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Abstract

This dissertation contributes to applications ofela ablation plasma source mass
spectrometry (LA ICP-MS) in Earth sciences. Themany goal of the thesis is to address some
of the fundamental processes related to laseriablat solid samples that result in decoupling of
elements during laser ablation ICP-MS analysisteBetnderstanding of mechanisms that cause
the elemental fractionation and matrix effects esassary before the accuracy and precision of
laser ablation ICP-MS analyses can be improved.

The chemical and phase compositions of particleslyred by laser ablation (266 nm
Nd:YAG) of silicate NIST glasses and zircon weredstd by SIMS and HR-TEM techniques
with a particular focus on Pb/U fractionation. Tiesf great importance in geology as the Pb/U
elemental fractionation hampered the precision aswliracy of the measured accessory mineral
ages. The data suggest that chemical compositidnaneralogy of particles produced at the
ablation site during laser ablation differs frone tbriginal sample and varies with their size. This
can result in elemental fractionation (non-stoctethim sampling) in material delivered to the
ICP-MS for quantitative analysis. Evidence of thkeneent fractionation is preserved in
chemically zoned ejecta deposited around the ablgtit. Evidence of the phase changes of
zircon to baddeleyite and Si@ preserved in the wall of the ablation pit, amaly be responsible
for the commonly observed increase in Pb/U rationdulaser ablation ICP-MS analysis. It
implies that a matrix-matched external calibratisressential for achieving highly precise and
accurate laser (266 nm wavelength) ablation ICPavi8lysis of Pb and U in silicate samples
because mechanisms of Pb/U elemental fractionatierdependent on the phase and chemical
composition of the ablated material.

Laser ablation ICP-MS and SIMS were used to detegrdifferences in sample composition
before and after laser interaction with the sikcegference glasses (NIST-610, BCR-2G, alkali
element-doped andesite glasses), and crystallimeraii albite (NaAlSOg) with a particular
focus on alkali elements fractionation. It has im@oce in the study of geological materials
including geochronology (Rb—Sr, K—Ar) and thermawaetry. The fractionation trends of the
alkali elements are different from those of oth#rophile elements, and the rate of fractionation
varies for different sample matrices and for ddéferalkali elements in the same matrix. Data

from SIMS analyses of the ejecta blanket suggestafrix dependent fractionation of alkali
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elements in different particle size fractions attibn site. The extent of fractionation varies for
different alkali elements and is independent ofrti@nic radii. SIMS depth profiling into the
bottom of laser craters showed laser ablation-iaduchemical changes in the sample that
involved alkali elements and major matrix elementduding Si and Ca. This suggests that a
combination of thermally-driven diffusion and sidependent particle fractionation is responsible
for the observed fractionation of alkali elementsidg laser ablation of silicate samples.

Laser ablation MC ICP-MS and SIMS were used to rddatee the boron isotopic
compositions of several natural tourmaline grouperals with variable chemical composition.
This study evaluates the effects of laser ablatl@R-MS instrument parameters and sample
matrix composition on data precision and accuré&mtopic composition of boron is a powerful
tracer of various types of geochemical transfer eaixing processes. It was demonstrated that
the tourmaline matrix affects significantly the ainieds''B values and impacts on data accuracy
if a non matrix-matched reference material is ugedalibrate ICP-MS analyses. Also the ICP-
MS instrument parameters influence the measttBd’B ratios if the signal intensity varies
between sample and reference material and by émeerée of ’Ar** peak tail on'®B mass. The
relation of offset between the measured and exge¥t® values to the composition of the
reference material matrix remains same for allistidamples, suggesting a systematic matrix
effect related to composition differences betwdenunknown tourmaline sample and reference
tourmaline material. In case of matrix-matched loalion, the accuracy of LA MC ICP-MS
boron isotopic data is comparable to the previoymslplished values obtained by the TIMS
technique. SIMS accuracy in this specific studybiased compare to TIMS values. The
measurement precision associated with the avérdBevalues achieved by LA MC ICP-MS are
about double compare to TIMS and are estimatedds¥ivd.2 and 0.5%o (1s). SIMS precision in
this specific study is estimated at 1.3%o (1S).
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Chapter 1: Introduction

Geological materials are complex, heterogeneousuné of minerals, often small grained
and each with a different and variable compositistudy of these materials often demands an
instrument capable of providing spatially resolvedsitu elemental or isotopic analyses with
high sensitivity and multi-element capability. Tlaser ablation inductively coupled plasma mass
spectrometry (LA ICP-MS) is adequate to the tagk r@rals other microbeam techniques such as
the electron probe micro analysis (EPMA), secondlanymass spectrometry (SIMS, or the "ion
probe"), micro-particle-induced x-ray emission (roi®IXE), synchrotron-x-ray fluorescence
(SXRF), and accelerator mass spectrometry (AMS).

The first attempts to analyse solid samples withirdra-red ruby laser attached to an
inductively coupled plasma mass spectrometer weadenby Alan Gray (Gray, 198%) the
mid 1980s. Alan Gray's publication showed not otilg great potential of the LA ICP-MS
technique with respect to its detection capabdiied spatial resolution, but also its limitations,
namely in analytical precision and accuracy. Timellaark paper in application of laser ablation
in the Earth sciences was the first comprehensiwd wn the use of LA ICP-MS for analysis of
trace elements in minerals published by Jacksoal. (1992). They pointed out the important
limitations of the ultra-violet laser wavelengthr fminerals with a variety of optical properties
and outlined the most suitable calibration stratémyelement concentration measurements.
This approach was further developed by Longedtlal. (1996b), who presented calculation
procedures that are routinely used today. Thesk#estJackson et al., 1992; Longerich et al.,
1996b) demonstrated that significant improvementsldaser technology and ICP mass
spectrometry as well as entirely new calibratioategies would have to be developed in order
to achieve the precision and accuracy requiredafiplications such as isotopic analysis of
geological samples.

Nowadays the LA ICP-MS is one of the most frequented techniques for in-situ analysis
and is considered to be a routine method for eléraed isotope-specific analyses of various
solid samples (Becker et al., 2000; Becker, 2002¢ckBr and Dietze, 2000; Durrant, 1999;
Gunther et al., 1999; Horn et al., 2006; Poitrassioa., 2003). The broad interest in LA ICP-MS
is mainly due to its capability of direct micro-d&yss, conceptual simplicity, a high degree of
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flexibility and the technological progress in lagerd ICP-MS instrumentation during the last
two decades.

1.1 Laser ablation system

The laser ablation sampling is based on interastajrfocused short pulsed high power laser
beam with a solide.g, geological sample. The sample is eroded and wzggbduring a complex
process that involves formation and ejection ofretoions, molecules, melt droplets and solid
particles (Darke and Tyson, 1993; Durrant, 199%k Taser ablated aerosol is transported to the
ICP discharge for atomization and ionization folemivby analysis of these ions in a mass
spectrometer.

Laser Argon

Laser beam
delivery system [

Helium , - - Rya 1y Macs
g Aeroj |||| :m \\ spectrometer

transport ICP

Ablation cell
with sample

Fig. 1.1:Schematics of a laser ablation system

Most laser ablation systems consist of four pdfig.(1.1): (i) a laser (light amplification by
stimulated emission of radiation) source that gatesra beam of high energy photons; (ii) laser
beam delivery system that modifies the laser wangtte energy, shape and diameter of the beam
and focuses it on to the sample surface; (iii) dmhacell where the laser beam interacts with the
solid target (sample), producing an aerosol of igeg; and (iv) a transport system for

transferring the ablated aerosol to the ICP soaf@emass spectrometer.
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1.1.1 Laser

A laser consists of a laser gain medium (materigh wroperties that enable light
amplification by stimulated emission) inside a Iygreflective optical cavity and energy supply
to the laser gain medium. Lasers used commonlyenlogical applications are based on light
amplification in gaseous or solid-state laser gagdia. The light of a specific wavelength that
passes through the gain medium is amplified byractgon with atoms or molecules whose
excitation state in the active gain media is maieta by external pumping of light €. forming
an inverse population of atoms). Absorption of phstwith energy that is equal to the difference
between the excited and ground state triggers daodyemission of photons with the same
energy and direction. This process is called sttea emission and it results in amplification of
a highly directed light (lasing effect).

The most frequently used gas laser in LA ICP-MShis excimer (excited dimmer gas
molecule) (Gilnther et al., 1997; Horn et al., 2008jcks et al., 1995). Its operation is based on
electronic transitions in diatomic molecules of leobases and halides. The important dimmer
molecules and their fundamental wavelengths ard=-X851 nm), Xe-Cl (308 nm), Kr-F (248
nm), Ar-F (193 nm) and F-F (157 nm); however, othlg 193 nm Ar-F excimer laser has been
widely used for laser ablation ICP-MS of geologisamples (Horn et al., 2000; Sylvester and
Ghaderi, 1997)

The most widely used are solid state lasers, eslhecihe yttrium-aluminum garnet
(Y3Al5012) doped with ca 19d®" (Nd: YAG) because they require little maintenaaoel are
easily incorporated into small commercial ablatsystems. The fundamental wavelength of the
Nd: YAG laser is 1064 nm (IR), which is not suitalbbr sampling of most geological materials
because this wavelength is poorly absorbed by ngawojogical sample matrices (Jackson et al.,
1992). The conversion to shorter UV wavelengthacisieved by passing the laser light through
harmonic generators (optically nonlinear crystatgt can be combined in a series to produce
output wavelengths of 532, 355, 266, 213 and 193 Time choice of wavelength for LA has
been widely discussed in the literature (Geertseal.£1994; Gonzalez et al., 2002; Guillong et
al., 2003a; Horn et al., 2001; Jeffries et al., 3)9%95enerally, it is the amount of laser energy
absorbed by the sample surface (or near-surfaacan)| that controls the ablation yield and

hence the analytical response while absorptiorasérl energy by sample is laser wavelength
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dependent. Nd: YAG systems employing wavelength#66f nm, 213 nm and, increasingly, 193
nm have been used most widely for geological appbaos.

Not only the laser wavelength but also the lasdsegpduration is an important parameter
influencing analytical performance. Several authbes/e recently reported on the use of
femtosecond lasers.(100 femtosecond pulse duration) for ablation oflggiocal samples (Horn
and von Blanckenburg, 2005; Poitrasson et al., R0DBmpared to nanosecond lasers, ablation
with a femtosecond laser minimizes the volume ddtheffected zone of the sample, which
reduces melting and other thermal reactions aalitation site, resulting in a more homogeneous
particle size distribution, more stable analytisgnals and reduction of elemental and isotopic
fractionation (time-dependent decoupling of elerakand isotopic pairs in the analytical signal

during the ablation process).

1.1.2 Ablation cell and transport system

The ablation cell with sample is often mounted anadjustable platform which allows for
positioning of the sample in the X, Y and Z direas under computer control. The laser beam
enters the cell through a non-absorbing transpasémdow to interact with the sample surface
and to produce a fine aerosol of ablated partidias. cell is flushed with an inert gas to transport
the ablated sample to the ICP. Efficient transpbderosol through the ablation cell is important
for achieving a stable and high intensity signalGf®-MS. Hence the use of different gaseg.(
He, Ar-N2 and Ar-He mixtures) to flush the ablataimple from the cell has been tested. It has
been demonstrated that ablation in gases with lemsitly and high thermal conductivity and
ionization potential, such as He, reduces eleméraetionation in the ablation cell and improves
the aerosol transport properties (Garcia et aD828orn and Gunther, 2003; Mank and Mason,
1999; Russo, 1995).

Also a variety of different ablation cell designavke been developed and tested in the past
(Garcia et al., 2007; Gunther et al., 2000; Gute\aad Hergenrdder, 2007; Monticelli et al.,
2009). The ablation chamber geometry and the camedcansport tubing play an important role
as they can influence the flow characteristicshef ¢arrier gas. They affect the overall transport
efficiency and the measured signal profile. The reetup should minimize aerosol losses and
allow for rapid aerosol transport from the ablat&ite to the ICP source. The effect of setup

geometry on the signal profile was experimentatlydeed by several authors (Bleiner, 2002;
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Bleiner and Gunther, 2001; Leach and Hieftje, 200@enke-Blankenburg, 1993; Moenke-
Blankenburg et al., 2010; Ruzicka and Hansen, 19B&8sed on experimental data from a
number of cell designs, theoretical models of tpans efficiency and temporal intensity
distribution of measured signal were proposed (®lei 2002; Bleiner and Bogaerts, 2006;
Bleiner and Bogaerts, 2007; Bleiner and Gunthe®l2@ackle and Merten, 2004; Gackle and
Merten, 2005; Garcia et al., 2007; Koch et al.,Z20@Ilotnikov et al., 2002). They can be used to

assist in further development and optimizationasklr ablation systems.

1.1.3 Inductively coupled plasma (ICP)

The ablated sample aerosol is converted to atowchsoms at temperatures of 8000-10 000 K
in the ICP and the abundances of elements ancpisstare detected by a mass spectrometer.

It has been shown that the size, phase and cheouogbosition and structure of the ablated
particles have significant influence on the vapaticn, atomization and ionization within the ICP
(Aeschliman et al.,, 2003; Kuhn and Gunther, 200Akcordingly, the size dependent
composition and incomplete vaporization of parsohathin the ICP can result in elemental (and
isotopic) fractionation effects. Based on this, miatnatched calibration (Guillong and Gunther,
2002; Jackson et al., 2004; Kosler et al., 2005bjnatching in particle size distribution (by
similar absorbance of sample and standard) has Ipegposed for precise and accurate
quantification. The incomplete conversion of paescinto ions in the plasma is an important
effect which occurs in the ICP. However, samplerixanduced changes in signal intensities
(enhancement or suppression) are yet another safiroacertainty influencing the analytical
performance which has been reported for LA ICP-NEKson et al., 2004; Kosler et al., 2005b).
The matrix effects are generally defined as a changsignal intensity of analytes as a function
of abundance of concomitant ions in the ICP. Theféects are normally corrected for using
internal standardization (Vandecasteele et al.81%&nhaecke et al., 1992). Standard addition
and isotope dilution have also been applied to gedhe influence of the matrix (Heumann,
2004; Riondato et al., 2000). A review containitmast 400 references to the pioneering studies
of matrix effects in ICP-MS can be found in Evans &iglio (1993). However, the fundamental
reasons for the matrix effects in ICP-MS are notl wederstood. Some insight into the
occurrence of matrix effects in laser ablation slampwere provided by study of mass load

induced matrix effects within the plasma (Kroslak@nd Gunther, 2007). It has been shown that

10
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these effects were most severe for elements withnielting points and that the matrix effects
become less severe after aerosol dilution. Changesass load can influence ion sampling
efficiency and accordingly, accurate quantitativealgses should only be carried out using
identical laser parameters for standards and sanwpifgle similar absorptivity of sample and
standard will not only provide a similar particieesdistribution, but also a similar mass load of
the plasma.

1.2 Objectives of this study

Several authors (Borisov et al., 2000; Cromwell Andwsmith, 1995; Jackson et al., 2004;
Kosler et al., 2005b; Kuhn and Gunther, 2003; Kahd Ginther, 2004, Liu et al., 2005; Liu et
al., 2000; Mank and Mason, 1999; Outridge et &96L Outridge et al., 1997; Poitrasson et al.,
2003; Poitrasson et al., 2005; Russo et al., 2@@tveit et al., 2008) have reported on non-
representative sampling or temporal changes inatahresponses during LA which were found
to affect accuracy of the measurements. This eftmzhmonly referred to as “elemental
fractionation”, represents a limiting factor forepision and accuracy of analyses based on non-
matrix-matched calibration.

The process of non-stochiometric sampling duringh¥power irradiation has triggered an
interest in the fundamentals of laser-assisted avsampling. Increasingly more studies are
devoted to the investigation of laser-induced pkatiformation, their size distribution and
composition, fractionation processes and matriect$f (Bleiner et al., 2005; Bleiner, 2005;
Guillong et al., 2003a; Guillong et al., 2003b; IBuig and Gunther, 2002; Horn and Gunther,
2003; Koch et al., 2004b; KoSler et al., 2005b; Kaimd Glnther, 2004; Liu et al., 2005; Marton
et al., 2003; Motelica-Heino et al., 2001).

The aim of this study was to investigate influeméefractionation and matrix effects for
some geologically important applications of LA IGFS and to address some of the fundamental
processes related to laser ablation of solid sasriplat result in decoupling of elements during
laser ablation ICP-MS analysis.

Isotopic determination of accessory mineral agspeeally dating based on radioactive
decay of uranium to lead in the accessory minerabz (ZrSiQ) is of great importance in

geosciences. Since the first attempts to use LAMSor isotopic dating of zircons (Feng et al.,

11
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1993; Fryer et al., 1993; Hirata and Nesbitt, 19%&ckson et al., 1996), the effects the Pb/U
elemental fractionation hampered the precision aocuracy of the measured ages. Various
approaches have been tested to reduce the Pb/\&rgkdnfractionation (Hirata, 1997; Hirata,
2003; Parrish et al., 1999) but they did not suddaesliminating it completely. Clearly, a better
understanding of mechanisms that cause the elemiatéionation is necessary before the
accuracy and precision of laser ablation ICP-MSHUHRting can be improved.

Chapter 2 reports on a study of chemical and pbasgosition of particles produced by
laser ablation of silicate reference glass NIST @h@ zircon, with a particular focus on Pb/U
fractionation. An important observation was thaelaablation of different silicate samples under
identical experimental conditions produced aerosall different size distributions of particles.
These particles can vary in their phase and chémmaposition and the elimination of the
different particle size fractions from analysis caignificantly influence the elemental
fractionation. The mechanisms of Pb/U elementaitivaation are dependent on the phase and
chemical composition of the ablated material.

Determination of alkali elements is of great impode in the study of geological materials
including geochronology (Rb—Sr, K—-Ar) and thermawaetry. The alkali elements (Li, Na, K,
Rb, and Cs) are commonly present as major or n@oostituents in silicate minerals and natural
and synthetic glasses. The first comprehensiverigiéisn of elemental fractionation in LA ICP-
MS was published in 1995 (Fryer et al., 1995), dbsty the time dependent behaviour of
intensity ratios (relative to Ca intensity) andidefg the fractionation index as a relative measure
of fractionation. It has been also demonstratetiftationation behaviour of elements generally
follows the geochemical classification of elemefhisngerich et al., 1996a ), with the exception
of alkali elements (esp. Li, Rb, and Cs) which dug fractionate similar to other lithophile
elements. A study that addresses some of the prereadfecting alkali elements fractionation
in LA ICP-MS is described in the Chapter 3. Undamsting alkali element fractionation during
laser ablation ICP-MS is important not only for irmping the precision and accuracy of alkali
element determinations, but also because alkatheaiés can be used as internal standards to
correct for variations in ablation yield during &rss of other elements.

This study reveals that a significant part of ttexfionation of alkali elements takes place on
the ablation site and that the concentration oividdal alkali elements has an effect on the rate

of elemental fractionation. The important conclasaf this study is that spatial distribution of

12
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elements used for corrections of ablation yieldtGpes of Si and Ca) is strongly influenced by
thermal effects introduced to the sample by thatadsi process.

Isotopic composition of boron is a powerful tracérvarious types of geochemical transfer
and mixing processes. Difficulties associated wsdmple decomposition and ion exchange
separation of boron prior to mass spectrometricson@sment, as well as the requirement for high
spatial resolution in some geological applicatiofegad to development of laser ablation
multicollector ICP-MS for boron isotope ratio megsuents (le Roux et al., 2004; Tiepolo et al.,
2006). The technique has been applied only to akamnd synthetic glasses so far, and further
work was required on rocks and minerals in ordeevaluate possible matrix effects (le Roux et
al., 2004). Tourmaline as important boron reseruoimany crustal rocks was chosen for the
study presented in Chapter 4.

This study revealed that matrix effects play anangnt role in laser ablation analyses of
boron isotopic composition of tourmalines and thmalgical results are influenced by the
chemical matrix and structure of the samples. bhitah, the ICP-MS instrument parameters can
influence the measurédB/*%B ratios if the signal intensity is different foaraple and reference
material and by interference BAAr** peak tail on'®B mass.
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2.1 Abstract

The chemical and phase compositions of particlesiygred by laser ablation (266 nm
Nd:YAG) of silicate NIST glasses and zircon wered&d by SIMS and HR-TEM techniques.
The data suggest that the formation of phases fiéreint mineralogy and/or chemical
composition from the original sample at the ablatgite can result in elemental fractionation
(non-stochiometric sampling) in material delivered the ICP-MS for quantitative analysis.
Evidence of the element fractionation is presemedhemically zoned ejecta deposited around
the ablation pit. The chemical composition and mategy of particles varies with particle size so
that the efficiency of transport of particles ajgays a role in elemental fractionation. During the
first 250 pulses in a typical ablation experimesing a 266 nm laser, particle sizes are mainly
<2.5um; thereafter they decrease to <(i8. Pb and U are fractionated significantly durihg t
ablation of both silicate glass and zircon. Durthg ablation of glass, both micron-sized, melt-
derived, spherical particles, and nm-sized, coralenderived particle clusters, are produced; the
very smallest particles (<0.04m) have anomalously high Pb/U ratios. For zircosthbarger
(0.2—-0.5um) spherical particles and agglomerates of sm&Hero05um) particles produced by
ablation are mixtures of amorphous and crystaltraerials, probably zircon, baddeleyite (Z2yO
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and SiQ. Evidence for thermal decomposition of zircon smtheleyite and Siis preserved in

the wall of the ablation pit, and may lead to tleenmonly observed increase in Pb/U recorded
during laser ablation ICP-MS analysis. It followsat a matrix-matched external calibration is
essential for achieving highly precise and acculader (266 nm wavelength) ablation ICP-MS

analysis of Pb and U in silicate samples.

2.2 Introduction

During laser ablation ICP-MS analysis, there is ragpessive change in the ratios of
measured signals of certain element pairs witheging number of laser pulses applied to the
sample. This phenomenon is referred to as elemiatdionation, and is most severe for pairs of
elements that have large differences in volati(itpiling or melting points) or geochemical
affinity: (Fryer et al., 1995; Kuhn and Gunther,03Q Outridge et al., 1997) however, other
sample properties, such as the phase compositidrmachanisms such as phase transformations
and zone refinement during the ablation, may aleatribute to the observed elemental
fractionation (see discussion in Outridgg al. (1997)). The accuracy and precision of
measurements for certain applications of lasertiabldCPMS are compromised by element
fractionation. In particular, in the earth sciendeb/U fractionation may affect the reliability of
geochronological determinations based on radioaatacay of uranium to lead in the accessory
mineral zircon (ZrSi@) (KoSler and Sylvester, 2003). Complex correcti@arsl sampling
strategies are often required to reduce the etie®b/U elemental fractionation and to obtain
accurate geochronological results (Horn et al.020@ckson et al., 2004; KoSler et al., 2002a ) .

The complexity of the physical and chemical proesseelated to laser ablation of solid
samples has so far prevented a detailed understanfimechanisms that result in decoupling of
particular elements during laser ablation ICP-MSlgsis. Fractionation may occur at the
ablation site, during the transport of ablated malé¢o the plasma source of ICPMS, and in the
plasma itself (by incomplete volatilization of dedred particles). The size distribution of
particles produced during laser ablation is thougtéxert a significant control on the nature and
size of elemental fractionation (Aeschliman et 2003; Guillong et al., 2003a; Guillong et al.,
2003b; Guillong and Guinther, 2002; Jackson and l&in2003; Kozlov et al., 2003; Kuhn et al.,
2004; Kuhn and Ginther, 2003; Kuhn and Giuinther4R20Major factors affecting the size
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distribution of particles reaching the ICP are: tlvence(Horn et al., 2001; Jeong et al., 1999),
wavelength (Guillong et al., 2003a; Jeffries et 4898), and pulse duration of laser radiation
(Koch et al., 2004b; Russo et al., 2002); the aspm of laser pit (Eggins et al., 1998; Mank
and Mason, 1999), the composition of the sampleecagas (Glnther and Heinrich, 1999; Horn
and Gunther, 2003; KoSler et al., 2002b); and tlze-dependent transport efficiency of the
ablated particles (Jackson and Gunther, 2003).icRartwith diameters below 0.Bm are
transported with high efficiency to the ICP and tmes most completely atomized and ionized in
the plasma. It has also been suggested that thieatrsize of particles that are completely
atomized and ionized in the ICP varies with th@meosition (Kuhn et al., 2004; Kuhn and
Gunther, 2003). Temperatures of particle atomipatice largely determined by their boiling
temperatures; it can be anticipated that the etiparticle size of copper particles inH8.6—-0.9
um, boiling at 2575 °C) will be similar to the cciil particle size of aerosol produced by ablation
of silicate glass (Si@boiling at 2230 °C). Similarly, the critical paife size of aerosol produced
by ablation of zircon would probably be smallerZaSiO, decomposes to Zgand SiQ at ca.
1540 °C, and Zr®boils off at 4275 °C. Coarse particles (>jurfl) may be deposited as a thin
deposit (ejecta blanket) on the sample surfacenardlie pit, or most effectively trapped in the
sample transport system (Koch et al., 2002). Atstanding issue is whether the chemical and
phase compositions of ablated particles vary wihihirtsize distribution (Kosler et al., 2004;
Kuhn et al., 2004; Kuhn and Gunther, 2004; Liulgt2005) and which mechanisms may cause
such variations (Kosler et al., 2004). A better enstanding of particle properties will help
identify the dominant processes responsible fanelgal fractionation.

Here we report the results of a study of phasedainical compositions of different size
fractions of particles produced by laser ablatiérNeST 610/612 silicate glasses and 91 500
zircon, focusing particularly on Pb/U fractionatidrarious micro-beam techniques were used to
determine the composition of particles depositedhensample surface and of particles collected
in the sample carrier gas tube before the ICP gemto evaluate the effects of elemental
fractionation at the ablation site and during tlams$port of ablated aerosol to the ICP. In addjtion
the phase and chemical composition of the innelsvadlan ablation pit were examined by high
resolution transmission electron microscopy (HR-TEMIng a Ga-focused ion beam technique
(FIB) (Bleiner and Gasser, 2004; Overwijk et af93). Ablations were carried out using a laser

emitting with a 266 nm wavelength because prevgiudies have shown that lasers with shorter
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wavelengths may produce less pronounced elemaaticination phenomenon (Horn et al., 2001;
Telouk et al., 2003).

2.3 Experimental

2.3.1 Laser ablation ICP-MS

The laser ablation system used in this study w2g6anm Nd:YAG Continuum Minilite laser
that is part of a VG Elemental Microprobe 1 ablatgystem. The laser was focused 100
above the sample surface and fired at 10 Hz repetiate. The laser energy was 1 mJ per pulse
(measured before the laser beam entered the olgexttithe microscope) and the laser pit size
varied from 40-6Qm.

The sample was mounted in a PTFE holder that waseglin a 25 cfhquartz glass cell
mounted on the motorized stage of the microscogdiuim gas (99.9999% purity, the flow rate
through the ablation cell varied between 1-1.4 mmisubject to the experimental setup) was
used to flush the sample cell; it was then brouglat PFA tube to a T-piece mounted at the back
end of the ICP torch, where it was mixed with Ar9(0 min™) before forming the plasma. The
ICP-MS instrument used in this study was the VQrigetal PlasmaQuad 3 at Charles University.
It was operated in peak jumping mode with one poietsured per peak for masses 206 (Pb),
208 (Pb), 232 (Th) and 238 (U). Data were acquiretime resolved mode with quadrupole
settling and dwell times of 1 and 10.24 ms, respelgt

2.3.2 Particle size measurements and imaging

For simultaneous measurement of U, Th and Pb sigmaehsities and particle size
distribution, the laser He-gas line (1.4 | fjrwas split in a Y-piece, with one line going teth
ICP (1 | miri") and the other to a particle sizer attached tartigbe counter (0.4 | mif). To
achieve the optimum gas flow for the particle si@er. 5.2 | min'), a zero air filter and a mass
flow controller were connected via a T-piece to ¢las line between the Y-piece and the particle
sizer (Fig. 2.1). The He/air ratio was lower thaf8) the increase of the gas viscosity and
temperature conductivity due to the presence ofwach influence the particle size-separation
characteristics of the particle sizer and incrahseefficiency of the particle detection, were very

small and, accordingly, no correction for the pneseof He was employed.

17



Jitka Mikova, PhD. Thesis Chapter 2

T
Nd:YAG é\ o
laser :
pannny
W ICP
é \!/é-\l e //‘
7 [ = ] ===
Ablation cell Valve
with sample ¢,
.
.- | Particle
Zero filter separation
AN
Particle
counter

Fig. 2.1: Schematic diagram of experimental setup for simelas particle counting and ICP-MS
analysis.

Temporal variations of mass concentrations of pladiin three different size ranges (<1.0
um, <2.5um, <10um) were successively determined by a Thermo-SystemgTSI) DustTrak
8520 laser photometer. The size distribution ofigias between 0.003-0i#m was determined
using a previously calibrated TSI Model 3040 Diftus Battery coupled to a TSI 3025A
Ultrafine Condensation Particle Counter. Thus, @abrsize spectrum of particles (nm-pom-
sized) could be detected. Commercially availableiga selection devices were used to study
the effect of particle size on the slope of thelPfyActionation trend. In these experiments, the
lower size cut-off of particles was controlled byr&l 376060 Particle Size Selector. The upper
particle cut-off was controlled by a stainless kitegactor such as is used in the TSI Scanning
Mobility Particle Sizer. Both the lower and the eppcut-offs were of 50% efficiency.
Nevertheless, the impactor penetration curve ig segep and the penetration of a particle larger
than the upper cut-off has a very low probabilfgr the upper cut-off of 0.3pm this was also
confirmed by measurements of close to zero cowsiitgjla laser photometer that has a real lower

detection limit of 0.2um. The particle measurements used did not takeaictount the shape of
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particles (or their clusters) in the aerosol ankesigal or near-spherical particles were assumed
throughout this study. We have also consideredbtitential agglomeration of particles due to a

pressure build-up at the impactor. However, theease in pressure was too small to cause
significant particle agglomeration; such small ptes variations may induce large variation of

aerosol size characteristics only in the earlyesaaf aerosol formation, up to 0.1 s after therlase
pulse, due to the gas cooling (Friedlander, 2000m&hn et al., 2002). To induce subsequent
changes in the aerosol sizes, much higher charfgessure would be required (Sasaki et al.,
1998).

Shape and size of ablated particles were studiedniaging individual particles or their
clusters collected on a TEM membrane placed inHlecarrier gas linea. 100 cm after the
ablation cell. A scanning electron microscope (D962/Zeiss) and Philips CM200 high-
resolution transmission electron microscope at ®BIsdam were used to image the collected

particles.

2.3.3 Measurements of particle chemical and phasemposition

The Cameca ims 6f SIMS in Potsdam was used to @bnghint profiles extending from
immediately at the edge of the laser ablation naitlially outwards to beyond the edge of the
ejecta deposit. Sample preparation involved spogea (60 nm thick, high purity gold coat
directly onto the ejecta. This procedure did naiseaany visible change in the ejecta deposit,
which remained clearly visible after the gold cdagspite the granular nature of the ejecta, this
approach provided adequate electrical conductfeityhe subsequent SIMS analyses.

The SIMS measurements employed a 5 nA, 12.5%V primary beam that was focused to a
circa 20 um diameter spot. A 3 min, unrastered preburn wasdwected prior to each
measurement in order to penetrate the gold coaesatablish equilibrium sputtering conditions.
In the case of the NIST 610 glass sample, the s@sstrometer was operated adm/= 4100,
whereas in the case of 91 500 zirconpmn/= 4900 was employed, so as to eliminate the
molecular interferences inherent to the zircon Rissrspectrum. A single spot analysis lasted 44
min in the case of the glass and 29 min in the chssrcon. However, only the data from the
first 22 min of the NIST glass analysis were coesed for further evaluation. Given the

conditions used and the duration of the data attmprisa crater depth of less thamuh would be
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expected for both silicate materials analyzed is study. After each analysis was completed the
stage stepping motors automatically moved the san@dl um, and the next analysis was
performed. This stepping sequence was continueit thetedge of the ejecta was reached and
traversed by several additional analyses. At thiatp large step of several hundred micrometers
was made in order to conduct the final analysetherclearly pristine sample surface.

Changes in mineralogy and chemical compositiontdube thermal effect produced by laser
radiation adjacent to the ablation pit were studigd EM on a thin slice of zircon sampled using
a focused ion beam (FIB) technique. The FIB teami(Overwijk et al., 1993) uses accelerated
Ga-ions to sputter material from the target. Wedusme FEI FIB200 instrument operated with an
acceleration voltage of 30 kV at the GFZ Potsdamsubelectron transparent foils (2010 x
0.12um) from the zircon reference sample 91 500. This fwere cut tangentially to the edge of
the laser ablation pit in such a way that theyudeld both the rim/inner wall of the pit and the
pristine zircon away from the pit. The foils weheh removed from the sample and placed onto a
perforated TEM carbon grid. The TEM study was penfed using a Philips CM200 electron
microscope operated at 200 kV with a ka@lectron source and with no additional sample
coating. Chemical analyses were carried out witkerergy dispersive EDAX X-ray analyzer in
STEM mode. The spot size wea. 4 nm, the depth of the excitation was equal tahiekness of
the sample da. 50-80 nm) and the acquisition time was 200 s. Uieertainty of individual
major element analyses (at 20 wt% element contenindividual particles or particle clusters
was better than 5% (1 RSD).

2.4 Results

2.4.1 Size distribution of ablated particles

The laser photometric measurements of particle digeibution in this and in previous
studies suggest that the particles generated by &dation of silicates show a systematic change
in their size distribution during the ablation (Gamg and Gunther, 2002; Jackson and Gunther,
2003). Our measurements of particle mass concemtrédr three size fractions (<1dm, <2.5
um and <1um) using a DustTrak laser photometer suggest fhatoaimately 50% of the mass
of material transported to the ICP during the 250 pulses in a typical laser ablation experiment
is present as particles that are smaller tharml The particle size of the remaining 50% of

20



Jitka Mikova, PhD. Thesis Chapter 2

ablated mass varies between 14#1h Following the release of coarse particles dutirginitial
250 laser pulses, the average particle size dessetsless than 0.8m. SEM imaging of
particles larger than 0.8m collected on an impaction plate of the DustTragel photometer
suggests that they are mostly spherical to ovat dreplets and fragments derived directly from

the ablated sample (Fig. 2.2).

x 10000 i ) ] LOmm
#H154686 MOSHI B2 W

Fig. 2.2: SEM image of particles larger than 0.3 mm produlsgdaser ablation of the NIST 612 silicate
glass. The particles were collected on an impacfilate of the DustTrak laser photometer ca.
100 cm from the ablation cell.

The size distribution of particles smaller than @& was measured by a condensation
particle counter attached to a diffusion battetye measurements suggest the presence of several
particle size maxima at 0.005, 0.025 and0ri(Fig. 2.3A). Our data from more than 50 particle
size distribution measurements of ablated aeramwh fthe NIST 612 glass suggest that the
reproducibilities of the peak height and positiorrev better than 12.5 and 5% (1 RSD),
respectively. A cluster of particles from the srasilfraction was collected on a TEM membrane

and its TEM image (Fig. 2.3B) shows that the snmalividual particles are also spherical to oval
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with a diameter o€a. 0.005um. This may be the size of most primary partiocbesresponding to
the size distribution maxima at 0.0Q&. The TEM observations also suggest that the pyima
particles aggregate to form larger clusters that irasize from 0.0Xum to few micrometres (see
Fig. 2.4B). However, as a result of particle aggtoation on the TEM membrane, the maximum
size of the agglomerates observed in the TEM &lyliko be larger than the size of agglomerates
that form in the ablated aerosol. The size maxi@a@25 and 0.100m may therefore reflect the
presence of particle clusters formed by the pringasticles. Unlike the larger particles formed
by sample melting (melt splashing), the nanomeatdsparticles are likely to have formed as

condensates from the vapor phase produced duringttlation process (Kozlov et al., 2003).

5nm NIST 612
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40004 25 nm
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Fig. 2.3: A, Aerosol number size distribution plot for particlemaller than 0.3 mm produced by laser
ablation of the NIST 612 silicate glass. N corresi®to the number of particles,, 3 their
aerodynamic diameter. The total number of counts &&4 x 10%, reproducibility of the peak
height and position were 12.5% and 5%, respecti{EIRSD). Data are from the measurement
by a condensation particle counter attached toféudion batteryB, A TEM image of particle
cluster showing an individual particle collected anTEM membrane ca. 100 cm from the
ablation cell.

2.4.2 Phase and major element composition of ablatgarticles

The high resolution transmission electron microscqudy of the phase and chemical
compositions of ablated particles suggests thadr lablation of the silicate NIST 612 glass

produced two different types of particles (Fig.)2.4

22



Jitka Mikova, PhD. Thesis Chapter 2

A

Fig. 2.4: STEM bright field images of particles produced d&gek ablation of the NIST 612 silicate glass.
The particles were collected ca. 100 cm from tHatain cell.

The larger spherical to oval particles collectechdFEM membrane in the He carrier gas line
ca. 100 cm after the ablation cell vary in size betwea. 0.5 and 2um. Much smaller particles
collected on the same membrane are only severainndimmeter and form up to 2m large
particle clusters. The oval to spherical partiédes amorphous and there are differences between
the major element composition of individual paggthat vary as follows (number of analyses n
= 6): SIQ 53-78 wt% (mear 64.9 wt%), AOs 2.4-5.5 wt% (mear 4.1 wt%), CaO 15-41
wt% (mean= 28.2 wt%) and N# 0.7-7.3 wt% (mean 2.8 wt%). This is significantly different
from the composition of the NIST 612 glass (S wt%, AbO3 2 wt%, CaO 12 wt% and Na
14 wt%). The ultrafine (nm sized) particles areasmorphous on the scale of the electron beam
but have a major element composition (SK2.7 wt%, AbO3; 2.2 wt%, CaO 11.6 wt% and M
14.5 wt%) that corresponds well with that of thé&SN1612 glass.

Spherical particles (0.2-0.pm) produced by laser ablation of zircon 91 500 regfee
material represent a mixture of amorphous and alfyst material. Most are pure or nearly pure
ZrO, (baddeleyite) with attached amorphous Si phasethensurface (Bleiner and Gasser,
2004).Their bulk compositions é5) range from 32 wt% SKD68 wt% ZrQ to 2 wt% SiQ, 98
wt% ZrO,. The composition of agglomerates of crystallinbespral particles (0.005-0.G8n in
diameter) varies between f2) 8-9 wt% SiQ and 91-92 wt% Zr® Agglomerates of even
smaller amorphous and crystalline particleB.Q05um in diameter) contain 41-50 wt% Si0
and 50-59 wt% Zr@(n =5). As with the particles produced by laser ablabf the silicate NIST

glass, only some particles produced by the ablatibzircon have a chemical composition
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corresponding to that of the original solid samfle., natural ZrSiQ contains 32.8 wt% SiO
and 67.2 wt% Zr@). Ablation of zircon clearly produces particlestttvary not only in their

chemical compositions, but also in their phase @iriigs.

2.4.3 Trace element composition of particles in thejecta blanket

The ejecta blanket (Fig. 2.5) is a circular thipalgt of particles that surrounds the ablation

crater on the sample surface and has a radius &et&e200 and 40Qum.

Fig. 2.5:SEM images of ejecta blanket formed around a lpitén the NIST 612 silicate glass.

Its thickness (measured by a Dektrak profilometajeases towards the crater and does not
exceed 2um, except for the innermost zone adjacent to tatecrwhere the particles are blended
with the melt sheets. Here the blanket may be &devaeveral tens qim above the sample
surface. The shape of the ejecta blanket can leetatf by the dynamics of the gas flow during
the ablation but it commonly maintains a structilna consists of largef® um) particles being
concentrated adjacent to the ablation crater anallem(subpm or nm sized) particles being
deposited in the outer part of the blanket. Laserth an ns pulse width and a non-even
(Gaussian) distribution of energy across the lasam commonly produce a variable amount of
melt in the vicinity of the ablation crater and eveside the crater (Fryer et al., 1995).

lon probe analyses of particles irca 600 um traverse across the ejecta blanket around an

ablation pit in the silicate NIST 610 glass shost@ng variation in the U, Th and Pb elemental
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composition. The concentrations of all three elemeealative to Si are similar to the NIST 610
bulk composition in the vicinity of the ablationt fjut the ratios increase two to five fold at a
distance ofca. 350 um from the crater rim. They then drop down agaicaats00 um from the

crater rim to a value that is similar to the NISTIO&ulk composition. Significant variations were
also observed in Pb/U and Pb/Th ratios (each withidBBdecreases away from the pit rim) while

the U/Th ratio was almost constant across theajaeinket (Fig. 2.6).
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Fig. 2.6: SIMS data collected from a traverse across thet@jelanket in the NIST 610 silicate glass. The
traverse runs from immediately at the edge of ésed ablation pit radially outwards to beyond
the edge of the ejecta deposit. Analytical uncetias in plots A—C are 1 sigma, the error bars
in plot D are not shown for the sake of clarity I uncertainties for individual analyses vary
between 5-10%.
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Chemical variations on a similar scale were alsseoled in data obtained from the ion probe
traverse across the ejecta blanket deposited adjgzea laser pit in the zircon 91 500 reference
sample. The chemical profiles in Fig. 2.7 show aati®n in major elements Zr and Si across the
ejecta blanket with Zr being depleted relative toclBse to the ablation pit. The Zr/Si ratio
increases byP5% atca. 250um from the rim of the ablation pit followed by awl and steady
decrease of the Zr/Si ratio towards the outer pitihe ejecta blanket. The observed variation in
Zr and Si content is not compatible with preserfcenty single phase zircon but rather it points
to at least two different phases in the ejectakdgreircon and baddeleyite + quartz, as was seen
earlier in the collection of ablated patrticles. fiéhés a strong decoupling of minor elements Pb
and U in particles deposited in the ejecta bladsetvell. The Pb/U ratio increases bg5%
during the first 25@m from the rim of the ablation pit, followed by eatease to the Pb/U value
which is lower than the value adjacent to the fiinthe high-Zr/Si ejecta present between 250
and 750um from the rim of the ablation pit reflects therfa@tion of baddeleyite, at least some of

the baddeleyite has strongly fractionated Pb/lbsatelative to the target zircon.

29 0.40

28] ' Zr/°Siinzircon 91500 | i 2pp/*U in zircon 91500

27 {,

g 2 0.30 -

25- e o " 0.25 - 5 Q ¥

[ Q

ol 0.20 {

23-§ True value —»

220 True value ~16.7 0.15 -

ai’} Ejecta blanket Clean surface Ejecta blanket Clean surface

T T T 0.10 . v -

0 500 1000 1500 0 500 1000 1500

Distance from the laser pit (micrometers) Distance from the laser pit (micrometers)

Fig. 2.7: SIMS data collected from a traverse across thetajbtanket in the zircon 91 500 reference
sample. The traverse runs from immediately at ttigeeof the laser ablation pit radially
outwards to beyond the edge of the ejecta depasitlytical uncertainties are 1 sigma.

The grain size of the ejected material (up to fewrametres) is much smaller than the
diameter of the primary ion beam; the surface roegk should not therefore have a significant

effect on the production and extraction of the séemy ions. Also, no charging of the ejecta
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dominated areas was observed, suggesting thabtitctivity of the gold coating of the ejecta
was sufficient to produce reliable data. Largeat#ghces in the sensitivity for U, Th, and Pb are
clearly visible in the data as shown by the “tuaues” (Figs. 2.6 and 2.7) which differ from the
observed ratios measured by SIMS on the pristimaailts. These differences are determined
largely by the chemical composition of the mateaiahlyzed (matrix effect). The bulk chemistry
of the material contained in the @t diameter SIMS beam did not vary greatlg.{ all material
was silicate dominated), the trends in the dataclvhare seen are therefore most readily
interpreted as being due to real variations in tbacentration of the target elements. In
conclusion, the data suggest that the compositidheoejecta blanket is clearly different from

that of the clean sample surface.

2.4.4 Phase and chemical composition of zircon adjant to the ablation pit

Thin foils for a HR-TEM study were prepared dirgcttom the 91 500 zircon reference
material by using the focused ion beam (FIB) teghei The foils were cut from the sample
adjacent to a laser pit in order to study changdbe phase and chemical composition of zircon
that result from the laser ablation process. This &ampled the zircon up to a distance B0
um away from the inner wall of the laser pit. TEMal&om the foils show a strong variation in
the phase and chemical composition of the sampéeat to the pit (Fig. 2.8). Close to the pit,
at a distance o€a. 0.5 um from the ablation pit wall, the sample was conggosnostly of
baddeleyite, with some amorphous Siénd a minor amount of zircon. Further away, to a
distance of 1-1..um from the pit wall, the sample was dominated bgoarse tetragonal and
monoclinic ZrQ (baddeleyite). The transition from tetragonal tonmclinic ZrGQ occurs around
1150 °C at atmospheric pressure (Butterman andeiFas967). Crystalline ZrQand ZrSiQ
(baddeleyite and zircon), together with a small anmtcof high temperature SiOformed the
outer parts of the studied foils (between 1.%12 from the laser pit) before reaching into the
pristine zircon.

The observed phase and chemical changes are rkelst diue to thermal effects caused by
interactions of the non-homogenized UV laser with zircon sample. Thermal decomposition of
zircon to various phases of Zr@Qncluding baddeleyite) and Si@ very common in nature and

it has been previously described from various emvitents (Heaman and Lecheminant, 1993).
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Lead loss may occur in zircon during the breakdtovbaddeleyite and Sidn nature (Chapman
and Roddick, 1994). This reaction is utilized inaserements of Pb isotopes liberated from
zircon crystals in the laboratory during their daposition in thermal ionization source mass
spectrometry (Chapman and Roddick, 1994; Klot&D7).

Inner crater wall

Coarse tetragonal
and monoclinic ZrO,

500 nm

Fig. 2.8: TEM bright field image of a thin foil that was dubm the zircon 91 500 reference sample
adjacent to a laser pit using a Ga focused ion heam

2.4.5 Effect of particle size selection on fractiation during laser ablation ICP-MS analysis

We explored the possibility of using commerciallyagable and calibrated particle
separators to control the particle size window tieaiches the ICP by screening out both large
and small particles. We have used a single-stagelets steel TSI impactor to remove the large
particles. A particle sizer consisting of a numbkstainless steel screens, similar to those used i
the TSI diffusion battery, was used to remove theaparticles. For a given He gas flow, the
upper cut-off was varied by changing the diameteahe jet in the impactor while the lower cut-
off was controlled by the number of screens in pheticle sizer. The selected size fraction of
particles was transported to the ICP source ofrihes spectrometer where the Pb and U signals

were measured. The results of this experimentrayens in Fig. 2.9.
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All particles are smaller than 0.35 micrometers
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Fig. 2.9: ICP-MS data for different size fractions of pamtiglproduced by laser ablation of the NIST 612
silicate glass and the zircon 91500 reference damphe elemental fractionation of the
respective major Pb isotopes afiilu is expressed as the slope of the line fittedughothe
fractionating isotopic ratio plotted against the mber of applied laser pulses. The intercept
value corresponds to the isotopic ratio calculatedthe intercept of this line with the y-axis at
the start of the laser ablation. The uncertaint@ge 1 sigma or within the size of displayed
symbols.

The Pb/U ratios in ablated silicate samples sydieaily increase with the increasing
depth/diameter ratio of the laser crater (numbegrmblied laser pulses). The extent of Pb/U
elemental fractionation during the ablation of csite NIST 612 glass and zircon 91 500 is
expressed as the slope of the line fitted throbghftactionating*®Pb/%U and**®PbF*U ratios,
respectively, plotted against the number of appli@ser pulses (total of 1150 pulses per
measurement). The slope of the regression lineagagptional to the rate of Pb/U fractionation.
Also plotted in Fig. 2.9 are the ratio values chlted as the intercept of this line with thaxis
at the start of the ablation (0 laser pulses agpbethe sample). During this experiment the upper
cut-off was set to 0.3fm to ensure a maximum particle atomization in G (Jackson and
Gunther, 2003) and the lower cut-off was variedMeein 0—0.121m by changing the number of
screens in the particle sizer. This effectivelyduoed size windows of analysed particles that
could be varied from 0-0.35 to 0.12—-048% by using the appropriate number of screens in the
particle sizer. The rate of Pb/U fractionation gariith the size range of the analysed particles

(i.e., with the number of screens used in the particlersFig. 2.9).
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Data for the NIST 612 glass (Fig. 2.9A) show a gigant decrease in the slope and the
intercept of the fractionating Pb/U ratio followitige removal of particles smaller thad.04 pum.
Further removal of particles >0.@4n from the aerosol had no significant effect ondlamental
fractionation. Not only has the removal of the fied ultrafine particle fractions (<0.Q4n)
from the aerosol produced by ablation of the NISI2 Glass reduced the Pb/U elemental
fractionation, but it has also shifted the intetceglue {.e., the measure@®Pb/*?U ratio at the
start of ablation) froniD.8 towards the NIST value a@iD.55. This suggests that very small
particles produced from the NIST glass are enrichd®b relative to U.

Removal of fine and ultrafine particles from theas®l produced by laser ablation of zircon
91 500 resulted in a different fractionation patteompared with the ablation of the NIST 612
glass (Fig. 2.9B). The elimination of particles disvathan 0.06(Qum had no significant effect on
the slope and intercept of the Pb/U fractionatiend. However, the additional removal of
particles between 0.060 and 0.0 from the aerosol significantly increased the slop the
Pb/U elemental fractionation and the intercept @alie., the measured”Pb/”®U ratio at the
start of ablation) from being slightly below theoenmended value (Wiedenbeck et al., 1995) for
zircon 91 500 ((D.18) to a value of >0.2. Further removal of péetcbetween 0.075-0.090n
(i.e. all particles smaller than 0.090 and larger tBa&8%pum were not allowed to the ICP) again
caused a decrease of the slope and intercept wes/almilar to the analysis of the bulk particle
fraction (.e., all particles smaller than 0.36n). The results of this experiment suggest that for
the experimental conditions used in this study,pheicle size fraction between 0.060—0.Qir®
had a significantly different Pb/U ratio comparedhwthe rest of the particles present in the
aerosol, which gave a more accurate Pb/U ratio.

The observed contrast between the Pb/U fractiomgtatterns of NIST silicate glass and
zircon can be attributed to the different size,gghand chemical composition of the particles

produced during the ablation of these samples.

2.5 Discussion

The evidence presented in this paper contributegbdoongoing discussion on whether the
elemental fractionation during laser ablation ICB-nalysis takes place at the ablation site, in
the ablation cell, during the transport of ablateaterial to the ICP and, or, in the ICP source of
the mass spectrometer (Eggins et al., 1998; Gygjlland Gunther, 2002; Koch et al., 2002;
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Kozlov et al., 2003; Kuhn et al., 2004; Kuhn andn@er, 2003; Mank and Mason, 1999). We
have shown that particles comprising the ejectalgf and in the carrier gas lima. 100 cm
after the ablation cell, have variable chemical positions in both the NIST silicate glass and
the zircon reference sample. The particles deriveoh the zircon consist of variable phases.
Moreover, phase changes occur adjacent to ablptterin zircon. These inhomogeneities point
to elemental fractionation at the ablation site gmdbably in the ablation cell. Elemental
fractionation at the ablation site has previouseib demonstrated for the laser ablation of brass
(Koch et al., 2002; Kuhn and Gunther, 2003), butl vmow only limited evidence was available
for a corresponding process during the ablatiosilfate samples (KoSler et al., 2004; Kuhn and
Gunther, 2004) and for the mechanisms of elemématetionation during the ablation of silicates
(Kosler et al., 2004).

Although the link between the formation of diffetgshases and elemental fractionation can
be demonstrated for crystalline samples, such #seirzircon, this relationship remains difficult
to prove for amorphous materials such as the NIEBR& glasses, where the phase composition

of ablated particles may be the same as that afrigaal sample.

2.5.1 Mechanism of Pb/U fractionation during laseablation of zircon

Thermal decomposition of zircon to baddeleyite &@, resulting from UV laser ablation
can explain the time-dependent elemental fractionabf Pb and U observed during ICP-MS
analysis. Despite a small difference in ionic radfi* (1.00 A) may substitute for Z¢(0.84 A) in
the 8-fold coordinated site of the tetragonal ZrSiNatural zircon thus contains a significant
amount of U, typically at levels from ppm to low @eaman and Parrish, 1991). Lead, on the
other hand, does not normally enter the ZrS#tice because most of the Pb in rocks is present
in the 2 oxidation state (Watson et al., 1997) and its ipomation into the zircon lattice requires
a charge balance, usually by Br H'. Most of the Pb that is present in natural zirémms in
situ by radioactive decay 61U, 2**U and, to a smaller exterit*Th. Unlike U, Pb is not strongly
bound in the ZrSi@structure; rather it occupies domains in the zirtatice that have suffered
radiation damage due to the alpha-recoil from théioactive decay of U and Th isotopes.
Similarly, U and Th are compatible with the struetof ZrQ, (baddeleyite), while Pb is normally
not present in large quantities (Heaman and Leatemhj 1993).
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It is likely that the formation of baddeleyite blyermal decomposition of zircon results in
strong partitioning of U into baddeleyite partiglegile significant quantities of the Pb would be
excluded from either ZrQor from the thermally affected ZrSiCHigh-Zr/Si ejecta found around
the zircon pit, and presumably enriched in baddedetends to have lower Pb/U ratios than the
target zircon (Fig. 2.7), which is consistent whis interpretation. We speculate that much of the
excluded Pb is transported efficiently to the IGPaavolatile species whereas the U is locked
largely in particles of baddeleyite, which are sported less efficiently from the ablation site.
The rate of Zr@ formation is related to the surface area affettgdhermal effects of the laser
beam. Accordingly, elemental fractionation becormeseasingly pronounced with increasing
surface area of the wall of the laser pie.(increasing depth of the pit). This interpretatien
consistent with the observed increase of the Platid (elemental fractionation) during laser
ablation ICP-MS analyses of zircon (Hirata and Nesth995; Horn et al., 2000; Kosler and
Sylvester, 2003).

Similar elemental fractionation of Pb and U hadieen observed during the ablation of
other U-bearing accessory mineradsy, REE phosphate—monazite (Kosler et al., 2001)Gad
REE, Al, Fe silicate hydroxide—allanite (Cox et, &003)) and during the ablation of other
samples containing U and Pb, such as are the amaspdIST silicate glasses. It follows that the
mechanisms of Pb/U elemental fractionation are we@et on the phase and chemical
composition of the ablated material. As a resuwdh-matrix matched external calibration during

laser ablation ICP-MS analysis can lead to inadewesults for this element pair.

2.5.2 Particle size selection for accurate laser Etion-ICP-MS analysis

Several previous studies have attempted to uselpaseparation devices to improve ICP-
MS signal stability and to obtain more accurate sneaments of elemental ratios in the ICP-MS
(Guillong et al., 2003b; Guillong and Gunther, 2D0Phese devices utilized differences in the
physical/mechanical properties of the particlesathieve separation. However, it has proved
difficult to achieve a clean separation of the reggliparticle fractiong.g, filtering off the coarse
particles by mechanical filters, such as glass woelvitably results not only in the mechanical
retention of the coarse particles, but also inr#tention of a large proportion of the ultrafine,
nanometer-sized particles. The behavior of nanmpestis fundamentally different from that of

larger, micrometer-sized particles in that nanoglag are usually charged and their diffusion
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rates in gases are much faster (Preining, 199&xefdre they rapidly coagulate to form clusters
or they adhere to the surfaces of the cell, tulbingny obstacles such as mechanical filters that
may be present in the sample carrier tube. Pag&paration devices based on centrifugal forces
(Guillong et al., 2003b ) have the advantage that upper size cut-off can be continuously
adjusted by varying the inner surface of the chrgdl tube (e. by changing its length and
diameter) and by adjusting the gas flow.

In this study we have demonstrated that differaméds particles produced during laser
ablation can have different phases and chemicapositions. It is therefore important to select
the size fraction of particles that most closelytehas the bulk composition of the target sample
in order to avoid large elemental fractionation &am@mprove the accuracy of laser ablation ICP-

MS analyses.

2.6 Concluding remarks

In contrast with the previous work, which focusedstly on the role of coarse particles in
elemental fractionation (Guillong and Gunther, 200&ckson and Gtinther, 2003; Kozlov et al.,
2003; Wiedenbeck et al., 1995), this study shoves the elimination of the fine and ultrafine
particle fractions can also have a significant effen the elemental fractionation rates during
laser ablation of silicate samples. A correspondifigct of removal of ultrafine particle fraction
from ablated aerosol has already been demonstfatesiotopic fractionation of iron during the
ablation of Fe metal and Fe sulfides (KoSler gt2005a). An important observation is that laser
ablation of different silicate samples under idegtiexperimental conditions can produce
aerosols with different size distributions of pelds. These particles can vary in their phase and
chemical composition. Because laser ablation cam fifferent phases at the ablation site, the
ablated sample has to be transported to the IC® gnantitative or representative fashion. In
some cases, a representative population of partobey be selected for transport and analysis in
the ICPMS using screening devices. The resultiefdtudy point to the importance of matrix
matched external calibration in cases where higihécise and accurate laser ablation ICP-MS
data are required for element pairs of differingroical affinity for the target material such as Pb

and U in zircon.

33



Jitka Mikova, PhD. Thesis Chapter 2

2.7 Acknowledgements

Helpful comments provided by two anonymous refer@esgratefully acknowledged. This
study was financially supported by GACR project /B3%0220. The ICP-MS facility at Charles
University was funded by PHARE.

34



Jitka Mikova, PhD. Thesis Chapter 3

Chapter 3: Fractionation of alkali elements during laser ablation ICP-MS

analysis of silicate geological samples

Jitka Mikova®™ 2 Jan Koslet, Henry P. Longericfi, Michael Wiedenbecf John M. Hanchat

! Centre for Geobiology and Department of Earth SméerUniversity of Bergen, Allegaten 41,
Bergen, N-5007, Norway

2 Czech Geological Survey, Klarov 3, Prague 1, CZ-218Czech Republic

3 Earth Sciences Department, Memorial UniversityJ@tn’s, NL, Canada A1B 3X5

“Helmholtz-Zentrum Potsdam, Deutsches GeoForschemgsi#n, Potsdam, D-14473, Germany

Status: Published in Journal of Analytical Atomic Spectrdrge2009, 24, 1244-1252

3.1 Abstract

Data on elemental fractionation of alkali elemeshiising laser ablation ICP-MS analysis of
silicate reference glasses (NIST-610, BCR-2G, alkément-doped andesite glasses), and
crystalline mineral albite (NaAlgDg) are reported. Laser ablation ICP-MS and SIMS wused
to determine differences in sample composition tgefand after laser interaction with the
samples. The fractionation trends of the alkalineets are different from those of other
lithophile elements, such as Ca and the rare edettments (REEs). The rate of fractionation
varies for different sample matrices and for ddéferalkali elements in the same matrix. Data
from SIMS analyses of the ejecta blanket depositgdcent to the laser ablation crater in silicate
NIST-610 glass and crystalline albite suggest aimdependent fractionation of alkali elements
for different particle size fractions in the abthteerosol. The extent of fractionation varies for
different alkali elements and is independent ofrtlmmic radii. lon probe depth profiling into the
bottom of laser craters showed laser ablation-iaduchemical changes in the sample that
involved alkali elements and major matrix elemeantduding Si and Ca. This suggests that a
combination of thermally-driven diffusion and sidependent particle fractionation are
responsible for the observed fractionation of allkdéments during laser ablation of silicate

samples.
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3.2 Introduction

Determination of alkali elements is of great impoxe in the study of geological materials.
The alkali elements (Li, Na, K, Rb, and Cs) are omwnly present as major or minor constituents
in silicate minerals and natural and synthetic ggas but they can be difficult to determine using
Laser Ablation Inductively Coupled Plasma Mass 8petetry (LA ICP-MS). LA ICP-MS is
capable of quantifying all of the alkali elemerist it is best suited for the trace elements, b, R
and Cs. Sodium can be present in geological samaildigh concentrations which are not
practical to be measured by ICP-MS, and the detextian of K by ICP-MS is difficult due to
high Ar" background and interferences of polyatomic ionsifthe argon gas near mass 40.

Interaction of solid samples with a laser beam Bult in element redistribution in the
samples and non-stochiometric ablation, which &félte measurement precision and accuracy
of many elements (Longerich et al., 1996a), incigdimportantly the alkali elements. The
mechanism and scale of element redistribution ildsare not well understood, but involve
various diffusion mechanisms and phase separaBtginer and Gasser, 2004; Kosler et al.,
2005b), and are thought to be the primary causgeshent decoupling. Diffusion behaviour of
elements is a function of the ionic radii and thearge of the elements (ions), as well as the
chemical composition and structure of the sampiéetiiGand Shanahan, 1997) and the thermal
gradient induced by sample—beam interaction.

Difficulties with the determination of the alkalieenents, especially the major element, Na,
have long been recognized in Electron Probe Mianalgsis (EPMA). This problem is especially
notable in albite feldspar and Na-rich glasses hictvthe measured Na signal quickly decreases
asymptotically during the course of a typical EPM®Aalysis €.g, ~ 2 minutes). This effect has
been reported not only for sodium, but also fordatieer alkali ions (Humphreys et al., 2006) and
it has been attributed to ion migration under tlezteon beam. The rate of migration has been
shown to depend on the electron current density, (counts/time/beam current) (Gedeon and
Jurek, 2004) and the nature of the material beimadyaed. While most previous EPMA studies
tried to minimize this effect, only a few attempt&ve been made to identify the mechanisms that
cause the alkali element fractionation during etecimicrobeam analysis (Gedeon et al., 2000;
Gedeon and Jurek, 2004; Hanson et al., 1996; Huyphat al., 2006; Jones et al., 2004; Jurek
and Gedeon, 2003; Lin and Yund, 1972; Pedersorg;18@rmer et al., 1993).
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The precision and accuracy of LA ICP-MS analysiemfuffers from a change in the ratios
of measured isotope signal intensities with angasing number of laser pulses (time) applied to
the sample. This is referred to as laser inducechehtal fractionation (KoSler et al., 2005b) or
more simply as fractionation. Fractionation is defl here as a progressive change of element or
isotope ratios with time, with out any implicatias to the mechanism causing the fractionation
or the location where such fractionation takes @l&ignificantly less than 100% of the ablated
material is transferred to the ICP. The amountldétad sample transported to the ICP under
experimental conditions used in this study washesd to be ca. 10% (Bleiner and Bogaerts,
2007; Horn and Gunther, 2003; Kuhn et al., 2004ffeEential transport of particles that vary in
size and composition are responsible for some efotbserved fractionation (Horn et al., 2001;
KosSler et al., 2005b; Longerich et al., 1996a). @b&ation behaviour of samples depends on the
laser wavelength used (Guillong et al., 2003a;ridésffet al., 1998), fluence (Horn et al., 2001),
pulse duration (Koch et al., 2004b ), and upon lanll defect absorption of the laser radiation
(Cramer et al., 2002). A better understanding @ thechanisms responsible for the sample
conversion into the ablated particles (Guillonglet2003a; Horn et al., 2001; Koch et al., 2004b;
KoSler et al., 2005b ) is crucial for controllifgetlaser ablation process.

While the fractionation behaviour of many elemergflects their geochemical affinities
(lithophile, siderophile, chalcophile), the alkalements Li, Rb, and Cs generally do not behave
similar to the rest of the lithophile elements dgriaser ablation ICP-MS analysis (Longerich et
al., 1996a). Thermally driven diffusion of alkalements due to sample heating by laser-sample
interaction may contribute to this different fractation of alkali elements compared to other
lithophile elements. However, no systematic stutialkali element fractionation during laser
ablation ICP-MS analysis has been previously regbort

The fractionation behaviour of alkali elements dgrianalysis is important in geological
applications including geochronology (Rb-Sr, K-Aahd thermobarometry. Understanding of
alkali element fractionation during laser ablati@P-MS is important not only to improve the
precision and accuracy of alkali element deternonat but also because of the use of alkali
elements in correcting for variations in ablatioaly (as internal standards) in analyses of other
lithophile elements.

The combination of external calibration with inteknstandardization using a naturally

occurring element is the most commonly used styafl@gquantification in LA ICP-MS analysis.
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Synthetic reference silicate glasses such as th®T{800 series are used for external
standardization in multi-element LA ICP-MS analyBiscalibrate the instrument response, and
analytically suitable, naturally occurring majoemlent or elements having known concentrations
in the sample and calibration materiasy(Ca in silicate, phosphate, and carbonate mineaats)
commonly used as internal standards to correclitation yield and other multiplicative factors.
This was considered when selecting samples forsthidy. Results from a laser ablation ICP-MS
and ion probe (SIMS) study of synthetic silicatéerence glasses, natural crystalline mineral
albite, and synthetic haplo€., simplified composition and Fe free)-andesite cosijon glasses
doped with alkali elements (Li, Na, K, Rb) are gmed in this report. This study was designed
to help to reveal the mechanisms that cause thenads fractionation of alkali elements during

laser ablation sampling.

3.3 Experimental

3.3.1 Sample preparation

Synthetic reference silicate glasses (NIST-610 BG®R-2G) that are commonly used for
calibration in the analysis of geological samplsing LA ICP-MS, a natural mineral albite
(crystalline NaAISiOsg), and synthetic glasses with a haple.(iron free) andesite composition
were used in this study. The NIST (National Inséitaf Standards and Technology)-610 silicate
glass is spiked with sixty-one elements at nomuoalcentrations of 500g/g. The BCR-2G (U.S.
Geological Survey Columbia River Basalt referentasg material) was prepared from BCR-2
powder by the USGS from a basalt collected in tmeldB Veil Flow Quarry, Oregon, USA
(Wilson, 1997). The albite sample was obtained feosingle crystal (2 cm in diameter) from the
mineral collection of Charles University in Pragukhis grain was divided into two parts,
mounted and analyzed in two different crystallofierientations with planes (010) and (001)
parallel to the sample surface. This was to examatential effects of differential diffusion rates
of alkali elements, especially for expected fadiffusion parallel to the (010) plane (Jones et al.
2004; Lin and Yund, 1972), and to look for effeaf differential ablation on elemental
fractionation in the two crystallographic orienteis.

Synthetically prepared silicate glasses with aneaitd bulk composition were doped with

variable amounts of alkali elements (Li, Na, K, &gt Tab. 3.1) in order to study the effects of
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alkali element concentrations on their fractiomatioehaviour during laser ablation ICP-MS
analysis. The following method was used for eadsglsynthesis. High purity carbonate and
oxide starting materials were dried in an ovenQfl°’C and then mixed under ethanol in an agate
mortar. Carbonates were used for Ca, Li, Na, K, Rbdecause of the hygroscopic nature of the
oxides of those elements. After drying under a Heatp, the mixed oxide powders were
transferred to an uncovered 25 ml platinum cruciblee mixture was then suspended using Pt
wire from an alumina rod in the “hot spot” of a Beh MoS; furnace at 700°C in the
experimental geochemistry facility at Memorial Ugnisity. The furnace was then ramped to
1340°C at a moderate rate of 50°C per hour to mea@mspattering during decarbonation of the
Ca, Li, Na, K, and Rb compounds. The crucible wald lat 1400°C for four hours and was then
quickly quenched in water. The quenched and fradtgtass was removed from the crucible and
pulverized in an agate mortar. The ground powdes than remelted at 1400 °C, quenched, and
pulverized, three more times to ensure homogenizatif the glasses. The quenched glass
fragments ¢a. 4-5 mm) were broken out of the crucible. The glsam®iples from each synthesis
were inspected optically using a binocular micrggcand powder X-ray diffraction to look for
evidence of minerals that may have formed during ftlsion or quenching of the glass. No

evidence of either type of crystals was found mghmples.

Tab. 3.1:Nominal composition of the synthetic haplo-andegiiisses (values in wt %).

A-1 A-2 A-3 A-4 A-7 A-9 A-10 A-11
SiO, 59.0 59.0 60.0 59.0 59.0 60.0 60.0 59.0
Al,O3 17.0 17.0 19.0 17.0 17.0 19.0 19.0 17.0
CaO 10.0 10.0 115 10.0 10.0 11.5 115 10.0
MgO 7.0 7.0 8.5 7.0 7.0 8.5 8.5 7.0
K20 7.0 3.5 0.5 — — — — —
Na,O — 3.5 0.5 — 7.0 — — —
Rb,O — — — — — 1.0 — 7.0
Li,O — — — 7.0 — — 1.0 —

All samples were mounted in epoxy resin and potisleeobtain flat smooth surfaces suitable
for EPMA, Secondary lon Mass Spectrometry (SIM8, poobe), and LA ICP-MS microanalysis.

39



Jitka Mikova, PhD. Thesis Chapter 3

3.3.2 Electron Probe characterization of the albitsamples

A CamScan CS3200 scanning electron microscope (SEMliipped with an electron
backscatter diffraction (EBSD) system (Nordlys Rtector + Channel 5 Software, Oxford
Instruments HKL) and an energy dispersive specttlom@&DS) system (Link-1SIS, Oxford
Instruments) at the Czech Geological Survey in Beagas used to verify the crystallographic
orientation of albite samples. Samples were carmated prior to the analysis. The primary
beam accelerating voltage was 20 kV, and the pooibeent was 5 nA. The sample mount was
tilted 70 degrees during the analysis.

The EDS system was used to examine the homogesfeitye major element composition of
the albite. During this test, the primary beam &red¢ing voltage was 15 kV, the probe current
was 3 nA, with a 1 um spot size, and data wereisedjfor 120s. Following the EBSD and EDS
analyses, the samples were re-polished to remavedttibon coating (that can contain significant
concentrations of trace elements) prior to laséatan ICP-MS analysis.

3.3.3 Laser ablation experiments

A 213 nm UV Nd:YAG (New Wave, UP213) laser coupteca Thermo Finnigan Element2
single collector ICP-MS at Bergen University wagdigor the ablation. The laser was fired at a
10 Hz repetition rate with an energy density ofn¥, with a laser spot diameter of 30 pm.
Samples were ablated in a He atmosphere (1 'fiom). A gas blank was measured for an
initial 30 s of each acquisition followed by 120fsthe ablation signal. Data were acquired using
low mass resolution in time resolved mode with ddreg and 10 ms dwell time on each mass.
Data were acquired at masSes(fly-back mass to allow for additional magnettieg time), ’Li,
Na, 2°si, ¥°si, “*ca, **Ca, ®*Rb, and™*Cs. Following the ablation, the samples were c#gefu
handled in an effort to preserve the thin layerpafticles (the ejecta blanket) on the sample
surface adjacent to the laser pit for subsequedlysis using SIMS, and for secondary electron
imaging using the SEM.

The data were processed off-line. Following therexdion of signal intensities for the gas
blank, a measure of elemental fractionation wasutaied as the slope of the isotope ratio vs.
time (Kosler et al., 2002b). This parameter waswated using a least square linear fit to the

signal intensity ratios plotted versus the numbkidaser pulses applied to the samples. An
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identical length of signal corresponding to 60@tasulses (60 seconds of ablation) was used to
calculate fractionation slope for all analyses e a valid inter-element and inter-sample
comparison as well as low uncertainty of the camd fractionation slope. In calculating the
slope and its uncertainties we used the methodylveSter and Ghaderi (1997) that assumes a
zero uncertainty ix (number of laser pulses equivalent to time) andrestant uncertainty ig.
This approach allows for comparison of fractionatioehaviour of signal ratios in different
samples with different concentrations of the meadwlements, provided that data for these
samples were obtained using identical analyticatidmns.

Laser ablation pits for subsequent depth-profilisgng SIMS were produced by firing 5 or
10 shots on each sample. The laser parameterslwdrerepetition rate, with an energy density

of 5 J/cnf and a 80 um laser spot diameter.

3.3.4 Secondary ion mass spectrometry experiments

A Cameca ims 6f SIMS at the Helhmoltz-Zentrum Patsdwas used to measure the
elemental composition of particles deposited in ¢fexta blanket adjacent to the crater on the
surface of the NIST-610 and albite samples. Thet&jelanket is the thin deposit of particles on
the sample surface surrounding the ablation cratez.shape of the ejecta blanket is affected by
the dynamics of gas flow during the ablation. Itncoonly consists of largere(g, um sized)
particles which are mainly adjacent to the ablatmater and smallee(g, sub- um or nm sized)
particles which are deposited in the outer paithefblanket (Bleiner et al., 2005; Kosler et al.,
2005b; Kuhn and Gunther, 2003) shown in Fig. 3eve$al point profiles (300 um length, 10 pm
step between measurements) were made, which eki@mdthe edge of the laser ablation pit
radially outwards to beyond the edge of the ejelgjaosit. Analyses of a clean sample surface
away from the ablation sites were acquired for camspn to evaluate the difference between
sample material originating from the laser pit aagdnple not affected by the ablation. The first
points of the ejecta blanket point profile, placexinediately on the rim of the laser pit, were not
taken into account because of possible artefastscaged with incidental deflection of the SIMS

primary beam on the laser crater edge.
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Fig. 3.1: Secondary Electron Image of the structure of tleetej blanket on the surface of the artificial
andesite glass A-2 (3.5%® + 3.5% NaO).

Sample preparation involved sputteringaa 50 nm thick, high purity gold coating directly
onto the sample surface. Based on microscopic wlisen, this procedure did not cause any
visible change in the ejecta deposit. The primagnb accelerating voltage was 22.5 kV with an
ion current of 500 pA. The beam spot size was 5with a secondary extraction voltage of
10 kV. Masses acquired using the SIMS wiiie ?Na, 2%Si, K, *°Ca,®Rb, and"**Cs. A single
spot analysis consisting of ten measurement cyalitsa 5 min unrastered preburn lasted 17 min.
The penetration depth of ion beam was kept shoritomize penetration of the ejecta layer.
Estimation of penetration depth from analytical ditions used for analysis would not have
exceeded more than 200 nm. The depth of penetrafitimee C$ probe could not be quantified
using the profilometer as the SIMS pit diameter wasparable to that of the stylus. However,
only the data from the first 5 cycles were consdefor further evaluation. The second five
cycles were acquired merely to ensure that acquetd were only representative of the ejecta
blanket.
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Additionally, a series of SIMS depth profile measuents were performed at the bottom of
some ca. 80 um wide laser ablation pits to evaltteecompositional changes in the samples
caused by the interaction with the laser beam. griteary beam (accelerating voltage 22.5 kV
and ion beam current of 5 nA) was rastered overstimeple area (raster size 70x70 um), while
secondary ions (extraction voltage of 10 kV) weodlected only from the part of the raster
corresponding to the centre of the flat-bottomel&taim pit (30 um field-of-view defined by a
mechanical field stop). Roughness of the laserecdabttoms and crater depth before and after
the SIMS analyses was determined using a Dektra|dBssprofilometer. The time-resolved
SIMS signals were converted to depth profiles agsgra constant rate of sputtering during the
time of the analyses.

Four depth profile analyses were made on each sampk first and last depth profile were
on a clean sample surface that was not affectddébiaser while the remaining two acquisitions
were conducted at the bottom of laser pits produymesiously by firing 5 or 10 laser shots.
Importantly, we normalized each depth profile dabdained from within the laser pits to the
mean of the two equivalent bracketing measureméots the clean sample surface; this
procedure suppressed the near-surface artefacth wbuld affect the interpretation. For further
calculations and interpretation we used depth lersfgnals from the point where rapid change of
Si response indicates that the ion beam penetthtedgh the gold coating (the first 6 readings
were usually removed). The SIMS depth profile apasyreacheda. 250 nm below the bottom
of laser craters. The number of cycles was con$tarall samples, but the thickness of analysed
material varied between 180 to 300 nm, dependinghemumber of determined elements and
their concentrations in the samples, both of witightrol the integration time in each cycle. The
sputtering rate was assumed to be constant durimgiesanalysis, and accordingly, it was
calculated by linear interpolation of analysis timed depth of SIMS crater determined by
Dektrak3 stylus profilometer.

Also, scanning ion images of laser crater in onetlstic andesite glass doped with alkali
elements (Fig. 3.2) were acquired to qualitativesyimate the element distribution in the vicinity

of the laser pits.
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Fig. 3.2: Scanning ion image maps (SIMS) showing qualitaieenent distribution within a laser crater
and the adjacent area in the synthetic andesitegks7 (7% N#). The gray scale reflects the
relative isotope (element) concentrations, showiagations in element abundances across the
surface of the sample affected by laser ablation.

3.4 Results

3.4.1 Laser ablation measurements

Alkali elements often show elemental fractionat{sgstematic change of element intensity
ratios with an increasing number of laser pulses)ng LA ICP-MS acquisition. The observed
fractionation varies from progressive alkali-dejgetto alkali-enrichment when normalized to Si
and Ca and the fractionation patterns are ofteataelto the composition of sample matrix
(Fig. 3.3).
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Fig. 3.3: Laser ablation TRA (time-resolved acquisition) signfor three replicate analyses of studied
samples expressed using slope as a measure afattiiation trend [24]. The uncertainties
for individual measurements are 1 sigma or lessithiae size of the symbols. The synthetic
andesite glasses are arranged in the order of iasieg alkali element concentrations.
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The ablation of NIST-610 glass shows differenceshm fractionation trends for different
alkali elements. The ratios Li/Ca, Na/Si, and C&&ie negative slopes of the fractionation trend
as a function of ablation time while the Li- and/®band Na- and Rb/Ca show positive slopes of
the fractionation trends.

Signals obtained from ablation of BCR-2G glass sinagative fractionation slopes for Na,
Rb, and Ca when normalized to Si, and positiveesayf fractionation for Li relative to Si and Li,
Na, and Rb when normalized to Ca.

Both samples of albite that were ablated in differecrystallographic orientations
(Albite (010) and Albite (001)) have negative slsé Na/Si fractionation.

The synthetic andesite glasses show a positiveéidration slope for Li relative to Si and
negative slope relative to Ca in samples A-4 (7%)iand A-10 (1% LJO). Contrary to Li, Na
shows negative fractionation trends relative taafidl a positive fractionation relative to Ca in
samples A-2 (3.5% O + 3.5% NgO), A-3 (0.5% KO + 0.5% NaO) and A-7 (7% NgO); the
rate of fractionation relative to Si and Ca inceghsvith increasing concentration of sodium in
the glasses. Rubidium shows a negative fractionaiope relative to Si and Ca for sample A-9
(1% RBO), while sample A-11 (7% R®) has a positive fractionation slope for Rb rekatio Si

and Ca. The Ca/Si ratio shows a negative fractiondor all analysed samples.

3.4.2 lon probe measurements

3.4.2.1 Analysis of the ejecta blanket

The composition of the ejecta blanket on the serfad\IST-610 glass and on the albite was
studied using 300 um ion probe traverses startintheacrater rim (large ejecta particles) and
proceeded away from the crater through the smajkxta particles and on to a clean sample
surface. The results show systematic changes indimposition of the particles with increasing
distance from the laser pit (Fig. 3.4).

The signal intensity ratios of alkali elements (Nig, K, and Rb) and Ca to Si in the NIST-
610 glass show significant variations across thextaj blanket. The Li/Si and Ca/Si ratios
decrease outwards from the crater rim and apprtaethvalue measured on the clean sample
surface. The Na/Si ratios show non-systematic trana across the ejecta blanket and the K/Si

and Rb/Si ratios gradually increase in the travarsay from the crater rim.
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Fig. 3.4: lon probe traverses from the rim of the laser ablatcrater radially outwards to beyond the
edge of the ejecta blanket deposited on the sasuplace (data are not corrected for instrument
mass discrimination). Uncertainties are 1 sigma.
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Comparison of NIST-610 glass data for the firstybles of SIMS measurement (Fig. 3.4) is
in a good agreement (within analytical uncertaintith values of the second 5 cycles for the first
200 pm of traverse. During the last 100 pum of thedrse there is a small shift of the second 5
cycles block values towards clean surface valués iBhinterpreted as an effect of slow ion beam
penetration through the ejecta blanket and analgbisnixture of ejecta particles with the
underlying sample. Small (nm-sized) particles apasited in this part of ejecta blanket and the
thickness of the ejecta decreases further away fin@narater rim.

The Albite (010) sample also shows a significantateon in the measured Na/Si ratio across
the ejecta blanket. The value of the ratio, neareiiige of the laser crater, increases until regchin
ca. 20 um from the crater rim. This is followed dyecrease until the ratio stabilizes near its
original value at ca. 80 um from the crater ring(F3.4).

Results obtained from a traverse of the ejectakieftaon Albite (001)are similar to Albite
(010), but do not show an initial Na/Si increasg@eeht to the crater rim. Two measurements at
ca. 100 um from the crater rim yield lower Na/Siues compared to the remaining part of the
traverse.

Comparison of the first and second 5-cycle blocklbite SIMS analysis revealed that
ejecta blanket is present just within ca 100 pmmftbe laser crater.

Collectively, data from traverses across the ejbtaaket on the NIST-610 glass and on the
albite show variations in the measured alkali el@it® intensity ratios that can be correlated
with the systematic change in the size of partithed form the ejecta. While there is difference
between the two albite samples adjacent to thercrah, the NIST-610 and the albite differ in

their Na/Si composition changes across the ejecta.

3.4.2.2 Depth profile analysis

The results from SIMS depth profile measurementth@ébottom of the 80 um wide laser
ablation craters in the NIST-610, BCR-2G and ariitegllasses and in the albite reveal
significant changes in the chemical compositiothim first tens of nanometres below the bottom
of the craters. The composition changes due taliation process are best observed when the
depth profile data from the craters are normalipedorresponding depth profile data obtained on
the fresh sample surface.
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The depth profile in NIST-610 glass (Fig. 3.5) skoavdepletion of Na in the first 60 nm
relative to the fresh sample surface. The amouriah the first 20 nm of the profile is very
slightly increased, followed by a stable signakendity ratio of Siate/Siresh surface The signal
intensity ratio of Cgate/Caresh surfaceSUGgests enrichment in the concentration of Candtmwa
depth of 60 nm below the bottom of the laser crédadium shows the largest difference (ca.
20%) between signal intensities measured by deqifilipg on the crater floor and the fresh
sample surface of the NIST-610 glass.

The results of corresponding depth profiling in BE& glass suggest depletion in Li, Na,
and K in the first 15 nm of the profile relativettee fresh sample surface. Silicon is depleted in a
zone that is only 10 nm deep followed by a zoneedk enrichment to the depth of 50 nm, while
depletion in Ca extends down to 20 nm into the $anigaximum depletion (ca. 40%) for Li, Na,
and K was observed directly below the bottom of ldser crater with the degree of depletion
decreasing with increasing depth in the profile.

A maximum enrichment of up to 8% in Na, relativectean sample surface, was observed at
a depth of 15 nm below the floor of ablation crateAlbite (010), in an enrichment zone which
was 30 nm thick. This sample was also depletediifc& 10% depletion) in the zone that
extended to a depth of ca. 30 nm. Different obsgema were made in Albite (001) where the
depth of maximum enrichment in Na (ca. 30%) wasdDwhile the enriched zone was 80 nm
deep. Silicone was also enriched below the lasgecwith the maximum enrichment in Si (ca.
10%) directly below the laser crater; with enriclmineone which was ca. 80 nm thick.

The andesite glass A-4 (7%,0) was enriched in Li to a depth of 100 nm beloes dblation
pit bottom with two maxima directly below the batioof the crater between 40 to 60 nm. The
andesite glass A-10 (1%40) is depleted relative to the fresh sample surfadke first 2100 nm
below the bottom of the crater with a maximum dgpie of 10% at a depth of 25 nm. The
content of Na in samples A-2 (3.5%® + 3.5% NaO), A-3 (0.5% KO + 0.5% NaO) and A-7
(7% N&O) was depleted in the first 50, 70, and 30 nnpeesvely, of the profile relative to the
fresh sample surface. Potassium in andesite glabg Ao K,O) was depleted to a depth of 30
nm with a maximum depletion of ca. 15% at 8 nm defample A-2 (3.5% O + 3.5% NgO)
was depleted in K in first 45 nm while sample AG5%6 KO + 0.5% NaO) was depleted in K
to a depth of 70 nm. Rubidium crater/fresh sampidase ratio in glass A-9 (1% RD) was

depleted in the first 100 nm with a maximum depletof 18% directly below the laser pit while
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sample A-11 (7% RI®) was depleted in the first 50 nm with a maximuapldtion of 15%. All
synthetic andesite glasses were depleted in Searidhed in Ca directly below the laser crater
relative to the sample unaffected by laser ablation

All samples, except for BCR-2G glass, show enriamnne Ca below the ablation crater. The
depth of enrichment varies for different samplerioas with a maximum enrichment at 120 nm
in the artificial andesite glass A-11 (7% &Y.

The content of Si along depth profiles in mosthef studied samples was constant or slightly
depleted compared to the fresh sample surface,thatlexception of Albite (001), NIST-610 and
BCR-2G glasses which show a weak Si enrichmentttijréelow the bottom of the laser crater.
This is consistent with the measured signal intessiduring laser ablation ICP-MS analysis,
where the observed elemental fractionation treraalg elepending weather Ca or Si was used for
signal normalization.

Lithium was depleted directly below the ablatioraters in all samples, except for the
andesitic glass A-4 (7% 310©) where Li was slightly enriched. Sodium was systecally
depleted below the ablation craters in all glagststive to parts of samples that were not
affected by the laser. The depth of depletion gafiem 15 to 70 nm. The zone of relative Na
enrichment in the two albite samples (010 and Oy at 30 and 80 nm, respectively. Potassium
and rubidium were depleted in all samples with pleteon zone between 30 and 100 nm.
Consistent with observations from the SIMS deptfiling, the SIMS scanning ion image of the
laser crater in the synthetic andesitic glass A% (NaO, Fig. 3.2) suggests heterogeneities in
the Li, Na, Al, and Si contents at the bottom of ttrater. Small but significant variations of
elemental distribution in the inner part of ablatjit are best observed in the marked part of the
Si map on Fig. 3.2. These variations are interprete corresponding to fractionated material
deposited on the bottom of the laser crater.

3.5 Discussion

Previous studies suggested that interactions aéar lbeam with solid samples can result in
phase and chemical modifications (KoSler et alQSk), the extent of which are dependent on the
sample matrix, especially its chemical composimm crystal structure. The new SIMS depth

profile and scanning ion image data obtained frémsgand albite samples in this study show the
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laser-induced changes in chemicaly( alkali elements) composition within, and adjadenthe
ablation crater. The outstanding question is whethe observed alkali element fractionation
during laser ablation ICP-MS analysis is primaudye to alkali element migration within the
volume of the sample, or whether the dominant imaetion occurs during the formation of
aerosol patrticles, their transport to the ICP, arcitation processes in the ICP torch. This issue
can be addressed through careful analysis of dapfiie patterns, chemical composition of the
ejecta blanket adjacent to laser craters and teselved signal measurements by laser ablation
ICP-MS.

3.5.1 Depth profile analyses

The depth profile analyses in laser ablation csafEig. 3.5) in synthetic andesite glasses and
NIST-610 suggest that the alkali elements and &idapleted and Ca is enriched relative to the
parts of samples that were not ablated by the.ld$ex crystalline Albite (001) and Albite (010)
samples show distinct behaviour for Na and Si. Basaltic glass BCR-2G has a different
distribution of Ca and Si compared to other (andemnd NIST) glass samples. This could be due
to the higher absorbance of laser radiation imtloee opaque (at the laser wavelength) BCR-2G
glass that could have resulted in differences mma heating during laser ablation. This effect
was also observed in depth profile patterns oflaétaments (Li, Na, and K) which are, similar
to other glasses, depleted below the laser piGRRG, but with a narrow depletion zone.

The effects of laser ablation on element distrinutbelow the bottom of the laser pits can be
detected down to the depth of ~70 nm (for the |lgseameters used in this study and 5 or 10
laser shots), the only exception being for Ca whiels found to be enriched down to the depth
of ~120 nm in synthetic andesite glass A-11 (7%®b

Changes of Na content revealed by depth profiliag potentially be attributed to volume
diffusion, such as estimated by Arrhenius equafdr= D, - exp[-Q/RT]) for series of sodium-
potassium silica glasses using values of pre-exga@iefactor 3 and activation energy Q
published in Frischat (1971). Assuming sample sertemperature of 5000K and time of 100 ns
(i.e. 20 times longer than laser pulse duration), thettdeffect of sodium diffusion for glasses
ranging in composition from pure soda to mixed spd&ash glass would be between 60 to 80
nm. Although the composition of NIST glasses usedhis study does not match exactly the
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glass composition used to estimate the diffusioptidesuch diffusion model might assist in
estimating the observed compositional variation.

The depth profile patterns did not reveal any digant effects as a function of the number of
laser pulses (5 or 10) used. This is probably dubée efficient removal of laser-affected parts of
the sample during the ablation. Therefore, only seteof depth profile data for craters produced
by 5 laser shots is shown (Fig. 3.5). Below theegoaffected by laser ablation, the compositions
of the samples remain constant (the same as thlke §@mple). Should volume diffusion be the
dominant mechanism of chemical changes caused pleaheating during laser ablation,
migration of another species in the opposite divector formation of depleted and enriched zone
sequence, as observed for EPMA in Humphmyal. (2006) would be expected to compensate
for mass and ionic charge. However, the depth lprafata obtained from the glass samples
(NIST 610, BCR-2G, and all synthetic andesite glaysare not indicative of such a process,
suggesting that element fractionation during themfdion and transport of aerosol may be a
likely explanation for the alkali element fractidgiom observed during laser ablation ICP-MS
analysis. The enrichment of Na and Si in the deptiile below the bottom of the laser crater in
natural crystalline albite was different from thehlaviour of these elements in glasses and may
be indicative of laser-induced migration of alkaelements within the albite structure which in
turn may be related to the differences in the slartl long-range order between amorphous and

crystalline materials.

3.5.2 Ejecta blanket analyses

It has previously been shown that for static abratsampling i(e., single laser pit), the
aerosol particle size distribution changes systealgt with the number of laser pulses applied
to a sample (Guillong and Gunther, 2002; JacksanGimther, 2003). Differently sized particles
can vary in phase and chemical composition that alag be different from that of the bulk
sample (KosSler et al., 2005b; Kuhn and Guinther4200he ejecta blankets were composed of
variably sized particles that also show variatieamschemical composition (Fig. 3.4). Their
composition trends towards the bulk sample comjposih profiles measured across the ejecta
starting at the crater rim and proceeding raditdhards the clean sample surface. Given the
systematic change in particle size distributiorossithe ejecta.€., larger particles are deposited

closer to the crater (Kosler et al., 2005b)), dataFig. 3.4 show that different particle size
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fractions have different chemical compositions. Theger particles close to the crater are
enriched in Li, very similar in Na content and degptl in K and Rb relative to the bulk NIST-610
composition. This might be due to enhanced diffagiblight alkali elementse(g, Li) compared

to heavy alkali element® @.K, Rb) at the start of laser ablation.

Particles in the ejecta blanket also show diffetegttaviour of Ca and Si. Ca is enriched relative
to Si in droplets of molten material deposited elés the laser crater. This is in agreement with
observations in Motelica-Heinet al. (2001) where melt droplets formed by laser abtatd
glass material were depleted in Si and K and eadcéh Ca. It has been shown by several studies
that large (um-sized) particles preferentially fodoring the early stages of single pit ablation
(Guillong and Gunther, 2002; KoSler et al., 200&bhn et al., 2004). Smaller particles deposited
farther from the laser crater (ca. 200-250 um) hawaposition similar to the bulk NIST 610
glass (Fig. 3.4). This variation may be due toaddht dominant processes involved in the
formation of small (condensation from vapour phase) large (melt splashing) particles (KoSler
et al., 2005b). The data from SIMS traverses actbhesNIST 610 ejecta blankets suggest a
preferential incorporation of Li and Na relativeRb and K into larger aerosol particles that form
primarily by melt splashing; this observation isalconsistent with the results of SIMS depth

profiling into the crater floors.

3.5.3 Laser ablation analyses

The rate of fractionation for Li, Na, and Rb relatito Si and Ca in the synthetic andesite
glasses shows an increase with increasing elenwgcentration in the glass (Fig. 3.3), but no
similar effect was observed for the NIST-610 andRBZS glasses. While the concentration
effect is negligible when comparing samples witfietent matrices, the matrix, rather than the
concentration of alkali elements, appears to haskenainant effect on the elemental fractionation
during laser ablation analysis.

Fractionation of alkali elementsd., systematic change in alkali element to Ca oraBor
with the number of laser pulses applied to the $ague to composition differences between
larger particles released early during the ablapoocess and smaller particles released later
should also be reflected in composition variatiansoss the ejecta blanket. The results of this
study allow for the comparison for the Li/Si, Na/8nhd Rb/Si ratios obtained in the NIST-610
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glass, however, no clear correlation between thHe-NMS elemental fractionation and elemental

distribution within the ejecta blanket was observed

3.5.4 Effect of crystallographic orientation

Orientation of the diffusion path is an importaattor that affects the transport of alkali ions
in crystalline samples. lons can be transportedrystalline solids by a process of activated
hopping between occupied and vacant sites or byatndg within channels in a crystal structure
(Jones et al., 2004). The interstitial sites amgdacation vacancies in alkali feldspars are mostly
linked to the (010) plane and the diffusion of dlledements in feldspars is mostly driven by the
vacancy mechanism (Jones et al., 2004). The twiteatlamples analyzed in this study were
ablated perpendicular to the (010) and to the (@Qdnes, to test for effects of crystallographic
orientation on re-distribution of alkali elemengspecially Na. Significant differences in ablation
behaviour were observed for ablation in the twostajographic orientations. Small cracks
parallel with the sample surface surrounded the&egan Albite (010), while ablation craters in
Albite (001) have larger diameters (despite usthntical ablation conditions), irregular shape,
and ragged walls. The measured Na/Si ratio duiegablation of albite decreases with the
number of laser pulses applied to samples in boystallographic orientations (Fig. 3.3),
suggesting a similar composition for particles proetl during ablation of the two albite samples.
Analysis of the ejecta blanket shows rapid chamgeke Na/Si ratio close to the ablation crater
(to a distance of ca. 100 um) in both albite samilat are followed by stable Na/Si values in the
remaining part of the profile (Fig. 3.4). This effés attributed to the ejecta blanket being presen
for only 100 pm from the laser crater.

Compared to Albite (010), the change in Na conbatdw the laser crater in Albite (001) is
more pronounced (Fig. 3.5), which suggests higbdiusn diffusion parallel to the (010) plane in
the albite structure (Jones et al., 2004; Lin anchd 1972).Variations of Si content below the
crater floor differ for the two crystallographiciemtations of albite as shown in Fig. 3.5. Depth
profile in Albite (001) shows Si enrichment beloketcrater floor while Albite (010) shows an
opposite trend. Accordingly, the slope of fractitboia is not an ideal measure of these variations
since it can be caused by different behaviour & tiormalizing element, Si, in the two
crystallographic orientations.

The data presented suggest that crystallograpleatation is an important parameter that

influences element re-distribution in the thermalffected parts of the sample and affects laser-
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induced elemental fractionation in LA ICP-MS an@ay<hemical changes adjacent to the laser
ablation craters in albite are consistent with avpmusly published thermally-induced

redistribution of Na by diffusion within crystalttace.

3.5.5 Correction for ablation yield

Calibration using external standards (such as ti&TM00 glass series) with a naturally
occurring internal standard correction for diffezes in ablation yield between calibration
reference materials and unknown samples is commoséd in LA ICP-MS analysis. The
ablation yield is defined as the sensitivity (sigper unit concentration) of the internal standard
measured in the calibration material relative te #ensitivity in the unknown (Kosler et al.,
2002b; Wilson, 1997). The choice of the internalnsfard is based upon its concentration and
homogeneity in the sample and in the calibratideresce material, mass, ionization potential,
and element fractionation behaviour. Geochemicalliegtions using LA ICP-MS often use
naturally occurring isotopes of Si or Ca for int@retandardization when determining lithophile
elements, including alkaline, rare earth, and ligl strength elements in silicate materials. The
use of Ca as an internal standard is preferred acedpto Si because of its higher atomic mass
and lower ionization potential, and because itstioaation behaviour which is more similar to
alkaline earth and rare earth analytes. The resfltthis study highlight some significant
differences in the behaviour of Ca and Si durirgetaablation of silicate materials. These are
evident from variations of alkali element/Ca or Signal intensity ratios and negative
fractionation slopes for Si/Ca ratio during lasklaéion analysis (Fig. 3.3). This was also seen in
fractionation studies of the NIST 610 series glas@&yer et al.,, 1995; Kuhn et al., 2004;
Longerich et al.,, 1996b) where Si does not behanglas to the other lithophile elements
including the alkaline earths, rare earths, andl figd strength analytes.

The SIMS depth profiles (Fig. 3.5) also show déferes in laser-induced redistribution of
Ca and Si in most of the samples studied, with il #he alkali elements following similar
patterns €.g, depletion below the laser crater), and Ca showangopposite trende(g,
enrichment below the floor of laser crater). Accoglly, for the sample matrices and analytical
conditions used in this study, the choice of Siifdernal standardization in analysis of alkali

elements would be preferred compared to the uSaof
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3.6 Concluding remarks

Laser ablation analyses and SIMS measurementedjétta blanket composition and data
from depth profiling below the laser craters revibat significant part of fractionation of alkali
elements during laser ablation takes place on bitegtian site. The concentrations of individual
alkali elements in synthetic andesite glasses magbitant effect on the rate of elemental
fractionation. However, the fractionation rate lsoacontrolled by the sample matrix.

Thermal alteration during ablation adjacent to ltkeer craters was clearly demonstrated for
the samples, and the analytical conditions, usethis study. Thermally driven alteration of
sample results in variations in the chemical contjmss as a function of the size of aerosol
particles (non-stochiometric ablation), and potdhti also in fractionation due to variable
transport properties of the different particle dictions. Heat transfer during ablation can also
cause the diffusion of elements within the sampld &ariable thermal effects in different
crystallographic orientations. Sample orientatioaynthus influence elemental fractionation
during LA ICP-MS analysis of crystalline samplesdieTimportance of this effect for other
elements and the plethora of samples used in gealogpplications remain topics for future
studies.

The important conclusion of this study is that sdatlistribution of elements that are
commonly used in quantitative analysis of silicgé®logical samples for corrections of ablation
yield (isotopes of Si and Ca) is strongly influethday thermal effects adjacent to the laser
ablation craters. As the observed effects are digfgrent for Ca and Si, the choice of the internal
standard is an important factor affecting precisamd accuracy of laser ablation ICP-MS
analyses.
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4.1 Abstract

Laser ablation MC ICP-MS and SIMS were used to rddatee the boron isotopic
compositions of several natural tourmaline grouperals with variable chemical compositions
(elbaite, schorl and dravite). This study evaludtes effects of laser ablation MC ICP-MS
instrument parameters and sample matrix composiiondata trueness, reproducibility and
repeatability. We demonstrate that the tourmalirarix affects significantly the obtaineid'B
values and impacts on data trueness at ca. 2.5&bifea non matrix-matched reference material
is used to calibrate the measurements. In the @laaematrix-matched calibration, the LA MC
ICP-MS boron isotopic data are comparable to tleipusly published values obtained by the
TIMS technique. Repeatability associated with therages''B values is typically between 0.2
and 0.5%o (1s) for LA MC ICP-MS and 0.8 and 1.3%o)(fos SIMS, where it represents one of

the main sources of uncertainty.
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4.2 Introduction

Isotopic compositions of boron (B) with its two Isia isotopes’B and''B, have proven to
be a powerful tool for studying geochemical proesss the natural systems. Because of peculiar
geochemical characteristics of boron — high soitybiand mobility in aqueous solutions,
incompatibility in most magmatic systems and a dargriation in natural boron isotope
compositions of up to 90%. (as a consequence o€ leetptive mass difference betwe@d and
1B) (Hoefs, 2009), boron isotopes often record fiemand mixing processes in the Earth and
planetary processes. The applications of bororootstudies are reviewed in Palmer and
Swihart (1996) and Leeman and Sisson (1996). Bdsotope ratios are expressed dHB
notation 6B %o = [('B/"°B)sampid((*'B/*%B)reterence1)]x1000) where the zero-point is commonly
based on the NIST SRM 951 reference material, bacid with a certified"'B/*°B value of
4.04362 = 0.00137 (Catanzaro et al., 1970).

Many technical improvements in the determination bafon isotopic ratios in natural
materials have been introduced over the last tweadies (see Tonariret al. (2009)). The
determination of boron isotopic ratios in geologicaaterials by different techniques gives
variable degrees of analytical uncertainti#gl %o to 0.2 %0). These techniques include positive
thermal ionisation mass spectrometry (PTIMS) (Lerhand et al.,, 2002; Sahoo and Masuda,
1995; Tonarini et al.,, 2003); negative ion thernmhisation mass spectrometry (NTIMS)
(Hemming and Hanson, 1994; Shen and You, 2003) cindtly coupled plasma mass
spectrometry (ICP-MS) (Gabler and Bahr, 1999),udiilg multiple-collector ICP-MS (MC ICP-
MS) (Aggarwal et al., 2003), secondary ion massspmetry (SIMS or ion probe) (Chaussidon
et al., 1997; Chaussidon and Robert, 1998) and &sation ICP-MS (LA ICP-MS) (le Roux et
al., 2004; Tiepolo et al., 2006). Tonaretial. (2003) and Gonfiantiret al, (2003) assessed both
the analytical technique derived and interlabosatoiases; their results showed a significant
spread in results and poor agreement between diffésboratories. The source of data variation
in their study was not clear but it could be radate the specific techniques used for boron
extraction and purification or to differences irsttumental set-up routine. In order to further
improve data inter-comparison between laboratoAggiarwal ¢ al. (2009) carried out a round
robin study of synthetic solutions. Despite lange=i-laboratory differences, this study suggested
no systematic bias induced by different analyttegehniques (Aggarwal et al., 2009). With the

exceptions of SIMS and LA ICP-MS, all above mengidrtechniques normally require chemical
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separation of boron from the matrix prior to thess&pectrometric measurement. The boron
separation from the sample matrix must be performid great care to prevent both sample
contamination and boron isotopic fractionation, ethis a major risk due to its high volatility and

high relative mass difference between the two respe isotopes (Ishikawa and Nakamura,

1990; Leeman et al., 1991; Nakamura et al., 1998aifini et al., 1997).

Many applications of boron isotope geochemistrghsas the investigation of mineral zoning
patterns or melt inclusions, require in-situ analygith spatial resolution on the order of tens of
micrometers. SIMS analysis offers very high spatedolution and requires no chemical pre-
treatment of samples prior to analysis. SimilarSiMS, LA MC ICP-MS does not require
chemical sample preparation prior to the isotopialygsis. Reported analytical uncertainties on
8''B determination in geological materials with bomncentrations ranging from tens to tens of
thousands pg/g are better than £2 %0 (Tiepolo e280D6). Both techniques are, however, prone
to matrix effects; accordingly, a matrix-matchedilration is often required to correct for
instrumental mass fractionation. In-situ boron opa& determinations conducted using laser
ablation multicollector ICP-MS (le Roux et al., 200Tiepolo et al., 2006) have so far been
applied only to natural and synthetic glasses, fanither work is required in order to properly
assess possible matrix effects during the anabfsisatural rocks and minerals (le Roux et al.,
2004).

Tourmaline represents the principal mineralogicak $or B in a broad spectrum of silicate
systems. It has been demonstrated that the checaaioglosition of tourmaline provides a record
of differentiation mechanisms and evolution of magjmhydrothermal fluids in many granites
and pegmatites (Jolliff et al., 1986; London et &P96). The crystallochemical properties of
tourmaline have been shown to reflect the enviraririrewhich it was formed (Slack (1996) and
references therein). Boron isotope studies of talima have mostly provided insights into the
sources of boron but have also been used to consdonic settings, temperature of tourmaline
formation, fluid/rock ratios and metamorphic prazs (Palmer and Swihart, 1996; Trumbull et
al., 2009; Xavier et al., 2008). While tourmaliradten are compositionally complex and difficult
to digest chemically without loss of boron, laséslation ICP-MS may overcome these
difficulties and can be a method of choice foragat study.

This study provides a detailed description of thelgsis of tourmaline by LA-MC-ICP-MS

and presents a comparison of this method and SKWé®pic analyses of tourmalines. The
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primary objective of this study was to evaluate plossible presence of matrix effects during

laser ablation MC ICP-MS analysis of tourmalines.

4.3 Samples and experimental

4.3.1 Tourmaline samples

We have analysed a suite of tourmaline samples#fefent chemical compositions that have
been well characterized by previous studies (Tab. Zheir B isotopic composition varies from
isotopically light §*'B = -18.98 %.) to heavyst'B = 10.63 %o). Three of the samples (98144
elbaite, 108796 dravite, 112566 schorl) were degexospecifically for use as reference materials
by Dyaret al. (2001) and Leeman and Tonarini (2001). The sarBd@leavas used for an inter-
laboratory comparison study (Gonfiantini et al.,020 Tonarini et al., 2003). These four
tourmalines represent the best characterised raksteior boron isotopes that are presently
available to the geochemical community. The otler fsamples (EZ-272, JS-82N-1, JS-82A-
1A, and EB-67-90) are from the boron isotopic stafljourmaline by (Palmer and Slack, 1989).

Tab. 4.1:Boron contents and"'B values of analysed samples

Sample B (ppm) Analytical technique 5B 1s Reference
98144 elbaite 31402  TIMS, SIM8ncenvation) -10.40 0.20 (%= 2900 eeman
108796 dravite 31091  TIMS, SIMGncentiation)  -6.60 ~ 0.10 {7 &t 2%, 2000 Leeman

112566 schorl 31153  TIMS, SIMSbncenraion) -12.50 0.05 {472 290 eeman

B4 (schorl) 28 700 TIMS + isotope dilution -8.85 1D. (Tonarini et al., 2003)

EZ-272 TIMS -14.17 0.23 (Palmer and Slack, 1989)
JS-82N-1 TIMS -1.63 0.36 (Palmer and Slack, 1989)
JS-82A-1A TIMS -18.98 0.38 (Palmer and Slack, 1989)
EB-67-90 TIMS 10.47  0.36 (Palmer and Slack, 1989)

All samples were mounted in epoxy resin and potisteeobtain flat and smooth surfaces
suitable for EPMA, SIMS, and laser ablation MC @& analysis. Sample grains were split in
two sample mounts. The mount S1 contained the gn§8144 elbaite, 108796 dravite, 112566

schorl and B4; the mount S2 contained Palmer aadkS tourmalines together with 98144
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elbaite and 108796 dravite. As the ablation cel wapable of holding only one sample mount at
a time and our reference materials were mounteetheg with samples, data obtained from each
sample mount were treated separately to avoideebéer material change and effects of potential
variation of analytical conditions during the sessiElectron microprobe data available for these

samples are summarized in Tab. 4.2.

Tab. 4.2: Electron microprobe data for analysed tourmalinengdes. Values are given in wt%.

elbaite dravite schorl B4 Ez-Zz72  JS-82N-1 JS-82A-1BB-67-90
F 1.08 0.16 0.09 0.69 0.00 0.00 0.01 0.19
NaO 2.64 1.73 2.01 2.30 2.14 2.69 2.32 1.68
SiO, 37.65 36.14 34.85 35.68 37.90 36.66 37.02 35.75
MgO 1.19 8.35 0.20 0.97 9.49 5.61 6.65 8.15
Al, O3 36.81 2271 33.33 33.35 33.32 28.97 33.03 24.39
Cl 0.00 0.01 0.00 0.01 0.00 0.00 0.00 0.01
K20 0.03 0.09 0.05 0.04 0.02 0.02 0.04 0.08
CaO 0.09 2.30 0.14 0.56 1.13 0.58 0.54 2.32
TiO, 0.35 1.53 0.67 1.13 0.53 0.12 0.67 1.37
FeO 6.61 14.10 14.73 11.35 2.43 12.94 7.06 12.95
MnO 0.35 0.02 1.18 1.14 0.03 0.03 0.00 0.03
CrOs 0.01 0.02 0.00 0.01 0.04 0.02 0.08 0.04
O=F -0.45 -0.07 -0.04 -0.29 0.00 0.00 -0.01 -0.08
O=Cl 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 86.35 87.09 87.21 86.93 87.03 87.63 87.39 9(B6.

4.3.2 Laser ablation parameters

A solid state 213 nm UV Nd:YAG (New Wave ReseatdR213) laser ablation system was
used in this study. The laser was operated atlzl@petition rate with a laser spot diameter of
50 um in rastering mode (2Q0n line, 10 um/s speed and 5 passes over the satee liae).
The laser fluence was in the range of 1-3 3/cBamples were ablated in He atmosphere
(2.2 L/min) using a small volume tear drop-shapleldtson cell. The cell washout time was less
than 60 s for'B signal to drop down from 600 mV to the blank lee2 mV. Gas blank was
always measured with laser firing and closed shdte the initial 30 s of signal acquisition,
followed by collection of the ablation signal fodditional 100 s. To evaluate the effects of this

sampling strategy on the laser-induced isotopictivaation of B, sample S1 was also analysed
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using the same ablation parameters in single Iggetr mode. In addition, the NIST 610 glass
reference material and tourmaline B4 were alsotadblasing the rastering mode with laser beam
diameters of 30, 50, 80, 105 and 120 um in ordeviduate the effect of signal intensity on the

measured B isotopic ratios.

4.3.3 MC ICP-MS parameters

The boron isotope ratio measurements were cartgedroa Thermo Finnigan Neptune high-
mass resolution multicollector ICP-MS equipped wéthFaraday cups. Masses 0B and'°B
were measured on the outermost collectors H4 andrégpectively, using a medium mass
resolution (mass resolving power of AM ~ 5500). Isotopic ratios for each measurement were
collected in a single block of data consisting 6D2Zycles (0.5 s integration time per cycle)
preceded by 25 s of baseline measurement (10 s+waf s defocus). Using the instrument

parameters given in Tab. 4.3, 100 ng/g B solutiefdgd a signal intensity of 0.16 V f&iB.

Tab. 4.3: Instrument parameters for laser ablation and sa@ntMC ICP-MS analyses

Measured masses g 198

Mass resolution Medium

Nebulizer MicroFlow PFA-ST nebulizer: 5QL/min

Spray chamber Combined cyclonic and double passagiass spray chamber
Laser Solution

Operation Power [W] 1250 1250

Cool Gas [I/min] 15 15

Aux Gas [I/min] 0.95 0.95

Sample Gas [I/min] 1.20 1.19

Additional Gas [I/min] 0.60 0.00

Extraction [V] -2000.00 -2000.00

Focus [V] -708.00 -708.00

X Deflection [V] -6.73 -5.86

Y Deflection [V] 1.07 -0.46

Shape 197.00 210.00

Sensitivity [mV] 160 on mass 11 for 100 ppb B

Background [mV] 1.6 on mass 11
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Data were processed off-line using a LamTool MSdbspreadsheet (KoSler et al., 2008).
Following correction of the measured signal intdesifor gas blank, the measuréB/*°B ratio
of each unknown was corrected for mass discrinonatéind instrumental drift using the mean of
the two adjacent analyses of the reference maiést@ndard-sample-standard” bracketing). The
drift-corrected ratios were referenced to the mitgld™'B/*°B value of the reference material and
the results are reported &SB values relative to NIST SRM 951 using a certiff&8/*°B value
of 4.04362 £ 0.00137 (Catanzaro et al., 1970). Haelasured material was treated not only as
sample, but it was also used as a reference maiteribe standard-sample-standard bracketing
sequence for purpose of this study, even thougle wbithe materials used here have undergone
an 1SO-compliant certification of their boron ispegocompositions. Published values (Tab. 4.1)
were used as reference values for calibrationdath used fo8''B calculations were obtained
during one analytical session using identical unstent tuning parameters.

The rate of isotopic fractionation was calculatsditee slope of the blank-corrected isotope
ratio vs. time (Kosler et al., 2002b) using thestesguare linear fit and the method of (Sylvester
and Ghaderi, 1997). Identical signal lengths, gpoading to 800 laser pulses (equivalent to 80
seconds of ablation), were used to calculate thetibnation slopes for all analyses to ensure

validity of inter-analysis comparison.

4.3.4 SIMS parameters

All samples were analysed for boron isotope ratisgg the Cameca ims 6f SIMS at the
Helmholtz Centre Potsdam. RO primary ion beam employing a nominal acceleratiniage
of 12.5 kV with a total an ion current of 800 pA svased to produce positive secondary ions.
The beam was focused to ~5 um diameter at the sasnplace. A secondary extraction voltage
of 10 kV was used. The instrument was operated@ss resolution MM =~ 1150 to ensure full
separation between th&B8* and the isobarit®B'H" mass peaks. Measured isotopic ratios were
based on five blocks of 20 cycles of measuremensisting of 2 and 1s integrations'8B* and
Y1B* respectively. During the two days of data collettive found no time-dependent trend in the
measured values on the four calibrants (draviteitd, schorl and B4), the overall fractionation
of the SIMS method was defined by the simple aweaigthe observed fractionation during the

two days of data acquisition (n = 29).
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4.3.5 Data comparison and uncertainty calculations

It is not the aim of this study to present a conguar between figures of merit of LA MC
ICP-MS and SIMS, mainly because different data stiipn and reduction methods developed
for the two techniques make the comparison of aicalyuncertainties difficult. The terminology
and definitions follow the recommendation by P@Rstts, 1997). Briefly, the analysis of boron
isotopic composition by LA MC ICP-MS was based be standard-sample-standard bracketing
data acquisition procedure that corrects for masrichination and instrumental drift.
Uncertainties of individual reference material as@imple measurements were combined to
estimate measurement repeatability and, accordingtyy three consecutive measurements
contribute to the calculation of the uncertaintytioé individuals''B values. Weighted mean of
8''B values for each sample with corresponding stahdaviation was used to asses the trueness
(accuracy) of the measurement.

The SIMS boron isotope data acquisition and redaoctollowed the procedures routinely
used in the Helmholtz Centre Potsdam SIMS laboyaiésmaeily et al., 2009; Galbraith et al.,
2009; Krienitz et al., 2008; Trumbull et al., 2009umbull et al., 2008; Xavier et al., 2008). The
SIMS data were corrected for mass discriminatiod gstrumental drift using the instrument
mass discrimination factorAfs) calculated as a ratio between the measured dedenee
YB/9B values. This factor was determined from the mefall (n = 29) analyses of the four
tourmaline reference materials used in this stiBBcause all sample data were corrected by a
single Ainst factor, the repeatability of the reportd!B values includes also possible isotopic
heterogeneities and differences in chemical contiposof the reference materials, any influence
derived from sample changing and over-night mackimgdown. Compared to the LA MC ICP-
MS procedure, this approach results in somewhgetanncertainty estimates and represents a
somewhat more robust method.

In order to improve the LA MC ICP-MS technique caripon with SIMS, we have also
recalculated the data using the SIMS approach laaaesults of this comparison are discussed
later.

4.4 Results

The mass spectrum from a 100 ng/g standard solatidBRM 951 was scanned at three
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different mass resolutions to evaluate potentitdat$ of spectral interferences on the measured
isotopic ratios Fig 4.1A. No interferences wereedttd at mass 11, in contrast there was an
interference detected on the low mass side of #8epeak. However, when operating the MC
ICP-MS at medium mass resolution (MR), tfie peak was fully resolved from the interference.
The relative signal intensity of the interferingesfes was related to plasma temperature since
varying the sample gas flow rates between 1.1151a2@b L/min was clearly linked to variations
in the intensity of the interfering peak. The datanpiled in Fig. 4.1B show that the relative
intensity of interference decreases with increasemgple gas flow and that the optimum sample
gas flow for minimum interference overlap with tH8 peak and sufficient B signal intensity

during this experiment is ca. 1.2 L/min.

0.30 . T 0.025
A i °
0.25 | o R
g g 0.020
,Ué; 0.20 } 5 *?,
. " 0.015
§ ¢ [_"BMR 5
£ 0.15 : k=
F | z T 0010( ]
2 0.10 Cof H D '
%) : w :
0.05 | i g m 0-005 I
“Ar* LR ' s \d i '~’~‘. .
0.00 t - . LN 0.000 Li- . . . e <
10.46 10.47 10.48 10.49 10.50 10.51 10.52 \,{o \VJ ’<\‘o (19‘0 o0 r@b r@%
Mass on the central faraday cup NN N NN NN

Sample gass flow (I/min)

Fig. 4.1: A. Mass scans of 100 ppb B SRM 951 solution at tbiféerent mass resolutions showing
adjacent interfering peak on mass 10 and its sejmrdrom B peak (LR — low resolution, MR
— medium resolution, HR — high resolutioB).Mass scans over interferifftAr** (dashed line)
and'°B (solid line) peak in medium mass resolution ftfecent sample gas flow settings.

In order to asses the effect of B concentratiogn@i intensity) on the measured B isotopic
ratios we performed a series of solution (NIST SBBL) and laser ablation (B4, NIST 610)
analyses. The results shown in Fig. 4.2 suggestvilih increasing boron concentration in the
NIST SRM 951 solution (10, 50, 100, 150, 200, 2500, 400 and 500 ng/g), there is a shift
towards heavier measured B isotopic ratios, ul@hyashowing a 3.2% difference between the
lowest and highest measured ratio. A correspongattern of changing the measured B isotopic

composition with changing signal intensity (increaslaser beam diameter in steps 30, 50, 80,
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105 and 120 pum) was also observed for laser ahlafiG ICP-MS analysis of tourmaline B4
(1.5% difference) and NIST 610 glass (16.7% diffiesd samples. This effect was more

pronounced for low B concentrations and low signtnsities.
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Fig. 4.2: Effect of signal intensity on the measured isotogim in standard solution SRM 951 and laser
ablation of NIST 610 and B4 tourmaline. Measurephal intensities of SRM 951 and NIST 610
were multiplied to obtain similar scale as B4 toatme for better comparison.

The results of our tourmaline measurements donelabgr ablation MC ICP-MS are
summarized in Tab. 4.4, the calculatédB values (relative to NIST SRM 951) for the samples
normalised with the bracketing approach are givehabs 4.5 and 4.6 for sample mounts S1 and
S2, respectively. It should be noted that the tesplB isotopic composition for a particular
sample is influenced by the specific tourmalinelbzation material used for normalization. With
bracketing procedure, where even number analysedreated as unknown samples and odd
number analyses of the same material are treatemhldsation runs, the following weighted
average3''B values with corresponding repeatabilities wereioted for the Palmer and Slack
tourmaline samples: EZ-272 -14.24 (+ 0.28%o, 1s,)N33-82N-1 -1.79 (£ 0.45%0, 1s, n=2), with
single 8''B values and their uncertainty on the JS-82A-1A.029+ 0.1%., 1s) and EB-67-90
10.76 (£ 0.1%o, 1s). The following weighted averad® values with repeatability were obtained
on the 98144 elbaite -10.45 (x 0.28%o, 1S, n=6), 7B@3dravite -6.64 (+ 0.22%0, 1s, n=6),
112566 schorl -12.41 (= 0.25%o0, 1s, n=4) and B478%0.41%o., 1s, n=4) tourmaline reference

materials.
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Tab. 4.4: Compilation of all LA MC ICP-MS data measured dgrthis study. Reported r&is/*°B
ratios are corrected for gas blank only.

Sample mount S1 Sample mount S2
Sample g/ 2SE Sample 1B/ 2SE
elbaite 45738 0.0006 elbaite 45732 0.0008
45777 0.0006 45720 0.0009
45791 0.0007 45682 0.0006
45751 0.0006 45673 0.0008
45750 0.0007 45675 0.0008
45777 0.0006 dravite 4.5985 0.0010
4.5800 0.0006 4.5989 0.0008
45745 0.0006 45975 0.0008
45713 0.0007 4.5966 0.0010
45723 0.0006 45961 0.0007
dravite 4.5969 0.0007 EZ-272 45635 0.0006
4.6021 0.0007 4.5620 0.0011
4.6013 0.0006 45635 0.0007
45978 0.0008 4.5608 0.0008
4.5985 0.0007 45575 0.0006
4.6016 0.0007 JS-82N-1 4.6201 0.0005
4.5998 0.0007 4.6187 0.0007
4.5970 0.0007 4.6155 0.0006
45971 0.0008 4.6150 0.0006
4.5967 0.0009 4.6186 0.0005
schorl 45671 0.0006 JS-82A-1A 4.5369 0.0005
4.5695 0.0006 45343 0.0008
4.5688 0.0006 45320 0.0006
4.5683 0.0006 EB-67-90 4.6789 0.0008
45682 0.0007 4.6785 0.0005
45708 0.0007 4.6754 0.0006
4.5659 0.0005
45661 0.0006
4.5660 0.0006
4.5645 0.0006
B4 4.5874 0.0007 Sample mount S1 spot
4.5894 0.0007 Sample 11B/10B 2SE
45871 0.0008 elbaite 45722 0.0009
4.5855 0.0008 45701 0.0009
4.5869 0.0009 dravite 45948 0.0014
4.5897 0.0007 45937 0.0012
45851 0.0006 schorl 4.5607 0.0011
4.5855 0.0006 45632 0.0010
45853 0.0006 B4 45814 0.0010
4.5839 0.0007 4.5826 0.0010
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Tab. 4.5: Calculateds™'B values (relative to NIST SRM 951) for the samptegained in mount S1 as
determined by LA ICP-MS. The samples were nornthbge'standard-sample-standard”
bracketing. The mean values represent weightechgeenfs''B # 1s.

Normalized by

elbaite dravite schorl B4
Sample 5''B 2s 5''B 2s 5''B 2s 5''B 2s
elbaite -10.1 0.2 -11.3 0.2 -10.5 0.2 -11.0 0.2
-10.8 0.2 -11.5 0.2 -10.4 0.2 -10.7 0.2
-10.4 0.2 -11.9 0.2 -11.1 0.2 -11.1 0.2
-10.7 0.2 -11.6 0.2 -11.1 0.2 -11.1 0.2
-11.4 0.2 -10.7 0.2 -11.0 0.2
-11.1 0.2 -10.0 0.2 -10.3 0.2
-11.7 0.2 -10. 7 0.2 -11.1 0.2
-12.2 0.2 -11.4 0.2 -11.8 0.2
-11.9 0.2 -11.0 0.2 -11.4 0.2
Mean -10.5+0.3 -11.6 +0.3 -10.7+0.4 -11.0+0.4
Difference 1.1 0.2 0.5
dravite -5.8 0.2 -6.5 0.2 -5.2 0.2 -5.7 0.2
-5.3 0.2 -6.8 0.2 -5.5 0.2 -5.9 0.2
5.2 0.2 -6.7 0.2 -6.2 0.2 -6.2 0.2
5.5 0.2 -6.9 0.2 -6.0 0.2 -6.0 0.2
-5.6 0.2 -5.6 0.2 -5.8 0.2
55 0.2 5.7 0.2 -6.0 0.2
-5.5 0.2 -5.8 0.2 -6.2 0.2
5.2 0.2 -5.8 0.2 -6.2 0.2
-4.9 0.2 5.7 0.2 -6.1 0.2
Mean -54+0.3 -6.7 +0.2 -5.7+0.3 -6.0+0.2
Difference -1.3 -1.0 -0.7
schorl -12.3 0.2 -13.6 0.2 -12.4 0.2 -12.8 0.2
-12.3 0.2 -13.6 0.2 -12.7 0.2 -12.9 0.2
-12.2 0.2 -13.2 0.2 -12.1 0.2 -12.6 0.2
-11.8 0.2 -13.0 0.2 -12.5 0.2 -12.6 0.2
-12.1 0.2 -13.5 0.2 -12.5 0.2
-12.1 0.2 -13.1 0.2 -13.4 0.2
-12.9 0.2 -13.6 0.2 -12.9 0.2
-11.9 0.2 -13.3 0.2 -12.9 0.2
-11.6 0.2 -13.3 0.2 -13.1 0.2
Mean -12.2+0.4 -13.4+0.2 -12.4+0.2 -12.9+0.3
Difference -0.2 1.0 0.5
B4 -7.9 0.2 -9.2 0.2 -8.4 0.2 -8.2 0.2
-8.0 0.2 9.2 0.2 -8.1 0.2 -9.0 0.2
-8.2 0.2 -9.3 0.2 -8.5 0.2 -9.2 0.2
-8.1 0.2 -9.3 0.2 -8.8 0.2 -8.6 0.2
-8.1 0.2 9.4 0.2 -8.7 0.2
-8.1 0.2 -9.0 0.2 -7.9 0.2
-8.7 0.2 95 0.2 -8.4 0.2
1.7 0.2 9.1 0.2 -8.3 0.2
-7.5 0.2 9.1 0.2 -8.2 0.2
Mean -8.0+0.4 -9.2+0.2 -8.3+0.3 -8.8+0.4
Difference -0.8 0.5 -0.5
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Tab. 4.5: Calculateds™'B values (relative to NIST SRM 951) for the samgbesained in mount S2 as determined by LA ICP-TS.
samples were normalised by “standard-sample-stagitlaracketing. The mean values represent weightegtage ob''B # 1s.

Normalized by

elbaite dravite EZ 272 JS-82N-1 JS-82A-1A EB-67-90
Sample 5"'B 2s 5''B 2s 5"B 2s 5"'B 2s 5"'B 2s 5"'B 2s
elbaite -10.1 0.2 -12.1 0.2 -12.2 0.2 -11.9 0.2 -11.1 0.2 -12.6 0.2
-10.5 0.2 -12.3 0.2 -13.0 0.2 -12.2 0.2 -11.4 0.2 -13.0 0.2
-12.8 0.2 -13.0 0.2 -12.0 0.2
-12.9 0.2 -12.4 0.2 -12.3 0.2
Mean -10.3+0.3 -12.5+04 -12.7+0.4 -12.1£0.2 -11.3+0.2 -129+0.3
Difference 2.2 2.4 1.8 1.0 2.5
dravite -4.7 0.2 -6.4 0.2 -6.4 0.2 -6.0 0.2 -5.3 0.2 -6.8 0.2
-4.5 0.2 -6.7 0.3 -6.7 0.2 -59 0.2 -5.1 0.2 -6.7 0.2
-4.2 0.3 -6.7 0.3 -5.7 03
-4.2 0.2 -6.2 0.2 -6.1 0.2
Mean -4.4+£0.3 -6.5+0.2 -6.4+£0.3 -6.0 £ 0.2 -5.2+0.2 -6.7 £0.1
Difference -2.1 0.1 -0.5 -1.3 0.2
EZ272 -12.4 0.2 -14.2 0.2 -14.5 0.3 -14.0 03 -13.3 0.3 -14.7 0.3
-12.2 0.3 -14.4 0.3 -14.1 0.2 -13.2 0.2 -12.4 0.2 -14.0 0.2
-11.3 0.2 -13.9 0.2 -13.4 0.2
-11.8 0.2 -14.3 0.2 -14.5 0.2
Mean -11.9+ 0.5 -14.2+0.2 -14.2+£0.3 -13.8 £ 05 -12.7+ 0.5 -14.3+0.5
Difference -2.4 -0.1 -0.4 -1.5 0.0
JS-82N-1 -0.1 0.2 -2.0 0.2 -1.8 0.2 -14 0.2 -1.0 0.2 2.5 0.2
0.1 0.2 22 0.2 2.1 0.2 2.1 0.2 -1.2 0.2 2.8 0.2
-0.1 0.2 -2.6 0.2 -2.6 0.2
-0.1 0.2 -2.6 0.2 -2.1 0.2
Mean -0.1+0.1 2.3+0.3 21204 -1.8+0.4 -1.1+0.1 2.7+£0.2
Difference -1.8 0.5 0.4 -0.7 0.9
JS-82A-1A -18.1 0.2 -20.0 0.2 -19.8 0.2 -19.5 0.1 -19.0 0.2 -20.7 0.2
-18.2 0.2 -20.4 0.2 -20.3 0.2 -19.5 0.2 -20.9 0.2
-18.2 0.2 -20.7 0.2 -20.7 0.2 -19.7 0.2
Mean -18.1+0.0 20.3+04 20.2+£0.5 -19.5+0.1 -19.0 £ 0.1 -20.8+0.1
Difference -0.9 1.3 1.2 0.5 1.8
EB-67-90 12.6 0.2 10.7 0.2 10.9 0.2 11.2 0.2 12.0 0.2 10.8 0.1
13.1 0.2 10.7 0.2 10.8 02 11.7 0.1 12.5 0.2
12.9 0.2 10.3 0.2 10.3 0.2 114 0.2
Mean 12.9+£0.2 10.6 £0.2 10.6+£0.3 11.5+£0.2 12.3+£0.3 10.8 £0.1
Difference -2.1 0.2 0.1 -0.7 -1.5
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Fig. 4.3:A. Laser ablation signal for raster sampling (bldike) and spot ablation (grey lin®. "'B/°B
ratio of measured signals showing no significantapic fractionation (change of isotopic ratio
during analysis) for raster sampling (black ling)chspot ablation (grey line).

Boron isotopic fractionation during laser ablatiamalysis, expressed as slope of the time-
resolved isotope ratio measurement, reveals no iladeced fractionation (systematic change of
the measured isotopic ratio with number of lasdsgsiapplied to the sample) for both laser
ablation sampling strategies (raster and singlé) spbe time resolved isotope ratio patterns for

raster and single spot laser ablation are simHay. @.3).

Al

@ elbaite  ® JS-82A-1A
® dravite ® JS-82N-1
® schorl @ EZ-272

® B4 EB-67-90

Als Feg, Al;,Mgs,

Fig. 4.4: Al-Fey,y—Mg diagram showing the samples composition baseeMPA analyses.
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Electron microprobe analyses (Tab. 4.2) revealegetltompositionally distinct tourmaline
groups within the Al-Fgy-Mg ternary diagram (Fig. 4.4): (1) 98144 elbaitenfi a granitic
pegmatite, (2) the schorl group consisting of 11256horl from a granitic pegmatite and B4
tourmaline from a monzogranitic pegmatite, and {3 chemically uniform dravite group
consisting of the 108796 dravite of uncertain arigidetrital source) and metamorphic
(amphibolite facies) tourmaline EB-67-90. The cheahccompositions of the other metamorphic
tourmalines classified as dravite EZ-272 (amphtbofacies), dravite JS-82A-1A (granulite
facies) and schorl JS-82N-1 (greenschist faciegylff and Slack, 1984) differ significantly
from the rest of samples analyzed in this study.

Results from SIMS measurements are summarizedbmTa The SIMS technique used in
Potsdam is routinely used for measurements of Bojp®s. Because of its spatial resolution
trueness and reproducibility that are comparablehtise achieved by LA MC ICP-MS for
analysis of tourmaline, it is better suited foreintechnique comparison than the bulk sample
TIMS measurements.

4.5 Discussion

4.5.1 Laser ablation MC ICP-MS

Isobaric interferences, such as those caused bgcolal ions generated within the ICP
source, can affect both the trueness and preacidithe isotope ratio determination. The observed
interference on the low mass side of 1B peak (Fig. 4.1) has been attributed “far**
(Aggarwal et al., 2009; Feldmann et al., 1994; @abhd Bahr, 1999; Park, 2002). Although le
Rouxet al. (2004) reported that similar interferences cacdiesed by°Ne?*, we did not observe
any significant traces of Ne during our experimefitee production of’Ar** is, to a large extent,
controlled by plasma temperature, which in turraffected by parameters such as RF power,
sample gas flow, solvent loading and RF generataracteristics (e.g., frequency) (Mermet,
2006). Gabler and Bahr (1999) reported that thenisity of*’Ar** interference can be reduced by
using a lower radio frequency setting, which is ohéhe fundamental parameters that influence
the ICP temperatur&he results of our study are consistent with (Gaatel Bahr, 1999) in that

the ability of plasma to form quadruply chargedidms appears to be mainly influenced by the

72



Jitka Mikova, PhD. Thesis Chapter 4

ICP temperature. This is in agreement with the olesechange in th€Ar** intensity relative to
the intensity of°B with varying sample gas flow (Fig. 4.1B).

The increase in isotopic ratios with increasinghalgntensity (concentration of ions in the
ICP, Fig. 4.2) is attributed mainly to the spacarge effects due to electrostatic interactions
between positively charged ions in the ICP andriate region. It is influenced by the density
and composition of the ion cloud, and is therefi@lated to the composition of sample matrix
and concentration of the analyte (Andren et alQ420The only observed exception from this
trend is the last measured point on the B4 toumaadample (120 um laser beam diameter) that
shows a slight decrease of the measured B isotafii for the highest signal intensity. While
there is no laser induced fractionation (Fig. 4t@&)t could possibly explain this decrease, it may
be consistent with effects of plasma mass loadviéusly published data (Kroslakova and
Gunther, 2007) suggest that an increase in the lnadsg of the ICP leads to a decrease in the
measured intensity ratios; it can therefore be lkemieel that accurate analyses should only be

carried out using identical laser settings forlwaliion materials and unknown samples.
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Fig. 4.5: Variations ofé"'B in tourmaline samples for different compositiafigourmaline standard in
the standard-sample-standard analysis strategy Heaaterial was normalised by all other
measured materials) for sample mount 8Ldnd S2 B). Error bars represent 1s uncertainty
of the mean value. TIMS reference values are disclim the text.

Results of our experiments revealed an apparemdtiar in the B isotopic composition of
tourmalines which is a function of the differenference materials used for calibration. When

calibrated against a tourmaline reference matefiaimilar chemical composition, the isotopic
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composition agreed with the expected values (Fig). & he offset between the measured and
expected3''B values (in %o) correlates with the compositiontleé reference material which is
highly suggestive of a systematic chemical matififect. Relation between the offset from
expected value and composition of the standardix&mains same for all measured samples as
can be seen from similar offset patterns in Fi%. &he maximum difference of 2.5%. was
observed between elbaite and dravite tourmalinag. (£.5B, Tab. 4.6) and the smallest
difference of ca. 0.1%. (i.e., within analytical @ntainty) was observed between the dravite
tourmalines (Fig. 4.5B, Tab. 4.6).

In light of the highly complex solid-solutions pdss in the tourmaline system with
theoretical formula (Na,Ca)(Mg,Fe,Mn,Li,AQAl,Mg,Fe**)s(SigO18)(BOs)s(O,OH)s(OH,F) (Deer
et al., 1992), it is difficult to assign the obseslvmatrix effect to a particular parameter of
chemical composition. Chaussidon and Albarede (L88orted for their SIMS measurements a
systematic decrease i1'B from the Li-rich tourmalines to the Mg-rich andiet Fe-rich
tourmalines. When comparing the chemical compasitibtourmaline (Fig. 4.4) with results of
the measured isotopic ratios (Tab. 4.5, Tab. 4t@ppears that th&"'B values for our sample
are mainly influenced by Al content in the calimgt tourmaline (the observed'B values
decreases with increasing Al content in the touimeatalibration material). Though we would
not necessarily predict concordant behavior betwaser- and ion-based sampling approaches,
our observation seems to be consistent with resfil@haussidon and Albaréde (1992) because
the compositional field of Li-rich tourmalines in-Aeiy—Mg ternary diagram is the closest one
to the Al apex. In addition, when Al contents ire ttample and the calibrating tourmaline are
similar, there is a significant correlation betweaaoreasing Fe/(Fe+Mg) ratio and the shift in
8''B towards isotopically lighter compositions. Alluimnalines from the dravite group with
similar Mg contents (dravite, EB-67-90, EZ-272) whaimilar matrix effects, despite substantial
differences in composition between EZ-272 and és¢ of the group.

The boron isotopic composition of the four tourmalireference materia(§8144 elbaite,
108796 dravite, 112566 schorl and B4), shown gegilyi in Fig.4.6., suggests that the matrix-
matched laser ablation MC ICP-MS data obtainedhis $tudy are in good agreement with the
previously published P-TIMS values for the isotopamposition of these reference samples by
Tonarini et al. (2003), Dyaret al. (2001), Leeman and Tonarini (2001) and Gonfianginal.
(2003) Fig. 4.7A.
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Fig. 4.6:0"'B values for four tourmaline reference materialewig 1s uncertainty and trueness of laser
ablation data calculated by standard-sample-staddprocedure (even number analyses are
treated as unknown samples and odd number anabyfséise same material are treated as
calibration runs), with the weighted averag&'B value for the whole data set. Solid lines
represent the mean TIMS values previously publishedhese materials with 1s uncertainty
interval shown by dashed lines.

Tiepolo et al. (2006) used laser ablation MC ICP-MS for borortapa analysis of various
geological materials. With the exception of tourimalsample B4, all other analysed materials
were in the form of a glass and, similar to thisdgt the data were corrected using a “standard-
sample-standard” bracketing technique, while udM@T SRM 610 glass as a calibration
material. Tiepoloet al. (2006) obtained a meai'B value of -8.24 (+ 0.22%o, 1s) for the B4

tourmaline which is slightly offset towards a heavialue relative to our results and the
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reference value provided by Tonargti al. (2003). It is possible that this 0.6%. offset midpat

the result of using a non matrix-matched referenagerial for instrument calibration.

4.5.2 SIMS

The SIMS boron isotope data from the two days @& decquisition for the four reference
materials are reported in Tab. 4.7 which represer@snost detailed record of analytical results
for tourmaline reference materials reported to date this method. The instrument mass
discrimination Qi.s), defined as the ratio between the measti@d’B and the referenceB/ B
values, was determined from the mean of n = 29yamalon the four tourmaline reference
materials analysed in this study. All measured detae corrected by this single overalls
value of 0.98002 and are reporteds&® values relative to NIST SRM 951. The reprodudipil
for the Ajst during the analytical session was 1.34 %o (1 s)chis typical for this method. It
should be noted that this value for the reprodlittaf Ainst contains components related both to
the reliability of the assigned values for eachtlod four reference materials as well as any
possible sample-specific variations in isotopic cfi@nation. This value for the overall
reproducibility ofAinst Should be taken as the limit to which such a datacould be interpreted.
The repeatabilites of the results for each refexanaterial are in the range of 0.8 (dravite and
schorl) and 1.2 %o (elbaite and B4) (Tab. 4.7). Véeerthat the 1.3%o. standard deviation of B4
tourmaline can be attributed to the last three omemsents obtained from this material which
show a consistently lighter isotopic compositiompared to the rest of analyses on this sample.

The results obtained by the SIMS technique emptpyaierence values obtained from TIMS
measurements (Fig. 4.7B) suggest that some SIM& atat systematically biased. Lowi’B
values were obtained for elbaite and dravite, whi¢h schorl samples (schorl and B4) were
shifted towards higher than expectdB values. Here we note a general observation tihetr o
boron isotope studies (Chaussidon and Albaréde?)198ve detected a bias of 1 %o to at most 2
%0 towards lighter ratios for the elbaite referencaterial as compared to the schorl and dravite
reference materials. Until more Li-rich tourmalireference materials become available, it will
not be possible to conclude whether this phenomesigalated to a chemistry-specific matrix
effect or to yet unidentified issue related to teéerence value of this single specimen. This
apparent bias of the elbaite results is similatiraction but substantially less in magnitude t@® th
SIMS matrix effect reported by Chaussidon and Adbar(1992).
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Tab. 4.7: Compilation of SIMS data from the four tourmalieéerence materials. The indicated
uncertainties are 1s of the reported populatiakig, - instrument mass discrimination.
Measured values marked by asterisk were obtainedgisecond day of analytical session.

measured corrected

Sample lig i0g Ainst 1B/ 5''B 1s

elbaite 3.916 0.97866 3.996 -11.8 0.4
3.910 0.97716 3.990 -13.3 0.3
3.911 0.97741 3.991 -13.1 0.3
3.916 0.97866 3.996 -11.8 0.3
3.920 0.97966 4.000 -10.8 0.3
3.923 0.98041 4.003 -10.0 0.3
3.919 0.97941 3.999 -11.1 0.3

Mean 0.97876 +0.00118 -11.7+1.2

dravite 3.940 0.98086 4.020 -5.8 0.4
3.933 0.97911 4.013 -7.5 0.3
3.934 0.97936 4.014 -7.3 0.6
3.933 0.97911 4,013 -7.5 0.4

Mean 0.97961 + 0.00083 -7.0+0.8

schorl 3.916 0.98069 3.996 -11.8 0.3
3.912 0.97969 3.992 -12.8 0.4
3.919 0.98144 3.999 -11.1 0.3
3.914 0.98019 3.994 -12.3 0.4
3.914 0.98019 3.994 -12.3 0.4
3.920 0.98169 4.000 -10.8 0.4

Mean 0.98065 + 0.00078 -11.9+0.8

B4 3.928 0.98009 4.008 -8.8 0.4
3.935 0.98184 4.015 -7.0 0.4
3.934 0.98159 4.014 -7.3 0.4
3.931 0.98084 4,011 -8.0 0.4
3.923 0.97884 4.003 -10.0 0.4
3.921 0.97834 4.001 -10.6 0.4
3.933 0.98134 4.013 7.5 0.3
3.937 0.98233 4,017 -6.5 0.4
3.934 0.98159 4.014 7.3 0.4
3.926 0.97959 4.006 -9.3 0.3
3.928 0.98009 4.008 -8.8 0.4
3.929 0.98034 4.009 -8.5 0.4

Mean 0.98057 + 0.00124 -8.3+1.3

Overall mean 0.98002 + 0.00131

4.5.3 Relative Merits of Laser ablation and SIMS

The main advantages of the LA MC ICP-MS and SIM&hméques over wet chemical
methods are their high spatial resolution and sswthple size required for analysis. The usual

amount of sampleonsumed by SIMS (of the order of 100 pg total dampass) is at least two
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orders of magnitude smaller than for LA MC ICP-M®3ie analyzed mass of the sample during
LA MC ICP-MS is approximately two orders of maguitusmaller compared to the bulk analysis
by TIMS. The major advantage of LA MC ICP-MS ovéMS lies in its speed of measurement
and simple sample handling due to ablation undeogpheric pressure. During this study one
LA MC ICP-MS analysis took ca. 2.5 minutes whilerhihutes were needed for a SIMS analysis.

As the focus of this study was the evaluation & ttA MC ICP-MS analyses of''B
determinations of tourmaline and as the SIMS tepimhas been well established in the Potsdam
laboratory, we did not investigate the influenceaoflytical parameters on the quality of our
SIMS data. In order to obtain more directly compéraresults and to cancel out effect of
different data treatment, we have recalculated laser ablation data in the same way as the
SIMS measurements. The results are presented i Fig (grey symbols) and show the shift of
final LA MC ICP-MS values caused by different dateatment. Such a pattern might be the
result of a matrix effect as the most affected daéafrom the elbaite and dravite materials, which
also showed the greatest difference with the sdmfiedsrection if used for intercalibration (Fig.
4.5). The offset between the laser ablation reseltstive to the TIMS values (Fig. 4.7A grey
symbols) shows a similar pattern for elbaite, schad B4, while dravite shows the opposite
trend compared to SIMS results (Fig. 4.7B). Howgiteshall be noted, that all laser ablation and
TIMS results are overlapped by 1s uncertainty wakof SIMS results.

-4 -4
A B
2 M dravite . .}4 dravite
N P z P
0 @ B4 % " B4
210 | O 2 10t
S:): %: elbaite =
elbaite
— 2t 2 f %
,\i schorl N
Ni N+ schorl
A4 L : : : : 14 L - : : -
14 12 10 -8 6 4 14 12 10 -8 6 4
Reference values TIMS §"B (%o) Reference values TIMS §"B (%o)

Fig. 4.7: A. Comparison of LA MC ICP-MS data (i) normalized the bracketing with calibration
material of the same composition (black symboig),nprmalized the same way as SIMS
results (grey symbols) with TIMS reference valwrspr bars represent 1s uncertainti.
Comparison of SIMS data with TIMS reference valag®r bars represent 1s uncertainty.
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The results obtained during this study suggestttiteabverall repeatability provided by SIMS
data treatment for LA MC ICP-MS estimated at 0.8%s, (n=47) is better than that of SIMS
1.3%0 (1s, n=29). Even with equivalent data treatmkaser ablation compares favourably with
SIMS. The worst precision recorded by both anaytiechniques was for tourmaline B4, for
which a non-homogeneous chemical composition (lmandetected by cathodoluminiscence) has
been reported previously (Tonarini et al., 2008)s lalso noted that the B4 sample was the only
multi-grain material, whereas the other three sasyplom (Dyar et al., 2001) were fragments

from single large monocrystals.

4.6 Conclusion

The results of this study suggest that laser anlddC ICP-MS analysis of boron isotopes in
tourmaline is subject to significant matrix effethat can impact the overall data trueness at ~2.5
%o level. The chemical composition of individual tmaline samples has a systematic effect on
the calculated™'B values depending on calibration material useddta normalization. With
matrix-matched calibration and standard-sampledsti@hdata reduction, the overall repeatability
of LA MC ICP-MS is estimated to be at ca. 0.5%. Ylevel. The laser ablation-measur&dB
values are close to those obtained by Tonatral. (2003) and Gonfiantingt al. (2003) for the
same samples using P-TIMS technique. Furthermbesetresults compare favourably with the
overall reproducibility of about 1.3%o. (1 s) whichroutinely obtained by the SIMS method.

The choice of both laser and MC ICP-MS instrumergmeters has significant effect on the
measured'B/*"B ratios, in particular as a result of differergrsl intensities antPAr** spectral
interferes on thé’B mass peak. These interferences can be suppregsegtimizing mass
resolution of the instrument. Laser induced isatdpactionation of B was negligible for single
spot and raster sampling strategies during thidystallowing for a choice of optimal sampling

mode depending on the size, shape and homogeri¢ity samples.
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Chapter 5: Summary and outlook

This dissertation presents an extensive datasgtdimg a new insight to processes causing
fractionation and matrix effects, which compromeecuracy and precision of laser ablation
measurements. Experiments were focused on eleraadtssotopic systems of high importance
in geosciences. They include U-Pb system useddoctgonological determinations based on
radioactive decay of uranium to lead in the acagssuneral zircon (ZrSi@), alkali elements
that are utilized in geochronology (Rb-Sr, K-Ar)dathermobarometry as well as for correcting
for variations in ablation yield (as internal stands) in analyses of other lithophile elements and
boron isotopic composition of tourmaline that cam dsed to study origin and evolution of
tourmaline bearing rocks.

Data presented in this thesis indicate that padigenerated by laser ablation during course
of laser ablation analysis of silicates vary inithgze and composition (not only chemical in
NIST 612, but also phase in zircon 91 500) and fitaztionation during laser ablation ICP-MS
analysis takes place also at the ablation sitefef@iit silicate samples under identical
experimental conditions can produce aerosols wiffierént size distributions of particles. The
release of different particle size fractions duritager ablation experiment changes with
prolonged time of laser-sample interaction. Expental data produced by ablation of NIST 612
glass and zircon 91 500 reference material suggastarge (> 200 nm) particles are formed by
melt droplets while small (~5 nm) particles are hadoly condensates from vapour phase.
Different mechanisms that produce different pagtisize fractions generation seem to be
responsible for their different composition. Onbnse particles (zircon)/particle fractions (NIST
612) produced by laser ablation have a chemicalposition corresponding to that of the
original solid sample. Accordingly, the ablated gémhas to be transported to the ICP in a
quantitative or representative fashion. In somesésmay be possible to select the size fraction
of particles that most closely matches the bulk position of the target sample for transport and
analysis in the ICP-MS using screening particleasggion devices. Also due to different nature
of analyzed samples (glass NIST 612 vs. crystaliiiteon 91 500) it seems that different
mechanisms are responsible for Pb/U fractionationnd ablation of silicate glass and zircon
(and other crystalline and non-crystalline phaseb}U decoupling during the ablation of zircon
is probably caused by the thermal decompositiomir@bn (ZrSiQ) to baddeleyite (Zr¢) and
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SiO,. Although the link between the formation of difet phases and elemental fractionation
can be demonstrated for crystalline samples (z)rdbis relationship remains difficult to prove
for amorphous materials such as the NIST silicdéssgs, where the phase composition of
ablated particles may be the same as that of tgmaksample.

Data on fractionation behavior of alkali element® @& agreement with observations
presented for U-Pb in NIST-612 and zircon 91 50fke Significant part of the fractionation also
takes place on the ablation site during laser-sampleraction and demonstrated thermal
alteration of the sample results in variationshi@ themical composition as a function of the size
of aerosol particles. The rate of fractionationiemwith properties of major element used for
corrections of ablation yield and also with concatbn of individual alkali elements if samples
having the same matrix are compared. However, rdnetidnation rate is also controlled by the
sample matrix. In addition, crystallographic oregmdn relative to the incident laser beam may
influence elemental fractionation during laser &bfa This can be attributed to variable heat
transfer during laser ablation in different crylstgtaphic orientations. An important conclusion
of this study is that chemical composition and igpalistribution of elements below the bottom
of laser crater is strongly influenced by thermiéas. The effects of laser ablation on element
redistribution below the bottom of the laser pis de detected down to the depth of tens to first
hundreds nm. This effect is significant not only &kali elements but also for elements that are
commonly used in quantitative analysis of silicgé®logical samples for corrections of ablation
yield (isotopes of Si and Ca). Their behavior dgriaser ablation analysis is different (Si
behaves similar to alkali elements, while Ca offeows an opposite fractionation pattern). The
choice of the internal standard has an importdetebf precision and accuracy of laser ablation
ICP-MS analyses. In conclusion, the combinatiortheirmally driven diffusion process within
the sample, different mechanisms of particle foromat different chemical composition of
produced particle size fractions and nature of sampatrix all seem to be related to observed
elemental fractionation.

The matrix effects on precision and accuracy obhasotopic analyses were studied on a set
of tourmaline samples. Because tourmalines are gacdrs of geochemical transfer and mixing
processes and are difficult to digest chemicallthaut boron loss, laser ablation ICP-MS is a
method of choice for their isotopic study. Only eghgible boron isotopic fractionation during

laser ablation analysis was observed, allowindgiter evaluation of the potential matrix effects.
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”

Different types of tourmalines were analysed anoc@ssed using “standard-sample-standard
bracketing approach where even number analyses tneated as unknown samples and odd
number analyses were treated as calibration ruash Eburmaline sample served as calibration
material as well as unknown sample. This approagkals that the compositions of individual
tourmaline samples had effect on the calcul&t€B values depending on calibration material
used for data normalization. The results show tivater identical analytical conditions, the
matrix effects can contribute to the overall datausaacy at ca. 2.5 %o level, while with matrix-
matched calibration, the overall precision of LA MCP-MS is estimated to be at ca. 0.5%0 (1 s)
level. There seems to be a systematic relatiortstiween differences of chemical compositions
(especially the element on the octahedral positddnmeference material vs. analyzed tourmaline
and offset of calculated''B values. However, more data are needed to edtabditions
between chemical composition aft!B, at least for some of the end members of tourmaali
complex solid-solutions.

The results of this thesis point to the importan€enatrix matched external calibration in
cases where highly precise and accurate lasern@bl&P-MS data are required. Although this
thesis answers some of the questions, some gtilhireopen and constitute a topic for future
research. Especially important at the present lef/einderstanding is linking the chemical and
phase changes during laser-sample interactionegdaitmation of particles in the laser aerosol

and its properties that control particle behaviauhe ICP.
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Laser ablation ICPMS dating of zircons in Erzgebirge orthogneisses:
evidence for Early Cambrian and Early Ordovician granitic plutonism
in the western Bohemian Massif
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Abstract: U-Pb isotopic data obtained by laser ablation ICPMS analysis of nine zircons with centre to margin oscillatory growth
zones from a K-feldspar-rich augen gneiss in the allochthonous Lower Crystalline Nappe of the Erzgebirge domain of the western
part of the Bohemian Massif yield a concordia age of 524 + 10 Ma (2 sigma). This Early Cambrian age represents the time of
magmatic crystallization of the protolith of a representative, from near Médénec, of the allochthonous “Red gneiss” whose igneous
nature is shown by the presence of (deformed) xenoliths. Data from TIMS analysis of zircons with variable proportions of unzoned
xenocrystic cores surrounded by oscillatory-zoned overgrowths point to magma derivation from upper Proterozoic, or older, rocks.
Data obtained for five zircon grains from another “Red gneiss™ in the Lower Crystalline Nappe (in the Klinovec anticline) plot below
the concordia with the age of the one point that is near concordant being 519 + 26 Ma (2 sigma). These data, together with internal
features ot the zircons, are consistent with Early Cambrian granitic plutonism also in this part of the Erzgebirge but with later Pb loss,
possibly associated with considerable fluid movement during thrust nappe development. Another sample of a coarse-grained
orthogneiss from the autochthonous St Catherine’s dome yielded a significantly younger Early Ordovician age of 480 = 10 Ma (2
sigma) calculated from eight zircon analyses. However, three zircon grains from the same sample gave a significantly older near-
concordant Late Proterozoic age of ca. 620 Ma.

Provided that the age difference of ca. 40 Ma between orthogneisses from Médénec — Klinovec and St Catherine’s dome holds also
for other orthogneisses in the Erzgebirge, zircon U-Pb age data could be used to discriminate between allochthonous and
autochthonous units in this region.

The ca. 25 Ma difference between the Early Cambrian protolith age of the augen gneiss from near Médénec determined by the
laser ablation ICPMS technique and a previously reported older age of 550 £ 9 Ma for a nearby sample determined by the Pb-Pb
evaporation technique 1s accounted for on the basis of the latter not being adequate for dating zircons with a small xenocrystic
component. This study demonstrates the importance of high spatial resolution dating techniques, such as SHRIMP or laser ablation
ICPMS, in dating zircons with complex growth history that are common in crustally-derived melts.

Key-words: augen gneiss, Bohemian Massif, Erzgebirge, granitic protolith, laser ablation ICPMS, U-Pb zircon dating, Xenocryst.

Introduction

Emplacement ages of plutonic rocks are valuable in con-
straining the tectonic history of metamorphic domains in
orogenic belts, particularly if the intrusions cut across major
tectonic boundaries. In addition, corresponding or contrast-
ing emplacement ages and, or, geochemical signatures of
magmatic rocks may be used for correlation or to discrimi-
nate between different parts of a succession of structural —
metamorphic — igneous events. Determination of such em-
placement ages that are reliable is possible using zircon U-

DOI: 10.1127/0935-1221/2004/0016-0015

Pb chronometry, even if the plutons have experienced pene-
trative dutile deformation subsequent to their magmatic
crystallization (e.g. Wayne & Sinha, 1992; Kosler ef al.,
1993), particularly if high spatial resolution dating tech-
niques are used. Laser ablation ICPMS U-Pb analyses re-
ported here give the protolith ages of three orthogneisses
from the Erzgebirge (Kruiné hory) Mountains in the west-
ern part of the Bohemian Massif (Fig. 1).

The augen gneisses are present in the allochthonous
Lower Crystalline Nappe (LCN: Konopasek et al., 2001)
unit, and also in the structurally lower autochthonous core

0935-1221/04/0016-0015 $ 3.60

© 2004 E. Schweizerbart’sche Verlagsbuchhandlung, D-70176 Stuttgart
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Hyperpotassic granulites from the Blansky les Massif
(Moldanubian Zone, Bohemian Massif) revisited

Vojtéch JANOUSEK" 2*, Erwin KRENN?, Fritz FINGER?, Jitka MIKOVA', Jifi FRYDA'

!Czech Geological Survey, Kldarov 3, 118 21 Prague 1, Czech Republic; janousek(@cgu.cz

’Institute of Petrology and Structural Geology, Charles University, Albertov 6, 128 43 Prague 2, Czech Republic
*Division of Mineralogy and Material Science, University of Salzburg, Hellbrunnerstrafse 34, A-5020 Salzburg, Austria
*Corresponding author

In the Blansky les granulite Massit (Moldanubian Unit, South Bohemia), built mainly by felsic calc-alkaline HP-HT
garnet + kyanite granulite, occur rare small bodies of hyperpotassic granulite with garnet (PleSovice type) or pyroxene
(Lhotka type).

The Plesovice type is dominated by slightly perthitic K-feldspar and almandine—pyrope rich garnet, the latter variously
retrogressed to biotite + plagioclase. The other conspicuous euhedral crystals are apatite and zircon. In the rock occur
also Zr-Nb-rich rutile and much rarer primary monazite; originally LREE-rich apatites decompose into small Th-poor,
MREE-rich monazite grains.

The Lhotka type granulites contain pyroxene, often altered to actinolite, instead of garnet. The predominant perthitic
K-feldspar encloses a small amount of unmixed celsian. Typical are large euhedral crystals of apatite with small unmixed
monazite grains; primary monazite is rare. Noteworthy is the occurrence of secondary Ti phases with high REE, Y and
Zr, formed at the expense of the primary pyroxene.

The studied granulite types are highly potassic (K,0 > 7 %, up to c. 14 %, K,O/Na,O = 3.1-9.2 wt. %), silica-poor
(Si0, < 65 %), with low contents of most major- and minor-element oxides, apart from K and P. Characteristic are
high concentrations of Cs, Rb, Ba and U at variable enrichments in Zr and Hf. Whole-rock contents some HFSE (Ti,
Nb and Ta) are extremely low. The REE patterns show marked negative Eu anomalies and variable LREE enrichments
increasing with rising silica due to a conspicuous drop in HREE. The Sr—Nd isotopic ratios document the derivation
from mature crustal sources (&3] ~ -5.5; ¥’Sr/*Sr, . = 0.7272 and 0.7279 for the Plesovice and *’Sr/*Sr,,_ = 0.7109 for
the Lhotka types). Apatite saturation temperatures are high (~1070 °C), close to the previously estimated conditions
of (re)crystallization for both calc-alkaline and hyperpotassic granulites. The zircon saturation temperatures tend to
be more variable, some exceeding 1000 °C but many unrealistically low, reflecting effects of disequilibrium melting,
heterogeneous distribution of accumulated crystals in the magma and/or sampling bias.

The hyperpotassic granulites are interpreted as Viséan igneous rocks. The parental magma could have originated by
low degrees of HP-HT, non-eutectic partial melting. The low-scale melt was most likely expelled close to the HP-HT
metamorphic peak or at early stages of decompression from common Moldanubian calc-alkaline granulites. This genetic
link is documented by the presumed P-T conditions, similar age and complementary geochemical and Sr—Nd isotopic
signatures. Subsequently the magma could have developed by garnet, apatite and zircon dominated fractional crystal-
lization, with or without some crystal accumulation.

Czech
©logical 500

Keywords: granulites, alkali feldspar syenites, high-pressure melting, geochemistry, Moldanubian Zone, Bohemian Massif
Received: 29 January 2007, accepted 6 June 2007, handling editor: M. Novdk

older, mostly felsic igneous or volcanosedimentary rocks
(e.g., Fiala et al. 1987a; Vellmer 1992). In this case,
some amount of trapped high-pressure melt was likely
to have been present, even though its proportion is not
well constrained yet: less than 10—15 vol. % (Roberts
and Finger 1997; Janousek et al. 2004) or up to 20-30

1. Introduction

Felsic (granitic) calc-alkaline garnet + kyanite-bearing
high-pressure and high-temperature (HP-HT) granulites
form an important constituent of the high-grade Molda-
nubian Zone, interpreted as an orogenic root of the Eu-

ropean Variscan orogen in Central Europe (e.g., Fiala et
al. 1987a; Vrana and Sramek 1999: O’Brien and Rotzler
2003; O’Brien 2006; Kotkova this volume). Regardless
the attention the classic occurrences of these granulites
in South Bohemia, Western Moravia and Lower Austria
(Fig. la—b) have attracted, their genesis still remains open
to debate. They have been interpreted as metamorphosed

vol. % (Tropper et al. 2005). Alternatively, some of the
felsic granulites were interpreted as separated Viséan
(~340 Ma) dry, HP-HT (P > 15 kbar, T > 1000 °C) partial
melts of metasedimentary lithologies (Vrana 1989; Jakes
1997; Kotkova and Harley 1999) or of granitoids/acid
volcanic rocks (Vrana 1989). As a third, and so far little
tested model, Viséan HP metamorphism (P up to 18 kbar,
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Modified chromatographic separation scheme for Sr and Nd
isotope analysis in geological silicate samples

Jitka MIKOVA*, Petra DENKOVA
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* Corresponding author

Crech o
Cological 506

A novel chromatographic separation technique for Sr and Nd separation from geological silicate samples was establis-
hed and successfully tested for routine use in Laboratory of Radiogenic Isotopes of the Czech Geological Survey. The
separation scheme 1s based on combination and modification of methods published in papers by Christian Pin and his
co-workers. This triple column arrangement enables the isolation of pure Sr and Nd fractions (also Sm if required) from
bulk-rock solution m a single step during one working day. The Sr and Nd yields are high. while blank levels remain

low. This procedure minimizes the acid consumption and time needed for the separation by more than half compared
to the traditional 1on exchange separation techniques. The calibration of the Ln.Spec columns should be periodically
monitored because the elution of REEs shifts after a period of extensive use of the resin. Suitability of this technique for
Sr and Nd separation from silicate rock samples was confirmed by repeated measurements of *’Sr/%Sr and **Nd/***Nd
1sotopic ratios in three international reference materials BCR-1, JA-1 and JB-3.

Keywords: strontium, neodymium, ion exchange chromatography, isotopic analysis, silicate rocks; thermal-ionization mass spectrometry
Received: 12 October 2007, accepted 15 December 2007; handling editor: M. Stemprok

1. Introduction

The measurements of isotopic composition performed
by thermal ionization mass spectrometry (TIMS) require
chemical separation of the elements of interest. This is
important as an impure sample will give both a very
poor ion yield and cause beam instability in the mass
spectrometer, potentially resulting in a poor analysis.
Isobaric interferences, such as ¥Rb and ®’Sr* must also
be minimized for accurate isotopic determination.

This separation 1s traditionally performed using ion
exchange chromatography. Since the early pioneering
work of Aldrich et al. (1953), the chromatographic tech-
niques have proven to be the most useful for isolating
elements of interest from the sample matrix. Although
this technique is widely used in isotope geochemistry,
conventional ion exchange resins have a disadvantage
of the poor elemental selectivity. In general, chromato-
graphic separation schemes are based on differences in
distribution coefficients (the larger the coefficient, the
greater the affinity of the ion to the resin, also the larger
the ratio of the coefficients of two different ions, the easier
it is to separate them using ion exchange). They, there-
fore, require relatively large ion exchange columns and
chemical reagent volumes, depending on the sample size.
Previously, we have employed traditional ion exchange
separations (Richard et al. 1976) using Bio-Rad AGW X8
(200400 mesh) resin and decomposed sample in 2.5M
HC1 solution to separate Rb and Sr. For a sample weight

of c. 100 mg the volumes of reagents required to elute St
were 60 ml of 2.5M HCI; the Sr fraction was collected in
the last ¢. 15 ml of this volume. Additional 50 ml of 6M
HCI were required to elute REEs, which were collected in
the last 10 ml of that volume. The REE fraction was then
evaporated and dissolved in 0.2M HCI. Finally, Nd was
separated by passing the sample through another column
packed with BioBeads S-X8, 200-400 mesh beads coated
with DEP — bis(2-ethylhexyl) hydrogen phosphate. The
total volume of acids required to elute Nd was ¢. 40 ml.

A new generation of chromatographic resin materials
developed at the Argonne National Laboratory (USA)
helps to solve many of the difficulties with large amounts
of reagents and long time required for separation some ot
the geochemically important elements. These resins were
originally designed for separation of radioactive nuclides
from nuclear waste solutions but their high capacity and
specificity make them suitable also for environmental
and geological applications. Here we present a separa-
tion scheme for strontium and neodymium applicable to
isotopic analysis of silicate rocks. This separation proce-
dure is based up on combination and slight modification
of methods published in papers by Pin et al. (1994) and
Pin and Zalduegui (1997). The first paper describes the
separation procedure for Sr using the Sr.Spec and the
separation of LREEs using the TRU.Spec resins from
silicate samples, while the second paper describes the
separation of individual light rare elements using the
Ln.Spec resin.
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Radial distribution of lead and lead isotopes in stem wood
of Norway spruce: A reliable archive of pollution trends in
Central Europe
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Abstract

Annual growth rings of a common hardwood species, Picea abies L., were investigated as a potential archive of past
atmospheric Pb pollution. Wide distribution of trees in terrestrial settings and straightforward chronology are two advantages
of this potential geochemical archive, but several processes described in the literature may obscure the trends in past Pb depo-
sition. These confounding factors include, e.g., radial post-depositional mobility of Pb in xylem, and ecosystem acidification
leading to higher bioavailability of Pb. One- to five-year annual wood increments were analyzed for Pb concentrations and
206pb/297Pb ratios at Jezeri (JEZ), Uhlirska (UHL) and Na Lizu (LIZ), three sites in the Czech Republic, differing in atmo-
spheric Pb loads. Three to four trees per site were included in the study. Distinct Pb concentration maxima between 1960 and
1990 at the two heavily polluted sites (JEZ and UHL) coincided with historical Pb emissions known from inventories of indus-
trial production. No Pb concentration maxima were found at one site, LIZ, situated in a national park 150 km from major
pollution sources. Spruce tree rings from JEZ, located just 5 km from coal-burning power stations, contained a large propor-
tion of coal-derived Pb (a high-Z("’Pb/szb ratio of 1.19). A coal-related maximum in 2*°Pb/>"’Pb in JEZ tree rings was found
using two different analytical techniques, laser-ablation multi-collector ICP MS, and single-collector sector-field ICP MS. In a
three-isotope graph (**°Pb/*"Pb vs. 2*Pb/?*"Pb), tree-ring data plotted into the field of ombrotrophic (i.e., rain-fed) peat
bogs, suggesting negligible contribution of bedrock-derived Pb in the xylem. We concluded that none of the potential con-
founding factors played a major role at our sites. Annual growth rings of P. abies in Central Europe faithfully recorded his-
torical changes in atmospheric Pb depositions.
© 2010 Published by Elsevier Ltd.

1. INTRODUCTION in ecosystems has also attracted much attention (Adriano,

2001). Long-term exposure to Pb can be equally dangerous

The detrimental effect of environmental lead (Pb) on hu- to fauna and flora as short-term episodes of intense pollu-
man health is well documented (Nriagu and Pacyna, 1988; tion (Gulson et al., 2004). In the 1980s, direct monitoring
Gulson et al., 2006). The toxic behaviour of bioavailable Pb of atmospheric Pb inputs via rainfall and dry deposition be-

gan in many industrial countries of the world (Bollhoffer
and Rosman, 2001). In order to assess the cumulative effect
. of anthropogenic Pb on organisms, however, the time-series
E-mail address: martin.novak@geology.cz (M. Novak). L pA & &

1 b, e Tt o . o of these direct measurements are too short. Fortunately,

Present address: European Commission Joint Research Centre, N X T . N
Institute for Transuranium Elements (ITU), P.O. Box 2340, D- several geochemical archives of historical trends in Pb
76125 Karlsruhe, Germany. pollution have been identified, extending our knowledge

" Corresponding author. Tel.: +420 251085333.

0016-7037/$ - see front matter © 2010 Published by Elsevier Ltd.
doi:10.1016/j.gca.2010.04.059
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Charge and transport properties of
particles during laser ablation sampling

Jitka Mikova, Jan Hovorka and Jan Kosler

Department of Geochemistry, Charles University, Prague, Czech Republic * Institute for Environmental
Studies, Charles University, Prague, Czech Republic * Department of Earth Science, University of Bergen,

Norway *

THEORY

Aerosol particles produced by laser ablation of solid samples are usually charged.
Normally, a high level of electrical charge is undesirable because it increases the
particle loss to the walls of transport and sampling systems, especially when these are
made from non-conductive materials such as glass or plastics (e.g. PFATeflon).
Different transport of ablated particles, together with processes that occur at the ablation
site and in the ICP, can result in decoupling of elements and isotopes, a process that is
observed as elemental or isotopic fractionation during LA ICP-MS analysis. The size
distribution of particles produced during laser ablation is thought to possess a significant
control on the nature and size of elemental fractionation. It has also been demonstrated
that chemical and phase compositions of ablated particles can vary with their sizes. An
outstanding issue is whether laser ablation of different sample matrices produces
particles with different charge-size distributions and whether such variations have a
significant effect on the particle transport properties.

soaet o * Here we report results of a series of laser
: ablation experiments with an aerosol
charge neutralizer to test the effect of
particle charge on the transport
properties of ablated particles. The
aerosol charge neutralizer (TSI model
3077, Fig. 1) uses a radioactive beta-
source (2 millicuries of Kr-85, 0.67 MeV)
Fig. 1 Schematics of the aerosol charge neutralizer  to ionize the He carrier gas into positive
used in this study. and negative ions.
Particles carrying a high charge can discharge by capturing ions of opposite polarity.
After a sufficient residence time, the particles reach charge equilibrium such that the
aerosol carries an equilibrium bipolar Boltzman charge size distribution. We then
compare the signal intensities and element fractionation rates measured by ICP-MS
with and without the employment of the neutralizer. We also compare the effects of using
a conductive and non-conductive aerosol transport systems on the rate of elemental
fractionation and signal intensity.

TSI Asrsosol neutralisar model 3077

RESULTS

The results of this experiment are summarized in Table 1 and on Fig. 5. The elemental
fractionation is described here by the slope of the regression line fitted to the time resolved
trace of a corresponding elemental ratio (Fig. 4).

2, NIST 612 | Zircon 91500
3
= Without With Without
T pb/**y neutraliser | nouiratisor| neutralisor | neutraiser
g G G | ea 20 02 02
2 Sope
5, B T 20 03 02
5
z oo | o | 15000 | 9500 | 40500 | 26000
= 005 R e

e B e sl 8000 | 7800 | 7700 | 15000

Number of laser pulses

Fig. 4 Definition of the fractionation rate as a siope of
the regression line fitted to the time resolved
trace of a corresponding elemental ratio

Table 1 Summary of results of the laser ablation experiments
for different experimental arrangements; fractionation
refers to the change in the slope of the “*Pb/"*U ratio
with the number of laser pulses applied, signal intensity

refers to the measured intensity of “*U in cps.

NIST 612 Zircon 91500
Conductive tubing PFA tubing Conductive tubing PFA tubing
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Fig. 3 Laser ablation ICP-MS facility
at Bergen University

Fig. 2 Schematics of the experimental setup
used in this study

We have used a 213 nm Nd:YAG laser (New Wave, UP213) connected to
the Element 2 Thermo Finnigan single collector ICP-MS at Bergen
University, Norway Fig. 3.

We have ablated NIST-612 (silicate glass with nominal element
concentration of 50 ppm) and zircon 91500 (natural ZrSiO4 that contains
81ppmU, 29 ppm Th, and 15 ppm Pb) samples in He atmosphere (1 I/min).
The laser was fired at 10 Hz repetition rate, using 80 um spot diameter and
energy density of 3.5 J/lcm2. A single stage stainless steel TSI impactor
was set to cut off particles larger than 350 nm. It was mounted on the He
carrier gas line between the ablation cell and the ICP torch. The gas line
was made of flexible conductive tubing (or, alternatively, of non-conductive
Nalgene PFA tubing). A stainless steel aerosol charge neutralizer was
employed in some experiments after the impactor. He gas line was
recombined with Ar gas line in a T-piece at the back end of the ICP torch.
The ICP-MS was operated in peak jumping mode with one point measured
per peak (10 ms dwell time) for masses 206 (Pb), 208 (Pb), 232 (Th) and
238 (U). Data were acquired in time resolved acquisition mode. Gas blank
was measured for the initial 60 seconds of each analysis, followed by
measurement of 120 seconds of laser ablation signal.

208238 208238

o] Hr)
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: :
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1000,
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I: Measurement without neutraliser ® Measurement with neutrallss?l

Fig. 5 Results of the laser ablation for different

Fig. 6 High resolution TEM images of (A) particle clusters produced by laser ablation of the NIST 612
silicate glass, (B) single particle within a particle cluster.

DISCUSSION

The mechanisms that may be responsible for the loss of some of the fine and ultra-fine
particles (< 350 nm) during the transport of ablated aerosol to the ICP include (1) diffusion
and (2) adhesion to the walls of transport system and predominatly to walls of tubing due to
inducted electrostatic charge. The later mechanism can be influenced by the employment
of charge neutralizer and conductive tubing. Previous studies have demonstrated that
particles produced during a UV nanosecond laser ablation form by phase explosion (mostly
large particles), melt splashing due to hydrodynamic instabilities (mostly large and fine
particles) and condensation from supersaturated vapor (fine and ultra-fine particles). Some
of the fine (nm-sized) particles usually aggregate and form electrically neutral clusters
already in the ablation cell (Fig. 6).

Results of the present experiment (Fig. 5) suggest that (1) laser ablation of different sample
matrices (silicate glass and zircon) produces particles < 350 nm that have different
distribution of charge, (2) the aerosol that leaves the ablation cell is only weakly charged
because there is no significant difference between the conductive and non-conductive
transport system in cases, when the charge neutralizer was not employed and (3) the use of
charge neutralizer emphasizes the different aerosol transport efficiencies in conductive and
non-conductive tubing and it also has an effect on the rate of elemental fractionation in the
aerosol produced by ablation of silicate glass. The increase of particle transmission, as a
result of the use of charge neutralizer, can be attributed to aerosol coagulation in the
neutralizer which suppresses diffusional losses in the tubing.

CONCLUSIONS

- Charge distribution of particles produced by nanosecond UV lasers
varies subject to the composition of the sample matrix.

- Fine and ultra-fine particles that leave the ablation cell are only weakly
charged, probably due to their aggregation into larger clusters.

- Use of conductive tubing and aerosol charge neutralizer can affect
the transmission of particles from the ablation cell to the ICP source
of amass spectrometer.
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FRACTIONATION OF

ALKALI ELEMENTS DURING

LA ICP-MS ANALYSIS OF SILICATE SAMPLES

Jitka Mikova (mikovaecgu.cz)

Department of Geochemistry, Charles University
&

Czech Geological Survey
Geologickd 6, Prague 5, 152 00, CZECH REPUBLIC

Alkali element analysis of silicate samples is of a great importance for studying
various rock-forming processes, age dating and thermobarometry.

Alkali elements (Li, Na, K, Rb and Cs) are commonly present as major
constituents in silicate minerals and natural glasses but they are often difficult
to analyze by laser ablation (LA) ICP-MS. Sample interaction with the laser
beam can induce element redistributions, formation of chemical gradients in
samples and fractionation of alkali elements during the analysis. The exact
mechanism and scale of such element redistribution is usually not known and it
is often assumed that various diffusion mechanisms are involved in this
process. It is expected that diffusion rates of alkali elements would reflect the
ionic radius and charge of the ions, as well as chemical composition and
structure of the sample and the thermal gradient that results from sample-
beam interaction. A better understanding of elemental fractionation during LA
ICP-MS is desirable not only to improve the precision alkali element analysis,
but also for the potential use of alkali elements in correcting for ablation yield
(as internal standards) in analyses of other lithophile elements that occur in
geological samples.

Here we present results of alkali element measurements of synthetic silicate
glasses (NIST-610, BCR-2) and natural crystalline albite by LA ICP-MS and
SIMS. The experiments were designed to reveal some of the mechanisms that
may be related to the alkali element fractionation during laser ablation.

A. Laser ablation experiment

We have used a 213 nm Nd:YAG laser (New
Wave, UP213) connected to an Element 2
Thermo Finnigan single collector ICP-MS at
Bergen University (Fig. 1) to ablate silicate
samples (NIST-610, BCR-2 and crystalline
albite NaAISi308).

The laser was fired at 10 Hz repetition rate,
with energy density of 3 J/cm® and laser spot
diameter 30 pm. Samples were ablated in He
atmosphere (11/min).

For the SIMS depth profiling measurements
we utilized laser craters produced by 5 and 10
shots on each sample. Roughness of their bottoms and crater depth
determinations were studied by Dektak 3 stylus profilometer. The laser
parameters were 1Hz repetition rate, energy density 5 J/cm* and 80 um spot
diameter.

B. Ion probe experiments

Fig. 1 Laser ablation ICP-MS facility
at Bergen University

Cameca ims 6f SIMS at GeoForschungs
Zentrum Potsdam (Fig. 2) was used to
measure the chemical composition of particles
deposited in the ejecta blanket (Fig. 5)
adjacent to ablation crater on the surface of
the NIST-610 and albite samples. Several
point profiles were conducted which extend
from immediately at the edge of the laser
ablation pit radially outwards to beyond the
edge of the ejecta deposit (Fig. 6). The primary beam accelerating voltage was
22.5 kV, the ion beam current was 0.5 nA. Beam spot size was 5 pm with a
secondary extraction voltage 10 kV. We additionally conducted a series of
SIMS depth profile measurements at the bottom of ca. 80 pm wide laser
ablation pits. The depth of craters was determined by Dektak 3 stylus
profilometer (Fig. 9). The primary beam accelerating voltage was 22.5 kV and
the ion beam current was 5 nA. Raster size was 70 ym with a secondary
extraction voltage of 10 kV and a 30 pm field-of-view.

Fig. 2 SIMS facility at GeoForschungs
Zentrum in Potsdam

Henry Longerich
Department of Earth Sciences
Memorial University of Newfoundland
300 Prince Philip Drive.

St. John's, NL A1B 3X5, CANADA
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# Michael Wiedenbeck
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in the composition of particles with increasing
distance from the laser pit. Li, Na and Rb intensity
signal ratios relative to Si (Fig. 4) suggest a
relative increase in the concentration of alkali
elements towards the edge of the ejecta where
smaller particles were deposited. Similar
composition trends were found for the albite
ejecta, except for the Na/Si ratio that shows a
more complex variation.

Fig. 5 Ej deposited
NIST-610

Fig.6 the
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B. Ion probe experiment
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The results from the SIMS depth profile measurements of the bottom of 80 um wide laser ablation pits
(Fig. 7) reveal changes in the chemical composition in first tens of nanometers below the bottom of
the crater.

The NIST-610 sample below the laser crater is depleted in both Li and Na in the first 20 nm and 50 nm
relative to fresh sample surface, respectively. Siis slightly depleted upto the maxium measured depth
of 290 nm, but the ratio of Si below laser crater to Si on fresh sample surface is stable. The Ca
crater/fresh signal ratio shows the complete opposite trend to other elements and the sample below
laser ablation pit seems to be enriched in Ca relative to fresh sample surface. The highest difference
of signal ratios for one measured element is ca 30% for Na.

The BCR-2 sample below laser crater is depleted in Li and Na relative to unaffected fresh sample
surface in the first 15 nm below the bottom of the pit; Si is depleted in a zone that is 17 nm deep while
the depletion in Ca extends up to 30 nm into the sample. For all elements in BCR-2 a maximum
depletion of 60% was observed directly at the base of the laser crater with the degree of depletion
decreasing with increasing depth.

The Albite sample beneath the laser crater is depleted in Na and Si to depths of 15 nm and 50 nm
relative to the fresh sample surface, respectively. Li and Ca are not common constituents of natural
albite material. Li signal shows much noise and
the Ca signal may reflect inhomogenity in our
natural sample. It could explain strange behavior
of those elements signals. The albite sample is the
most depleted in Si with a 60% decrease in signal
atthe laser crater bottom relative to fresh material.
The elemental fractionation results in the
observed Li and Na signal ratio differences when
normalized to Siand Ca, respectively.

We also made SIMS scanning ion image
qualitative distribution maps of laser craters in
artificial andesite glasses dopped with alkali
elements. The images indicate that the laser
ablation craters are depleted relative to

Fig. 8 SIMS measured qualitative
distribution maps of laser crater
bottom and surrounding area in Na

Fig. 9 SEM image of
laser crater on NIST-610
after SIMS depth profiling
with depth of crater

A. Laser ablation experiment
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surrounding area (Fig. 8).

’:’ Na during laser ablation ICP-MS analysis consistently showed an enrichment relative to Si and
adepletion relative to Ca irrespectively of the sample matrix. The degree of depletion/enrichement
was found to be matrix dependent. Similarly consistent behavior for all studied sample matrices was
observed for Li but fractionation of Rb relative to Si and Ca was matrix dependent.

R
** Variations in alkali element contents in sample adjacent to the bottom of the laser pit and

chemical variations measured by SIMS across the ejecta blanket suggest that (i) significant
fractionation of alkali elements relative to Si and Ca takes place at the ablation site and (ii) that
different particle size fractions fractionate alkali element to different extent.

K3
** SIMS depth profiles show modifications in the chemical composition of sample in the first tens
of r below the bottom of the laser crater not only for alkali elements, but also for matrix

Time [5]

Time [5]

Fig.3 Laser ablation ICP-MS measured signal intensity ratios of Fig. 4 SIMS measured signal
alkali elements, Si and Ca for NIST-610, BCR-2 and albite samples. intensity ratios of alkali elements
Data are not corrected for blank, interferences and mass and Si for NIST-610and albite (not
discrimination. corrected for mass discrimination).
The LA ICP-MS measured time resolved signal intensity ratios of the alkali
elements to Si and Ca often show opposite fractionation trends (Fig. 3).
Analyses of the NIST-610 and albite ejecta blanket show a systematic change

elements like Si and Ca. Most elements are depleted and the degree of modification is matrix
dependent.

R
*+* SIMS depth profiling and analysis of the ejecta blanket suggest that a complex combination of
thermally-driven diffusion and particle size fractionation may be responsible for the observed
decoupling of alkali elements from Siand Ca during laser ablation.
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€ LASER ABLATION AND ISOTOPE DILUTION ICP-MS ANALYSIS
OF Pb IN SPRUCE TREE RINGS
A RECORD OF ATMOSPHERIC POLLUTION IN NW BOHEMIA

10

\ Dendrochemical record of Pb pollut

Jan Kosler, Martin Novak, Michael Krachler and Jitka Mikova
Centre for Geobiology, University of Bergen, Norway

Czech Geological Survey, Prague, Czech Republic

Institute of Environmental Chemistry, University of Heidelberg, Germany

Jjan.kosler@geo.uib.no
AIM OF THIS STUDY

This study attempts to assess a dendrochemical Pb
record along the north-south pollution gradient in the
Czech Republic. We compared the Norway spruce (Picea
abies) tree ring Pb record with the known industrial
emission rates during the 20th century, and also with
published Pb data from Sphagnum peat profiles. Lead
pollution in Central Europe is dominated by incineration of
soft coal in power stations, which produce extremely
small aerosol particles containing Pb. It is assumed that
the trees can directly absorb these airborne particles, and
deposit them in annual growth rings, making the
dendrochemical patterns a reliable archive of past Pb
pollution. This study also compares Pb isotope records
obtained by two analytical techniques, in-situ analysis of
tree rings by laser ablation multi-collector ICP-MS and
single-collector ICP-MS analysis of digested xylem.

This study explores the possibilities of using dendrochemical
record to study the past Pb atmospheric pollution.

Pb POLLUTION RECORD IN PEAT BOGS
ZBGPbIZDIPb

EXPERIMENTAL

Single collector ICP-MS solution measurement

Concentric segments of 5 consecutive tree rings sampled ca 1.5 m above ground
were cut from the trunk, homogenized and dried at 60 °C. Samples were digested in
a mixture of H,SO,, HNO, and HF at 200 °C and the digests were analyzed with
single collector sector field ICP-MS (Thermo Finnigan Element 2) at UoH. Asample
introduction consisted of a microflow PFA nebulizer, a Scott-type PFA spray
chamber and a sapphire injector tube. Extemal precision of “*Pb/"Ph and
**Pb/*"Ph isotopic measurements were better than 0.05 % and 0.1 % for Pb
concentrations of 1 and 0.1 ppm, respectively. Repeat measurements of SRM 981
were used tocorrectdata forinstrument mass discrimination.

Laser ablation multicolletor ICP-MS measurement

Section of the xylem (4 x 4 x 200 mm) cut perpendicular to the growth rings was
mounted in 1 inch epoxy blocks and diamond-polished in ethanol to obtain flat and
smooth surfaces. Isotopic composition of Pb in denser latewood segments of the
tree rings was measured using an Nd:YAG 213 nm laser (New Wave UP-213)
coupled to a Thermo Finnigan Neptune multicollector ICP-MS at UoB. The laser
was fired with energy of 3 J/em’, laser beam diameter of 100 microns and repetition
rate of 20 Hz. The laser beam was scanned across the sample surface to ablate
linear rasters 600 microns long parallel to the tree rings. The ablation cell was
flushed with He (0.7 L min") that was mixed with Ar gas (1 Lmin") camrying Tl tracer
solution which was aspirated to the plasma through an APEX (Elemental Scientific)
desolvating nebulizer. The data were corrected for gas blank and Hg interference on
*Pb. Correction for instrument mass discrimination of Pb isotopes utilized the
exponential law and measurement of Tl isotopic composition in the tracer solution.
In-house wood pressed powder pellet standard (420 ppb Pb) was periodically
analyzed during this study for quality control.
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Isotopic composition of Pb in Bohemian peat bogs reflects the
temporal changes of sources of atmospheric pollution.
(Novaketal., EST 2003, 37, 437-445)

SAMPLES

Samples of Norway spruce were taken from industrially polluted
northern Czech Republic (site JEZ “Jedlak” in the Erzgebirge).
Reference sample (LIZ) was taken from non-polluted area in
southern Czech Republic.

(Picea abies) from polluted site in the northern Czech Republic shows
a distinct Pb concentration
maximum and a **Pb/*'Pb
isotope signature close to
that of coal Pb (1.18) in the
second half of the 20"
century, coinciding with
elevated industrial Pb
emission rates.
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Picea abies growth rings faithfully record historical changes in
atmospheric Pb pollution.
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