon as the carrier
gas. Method detection limits were calculated ¥6te" and®>’Fe" using SRM NIST 612.

SRMs NIST 1831, NIST 614 and the FGS standards weedyzed to evaluate the



accuracy and precision of the method. For a prapsessment of LA experiments using
the ELEMENT 2 high resolution ICP-MS (Thermo ElectrCo. Bremen, Germany) and
the ELAN DRC Il (PerkinElmer, LAS, Shelton, CT, UpAother SRMs were used in
place of SRM 612 since the former was used as &mrret calibrator in the data
reduction analyses. For practical purposes onlyréselts of the SRM FGS1 will be

presented for all the laser ablation ICP-MS systems

2.3.1.2 Solution Based Analyses

High purity standards (CPI International, Santad&&alifornia, USA) were used
for the preparation of the external calibrationvas: Optima grade nitric acid (HN
hydrofluoric acid (HF), and hydrochloric acid (HGHisher Scientific Pittsburg, USA]
were used for the digestion of glass samples. Igigity deionized water (>188cm™)
and 0.8M Optima grade nitric acid (Fisher ScieatRittsburg, USA) were used for the
dilutions. Rhodium was used as an internal stanfiardll solutions analyzed.

SRMs NIST 612, NIST 1831, NIST 614 (National Ingit of Standards and
Technology, Gaithersburg, MD, USA), and the stadd&GS1 and FGS2 were digested
following the ASTM E2330-04 standard method forc&aelemental analysis of glass

using ICP-MS to determine the accuracy and pratisidhe analysis[37]
2.3.2 Instrumentation

2.3.2.1 ICP-MS Description and Operation Prirespl

The ICP-MS instrument includes the following basmmponents: (a) sample

introduction device, (b) inductively coupled plasii/@P) torch, (c) mass spectrometer



interface, (d) ion optics, (f) mass separation devand (g) ion detector (Figure 1). This
technique is based on the ionization of the sammpéesustained plasma created in a torch
under an intense radio frequency induced field. iBmezed sample is carried by a gas
(generally argon) through the mass spectrometerfade under high vacuum (<310
Torr). The ions are directed through the ion optosl then a complete separation is
achieved at the mass separation device and fidatlgcted by the detector.

There are two common sample introduction deviflest injector nebulizer and
laser ablation (LA) of the sample. In the flow ictier device the liquid sample is pumped
into the nebulizer (usually at 1 mL/min) using aig@ltic pump. The sample is carried
out through the nebulizer with an argon flow of ~/rhiln to create droplets. These drops
(which are about 1-2% of the sample) get separated the larger droplets through the
spray chamber. Only the very small droplets (nastphe out from the spray chamber and
get introduced into the plasma torch by the sampéztor. With LA the solid is placed
onto a 3D mobile stage inside the ablation cham@dre ablation chamber is
continuously purged with a gas (generally argoie $ample surface is ablated and an
aerosol of particles is produced. Then the padial® carried by helium gas stream into
the plasma torch.

The plasma torch is surrounded by a coil with entrrthat produces enough
radiofrequency to create an induced magnetic fidtdon gas flows around the torch to
stabilize and isolate the plasma from the outeesudnd to carry the sample through the
torch. A spark of high voltage electrons interatthwhe ions carried by the gas to creates
a very hot plasma (~10,000 K) with positively chargens at the end of the torch. These

positively charged ions are directed into the iguical lenses. Different voltages are
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applied to each set of lenses and the ions getratepgaby their potential differences.
Then they are directed to the mass separatione&evic

Two common mass separation devices are: (1) gpablruand (2) magnetic
sector field system. The quadrupole has four cyioadl or hyperbolic rods with the same
diameter (~1 cm) and length (8-12 cm). The four radsperfectly aligned in such a way
they produce a very uniform and stable field. Byplgimg a direct current (+) and a
radiofrequency field (-) to the rods, ions with@esific masses and charge pass through
the middle of the four rods and then get detedtuwith mass to charge ratio different
from the selected mass will be ejected betweerrddde spaces. On the other hand, the
magnetic sector field device consists of an elstatec analyzer (ESA) and a magnetic
sector analyzer. lons exiting from the lenses einterthe magnetic field produced by the
magnet. The ions will get dispersed by their eneagyl mass until they reach an
intermediate slit. Then a direct current is apptedhe ESA inner an outer plates making
the inner plate negatively polar attracting theifpasions, while the outer plate (positive
polarity) repels them. The ions are directed towdhg ESA to get dispersed with respect
to their energy and focused to the exit slit ifite tdetector [38-40].

In the ICP-MS with the DRC, the interferences agenoved by a chemical
reaction between a reactant gas and the sample4]295]. The quadrupole (reaction
cell) is located between the ion lenses and thelrgpale analyzer. Chemical resolution
is achieved by introducing a reactive gas into lamlaced in the ion path. The cell is
pressurized with a reactive gas, which can conwétferences to different ions that do
not interfere with the analyte, or convert the gteabf interest into a new species that is

interference-free. The chemistry involved in thensersion of the interference into a
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different ion depends on the reaction gas and Hmlass settings. Bandpass acts as
guard wall by allowing only the analyte to pass amter into the mass analyzer. Iron
polyatomic interferences were chemically removedubing methane as a reactant gas
[45]. Methane is often used as reactant gas fordhwval Fe interferences. Preliminary
results in our laboratory showed better sensitivitythe detection ofFe" with methane
as reactant gas. The removal of the refractoryrfeence CaO was improved
significantly with methane than with other gaseglass matrix. It seems that methane
works better for the removal 8%F¢" interference Cabin Ca—rich matrices. Additionally
for safety reasons it is more convenient to workhwnethane than with ammonia gas.
Equations 1a and 1b describe the chemical reactioogrred in the reaction cell of the
ke interferences with the reactant gas @CHFor comparison purposes this instrument
was also used in STD mode.

CH, + “Art®0" - CH," + Ar + 0 Eq.la

CH + *ca®0" - CH,"+ *Cca +' Eq.1b

2.3.2.2 ICP-MS Systems

The ICP-MS instruments used for this study wereEAAN DRC Il ICP-MS
(PerkinElmer, LAS, Shelton, CT, USA) and a HR-SRHNIS ThermoFinnigan
ELEMENT 2 (Thermo Electron Co. Bremen, Germany).e TBDRC-ICP-MS was
equipped with a quartz cyclonic spray chamber andoacentric tube pneumatic
nebulizer. The sample intake rate into a concenglaulizer and cyclonic spray chamber
(ELAN system) was 1 mL mih An ASX 510 autosampler (CETAC Technologies,

Omaha, NE, USA) was coupled to the ICP-MS for tbutson analyses. For laser
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ablation analyses, the laser systems were connéattéee torch intake of the ICP-MS.
The DRC-ICP-MS was operated in STD mode and DRCendtie removal of®Fe'
polyatomic interferences was achieved by using arethas a reactant gas in the DRC
mode. For solution analyses the HR-SF-ICP-MS sarmteduction setup included a
quartz cyclonic spray chamber with a microflow PS&-nebulizer (400 pL mihintake
flow) [ESI Scientific, NE, USA] and a 1.5 mm quantgector connected to a quartz torch
CD-type for removable injector (ESI Scientific, Omaa NE, USA). The laser systems
were connected to a 1.75 mm quartz injector indar® the torch. The HR-SF-ICP-MS
system was used in the three mass resolutionsablaillow (~ 300), medium (~ 4000)

and high (~10000).
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Figure 1. Schematic diagram of the basic compor&rds ICP-MS.

13



Before conducting each experiment, the instrumentye optimized for
sensitivity (maximum counts per second) and forhkdypicharged species<8%) and
oxides €0.3%). An additional optimization in LA analyses tbe ratio U/Th on SRM
612 was also conducted as a measure of fractionkieels (with 1 £ 0.2 determined to

be acceptable).

2.3.2.3 Laser Ablation Description and Operatwmciples

A typical laser consists of an active laser medamd a resonant optical cavity.
The active laser medium is made of a pure matetithl a specific size and concentration
that allows the amplification of the beam by meahstimulated emission. An external
energy source energizes the active laser mediunrewtne electrons of an atom or
molecule get excited to a high energy level foharsperiod of time before returning to
their original energy level releasing photons dgyrihe decay process. The emission of
these photons can occur spontaneously or by stilonlaThe spontaneous decay of
electrons will produce the release of photons atleen directions while the stimulation
decay is caused by the interaction of the spontadecaying electrons with other exited
electrons that will cause their return to the eradiground state. The photons released
during the stimulated decay will travel in phas¢hvthe same wavelength and direction
of the incident photon. When the photons have #meesdirection as the optical axis they
go back and forth through the resonant opticaltgaVihen the light energy is amplified
until enough energy is built up to produce a ldggat that will be transmitted through a

partially reflecting mirror [46].
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To achieve the amplification the active laser medimust have at least one
exited metastable state in which population inwerstan occur. In order to obtain the
population inversion there must be more electronthe high energy level than in the
lower energy level. In a four level laser systengyFe 2) the electrons are excited to a
high energy level where they decay rapidly in a-remhative transition to the upper
metastable energy level. The transition of eledriom the upper metastable energy
level to a lower energy level has a lifetime gredb@an the transition from the exited to
the upper metastable level. Therefore there igaifsiant accumulation of electrons in
the upper metastable energy level causing the ptpalinversion. Then the decay from
the upper metastable energy level occurs by metegh®r spontaneous or stimulated
emission into the lower energy level (Figure 2)eiiha fast non-radiative decay to the
ground state occurs [46]. Most of the practicaktasare based on a four level system
because it requires the excitation of few atomgheoupper metastable energy level to
form a population inversion, thus it is more e#iai than in a three level system.

There a several types of laser and they could bssifled according to the
physical state of the active laser medium (soilglitl or gas laser), by the wavelength of
emitted radiation (infrared, visible, ultravioletnd x-ray lasers) or by their operation
mode (continuous wave or pulse mode) [47]. In thatiauous wave mode laser the
population inversion is continually sustained bg source of energy and the output of
the laser is continuous with the time. On the otha&nd in the pulse mode the laser
operates with short pulses varying in time. Foelaablation, the pulses must be short
enough to avoid melting of the material and allayvam efficient removal of particles

from the surface.
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Figure 2. Four level laser energy diagram [46].

One of the most common solid state lasers is theY N@ laser since it is
relatively simple and less expensive than otheddakers, and its properties favors the
laser operation. The Nd:YAG (neodymium-doped yitriualuminum garnet;
Nd:Y3Als0;) is a crystalline structure that works as thevactaser medium. The YAG
host possesses several characteristics for theafaleolaser operation. The host is a hard
structure with good optical quality, high thermahductivity, and its structure is stable
on a wide range of temperatures up to the meltmigtpthus no change is expected to
occur in the solid state. In the Nd:YAG about 1%t Y** is replaced by N [48]. The
Nd:YAG laser is a four level system and commonlyitenat 1046nm wavelength,
although with optical modifications it can emit the 213nm, 266nm, and 532nm
wavelengths. These lasers can operate in the pulsentinuous mode. Typically the
Nd:YAG pulsed lasers are operated in a Q switcheniod which an optical switch is
located at the resonant optical cavity. When thicapswitch is in operation, the light

leaving the laser active medium is not been anegljfthus the laser emission can not
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occur. This attenuation produces a low Q factomlityi factor) of the resonant optical
cavity. The population inversion occurs but ther@ad amplification and as consequence
the laser operation does not happens yet. The etigeg is stored in the medium until it
reaches a maximum level where the medium is sa@ tgain saturated. At this point the
Q switch changes rapidly from low to high Q factlowing the amplification by
stimulated emission. Due to the large amount ofrg@nestored in the medium, the
amplification of the light occurs almost as fasttlas energy been depleted in the active
laser medium. As a result, a short pulse laseigbt is released from the laser with very
high peak intensity [49, 50].

The Nd:YAG lasers have found applications in oplmimdogy, cutting and
engraving metals, in the cosmetic industry, andnalytical techniques such as in laser
ablation ICP-MS.

Laser ablation is a technique used to remove nahtEam a solid with a laser
beam, although lately it has found some applicationliquid materials. The ablation of
the material from the surface occurs by means dfimge fusion, sublimation, erosion,
vaporization, and explosion. The ablation processfected by the ability of the material
to absorb energy. To remove an atom from the swltd the laser pulse, an energy
exceeding the binding energy of the atom must Ipdiexh To remove the same amount
of material from the solid with a short laser pullse laser intensity should be inversely
proportional to the duration of the pulse. For eglama laser ablation with 30-100 ns
pulse requires intensities ~t00°W cni? [51, 52].

The ablation process could involve thermal or rfeerinal ablation mechanisms

depending on the lasers wavelength. In a thernoagsss, melting and vaporization of the
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material occurs as result of the direct absorptibthe laser light by the electrons. The
absorbed energy then is transferred to the atoaticé. A strong fractionation could

result from the thermal mechanism due to the diffeiphase transition of the elements,
whereas when the energy of the photon is higher tihe bonding energy of the atoms in
the solid, the laser radiation can break the atdaticce resulting in the ejection of ions
and atoms without suffering of heating effects @loermal ablation process) [53, 54].

In a non-thermal ablation four thresholds are agagrat different time lines,
which are presented in Figure 3. The particles redoduring this process directly
represent the sample composition. At the femtasddevel the absorption of light and
electronic excitation occurs. At this stage if taser wavelength is not the correct one, a
plasma shielding effect could happen. When ther lasam interacts with the already
growing plasma plum the laser energy can be abdodoereflected by the plasma.
Typically the plasma absorption is more promineithwarger wavelengths. On the other
hand a more efficient bond breaking process happéhsshorter laser wavelengths. The
efficiency in the bond breaking is a result of dtérepenetration of the laser beam into
the plasma leading to less fractionation [55-5During the picosecond time frame the
emission of electrons from the surface of the nmaterccurs, while at the nanosecond
timeline the plasma is formed where radiation, zatiopn (shock wave), vaporization,
convection and melting are taking place. Finallythre microsecond level the particles
are ejected from the surface by means of normgl@easion and explosive boiling [58].

A typical laser ablation system for ICP-MS inclu@desablation cell mounted on a
platform with X-Y-Z axis translational capabiliti@d an optical lens. The laser beam is

focused on the surface of the material by meams@ED camera aligned with the optical

18



lens and through an aperture system that allowssspes of 10 to 20(dm. To assist with
the imaging the laser system may have reflecteut kopd/or transmitted light, a dual
polarizer and a real time image acquisition. A schic representation of a typical laser

system is shown in Figure 4.

Figure 3. Ablation process time scale [58].

Different ablation modes such as depth profile cepeprofile, surface and bulk
analyses can be achieved depending on the timeebetwndividual pulses and the
platform movement capabilities. A carrier gas Systs integrated to the ablation cell to
efficiently transport the particles into the ICEs®m and to avoid the plasma collapsing.
The purging system usually includes a three-wayevalystem to avoid the introduction
of air in the ICP between sample analyses. Typicaltgon and/or helium are used for
purging the cell and for particle transportationh&s been found the use of helium as
carrier gas improves the ablation process andémsportation rate [59-62].

The coupling of laser ablation with ICP-MS allows the direct analysis of the
sample, reducing the sample preparation and asalyse, the use of reagents, sample

consumption, and the possible contamination witheotsources [63, 64]. The main
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disadvantage of ICP-MS is that it requires a mamnatched standard for quantitative
analysis, although non-matrix matched calibrati@ng glass SRMs (NIST 612 and
NIST 610) have provided satisfactory results [65-&A-ICP-MS also may suffer from
potential fractionation during the ablation or sdnpransportation [64, 68]. The
fractionation phenomenon occurs when the ablatedyats are not stoichiometrically
representative of the bulk of the sample compasif&®9]. Fractionation in LA-ICP-MS
limits the accuracy of the quantitative analysigt b can be solved by following the
response of a reference element with the same ntvaten in the standards and samples
[70, 71], by using a matrix matched standard whi $ample [72, 73] and by using short
wavelength lasers [74]. It is been reported thagimntification in elemental analysis of
forensic glass the fractionation effect is negligify 5].

There is no standardized calibration method fordhantitative analysis for all
solid samples [76-79]. Glass matrix reference nmtesuch as NIST 612 has been used
for optimization and for quantitative analysis @veral solid materials including glass
[7], plant material (cannabis) [80], and teeth f&l]-samples analyzed by LA-ICP-MS.
The general method for LA quantitative analysisludes normalizing the element
intensities relative to an element (internal stadfaf known concentration and whose
concentration variation within samples of the sanarix is virtually unchanged. Other
reference materials (matrix related to the sampies) measured with the samples for

verification purposes.
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Figure 4. Schematic of the UP213 New Wave LaseteB8ySNew Wave Research,
Fremont, CA, USA

2.3.2.4 Laser Ablation Systems

Two different Nd:YAG laser units were used for thisrk: 1) aNew Wave UP-
213operating at 213nm (New Wave Research, Fremont,l.t3R) and 2) &£ETAC LSX
200+ (CETAC Technologies, Omaha, NE, USA) operating2@nm. Laser ablation
parameters are further described in Table 1. @kerlablation systems were operated
under different parameters using both helium ampbraras a carrier gas, and different

ablation cell volumes. The experimental parameten® optimized for each system.
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2.3.3 Sample Preparation

2.3.3.1 Laser Ablation

The glass SRMs were rinsed with high purity deiedizvater and dried overnight

prior the LA analysis.

2.3.3.2 Solution

The samples were washed first in methanol for 18utes, then with HN¢1.6
mol L™ for 30 minutes, followed by rinsing with high piyrivater (>18 M2 cm*). After
rinsing, they were left to dry overnight. Glass géas were crushed and weighed to
approximately 2 mg + Jug into 5 mL polypropylene tubes. Trace elementadgr
(optima grade) nitric (HNg), hydrofluoric acid (HF) and hydrochloric acid (H{Fisher
Scientific Pittsburgh, USA] were used for the digms of glass. Samples were sonicated
for 2 hours and then dried in a heating block (ngital Bath Incubator, Boekel
Scientific, FeastervillePA, USA). After the samples were taken to compbitgess,
they were reconstituted with 0.8mol*LHNOs, the internal standard and high purity
water. Dilutions of the reconstituted digested glaamples were prepared and measured
along with seven reagent blanks that were treat¢lde same way as the glass samples.

The glass samples were measured against an extatitshtion curve made from
single element high purity standards (100§ g') [CP! International, Santa Rosa,
California, USA]. Rhodium was added as internahdtard to a final concentration of 3
ng g, 3 ng ¢ and 50 ng g for the HR-SF-ICP-MS, DRC mode ICP-MS and standard
mode ICP-MS calibration curves respectively. Calilan curves had seven calibration

points in a range of 0-10 ng*dor the ELEMENT 2 and ELAN DRC Mode, and from 0-
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100 ng ¢ for ELAN standard mode analyses. Two control veaifon checks (at 3 and 5
ng g* for ELEMENT 2 and ELAN DRC mode and at 7 and 25gTgfor the ELAN

standard mode) were run with samples in order &huate drift and precision over time.
All sample preparations and analyses were perforrmeda normal laboratory

environment.

Table 1. Instrumental parameters of laser and IC3Psystems.

LASER SYSTEMS ICP-MS SYSTEMS
Parameters | CETAC |[New Wave]l Parameters ELAN DRC I ELAN DRC Il ELEMENT 2
LSX 200+ | UP 213 (STD mode) (DRCmode)
Wavelength 266 nm 213 nm | Auxiliary Gas 1.1 L mint 1.0 L min? 0.8 L mint
Spot Size | 100pm | 100um | Ablation Cell 0.90 L min* 0.90 L min* [ 0.60-0.72 L mift
Carrier gas (laser, He) (laser, Ar) (laser, Ar)
0.80 L min* 1.0-1.1 L mift
(laser, Ar) (laser, He)
Energy Output| 4.8 mJ 2.4 mJ |Nebulizer Flow 1.0 L mint 1.0 L min* 1.0 L min*
(solution) (solution) (solution)
Repetition 0.98 L min* 0.98 L min* | 0.62-0.70 L mift
Rate 10 Hz 10 Hz (laser) (laser) (laser)
1500 W (solution 1501 W (solution )1300 W (solution
Carrier gas ArorHe | ArorHe RF Power 1550 W (laser) [ 1550 W (laser) | 1350 W (laser)
Ablation Cell
Volume 50.2mL | 30.0 mL| Reaction Gas - CH, -
Reaction
Gas Flow - 0.5 L min* -
0.5 (laser)
RPq - 0.6 (solution) -
Resolution Low, Medium
Modes - - and High

-Not applicable.

2.3.4 Data Analysis

2.3.4.1 Concentration and MDLs using Laser Abfat

The total analysis time was of approximately 176oses. During the first 55

seconds the laser was blocked (via the use of tieshand the signal of the “blank” was
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acquired in order to account for the backgrounctlleVhe laser was then fired for 60
seconds, but only the middle-latter 40 secondshef dblation signal were used for
measurements because of the inherent instabilityechwhen the laser first interacts with
a sample. Following these 60 seconds the lasertwagd off and the signal was
recorded for an additional 55 seconds to purge sigiyal carryover between samples.
Seven sample replicates of either SRM NIST 612xanrton-consecutive days were used
to determine the MDLs of LA analyses. Figure 5 shaive transient signal offFe’
during a typical analysis. The Glitter software (GLER, GEMOC, Macquarie
University, Australia) was used for data reducttondetermine concentration and the
MDLs. Glittter software enables plotting the tramgi signal collected from the LA
analysis and to select the background and signavals for data reduction. To
determine the concentration the Glitter softwaresukquation 2, where caopas the
concentration of element in analysisn, cps,;j is the mean count rate (background
subtracted) of isotopjeof i in analysisn, abundanges the natural abundance of isotope
], and yield; is the cps per ppm of elemarith analysisn. The vyield, is calculated using
Equation 3, where yield is the cps per ppm of the internal standard analysisn,
Int(yield,i/yield,g" is the ratio of the yield of elemehtn analysisn to the yield of the
internal standard in analysia interpolated over the standard analyses.

cong, = (cps, /abundancg/(yield ;) Eq.2

yield . =vyield _* Int(yield  /yield ) Eq.3

Glitter software uses Equation 4 to calculate that$ of detection with 99%

confidence level based on Poisson counting stegistn the Equation 4, B is the total
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counts in the background interval. The LA data gsialwas performed using SRM NIST
612, SRM 610 or the standard FGS2 as a single moa@rnal calibrator. For all the
analytical determination$’Si was used as the internal standard, except ®rRC
experiments wheréMg was chosen as the internal standard.

MDL =2.3*+/2B Eq. 4

Intensity (cps)

16000+ — 56Fe (MR)
1400(
) Signal Integration
12000 (40 sec)
10000 >
8000 - %\/.A N
600C -
Blank
4000 (30 sec) Purge Blank
200C - € 3 /
0 ! T T —= - '/ T ™ T
0 20 40 60 80 100 120 140 160

Time (sec)

Figure 5. A typical laser ablation transient sigoiiron in SRM NIST 612 analyzed with
the ELEMENT 2.

2.3.4.2 Concentration and MDLs using Solution Ksia

The glass samples were measured against an exthlatation curve. The
intensities (cps) for the standards and samples wermalized to the rhodium (internal

standard) signal (cps). A lineal regression lineswaetermined from the plot of the
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normalized signal (cps) against the concentratiahe correspondent standard. Then the
concentrations in the samples were determined mgubke slope and intercept of this
equation.

The iron MDLs on solution analyses for SRM NIST 6d2re determined by
Equation 5 where is the standard deviation of the blank’s signal amnis the slope of
the curve. MDLs were determined with at least Ticafes of reagent blanks measured in
two non-consecutive days in order to account fterkday variations.

30
MDL = —Dlank Eq. 5
m

To compare the MDLs obtained from laser and satutimrk, the MDLs for
solution are referred to the concentration on géssuming and average weight of 2mg
of glass diluted into 4mL after acid digestion [3Therefore, MDL obtained in pg'L

were multiplied by a factor of 2 to be reporteduimg* on glass.

2.3.4.3 Precision and Accuracy of LA and Solutforalyses

The accuracy of the analyses was determined by aongpthe SRMs NIST 612,
NIST 1831, standards FGS1 and FGS2 experimentakesabf iron with the certified
and/or consensus values. Precision was determipeathlbulating the relative standard
deviation (%RSD) of 5 sampling replicates on eatdsg) sample. The method was
evaluated with an accuracy ©10% bias from the consensus or certified, and eigon

of <10% RSD.

2.4 Results and Discussion

Three main ICP-MS configurations were used to eataluhe method detection

limits of iron in glass analysis: ICP-MS STD mod€P-MS DRC mode and HR-SF-
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ICP-MS, where the latter two were used to reduce plolyatomic interferences
associated with Fe measurements. MDLs were evawaté laser ablation and solution
modes since these are the two major sampling inttowh methods routinely used in
forensic laboratories for elemental analysis. Twasel systems were operated with
helium and argon in order to account for the effeuft laser wavelengths and carrier
gases on the sensitivity. Tableshows the experimental parameters used for each ICP
MS configuration.

Both isotopes®Fe" and >’Fe" were analyzed, however the target isotope in this
study was*°Fe" since it has a greater abundance th%e" (91.72% vs 2.2%). Iron
interferences represent an analytical challengestandard ICP-MS systems because
polyatomic interferences containing argon (a priypef the ICP) and calcium (a major

component in glass) are present at very high levels
2.4.1 Method Evaluation for Solution Based andAmralyses

2.4.1.1 Analytical Performance of DRC vs. STDddo

Analytical performance of the method was evaluaitedterms of limits of
detection, accuracy and precision. For solutioralymis in STD mode,”’Fe'
concentration on the standard FGS1 was considefragly compared to the consensus
value meaning the interferences produced were ficieatly removed in this mode
possibly due to high abundances of argon hydroxiderferences. This effect of the
interferences in standard mode is more pronountdowaconcentration levels of iron
such as in the case of SRM 612 were iron is ongsemt at 56.3 pug’g By using the

DRC mode, the iron interferences were properly ceduleading to an accurate
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measurement ofFe” when compared to the consensus value (580 gg6g") with a
bias and a precision of less than 10 % (Tabler@h of mass 57 was not measured in the
DRC mode since the target mass to reduce intedeseon DRC mode with methane was
mass 56, therefore the effect on reducing the mdarferences on mass 57 was not
optimized. In the LA analyses with the STD mode afiiferent carrier gases’Fe'
produced better accuracy than in solution basetysem This is because in LA mode, a
dry plasma contains much less hydroxide interfezsrauch a8’Ca®o'H*, “°Ar'®0'H"*.

For the analysis of°Fe’ in the DRC Mode the interferences were efficieméyguced
leading to a good accuracy of <10% bias and a gimtiof the measurements of <

10%RSD (Table 3).

Table 2. Results of accuracy (%bias) and preci€loRSD): solution based analyses for
standard FGS1.

ELAN STD Mode ELAN DRC Mode
Isotope | °Aveto  %RSD °"%Bias | “Avete  %RSD °%Bias
*Fe 699+ 9 1.3 21
*Fe 554 + 58 10 5
E2 in MR E2in HR
Isotope | °Aveto  %RSD "%Bias | “Avete  %RSD °%Bias
*Fe 544+ 52 10 6 529 + 13 3 9
*Fe 542 + 61 11 7 521 + 10 2 10

& Average (Ave) concentration jry g'1

® Bias was determined using the consensus value:d&80 + 6Qug g’l [27]
-Not determined.

2.4.1.2 Analytical Performance of HR-ICP-MS

Interferences of’Fe" were not properly resolved for solution analyséth ihe
ELEMENT 2 in low resolution mode hydroxides are ganet in wet plasma. Although

oxide levels were optimized to less than 0.3%, dRieles could be transformed into
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hydroxide specied’Ca®O'H* and “°Ar'®O'H* with the water in solution causing a
significant increase in the concentration measurémé®’Fe" in LR compared to the
consensus value of iron in the standard FGS1, fitveré was not reported. The accuracy
and precision o’Fe” measurements were improved in medium resolutioR)(&hd high

resolution (HR) with less than 10 % bias and lees1t10 % RSD for precision (Table 3).

Table 3. Results of accuracy (%bias) and preci§¥RSD): LA analyses for standard
FGS1.

(ELAN DRC Il -New Wave UP213 laser)

ELAN STD Mode (He) ELAN STD Mode (Ar) ELAN DRC Mode (Ar)
Isotope | Average +6  %RSD *%Bias | Average t¢ %RSD *%Bias | Average +t6 %RSD *%Bias
*Fe 526 + 6 1 9 526 +9 2 9 - - -
**Fe - - - - - - 543 +13 3 6

(ELEMENT 2 -New Wave UP213 laser)
E2 in LR (Ar) E2 in MR (Ar) E2 in HR (Ar)

Isotope| °Aveze  %RSD Ave 6 %RSD "%Bias| “Ave+s  %RSD °%Bias
*Fe 557 + 25 5 619+5 1 7 630 +8 1 9
*°Fe - - 629 + 11 2 8 636 + 22 3 10

(ELEMENT 2 -New Wave UP213 laser)
E2 in LR (He) E2 in MR (He) E2 in HR (He)

Isotope| °Avete  %RSD Ave +t6  %RSD “%Bias| °Ave+e  %RSD °%Bias
Fe | 631+ 15 6 602 + 17 3 4 561 + 39 3 3
*°Fe - - 609 + 23 2 5 556 + 8 2 4

(ELEMENT 2 -CETAC LSX 200+)
E2 in LR (Ar) E2 in MR (Ar) E2 in HR (Ar)

Isotope| °Aveto  %RSD Ave +t6¢  %RSD “%Bias| °Ave+te  %RSD °%Bias
*Fe 613 + 14 2 650 + 13 2 12 565 + 4 1 3
**Fe - - 641+ 3 0.5 11 648 + 5 1 12

(ELEMENT 2 -CETAC LSX 200+)
E2 in LR (He) E2 in MR (He) E2 in HR (He)

Isotope| °Aveze  %RSD Ave +t6  %RSD “%Bias| °Ave+e  %RSD °%Bias
(= 561 + 16 3 613+ 22 4 6 544 + 40 7 6
*Fe - - 547 + 16 3 6 636 + 12 2 10

2 Average (Ave) concentration jrg ¢

P Bias was determined using the reference valuep580 + 6Qug g* [27]

-Not determined.
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For most of the laser ablation experiments usingSHRICP-MS with the three
mass resolutions, the polyatomic interference¥®é" and>’Fe" were properly resolved
providing accurate concentration measurementsoof im the standard FGS1. Accuracy
and precision of the analyses in all the mass wéisols were within the acceptable
parameters{10% bias an&10% RSD) (Table 3).

In general, solution based and laser ablation acguand precision results with
the different ICP-MS configurations were in agreamd&he results showed improved
accuracy on the DRC and HR-SF ICPMS being mediusoluéon the optimum
resolution mode for iron since it resolves therf@ieences without sacrificing sensitivity.
The method was properly assessed giving validittheoMDLs results obtained during

these experiments.

2.4.2 MDL of Solution Based and LA Analyses

The iron method detection limits in DRC mode wegnsicantly lower than in
standard mode (0.03 vs 9.5 ug fpr laser ablation and 0.33 vs 1.9 Li§jfgr solution
based analyses). This demonstrates the ability RE Dvith eliminating interferences,
reducing the limits of detection and allowing foora certainty in iron determinations in
glass matrices. Higher background levels in sotuaod laser ablation analyses in the
STD mode contribute to higher detection limits &fe".

The use of a high resolution sector field ICPMSoteed the polyatomic
interferences in iron. Low MDLs for both iron ispts were achieved in laser ablation
analyses using the ELEMENT 2, particularly in mediuesolution for°®Fe". Higher

MDLs in HR could be attributed to the increase @salution, which decreases the
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sensitivity, therefore affecting the limits of detien (Table 4). When comparing the
MDLs results in MR and HR using the two laser systehigher detection limits were
observed with the NW UP213 laser system. The diffees in the ablation process (i.e.
amount of mass ablated) associated with the |asmeesgies could contribute to these
variations. Regardless, the MDL values are compar@iable 4). In the low resolution
mode, high background levels contributed to theease in the detection limits. This

pattern was also observed for the STD mode in tlaeligipole instrument.

Table 4. MDLs for SRM NIST 612 laser ablation asaly of"®Fe" and>’Fe" using the
different ICP-MS configurations.

MDLs * ¢ for Laser Ablation Analyses inug g* (ELEMENT 2 -LSX 200+ laser)

Isotope |E2in LR (Ar) E2in MR (Ar) E2inHR (Ar) E2inLR (He) E2in MR (He) E2in HR (He)
*"Fe 23+0.1 0.40 £ 0.04 1.5+05 24+0.1 0.23+0.06 240.6
*Fe 0.055 + 0.003 0.15+0.01 - 0.037 £ 0.003 0.11 + 0.

MDLs + ¢ for Laser Ablation Analyses inpg g'1 (ELEMENT 2 -New Wave UP213 laser)

Isotope |E2inLR (Ar) E2inMR (Ar) E2inHR(Ar) E2inLR (He) E2in MR (He) E2in HR (He)
5Fe 8.3+0.9 09+04 3.6+0.6 35+0.3 0.8+0.2 392
*Fe 0.12 +0.01 0.3+0.1 0.085+0.007 0.29 + 0.

MDLs * ¢ for Laser Ablation Analyses inug g* (ELAN DRC Il -New Wave UP213 laser)

ELANSTD ELANSTD ELANDRC mode ELAN DRC
Isotope mode (He) mode (Ar) (He) mode (Ar)
5Fe 95+1.0 9.6+2.0 -
e 20.025 + 0.003 0.6 + 0.2

# Data published from a previous study [21]
-Not determined.

The solution based analyses with the HR-SF-ICP-N&ved an improvement in
the MDLs of both iron isotopes in medium and highalutions vs. low resolution (Table
5). In the quadrupole system the use of DRC allotweachieve MDLs of 0.3Qg g for
*Fe’. In MR and HR, the interference signals are prigpseparated from the iron
signals, while in the DRC mode; the polyatomic ifgeences are significantly reduced

by chemical reaction but may not be completely resdo
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In solution based analyses higher MDLs 1fe" were obtained than with laser
ablation. Differences in the MDLs could be attrdaitto the dilution factor and the
possible increase in background contribution dught digestion process in solution

analyses.

Table 5. MDLs results for solution analyses°t#e" and°’Fe" using the different ICP-
MS systems.

MDLs + ¢ for Solution Analyses inpg g" (ELEMENT 2)

Isotope E2 in MR E2in HR
*Fe 0.19+0.12 0.58 +0.10
*Fe 0.14 + 0.0 0.62+0.1

MDLs + ¢ for Solution Analyses inug g'l(ELAN DRC II)
ELAN STD ELAN DRC

Isotope mode mode
*Fe 19+1.2 -
= - 0.33+0.41

-Not determined.

2.4.3 Carrier Gas Effect on Laser Ablation MDLs

MDLs for both iron isotopes obtained with the CETASX 200+ laser coupled
to the HR-SF-ICP-MS were not significantly diffeteat low and high resolutions when
argon or helium were used as the carrier gas. tBligpwwver MDLs were obtained for
*Fe" and®>’Fe" when helium carrier gas was used in medium resolut Experiments
performed with the New Wave UP 213 laser coupledht® HR-SF-ICP-MS showed
similarMDLs for °’Fe" and>®Fe" with helium and argon carrier gases in medium agh h
resolution. In the low resolution mode, higher MDAksre obtained when using argon as
carrier gas because of the higher background pembwéth this laser of lower energy

(2.4mJ vs. 4.8mJ for the CETAC LSX 200+).
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With the ELAN DRC I, the carrier gas effect was nacsignificant. Lower
detection limits are achieved when helium was wsethe carrier gas. MDLs determined
for iron isotopes in the ELAN DRC Il with both cear gases were comparable with what
was observed in MR with the ELEMENT 2 with bothdasblation systems/carrier gas
combinations. For laser ablation analysis in glasgrix, helium as carrier gas has
proven to increase the sensitivity in the detectidnelements. The improvement in
sensitivity is attributed to a more efficient pelei removal and transportation into the

ICP-MS [59-62]; therefore lower detection limiteachievable.

25 Conclusions

Polyatomic interferences for iron were significgnméduced or resolved with both
DRC-ICP-MS and HR-ICP-MS. Method limits of detectias low as ~0.03 pg'gvere
achieved with both DRC and the SF instruments usasgr ablation mode in glass
matrices. DRC-ICP-MS provided an excellent toohthieve low MDLs for Fe in both
laser ablation and solution analyses, but it istéthto the analysis of few elements in the
DRC mode since the suppression of interferenceshénically dependent and other
interferences could be formed in the cell thatciftbe analysis. From a practical point of
view, this limitation requires separate measuremént Fe and for the other elements
typically used in glass comparisons, especiallywha is involved since the transition
from DRC to non-DRC mode is not fast enough fongrant signals. The need of
performing separate analysis for Fe and for theakthe elements used in glass analysis
is not only time consuming but also requires ma@am@e. An advantage of DRC-ICP-

MS over HR-ICP-MS is its lower costs and ease ef us
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HR-ICP-MS allowed for the resolution of iron interénces in both medium and
high resolutions. In laser ablation, the lower MDl®re achieved using medium
resolution since in high resolution the sensitivdysignificantly reduced, affecting the
detection limits. In solution analyses, the HR-INIB- system at MR provides lower
detection limits than DRC-ICP-MS. Advantages of HHR-MS vs. DRC-ICP-MS
instruments include its capability to achieve loéDLs for Fe (particularly in laser
ablation introduction method) and its capabilityctisnduct multielemental analysis using
laser ablation. Nevertheless, the fast transigrtasimeasured in laser ablation does not
allow to switch from different resolution modes ihe same method, therefore the
analysis with LA is limited one resolution in thecsor field instrument.

Solution and LA analyses with the different ICP-MStrumental setups provide
accurate and precise measurements of the ironpestd he accuracy and precision in a
multielemental analysis could be affected whenDRC-ICP-MS is used. The reactant
gas could react with other isotopes of intereshiwithe glass matrix causing problems in
their detection. Although similar MDLs can be aci@i@ with helium or argon as carrier
gas in the LA-HR-ICP-MS systems, lower detectiomits could be obtained with
helium.

This work demonstrates the capabilities of these-MS systems and setups to
resolve and/or reduce polyatomic interferenceswatlg for accurate and precise
measurements of iron isotopes in glass matriceaboAgh there were some differences in
MDLs for each of the LA setups and ICP-MS systetimsse results open the possibilities
of doing elemental analysis, which includes the afsion isotopes in routine casework

analysis of glass and possibly for the analysisarfe, teeth and plant materials.
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3 HR-ICP-MS AND LA-HR-ICP-MS FOR THE ELEMENTAL ANAKSIS OF

BONE AND TEETH

Bone and teeth are calcified tissues in the hubwaly where mineral in the form
of hydroxyapatite is the predominant constituemac€é elements are commonly found in
the mineral phase of these calcified tissues, aghasome elements could be associated
to the organic phase. Light and heavy isotope satmve been used in anthropology for
determining dietary lifestyles of populations amd provenance purposes as mentioned
previously. On the other hand, the elemental caitipm on these matrices may act as a
fingerprint as well as allowing identification of andividual from commingled samples.

Several factors could influence the concentratibtrace elements in bone and
teeth, especially in buried samples. Factors affgdione and teeth trace element content
(additionally to the diet intake) includes: remadglprocess [84], bone diseases [84-86]
or tooth cavities [87-89], and direct exposure froamtaminated materials [90, 91]. In
bone buried samples, soil conditions such as testyre, pH, and water exposure can
cause changes in the mineral composition of bosading to exchange of ions with the
environment [92]. Therefore diagenesis needs tadsessed in order to distinguish the
biogenic from the diagenetic signal. In order tttdreasses the elemental composition of
these matrices it is important to know how tracednts are related and associated to
these calcified tissues. A comprehensive backgroaimolut bones and teeth matrices
development, their constituents and elemental caitipo is described below.

Elemental analysis of glass and paint by ICP-MS BAdCP-MS has shown
previously to provide a very high degree of diseénation between different sources of

manufactured materials as mentioned in previoupteng There has also been an
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interest in the application of elemental analysighese sensitive methods to the analysis
of bones and teeth. Since these biological matptag an important role in the forensic
analysis of a crime scene and in massive buribks,development and application of
robust analytical methods for the detection andhtifieation of trace elemental analysis
will lead to a better understanding of the potdntiality of these measurements in
forensic chemical analyses. Among the instrumergsduto study these biological
materials are Neutron Activation Analysis (NAA) [934], Atomic Absorption
Spectrometry (AAS) [95-100], X-Ray Fluorescence BEXR[86, 101], Inductively
Coupled Plasma-Atomic Emission Spectrometry (ICFSAH102], Laser Induced
Breakdown Spectroscopy (LIBS) [103-106] and Indewedyy Coupled Plasma-Mass
Spectrometry [3, 107, 108]. These techniques haw@es considerations such as
analyzing highly complex matrices, resolution okdjpal interferences capabilities, a
wide concentration range of analysis (1§ -g %wt), cumbersome sample preparation
procedures and possible contamination of the sarpdectively Coupled Plasma Mass
Spectrometry is one of the preferred techniqueselemental analysis since it can
provide excellent sensitivity, accuracy and precisof the analysis. The use of a sector
field High Resolution Inductively Coupled Plasmaddeé&Spectrometry system offers the
resolution of polyatomic interferences improvinge tdetection of trace elements in
complex matrices such as bone and teeth in addiiamproving the detection limits
over a quadrupole based ICP-MS device. By coupdinigser ablation (LA) system for
solid sampling, the sample preparation steps aedddstruction of the sample are
reduced significantly. Another advantage of LAhg possibility of doing quantitatively

analysis using a non matrix match calibration witkernal standardization which is
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useful for the analysis of teeth samples wherecthee no reference standards. Having a
general method that works for both matrices (baretaeth) simplify the analysis. Since
reference materials such as NIST 612 and NIST G lbeen used for non matrix
match standard analysis successfully [65-67], ¢higly used the same method. Laser
ablation also allows for spatial resolution anayat micron level in the rastering mode
which is been used to evaluate elemental compasii@anges throughout the matrix for
several applications [83, 109, 110]. For burieddsamples the LA spatial resolution
capabilities provides with a great analytical téof assessing variations of elemental
composition in bone matrix and separate the biagemm the diagenetic signal.

A method for the analysis of bone and teeth mdtewas developed by analyzing
bone SRMs NIST 1486 and NIST 14000 with LA-HR-ICFEMs suggested. The
analytical technigue (LA-HR-ICP-MS) was optimizeadacompared against dissolution
work to confirm and validate the accuracy of thehod and to assess the possibility of
matrix suppression effect from major elements Cé Rnn bone analyses. An element
menu was selected for discrimination of bone amdhtesamples from different origin
based on the following characteristics: (1) themapets should be consistently present in
bone and teeth matrix, (2) the concentration oe¢helements in the matrix should be
above instrumental detection limits, (3) the eletaeshould be preferably associated to
the inorganic phase of these matrices, and (4ekbments less prone to diagenesis are
preferred. A discrimination data analysis was tperformed using the chosen element

menu. Discrimination analyses bone and teeth sawpee carried out.
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3.1 Bone Matrix

The human skeleton is composed of over 200 boaes @ them varying in size,
shape, and function. Bones are divided by grosgctstre and shape. There are two
groups of bones based on the gross structure: giical or compact bone and (b)
trabecular or spongy bone [4]. Compact bone is res@estructure located at the outer
layers of bones while trabecular bones are lessadanith a honeycomb-like structure
located at the inner layers of the bones. Variationthe annual turnover rate of bones
are related to the type of bone and the age. Fangadults and children the bone
turnover rate is higher when compared with addltee annual turnover rate for compact
bone in general is approximately 2.5% while thdeilar bone is approximately 10%
[4]. Therefore the elemental composition in humamds is time dependent. Recent
exposure events could be assessed by analyzingctialp bones, while information of
more extended periods could be evaluated with cotrijmne.

At the shape level, the bones are classified ieethypes: (a) long bones, (b) flat
bones, and (c) irregular bones. The long bonesfared in the limbs and have an
elongated diaphysis with epiphyses at the endsg lbmmes are located in the arms, legs,
hands, feet, fingers and toes that include femubgs, fibulas, radii, humerus, ulna,
metacarpals, metatarsals, and phalanges. The akiayer of the long bones is covered
with connective tissue (periosteum). The outer dage the long bones consists of
compact bone while the inner layer is trabeculareboontaining the red bone marrow.
The flat bones provide with extensive protectiord amn large surface for muscular
attachment. Flat bones are broad and flat plategesbuch as the skull, pelvis, sternum,

rib cage, and scapula. They are composed of twolalgers of compact bone with an
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internal layer of trabecular bone where the bongamais located. Flat bones include the
occipital, parietal, frontal, nasal, lacrimal, vamscapula, os coxae (hip bone), sternum,
and ribs. The irregular bones have a distinctivagshdifferent from long and flat bones.
The functions of these bones include protectiomeifvous tissue, anchor points for
muscle attachment, and maintain support of somer @rts. Irregular bones are made of
trabecular bone between two thin layers of compecte. Vertebree, sacrum, coccykx,
temporal, sphenoid, ethmoid, zygomatic, maxilla,ndible, palatine, inferior nasal
concha, and hyoid are irregular bones.

It is been reported by Sillen in 1989 [111] thatngact bone of the shaft of long
bones are often chosen for elemental analysis $ivegeare less susceptible to experience
environmental contamination and been affected lagehetic processes, although other
bones such as rib, clavicle, and ulna have shovaad gesults [112]. For the purpose of
this study compact bone fragments of the epiphyasgiens (proximal and distal) of long
bones were analyzed.

In general, bones are composed of approximately TO#teral phase, 20%
collagen, 8% of water and 2% of other componentsTHie mineral portion of bones is
primarily calcium phosphate in the amorphous andtatline forms; been the crystalline
the dominant form in adult’s bones. The crystallingroxyapatite is represented by the
unit cell formula Ca(POy)s(OH),. About 40% of the compact bone mineral phase is in
the amorphous form, which can spontaneously tramsfoto the crystalline form in the
presence of water. Therefore most of the archecéb@pone samples are in the crystalline

form [15].
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The calcification process in bones refers to thecharisms involved in the
deposition of amorphous and crystalline hydroxydgan an organic matrix. Posner in
1978, suggested three main factors involved inddleification process of bones: (1)
increasing the production of (Exx (PQ?%) solution ion in an optimal level so that a
spontaneous precipitation of the mineral occurka(@ilability of substances that create
nucleating sites or eliminate anything that intexgewith the sites, and (3) the removal of
substances that prevent mineral formation or tutoedactive to allow the calcification
[113]. The enzyme alkaline phosphatase it is fouadhydrolyze phosphate esters
producing an excess of free inorganic phosphat® iws increasing the (Eax (PQ?)
at specific calcification centers enough to cayssite precipitation. This enzyme is used
as an indicator of active bone metabolism. Theigal-binding proteins are suggested to
be associated to the formation of apatite by irsirepof the (C&) x (PQ?%) product.
These enzymes seem to raise the calcium phosplyagesaturation allowing the apatite
to form. Nucleation is the process that allowstf@ precipitation of a minimum amount
of salts ions. Nucleation in bone is consideredé¢oheterogeneous since it is highly
dependent on the availability of nucleating sulistr&ollagen, carbohydrate protein
complexes (glycoproteins), matrix vesicles (ostastd and chondrocyte), and the
calcium storage in osteoblasts and chondrocytea hmen found to provide with
nucleating sites for the calcification of bone. dviasium is an intracellular ion present at
high concentrations in bone matrix that prevengsftiimation the crystalline apatite from
the amorphous form in the matrix vesicles. The gwglycans in cartilage and
pyrophosphates are also related to slows down labitnthe calcification process of

bones. It is been suggested that the pyrophosphageregulators of the calcification of
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soft and hard tissues. The precipitation of calcpimsphate has shown to be inhibited
by the pyrophosphate in solution of crystals angiiesence of apatite crystals forms.
Also the presence of pyrophosphate slows the tvamsition of the amorphous form into

crystalline apatite [113].

The crystalline hydroxyapatite is formed by repetis of the unit cell
Cao(POy)6OH,. Hydroxyapatite is a right rhombic prism that agas in such a way that
forms a hexagonal lattice [113]. The crystals hdwee zones: (1) crystal interior, (2)
crystal surface, and (3) the hydration shell. Ak zones provide with a surface for ions
exchange. A rapid exchange of ions is expectedtaran the hydration shell and in the
crystal surface, while the exchange in the cryistalrior is probably slower. lons such as
Fe, Cu, Pb, Mn, Sn, Al, Sr, and B have been deleatdrace levels in bones, although
hydroxyapatite itself have shown to vary with atj#d]. Elements such as Sr, Na, and Pb
are known to substitute Ca in apatite, while eleimémat cannot be accommodated in the
apatite lattice (e.g. potassium) are likely to beabed on the surface.

The amorphous apatite is distributed throughoutoitiee matrix, although in the
mineral phase of an adult human femur, close to #0W amorphous apatite form. The
amorphous phase has been found to decline with fiime distribution of the ions in the
amorphous phase is unknown because the amorphtaisntgphosphates have not a
rigidly defined chemical composition. The rate dtiehh the amorphous form transforms
into the crystalline apatite depends mainly on #patite product rather than the
amorphous precursor. Chemical species such as lpysppates, diphosphonates,
adenosine triphosphate, ATP and Mg can either Isgabthe amorphous calcium

phosphate formation or prevent it to transforme thie crystalline form.
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The movement of ions in bones has been extensstetied. Recently the use of
radioactive tracers has been implemented for @tbettderstanding of the movements of
ions into and out of the human skeleton. The beltaof some alkaline earths with
respect to calcium has been studied. These stwdbes performed with respect to
calcium since the total mass of bone in a standsad of 70 kg is 5000g and the total
body calcium is 1000 g. From the total amount dfigan, about 0.4% is in soft tissues
and 0.03% is in the blood, therefore the large arhoficalcium could be involved in the
transfer of ions in and out of the skeleton. Qatgti strontium, barium, and radium are
similarly distributed in the skeleton throughouethone mineral. Although they have
similarities in the absorption, excretion, and sk&h deposition, there are some
differences in how they are retained. The movenoénbns in the skeleton depends
greatly of the bone type. In a study where the fadionuclides{Ca, ®Sr, ***Ba, and
233R) indicated that the turn over rates in bone aréla although differences in the late
retention is attributed to the differences in cieere from labile body pools.

Trace elements found in human bones are listedainleT6 [114]. These trace
elements are essential in different metabolic pses associated with the bone growth in
the mineral and the organic parts, and most likelplve the interaction with proteins
and enzymes. They can be bound to the organic coemp@f bone or be absorbed by the
mineral portion without forming a separate mingidl4]. Elements such as Mn, Cu, and
Zn are required for the development of healthy Bdid4]. Elements that with toxicity
effects to humans are Pb and Cd. Lead, strontiianiutm and zinc are likely to be
integrated in the mineral structure because thestlt present in the mineral phase after

removal of the organic portion [115]. On the othe@nd most of the Al, Cu, Fe and a
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minor part of Zn seems to be bonded to the orgamition since they have been found in
high concentrations in the tendon as well [114].

The distribution of some trace elements througlibat skeleton seems to vary
according to the bone structural and functionaldittons [116, 117]. Bratteet al.
reported that the concentration of Br, F, Pb, 8d Zn in different parts of the skeleton
varied within a single bone and in other partshaf skeleton. It was also found higher
concentrations of trace elements in the epiphyaesds of long bones than in the shaft.
Also higher concentration of some elements is foundhe trabecular bone than in

compact bone [116].

Table 6. Concentration ranges of trace elementctizt in human bones [105].

Element| ® Concentration Range fig g*) | Element | ? Concentration Range fig g*)
Li 1-26 As 0.011 + 0.0005
Be 0-4 Se 0.1-21
B 2-4 Br 1-5
Al 3-241 Rb 0.3-0.7
Si 3-40 Sr 75-150
S ®0.69-1.83 Zr 0.3-6
Ti 0.1-2 Mo 0-0.1
Y 0.04-8 Ag 1-19
Cr 0.1-6 Cd 1-8
Mn 0.2-26 Sn 3-13
Fe 3-120 Sb 0-3
Co 0-0.4 Ba 20-5940
Ni 2-18 Hg 0.012 £ 0.0003
Cu 1-3860 Pb 10-50
Zn 50-280 Rare Earths 0.001-2.2

& Concentration in Dry Weight
® Concentration in wt%

Carvalhoet al in 2004 performed studies of trace element irt-puztem bone
samples from an archeological place using totdécabn x-ray fluorescence (TRXRF)

[118]. They determined the elemental profile of thece elements Mn, Fe, Cu, Zn, Sr,
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Ba, and Pb in the femur cortical and trabecularelsasf a man and woman buried on the
same grave in Portugal. In general Sr and Zn dagively constant throughout the
compact bone, which confirmed previous studies ssiygg these elements concentration
are not likely to be affected by diagenesis. Theeee variations in concentration in the
inner portion (layer exposed to the trabecular hbamel in the external surface exposed to
the soil. The differences in concentration at theer and outer layers of compact bone
were attributed to the soil contamination and tepasition of elements in the pores and
voids of the trabecular bone that is in contadh® inner layer. Enrichment of Mn, and
Fe in both compact and trabecular bone were obdgalhough their concentration was
more prominent in the trabecular bones due todhgel pores and voids that will allow
the accumulation of these elements. The densetsteuof compact bone makes it less
susceptible for the accumulation of Fe and Mn. Hee and Mn concentration in
trabecular bone agreed with the concentration fomndoil suggesting environmental
contamination with these elements. It was demotestrdnat manganese, iron, and copper
from the soil penetrated easily in the bone esfigca the periosteum and trabecular
bone. Lead concentrations in the inner and oug@réaof compact bone were consistent
with the concentration in soil suggesting port-raortaccumulation of this element from
the environment. On the other hand lead conceatratin the inner layer of compact
bone are related mostly to the intake prior burial.
To better understand the elemental composition afiebit is important to

comprehend the chemistry of trace elements invob@muehow with the bone matrix,
bone growing mechanism, the storage of elemerttseigkeleton, and knowing the origin

of these trace elements occurringimvivo bone tissue. Although there is many trace
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elements found in bone matrix (Table 6), there arly few that are of importance or
related to bone regardless its function in theetk@l. Among these elements are: iron,
aluminum, strontium, lead, zinc, barium, copper,gmesium, and manganese. When
dealing with buried samples diagenesis is an inaobrtonsideration in bone elemental
composition, especially when the former is used dourcing or determining dietary

habits of individuals and/or populations.

3.1.1 Trace Elements in Bone Matrix: In Vivo

3.1.1.1 Zinc

Zinc concentration in the human body is 3 mg/100dady weight. Skeletal
abnormalities in fetal and postnatal developmeatsarongly related with Zn deficiency.
Zinc is essential for proper functioning of ovehandred enzyme systems in almost
every tissue in the body, protein synthesis, caybdte metabolism, and bone formation.
Studies on Zn in bone tissue culture demonstrdtadZn was involved in the increase of
protein synthesis, the activity of the enzyme afi@lphosphatase, and in the bone
collagen content [119, 120]. It is been found thatconcentrates in the layer of osteoid
before calcification takes place, which correspomaisthe greatest concentration of
alkaline phosphatase. This enzyme uses Mg as oofantl an excess of Zn will inhibit
the enzyme if Mg is displaced. Another enzymeserss in bone formation and
remodeling is the collagenasa, which is Zn dependindies in chick demonstrated the
inhibition of this enzyme with the deficiency of Zi21]. Zinc is also located in the bone
mineral phase, most likely in hydroxyapatite in tieem of a complex with F. This

complex Zn-F may improve the crystalline structoféhe apatite [122].
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3.1.1.2 Copper

Several studies have reported that a diet defiegre@u inhibits the bone growth
and with pathological changes related to osteop®id23-125].Copper has structural
and functional roles in several important enzymsteays including the mitochondrial
cytochromes, lysyl oxidase, superoxide dismutaseylaplasmin, and copper binding
protein (CuBP) of intestinal mucosal cell cytosBbpper works as an electron acceptor
in the electron transport chain that allows thenmadrintracellular activity within the
metabolic active bone cells. Once the copper isrdesl in the gastrointestinal mucosa, it
is transported to albumin and to ceruloplasminhE@Qu atoms are in the ceruloplasmin
molecule from which 4 are exchangeable and aregdahe transportation mechanism;
and the other 4 atoms are part of the structureeBoineral metabolism seems to not be
directly affected by Cu, although its been founglé&ys a role in the cartilaginous phase
as a cofactor in lysyl oxidase [126]. The liver dmein are the primary Cu storage organs
since they store copper in ceruloplasmin. Bonesatanake ceruloplasmin but still need
it for Cu storage. Therefore bone overexposureud&s no physiological impact. In the
mineral phase Cu is likely to be intergraded in ¢hgstal lattice as any other divalent

cation.

3.1.1.3 Magnesium

Magnesium is one of the most abundant cations faurtde skeleton. It is found
in all living tissue as an intracellular ion andsitan activator of many enzymes especially
the ones related to the calcification of the skwlet(alkaline phosphatase and

pyrophosphatasa) [113]. The use of Mg is essefdrahny enzyme catalyzed by ATP.
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Magnesium also can inhibit the formation of calci@patite within matrix vesicles.
Around 60% of the magnesium in the human body indoin the skeleton and
approximately 1% of the total body magnesium igaodllular [15]. Close to 30% of the
magnesium in bone is absorbed on the crystalstamatiface to be exchangeable while
the other 70% is been found to be integrated inctiystalline apatite by replacing Ca.
[15, 113]. Magnesium concentration has been foonaetconstantly higher in trabecular

bone than in compact bone.

3.1.1.4 1Iron

It is been reported that the iron in the skelewagsociated to the organic phase
rather than in the mineral portion. The iron in fanrbone ranges from 0.04-1.1 mmol
kg'dry weight. The iron from the diet intake comesnirplant and animal sources, which
are associated to the two forms of iron: the hdmaeis derived from the myoglobine and
hemoglobine, and the nonheme that come mainly fiteenplants. The iron present in
bone tends to depend on the bone retention cafpedillhe absorption of the heme iron
is less affected by other dietary constituents avltile nonheme absorption could be
increased by vitamin C and alcohol [15]. Trace fsetach as Ca, Cd, Cu, and F can also
affect the absorption of iron in bone [127]. Higtemical and radionucleid studies of iron
overload in the skeleton have shown the capalslitieiron to be absorbed by compact
and trabecular bone. Also iron it is been founthattrabecular and endosteal surfaces, in
mineralized bone at the junction of osteoid, angdodéed into osteoclasts, osteocytes,
and osteoblasts [127]. Contamination with iron frone soil is typically questioned

especially when analyzing ashed bone. Since irandstly bound to the organic phase
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(collagen) and this phase is less susceptible thange reactions than the mineralized

bone, the contribution of iron from the soil coblel minimal [15].

3.1.1.5 Strontium

Strontium shares many of calcium’s chemical prapertOne of these properties
includes the replacement capabilities with calciimdifferent metabolic processes.
Around 99% of the strontium in the body is locaéedhe skeleton therefore the analysis
of bone mineral has been used to follow up feediabits [15]. The distribution of
strontium in bone is similar to calcium, althougbnb and other organs such as kidney
and the intestine prefer calcium over strontiume @iscrimination is mainly attributed to
the presence of living cells although also occuitha crystal formation level [113]. The
strontium levels in human bones vary with diet. Blentium concentration in a human
ulna, was higher in the diaphysis than in the emphl region, which may indicate
differences in Sr concentration in trabecular aochgact bone [118]. It is been reported

that high Sr intake resulted in defective bone fation and mineralization [128-130].

3.1.1.6 Manganese

The skeleton is one of the main manganese stol@gsions. Most of the
manganese is associated to the mineral phase vegitha#l portion linked to the organic
matrix [15]. Concentrations ranging from 1 to 4 ppm bone ash were reported
previously [131]. Manganese plays as a co-factoraofariety of enzymes such as
pyruvate kinase, superoxide dismutase and carbseylaA deficiency of manganese is
been correlated to retarded bone growth, and sitedbhormalities producing deformity

in long bones and joint in mammalians. In a studih\va Mseleni population of South
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Africa it was reported that a deficiency in mangandiet could be a consequence of a

disorder of mineralization and epiphyseal dyspl§Es2].

3.1.1.7 Aluminum

Most of the aluminum ingested is eliminated in thees but some small portion
is absorbed in the gastrointestinal wall allowirguamulation in organs such as the liver,
the testes, and in bones [114]. Also it is beemdbilnat fluorine increases the elimination

of aluminum in the feces most likely because of abéity of AI**

to from a complex
with F ions. Rodriguezt al. performed a study with rats and showed a decrefdee
osteoblast surface and an increase in the osteoigraulation after the administration of
aluminum, causing a cessation of bone formatior8][1Bhese results suggest that bone
formation is inhibited by the reduction of ostealactivity, the osteoid mineralization
and the matrix formation associated with the inseeim aluminum content. Prolongated
exposure to aluminum from antiacids and contamthéed and water may lead to a
significant accumulation in bone. Other componeh&t could increase or decrease the
absorption and deposition of Al include citrate @sdorbate. Citrate in conjunction with

the aluminum chloride in water demonstrated an ecé@ent in the Al absorption in

bone of rabbits, while the ascorbate preventeddatsimulation enhancing its excretion.

3.1.1.8 Barium

In a human diet, barium is not considered as apnéis$s element in nutrition
[134], although at some extent exposure from @odfand water occurs. Particles of
barium are found in air due to industrial emissinasn combustion of coal and diesel,

and incineration processes. Concentration of bariuthe ambient has been reported to
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range from 0.0015-0.95 mghi135]. On the other hand lower concentrations82mg

g™) of barium are found in most of the foods suctmilk, potatoes, and flour [136]. The
average human barium intake ranges from 0.65-1.@ergday. In a study of barium
content in human organs and tissues it was repartbet the total body barium content
in a 70kg adult was 22,009 with 93% of it found in bones and connectiveuess[134].
Most of the barium is found associated to the iaorg portion of bone [114]. The
incorporation of barium in the bone matrix is siemnibs calcium but it occurs at a faster
rate [137]. In a study the barium retention on dogse surfaces have been reported to be
longer than the retention of calcium, especiallysel to the Havarsian canals [138]. It is

estimated that the half life of barium in bonedastr about 50 days [139].

3.1.19 Lead

Lead is one a toxic metal to humans, and the skelisthe primary storage site
for this element. This heavy isotope has a +2 ehat allows its accommodation in
the empty spaces destined for cations such asupalm the hydroxyapatite crystals
without altering its functionality, although defoimg it [140]. About 90% of the body’s
lead is located in the skeleton. The depositioRlmin the skeleton is been described as a
protective mechanism against lead toxicity. Siriclas the capability of substituting
calcium in hydroxyapatite, lead has been denomihasea volume seeker in the skeleton.
The transfer of lead into the skeleton is mostljilgriven by diffusion from the blood
supply passing through the skeletal cell layer thi semi-fluid section surrounding the
hydroxyapatite crystals [127]. Lead is incorporat&d an exchangeable surface and then

passes to the non-exchangeable portion where dgecien be released by the change of
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some factors such as the bone turnover rate, theuswing pH, the concentration of the
elements calcium, magnesium, and phosphate, and Bone regulating hormones. Lead
seems to affect the functionality of the osteoblastibiting the bone formation by
diminishing the collagen production and the bor@agh. The mineralization process is
also affected by the presence of lead by causidgceease in calcium content, which is
enough to produce rickets. The removal of lead frib skeleton will increase its
presence in the blood stream, increasing the ckBasfoeausing damage to soft tissue and
other organs. Under normal circumstances whereetheas no environmental
contamination or exposure to lead the human skelieteels should be practically zero.
Data retrieved from several studies may suggesthieae where insignificant differences
in lead concentration (in ash weight) among différgones, except for the hard portion
of the temporal bone that has been reported to ragaificantly higher lead
concentrations. Lead skeletal content seems teaeaser in an irregular way with age

[141].

3.1.2 Diagenesis in Buried Bones

In archeology the term diagenesis is describedhaseffect of the chemical,
physical and biological conditions affecting thesgtical or structural characteristics of
buried bones and which determine if the materialastroyed or preserved [142, 143].
The buried bone material suffers from alteratiamshsas molecular loss and substitution,
crystallite reorganization, porosity and microstural changes [144] that could lead to
the uptake of cations, exchange of ions, breakdamahleaching of collagen, microbial

attack, alteration and/or leaching of the mineratnm, and infilling with mineral
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deposits among other processes which settle tleemagion or destruction of the buried
bone. Diagenesis pathways are: (1) chemical de&iom of the organic phase, (2)
chemical deterioration of the mineral phase, anani@robial attack [145].

The gradual loss of the organic phase strongly miggpen the temperature and the
pH of the environment. At higher temperatures @& tinganic material in buried bones
will degrade at a faster rate. The underground maatd its pH will allow for the removal
of soluble products while the insoluble ones cdutdremoved by physical means. Fatty
products are more likely to be removed by alkaluaers while the more acidic products
will be more easily removed at lower pH [92]. Orthe organic portion is removed, the
porous surfaces become more exposed and therefscemible to hydrolytic infiltration
that may facilitate the uptake of endogenous andgemous charged species into
hydroxyapatite. The exposed porous bone surfac#salgo easy the penetration of
microorganisms causing chemical changes in the nalimdase where re-crystallization
of hydroxyapatite may lead to the incorporationsabstitution of exogenous material
[146]. Therefore assessing the effects of diagenési buried bone is crucial for
interpretation of the elemental composition in thigtrix.

To better evaluate the diagenetic signal in bubedes the analysis of the soil
associated to the samples is desirable. If theasdration of the elements in the soil and
the bones are in agreement, then there is a senadgnce of diagenesis [12, 118].

Additionally to the elemental composition of sédur diagenetic parameters have
been used to assess diagenesis in buried bonesol{ayen content, (2) histological
integrity, (3) porosities (potential of hydrolytieaching), and (4) crystallinity determined

based on the infra-red splitting factor (IRSF). Thstological integrity of bone and the
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collagen content register the effects of diageneside the porosity and at some degree
the crystallinity reflect the response of bonehe environmental conditions. Although
these factors are useful to assess diagenesis,atfgeyot directly correlated to any
degradation process. The increase of these faottisates a greater degree of diagenetic
effects in the bone samples and is dependent centfieonmental conditions [146].

When soil and the environmental conditions whére bones were buried are
unknown, a different approach may be taken withimapker strategy that has been
recognized to evaluate and separate the biogeamegital composition of buried bone
from the one originated from diagenesis. This pdoce is based on the higher solubility
of the diagenetically altered material comparedhtt in biogenic bone mineral. The
major component of biogenetic material is hydroxtap. Any alteration on
hydroxyapatite will be an indication of diagenesi$ie assessment of diagenesis in
buried bones, the Ca/P ratio is determined. Anyadi®n from the theoretical Ca/P ratio
for native (unchanged) hydroxyapatite (2.15) wildicate the bone has suffered of
diagenesis, therefore the elemental compositiorthef bone samples are not from
biogenic origin [10]. The theoretical Ca/P valuesweorroborated with the results
published by Gawlilet al.in 1982 [11]. They reported a Ca/P experimentdlevaf 2.17
+ 0.17 for experiments done with bone samples filmenliac crest of 20 individuals [11].
Dickerson in 1962 reported the Ca/P ratio foundemur samples of individuals of
different groups’ ages with the purpose of detemgrihe changes in the composition of
human femur during growth. Results on the analgbthe epiphyses portions of femurs
of 5 groups of ages from 2 days old to 12 yearssblolwed an average of Ca/P ratio of

2.10 £ 0.29. Analysis with whole bones of adult$ween 18 to 35 years old showed a
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Ca/P ratio of 1.72 £ 0.22 [9]. Results of Ca/P se@ro vary according to the bone

portion analyzed and the age. The Ca/P ratio ohgouature bones is found to be below
the theoretical value. This is attributed to thentwer or remodeling rate which is faster

at this age. The Ca/P ratio in human bone increaghsage as the turnover rate becomes
slower [114].

It is also been reported that the middle layecampact bone is less likely to
experience diagenetic changes [118]. Analyses adsesections of femur compact bone
by electron microprobe and total reflection X-rawyofescence have demonstrated
constant concentrations of elements such as SrahPb between the periosteum and
endosteum. The periosteum and endosteum regiomgedhen drastic change on elemental
concentration suggesting that the elemental cortipnsn these areas is from diagenesis
or due to the closeness to trabecular bone [13, 118

For the purpose of this study the area betweempdh@steum and endosteum of
femur and humerus compact bones are analyzed twl @ake diagenetic signal. To
corroborate the biogenic signal, the Ca/P ratiotherarea of analysis are determined.
Since femur and humerus bones were analyzed irsthdy, the Ca/P ratio reported by
Dickerson et al for femur bones (2.10 + 0.29) will be consideragl unchanged
hydroxyapatite; therefore the elemental composisbould be primarily biogenic [9].
Additionally a spatial resolution analysis of bdagers was performed with LA-ICP-MS
to confirm the stability of the biogenic signal Wween the periosteum and endosteum of

the bone samples.
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3.2 Tooth Matrix

To understand the mineral nature and the elemeataposition of human teeth it
is important to know how teeth develop and themstituents. The development of the
three principal layers of tooth will be discusseexty although only the elemental
composition on enamel and dentine mineral phasebeildiscussed since these are the
main studied layers of tooth for elemental andapm analyses in anthropology and

forensics.

3.2.1 Tooth Development

The development of human tooth is a complex protessstarts its formation
from the embryonic cell all the way to eruption time mouth. The process of tooth
formation is mainly separated in the following ®8g(1) the bud stage, (2) the cap, (3)
the bell, and (4) crown or maturation. All thesaggts can be appreciated microscopically
with different histologic sections of the same depeg tooth at each stage [147].

At the bud stage it is evident the appearancéneftéoth bud where there is no
clear arrangement of cells. During the cap stageéfis start to arrange. The aggregation
of ectomesenchymal cells results in what is calledddental papilla. Here the tooth bud
grows around this aggregated cells becoming theneh&r dental) organ. The dental
follicle which is a condensation of ectomesenchyoadls will surround the enamel organ
and limit the dental papilla. Further developmeiit igad the enamel organ to produce
the enamel and the dental papilla to produce timéirdeand pulp of the tooth [147]. At
the bell stage histodifferentiation and morphoddfeiation occur. Cells surrounding the

enamel organ divide in three layers: the outer eapithelium (cuboidal cells on the
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periphery of the enamel organ), the inner enamigh&pum (columnar cells adjacent to
the dental papilla), and the stratum intermediurall¢cbetween the inner enamel
epithelium and the stellate reticulum). These layeill eventually from part on the
development of the dentine and enamel. Also duttiregbell stage the initial growth of
the crown and maybe other structures such as enamé&d, enamel cords, and enamel
niche are observed. In the crown or maturatiogestdne hard tissues begging their
development. Dentine and enamel layers start teldpvat this stage, been the dentine

formed before the enamel (Figure 6).

3.2.1.1 Dentine

The process called dentinogenesis, which is tts¢ ifndication of the crown or
maturation stage in the tooth, forms the dentirexefal dentine types such as mantle
dentin, primary dentin, secondary dentin, and dgytidentin result from the different
stages in dentinogenesis. Odontoblasts are the inetharge of the formation of dentine
and secrete an organic matrix which contains cetlaiipers that will surround the area
near to the inner enamel epithelium. Then the amdast process take place where the
odontoblasts move inwards to the center of thehtoabducing the secretion of
hydroxyapatite crystals and the mineralizationha&f matrix. This layer of mineralization
area is known as mantle dentine [148]. The pringmntine forms because of the increase
in the size of the odontoblasts that diminishesatvealability of extracellular resources to
from part of the organic matrix for the mineralipat The increase in odontoblasts size
also causes a reduction of collagen secretion, twhesults in a tightly arranged

heterogeneous nucleation during the mineralizgiracess. After the root formation, the
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secondary dentine is deposited at a slow rate samti uniformly distributed along the
tooth [149]. The development of the secondary denliayer occurs throughout life. The
tertiary dentine occurs as reparative or restogameasures when the tooth experience

attrition of dental caries [149].

Crown *

Root { tum

Figure 6. Diagram of a human tooth [150].

3.2.1.2 Enamel

The process by which enamel forms is called amelegjs. In amelogenesis there
is a mutualistic relationship with the dentine gtbywwhere the dentine is the first to be
formed. The enamel will form in two stages: (1) tkecretory stage and (2) the
maturation stage. In the secretory stage enamétipsoare released contributing to the

enamel matrix which is partially mineralized byalike phosphatase [151]. This partially
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mineralized layer is deposited on the dentine. dinemel growth then continues towards
the outside and away of the center of the toothrifguthe maturation stage some
proteins (amelogenins, ameloblastins, enamelind,taftelins) [151] are transported to

the outside of the enamel by the ameloblasts tqptetethe mineralization process.

3.2.1.3 Cementum

Cementogenesis is the process by which the cememtuooth is formed. This
process occurs at the latest stages of tooth dewelot. The cells in charge of the
cementogenesis are called cementoblasts. Duringrdegenesis two types of cementum
are formed: cellular and acellular from which trenier forms first. The acellular
cementum is formed from a matrix of proteins anlders that join the peridontal
ligaments as the mineralization occurs. The cailaementum is developed after most of

the tooth is finished [148].

3.2.2 Trace Elements in Tooth Enamel and Dentine

The tooth enamel is approximately 96% by weighteral, 0.5% by weight (on
average) organic matter and the remaining port®rwater. Enamel is the hardest
calcified tissue in the human body and it is corgdle formed at 15 years of age.
Elemental and isotopic composition of the earlysagielife is fixed in the enamel layers.
In archeology, the enamel is often the preferretena for determining elemental and
isotopic composition because of its hardness amgl atso less likely to be affected by
diagenesis and environmental contamination. Wheggetiesis and environmental
contamination are not a problem, the analysis efaiamel and cleaned dentine provide

with acceptable results for modern forensic ingggion [4].
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The mineral composition of enamel is mainly hydm@patite although some
major and minor elements are also found in thissphsuch as sodium, magnesium,
potassium, chlorine, fluorine, zinc, iron, and strom. Table 7 shows the major and
minor elements in the inorganic portion of humarareal. The great differences in
concentration of some elements reported in Tablen part reflect the biological
variations between individuals due to the diet arader supply but also there is some
contribution from the sample preparation and thadital techniques used.

Studies on the different layers of enamel reve#thad in rare occasions the trace
elements are distributed evenly throughout the ehaBlements such as Pb, Sr, Ni, Zn,
Mn, Cu, Ag, Al, Fe, Cd, and Sn are found in greatmcentration at the outer layer of
the enamel than in the interior [114]. Cadmiumgdletin, zinc, strontium, and copper
seem to be deposited more intensively during tleghtdormation prior eruption. It is
been reported that Zn concentration decreasesiag gto the deeper enamel layers. On
the other hand Pd shows a steep change from ther tajters to the inside. Lead
concentrations at the inside enamel layers terstatailize.

Dentine consists of 70% by weight mineral, 20% \bgight organic matter
(collagenous proteins), and 10% by weight of witénd, 148]. When compared with the
enamel, the dentine is much softer and less migerhbktructure, therefore decays more
rapidly. Several elements have been reported tforégent in the dentine (Table 8). The
data presented in Table 8 is a compilation of efees from different studies and
analytical techniques; therefore the large rangeasfcentrations can be associated to
analytical performance as well as with populatigtiecences. Regardless it is a good

guide of which elements are present in human dentBrudevoldet al. analyzed
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different layers of dentine to determine the zieoaentration and they found an even

distribution of Zn concentration in the dentinedayt 225ug g*. Higher concentrations

were found in the layer close to the pulp and endbtermost enamel layer [152].

Table 7. Trace elements present in detectable andtifjable amounts in human tooth

enamel [114].

Element

®Concentration Ran

je

Li
Be
B
F
Al
Si
S
Ti
\
Cr
Mn
Fe
Co
Ni
Cu
Zn
As
Se
Br

Rb

®Concentration Rang&lement
0.05-13.2 Sr
<0.01-15.9 Y
0.5-190 Zr
8-1000 Nb
1.5-353 Mg
3-1400 Ag
0-530 Cd
<0.1-66 Sn
<0.01-0.28 Sb
0.003-18 I
0.08-63 Cs
0.8-759 Ba
0.0002-45 Ce
0.1-13 Pr
0.1-81 Nd
9-1200 W
<0.001-0.008 Au
0.012-18 Hg
0.32-33 Pb
0.15-30 Bi

13-1400
<0.01-0.017
<0.02-12
<0.1-0.76
0.6-39
0.005-37
0.03-74
0.03-93
<0.01-3
0.01-9.9
<0.02-0.10
0.8-190
0.02-0.19
<0.01-0.07
<0.02-0.09
<0.08-0.4
<0.02-0.30
0.005-16
<0.1-1000
<0.02-0.07

®Dry weight inpg g*

Other elements such as Rb, Li, Ba, and Sr werg/aedlin the coronal dentine on

some tooth sections. Peterssem al. found no dependence of these elements

concentration with the depth in the dentine lay@tisough Rb, and Ba appeared to have

higher concentrations in the layer closer to thip pu53]. Higher concentrations of Pb,

Fe, Ni, Cu and Zn were found in the pulpal wallrtixathe coronal middle dentine [154].

60



The elemental composition in teeth matrix is vemmilgr to bones. Trace
elements in hydroxyapatite matrix can be determungdg the same method as in bone
analysis. An element menu similar to the one chog®nbone is been selected
accordingly to the following criteria: presence thie element in the hydroxyapatite
matrix and the availability of the element's coritation above the instrumental
detection limits. For the purpose of this study fibllklowing elements will be considered
in tooth analysis: Mg, Mn, Fe, Cu, Zn, Rb, Sr, Bagd Pb. After optimization of the laser

ablation analysis, the same analytical method eénlag@plied for both calcified tissues.

Table 8. Range of concentration or mean conceotradf trace elements detected in
human dentine [114].

Element | °*Concentration Range Element | *Concentration Range
B Ppresent As Ppresent
F 2-1000 Se 0.1-0.3
Al 65-150 Br 4-115
Si Poresent Rb 5.6+1.9
S 706 Sr 70-250
Ti Ppresent Mo Ppresent
v Poresent Ag 0.005-3
Cr 0.005-2 Sn Ppresent

Mn 0.04-6 Sb 0.69+ 0.41
Fe 2-110 I 3.7+04
Co 0.0003-32 Ba 129 £ 55
Ni 5-30 W 26x1.1
Cu 0.2-50 Au 0.03-0.07
Zn 100-700 Pb 2-44

Dry weight inug g*
®When there are no reliable guantitative data, kament is noted as present
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3.3 Methodology
3.3.1 Suggested NITE-CRIME Method

3.3.1.1 Solution Based Analyses

Bone standard reference materials (SRMs) NIST 1@®&e meal) and NIST
1400 (bone ash) [National Institute of Standardd &echnology, Gaithersburg, MD,
USA] were used to evaluate the method. Two digestinethods and a matrix
suppression study from major elements calcium ahdsphorus were assessed by
measuring the SRMs against an external calibratione. For the matrix suppression
study the external calibration curve was modifiedsuch a way that resembled the
calcium and phosphorus concentration in bone samplee suppression study allowed
determining the whether the trace elements couldideefor the elemental analysis of
bone and teeth matrices by the HR-ICP-MS. The M&instrumental parameters for

solution based analyses are shown in Table 9.

Table 9. Optimized experimental parameters for tewiubased and laser ablation
analyses using the HR-ICP-MS system

Laser Ablation Analyses
Instrumental Parameters Solution Based Analypes  Ptatibn Parameters| Ablation Parametels
Sample Gas Flow (L min') 1.07 e o
Makeup Gas Flow (L min™) oe- 0.70-0.80 0.70-0.80
Carrier Gas Flow (L min™) oo Ar: 0.80-0.95 Ar: 0.80-0.95
He: 0.90-1.10 He: 0.90-1.10
Rf Power (W) 1300-1380 1300-1400 1300-1400
Plasma Gas Flow (L min') 16.00 16.00 16.00
Spot Size im) 2. 200 100
Laser Energy (mJ) o 1.16 (40%) 2.8 (100%)
Frequency (Hz) 4. 10 10
Ablation Mode o Rastering Single Spot
Ablation Time °.- 75um sec’ 60 sec

®Not applicable
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3.3.1.1.1 Digestion Procedures

Bone SRMs NIST 1400 and NIST 1486 (National Institof Standards and
Technology, Gaithersburg, MD, USA) were dried ovgih under vacuum and weighed
(about 0.150 g). The dried standards were placédl @50 mL plastic disposable
digestion tubes (Environmental Express Inc., MeaBant, South Carolina, USA) for
open vessel digestion (OPD) and in the microwawsels HP-500 Plus high pressure
digestion vessels (CEM, Matthews, North CarolingSA) for microwave assisted
digestion (MAD). Three milliliters of 0.8M optimargde nitric acid (Fisher Scientific
Pittsburg, USA) and 1 mL 30% ultrapure hydrogenogite (J.T. Baker, Phillipsburg,

NJ, USA) were added to the digestion tubes.

Open Vessel.A condensation disc was placed on top of thedfige tubes to avoid
excessive evaporation of the solution. After acedsction (1-2 hours), the digestion tubes
were placed on a heating block (Environmental Esgrénc., Mt. Pleasant, South
Carolina, USA) at 45 °C for one hour. The tempertwas increased to 80 °C for 12
hours. After the tubes were cooled down and clegéd a lid they were stirred for 0.5-1
min each. The final solution was quantitativelynserred to 25 mL volumetric flasks
and completed to the mark with ultrapure deionimeder (>18 M2 cm*). Dilutions of

the concentrated solutions were prepared with tmdis internal standard for analysis.

Microwave Assisted. The microwave vessels were properly closed andimtot the
microwave oven MARS XS (CEM, Matthews, North Camali USA). The microwave

was set with a ramp temperature program of 200°T2l&°C/min rate and hold at 200°C
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for 30 minutes. Once the vessels were cooled dinewm were transferred quantitatively
to 100 mL volumetric flasks and completed to thekmaith ultrapure deionized water
(>18 MQ cm™).

Dilutions from the concentrated solutions were pred with rhodium as internal
standard. The solutions were measured against @nnek calibration curve containing
elements of interest in the bone matrix. Certifidtlies from some of the elements were
provided by NIST and were used to assess the amcwhthe method. Acceptable
accuracy results were considered to be 10 % boas the certified or reference values
and the precision of the measurements was evaluatibda 10% relative standard

deviation (%RSD) of four sample replicates.

3.3.1.1.2 External Calibration Curve

Single element stock solutions of 1000 mg &f each element were used to
prepare the calibration curve. The following is@smvere measured for quantification:
Mg, 2’Al, >*Mn, *°Fe,*"Fe,*Zn, °°zn, ®*Rb, ¥sr, *'Ba, and®*®Pb.

All solutions were prepared using high purity déted water (>18 M2 cmi?) and
0.8M optima grade nitric acid (Fisher Scientifictthurg, USA). Elements were
measured against normal ICP-MS calibration wheeectilibration levels were from 0 to
10 ng ¢". Rhodium was added as internal standard to a otratien of 5ng d.

Control verification checks (at 5 ngf)g including a secondary source standard to
validate external calibration, were run with samspia order to evaluate drift and

precision over time.
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3.3.1.1.3 External Calibration Curve with Ca &hd

Fresh bone SRMs were taken into solution by thenomssel digestion method
aforementioned and measured against a modifiedratibn curve prepared with the
addition of aliquots from a 1000Qg g' of calcium and phosphorus single stock
standards (CPI International, Santa Rosa, CaldéoroiSA) to each of the calibration
standards in order to simulate the concentrationheée elements in the bone SRMs
(~32% Ca and ~15% P). Different dilutions of theé&®RMs were measured against this
calibration curve to measure major, minor and traleenents. The elements concerned

with this study were*®Mg, 2’Al, **Mn, *'Fe,®*Zn, ®Rb, 28sr, *'Ba, and®*%Pb.
3.3.1.2 Laser Ablation Analyses

3.3.1.2.1 Assessment of calcium as internal stahd

In order to use calcium as internal standard, @ileiwun concentration of five
bone and teeth samples respectively was determiyedsing a Scanning Electron
Microscope (SEM) Philips XL30 with an Energy Disgpige X-ray Spectroscopy (EDS)
detector (FEI Company, Hillsboro, Oregon, USA) hree different regions of each

sample.

3.3.1.2.2 Laser ablation method optimization

Bone SRMs were prepared as pellets in a stainliesd manual pellet press
(CARVER Inc., Wabash, IN, USA) with a 13 mm die.€Tpellets were compressed at
approximately 2000psi for 1.5 minutes under vacuupre-ablation of the surface was

performed with the conditions showed in Table @liminate any press contamination.
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The pellets were analyzed using the glass matritM SRST 612 (National
Institute of Standards and Technology, GaithersbMif, USA) as calibrant antfCa as
internal standard since calcium is consistentlyntbin bone samples at high percentage
levels. The samples were ablated under the conditshhown in Table 9. A background
signal was collected during the first 30 secondardlysis. Then, the laser was fired for
60 seconds from which the middle 30 were usedifprad integration. Another additional
30 second were analyzed to verify the return ofsigeal to the background levels and to
purge before the next analysis. The total analysie was 120 seconds. The pellets were
sampled in replicates of four.

The ablation mode (single spot vs. scan line),demgy (5Hz vs. 10Hz), carrier
gas (helium vs. argon) and gas flows parameters w@mpared for the method. A spot
size of 100pum was selected for laser ablation amaly increase the amount material
removed for better representation of the sampléuktewas tested as carrier gas since in
previous studies with other matrices have shownrawvgment in sensitivity due to a
more efficient particle removal and transportatioto the ICP-MS [61, 62].Doubly
charged species, oxides and the U/Th fractionatiere optimized to 3%, 3%, and about
1 respectively. The elements of interest in themgyaes were*Mg, >’Al, >>Mn, **°Fe,
%3Cu,®*%Zn, °Rb, ¥sr, *'Ba, and*®Pb. Most of these elements were chose because they
are commonly found in bone matrix at concentratiansve the detection limits, some of
these elements are found in the inorganic phasejeselements have possible
applications for work monitoring and environmentpesure events, and after using

statistical analysis these elements provided gasxtichination between individuals.
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3.3.2 Instrumentation

A high resolution (HR)-ICP-MS ELEMENT 2 (Thermod€tron Co. Bremen,
Germany) was used for solution based and laseti@ablanalysis of the bone SRMs. The
HR-ICP-MS system was used in the three mass résotutow (~300), medium (~4000),
and high (~10,000) for solution based analyses. HReICP-MS was coupled to a
Nd:YAG laser unit operating at 213 nm wavelengtlie\(NWave Research, Fremont, CA,
USA) for laser ablation experiments. The analysib laser ablation were performed in
medium resolution since the transient signal ifigya@d and no more than one resolution
can be used at the same time. The description p@icive principles of the HR-ICP-MS

and the LA system were described in Sections 2&2d 2.3.2.3 respectively.

3.3.2.1 SEM/EDS operative principles and expenit@leconditions

The image acquired by the SEM is the result ofitiberaction of a high energy
electron beam with the surface of the material yesl. These beam electrons interact
with the atoms in the sample to release secondacyrens, backscatter electrons and x-
rays. These released electrons provide with togdgcal and composition information of
the surface analyzed.

When the electron beam and the sample atoms ihtaasing shell transitions an
emission of x-rays characteristics of the pareameint are released. The detection and
measurement of these x-rays allows elemental asdhysEDS. With EDS it is possible
to do qualitative, semiquantitative, and with thppm@priate standards quantitative
analysis with a sampling depth of 1 to 2 micronse k-rays can also be used to map the

elemental distribution in the sample surface.
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In order to analyze samples by SEM/EDS the samplstnbe conductive.
Biological samples such as bone, teeth and plahar good conductive materials, thus
coating with a thin layer of a conductive matesath as carbon or gold may be required
to reduce to the minimum the charging effect. Aeothlternative to reduce the charging
effect will be to measure the samples in low vacutlimavoid altering the material, these
samples were measured in low vacuum.

Images and elemental analysis of Ca and P for ¢ine Isamples was performed
with a SEM Philips XL30 (FEI Company, Hillsboro, €yon, USA) with an EDS
detector. The SEM/EDS conditions for the Ca anceterthinations were: voltage of 25
kV, working distance (WD) of 10, spot size of 6amded lifetime of 500 sec, and a

magnification of 800x.

3.3.3 Data Analysis

3.3.3.1 Solution Based Analyses

The digested bone SRMs were measured against amaktalibration curve.
The intensities (cps) for the standards and sampla® normalized to the rhodium
(internal standard) signal (cps). A linear regresdine was determined from the plot of
the normalized signal (cps) against the concentraif the correspondent standard. Then
the concentrations in the samples were determigeding the slope and intercept of this

equation.
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3.3.3.2 Laser Ablation Analyses

The transient signal of each element was colledigthg the ablation and then
analyzed with GLITTER software (GLITTER, GEMOC, Mparie University,
Australia). The elements’ concentrations were dated based on a linear fit to ratios
using the concentration 8fCa as internal standard in the bone SRMs and titeraat

SRM NIST 612 (for more details refer to Section.2.B).
3.3.2 Analysis of Bone and Teeth Samples by LAHGR-MS
3.3.2.1 Bone samples

3.3.2.1.1 Elemental analysis and discriminatibburied samples

Bone fragments of twelve individuals recovered friviorld War | (individuals
10-12) and World War Il (individuals 1-9) [JPAC Ladatories, Hawaii, USA] were
analyzed following the suggested NITECRIME methodl&ser ablation analyses. These
individuals were already identified by mitochondii@NA and/or from dental records.
Soil samples were not provided; therefore the assest of the possible leaching of
elements could not be evaluated. Spatial analykish® cross-section of 12 bone
fragments was performed to identify the biogenstgnal. Analysis of the area between
the periosteum and endosteum was performed. Tolarate the biogenic signal the
Ca/P ratio was determined using SEM/EDS (Philips3XLFEI Company, Hillsboro,
Oregon, USA). The bone samples included proximdldistal fragments of humerus and
femur bones of either hand or leg. Humerus bona® findividuals 1 and 4 were not

provided.
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Thin bone fragments were cut with emery and fitesglblades. After fragments
were cut, the fragments were thoroughly rinsed \kitgh purity deionized water (>18
MQ cm?) for 10 minutes and dried overnight on polyethglemeighing boats. The
fragments were ablated under the conditions sgekifi Table 9. The analysis was done

in replicates of four spot per sample.

3.3.2.1.2 Crater morphology and estimate of adlatass

Three ablation spots with the optimized conditiamsa bone fragment and the
SRMs NIST 1486 (pressed pellet) and NIST 612 (gtisk) were performed at a flat
edge of the sample to measure the crater morpholdgyUP213 New Wave Laser has a
flat beam profile, thus the shape of the crateemddes to a cylinder. By determining the
volume of the cylinder with the crater radiug é&nd height If) and the density of the
material it is possible to estimate the mass oexlm this crater or the mass removed
during the ablation. The and h dimensions of the craters were determined by
measurements done on the images of the cratens veke the SEM Philips XL30 (FEI

Company, Hillsboro, Oregon, USA).

3.3.2.2 Teeth samples

Teeth samples were donated by Major Laura A. Régan her Ph.D. research.
The sample collection consisted of a brief survay @oth donation for analysis of stable
isotopes to determine if these isotopes can usage@graphical markers for regions of
childhood residency. Donations were received franents that included cadets, active-
duty, retirees, and dependents. The samples wenprised molars, canine, and wisdom

teeth.
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3.3.2.2.1 Elemental analysis of the differentlidayers

A set of teeth samples (Table 10) where the enaraglremoved was analyzed to
evaluate the elemental composition of the layethiwithe same tooth. The dentine +
cementum portion was ground mix in a high speedoniull and formed as pellets using
the procedures mentioned above. The enamel weaadglia powder form; therefore the
pellets were formed with the same procedure. Piatiah of the surface prior analysis
was performed using the parameters mentioned ideTakio eliminate any possible
contamination from the pellet press. Each sample avalyzed by doing three ablation
spots in different areas of the pellet.

In addition to assessing the elemental composdithe different layers of tooth,
the discrimination power of the elemental compositiof enamel and dentine +

cementum separately was assessed.

3.3.2.2.2 Elemental analysis of whole tooth

The set of samples presented in Table 11 weretosedaluate the discrimination
power of elemental analysis in whole tooth samgkesh tooth was submerged in liquid
nitrogen and broken into halves between polyette/leeighing boats in a mortar. The
fragment was ground/mix in a high speed micronmltl gorepared as pellet using the
procedures mentioned previously. The laser ablaiwalysis was carried out under the

conditions described in Table 9 in replicates wé fablation spots per sample.
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Table 10. List of teeth samples used for the stfdize elemental composition on enamel
and dentine + cementum portions.

Sample IC| Tooth # Description Natal Regior
EAFA-139 16 enamel Panama, HI, TX, Germahy
AFA-139 dentine+cementum

EAFA-276 32 enamel NY

AFA-276 dentine+cementum

EAFA-034 32 enamel WA

AFA-034 dentine+cementum

EAFA-265 16 enamel CcoO

AFA-265 dentine+cementum

EAFA-152 16 enamel Japan, Germany, SD
AFA-152 dentine+cementum

EAFA-026 16 enamel PA, NC, TX
AFA-026 dentine+cementum

3.3.2.3 Data processing and discrimination amslys

The data processing for determining concentratibrihe elements was done
following the procedures mentioned in Section 323.Zhe bone data was analyzed using
the multivariate statistical analysis called CapahiDiscriminant Analysis (CDA),
described elsewhere [155], using the SPSS soft(@&®8&S Inc., Chicago, IL, USA). For
bone analyses the mean of the elements’ concemtsaton each bone (humerus and
femur) was used for the discrimination analysisstdd ANOVA analysis was used to
assess which elements provide the best discrimmatnong the bone samples.

Nested-ANOVA statistical analysis was used to detee the elements that
showed to provide with the most discrimination witlte set of bone samples in this
study. The multivariate analysis Principal Compdnemalysis (PCA) from SYSTAT 11
(Systat Software Inc., Chicago, IL) was used foscdmination of the whole teeth

samples and for the discrimination of the differayers of tooth separately.
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Table 11. Identification and natal origin infornmatiof whole teeth samples

Sample ID]  Tooth # Natal Region
AFA-004 1 IN
AFA-078 1 VT
AFA-093 17 OH
AFA-109 17 Peru
AFA-157 17 NE
AFA-159 32 mixed USA
AFA-199 17 TX
AFA-259 17 CA
AFA-265 17,32 CO
AFA-277 32 mixed USA
AFA-278 16 NM
AFA-286 32 SC
AFA-289 1,17,32 FL
TWN-038] canine (6? Taiwan

34 Results and Discussion

3.4.1 Suggested NITE-CRIME Method

3.4.1.1 Digestion Methods

Two digestion methods for the analysis of bone SRidse evaluated with an
accuracy of 10% bias from the certified value angbracision of 10%RSD of the
replicates of each sample. These have been reppredously as typical results for
NAA analyses [156] while for ICP-MS analysis thea@cy and precision varies and the
behavior of elements at these levels is still retywvell understood in this matrix. Both
digestions methods involved an acid digestion withic acid and peroxide. Table 12
shows the results of accuracy and precision froth d@estion methods for bone SRMs.
Elements certified by NIST in the bone SRMs NISTOQ@4and NIST 1486 were
considered to evaluate the accuracy of the coratgor measurements obtained when

digested by OVD and MAD. With OVD most of the elerteehad a recovery of 90% or
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higher in both SRMs. For the SRM NIST 1486 the @eta Mg, Fe, Mn, Sr, Ba and, Pb
were measured with an accuracy of <10%bias whidedium and zinc had a bias higher
than 10%. Zinc experimental concentrations for bdagbtopes were showed an
enrichment of this element suggesting some soxootamination. Rubidium is not a
certified element, therefore is not used to asaesgracy. The results with MAD for the
SRM NIST 1486 showed poor accuracy (>10% bias) Mg, Mn, *°Fe in medium
resolution, Zn, Sr, and Ba in low resolution. Thewes a low recovery of magnesium and
for zinc. There was an enrichment of strontium caysa high bias (27%), which
suggests a possible contamination with this elemieoh of mass 56 and barium in
medium and low resolutions respectively showedas klightly higher than 10%, while
the same isotopes measured in higher resolutions wéhin the acceptable parameters.
Barium accuracy was determined against a non iegltifalue, but the closeness of the
concentration in the other resolutions may indit¢hte could be close to the real value.
The precision of the measurements were below 10%REMnost of the elements for
both digestion methods, except for zinc and leathenSRM NIST 1486. Although lead
concentration was measured with good accuracy (&8pbthe precision of the
measurements was very high (~40%RSD). The highddsR&e attributed to the low
recovery of this element in two of the four replesa As is shown in Table 12 similar
results were obtained for the SRM NIST 1400 witk #xception of the accuracy of
aluminum. The bias of the aluminum concentratios @eatermined using a non-certified
value provided by NIST and with both digestion®waédr concentration was found when
compared with the non certified value. The precisior all the measurements in the

SRM NIST 1400 digested by both methods showed tovilein the acceptable range
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(£10%RSD). Better results were obtained with the Opi@cedure for magnesium,
manganese, strontium, barium, and lead. For thesrotiements both digestion

procedures showed to provide similar results.

3.4.1.2 Matrix suppression study

In the matrix suppression study fresh bone SRMsvdégested using the open
vessel digestion method. For comparison purposes résults with the modified
calibration curve, was compared to results of tR&¢S measured against a normal ICP-
MS external calibration curve (ECC). For both bo8BMs the precision of the
measurements were <10%RSD with both external editors (Table 13). The accuracy
obtained with the modified calibration curve in tBBRM NIST 1486 was above 10%bias
for manganese, zinc, barium, and rubidium. Sineetibidium and barium values are not
certified, they can only work as reference and mextessarily measures the accuracy of
the analysis. Aluminum was below detection limitghwboth ECC’s. NIST reported
aluminum concentration in both SRMs as a non cedtivalue and for SRM NIST 1486
its reference concentration is g g* therefore it was expected to be close or below the
detection limits with both ECC’s. Iron, magnesiunmc and strontium had a percent
bias less than 10% for both SRMs which are accéptattues for the method (Table 13).
Similar results were obtained with the SRM NIST Q4dth the exception that aluminum
was consistently lower with both calibration curvesulting in a bias higher than 10%.
For some elements in both SRMs the concentratitermiéned with the modified ECC
seems to provide lower values. This behavior magygest some suppression especially

for elements in concentrations close to detectianitd and/or could be due to the
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instrumental variation since both experiments werdormed in different days and with
different digested SRMs. Regardless, there is mmgtevidence of matrix suppression of
the trace elements by the high content of calcinchghosphorus in bone matrix, thus the

use of trace elements for elemental analysis igval

3.4.1.3 Assessment of calcium as internal stahdar

For laser ablation analyses it is important to aseinternal standard that is
present in the matrix at high concentrations andndo vary significantly between
samples of the same matrix. Calcium is presenpptoximately 26 wt% in the SRM
NIST 1486 (bone meal) and at ~38 wt% in NIST 14@éne ash). To verify the calcium
concentration in bone, calcium measurements of bmure samples were measured by
detecting the calcium Kline in the SEM/EDS instrument. The bone SRM NIB®B6
was measured prior the samples to verify the acyguoé the analysis. The accuracy of
the analysis was evaluated by determining the %bidhe SRM measurement against
the certified value. Typical acceptable valuesamusacy and precision for SEM/EDS are
within 10-15%bias and 15-20% RSD. The analysithefSRM NIST 1486 was accepted
with 15.2% bias and a precision of 2.4%RSD (TabW. 1A correction to the
measurement was done since solid oxides were addéde total amount of the SRM.
The results for the four bone samples are showitable 15. The concentration of
calcium in bone samples were similar to the calctoncentration in the SRM NIST
1486, thus for purposes of laser ablation datayaraland to generalize the method, the

calcium concentration used was 26.58wt%.
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Table 12. Results dissolution of bone SRMs NIST(0L4Ad NIST 1486 by Open Vessel

and Microwave Assisted digestion procedures.

SRM NIST 1486 Concentration * o, pg g* %Bias %RSD
Isotope 'MAD %VD [ Reference valudg 'MAD | %ovD | 'mAD | %OvD
Mg (LR) 3978 + 38 4190+7 | 24660 +170 15 10 1 0.2
27)| (LR) d__ d__ boq d__ d__ d__ d__
27A| (MR) d__ e __ b<1 d__ e __ d__ e __
*Mn (LR) 1.32+0.02| 1.08+0.01 b1 32 9 1 1
*Fe (MR) 113+ 3 93 +3 299 +8 14 6 3 3
*"Fe (MR) 99 + 4 92+6 299 +8 0 4
*Fe(HR) 103+ 4 e 299 +8 4 °.. 3 °.
*"Fe(HR) 102 + 4 e 299 +8 3 °.. 4 °.
®Zn (MR) 97 + 14 179+ 3 2147 £16 34 22 14 2
7Zn (MR) 94 +13 183 +4 2147 £16 36 24 14 2
®Rb (LR) 0.34+0.002 0.30 +0.0] €0.34 0 12 1 3
sy (LR) 334+2 248 +2 2264 +7 27 6 1 1
¥Ba (LR) 277+5 289 + 6 320 13 10 2 2
¥Ba (MR) 288+ 5 €320 10 2
¥Ba (HR) 290 + 6 320 9 2
*%Pb (LR) 14+06 | 121+0.04 *1.3+0.01 8 7 42 4
“Pb (MR) 14+06 ©- *1.3+0.01 8 - 41 -
SRM NIST 1400 Concentration * o, pg g" %Bias %RSD
Isotope 'MAD %OVD | Reference valugg 'MAD | %ovD | 'mAD | ‘ovD
Mg (LR) 6005+88 | 6516+69| 26840 +13 12 5 1 1
ZAl (LR) 344 + 33 218+7 530 35 59 10 3
ZTAl (MR) 371 +31 530 30 9
*Mn (LR) 17.3+06 | 17.3+0.4 b17 2 2 4 3
*Fe (MR) 617 + 18 634 + 19 2660 +27 7 4 3 3
*"Fe (MR) 608 + 18 672 + 16 2660 +27 8 2 3 3
*Fe(HR) 628 + 25 644 + 28 2660 +27 5 2 4 4
*Fe(HR) 639 + 28 668 + 23 2660 +27 3 1 4 3
®Zn (MR) 126 +13 235+ 10 2181 +3 30 30 10 4
Zn (MR) 123+ 10 241+9 2181 +3 32 33 8 4
®Rb (LR) 0.50 +0.01| 0.52 +0.02 °0.55 9 5 2 5
sy (LR) 281+ 3 246 + 11 2249 +7 13 1 1 5
¥Ba (LR) 231+4 267 +2 280 18 5 2 1
¥Ba (MR) 240 + 4 259 + 1 280 14 8 2 1
¥Ba (HR) 247 + 4 e 280 12 °.. 2 °.
2%pp (LR) 9.3+0.1 8.9+0.1 29.1+0.1 2 2 1 1
2ph (MR) 9.6+0.2 €. 39.1+0.1 e 2 Cee

& Certified Value from NIST
® Non certified values provided by NIST
“Concensus values are from NITE-CRIME 1st Round Robi

dConcentration below detection limits
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Table 13. Results of the matrix suppression stodysRMs NIST 1486 and NIST 1400.

SRM NIST 1486 Concentration +¢, pg g* %Bias %RSD
*ECC with *ECC with *ECC with
Normal Caand P | Reference | Normal | Ccaand P| Normal | Caand P
Isotope °ECC added Value °ECC added °ECC added
Mg 4190 +7 | 4266 +114 24660 +170 10 8 0.2 3
27A| d___ d___ b<l d___ d___ d___ d___
*Mn 1.08 +0.01] 0.88 +0.04 b1 9 12 1 5
*Fe 93+3 91+1 209 +8 6 8 7 1
Zn 183+ 4 125+7 | %147 +16 24 15 2 6
®Rb 0.30+0.01] 0.25+0.0]1 .34 11 26 3 6
8y 248 + 2 255+10 | %264 +7 6 4 1 4
13Ba 289+ 6 286 + 7 °320 10 11 2 3
2%pp 1.21+005 % 1.33+0.01 7 a_ 2 a_
SRM NIST 1400 Concentration +o, pg g* %Bias %RSD
*ECC with °ECC with °ECC with
Normal Caand P | Reference | Normal | Caand P| Normal | caand P
Isotope °ECC added Value °ECC added °ECC added

Mg 6516 + 69 | 6449+ 131 26840 +130 5 6 1 2
27p 218 +7 296 +9 530 59 49 3 3
5Mn 17.3+0.4| 154+0.03 °17 2 9 3 2
*Fe 672+16 | 597+11| %660+27 2 10 3 2
7Zn 241+9 172+7 | %1813 33 5 4 4
®Rb 0.52+0.02] 0.40+0.0] .55 5 27 5 4
gy 246 + 11 262+4 | %2497 1 5 5 2
13Ba 267 +11 244 + 2 °280 5 13 1 1
2%pp 89+01 | 101+03| *9.1+0.1 2 11 1 5

@Cetified Value by NIST
® Non certified Value provided by NIST
“Concensus Value from NITECRIME 1st Round Robin
4 Below detection limits

° External Calibration Curve
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Table 14. Calcium concentration in the SRM NIST @ 48asured by SEM/EDS.

Sample ID Concentration of Ca, wt%
NIST 1486-1 22
NIST 1486-2 21
NIST 1486-3 21
Average 21
StDev 0.5 23
%RSD 2
Certified Value 26.58+£0.24 26.58+£0.25
%Bias 21 13

*Corrected value due to the addition of GeO, and Y,0;

Table 15. Results of calcium concentration in bsa@ples by SEM/EDS.

Sample ID  |Concentration of Ca, wt%
106LHD 21
I06LHP 21
I08RHD 22
I09RFP 21
Average 21
StDev 03
%RSD 1

3.4.1.4 Laser ablation method optimization

For laser ablation analyses the acceptable pareneteaccuracy and precision
were<10%bias and15%RSD. The acceptable precision is higher thah digsolution
work because in LA we are dealing with smaller amoof sample and with a less
homogeneous media than with solution; thereforeptieeision of the LA measurements

is expected to be higher.
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The optimization with carrier gas was determinethwielium and argon gases.
This study was performed with single spot ablatiohd0Qum at a frequency of 10Hz.
The frequency and ablation mode parameters weeetedl at the beginning following
the typical setup of glass laser ablation analgsisa reference. The optimization of
frequency and ablation mode was corroborated inadditional study that will be
explained below. Table 16 shows the results of moyuand precision with bone SRMs
NIST 1486 and NIST 1400. It is clear that when tnaliwas used as carrier gas the
accuracy of all elements in SRM NIST 1486 was imptband within the acceptable
parameters while the results with argon carriersigsved to be higher than 10% bias for
most of the elements in this matrix. For the SRNPNL400 the accuracy of the certified
elements Zn and Fe elements resulted with biasehigan 10%. Both elements had
lower concentration than the certified value intdiign a problem either with the
ionization of these elements or with the distribatiof the elements in the SRM. When
argon was used as carrier gas the concentrati@mndiettion was not possible because
the signal of this element in the calibrant (SRMBNI612) was not enough sensitive to
be detected properly as it was explained in Chdhtdihe iron signal in SRM NIST 612
was improved with helium as carrier gas allowing aocurate determination of iron
concentration in the bone SRMs. In terms of preaigor both SRMs the %RSDs were
<15% for most of the elements, although some elesnginowed lower %RSDs when
argon was used as carrier gas. Previous studiasgyeiss have shown an improvement in
the removal and particle transportation in lasdatadn analyses using helium as carrier
gas [61, 62]. Helium is selected as carrier gagHeranalysis of bone and teeth matrices

due to the improved results obtained with this gas.
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Table 16. Results of optimization of carrier gasaser ablation method development

Concentration ¢, pg g-1 %Bias %RSD
Carrier Gas: Carrier Gas: Carrier Gas: Carrier Gas| Carrier Gas: Carrier Gas
Isotope Argon Helium Reference Valye Argon Helium Argon Helium
BMg 5856 *+ 4 4327 +3i 24460 +170 2€ 7 1 1
ZAl 0.88+0.11 1.07 + 0.04 b<1 12 7 13 3
*Mn 1.2+0.3 0.99+0.13 °1 18 1 24 13
>Fe 4 101 +12 399 +8 4. 2 4. 11
®cu 0.61 + 0.06 0.74 + 0.08 ®0.8 23 8 9 11
®Zn 75+1 134 +2 2147 +16 49 9 2 2
®Rb 0.30 + 0.02 0.35+ 0.03 °0.34 12 1
By 265 + 1¢ 283 + 1. 3264 +7 0.2 7 6 14
¥Ba 296 £ 26 289 +2 320 7 10 9 1
2%pp 1.2+0.2 1.4+0.2  %1.33+0.01 10 4 15 11
Concentration + ¢, pg g-1 %Bias %RSD
Carrier Gas Carrier Gas Carrier Gas Carrier Gas | Carrier Gas Carrier Gas
Isotope Argon Helium Reference Valye Argon Helium Argon Helium
BMg 7300+ 518 6382+69 26840 +130 7 7 7 1
ZAl 271 + 103 302 +78 *530 49 43 38 26
*Mn 15+ - 15.1+0.; °17 14 11 17 2
*Fe - 484 + 14 2660 +27 g 27 g 3
cu 0.93 + 0.0! 2.1+ 0. 2.3 6C 9 5 5
*Zn 119+ 12 157 +8 2181 +3 34 13 10 5
®Rb 0.30 + 0.0; 0.44+ 0.0 €0.55 4E 2C 7 2
By 227 +5 253+0.8 3249 +7 8.8 2 2 0
¥Ba 228 +6 254 + 1 280 19 0
2*ph | 5.31+0.0.63 8.6+0.2 %9.07+0.12 41 5 12 2

® Certified Value by NIST
® Non certified values provided by NIST

© Concensus value of the First Round Robin of NITEH@E Network (unpublished data)
“ Not determined

The ablation mode and frequency parameters wammized with the same bone
SRMs’ pellets. This optimization study was perfodnesing helium as carrier gas and a
spot size of 10Qum since it was shown previously to provide desgatdsults. Two
ablation modes (single spot and scan line) anduéeqy (5 HZ and 10Hz) were
evaluated with the acceptable parameters of %mds%aRSDs abovementioned. It is
clear on Table 17 that better accuracy and pretisias obtained for most of the

elements in both SRM’s with single spot ablatiod @iz repetition rate (frequency). The
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specific setup of frequency and ablation mode plesiwith a more efficient particle
removal with the non-matrix match standardizatiosing glass as calibrant. The

improvement in sensitivity translates in more aateiresults.

Table 17. Results of optimization parameters atmtatnode and frequency for SRMs
NIST 1486 and NIST 1400.

SRM NIST 1486 Concentration o, pg g~
Optimization
Parameter Mg Al *Mn *Fe %cu %Zn #Rb gy 3'Ba 0%
Single Spot, 5Hz 982 + 81 12+05 13+02 49+1074&¢0.01 92+13 0.24+0.02 268+18 224+14 0.8
Single Spot, 10Hz 4327 +30 10+01 10+01 102+0.74+0.08 134+2 0.30+0.01 283+38 289+2 1042
Scan Line,5Hz 4633+184 15+0.2 26+03 97+1272@&0.09 78+2 025+0.02 262+5 315+15 1.43060Q.
Scan Line, 10Hz 4081+300 1.3+0.7 1.1+0.1 69+957&0.05 60+x4 0.22+0.02 265+30 277 +20 0.811(.
Reference Value 4460+ 170 "1 P1 ‘998 0.8  *147+16 0.34 “264+7 320 *1.33+0.01
%Bias
Optimization
Parameter Mg Zpl *Mn *Fe %cu %7n #Rb gy B3'Ba 0%
Single Spot, 5Hz 78 21 26 50 8 38 29 1 30 34
Single Spot, 10Hz 3 4 2 2 8 9 12 7 10 5
Scan Line, 5 Hz 4 50 163 2 10 47 27 1 2 7
Scan Line, 10Hz 8 31 5 30 28 59 36 0.3 13 39
%RSD
Optimization
Parameter Mg Zp *Mn *Fe %cu %Zn ®Rb 88y 3'Ba 205
Single Spot, 5Hz 8 45 17 21 1 15 7 7 6 18
Single Spot, 10Hz 1 9 10 11 11 2 4 14 1 11
Scan Line, 5 Hz 4 1 11 13 12 3 10 2 5 4
Scan Line, 10Hz 7 6 5 13 9 7 11 11 7 19
SRM NIST 1400 Concentration e, pg g
Optimization
Parameter Mg Zpl *Mn *Fe %cu %Zn #Rb 88gr B'Ba 208
Single Spot, 5Hz 1671+ 102 263+109 14+06 141+11.0%0.1 118+5 0.26+0.04 240+9 190+6 4.96 60.
Single Spot, 10Hz 6382+69 302+78 15.1+0.2 484+12.1+0.1 157+8 0.44+0.01 253+0.8 254+1 8.62: (
Scan Line,5Hz 6040+ 343 255+61 16+ 4 265+79 @809 106+9 0.28+0.08 250+10 269 +21 5.26 Q.
Scan Line, 10Hz 6041 + 458 304 +43 12+1 285+42 @098l0 128+15 0.28+0.04 252+ 16 246 +16 4.839%(.
Reference Value °6840 + 130 °530 P17 %660 + 27 2.3 1813 0.55 249+7 280 %9.07 +0.12
%Bias
Optimization
Parameter Mg Zp| *Mn *Fe %cu %Zn ®Rb 88y 3'Ba 0%
Single Spot, 5Hz 76 50 17 79 55 35 52 4 32 45
Single Spot, 10Hz 7 43 11 27 9 13 20 2 9 5
Scan Line, 5 Hz 10 52 7 55 63 41 48 1 4 42
Scan Line, 10Hz 12 43 30 57 58 29 48 1 12 47
%RSD
Optimization
Parameter 25Mg 7 *Mn *"Fe *cu %Zn *Rb gy = 0%
Single Spot, 5Hz 6 42 4 10 8 4 14 4 3 17
Single Spot, 10Hz 1 26 2 3 5 5 2 0.3 0.4 2
Scan Line, 5 Hz 6 24 23 23 11 8 29 4 8 9
Scan Line, 10Hz 8 14 9 15 11 12 12 7 6 20

@ Certified Value by NIST
® Non certified values provided by NIST
¢ Concensus value of the First Round Robin of NITRH@E Network (unpublished data)
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In summary the optimal parameters for the LA analgd bone SRM’s were
single spot ablation of 1Q@n size at a repetition rate of 10HZ using heliuncasier

gas. These parameters were used for all lasei@bknalyses.

3.4.1.5 Crater morphology and Estimate of thatal mass

Ablation spots of 100m radius were created at the edge of the bonexmatder
the following laser conditions: repetition rate-HA) laser energy (100%) and in a helium
gas environment. The crater morphology in the boagment, the SRM NIST 612 and
the SRM NIST 1486 pellet varied according to thagity. Deeper penetration of the
laser was obtained with the SRM NIST 1486 pelleewbhompared to the bone fragment
(Figures 7 and 8). This indicates a difference amngity these materials. The crater
morphology on the SRM NIST 1486 resembles to thaylander with a flat bottom,
whereas the craters in the bone fragment showezhdlat bottom. Regardless, in order
to avoid an incorrect analysis all signal integmatof the SRMs and samples with the
Glitter software do not take into account this fasttion of the ablation.

The density of glass was previously reported inlaboratory as 2.4 x £@ m?.
With the glass density and the volume of the crdber estimated ablated mass for SRM
NIST 612 was 8.2 + 0.2 pg. For a pellet of 13mmiusd4mm height, and a mass
1.0020g, the density of the SRM NIST 1486 pressiépwas 4.72 x 109 mi°, thus the
estimated ablated mass for the craters on the SR®T N486 was 8.8 + 0.4 pg. Using
the density of compact bone (1.9 x®xpm?®) [157] and volume of the craters the
estimated ablated mass was 12 £ 1 pg. The estinsdiated mass of the SRMs NIST

612 and NIST 1486 were very similar, whereas thienased mass of the bone fragment
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is about 1.3 times more than the SRMs. Regardig®gs,mass ablated under the

optimized laser ablation parameters resulted teelng similar.

Mean {um)
Stdev (1m)

Figure 7. SEM images of the craters on the SRM N1886 pressed pellet and the crater
dimensions measurements. (The brightened areater@ is due to residues of C tape)

Crater # Radiusuyfn) Height (im)
90 223
98 220

97 218

Mean um) 95
Stdev (im) 4

Figure 8. SEM images of the craters on a bone feajnand the crater dimensions
measurements.
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3.4.2 Analysis of Bone and Teeth Samples by LAHEBR-MS

3.4.2.1 Elemental analysis and discriminatiobwied samples

Prior elemental analysis with the optimized LA huat, a rastering analysis of the
cross-section of 12 compact bone fragments wameed by LA-HR-ICP-MS. The
concentration was determined with the LA methodnfrihe external layer (exposed to
the environment) of the bone through the inneridgi®se to trabecular bone) (Figure 9).
The rastering was performed using a 100 um spet aifrequency of 10 Hz and helium
as carrier gas. The scanning time was 15 um pendecThen, the transient signal was
integrated in intervals of 5 seconds of ablatiohicl represents the concentration in a 75
um region. This is a relatively fast way to establisonstant concentration of the

elements of interest in compact bones.

Figure 9. Picture of a typical compact bone fraginen

For practical purposes only data from one of th@ebdragment is shown.
Elements such as Mn, Sr, Zn, Ba, and Fe showe@&ased concentration close to the
external layer while only Mn and Fe showed incrdas@ncentration at both the external

and internal layers of the bone (Figures 10). Magme on the other hand presented less
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concentration at the extremes than in the middieres. A concentration with relatively
small variation was presented at the middle lafleesween regions 5 to 8) of the bone.
The stabilized signal in the middle layers of banay indicate that the elemental
composition in this region reflects that of thed®aetic signal rather than from the one
affected by diagenesis. In general the same reselts observed for the 12 bone samples
analyzed under the same conditions by LA-HR-ICP-NIBe results suggested that the
biogenetic signal in these bones is present imtidelle regions of the bone cross-section;
therefore the LA analysis should be done withis rea.

To confirm the above results the Ca/P ratios weerdhined in the middle layers
of bone using SEM/EDS. Seven random samples angRiv NIST 1486 were analyzed
for this purpose under the optimized SEM/EDS coodg in low vacuum with an energy
voltage of 25 kV and a magnification of 800X, whiehowed analyzing an area of
approximately 300 um x 300 um. Areas where the CatiB lied between 1.81 and 2.39
were considered as an unchanged hydroxyapatite,thieuelemental composition comes
mostly from the biogenetic signal. The Ca/P ragisults for the SRM and the seven bone
samples are shown in Table 18. All the samples sbdow Ca/P ratio between the
expected values confirming the biogenetic signahis preferred area of analysis.

Once the area of biogenetic signal is establistiedbone samples were analyzed
with the suggested NITE-CRIME LA method using thR-KCP-MS (Section 3.4.1.4). A
wide variety of elements were measured using LAIBR-MS from which only several
elements were selected for discrimination analyased on the capability to discriminate
among samples (Nested ANOVA analysis), the presefidbese elements above the

instrumental detection limits for LA, and the likedss of these elements to be in bone.
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Table 18. Ca/P ratio of compact bone samples datechby SEM/EDS.

Sample Ca/P &
SRM NIST 1486 1.91+£0.01
I10RDH 2.25+0.02
I08RPH 1.98+£0.01
107LPH 1.96 £0.12
111RDF 2.02 £0.02
112RDF 2.05+0.02
I05RDF 1.82 £0.03
I0BRDF 1.94 £0.01
300 7 0 64Zn 30001 o 25Mg
—
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1 2 3 45 6 7 8 9 10 11 12 13 1 2 3 45 6 7 8 9 10 11 12 13
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Figure 10.Concentration of Zn, Sr, Pb, Fe, Ba, Rb, Mn, andiMghe cross-section of
the sample I08RPH.
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The Nested ANOVA analysis provides with informati@garding to significant
differences at two levels: between individuals dedween bone type (humerus and
femur proximal and distal). If thesRisic IS <0.05, then the null hypothesis is rejected
implying that there are significant differences hwit a specific level for that specific
element. Table 19 shows the Nested ANOVA resultseBixh element measured. It is
clear from these results that by looking at Sr, RRY, Sr, and Fe respectively there are
significant differences between individuals. At thecond level all elements except Zn

showed to significant differences between bonegype

Table 19. Nested ANOVA results for the LA data bblb@ne samples.

Pstatistics
Between Bone Type
Element| Between Individualgd (Humerus and Femur)
Fe 0.02 <<0.001
Cu 0.44 <<0.001
Mn 0.34 <<0.001
Mg 0.004 <<0.001
Sr <<0.001 <<0.001
Ba 0.82 <<0.001
Pb <<0.001 <<0.001
Rb 0.03 <<0.001
Zn 0.4 0.06
Al 0.25 <<0.001

Using the Nested ANOVA results and the aforememiibfactors, the element
menu for discrimination among bones of differemividuals includes: Mg, Mn, Fe, Zn,
Rb, Sr, Ba, and Pb.

The data were analyzed using the multivariate @mlZDA with the above

mentioned discrimination elements. When all bomesrfdividuals 1-9 from World War
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Il and individuals 10-12 form World War | was usked the multivariate analysis, there
was no separation of the individuals by elementabmosition (Figure 11). Only a 60.0%
of the original cases were correctly classifieddividuals 12 and 7 are largely separated
from the rest of individuals suggesting the elerakerdomposition is significantly
different. There was an overlap of all other indinals’ groups. The samples I03RPF and

I10RPH were analyzed as unknown to validate théysisa

6
GROUP

O Group Centroids
O Individual 12

4

O O Individual 11

O Individual 10

2 O Individual 9

O Individual 8

Individual 7
7
0 i :

o 0 a Individual 6
m]
o
o o
O Individual 5
o
£ R
Nl oo Individual 4
c 2 il _
) O Individual 3
=]
g o Individual 2
>
L -4 O Individual 1

Function 1

Figure 11. CDA plot of the humerus and femur bdpoeshe 12 individuals.
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When the samples were separated by bone type Wasr@n improvement in the
discrimination of the individuals by elemental carsjgion. When only the humerus data
was used for the CDA, the 90.5% of the originalesawere correctly identified. There
was an overlapping of the groups of individualsn® 40. The group of individual 12
showed to be of very different elemental compositipom the other individuals,
including the samples coming from the same recos#ey(Individuals 10 and 11). The
sample measured as an unknown (I10RPH) was corrgodiped with Individual 10

group (Figure 12).

6
GROUP
L] Group Centroids
44 o
O Individual 12
- O O Indvidual 11
O o
21, O O Individual 10
O
Individual 9
[m]
04 ! Individual 8
0o Individual 7
m}
o O 9 Individual 6
N
c ° g O Indiidual 5
S
)
O Individual 3
5 e
L -4 : 0 Individual 2
-10 0 10 20 30 40
Function 1

Figure 12. CDA plot of the humerus bones for 10vimbals.
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For the CDA of femur bones, only 80.0% of the orai case groups were
correctly classified. The unknown sample 103RPF w@sectly grouped with Individual
3 group, which validates the analysis (Figure }8re, as with the CDA of humerus
bones, individual 12 is grouped to a very largeadise from the rest of the other groups,

suggesting a significance difference in elemertatgosition.

8
GROUP
6 O Group Centroids
O O Individual 12
4 - 5 O Individual 11
O
m} O Individual 10
2 i N
8] E% O Individual 9
0 % O Individual 8
i . B
O 5O Individual 7
o 1]
-2 Individual 6
Individual 5
N -4 O Individual 4
c o O B
o O O Individual 3
= '6 T o
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>
L -8 : : : : : : O] O individual 1
-60 -50 -40 -30 -20 -10 0 10
Function 1

Figure 13. CDA plot of the femur bones for the adividuals.
The differences in the discrimination of the asayof one bone type over the
other may be attributed to the differences in el@alecomposition on bones from

different anatomical areas as presented in theaabertioned studies.

91



3.4.2.3 Teeth

3.4.2.3.1 Elemental composition of the differedth layers

The elemental composition of the enamel and dentircementum of teeth of
different individuals were evaluated using the ®sjgd NITE-CRIME method for LA-
HR-ICP-MS (Section 3.4.1.4). A similar element méoauhat used for bone was selected
for discrimination analyses. The concentrationh& €lements Mg, Mn, Fe, Cu, Zn, Rb,
Sr, Ba, and Pb were compared in the enamel andahiéne + cementum layers (Table
20). Some elements such as Mg and Zn tend to begler concentrations at the enamel
layer than in the dentine + cementum while elementh as Mg, Cu, Rb, Ba, and Pb
tend to be in higher concentrations in the dentirmementum layer than in the enamel.
Iron and strontium seemed to be in about the sameentration in both enamel and in
dentine + cementum layers. The higher concentratiodn in the enamel than in the
dentine is consistent with what Brodelvolt al. [152] reported and the higher
concentration of Rb and Ba in dentine than in edasneeen reported by Petersenal.
[153]. Differences in concentration of elementamgmsition within layers within the
same tooth are related to the mineral intake irdibeof the individuals, the remodeling
rate of the tooth layers and due to the role af¢helements in the tooth development.

PCA analyses were performed with the enamel andirgent cementum
elemental composition to asses the discriminatiathod. Each group represents a
different individual. Figure 14 shows the PCA plft the elemental analysis of the
enamel layer of different individuals. Sample EARBA4&32 was analyzed as an unknown

the same day to validate the method. As is shoviigare 15 there was correct grouping
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of all the samples although the groups EAFA139EAFA276#32 and EAFA152#16
and the groups EAFA159#17, EAFA034#32, and EAFAGZA4vere overlapped. The
EAFA034#32 and EAFA034#32roups were overlapped as expected since thethare
same sample; therefore the analysis is been vatidathe groups EAFA026#16 and
EAFA265#16 were not overlapped with any other grayggesting the elemental

composition of these are significantly differerdrfr the others.

Table 20. Results of the elemental analysis of @hand dentine + cementum in tooth

samples. Concentrationatis inpg g*.

#Sample analyzed the same day as an unknown.
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Isotope] EAFA276#32| AFA276#32 | [1sotope] EAFA265#16 | AFA265#16 | [Isotope] EAFA159#17 | AFAL59#11
BMg | 1872+145] 7867 +383| Mg | 1959 +57 | 9303+274| ®Mg | 2139+93 | 9945+ 771
*Mn | 071+011] 0.33+0.04| *Mn | 062+014| 0.84+0.7| *Mn | 099+0.37 | 0.46 +0.04
*Fe 104 11+2 *Fe 6+2 73+28 *Fe 10+4 53+ 15
®cu | 0.036+0.004 0.11+0.04|] ®cu | 0.05+0.03| 0.19+0.03| *cu | 0.024 +0.00d 0.38 + 0.0
zn 160+ 9 85 + 32 Zn 129 + 11 121 +47 || *zn 123 + 46 105 + 48
®Rb | 0.075+0.004 0.19+0.04] *Rb | 0.077 +0.004 0.20+0.0}] ®Rb | 0.081+0.003 0.16 + 0.0}
8y 69+ 3 79+4 8Bgy 60 +1 78+ 4 8By 54 +2 57+2
¥Ba | 0.92+0.02 26+01 || ¥Ba| 081+003| 31:x02|| ¥Ba| 2401 6.2+0.3
%pp | 020+019| 18+03|] *Pb| 010+001| o09:x02]|| *Pb| 012+001| 22204

Isotope] EAFA152#16] AFA152#16|[ Isotode EAFA026#16 AFA6216|[ Isotopd EAFA139#1 AFA139#1p
Mg | 1844+75 | 7582+ 245 Mg | 2019+202 | 8958 +383| Mg | 1827 +119 | 8875+ 114
®Mn | 0.72+0.06]| 0.378+0.04 *Mn | 094+0.11| 0.48+0.04| *Mn 3.0+0.7 0.63 +0.11
*Fe 76+05 8+1 *Fe 15+9 38+ 12 *Fe 9.3+0.4 88 + 22
®%cu | 0.025 +0.004 0.087+0.04] **cu | 0.04+001]| 013+0.02| %cu| 0.04+001]| 0.27+0.0
Zn 161+ 12 93+5 %Zn 126 + 57 7630 || ®2zn 196 + 50 150 + 4
®Rb | 0.074+0.004 0.18+0.04|] *Rb | 0.087+0.27| 0.17+0.0}| *Rb | 0.08+0.01| 0.19+0.0]
gy 712 82+2 gy 32+3 55+ 3 8gr 77+2 81+1
13Ba | 1.08+0.08 26+04 || ¥Ba| 089+0.2 28+02]|] ®Ba| 21z+01 3.8+0.2
2pb | 0.11+0.01 1.7+01 || ®Pb| 0.11+002| 022+004| **Pb| 022+0.11| 0.72+0.03

Isotope] EAFA034#32| AFA034#32 || Isotopd EAFA034#32| AFA034#37
Mg | 1811+68 | 8714=x218|| Mg | 1930+324| 8511 + 10§

*Mn | 0.78+0.08| 0.45+0.04| *™Mn | 0.74+0.10| 0.39 +0.0
*Fe 9+2 21+3 *Fe 11+3 19+1
®cu | 0.0290+0.004 0.13+0.04| ®*cu | 0.032+0.00] 0.10+0.0p
Zn 130 + 32 113+5 Zn 137 £ 40 109 £ 2
®Rb | 008+001] 0.15+0.01]]| *Rb | 0.08+0.02| 0.14 +0.0]
gy 47+3 60+ 2 8y 43+2 61+2
3Ba | 0.97+0.09 31+02 || ¥Ba| 091+02 | 3.1+0.07
2%pp | 0.12+0.02| 075+004] *Pb| 0.1220.02| 077200
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Figure 14. PCA plot of the enamel layer of diffgrendividuals.

The PCA analysis of dentine + cementum samples#fefent individuals showed
a correct grouping of the samples and there wene re@paration of the groups (Figure
15). The sample AFA034#32 was analyzed as an unknowthe same analysis to
validate the method. As expected, the groups AFAB34and AFA034#32were
completely overlapped and separated from the qtlieesefore the analysis was properly
validated. Groups AFA139#16, AFA034#32, AFA034%32nd AFA026#16 were
considerably separated from the other groups stiggetheir elemental composition is

significantly different from the other groups.

94



/\
o.ooew

0.004 ° o AFA152#16
e ® AFA276#32
d 1 | ® AFA026#16
0.0021 1 T ® O AFA159#17
. e o © AFA139#16
o ® AFA265#16
Q  0.0001 . ©  AFA034#3%
® AFA034#32

-0.0021 - e

Figure 15. PCA plot of the dentine + cementum lad different individuals.

3.4.2.3.2 Elemental analysis of whole tooth

Elemental analysis on whole tooth samples wakpeed using the suggested
NITE-CRIME laser ablation method described in SettB.4.1.4. The same element
menu as in the previous section was selected faridhination analysis. The sample
AFA093#17 was measured as an unknown sample isahee analysis to validate the
method. Different teeth from the same individuaFA®R65 and AFA289) were analyzed
to assess the elemental composition within an iddal. Each group is comprised of 5

data points representing the elemental composttfiam individual. Teeth samples from
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the same individual or the sample measured as lamown were represented with similar
identification pattern in the PCA plot (AFA265#1AF265#32, AFA289#1, AFA289#17,

AFA289#32, AFA093#17, and AFA093#ATFigure 16).

/

©@ 0B ® OO0 0600 00 000 e O oe

AFA004#1
AFAQ078#1
AFAQ093#17
AFA109#17
AFA157#17
AFA159#32
AFA199#17
AFA259#17
AFA265#17
AFA265#32
AFA27T7#32
AFA278#16
AFA286#32
AFA287#17
AFA289#1
AFA289#17
AFA289#32
TWNO38#06

AFA093#1 72

°8%
®

8 ®o

¢

8

?
Qomm

)]
88,
®

0.00

YCEE
o o
®
]

e,
)

[#

PC3
o
o
S
a

-0.01

O
¥ o
S\ ¥ o Q'LQ

Figure 16. PCA plot of the whole tooth samplesitfecent individuals.

Almost all the individuals’ groups were cortgcseparated, although here was an
overlapping between of the groups AFA004#1, AFA#I8AFALS59#17, AFA265#17,
and AFA265#32 (Figure 16). Overlapping of groupsA®B5#17 and AFA265#32 was
expected since these are samples from the samadinal, but these were overlapped

with other groups as well. The groups AFA289#1, RBB#17, and AFA289#32 were
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expected to be overlapping one on each other $inegeare teeth of the same individual.
Based on the PCA analysis these three teeth fraiwidual AFA289 seemed to have
different elemental composition. Such separatioly have to do with the development

and the differences in elemental composition orlakers in teeth of the same individual.

3.5 Conclusions

An analytical method using LA-HR-ICP-MS and HR-IBFS is suggested for
bone and teeth matrices showing accurate and presgasurements of trace elements.
Matrix suppression studies demonstrated the utibfy using trace elements for
discrimination analysis regardless the high contéi@a and P.

The crater morphology and the dimensions of tlaecrhelped to evaluate the
performance of the laser and to estimate the amufumiass ablated under the optimized
LA conditions. Although the SRMs and the bone dashad different densities, the
ablated mass with the experimental set up restdide similar. What is more important,
regardless the amount of ablated mass the nonxmagich calibration with SRM NIST
612 (glass matrix) provided accurate and preciséyaes of bone SRMs.

Trace elemental analysis of buried bones requieesful examination to make
sure the biogenic signal is been used for discation of individuals. With the
approaches used in this study the possibilitiassofg the diagenetic signal was reduced.
When humerus and femur bones are considered togétleee is a significant variation
within the same individual making unfeasible thpasation of individuals by elemental
composition using the combination with both bon&ten the samples were separated

by bone type, discrimination and separation of damgrom different origins was
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achieved. It was possible to separate bones fréiereint origins if all the bone samples
compared were collected from the same anatomieal, although the reasons for the
differences are not clear and have not been irgagstl in this study.

As expected, the elemental composition of the wgifie layers in teeth showed
differences in the concentration for some elemémisen the elemental composition of
the whole tooth was used for the separation ofitbdeviduals, there was more overlap
between individuals that when the elemental conmjposiof the tooth layers was
considered individually. The mixed elemental conifpms in whole teeth may contribute
to the discrepancies found in teeth samples fraansime individual. Analysis of more
samples teeth samples and the assessment of mariiatelemental composition on teeth
of the same individual will help to better interptiee results found in this study.

This method has demonstrated the capabilitiesthadliscrimination power of
elemental analysis on bone and teeth samples friffareht origin. Although the
discrimination power of this method is satisfactancreasing the amount of samples
analyzed, assessing the heterogeneity of the etame@omposition in different
anatomical areas (humerus and femur compact bafes) individual, and creating a
database will increase the strength of the diso@ton results. The main goal of this
study, developing an analytical method for the ysialof these matrices using LA-HR-
ICP-MS was successfully accomplished. These reepks the possibilities of including

trace elements composition for sourcing bones eetthtin forensic analysis.
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4 HR-ICP-MS AND LA-HR-ICP-MS FOR THE ANALYSIS OF RANT

MATERIAL

The use of elemental composition for identificatemmd discrimination purposes
has been successfully used in matrices such as duhéeeth matrices. The elemental
composition in plant depends on the soil conditiand the nutrient availability in this
medium; hence it could offer essential isotopicoinfation that will allow the
discrimination of plants of the same species oatjitg from different environments.

Elemental analysis of plants has been performedh wifferent instrumental
techniques including NAA[158, 159], ICP-AES, andPKMS [160, 161]. As mentioned
in previous chapters the use of HR-ICP-MS and labéation offer several advantages
over the other techniques that include excellensisigity, shortened analysis time, small
sample consumption (in LA) and resolution of pobyaic interferences, especially in
complex matrices such as in plants.

In this study, an analytical method was develomgdefemental analysis of plant
material using the HR-ICP-MS and LA-ICP-MS with ti8RM NIST 1515 (apple
leaves). The method development included the seteof an element menu based on the
major components in plants, the optimization ofdhalytical instrument using the SRM
NIST 1515 (apple leaves), and the comparison ofLthevith solution based work for
corroboration purposes. Once developed, the analytnethod was applied to the
analysis of marijuana ashed samples confiscatedifiarent areas of the USA. The
results of this study will open the possibility wuding elemental analysis to discriminate
plants of different origin. To choose an elemenhm#or discrimination it is important to

understand the origin, role and distribution ot&@lements on plants in general.
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4.1 Plant material and its nutrients

Inorganic elements play an important role in thewdh and development of
plants [162, 163]. Plants have a natural ability thoe selection of chemical elements
although they are highly dependent on the geochignusthe environment around them.
This biological selection enables the plant cotitrglits elemental composition but it is
limited to the availability of these elements. Timatrition of a plant depends on the
supply of essential chemical compounds for the bwmdiem and growth, and these
chemical compounds are called nutrients [162]. idots are transformed to cellular
material that then will be used in the form of @by metabolic processes. The
essential nutrients for higher plants are of inargaorigin. The following conditions
need to be met in order to consider an elemennasssential nutrient: (1) the lack or
deficiency of this nutrient will not allow the plato complete or continue its life cycle;
(2) the deficiency in the plant nutrition is speéxifor that particular element, and (3) the
nutrient is directly related to a metabolic prociesthe plant [162].

Nutrients in plants may be divided in micronutreeahd macronutrients, been the
macronutrients needed in relatively higher amoutitan the micronutrients. The
macronutrients (elemental composition) in plantdude: C, H, O, N, P, S, K, Ca, Mg,
Na, and Si. The micronutrients are: Fe, Mn, Cu, Ko, B, and CI. These nutrients
classification is not always right since there dobk cases where some micronutrients
have relatively the same concentration as a matient In order to have a more
appropriate classification the plant nutrients doog classified according to its chemical
behavior and physiological function. The plantrients are then classified in four

groups being the first those elements that arenjer constituents in the organic portion
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of the plant (Table 21). The second groups consisP, B, and Si, which share
similarities in chemical behavior. The third gromgludes K, Na, Ca, Mg, Mn, and CI.
These elements are taken from the soil in the fofnmons. The last group has the
elements that are present in the plant in the fofichelates. The™and 4" groups are
not clearly separated since Mn and Ca (presentanpg3) are also able to form chelates

in the plants [162].

Table 21. Classification of nutrients in living pta [162].

Element Uptake Biochmeical Functior

i i . Major constituent of organic material.
In the form of CG, HCOy, H,0, 0, NOs, NH,", [ Eqgential elements of atomic groups
C,H,ON,S N, SQ7, SO which are involved in enzymic processes.
lons from the soil solution and gases from the  JAssimilation by oxidation-reduction
atmosphere reactions.

Esterification with native alcohol grou
2 Group In the form of phosphates, boric acid or borate. |in plants.

P, B, Si Silicate from the soil. The phosphate esters are involved in
energy transfer reactions.
Non-specific functions establishing
3™ Group In the form of ions from the soil solution. osmotic potentials.

K, Na, Mg, Ca, Mn, Cl More specific reactions in which the iop
brings about optimum conformation of
enzyme protein (enzyme activation).
Bridging of the reaction partners.
Balancing anions.

Controlling membrane permeability an
electro-potentials.

Present predominantly in a chelated fr
4" Group In the form of ions or chelates from the soil sigint Jincorporated in prosthetic groups.

Fe, Cu, Zn, Mo Enable electron transport by valency
change.

=N

Living plant material composition includes orgammatter, minerals, and water.
The amount of these three may vary according teket type, but water will always be
the major constituent. In general plant materialaimout 70% water, 27% organic
material, and 3% minerals. Regardless the lowecgm¢ages of mineral content, trace

elements are essential nutrients for plant growthdevelopment [162].
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There are several factors controlling the minemitent on plant material. The
primarily factor is the uptake potential for specimineral nutrients. The second most
important factor controlling the mineral contentpilants is the nutrient availability in the
nutrient medium. There is an increase on the cdretgon of a particular element
following a saturation curve as the nutrient medinoreases.

The distribution of nutrients in plants varies aclog to the plant organs. In
general the leaves, roots and stems show high&bidy in nutrients’ concentration
than seeds, tubers, and fruits. The mineral conteptants also varies with age. Older
plants tend to have higher concentration of Ca, M Fe whereas young plants and
tissues seem to have higher concentrations of Nk P [164].

Most of the time, the mineral content in plant xpressed on a dry weight bias
(ng g* or ppm); while for physiological considerations ii better to express the
nutrients’ concentration on a fresh matter bias (mivVime = milli equivalents). Since
plant organs have different water content it isonm@nt to be cautious when comparing

concentration of nutrients on dry material of diffiet organs.
4.2 Soil: nutrient medium for plants

4.2.1 General description of soil

Soil consists of a solid phase, a gas phase, &gdid phase that affect the supply
of nutrients in plants roots. The solid phase isstdered the main reservoir of nutrients
containing organic and inorganic particles. In itth@ganic particles have cations such as
K, Na, Ca, Mg, Fe, Mn, Zn, and Cu whereas the aogparticles contain P, N, and S.

The liquid phase is responsible of the ions trartgtion into the plant roots. Most of the
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nutrients in the liquid phase are in the ionic foatthough some C©Oand Q could be
dissolved in the soil solution. The gaseous phaseesponsible for the gas exchange
between the organisms in the soil and the atmosephgrsupplying @ to the living
organisms and removing the g@roduced from the soil atmosphere. Although tiedh
soil phases seem to have separate functions it plantion, they are all interrelated.
The availability of soil nutrients for the plantsgends on the relationship of these phases

[162].

4.2.2 Nutrients availability

Nutrient availability is related to the plant roasad the physical and chemical
state of the nutrients in the soil medium. Oneh&f processes by which the plant gets
nutrients from the soil is called root interceptidm this process, the close contact of the
root with soil colloids allows for the exchangetfreleased from the plant with cations
in the soil. In root interception only cations soto the cell wall will have an exchange
with the cations absorbed to the soil, which leads small amount of nutrient absorption
by the plant. Therefore the root interception psscdoes not provide the plant with the
necessary amount of nutrients. Mass flow and disieol are the main processes by
which plants’ roots get most of the necessary ents. With the mass flow the nutrient is
transported to the plant through a flow of watemiing from the soil to the plant’s root.
The nutrient availability in this case will depeond the water flow rate, the concentration
of the nutrient in the water and the capabilitiéshe plant for water consumption. The
diffusion of nutrients on the other hand will degemm the supply from the soil and the

plant demand. Diffusion of ions (nutrients) intoetioots occurs from high to low
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concentration of the nutrient. When nutrients & $loil solution are in high concentration
the mass flow takes place allowing the movemergigrificant amount of water to the
roots carrying the solutes. Nutrient depletion ambthe root occurs when the nutrient
uptake is higher than the nutrient transportatida the plants.

The mobility of ions (nutrients) into the plant lEghly dependent on the
nutrient’s concentration in the soil solution. Té@l solution varies in composition and
concentration and depends mostly on the soil ma@stin wet soil the soil solution is

diluted while when the soil dries the soil solutlmecomes more concentrated.

4.3 Trace elements in soil and plants

There are trace elements essential for the grewthdevelopment of all plants,
few are only essential for specific species of {daand others are know to stimulate

plants growth (Table 22).

4.3.1 Lithium

The Li in earth’s crust tend to be more conceattah felsic igneous rocks and
sedimentary aluminosilicates. Lithium is releaseshf the primary mineral in acid and
oxidizing media and integrated to the clay mine@sl some is fixed to the organic
matter. The distribution of lithium in soil depend®re on the conditions of the soil

formation rather than to the initial content inpterent material [163].
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Table 22. Forms and principal functions of tracents essential for plants [163].

Element Constituent of Involved in
e Controlling colloidal properties in theslt,
possible activation of some dehydrogenases
and oxydases
As? Phospholipid (in algae) Metabolism of carbohydrateslgaeand fungi
B Phosphogluconates (in algae) Metabolism and trahspeoarbohydrates,
flavonoid synthesis, nucleicacid synthesis, photpli
utilization, and polyphenol production
Br? Bromophenols (inalgae) | e
Co Comabide coenzyme Symbiotic N, fixation, possibly also in
non-nodulating plants, and valence changes
stimulation synthesis of cholophyll and
proteins
Cu Various oxidases, plastocynins, metabolism, possibly involved in symbiotig N
and cenilopasmin fixation,
and valence changes
F Fluoroacetates (in a few species) Citrate convestion
Fe Hemo-proteins and nonheme iron protgins,Photosynthesis, Nixation, and valence changes

dehydrogenases, and ferrodoxins

Ia

Tyrosine and its derivates
(in angiosperms and algae)

~

T Metabolism in halophytes
Mn Many enzyme systems Photoproduction of oxygen in chloroplasts,
and indirectly in N@ reduction
Mo Nitrate reductase, nitrogenase, oxidasps, N- fixation, NO; reduction, and valence changes
and molybdoferredoxin
Ni? Enzyme urease (iBanavalia seeds) | Possibly in action of hydrogenase and traslocaifdd
R Function similar to that of K in some pl&
sé Glycene reductase (@lostridiumcells) |  cceeeeeee
Si Structural components | e
S Funtion similar to that of Ca in some pia
LS R — Possibly photosynthesis and fikation
Vv? Porphyrins, hemoproteins Lipid metobolism, photosynthesis (in green algag
and possibly in Mfixation
Zn Anhydrases, dehydrogenases, protein Carbohydrate and protein metabol

and peptidases

#Elements known to be essential for some grouppexsies and whose general essentiality needs caifiom

The lithium in soil is readily available for planabsorption; therefore it is a good

reference to determine its content in the soil m@d[165]. The lithium in soil is also

been found to be strongly associated with Ca and[M@]. In plants is seems that
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lithium shares the same transport carrier swhich makes it easily transported into the
plants. In general, lithium tends to be more cotre¢ed in the leaf tissues than in the
root or bulbs. Some evidence suggests that lithaffect the plant growth and

development. Soil rich in lithium may cause toxfteets in some plant species such as
citrus trees [165]. It is known that Ca inhibiteththium uptake by plants, thus the

addition of calcium could reduce the toxic effettiiium in the plants.

4.3.2 Rubidium

Rubidium is found in higher concentrations at sesfitary aluminosilicates and
felsic igneous rocks. Contrary to lithium, Rb cartén soils mainly comes from the
parent rock and it is found in higher concentratiamn soils over granites and gneisses,
and in alluvial soils. Organic matter and micaceday minerals favor the sorption of Rb
in soil.

Plants easily absorb rubidium from the soil. Itreseto take K place in some
sites but it can’t replace the role of o metabolic processes. Higher concentrations of
rubidium in plants may have a toxic effect, althoug potassium deficient plants such as
sugar beets the combination of rubidium and sodaam stimulate the plant growth

[167].

4.3.3 Copper

Copper is more abundant in intermediate rocks.p€oforms various minerals
that are easily soluble in weathering processesmsalg Cu ions in acidic environments.
It also has the ability of interact with mineraldaarganic material, and can precipitate

when combined with sulfide, carbonate, and hydrexadions. The variability of copper
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in soil profiles is very small. It is believed th@u in soil is found in the divalent ionic
form (2+) but other species may occur. Copper caribted in inorganic and organic
exchange sites by means of absorption, occlusidncaesprecipitation, organic chelation
and complexing, and microbial fixation [163].

The Cu content in plants is between 2-20ppm ofpiiapt material. The uptake of
this element seems to be mediate through a metalpoticess and some evidence
suggests that Cu inhibits the Zn uptake and vicsavfL68]. Copper enters the plant roots
in a dissociated form, but once in the roots foisnd in complex form. The movement of
Cu through the different plant organs depends kighlthe supply of this element [169].
Copper tends to accumulate in the roots and le@dfthe tissues get old, then only small
amounts of Cu can move to the younger organs. Alsotends to be in higher
concentrations at the reproductive organs of pJaitiough this may vary within plant
species.

It is been found that Cu in plants is complexethyow molecular weight organic
compounds and proteins. Also it is been found Gatoccurs in enzymes essential in
metabolic processes in the plant. Cu is an ess$ewmtaponent involved in
photosynthesis, respiration, carbohydrate distidioit N reduction and fixation, and
protein and cell wall metabolisms. It is also inxad in controlling water relationships
and in the production of RNA and DNA. Copper defi@y inhibits the reproduction of
the plants by decreasing the production of seedsvaaking the pollen sterile. Sufficient

supply of Cu is been related to the plant resigdadungal diseases [163].

107



4.3.4 Strontium

Strontium is an element found in intermediate magmacks and in carbonate
sediments. It shares similar biochemical charaatiesi with Ca and sometimes with Mg.
The Sr/Ca ratio is fairly stable in the biosphetesrefore it is often used to assess Sr
concentrations in the environment. The Sr contansdil is mainly controlled by the
parent rock and the climate.

There is a wide range of Sr concentration in plgrts ppm-10,000ppm dry
weight). Lower concentration of Sr was reported ffoits, grains, and potatoes tubers
while higher concentrations were found in legumiohge. The Sr uptake by roots seems
to involve exchange diffusion and mass flow mecési[170]. The Sr in the roots is not
very readily transported to the younger organdjoalgh it is often reported to be in
higher concentrations at the top of the plant.s3pkic to plants at 30ppm ashed weight
[171]. Although a toxicity level has been reporthd tolerance of Sr varies within plant

species.

4.3.5 Barium

The Ba concentration in earths crust often liesvbeh 400 to 1,200 ppm and
tends to be concentrated in intermediate and felsigmatic rocks. Since Ba has similar
ionic radius than Kit is often associated with potassium. The bariesulted from rock
decomposition precipitates easily as sulfates anblonates. Barium tends to be in higher
concentrations in clays, P and Mn concretions amterals, and in varnishes of aridic
soils. The mobilization of Ba in soil depends ore thoil conditions; therefore its

concentration varies considerably in the soil sotuf163].
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Although barium is commonly present in plant at@antrations of 1 to 98 ppm
dry weight, it does not show to play an importasiernn plant growth and development.
Higher concentrations of Ba have been reportecavds of cereal and legumes while
lower concentrations were reported in grains andsfr Barium is readily available for
plant uptake in acidic soil. It has been reporteda toxic concentrations in plants to be
1-2% dry weight and 220 ppm the highest and moddmatic levels respectively [171,

172]. Barium toxicity may be reduced in soils rinhMg, S, and Ca [163].

4.3.6 Zinc

Zinc is often present in soil at concentrationsgrag from 10 to 300 ppm in
different minerals. A zinc ionic radius is similay that of Mg and Fé&, thus it can
replace those ions in mineral structures. Theegoras of zinc in these mineral structures
makes up for most of the zinc present in many sdilsc salts are also present in soll
although because of their high solubility they witht prevail in the soil for extended
periods [173]. Zinc may occur at exchange siteslays and organic matter or could be
found absorbed on the soil surface in the formrmf ZZnOH" or ZnCI". It is been found
that the absorption of Zn by goethite increased Mite pH increase, therefore the
movement of Zn is then restricted in neutral andlate soils [174]. The concentration
of Zn in soil solution is low (3xI&to 3x10°). The solubility of Zn in soil is restricted by
higher pH and by the presence of CaQ{52].

There is a general disagreement in whether thetpkbsorb Zn through passive
or active mechanisms. Regardless there is stromigmse that suggests the Zn uptake is

carried out mostly by active mechanism [162, 183Jout 90% of the total Zn in plant
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roots is likely to happen due to the absorptiorodhe cell walls surface or on exchange
sites. There is a consensus that the absorbed iéirthe form of both Zfi and hydrated
Zn, although Zn chelates and other complex ionddcalso be absorbed. It is been
reported that Zn is likely to be bounded to soluble molecular weight proteins and that
it also forms insoluble Zn complexes [163].

There is a debate about Zn mobility within the egstant. Some studies suggest
Zn is highly mobile throughout the plant while athesay it has intermediate mobility.
Some plants mobilize significant amounts of Zn frolah leaves to new organs, but when
deficient the same plant showed little mobility rfroold leaves to other organs.
Baumeister and Ernst in 1978 calculated that aB5% of the total Zn absorbed is found
in the top of young plants while only 20-30% happenthe top of old plants [175]. Most
of the time Zn is concentrated at the plant roaifhjough it can me relocated and
accumulated at the top of the plant. It is beerorteyl that Zn is located in chloroplasts
and likely to be accumulated in the vacuole fluadsl in cell membranes [176].

The zinc tolerance varies with plant species. Sptants are able to grow in Zn
rich environments. Regardless, concentrations ngngetween 150 -200g Zn g* dry

weight is considered toxic to the plant [177].

4.3.7 Aluminum

Aluminum is one of the main constituents of earitrgst present in the form of
feldspar CaAlISi,Og [162, 163]. The Al content in soil originates fraime parent rock
forming a series of Al hydroxides of different ches and composition and becoming the

structural components of clay minerals. These Alrbyides have low solubility in a pH
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range of 5-8. The mobility of Al in soil is improdesignificantly in acidic medium.
Therefore Al in acidic soils will be readily avala for plants intake. Although
aluminum is a common element present in plantsgatgent varies with plant species
and the soil conditions. For higher plants it i®meeported that Al happens at around
200ppm dry weight [163]. The physiological roleAdifin plants is still unknown but it is
been found that at low levels it benefits the ptagtowth [178, 179].

In an acidic medium the mobile Al can be easilyetakip by the plant causing
chemical stress [165]. Aluminum toxicity often uéts in higher concentrations of Fe and
Mn because their availability is increased in ardiacsoil. It also results in lower

concentrations of Mg and Ca because these temdoh in this medium [162].

4.3.8 Lead

Lead is found in concentrations of 10-40ppm in #uéds series of magmatic
rocks and argillaceous sediments and from 0.1 fgpd0in calcareous sediments and
ultramafic rocks. The main occurrence of lead ithisan the form of 2+ although the 4+
is also known to happen. As the rock decomposedetie sulfide oxidize turns into
carbonates that could be incorporated into the pimerals, and in the organic matter.
Since PB" have similar chemical properties as the divaléklime earth group, lead can
replace Ca, Ba, K, and Sr in sorption sites anaimerals. The natural occurrence of Pb
comes mainly form the parent rock and the soilatmient of this element is associated
with lead pollution [163]. The main source of Phlpiion comes from petrol combustion

which accounts for up to 80% of the total Pb coriteation in the atmosphere [162].
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Lead is an element toxic to the plants althougiait be found in all plants at low
concentrations. Broyest al.reported the necessary Pb levels in a plant tochgden 2-
6ppb [180]. The absorption of lead thought the sastthrough passive mechanism. The
rate uptake is decreased when calcium is addetetsdil and in lower temperatures
[181, 182]. The plant’s roots absorb the Pb indbié solution and it is mostly stored in
the cell walls. The Pb takeup rate increases asdtgentration in the soil solution
increases. Therefore the Pb content in the planhighly correlated with the Pb
concentration in soil. Only 3% of the Pb in thetseo®s moved to reproductive organs
[182]. Airborne lead can be absorbed by the plaialiage although it is still unclear in

which extent the Pb is fixed to the hairy or waxmicles of leaves.

4.3.9 Manganese

The manganese concentration in rocks varies fro@82000ppm. It is one of the
most abundant elements in the crust earth. Duhagdck decomposition process the Mn
released forms minerals such as pyrolusite (Mra@d manganite [MNnO(OH)]. The main
occurrence of Mn in soil is in the form of 2+ andhMxides. The divalent form is
absorbed by the clay minerals, organic matter,iarsbil solution. The soil pH, organic
matter content, microbial activity and soil moigtuaire factors that influence the Mn
availability as a nutrient [162]. The Mn compoundghe soil play an important role in
the plants’ nutrition and in controlling other rigtits. Mn concentration varies according
to plant species and ranges from 17-334 ppm drghteA plant with Mn concentrations
between 15 to 25 ppm is considered to be defi@étiis element while concentrations

around to 500 ppm dry weight have toxic effectsimst of the plants [163].
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4.3.10 Magnesium

Sandy soils contain about 0.05% of Mg while claylssthave 0.5% of this
element. The magnesium present in clay soils i& Ingcause it is the product of the
weathering of ferromagnesian minerals such as senae olivine, biotite, and
hornblende. Higher concentrations of Mg in fromMdSO, are commonly found at arid
and semi-arid soils. The distribution of Mg in s@ldivided in exchangeable and non
exchangeable and water soluble forms [162]. Altlotige non-exchangeable Mg is
found not to be readily available for plants absorp there is some evidence that under
certain circumstances it could be available. Mghe exchangeable and soil solution
fractions is readily available for plant uptake.esbh two Mg fractions are the most
important supply of this nutrient for plants. The Moncentration in soil solution is fairly
high ranging from 2 to 5 mM, although higher cortcations have been reported (up to
150mM) [162].

Plant roots seem to have a poor’fgptake when compared td KThis behavior
may have to do with the cation competition” (Knd NH") in the passive transport
happening in the plant's root. The excess éfdén affect the Mg uptake in plants.
Magnesium can translocate form older to youngerdsar to the apex.

Deficiencies of Mg produce various effects upon pient species. The effects
start at the older leaves and moving to the youoges. A magnesium deficiency may

lead to a delayed reproduction phase of the plE8]|
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4.3.11 Nickel

The highest concentration on nickel is found tdiggh in ultramafic rocks (1400-
2000 ppm) while it is decreased in acidic rockshsas granites (5-15 ppm). In
sedimentary rocks Ni ranges from 5-90 ppm beinghilgbest at the argillaceous rocks
and lower in sandstones [163]. Nickel has affinity metallic iron and will join
whenever they come together. Most of the Ni inemal rocks occurs in sulfides and
arsenides and will replace iron in the ferromagmesi Nickel will also associate to
carbonates, silicates, and phosphates. During weathNi is easily mobilized and co-
precipitated with Mn oxides and iron. Nis fairly stable in aqueous solutions and can
move through significant distances.

Most of the Ni at the surface soil is likely to bended to an organic phase from
which some could be soluble chelates [184]. Alsofh carried by iron and manganese
oxides in soil seemed to be available for planaket[185]. Clays and loamy soils, in
soils over basic and volcanic rocks, and in orgaiait soils are always high Ni content.
The world mean Ni concentration is 20 ppm and 19ppthe USA soil [163].

The normal Ni concentration in dry plant matersabetween 0.1 to 5 ppm. Nickel
seems to be a non essential nutrient in the platalolism although some studies have
found a close relation of Ni with the enzyme urefE®6]. Nickel in soil is readily
available and rapidly taken up by plants. Thereaigositive correlation of the Ni
concentration in plants and in soil until the omInNi concentration in the plant is
achieved. One of the principal factors that aftbet Ni uptake is the soil pH. It is been
reported a decrease of nickel content in oat glaynscreasing the pH from 4.5 to 6.5

[187].
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Higher concentrations of Ni can be toxic to plaausl in the soil may reduce the
uptake of most of the other nutrients [188]. Thditoin of lime or potassium can reduce

the toxic effect of Ni in plants.

4.3.12 Iron

Iron is present in all soils and constitutes alitby weight of the earth’s crust.
The geochemistry of iron in soil depends mosthtlmease of change valence states due
to the soil specific chemical conditions. The Feokidizing and alkaline environment
will precipitate while the iron in acidic and redog conditions will promote the solution
of iron compounds [163]. The iron in soils is bekd to be mostly in the oxides,
hydroxides, and chelates forms. The soluble irontex@t in soil is very low when
compared to the total iron. The soluble iron foimdude F&", FeOH*, Fe(OH)', and
Fe?*, being the last the least to contribute to thaltsbluble inorganic Fe except under
high pH soil environment [162].

The absorption of iron by plants is metabolicalbntrolled although plants also
absorb the chelates and the divalent and trivalemhs. The plant roots have the
capability of reducing P& to F&*that allows the absorption of this nutrient. Iroowvas
through the plant as citrates and soluble ferratkxi The iron deficiency in plants is
observed first at the younger plant parts. The pake and transport into the plant
tissues is strongly affected by the soil pH, thand Ca concentrations, and the ratios of

some heavy metals [163].
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4.3.13 Vanadium

Vanadium is more abundant in mafic rocks and ineshavith a concentration
range of 100 to 250ppm. The behavior and chemitaitacteristics of vanadium depend
greatly on the oxidation state and the pH of thalioma. Vanadium can form oxides,
hydroxyl oxides, but it does not form its own mialer Instead vanadium replaces other
metals such as Al, Ti, and Fe in crystal structures

Vanadium tends to be in higher concentrations ganic shales and bioliths since
it associates mostly with the organic matter. & baen reported that most of the mobile
vanadium is the one held in Fe oxides [185] whileiher reports say the VO VO,
and VQ are mobile forms of vanadium in soil. The averageld wide V concentration
is 90ppm and 84ppm in the U.S. soil [163].

It is still unclear the role of V in plants althdugt was reported a high
concentration of V in some legumes which may sugties V has a role with the /N
fixation [189]. Welch and Cary suggested that iiMds essential for plants the optimal
concentration of this metal will be 2ppb dry wei§t@0].

The plant roots rapidly take up the soluble V iil.Sthere are some species that
are able to accumulate this element. It was regortea study that V was passively
absorbed in barely roots since the uptake wasrlynearrelated with the V concentration
and also was highly dependent on the pH [191]. VB8&" species in acid conditions
seemed to be absorbed more rapidly by the roots tha VQ and HVQ? species
occurring in neutral and alkaline solutions. Theerage concentration of V in higher
plants is reported to be 1 ppm dry weight, whermeashed vegetables it is been reported

to be <5-50ppm [163].
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Excess amounts of V can be toxic to the plant. Thecity level can vary
according to the plant species. Chlorosis and dngwh some plants may occur at about

2 ppm dry weight, while in others higher concentrad are needed [163].

4.3.14 Cobalt

Higher concentration of Co earth’s crust is foumdltramafic rocks with a range
of 100 to 220 ppm while in acid and in sedimentargks its concentration ranges are 1
to 15 ppm and 0.1 to 20 ppm respectively. Durirg ibck degradation Co mobilizes in
relatively acid media, although due to its highraf§ with Fe and Mn oxides and clay
minerals this element does not migrate into thésmution. Therefore the soil organic
matter and the clay content are important factdfecéing the Co distribution and
behavior in soil [163].

The Co uptake on plants is mainly by the root#jcalgh it can be easily take up
by the leaves through the cuticle. The abilityhs plant to absorb cobalt depends on the
mobile Co in soil and the Co concentration in soilution. In the absorption process the
Co behaves like Fe and Mn and it is transporteadform of organic complex compounds
[163].

The concentration of cobalt in plants varies uploa species. It is known that
legumes accumulate more Co than the grasses. Ryaowgng in soils rich in Co
presented a high accumulation of this metal evengh they are not Co accumulators.

An excess of Co though can be toxic to some plaetiss.
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4.3.15 Molybdenum

The abundance of molybdenum in earth’s crust istim@associated to granitic
and other acidic magmatic rocks ranging from 1 fgpgh concentration. In organic rich
environments Mo concentration is above 2 ppm. Mdghe earth’s molybdenum is in
the minerals Mo® anion and Mo$(molybdenide), which are often associated to ke an
Ti minerals. In the weathering process the Moide#f oxidize leading to Mo in
neutral and basic environments whereas H¥®&formed in acid environments. Most of
the Mo in soil is originated form the parent roakdaranges from 0.013 to 17 ppm in
world soils. Soils originated from organic rich Esaand granitic rocks are often high in
Mo content [163].

The soil pH and the drainage conditions are orté@principal factors governing
the Mo solubility in soil and availability to platin alkaline environments the Mo is
absorbed easily due to the high activity of Mo@ this medium, while in acidic soils
with pH < 5.5 and with high iron oxide content, thk is barely available for plants
absorption. A common way to increase Mo availapitby liming the acid soil.

Molybdenum is considered an essential nutrientpfants, although the amount
required is low. Plants absorb Mo mostly in thenfoof molybdate ions and its
concentration in plants is linearly correlated toe tMo concentration in soil.
Molybdenum mobility in plants is moderate althoutjle translocation process is still
unclear. Tiffin in 1972 suggested that the trarsiion could be possible through organic
complexing [192]. Molybdenum is an essential comgrd of nitrogenase and nitrate
reductase and it is also present in other enzymadgses) that catalyze other reactions

where Mo acts as a redox carrier due to the chamgalence between Méto Mo™*
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[193]. The presence of Mo in these enzymes indscite Mo is essential in the,N
fixation or NG; reduction process. Plants supplied with,MHdo not require as much
Mo as the plants that use h®.

Typical concentrations of Mo in leaves are in tnder of 1 ppm dry weight or
less, whereas higher concentrations are found ennibdulated roots. Some legumes
species accumulate higher quantities of Mo (ab8&0t@m dry weight) without showing
signs of toxicity. In legumes the average Mo comeion is between 0.73 to 2.3 ppm
while in grasses ranges from 0.33 to 1.5 ppm driglie Areas contaminated with Mo

present higher concentration of this element imgsla

4.3.16 Calcium

On average, the calcium concentration in earthistas about 3.64%. Calcium in
soil is present in the form of several primary male such as calcium phosphates,
calcium carbonates, and the Ca bearing Al silicdfelsispars and amphiboles). The
calcium concentration in soil varies accordinghe parent rock and the influence of the
weathering and leaching processes during the soihdtion. Soils highly leached and
weathered are in general low in Ca content wheseds originated from limestone or
chalks usually present high concentrations of G2]1

The calcium uptake and translocation in plantseapgo be mainly a passive
process. Higher plants exhibit considerable comatohs of Ca, although this
concentration is mostly attributed to the high €eels in the soil solution rather than due
to the efficiency of the take up mechanism. Althotige C4" in soil solution is 10 times

higher than K, the C&" uptake rate is lower than*KThe lower Ca uptake rate is
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attributed to the fact that Ca is absorbed onlydayng root tips where the cell walls are
still not suberized [194]. The calcium uptake soahffected by the presence of other ions
such as Kand NH" that are quickly absorbed by the roots. Any fagiffecting the
growth on new roots such as poor aeration and émperatures will also affect the Ca
uptake.

In plant tissue, Ca is present as a free form of',Cas C&" absorbed to
carboxylic, phosphorylic and phenolic hydroxyl gosy and as in Ca oxalates,
phosphates and carbonates which are often depasited vacuoles. On the other hand
the Ca is present in seeds as the salt of thetohdsxaphosphoric acid. The majority of
the Ca in plant tissue is located at the apopladtimthe vacuoles.

When plants have a poor supply of Ca, most of ¢lesnent is found at the cell
wall fraction or as oxalate [195]. Calcium defiagnin plants characterizes for a
reduction in the growing tissue causing deformatrogjoung and new leaves and further

on necrosis at the leaf extremes [162].

4.4 Cannabis sativa plant

Marijuana is one of the most commonly used illedjaigs in the United States.
Cannabis sativais believed to originate in Central Asia and qlycklistributed
throughout the world by means of men activities.éiter cultivated or grown in the
wild, Cannabis plants originating from different geographical gomment present
different morphological and biochemical proper{i£86]. Cannabisplants are one of the
most popular plants for drug preparation especialiyne form of marijuana and hashish.

Marijuana includes a mix of dry plant tissue whilashish consists of resins extracted

120



from the flowers [196]. Th€annabisplants grow relatively fast and can reach maturity
in 60 days. It can be cultivated indoor or outdooder optimal heat and light conditions.
Cannabisplants are characterized by finely branched leaubslivided into lance-shaped
leaflets with saw-tooth edge. Ti@annabisplant could be either male or female and
these are produced almost equally. The flowers a&tenplants are located on small,
branched flower stalks, in the leaf axis with aytieaf opposite whereas the female

flowers are ifleafy spikes and clothed in sticky hairs (Figurg. 17

—

Male
Flowers

Figure 17. Pictur€annabisplant.

It is of special interest for the forensic scientesbe able to determine the origin
of confiscated plants by law enforcement officeigace elements can serve as
geographical markers and/or be utilized to difftiega between plants of different origin.
Typical elemental analysis dannabisplants have been done by NAA and Atomic

Absorption Spectroscopy (AAS) [159]. More recentbp has been applied for the
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forensic analysis differer@annabiscrops in Australia. Elemental analysis of the an
was used to create elemental profiles of the rata dad used for the discrimination of
plants of different origins [80]. Although this daanalysis technique seemed to provide
favorable results, it is based solely in the consoar of spectral profiles. Laser ablation-
ICP-MS have been demonstrated to provide true gatwmé analysis for discrimination
of different matrices such as glass and paint.

It is known that the elemental composition of diéiiet plant organs may vary
upon the species [162, 163], thus elemental cortipndior sourcing purposes should be
restricted to a specific organ such as leaves &wefs of Cannabisplants. Mixing
different plan tissues may introduce another védgidbat will affect the discrimination
process. A method for elemental analysis of plaatemial andCannabissamples using

LA-HR-ICP-MS is been developed in this study.

4.5 Methodology

4.5.1 Method development

4.5.1.1 Solution based analyses

4.5.1.1.1 Sample preparation and digestion phaee

The Standard Reference Material (SRM) NIST 1515 |Appeaves (National
Institute of Standards and Technology, Gaithersbtl®, USA) was used for the
optimization of the digestion procedure. The SRMswigied as indicated in the NIST
certificate. After dried, 100 mg of the SRM NIST1Bwere weighed and placed into 50

mL plastic disposable digestion tubes (Environmeriapress Inc., USA). Three
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milliliters of HNO3; 16 M (Optima grade, Fisher Scientific, PittsbudgA) and 1 mL of
30% ultrapure hydrogen peroxide (J.T. Baker, Risburg, NJ, USA) were added to each
digestion vessel. The vessels were closed, vorteednand sonicated for 2 hours to
assist the digestion process. A condensation dmss placed on top of the digestion
vessel to avoid evaporation of the acids. The digevessels where placed in a heating
block at 85°C for 8 hours until no particles regiduvere observed.

The remaining solution (4 mL) of the digestion ggss was transferred into a 50
mL volumetric flask. One thousand microliters c%0 ng ¢ rhodium standard solution
(CPI International, Santa Rosa, California, USAyevadded as internal standard to a
final concentration of 5 nggin Solution A. The volume was completed with dézed
water £18 MQcmiY) (Nanopore Infinity filtration system (Barnstead))

An aliquot of 25uL of Solution A were transferred into a 10 mL voletmc flask.
Rhodium was added as internal standard to a fimatentration of 5 ng§(200uL of a
250 ng @ Rh standard solution —CPI International, SantaaR@alifornia, USA). The
volume was completed with HNGD.8M (Optima grade, Fisher Scientific, Pittsburg,
USA) (Solution B).

Twenty-five microliters of Solution A were trangfed into a 25 mL volumetric
flask with 500uL of a 250 ng g rhodium standard solution (CPI International, Sant
Rosa, California, USA) as internal standard (finahcentration-5 ngd. The volume

was completed with HN¢D.8 M (Optima grade, Fisher Scientific, PittsbudgGA).
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45.1.1.2 External calibration curve

Single element stock solutions of 1000 mg &f each element were used to
prepare the calibration curve. The following is@smvere measured for quantification:
Mg, ?’Al, > Mn, *°Fe,*’Fe,®*Rb, ¥sr, *'Ba, and**Pb.

All solutions were prepared using high purity atézed water (>18 Icm™)
obtained with a Nanopore Infinity filtration systgiBarnstead) and ultratrace elemental
grade nitric acid (Optima Nitric Acid 70%, Fisfigr Elements were measured against
normal ICP-MS calibration. The calibration levelsre as follows: 0, 0.5, 1, 3, 5, 7 and
10 ng ¢". A rhodium solution (CP!I International, Santa Ro€alifornia, USA) at a
concentration of 5 ng'ywas added as internal standard.

Control verification checks (at 3 ng'gnd 5 ng ), including a secondary source
standard to validate external calibration, werewith samples in order to evaluate drift

and precision over time.

45.1.1.3 Recovery study

New ceramic crucibles with lids were cleansed vathd detergent and rinsed
with deionized water (>18 Kcm™) obtained with a Nanopore Infinity filtration system
Barnstead. The crucibles were placed in the over2fbours at 150°C. The crucibles
were removed from the oven and let cool down atmraemperature for weighing
measurements. The crucibles were weighed untstanh weight was achieved (x0.005
g). About 300mg of the SRM NIST 1515 Apple leavBst{onal Institute of Standards
and Technology, Gaithersburg, MD, USA) were placattibles and the placed in the

furnace. Five SRM samples and 3 method blanks placed in a furnace at 150°C for 1
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hour and then at 300°C for an additional 5 hourse Grucibles were removed from the
furnace and let cool down to room temperature. Gria®om temperature the crucibles
with the ashes were weighed to determine the nosssAn average of ~20 mg of ashed
samples was recovered.

Then the ashes were reconstituted in the crucibiés 3 mL of HNG16M
(Optima grade, Fisher Scientific, Pittsburg, USAld mL of 30% ultrapure hydrogen
peroxide (J.T. Baker, Phillipsburg, NJ, USA) anansferred to 50 mL digestion tubes
(Environmental Express Inc., USA). The samples wsubmitted to the digestion
procedure abovementioned (Section 4.5.1.1.1).

Once the digestion was completed, the solutionseweansferred to 50mL
volumetric flasks and Rh standard was added amaitstandard for a total concentration
of 3 ng g'. The solution was completed with deionized watdi8(MQcm* obtained with
a Nanopore Infinity filtration system, Barnstead@ihe samples and the method blanks
were measured against an external calibration cdeseribed in section 4.5.1.1.2 to

asses the recovery.

4.5.1.1.4 Data analysis

The intensities (cps) for the standards and sampiere normalized to the
rhodium (internal standard) signal (cps). A linesgression line was determined from the
plot of the normalized signal (cps) against the cemtration of the correspondent
standard. The concentrations in the samples weerndimed by using the slope and

intercept of this equation.
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4.5.1.2 Laser Ablation Analyses

The LA signal of the sample was acquired for appnately 120 seconds. For the
first 30 seconds of the analysis the laser wasfired to acquire a “black” signal that
accounts as background. Then the laser is fireé@aseconds where only the middle 30
seconds were account for signal integration siheditst interaction of the laser with the
sample produce an unstable signal at the begirofirige ablation. After the laser was
turned off, the signal was recorded for an addii@® seconds to confirm that it returned
to its blank value and to help purging the systatwken samples.

The following isotopes were measured for quantiiica Mg, 2’Al, >> Mn, *°Fe,

>Fe,%Rb, %8sr, 1¥'Ba, and*%Pb.

4.5.1.2.1 Sample preparation

Pellets of the SRM NIST 1515 Apple leaves (Natidnatitute of Standards and
Technology, Gaithersburg, MD, USA), Cabbage CondrgUniversity of Utah cabbage
sample) and Control M (FIU marijuana sample) weeppred with a manual pellet press

(CARVER, Inc., IN, USA) and a stainless steal 13 adiim

45.1.2.2 Assessment of calcium as internaldstiah

Calcium is one of the principal nutrients and itdand in % levels in plants, thus
it is a good candidate to be used as internal atanir LA analysis. In order to assess
the calcium concentration in the ashed marijuamaptes, the SRM NIST 1515 and 3
samples were analyzed in replicates of 3 with SHMSEto determine an average
concentration for this element. The samples wezasured in low vacuum with a WD of

10, spot size 5, 20 kV, ~100x, and 100 scans.

126



4.5.1.2.3 Data analysis

Glass SRM NIST 612 glass matrix (National Instituwé Standards and
Technology, Gaithersburg, MD, USA) was used as reatecalibrator for the laser
ablation data processing. Calcium of mass 43 wsed was internal standard. The
concentration of the different elements was deteechiin the GLITTER V4.1 software
(GEMOC, Macquarie University, Australia). The degton of the software and how it

works is been explained in section 2.3.4.

45.1.3 Instrumentation

A HR-ICP-MS system ELEMENT 2 (Thermo Electron CaeBen, Germany)
was used for solution based and laser ablationysesl The ICP-MS was coupled to a
Nd:YAG laser unit New Wave UP- 218perating at 213nm from New Wave Research,
Fremont, CA, USA). The operative principles andeadaliption of the HR-ICP-MS and
the laser system were described in Chapter 2,@ec8.3.2.1 and 2.3.2.3 respectively.

The laser ablation and HR-ICP-MS optimized parametsed in this study are
presented in Table 23. Since the amount of thechstarijuana samples were between
10-70mg it was difficult to do additional homogeatinn of the ashes due to the high risk
of loosing sample in the mixing jars. In order tia going thought the pellet and to
improve the precision of the analysis and repredemt of the sample, the ablation mode
selected was single line with a 100um spot sizéiukbewas used as carrier gas since it
has been demonstrated previously that there isngnovement in the sensitivity of LA

analyses with glass.
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The assessment of calcium as internals standargp&résrmed with a SEM with
an EDS detector (JEOL JSM 5900LV, JEOL USA, Incabitely, MA, USA). The

operative principles are described in Section 313.2

Table 23. LA-HR-ICP-MS optimized parameters.

Laser Ablation System HR-ICP-MS System
Parameters Pre- Ablation |  Ablation Parameters
Wavelength 213 nm Auxiliary Gas 0.80 L min"
(solution) ~0.99 L mift
Spot Size 10Qum Carrier Gas Flow (laser) ~1.0 L mift
(solution) 0.80 L mift
Ablation Mode Rastering Single Lind Nebulizer Flow (laser) 0.72 L mif}
(solution ) 1350W
Scan Rate 75umsed | 15um seé RF Power (laser) 1300 W
Energy Output 2.4 mJ (100%) 1.4 mJ (40%o)Plasma Gas Flow 16 L min-1
(laser) MF
Repetition Rate 10 Hz Resolution Modeq (solution) LR, MR, HR
Carrier Gas He
Ablation Cell Volume 30.0 mL

4.5.2 Elemental analysis of ashed marijuana sesnpl

4.5.2.1 Samples description

Ashed marijuana samples donated from Universityt#h were submitted for
elemental analysis. The samples were confiscatddrimlafrom different areas of USA
(Table 24) and were comprised of plant leaves dxsample 569, which was a mix of
leaf and flowers.

Samples 372, 402, 409, 415, 428, 433, 434, 453, 466, 473, 474, 479, 483,
484, 502, 503, 504, 510, 516, 518, 529, and 53@ wepared in replicates of 3 when the

amount of sample allowed it. The samples were d@ckatnd digested following the
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abovementioned procedure (Section 4.5.1.1.1) arabuned against a normal calibration
(Section 4.5.1.1.2). The solutions were analyzedHBy¢ICP-MS using the three mass
resolutions using the parameters presented in T2RleThe rest of the samples were

analyzed by LA-HR-ICP-MS with the optimized paraarstdescribed is Section 4.5.1.3.

4.5.2.2 Sample preparation for laser ablationyamsa

The SRM NIST 1515 Apple leaves (National Institusé Standards and
Technology, Gaithersburg, MD, USA), Cabbage comMrdUniversity of Utah sample),
Control M (FIU sample) and the ashed marijuana sesnwere pressed into a pellets
with a manual pellet press (CARVER, Inc., IN, US#)d a stainless steal 13 mm die.
Pre ablation of the samples surface was done pmalysis to avoid any possible

contamination from the press (Table 23).

4.5.2.3 Discrimination analysis

The concentration obtained from the data prongsswvas used to do an
ANOVA/Pairwise Comparison with Tukey’s post hocttgs< 0.05) to determine which
pairs of means differed significantly. Pairwise Gramson with Tukey’s post hoc test it
is a powerful tool for a large number of pair comgans. For single comparisons of
those indistinguishable pairs that were expecteddodifferent a t-test of unequal
variances was used. These statistical analysesbéas previously reported for the

discrimination of glass samples [6, 8.
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Table 24. Ashed marijuana samples: Plant compa@htocation were confiscated.

ID |Component County Stale ID| Compongnt Counfy State
245 L Santa Barbaja CA 632 L Williamspn Il
264 L Boone IN 372 L Lunenburfy VA
301 L Washington| MS 402 L Dicksonf TN
314 L Fulton IL 409 L Decatur TN
315 L Fulton IL 415 L Henry TN
331 L Franklin VA 428 L Fulton IL
333 L Maui HI 433 L Morgan CO
338 L Benton WA] 434 L Lewis MQ
339 L Marathon Ml 453 L Wilson TN
352 L Decatur IN 456 L Smith TN
353 L Clatsop OR 458 L Cumberlapnd TN
358 L Jackson Ml 466 L Fulton IL
360 L Franklin IN 473 L Jeffersonl TN
366 L Clark IL 474 L Fentress TN
467 L McDonough| IL 479 L Knox TN
482 L Wells IN 483 L Steuben IN
497 L Columbia OR 484 L Orange VT
524 L Lane OR 502 L Maui HI
568 L Dade MO] 503 L Nodaway M@
569 M Hawaii HI 504 L Schoolcraft Ml
570 L Marion OR 510 L Lake TN
576 L Coos OR 516 L Benningtqn VT
590 L Clackamas| OR 518 L Morgarf MpD
600 L Jackson OR 529 L Massaq IL

L=Leaf 530 L Pope IL

M=Mix of leaf and flower

4.6 Results and Discussion

4.6.1 Solution based analysis

The accuracy and precision of the solution basedysis for plant material was
evaluated with the SRM NIST 1515. The accuracyadfitton analysis was evaluated
with <10% bias from the NIST certified value and a priec®f<10% RSD. To evaluate
the performance of the analysis only the certiséginents were chosen for comparison.

Table 25 presents typical results for solution Haemealysis of SRM NIST 1515. All the
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certified elements showed to be within the accdptphrameters for accuracy, except Fe.
Iron in plant matrices has shown low recoveriesradpen vessel digestion. The recovery
of iron has been reported for the SRM NIST 15150&s as 70% and seems to vary
according to the plant type [197]. The recoveryol also showed to affect the precision
of the analysis having 20% RSDs. Other elementls priecision above the acceptable
parameters were aluminum and barium with 17% arfh tdspectively. The higher
RSDs for Ba and Al has to do with the slightly ehment of these elements in one of the
replicates. Regardless the accuracy for these elsmgas good (<10% bias). The
method for the analysis of plant material using 8®M NIST 1515 was evaluated

successfully.

Table 25. Results of accuracy and precision foutsml based analyses of SRM NIST
1515

Isotope | Concentration +o, pg g* | Certified Value, pg g* %Bias %RSD
Mg 2626 + 131 2710+ 8 3 5
ZTp| 293 + 50 286+ 9 2 17
>Mn 55 + 2 54 + 3 1 4
*Fe 73+15 83+5 13 20
®Rb 9.7 +0.04 10.2+15 5 5
85y 24.3+0.9 25+2 3 4
1%'Ba 50+ 7 49 + 2 4 14
*%pp 0.487 + 0.040 0.470 +0.027 1 8

4.6.2 Recovery study

For the recovery study the SRM NIT 1515 was suladitb ashing and digestion
procedures to evaluate the recovery of the traamehts of interest in plant analysis. The

idea is to evaluate the behavior of certain elesmi@mtashed SRM since the marijuana
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samples for this study are ashed. Since there ashed standard material for plants, the
results with the ashed SRM will allow the evaluatwf the digestion process with the
marijuana samples analyzed by HR-ICP-MS.

After the ashing procedure approximately ~20 mdghef SRM NIST 1515 was
recovered. These samples were digested and medsuobdain the concentration. The
certified and non certified values provided by NI&&re used to determine an estimate
of the concentration of the analyzed elements @ @akshed SRM NIST 1515. The
estimated value then was used to assess the rgcolvéne trace element in the SRM
determined by the %bias.

Elements such as Sm, Ce, La, Ba, Sr, Rb, and Mgahatovery between 97-
89%. Manganese, iron, cobalt, aluminum, vanadiung ehromium had a recovery
between 81-69%. Boron, lead, and arsenic had arémavery of 49%, 37%, and 35%
respectively (Table 26). The low recovery of B, &td As was expected since these
elements are volatile elements and they were mag Heen lost during the ashing
procedure. The elements Cd, Th, and U were bel@nirtbtrumental detection limits.
Zinc showed a significant enrichment resulting ireeovery of 142% fof*zn and 184%
for °®Zn. The high recovery in Zn may be attributed te thct that the calibration curve
of the ®zn and ®Zn had a correlation coefficient YR of 0.20485 and 0.11376
respectively; therefore the results for this elemesn’t be accounted to evaluate the
recovery.

Since the expected concentration values in thesaafgenot certified these results
serve solely as reference when the SRM NIST 15Hsh®d and submitted to the same

digestion procedure as the ashed marijuana samples.
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4.6.3 Solution based analysis of ashed marijsanaples

The ashes marijuana samples mentioned in SectmA.#.and the ashed SRM
NIST 1515 were analyzed against a normal calibmattorve described in Section
45.1.1.2. The elements measured for quantificatiare determined based on the
concentration of the trace element above the imstnial detection limits and the
likeliness to be present in all marijuana samplése elements measured for

quantification and discrimination analyses wérdlg, 2’Al, > Mn, *Fe, ®*Rb, %sr, and

137Ba.
Table 26. Results of the recovery study of the SREIT 1515.
Isotope | Concentration +o, ug g* | *Expected Valueug g* %Bias %RSD
g 182 + 24 373 51 22
BMg 34339 + 714 37467 8 2
Al 3001 + 71 3954 24 2
>y 26+0.1 3.6 27 4
SCr 2.9+0.2 4.1 30 7
>Mn 604 + 14 747 19 2
*Fe 795 + 25 1148 31 3
°Fe 838 + 46 1148 27 5
*Co 0.92 +0.08 °1.2 26 9
®47n 246 + 40 173 42 16
®%7Zn 319 +52 173 85 16
""As 0.18 + 0.09 0.53 65 49
®Rb 127 +1 141 10 1
85y 315+ 10 346 9 3
Hicq 0.18 Cenen Cenen
1¥Ba 606 + 23 677 11 4
139 a 270 + 41 277 3 15
140ce 46 +1 P41 11 3
525m 38+2 °41 9 5
2% 24+0.2 6.5 63 10
2321 - v0.41 o o
28y - ®0.08 - -

®Expecetd value: mass proportion (~14) times thtfieer values provided by NIST
bE><pecetd value: mass proportion (~14) times theaaotified values provided by NIST

“Below detection limits
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The concentration results for the above elementhenSRM NIST 1515 were
used to assess the dissolution process of the ashejgdiana samples. The recoveries for
these elements in the SRM NIST 1515 are presentddlble 27. The low recovery of
lead was expected due to the lost of this volatieament during the ashing procedure.
Due to the low recovery of lead and that most efsamples presented Pb concentrations

below detection limits; this element was discarftech the discrimination element menu.

Table 27. Results of the recovery of trace elemantsshed SRM NIST 1515 digested
with the ashed marijuana samples

Isotope| Concentration &, ug g* | *Estimated Valueug g*| %Bias | %RSD| % Recovely
Mg 28066 + 4750 37467 25 17 75
ZTp| 3610 + 848 3954 9 23 91
*Mn 514 + 125 747 31 24 69
*"Fe 945 + 19 1148 18 2 82
®Rb 116 + 21 141 18 18 82
8¢ 292 + 55 346 15 19 85
¥Ba 526 + 144 677 22 27 78
2%¢pp 41+0.7 6.5 37 17 63

®Expecetd value: mass proportion (~14) times thefieer values provided by NIST

The concentration of the abovementioned elememtth&dsamples and the SRM
were used to carryout an ANOVA/Pairwise compariaath Tukey’'s Post hoc test. The
statistical analysis showed 24 indistinguishablespd@able 28) from which 3 pairs were
comprised of samples that were confiscated in #messtate but in a different county
(453 & 510, 474 & 510, and 484 & 516). A t-testwfequal variances was used to
corroborate the indistinguishable pairs. All the [2dirs were distinguished by t-test,
including those pairs with samples recovered frarthe same state. Table 29 shows the

results of the t-test for the pair 372 & 503. Tipeafic geographical location where the
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plants were grown will be necessary to confirmdhferences found with this study. The
discrimination order of the elements wadvin > %sr > 3Ba > %Rb > 27Al, Mg >

SFe.

Table 28. Results of the ANOVA/Pairwise comparisimaistinguishable pairs.

Pair # Pairs Identificatiof Paif# Pairs Identificatip
1 372 & 503 13 484 & 502
2 428 & 474 14 484 & 504
3 428 & 510 15 484 & 510
4 428 & 516 16 484 & 516
5 453 & 510 17 484 & 529
6 453 & 529 18 502 & 504
7 474 & 503 19 502 & 510
8 474 & 510 20 502 & 516
9 474 & 516 21 503 & 510
10 474 & 529 22 504 & 529
11 483 & 484 23 510 & 516
12 483 & 516 24 516 & 529

Table 29. Example of results of a t-test of unegaaiances for the pair 372 & 503.

Sample 25Mg 27A| 55Mn 57Fe 85Rb BESI, 137Ba
372 | 44440 58 660 2374 16 1606 51
50680 | 276 757 2685 18 1719 56
503 | 28307 | 214 1422 756 3.4 1589 670
27724 | 189 1448 775 3.4 1499 657
tswisics] 6.2 0.3 144 113 13.5 1.7 -65.1
tcitcar | 12.7 12.7 12.7 12.7 12.7 4.3 12.1

4.6.4 Assessment of Ca as internal standardAcanalysis

The calcium concentration for the SRM NIST 1518 &or the ashed marijuana
samples 524, 568, and 569 was determined with SEM/H he analysis was evaluated
with the SRM NIST 1515 to verify the accuracy oé tbalcium measurement. Table 30

shows the results of accuracy and precision oftiaysis for the SRM NIST 1515. The

135



accuracy and precision of Ca concentration was a0% 12% respectively, which are
acceptable result for this technique. The analybiesn was validated. The Ca
concentration in the ashed marijuana samples useithd laser ablation data processing
was 21.75%wt (Table 30). Since the calcium contanthe ashed plants was in the
percentage level, a slight variation between sashfl& concentration will not affect

significantly the results.

Table 30. Results of the assessment of calciumsirech marijuana samples for laser
ablation data analysis.

Sample Concentration of Ca, %owt Sample Concentration of Ca, %wt
NIST 1515-1 1.23 UT 524 22.71
NIST 1515-2 1.36 UT 568 23.09
NIST 1515-3 1.06 UT 569 19.44
Average, %w] 1.22 Average 21.75
StDev, %wt 0.15 StDev 2.00
%RSD 12.4 %RSD 9.2
Certified Valug 1.53
%Bias 20

Table 31. Results of accuracy and precision foranalysis of SRM NIST 1515.

Isotope | Concentration +o, pg g' | Certified Value + 6, ngg'| %Bias %RSD
Mg 2682 + 137 2710+ 8 1 5
Al 395+5 286 + 9 38 1
>Mn 55.3+7 54 +3 2 12
°"Fe 76.2 +3.3 83+5 8 4
®Rb 9.4+0.8 10.2+15 8 8
8y 26.5+0.8 25+ 2 6 3
1¥'Ba 51.9 +2.3 49 +2 6 5
2epp 0.460 + 0.064 0.470 + 0.027 0.5 14
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4.6.5 Laser ablation analysis

The SRM NIST 1515 pellet was analyzed with thdrumental parameters in
Table 23. Only the certified elements by NIST wesed to assess the accuracy and
precision of the analysis. Acceptable parametersamiuracy and precision for laser
ablation analyses werd 0%Bias anc15% RSD respectively.

In terms of accuracy all elements except Al preserat bias of less than 10%,
whereas in terms of precision all elements werehiwitthe acceptable parameters.
Although there was a bias for the Al measuremét,precision was significantly lower
than 15% RSD which may suggest there was a con&immwith this element (Table
31). Accurate and precise measurements of elenaéritgerest in plant material were

evaluated successfully by LA-HR-ICP-MS.

4.6.6 Laser ablation analysis of ashed marijisamaples

The laser ablation method developed for plant amalwas used to determine
concentration of the elements Mn, Ni, Ba, Rb, Feg,Mg, and Pb in the SRM NIST
1515, Cabbage control 4, Control M, and in the dsharijuana samples. These elements
were present in the ashed samples at concentralomge the detection limits, and are
generally present in plants.

All the samples were analyzed in three consecutaxess; therefore the SRM and
the control samples were analyzed each day toatalithe analysis. The concentration of
these elements then was used to do the discrimmatstatistical analysis
(ANOVA/Pairwise comparison with Tukey's Post hocttavith 95% of confidence

level). Seventy-six pairs out of 1128 possible pawere found to be indistinguishable
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from which 49 were correctly identified (Table 32)hese correctly identified pairs
including ashed marijuana samples measured themarate days (UT 524, NIST 1515,
Control M, and Cabbage control 4) and a sample unredghe same day as an unknown
(UT 467). A t-test of unequal variances was perfdrto the 49 pairs correctly identified
to confirm the results obtained by the ANOVA/Paswicomparison. The t-test results
showed that pairs: ControlIMa & ControlMb, ControIM& ControlMc were
indistinguishable. The pair ControlIMb & ControlMcaw distinguished by t-test.
Heterogeneity of the samples due mixture of leafd #fower may contribute with the
differences found on the same sample analyzed ffereint days. Pairs UT467al &
UT467a2 and pair UT524a & UT524c were indistingaldle by t-test. All the pairs of
the SRM NIST1547 (NIST1547a & NIST1547b, NIST154&a NIST1547¢c, and
NIST1547b & NIST1547c) were undistinguished bydttas well. Some pairs of the
SRM NIST 1515 were distinguished by t-test justong element, magnesium. For some
of the analyses the Mg concentration in the SRMTNIS15 was determined with a bias
higher than 10%. For the SRM NIST 1547 magnesium dedermined with an accuracy
of <10% bias. Although there was some discriminatiomvben pair of samples from the
same origin, the analysis was validated with theMSRST 1547, UT524, and UT467.
Four pairs (UT315b2 & UT315c2, UT315b2 & UT315c1T315b1 & UT315c2, and
UT315b1 & UT315cl) were distinguished by ANOVA/Rese comparison. The main
reason for the discrimination has to do with théetmgeneity of the powdered ashed
material. A better homogenization of the ashed juama samples, such as in the
abovementioned case, may reduce the differenceslamental composition when

analyzed as unknown blinds.
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The other 27 indistinguishable pairs (Table 33),icwhwere expected to be
different in terms of elemental composition, werstidguished by t-test of unequal
variances. Table 34 shows the results of one of-tast analysis performed to one of the
indistinguishable pairs incorrectly associated INGVA/Pairwise comparison.

In this analysis the most discriminant element lteduto be Ni whereas the least
discriminant was Mg. The discrimination order aérakents was as folloi°Ni > 2°Pb >
®Mn > ®Rb > %Fe >%sr, 1¥'Ba > ?*Mg. The discrimination order may vary with the
plant type since some plants may have tendenciex¢amulate more elements than

others.

Table 32. Results of the ANOVA/Pairwise comparistmdistinguishable pair correctly
identified.

Pair # Pairs Identification Pair # Pairs Identificatio
1 Control Ma &Control Mb 26 NIST 1515a3 & NIST 1515b1
2 Control Ma & Control Mc 27 NIST 1515a3 & NIST 1515b2
3 Control Mb & Control Mc 28 NIST 1515a3 & NIST 1515b3
4 Cabbage Control4a & Cabb Contro4h 29 NIST 1515a38INL515¢c1
5 Cabbage Control4a & Cabb Contro4q 30 NIST 1515a38INL515¢c2
6 Cabbage Control4b & abb Control ¢ 31 NIST 1515a31&TN1515¢c3
7 UT 315b1 &UT 315b2 32 NIST 1515b1 & NIST 1515b2
8 UT 315c¢1 & UT 315c2 33 NIST 1515b1 & NIST 1515b3
9 UT 467al & UT 467a2 34 NIST 1515b1 & NIST 1515cl
10 UT 524a & UT 524c 35 NIST 1515b1 & NIST 1515c2
11 NIST 1515al & NIST 1515a2 36 NIST 1515b1 & NIST 863
12 NIST 1515al & NIST 1515a3 37 NIST 1515b2 & NIST 862
13 NIST 1515al & NIST 1515b1 38 NIST 1515b2 & NIST 561
14 NIST 1515al & NIST 1515b2 39 NIST 1515b2 & NIST 562
15 NIST 1515al & NIST 1515b3 40 NIST 1515b2 & NIST 5863
16 NIST 1515al1 & NIST 1515cl 41 NIST 1515b3 & NIST 561
17 NIST 1515al & NIST 1515c2 42 NIST 1515b3 & NIST 562
18 NIST 1515al1 & NIST 1515c3 43 NIST 1515b3 & NIST 563
19 NIST 1515a2 & NIST 1515a3 44 NIST 1515c1 & NIST 862
20 NIST 1515a2 & NIST 1515b1 45 NIST 1515c1 & NIST %63
21 NIST 1515a2 & NIST 1515b2 46 NIST 1515c2 & NIST 563
22 NIST 1515a2 & NIST 1515b3 47 NIST 1547a & NIST 1647
23 NIST 1515a2 & NIST 1515cl 48 NIST 1547a & NIST 18647
24 NIST 1515a2 & NIST 1515c2 49 NIST 1547b & NIST 1847
25 NIST 1515a2 & NIST 1515c3

(a): day 1, (b): day 2, and (c): day 3
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Table 33. Results of the ANOVA/Pairwise comparisimaistinguishable pair incorrectly

identified.

Pair # Pairs Identification
1 Cabb Control4a & NIST 1515al
2 Cabb Control4a & NIST 1515a2
3 Cabb Control4a & NIST 1515a3
4 Cabb Control4a & NIST 1515b1
5 Cabb Controld4a & NIST 1515b2
6 Cabb Controlda & NIST 1515b3
7 Cabb Control4a & NIST 1515cl
8 Cabb Control4a & NIST 1515¢2
9 Cabb Control4a & NIST 1515c¢3
10 Cabb Controldb & NIST 1515al
11 Cabb Controldb & NIST 1515a2
12 Cabb Control4b & NIST 1515a3
13 Cabb Control4b & NIST 1515b1
14 Cabb Control4b & NIST 1515b2
15 Cabb Control4b & NIST 1515b3
16 Cabb Controldb & NIST 1515c1
17 Cabb Control4b & NIST 1515c¢2
18 Cabb Control4b & NIST 1515c¢3
19 Cabb Control4c & NIST 1515al
20 Cabb Control4c & NIST 1515a2
21 Cabb Control4c & NIST 1515a3
22 Cabb Control4c & NIST 1515b1
23 Cabb Control4c & NIST 1515b2
24 Cabb Control4c & NIST 1515b3
25 Cabb Controldc & NIST 1515c1
26 Cabb Controldc & NIST 1515c2
27 Cabb Control4c & NIST 1515c3

(a): day 1, (b): day 2, and (c): day 3

Table 34. Example of a t-test for one of the indgtishable pairs incorrectly identified
by ANOVA/Pairwise comparison test.

Sample 25Mg SEMn SGFe GONi BSRb 888r 137Ba ZOEPb
NIST 1515a1 3443 51 78 0.98 9.4 25 4] 0.4p
3409 55 75 0.84 9.1 27 52 0.43
3404 51 74 1.1 9.4 27 57 0.50
3436 55 P P P P P e
Cabb Control 4a 1456 9 27 0.2p 7. 4% 1. 0.0L.2

1628 16 30 0.36 11 41 1.2 0.039
1202 15 31 0.27 8.7 45 1.3 0.02B
0| *~~["*~~1#69["" | " ] 0018

t Statistics 16.1 19.8 27.9 9.2 0.9 -12.3  10.2 15.Y

t critical 4.3 2.6 2.8 3.2 3.2 3.2 4.3 4.3

& Qutilers
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4.7 Conclusions

An analytical method for the analysis of plant enal was developed for solution
and laser ablation ICP-MS. The analytical methoovigled with accurate and precise
results allowing to trustfully using elemental casfion for possible discrimination of
plants of different origins.

Trace elements then were used to develop a syraisgg statistical analysis to
determine differences between marijuana plantgedly from of different origin. The
discrimination element menu for solution and lasdation analyses was similar
although in laser ablation there were more elemditts differences in the element menu
derived from the specific conditions of the dissioin and the laser ablation processes.
For example in solution analyses Ni and Pb werewwehstrumental detection limits
whereas in laser ablation these elements weretddtedth a precision of <10% RSD.

There was discrimination by t-test of some paomprised of the same sample
measured as blind unknown. Some of the SRM NIST Yi&lrs were not discriminated
by t-test and some did. The SRM NIST 1515 pairsewdiscriminated only by the
magnesium concentration. The SRM NIST 1515 was unedhree times the same day in
three consecutive days. The magnesium concentridiosome of the samples was not
accurate with respect to the certified value. Gndther hand the SRM NIST 1547 was
measured one time in each of the three days ankdeafiossible combination pairs of this
reference material were indistinguishable by ANONRa&ifwise comparison and by t-test.
Other pairs of the same samples were not distihgdiby ANOVA/Pairwise comparion
but were discriminated by t-test. The heterogeneitthe ashed marijuana samples and

the ControlIM may have contributed to the discrepndn the discrimination of
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themselves when measured as unknown blinds. Regardthe use of elemental
composition proved to provide some discriminatiadnptants from different origin.
Knowing the geographical origin of the marijuanants will provide with a better
interpretation of the discrimination results fortbb@olution and laser ablation analyses.
This study opens the possibilities of utilizing rakntal composition in forensic

laboratories for determining the origin of illegdants such as marijuana.
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5 CONCLUSIONS AND RECOMMENDATIONS

The use of ICP-MS has demonstrated to be an extetbol for elemental
analysis determinations in matrices such as glawmses, teeth, and plant material. The
capabilities of the quadrupole (equipped with aatgit reaction cell) and the high
resolution ICP-MS systems were compared for thdyaisaof Fe which is a good
discriminant element to associate glass and a gandidate for discrimination of bone,
teeth, and plant matrices of the same origin. Theolution of the polyatomic
interferences of Fe in glass was achieved by uiachigh resolution instrument or by
chemical means using the dynamic reaction cellhilidetection limits as low as ~0.03
ng g* and 0.14ug g* for laser ablation and solution analyses respelgtiwere achieved
with the optimal settings for both ICP-MS systeri$ie capability of resolving the
polyatomic interferences of iron by either a higisalution instrument or a quadrupole
with dynamic reaction cell, allows the use of itarelemental analysis not only for glass
discrimination but potentially for other matricagch as bone, teeth and plan material.

Bones and teeth are matrices of interest for trenkic scientists due to the
potential information that they can offer aboutiaividual. Evaluating the dietary habits
of an individual or population, discrimination bet@n individuals, and the association of
an individual to a specific geographical locatioa the primary applications of elemental
composition in the abovementioned matrices, althoompst of the time the elemental
analysis is based solely in light and heavy isotapies.

Trace elements in bones and teeth may also prowitle complementary
information to associate or discriminate betweatividuals. Elemental composition of

trace elements could be especially useful in tparsgion of commingled human remains
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in massive burials. An analytical method for theneéntal analysis of bones and teeth
samples was developed providing accurate and preemults for the bone SRM NIST

1486 and NIST 1400 for solution and laser ablatioralyses. The possibility of

suppression of the trace elements due to the lagiuen and phosphorus content in bone
matrix was evaluated to determine the reliabilifyusing elemental composition for

discrimination purposes. There were indicationa dlight suppression for some trace
elements but it did not affect significantly thecaacy and/or precision of the trace
elements analyzed by ICP-MS. Thus the trace elesragterminations by ICP-MS were

valid and reliable. Two digestion procedures wesmgared and it was found that the
open vessel seems to provide more accurate rdsulsome elements when compared
with microwave digestion. For all the other elensebbth procedures provided with

similar results.

For laser ablation analyses, calcium was evaluatéite bone samples to be used
as internal standard. The calcium concentratiaihendifferent bone samples was around
21%, which is close to the concentration in the SRI8T 1486. Therefore the calcium
was used as internal standard for laser ablaticia g@aocessing. It was of great
importance to find an internal standard presenbatrmaniformly in the matrix, especially
since the bone samples should not be ground becawsd mix the diagenic and
biogenic signals.

A laser ablation method was developed by meansaifracy and precision of the
SRM NIST 1486 measurements under different experiahgparameters. The optimal
instrumental parameters (laser and ICP-MS instrashenere found to be single spot

analysis at 10 Hz repetition rate, with a spot i2d0Qum and helium as carrier gas.
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Additionally, the crater morphology and an estimaitéhe mass ablated were determined
using the optimized laser ablation parameters.crager morphology on the SRMs NIST
612 (glass matrix) and NIST 1486 (bone meal), abdree fragment was evaluated with
SEM images. Measurements of the craters dimensiodsthe density of the materials
allowed estimating the ablated mass. Although lineet samples (NIST 612, NIST 1486
and the compact bone fragment) had different dessithe estimated ablated mass was
very similar for all of them when ablated under #aene conditions (~8-12 pg).

One of the most significant findings of this stuohcludes the possibility of
assessing the biogenic signal in buried bone sampleen information of the
environmental conditions where the samples weréedus not provided. In order to
evaluate the biogenic and the diagenetic signabmegin the bone fragments, different
areas of the sample were analyzed in terms of el&heomposition to determine where
the concentration signal was stabilized. The stgoff the signal suggested this area as
the one with the biogenic signal. The middle layeirthe bone fragments showed the
most stable signal for the elements analyzed. Tdgehic signal was also confirmed by
taking Ca/P ratio measurements of the middle lagktise bone fragments. This ratio can
indicate changes in the hydroxyapatite suggestiegatrea was affected by diagenesis.
The middle layers of bone fragments showed a CaiiB within the normal values of
unchanged hydroxyapatite confirming the biogengnail. This new approach to assess
biogenic signal with LA-HR-ICP-MS provides with ast and accurate elemental
analysis that can ease the separation process roarhuemains in cases where no

environmental conditions are known.
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The optimized laser ablation parameters were usedetermine the elemental
composition of bones and teeth samples. The elahemmposition was used to carryout
statistical discrimination analyses to determine potential use of trace elements to
separate samples from different origin and to ablyeassociate samples from the same
origin. In the case of bones, samples from theesaaividual were associated in groups
when only femur or humerus bones were considengdrately for discrimination. There
was no separation of individuals when both humeant femur bones were considered.
These results revealed the importance of samplmbc@mparing the same anatomical
area since different bones may be exposed to diffegrowing conditions that may affect
the elemental composition even within bones ofsém@e individual. Additional studies
including analyzing more samples and a heterogensitidy of the elemental
composition of different parts of the skeleton niegyp to assess which bones are more
suitable for elemental analysis and provide everendgcrimination.

The elemental composition of the different layaerddgeth showed differences in
the concentration for some elements. When the eieaheomposition of the whole tooth
was used for the separation of the individualsrehas more overlap between
individuals that when the elemental compositiontlod tooth layers was considered
individually. The mixed elemental composition in ald teeth may contribute to the
discrepancies found in teeth samples from the sadiedual. Analysis of more samples
teeth samples and the assessment of variatioremesital composition on teeth of the
same individual will help to better interpret tlesults found in this study.

The study also contributed to the scientific comiyuwith an analytical method

capable of separating plant materials allegedIsnfcifferent origin. Accurate and precise
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results were obtained for the SRM NIST 1515 withutar dissolution ICP-MS and with
LA-ICP-MS. The use of LA-HR-ICP-MS makes the methsuitable for a fast and
accurate elemental analysis; which will help toespap the discrimination process in a
forensic laboratory without consuming the evidenddarijuana ashed samples
presumably form different origins were discrimirchteased on elemental analysis in
solution and with LA. For laser ablation analyske samples and most of reference
materials measured the same day or different daysn@nown blinds were correctly
associated with themselves by ANOVA/Pariwise congoar and with t-test of unequal
variances. Pairs expected to be different and vessociated by ANOVA/Pairwise
comparisons test were separated apart by furth@ststal analysis with a t-test. As with
bone samples it is important to compare elemerdaiposition of plants of the same
species and the same plant component to avoid ghedemental composition signature
that may lead to incorrect discriminations or asgam of plants. Knowing the specific
origin where the plants were grown is necessarpetber interpret the discrimination
results found in this study, thus the source ofdtierences is still undetermined. This
method opens the possibility of including elememtadlysis for the separation of plant
materials, especially in law enforcement cases vdeating with marijuana plants.

This research and further work will offer forensicientists with the option of
including a fast and easier elemental analysis thatope ratios for the discrimination of

bones, teeth and plant materials using LA-HR-ICP-MS
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Comparison of High Resolution and Dynamic ReactiorCell ICP-MS Capabilities
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Abstract. Forensic laboratories routinely conduct analysisgt#ss fragments to
determine whether or not there is an associatibwd®n a fragment(s) recovered from a
crime scene or suspect to a particular source afinorThe physical and optical
(refractive index) properties of the fragments epenpared and, if a “match” between
two or more fragments is found, further elementallgsis can be performed to enhance
the strength of the association. A range of spectpic techniques have been used for
elemental analysis of this kind of evidence, inalgdinductively Coupled Plasma Mass
Spectrometry (ICP-MS). Due to its excellent sewmsitj precision and accuracy, several
studies have found that ICP-MS methods (dissolwiuth laser ablation) provide the best
discrimination between glass fragments originafnogn different sources. Nevertheless,
standard unit resolution ICP-MS instruments suffesm polyatomic interferences
including “°Ar*®0*, *°Ar*°0O'H*, and refractory oxid€'°Ca®O* that compromise the
measurement of trace levels of Feand F&™*, for example. This represents a drawback

for the analysis of glass fragments because irenblean previously identified as a good
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discriminating element. Currently, there are severehniques available that allow for
the reduction of such interferences. However, tiere existing data that compares the
detection limits of iron in glass using those teghes.

The aim of this study is to perform a comparisoraoélytical performance of a
standard quadrupole ICP-MS coupled to a Dynamicctea Cell (DRC-ICP-MS) and
High Resolution Sector Field Inductively Coupledd$tha Mass Spectrometry (HR-SF-
ICP-MS) for iron analysis in glass with respectthe method detection limits (MDL),
accuracy, and precision. Analyses were conducted) e®nventional acid digestion and
laser ablation methods. For laser ablation analgsesmparison of carrier gases was
performed to asses the effect on the detectiortdimithe detection of iron isotopes. Iron
polyatomic interferences were reduced or resolwediding dynamic reaction cell and
high resolution ICP-MS. MDLs as low as 0.08 g* and 0.14ug g* were achieved in
laser ablation and solution based analyses respbctiThe use of helium as carrier gas
demonstrated improvement in the detection limitsboth iron isotopes in medium

resolution for the HR-SF-ICP-MS and with DRC in theadrupole ICP-MS system.

Keywords: glass, elemental analysis, DRC-ICP-MS, HR-SF-ICP-M&nsic

Introduction

The fragile nature of glass and its abundance in sauroundings make this
material a very common type of evidence found imerscenes such as hit-and-run
accidents, burglaries, shootings, and other viatenmies. Vehicle windows, architectural

windows, headlamps and containers represent thernsajurces of glass evidence.
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Forensic examiners typically begin by screeningewidence by measuring physical and
optical properties such as color, thickness, flsceace, microscopic examination and
refractive index [1-12]. If a match between knowrd ajuestioned fragments is found in
this preliminary stage, elemental analysis is tgiycconducted in order to improve the
discrimination value of the analysis. When two ooren fragments share a common
elemental profile, they can be considered to oaginfrom the same source of
manufacturing origin and provide strong scientéMdence to associate a person to an
event or two objects to each other. Fragments dmatfound to differ by elemental
content can be determined to originate from dififenmanufacturing sources and also
provide useful information to the court or investigys.

A variety of trace elemental analysis techniqueghaeen used for this purpose,
including Atomic Absorption (AAS) [13-15], X-ray &brescence (XRF) [16, 17, 19],
Neutron Activation (NAA) [18], Scanning Electron ddoscopy with Energy Dispersive
X-Ray Detection (SEM-EDX) [19, 20], Inductively Coled Plasma Atomic Emission
Spectrometry (ICP-AES) [8,11, 21-24] and InductweCoupled Plasma Mass
Spectrometry (ICP-MS) [25-28]. Each technique h#s own advantages and
shortcomings. ICP-MS has been shown to be the effesttive analytical method for the
comparison of trace elements in small glass fragsndue to its multi-element capability,
excellent sensitivity, high sample throughput aheé tapability to provide isotopic
information.

The physical evidence, especially trace evidenogetimes could provide with a
significant breakthrough on a criminal investigatioy linking an individual to the crime.

This trace evidence is often in the sub-microscégiel (typically 0.1-1mm) and needs

166



to be carefully analyzed in reliable way withouebalestroyed to be presented in a court
of law. Although conventional digestion methods fGP-MS have been shown to be
excellent tools for elemental analysis of glaseythave the disadvantage of requiring the
dissolution of the sample, therefore destroyingribr to introduction to the ICP-MS and
increasing the contamination risk. During the lagb decades, laser ablation (LA) has
increasingly been used and preferred as a sampleduttion method in forensic
laboratories due to the advantages it offers owssotution of the glass prior to analysis
[29-32]. The most significant advantages of LA sangptechnique include the capability
of doing spatial resolution and in situ spot aniglysmall sample consumption, reduction
in sample preparation time, shortened analysis, tand a reduced risk of contamination.
These advantages make LA a suitable sampling tgobnfor the analysis of trace
evidence such as glass and paint in forensic cases.

Variations in elemental profiles within glass pagtidns are due to differences in
elemental composition of the raw materials used/anthose contributed by the
manufacturing processes. Although some of the raatenals used in glass
manufacturing are relatively pure, a glass prodnay contain impurities, such as iron
oxide, that could produce undesirable color andrdlirnace temperatures. Only one-
part-per-thousand of iron oxide in sand can imgargjreen color on the glass and
therefore manufacturers usually use decoloring tsgenremove or mask the tint. Iron
oxide is typically present at concentrations thatge from 0.07 to 0.16% wt in float
glass, 0.03 to .015 %wt in containers, 0.05% wiarosilicate glass, and 0.01%wt in lead
crystal glass while in optical and insulating legddsses, iron oxide content is reduced to

trace levels [33].
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The elements used for the discrimination of glabyelCP-MS had been critically
selected from previous studies in which precisemturacy and discrimination potential
of these elements were evaluated at major, minditiace levels [25, 26]. Iron has been
identified in previous studies as an excellent risimating element and it has been
successfully used for classification and discrimoraof glasses by X-ray fluorescence
[8, 16, 34] and ICP-AES [8, 34]. Nevertheless, thacentration of iron in some glass
populations may be close to or lower than the 8noit detection of XRF and ICP-AES.
Although standard ICP-MS methods provide bettesisgity than the aforementioned
techniques, the analytical performance of iron eéspnts a challenge due to inherent
interferences. In 2000, Duckworttt al reported that elements measured by ICP-MS
without good bias(10%) and precisionr<l0%RSD) were closely inspected before using
them as discriminating elements in a databaseddat §lass. In this study iron presented
a bias and precision higher than 10% [6]. The po@cision and accuracy of iron
measurements in glass standards do not allow ét$nuglass databases and limits its use
in casework.

The analytical challenges of iron in glass by ICB-Ere the result of polyatomic
isobaric interferences such d8Ca®0* and °Ar'®0" on *°Fe’, and *°Ca®O'H",
PArt®o'H*, and*'K*0* on °’Fe’, respectively.Fortunately, there are several ICP-MS
techniques capable of resolving polyatomic inteniees. These interferences can be
suppressed by using either DRC or HR respectiv@byd7]. A solution based analysis
using DRC-ICP-MS reports a comparison of MDLs in 290Os, in rain water/
HNOs/HF matrix and the reporting limits generated bgrfiier Geosciences Laboratories

(Seattle, WA) with detection limits as low as 9lngfor the 2% HNQ and 383 ng L in
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the rainwater sample [38]. Balcaet al. performed determinations of Fe in AghO
solutions with isotope dilution using the DRC-ICPSMvith NH; as a reactant ga3.hey
reported lower iron detection limits with the ispéodilution (0.013ug g%) than with
external calibration (1.2g g%) [39]. In 2001 Giintheet al. reported a comparison of
detection limits of°Fe" and®’Fe" using the standard (STD) mode and the DRC mode
with hydrogen and neon as reactant and buffer gassepectively for laser ablation
experiments. The limits of detection were determif@ a spot size of 40n using the
gas blank and the ablation of the SRM NIST 610 glds that study, the limits of
detection were improved from 5.9 g'in STD mode to 2.19 g'using DRC mode for
>"Fe", while for>®Fe" the limits of detection were reported to be 035" [40].

A study of trace elements in quartz by LA-HR-ICP-MSing an external
calibration with the three SRMs NIST 612, NIST 6aad NIST 616 reported limits of
detection for°Fe" of 2.6 ug g* in medium mass resolution [41]. Iron detectionitinon
the order of pg § were reported for analyses of water, plant, tisané rock samples in
medium mass resolution by a HR-SF-ICP-MS. The MRtsron in oyster tissue/tomato
leaves and rock sample digestion blanks were regdat be 113 pgyand 3940 pg§
for °®Fe’, and 580 pg§gand 10600 pg Yfor °'Fe" respectively [42].

Although there are reports of iron detection limitish both ICP-MS systems, at
the present there is no existing data that compaeedetection limits for’Fe” and®’Fe"
in glass samples using those techniques utiliziogh daser ablation and solution
introduction methods. The capability of resolving m@ducing the iron polyatomic
interferences by using the DRC and high resolusgstems will allow for a more

optimized use of Fe for the discrimination of glaasples.
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This work was conducted to evaluate the methodctetelimits (MDL) that can
be achieved for Fe using different ICP-MS syste@sadrupole, Dynamic Reaction Cell
and High Resolution) for solution and laser ablatsampling introduction methods of
glass standard reference materials (SRMs). Thisk wocludes the assessment of
precision and accuracy for iron measurements ttuateathe possibility of including iron

in routine forensic analyses of glass samples IBNS.

Experimental

Laser Ablation AnalysesGlass standard reference material (SRM) NIST 61&i¢gdal
Institute of Standards and Technology, Gaithersbi®, USA) was used for laser
ablation analyses with both ICP-MS systems usihgaifigurations. SRM NIST 610
(National Institute of Standards and Technologyitli@asburg, MD, USA) and the FGS
glass standards, described elsewljé8®, were used as external calibrators for some
experiments using a NewWave UP 213 laser ablatystesn (Fremont, CA, USA) and
argon as the carrier gas. Method detection limésevealculated fot’Fe” and®’Fe” using
SRM NIST 612. Standard reference materials (SRM§TNL831, NIST 614 and the
FGS standards were analyzed to evaluate the agcanacprecision of the method. For a
proper assessment of LA experiments using the ELEMER high resolution ICP-MS
(Thermo Electron Co. Bremen, Germany) and the ELBARC Il (PerkinElmer, LAS,
Shelton, CT, USA), other SRMs were used in plac&RM 612 since the former was
used as an external calibrator in the data reduetialyses. For practical purposes only

the results of the SRM FGS1 will be presented fiaha laser ablation ICP-MS systems.
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The total analysis time was of approximately 176oses. During the first 55
seconds the laser was blocked (via the use of ieshand the signal of the “blank” was
acquired in order to account for the backgrouncelleVhe laser was then fired for 60
seconds, but only the middle-latter 40 secondshef dblation signal were used for
measurements due to the inherent instability caugesh the laser first interacts with a
sample. Following these 60 seconds the laser wasd off and the signal was recorded
for an additional 55 seconds to purge any signalyoser between samples. Seven
sample replicates of either SRM NIST 612 on two-nonsecutive days were used to
determine the MDLs of LA analyses. Figure 1 shdvesttansient signal 6fFe" during a
typical analysis. The Glitter software (GLITTER, MBC, Macquarie University,
Australia) was used for data reduction to deternsm@centration and the MDLs. Glittter
software enables plotting the transient signaleotéld from the LA analysis and to select
the background and signal intervals for data rednctTo determine the concentration
the Glitter software uses Equation 1, where goiscthe concentration of elemenin
analysisn, cpsij iIs the mean count rate (background subtractedyaibpej of i in
analysisn, abundanges the natural abundance of isotgpand yield; is the cps per ppm
of element in analysisn. The yield, is calculated using Equation 2, where yjeld the
cps per ppm of the internal standarith analysis, Int(yieldqi/yieldns)StOI is the ratio of the
yield of element in analysisn to the yield of the internal standasdin analysisn

interpolated over the standard analyses.

cong, = (cps, /abundancg/(yield,) Eq.1

yield . = yield _* Int(yield /yield )™ Eq.2
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Glitter software uses Equation 3 to calculate that$ of detection with 99%
confidence level based on Poisson counting stistn the Equation 3 B is the total
counts in the background interval.

MDL =2.3*+/2B Eq. 3

The LA data analysis were performed using SRM N&8Z, SRM 610 or SRM
FGS2 as a single point external calibrator. Fottadl analytical determinatiorf€Si was
used as the internal standard, except for the D@raments wheré'Mg was chosen as
the internal standard.

The glass SRMs were rinsed with high purity deiedizvater and dried overnight

prior the LA analysis

Solution Analyses. High purity standards (CPI International, Santa&d3alifornia,
USA) were used for the preparation of the extecaibration curves. Optima grade
nitric acid (HNQ), hydrofluoric acid (HF), hydrochloric acid (HCJFisher Scientific
Pittsburg, USA], and high purity deionized wated ¥Qcm?) was used for samples
dilutions, and for the preparation of the calibyatcurve solutions. Rhodium was used as
an internal standard for all solutions analyzed.

Standard reference materials (SRMs) NIST 612, NI831, NIST 614 (National
Institute of Standards and Technology, Gaithersbdig, USA), and the standards FGS1
and FGS2 were digested following the ASTM E2330dddndard method for trace
elemental analysis of glass using ICP-MS to deteentine accuracy and precision of the

analysis [27]
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The samples were washed first in methanol for 18utes, then with HN¢1.6
mol L™ for 30 minutes, followed by rinsing with high piyrivater (>18 M2 cm*). After
rinsing, they were left to dry overnight. Glass géam were crushed and weighed to
approximately 2 mg + Jug into 5 mL polypropylene tubes. Trace elementadgr
(optima grade) nitric (HNg), hydrofluoric acid (HF) and hydrochloric acid (H{Fisher
Scientific Pittsburg, USA] were used for the digastof glass. Samples were sonicated
for 2 hours before the drying process into the Heater block (Dry Digital Bath
Incubator, Boekel Scientifid-easterville,PA, USA). After the samples were taken to
complete dryness, they were reconstituted withr@oB L™ HNOs, the internal standard
and high purity water. Dilutions of the reconswdt digested glass samples were
prepared and measured along with seven reagerishilaat were treated in the same way
as the glass samples.

The calibration curves were prepared from singé&neint high purity standards
(1000pg g% [CPI International, Santa Rosa, California, USARhodium was added as
internal standard to a final concentration of tg3 ng ¢* and 50 ng ¢ for the HR-SF-
ICP-MS, DRC mode ICP-MS and standard mode ICP-M3ibresion curves
respectively. Calibration curves had seven calibnapoints in a range of 0-10 ng dor
the ELEMENT 2 and ELAN DRC Mode, and from 0-100 gijfor ELAN STD mode
analyses. Two control verification checks (at 3 &mify g* for ELEMENT 2 and ELAN
DRC mode and at 7 and 25 ng fpr the ELAN standard mode) were run with sampies
order to evaluate drift and precision over timd.s@mple preparations and analyses were

performed in a normal laboratory environment.

173



The glass samples were measured against an exihlatation curve. The
intensities (cps) for the standards and samples wermalized to the rhodium (internal
standard) signal (cps). A linear regression lines wiatermined from the plot of the
normalized signal (cps) against the concentratioth® correspondent standard and the
concentrations in the samples were determined mgubke slope and intercept of this
equation.

The iron MDLs on solution analyses of SRM NIST &l&e determined by using
the standard deviation of the blank’s signal areldlope of the calibration curve. MDLs
were determined with at least 7 replicates of read#anks measured in two non-
consecutive days in order to account for inter-gayations.

In order to compare the MDLs obtained from laset solution work, the MDLs
for solution are referred to the concentration ¢asg assuming and average weight of
2mg of glass diluted into 4mL after acid digest|@i]. Therefore, MDL obtained in pug

L* were multiplied by a factor of 2 to be reportedquimg’ on glass.

Precision and accuracy of LA and solution analyses The accuracy of the analyses
was determined by comparing the SRMs NIST 612, N18B1, standards FGS1 and
FGS2 experimental values of iron with the certifeattd/or consensus values. Precision
was determined by calculating the relative standdediation (%RSD) of 5 sampling
replicates on each glass sample. The method wdsated with an accuracy &f10%

bias from the consensus or certified value, angeeigion 0f<10% RSD.
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Instrumentation

Laser systems Two different Nd:YAG laser units were used for tsrk: 1) a
New Wave UP- 218perating at 213nm (New Wave Research, Fremont,l.3¥) and

2) aCETAC LSX 200{CETAC Technologies, Omaha, NE, USA) operatin@@&inm.
Laser ablation parameters are further describeBabile 1. The laser ablation systems
were operated under different parameters using belilam and argon as a carrier gas,
and different ablation cell volumes. The experimémarameters were optimized for

each system.

ICP-MS systems  The ICP-MS instruments used for this study wereeBAN DRC

Il ICP-MS (PerkinElmer, LAS, Shelton, CT, USA) and HR-SF-ICP-MS
ThermoFinnigan ELEMENT 2 (Thermo Electron Co. Bremn&ermany). The DRC-ICP-
MS was equipped with a quartz cyclonic spray chambe a concentric tube pneumatic
nebulizer. The sample intake rate into a concenglaulizer and cyclonic spray chamber
was 1 mL mift An ASX 510 autosampler (CETAC Technologies, Omatia, USA)
was coupled to the ICP-MS for the solution analysaes laser ablation analyses, the
laser systems were connected to the torch intakleeofCP-MS. The DRC-ICP-MS was
operated in STD mode and DRC mode. The removafRe polyatomic interferences
was achieved by using methane as a reactant gidwe iDRC mode. Methane is often
used as reactant gas for the removal Fe interfesef@2l-45]. Preliminary results in our
laboratory showed better sensitivity on the detectif *°Fe” with methane as reactant
gas. The removal of the refractory interferenc®©Taas improved significantly with

methane than with other gases in glass matrixedirs that methane works better for the
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removal of’°Fe" interference CaDin Ca —rich matrices. Additionally for safety reas
it is more convenient to work with methane tharhveiinmonia gas. For solution analyses
the HR-SF-ICP-MS sample introduction setup includeguartz cyclonic spray chamber
with a microflow PFA-ST nebulizer (400 pL niinintake flow) [ESI Scientific, NE,
USA] and a 1.5 mm quartz injector connected to artgutorch CD-type for removable
injector (ESI Scientific, Omaha, NE, USA). The lasgstems were connected to a 1.75
mm quartz injector inserted into the torch. The BRICP-MS system was used in the
three mass resolutions available: low (R~ 300),iomadR~ 4000) and high (R~10000).
Before conducting each experiment, the instrumentye optimized for
sensitivity (maximum counts per second) and forhkdypiwcharged species<8%) and
oxides €0.3%). An additional optimization in LA analyses the ratio U/Th on SRM
612 was also conducted as a measure of fractionktiels (with ~1 + 0.2 determined to

be acceptable).

Results and Discussion

Three main ICP-MS configurations were used to eataluhe method detection
limits of iron in glass analysis: ICP-MS STD mod€P-MS DRC mode and HR-SF-
ICP-MS, where the latter two were used to reduce plolyatomic interferences
associated with Fe measurements. MDLs were evawaté laser ablation and solution
modes since these are the two major sampling inttowh methods routinely used in
forensic laboratories for elemental analysis. Twasel systems were operated with
helium and argon separately as carrier gases ier dodaccount for the effects of laser

wavelengths on the sensitivity. The ablation precasad the efficiency of particles
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transportation into the ICP-MS are important fagtaifecting the sensitivity and limits of
detection. It is been reported that the use ofuhelas carrier gas have improved the
sensitivity and limits of detection of several gaglements [46-47]. Table shows the
experimental parameters used for each ICP-MS canafimpn.

Both isotopes®Fe" and °’Fe" were analyzed, however the target isotope in this
study was*°Fe’ since it has a greater abundance th%e" (91.72% vs 2.2%). Iron
interferences represent an analytical challengestandard ICP-MS systems because
polyatomic interferences containing argon (a priypef the ICP) and calcium (a major

component in glass) are present at very high levels

Method Evaluation for Solution Based and Laser Abl&#on Analyses

Analytical performance of DRC vs. STD mode

Analytical performance of the method was evaluaitedierms of limits of
detection, accuracy and precision. For solutioralywis in STD mode,*’Fe'
concentration on the standard FGS1 was considetagly compared to the consensus
value meaning the interferences produced were ficieatly removed in this mode
possibly due to high abundances of argon hydroiiterferences. This effect of the
interferences in standard mode is more pronountdéomaconcentration levels of iron
such as in the case of SRM 612 were iron is ondsemt at 56.3 pug'g By using the
DRC mode, the iron interferences were properly ceduleading to an accurate
measurement ofFe” when compared to the consensus value (580 rg6g") with a
bias and a precision of less than 10 % (Table B¢ farget mass to reduce interferences

on DRC with methane is iron of mass 56 for its gmesapplication on routinely forensic

177



analysis of glass. Iron of mass 57 was not measuréde DRC mode; therefore the
effect on reducing the main interferences on th&ssnwas not optimized. In the LA
analyses with the STD mode and different carriesega’Fe" produced better accuracy
than in solution based analyses. This is becauké imode, a dry plasma contains much
less hydroxide interferences such*¥3a®0'H", “°Ar*®O'H*. For the analysis ofFe’in

the DRC Mode the interferences were efficientlyueatl leading to a good accuracy of

<10% bias and a precision of the measurementslOE&RSD (Table 3).

Analytical performance of HR-SF-ICP-MS in differentesolution modes

Interferences of’Fe" were not properly resolved for solution analyseth the
ELEMENT 2 in low resolution mode due to the largenount of hydroxides present in
wet plasma. Hydroxides speci®€a®0'H" and*°Ar'°0O'H" in solution based analyses of
*Fe' in LR mode were a contribution factor for the sfigant increase in its measured
concentration with respect to the consensus value BGS1. Therefore the results for
iron of mass 57 in LR mode were not reported. Tbeugcy and precision 6fFe"
measurements were improved in medium resolution)(&Rl high resolution (HR) with
less than 10 % bias and less than 10 % RSD forgmwag¢Table 2).

For most of the laser ablation experiments usifky3F-ICP-MS with the three
mass resolutionghe polyatomic interferences e and°’Fe" were properly resolved
providing accurate concentration measurementsoof im the standard FGS1. Accuracy
and precision of the analyses in all the mass wésols were within the acceptable

parameters(10% bias an&10% RSD) (Table 3).
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In general, solution based and laser ablation acguand precision results with
the different ICP-MS configurations were in agreeamdhe results showed improved
accuracy on the DRC and HR-SF ICPMS being mediusoluéon the optimum
resolution and optimal setting féiFe” measurement. The method was properly assessed

giving validity to the MDLs results obtained duritigese experiments.

Method Detection Limits of Solution Based and LaseAblation Analyses

The iron method detection limits in DRC mode weagnsicantly lower than in
standard mode (0.03 vs 9.5 uq fpr laser ablation and 0.33 vs 1.9 {fgr solution
based analyses). This demonstrates the ability RC Dvith eliminating interferences,
reducing the limits of detection and allowing foora certainty in iron determinations in
glass matrices. Higher background levels in sofluind laser ablation analyses in the
STD mode contribute to higher detection limits &¥e".

The use of a high resolution sector field ICPMSoteed the polyatomic
interferences in iron. Low MDLs for both iron isp&s were achieved in laser ablation
analyses using the ELEMENT 2, particularly in medivesolution for°Fe". Higher
MDLs in HR could be attributed to the increase @salution which decreases the
sensitivity, therefore affecting the limits of detien (Table 4). When comparing the
MDLs results in MR and HR using the two laser systehigher detection limits were
observed with the NW UP213 laser system. The diffees in the ablation process (ie.
amount of mass ablated) due to the lasers eneagaspot size could contribute to these
variations in MLDs. Regardless, the MDL values epenparable (Table 4). In the low

resolution mode, high background levels contributedhe increase in the detection
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limits. This pattern was also observed for the Sii@le in the quadrupole instrument.

The solution-based analyses with the HR-SF-ICP-M&we&d an improvement in
the MDLs of both iron isotopes in medium and highalutions vs. low resolution. In the
quadrupole system the use of DRC allowed to achMds of 0.30ug ¢* for *°Fe’
(Table 5). In MR and HR, the interference signaks roperly separated from the iron
signals, while in the DRC mode, the polyatomic rifgieences are significantly reduced
by chemical reaction but may not be completely resado

In solution based analyses higher MDLs fe" were obtained than with laser
ablation. Differences in the MDLs could be attréditto the dilution factor and the
possible increase in background contribution dught digestion process in solution

analyses.

Carrier Gas Effect on Laser Ablation MDLs with the ELEMENT 2 and ELAN DRC
I ICP-MS Systems

MDLs for both iron isotopes obtained with the CETASX 200+ laser coupled
to the HR-SF-ICP-MS were not significantly diffeteat low and high resolutions when
argon or helium were used as the carrier gas. tBligpwer MDLs were obtained for
*Fe" and >’Fe"” when helium carrier gas was used in medium resolut Experiments
performed with the New Wave UP 213 laser coupledht®o HR-SF-ICP-MS showed
similarMDLs for °>’Fe" and*®Fe" with helium and argon carrier gases in medium agi h
resolution. In low resolution higher MDLs were abtd when using argon as carrier gas
because of the higher background produced withl#sier of lower energy (2.4mJ vs.

4.8mJ for the CETAC LSX 200+).
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With the ELAN DRC IlI, the carrier gas effect was nacsignificant. Lower
detection limits are achieved when helium was wsethe carrier gas. MDLs determined
for iron isotopes in the ELAN DRC Il with both cear gases were comparable with what
was observed in MR with the ELEMENT 2 with bothdasblation systems/carrier gas
combinations.

For laser ablation analysis in glass matrix, heliasncarrier gas has proven to
increase the sensitivity in the detection of eletmehe improvement in sensitivity is
attributed to a more efficient particle removal arehsportation into the ICP-MS [46-

47]; therefore lower detection limits are achieeabl

Conclusions

Polyatomic interferences for iron were significgmtduced or resolved with both
DRC-ICP-MS and HR-SF-ICP-MS. Method limits of detec as low as ~0.03 pg'g
were achieved with both DRC and the SF instrumaesitsg laser ablation mode in glass
matrices (Table 4). DRC-ICP-MS provided an excelteol to achieve low MDLs for Fe
in both laser ablation and solution analyses, bus ilimited to the analysis of few
elements in the DRC mode since the suppressiant@fiérences is chemically dependent
and other interferences could be formed in the ttedl affect the analysis. From a
practical point of view, this limitation requiresarate measurements for Fe and for the
other elements typically used in glass comparisesgecially when LA is involved since
the transition from DRC to non-DRC mode is not fasbugh for transient signals. The
need of performing separate analysis for Fe andhirest of the elements used in glass

analysis is not only time consuming but also rezpiimore sample. An advantage of
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DRC-ICP-MS over HR-SF-ICP-MS is its lower costs @ade of use.

HR-SF-ICP-MS allowed for the resolution of ironarferences in both medium
and high resolutions. In laser ablation, the lowHdLs were achieved using medium
resolution since in high resolution the sensitivgysignificantly reduced, affecting the
detection limits. In solution analyses, the HR-8RIMS system at MR provides lower
detection limits than DRC-ICP-MS (0.14) g* vs. 0.30ug g respectively). Advantages
of HR-SF-ICP-MS vs. DRC-ICP-MS instruments inclutiecapability to achieve lower
MDLs for Fe (particularly in laser ablation intraction method) and its capability to
conduct multielemental analysis using laser ahtatidevertheless, the fast transient
signal measured in laser ablation does not alloveviiich from different resolution
modes in the same method, therefore the multiel@ahemalysis is restricted to one
resolution mode in the sector field instrument. deé&ection limits of some elements may
be affected in medium and high resolution becans@@easing the resolution results in
sacrificing the analytical sensitivity. These amportant factors when considering using
laser ablation with the sector field instrument.

Solution and LA analyses with the different ICP-MiStrumental setups provide
accurate and precise measurements of the ironpestdhe accuracy and precision in a
multielemental analysis could be affected whenDRC-ICP-MS is used. The reactant
gas could react with other isotopes of intereshiwithe glass matrix causing problems in
their detection. Although similar MDLs can be aci@i@ with helium or argon as carrier
gas in the LA-HR-SF-ICP-MS systems, lower detectiamts could be obtained with
helium.

This work demonstrates the capabilities of these-MS systems and setups to
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resolve and/or reduce polyatomic interferenceswatlg for accurate and precise
measurements of iron isotopes in glass matriceaboAgh there were some differences in
MDLs for each of the LA setups and ICP-MS systetimsse results open the possibilities
of doing elemental analysis which includes the ofsgon isotopes in routine casework

analysis of glass.
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Figure 1. A typical laser ablation transient signal of ironSRM NIST 612 analyzed
with the ELEMENT 2.

186



Table 1 Instrumental parameters used for the MDL expenise

LASER SYSTEMS ICP-MS SYSTEMS
Parameters CETAC | New Wave| Parameters ELAN DRC I ELAN DRC I ELEMENT 2
LSX 200+ | UP 213 (STD mode) (DRC mode)
Wavelength 266 nm 213 nm Auxiliary Gas 1.1 L mint 1.0 L minit 0.8 L mint
Spot Size 100pum 100pm Ablation Cell 0.90 L min* 0.90 L miri* 0.60-0.72 L mift
Carrier gas (laser, He) (laser, Ar) (laser, Ar)
0.80 L min* 1.0-1.1 L mift
(laser, Ar) (laser, He)
Energy Output 4.8mJ 24md Nebulizer Flow 1.0 L mint 1.0 L minit 1.0 L minit
(solution) (solution) (solution)
Repetition Rate| 10 Hz 10 Hz 0.98 L min' (laser) 0.98 L mift (laser) 0.62-0.70 L mih(laser)
1500 W (solution } 1501 W (solution 1300 W (solution)
Carrier gas ArorHe | ArorHe RF Power 1550 W (laser) 1550 W (laser) 1350 W (laser)
Ablation Cell
Volume 50.2mL | 30.0mL Reaction Gas CH,
Reaction Gas Flowf 0.5 L min*
0.5 (laser)
RPq 0.6 (solution) -
Resolution Modes - Low, Medium and High

Table 2. Results of accuracy (%bias) and precision (%R®D)yblution based analyses

for standard FGSL1.

Not applicable.

ELAN STD Mode ELAN DRC Mode
Isotope |Average +6 %RSD ° %Bias |Average +¢ %RSD ° %Bias
=" 699+ 9 1.3 21 - - -
*Fe - - - 554 + 58 10 5
E2 in MR E2 in HR
Isotope |Average +6 %RSD °%Bias |Average +¢ %RSD °%Bias
*Fe 544+ 52 10 6 529 + 13 3 9
*Fe 542 + 61 11 7 521 + 10 2 10

?Bias was determined using the consensus value: &80 + 60ug g* [30]

-Not determined.
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Table 3. Results of accuracy (%bias) and precision (%R®D)LA analyses for standard

FGS1.
(ELEMENT 2 -New Wave UP213 laser)
E2 in LR (Ar) E2 in MR (Ar) E2 in HR (Ar)

Isotope | Average +6  %RSD  “%Bias |Average 6 %RSD “%Bias | Average +t6 %RSD “%Bias
*Fe | 55725 5 4 619 +5 1 7 630 + 8 1 9
*re - - - 629 + 1. 2 8 636 + 2. 3 10

(ELEMENT 2 -New Wave UP213 laser)
E2in LR (He) E2 in MR (He) E2 in HR (He)

Isotope [ Average +6 %RSD  °%Bias | Average +6 %RSD °%Bias | Average +6 %RSD °%Bias
*Fe | 631+ 1! 6 9 602 + 1 3 4 561 + 3¢ 3 3
*Fe - - - 609 + 23 2 5 556 + 8 2 4

(ELEMENT 2 -CETAC LSX 200+)
E2in LR (Ar) E2 in MR (Ar) E2 in HR (Ar)

Isotope [ Average +6 %RSD  °%Bias [ Average +6 %RSD °%Bias | Average +6 %RSD °%Bias
*Fe | 613+1 2 6 650 + 1 2 12 565 = £ 1 3
*Fe - - - 641 +: 0. 11 648 + & 1 12

(ELEMENT 2 -CETAC LSX 200+)
E2 in LR (He) E2 in MR (He) E2 in HR (He)

Isotope | Average +¢  %RSD “%Bias |Average t¢ %RSD °“%Bias |Average t¢ %RSD *%Bias
*Fe | 561+16 3 3 613+ 22 4 6 544 + 40 7 6
*Fe - - - 547 £ 16 3 6 636 +12 2 10

?Bias was determined using the reference valuep$80 + 6Qug g* [30]

-Not determined.
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Table 4. MDLs for SRM NIST 612 laser ablation analyses®e" and*’Fe" using the

different ICP-MS configurations.
MDLs + ¢ for Laser Ablation Analyses inpg g* (ELEMENT 2 -LSX 200+ laser)

Isotope E2inLR (Ar) E2inMR (Ar) E2inHR (Ar) E2inLR(He ) E2inMR (He) E2inHR (He)
*Fe 2.3+0.1 0.40 + 0.04 15+05 24+0.1 0.23+0.06 240.6
=) - 0.055 + 0.003 0.15 + 0.01 - 0.037 +0.003 0.11+0.43

MDLs + ¢ for Laser Ablation Analyses inpg g* (ELEMENT 2 -New Wave UP213 laser)

Isotope E2inLR (Ar) E2inMR (Ar) E2inHR (Ar) E2inLR(He ) E2inMR (He) E2inHR (He)
*Fe 8.3+0.9 0.9+0.4 3.6+0.6 35+0.3 0.8+0.2 392
= - 0.12 +0.01 0.3+0.1 - 0.085 + 0.007 0.29 + 0.0p

MDLs + ¢ for Laser Ablation Analyses inpg g* (ELAN DRC Il -New Wave UP213 laser)
ELAN STD ELAN STD ELAN DRC ELAN DRC
Isotope mode (He) mode (Ar) mode (He) mode (Ar)
*Fe 9.5+1.0 9.6+2.0 -
6Fa } - 20.025+£0.00§ 06=+0.2

@ Data published from a previous study [37]
-Not determined.

Table 5. MDLs results for solution analyses ¥Fe" and®’Fe' using the different ICP-

MS systems.
MDLs + ¢ for Solution Analyses inpg g* (ELEMENT 2)
Isotope E2in MR E2in HR
Fe 0.19+0.12 0.58 £ 0.10
*Fe 0.14 +0.06 0.62+0.11

MDLs * ¢ for Solution Analyses inpg g’l(ELAN DRC II)

Isotope

ELAN STD mode ELAN DRC mode

*Fe

*re

19+12

0.30 + 0.04

-Not determined.

189



October 1977

December 2002

Jan 2003

July 2008

PUBLICATIONS

Castro, W.; Trejos, T.; Naes, B.; Almirall, J. Comparison of high-resolution and dynamic
reaction cell ICP-MS capabilities for forensic analysis in glésgl Bioanal Chem
2008 392, 663-672

Almirall, J.R.; Umpierrez, S.; Castro, W.; Gornushkin, I.; Winefordner, J. Forensic
elemental analysis of materials by laser induced breakdown spectroscopy (LIBS).
Proceedings of SPIE-The International Society for Optical Engine@®0§ 5778, 657-

666.

VITA

WALESKA CASTRO
Mayaguez, Puerto Rico, USA

M.Sc. in Chemistry
University of Puerto Rico Mayaguiez Campus
Mayaguez, Puerto Rico, USA

Lecturer of General Chemistry
Department Chemistry
University of Puerto Rico Mayaguez Campus
Mayaguez, Puerto Rico, USA

Research Associate

Materials Characterization Laboratory
Earthand Environmental Systeginstitute
The Pansylvania State University
University Park, PA, USA

190



	Florida International University
	FIU Digital Commons
	11-3-2008

	Elemental Analysis of Biological Matrices by Laser Ablation High Resolution Inductively Coupled Plasma Mass Spectrometry (LA-HR-ICP-MS) and High Resolution Inductively Coupled Plasma Mass Spectrometry (HR-ICP-MS)
	Waleska Castro
	Recommended Citation


	WC-Dissertation Final Version

