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Abstract

Sample preparation is a crucial point for quantitative multi-elemental analses by LA-ICP-MS of powdered geological
materials. Four different methods are compared in this study with respect to signal stability and intensity as follows: the
preparation of glass beads (GlassB) by alkaline fusion method and three grinding and pelletizing methods relying on the
use of an organic binder (VanBind, vanillic acid), an adhesive binder (MixGlue, methyl methacrylate) and a sol—gel process
for glass formation (SolGel, chemical reaction of tetracthoxysilane), respectively. Sixty elements were analyzed by means
of a ns-UV (213 nm) laser ablation system coupled to a single collector sector field ICP-MS with a low or medium mass
resolution. Signal stability was found to strongly depend on the sample homogeneity provided by the preparation method.
These methods were applied to three geological standard materials (CRM). The following criteria were used to evaluate and
compare the methods: (1) proportion of the measurement cycles which are above a given signal intensity threshold (defined
here as signal average + 3 times the standard deviation), (2) signal stability of the analyzed nuclides (internal precision
estimated by the relative standard deviations on raw count rates), (3) signal stability of the internal standards added to the
samples, (4) external precision estimated by the relative standard deviation over five preparations for each geological CRM.
For the majority of the analyzed elements, signals measured for samples prepared with the four methods are reproducible.
Specific contamination in one or several elements (Cr, Fe, Co, Ni, Cu, Mo, W, Au and Bi) was observed depending on the
sample preparation method. In addition, compared to grinding made with PTFE material, grinding performed with tungsten
carbide material was found to produce better homogeneity, especially for the sol—gel and mixing with glue protocols, although
some metallic contamination (W and Co) was observed. Thanks to the suppression of grain effects by alkaline melting, the
glass bead method systematically provided signal stability and percentage of “over the threshold” close to those of the NIST
glasses. This may be explained by the preparation of more homogeneous samples by alkaline melting. Finally, the described
methods were found to be reproducible for the majority of the analyzed elements.
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Introduction the analysis of elemental impurities for the nuclear industry

[16—-18], archaeological studies [19, 20], etc.

The coupling between a laser ablation device and ICP sys-
tems has been implemented many times for specific appli-
cations such as the analysis of geological samples [1-15],
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For measurement of elemental composition of heteroge-
neous samples, the shaping of powdered materials before
analysis by LA-ICP-MS is essential to avoid dust particle
dissemination into the laboratory and to homogenize the
samples. In the specific case of the analysis of nuclear
materials, it is of uttermost importance to avoid losing
particles within the ablation cell or in the facility. Various
methods have been described in the literature: formation of
glass beads by alkaline fusion [1-3, 21], pelletizing with an
organic binder [9, 17, 22-25], glass formation by sol-gel
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process [26-28], mixing with an adhesive compound [29],
nano-particulate pressed powder tablets [30, 31], deposition
on an adhesive surface [32], sintering [33], formation of a
zinc complex [34], pelletizing after NH,HF, digestion [35].

Many authors use the fluctuations of the LA-ICP-MS
signals to estimate the homogeneity of the aerosol and con-
sider that homogeneity of the LA aerosol is related to the
homogeneity of the sample [1, 3, 6, 8, 12, 22, 24, 28, 29,
36-40]. Baker et al. [5] reported that the sudden increases
in signal intensities they observed (referred to as “spikes™)
may be due to heterogeneities in the sample. The theo-
retical advantage of using LA-ICP-MS to evaluate sample
homogeneity is to provide potentially both information on
the homogeneity of the aerosol and elemental composition
of the sample. The fluctuations’ sources of the signal are
depending on laser ablation parameters and sensitivity of
the spectrometer, so the signal fluctuations reported in the
literature could not be compared easily between articles.
Very few studies deal with the comparison of different sam-
ple preparation methods.

Jantzi et al. [32] compared tape mounting (deposition
onto an adhesive tape) versus pelletizing for LIBS and
LA-ICP-MS analysis and concluded that the tape mount-
ing method gives similar or lower relative standard devia-
tions (RSD) of the signals than the pellets (non-milled soil
samples).

Wu et al. compared ultrafine pellets versus flux-free
fusion glasses [36] and concluded that the homogeneity of
fusion glass (50 um spot size) is better than the ultrafine
powder pellets (90 um spot size).

Jochum et al. [31] demonstrated that the reproducibility
of measurements obtained with nano-particulate pressed
powder pellets was lower by a factor 2—3 compared to “origi-
nal powder pellets”.

O’Connor et al. [24] compared different kinds of pel-
lets as follows: with vanillic acid [i.e., poly(vinyl alcohol)]
as binder or without binder. The use of the vanillic acid
allowed obtaining more stable signals compared to the
others discussed methods. In addition, compared to nico-
tinic acid and pyrazinoic acid, other chromophore binders,
the use of the vanillic acid resulted in an increase of the
sensitivity.

Peters and Pettke [41] compared the following seven
binders: polyvinyl alcohol, nicotinic acid, pyrazinoic acid,
graphite, collagen hydrolyzate, microcrystalline cellulose
and vanillic acid. These last two binders produced the most
mechanically stable pellets, whose analysis by LA-ICP-MS
produced the smallest measurements uncertainties and the
best measurement repeatability.

Our final objective was to carry out quantitative elemental
analysis by means of LA-ICP-MS. To achieve this goal, sig-
nals must be as stable as possible and the very small mass of
material sampled by laser ablation (typically in the ng to pug
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range) must be representative of the original material, which
implies that the sample submitted for analysis is sufficiently
homogenous. Moreover, the chosen method must allow the
addition of one or several internal standards homogeneously
distributed in the sample in order to correct for variations
in the sensitivity of the LA-ICP-MS signals. These signal
variations originated from all the analytical steps, i.e., laser
sampling, aerosol transport, particle atomization in the
ICP, ionization and ion extraction, focusing and detection.
Moreover, the sample preparation must be reproducible and
thus lead to similar sensitivity and stability between different
samples prepared from the same material.

In this article, four preparation methods were applied
to three powdered geological certified reference materials
(CRM), certified for concentrations of several chemical ele-
ments of various abundances (from ng/g to percent). These
four methods are as follows: (1) mixing with a glue (Mix-
Glue), (2) mixing with an organic binder (VanBind), (3)
glass formation by sol—gel process (SolGel) and (4) glass
beads’ (GlassB) formation by alkaline melting. For the first
three methods, the samples must be grinded and pelletized.
Grinding were carried out either with PTFE material or
tungsten carbide (WC) material.

The aims of this work are to compare the preparation
methods according to the four following criteria: (1) the
number of measurement cycles for which sharp increases in
intensity above a given threshold are detected, (2) internal
precision of the raw signals for the 58 nuclides of inter-
est, (3) the internal precision of the raw signals for the two
internal standards added to the materials, and (4) the exter-
nal precision of the sample for the 60 measured nuclides
(reproducibility of the preparation protocols).

To our knowledge, this is the first time that a comprehen-
sive comparison of as much sample preparation methods of
powdered materials for multi-elemental LA-ICP-MS analy-
sis is reported. Indeed, previous publications on the same
topic turned on comparisons between at most two prepara-
tion methods.

Material and methods
Instrumentation

Analyses were performed with an Element XR ICP-MS
(Thermo Fischer Scientific, Bremen, Germany). The instru-
ment configuration is a double-focusing Nier-Johnson geom-
etry sector field. The instrument is equipped with the so-
called jet interface, which consists of a high-performance
interface pump, a Ni ‘H’ skimmer cone and a Ni sampler
cone. Settings are described in Table 1. The introduction
system consists of a cyclonic spray chamber, a micro-nebu-
lizer (PFA, 100 pL/min) operated in self-aspiration mode to
nebulize a 2% HNO; solution.



Comparison of the fluctuations of the signals measured by ICP-MS after laser ablation of powdered... 1001

Table 1 Settings of the ICP-MS and the ablation laser system

ICP-MS settings

Laser ablation settings

Nebulizer PFA, 100 uL/min ~ Ablation cell =~ HelEx
Nebulization Cyclonic glass Wavelength 213 nm
chamber expansion spray
chamber
Cool gas (Ar) 16 L/min Gas (He) 0.8 L/min
Auxiliary gas (Ar) = 0.75 L/min Spot diameter 100 pm
Sample gas (Ar) ~ 0.70 L/min Scan speed 10 ym/s
Cones Ni ‘H’ skimmer Frequency 20 Hz
cone
Ni sampler cone
Fluence 15, 14,
13 and
11)
cm?*

*For the glass bead, the mixing with glue method, the mixing with
vanillic acid method and the sol—gel process, respectively

A Teledyne CETAC (Omaha NE, United States) LSX-
213-G2+ nanosecond laser ablation system operating at
213 nm was used. The instrumental parameters were opti-
mized to minimize both the signal fluctuation and the ele-
mental fractionation (U/Th ratio) and to increase the signal
intensity. Analytical parameters are reported in Table 1. Flu-
ences of 15 J/cm?, 14 J/em?, 13 J/em?, and 11 J/cm? were
applied to the glass beads, the mixing with glue, the sol-gel
technique and the mixing with an organic binder, respec-
tively. The ablations were performed as straight lines.

Solid and liquid aerosols were mixed just before their
injection in the ICP-MS system thanks to a T-shape glass
connection piece.

All the grindings described in the sample preparation part
were carried out with a MM400 mill (Retsch, The Nether-
lands). The press used is an Atlas manual 15 T hydraulic
press (Specac, Orpington, United Kingdom).

Certified reference materials

Three CRM of different geological origins and matrices
available in the laboratory, referred to as “geostandards”,
were analyzed: (1) GS-N, a granite (Centre de Recherches
Pétrographiques et Géochimiques, CNRS, France), (2) NCS
DC73301, an undefined mineral (China National Analysis
Center for Iron and Steel, China), (3) ZW-C, a zinnwaldite
(Centre de Recherches Pétrographiques et Géochimiques,
CNRS, France). These materials were chosen because their
concentrations in many elements were certified.

The NIST 612 and 614 glasses (National Institute of
Standards & Technology, USA) CRMs were also analyzed
[42, 43].

Acquisition parameters and ablation scheme

LA-ICP-MS signals corresponding to 56 elements of interest
for the laboratory were measured. For some of these ele-
ments, signals of two nuclides were recorded; a total of 61
nuclides were measured.

Signals of the following 40 nuclides (corresponding to 37
different elements) were acquired in the low-resolution (LR)
mode (R=300): Be, *Sr, Y, *Zr, *Nb, *>*"Mo, '“Rh,
107Ag 111Cd, 15T, 118p, 1218h, 125Te, 137 138, 139 5,
140Ce, 141py, 146N, 147§ m, 153Ey, 157Gd, 159 Tb, 19Dy, 'Ho,
166Fy 169y 172y 175] . 178pyf, 181y 182y 197y 205T)
206, 208py, 209g; 232Th gpd 238, Signals of 21 nuclides (cor-
responding to 19 elements) were measured in the medium
resolution (MR) mode (R=4000) in order to remove poten-
tial polyatomic interferences: 2 Mg, 2TAl *4Ca, *Sc, 4'Ti,
Sy, 52.53Cr 55Mn, 56 57Fe, °Co, ©Ni, ©Cu, Zn,  Ga,
2Ge, As, "’'Se, 'Rh and '°In.

Short dwell times were chosen to capture the signal vari-
ability. It should be mentioned that the hysteresis of the
magnetic field significantly increases the total duration of
the measurement when it is highly fractionated in a large
number of cycles with short dwell times (poorer useful duty
cycle). The total analysis time for an ablation line is 7.7 min,
including 150 measurements of 15 ms per nuclide in the LR
mode (peak defined by three points) and 45 measurements
of 360 ms per nuclide in the MR mode. However, in the MR
mode, the real measurement time is 30 ms as only 10% of the
peak width (the three points the closest to the peak center)
are considered. The three geostandard samples prepared
according to the four methods described below were then
ablated according to lines of 0.46 mm? (4.6 mmx 0.1 mm)
in triplicate.

As described before, RSD will depend on the acquisition
parameters; for this study, short analysis times have been
selected to have a fast sampling of the signal despite an
enhancement of the RSD measured.

In addition, to provide a visual examination of the sig-
nal fluctuations, 2D mappings were carried out using an
in-house method in LR mode for the following nuclides:
4113, 51y, 33Cr, Fe, Co, © Ni, $3Cu, %Zn, 33sr, #Y, 97r.,
%Mo, 'R, ''Cd, 5In, 38Ba, PLa, “0Ce, '4Pr, 14N,
147§ m, 153Ey, 157Gd, 1%°Tb, 63Dy, '65Ho, '%Er, '%Tm, 12Yb,
175Lu, 182W, 296pb, 232Th and >*®U. The scan speed of the
laser has been adapted (19.2 um/s) together with the line
spacing and signal acquisition speed to have one measure-
ment of each nuclide every 20 um (square pixels) on a total
1.75 mm X 3.5 mm surface.

Preparation methods

Four methods previously described in the literature and suit-
able for the preparation of powdery samples were selected.
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These methods should allow synthesis of sufficiently homo-
geneous, mechanically robust samples, should be stable for
long-term storage and easy to implement in the laboratory.
In addition, they should allow the introduction of internal
standards and require only commonly available labora-
tory reagents and equipment, including binders or other
compounds.

Grinding steps

Three of the four preparation methods (MixGlue, VanBind
and SolGel, see below) required a mixing and grinding step
followed by pelletizing.

Two following materials were used for the milling balls:

— Teflon coated balls with an iron core and PTFE bowl:
despite a lower milling efficiency, they were chosen
because PTFE does not lead to contamination in elements
of interest (Cr, Zr, Si, Co, Fe, etc.), contrary to metal-
lic balls and bowls. Mixing-grinding conditions were:
10 min at 30 Hz in a 25 mL PTFE bowl with a 10 mm
diameter iron core coated by Teflon.

— Tungsten Carbide (WC) was selected to ensure a more
efficient grinding. Mixing-grinding conditions were:
10 min at 30 Hz in a 10 mL WC bowl with 20 WC balls
of 5 mm diameter.

It should be mentioned that longer milling process, either
with PTFE or WC balls, did not significantly decrease the
size distribution. The pelletizing step was strictly identi-
cal for the MixGlue and SolGel methods, i.e., 120 mg of
each mixture was pelletized under 4 tons of pressure for
3 min to form pellets of 6 mm diameter (side opening mold,
Euro Labo). In the case of the VanBind preparation method,
120 mg of the obtained powder was pressed under 2 tons
for 3 min to form a 5 mm-diameter pellet (evacuable pellet
dies, Specac).

Method 1: preparation with mixed glue (MixGlue)

Klemm and Bombach [29] reported a simple preparation
which consists in mixing the powdered sample with a glue
(methyl methacrylate). The same glue as Klemm and Bom-
bach was used. However, the method of Klemm and Bom-
bach was slightly modified (addition of a small amount of
ammonium nitrate, drying in an oven before pelletizing).
2 mL of methyl methacrylate (99% purity, Acros Organics)
in 18 mL of acetone was mixed with 129 pL of In (with 2%
of HNO;) and Rh (with 5% of HCI) at about 1 g/L. 500 mg of
sample were mixed with 50 mg of ammonium nitrate (99%
purity, Merck). These two compounds were mixed using the
lateral mechanical agitation provided by the mill without
balls. Mechanical stability of the sample was ensured by
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oxidization through the addition of ammonium nitrate. 1 mL
of the diluted methyl methacrylate solution was added to
this powder and the whole was stirred for 1 hour with the
grinder without grinding balls. The mixture was then placed
in an oven at 95 °C overnight. The dry agglomerated powder
recovered was then mixed, ground and pelletized as previ-
ously described.

Method 2: preparation by compression into pellets
with an organic binder (VanBind)

Vanillic acid was previously used by O’Connor et al. [24].
Their protocol was slightly modified (addition of Rh and In
in liquid form). 120 mg of solid vanillic acid (98% purity,
Merck) and 180 mg of geostandard material were mixed.
Then, 430 pL of an internal standard solution of In and Rh
at 7 mg/L in ultrapure water (18.2 MOhm, Millipore), with
0.035% of HCI and 0.014% of HNO,, were added. Note that
this solution contained trace amounts of HCI and HNO; due
to dilution of the stock solutions. The whole was mixed for
10 min at 30 Hz and the mixture was then placed in the
oven overnight at 110 °C. The dry powder was then mixed,
ground and pelletized as previously described.

Method 3: preparation by means of the sol-gel method
(SolGel)

The method implemented in this work is the one described
by Hubova et al. [26] for the preparation of agricultural soil
samples for analysis by LA-ICP-AES. Again, this protocol
was modified (addition of a small amount of ammonium
nitrate).

300 mg of sample was weighed into a 2-mL tube with a
rounded bottom. 50 mg of ammonium nitrate (99% purity,
Merck) was added and mixed to the sample using the mill
used without balls at 30 Hz for 1 hour. Meanwhile, the fol-
lowing mixture was prepared: TEOS (99.999 + % purity
tetracthoxysilane, Si(OC,Hs),, Alfa Aesar), absolute ethanol
(VWR), ultrapure water spiked with 10.5 pL of a 1 g/L of In
(with 2% of HNO;) and Rh (with 5% of HC]) in the propor-
tions 3: 6: 2 (v: v: v; 0.75 mL/1.5 mL/0.5 mL). At the end
of the mixing, the powder was added to the prepared liquid
mixture. The mixture was heated and stirred in a sonica-
tion bath at 75 °C for 1.5 h. 1 mL of water was added to
the mixture after 20 min of sonication to avoid dehydration.
The whole was then placed overnight in the oven at 110 °C.
The dry powder was then mixed, ground and pelletized as
previously described.

Method 4: preparation of the glass beads (GlassB)

The glass beads were prepared with a Katanax X-Fluxer
X-600. The sample and all the chemicals were weighed,
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Fig. 1 schematic representation
of the different sources of signal

fluctuations Ablated mass

mixed and fused at 1055 °C in platinum crucibles (95% Pt
and 5% Au).

0.75 g of sample and 0.5 g of ammonium nitrate (98%
purity, VWR) were mixed manually and placed in a cruci-
ble. Then, 190 pL of a solution of 0.1 g/L In and Rh, 2 g of
lithium metaborate (LiBO,, ultrapure quality, SCP Science),
0.5 g of lithium bromide (LiBr, 99% purity, Merck) and 5.5 g
of lithium tetraborate (Li,B,O,, ultrapure quality, SCP Sci-
ence) were added.

The crucibles were then introduced into the furnace. The
temperature program was as follows: (1) 5 min at 500 °C, (2)
increase of the temperature to 1055 °C, (3) pendulum stir-
ring with an inclination of 25° for 10 min, (4) a more inten-
sive stirring with an inclination of 30° for 1 min, (5) removal
of the samples from the furnace and immediate transfer into
the glass bead cups, (6) 5 min cooling time outside the fur-
nace, and (7) last, 45 s cooling time with a fan.

The glass bead machine allows the production of six glass
beads at the time.

Data treatment

For some nuclides, count rates are very low, close to instru-
mental background. Thus, nuclides for which integrated
numbers of counts are lower than 10 counts or lower than
three times the average instrumental background (signal
recorded only with He gas, without laser ablation) plus 3
times its standard deviation were not considered. The list of
these nuclides is given in the Supplementary Information 1.

Signal filtering

Time resolved LA-ICP-MS signals showed high variability
for all measured elements. Indeed, signal “spikes” (i.e., very
sharp and very brief increase of the signals) were systemati-
cally observed during the line ablations for all the measured
nuclides. This phenomenon had already been reported by
many authors for line-scan LA-ICP-MS analysis of soil or
sediment samples [5, 44-46]. No signal spikes are observed
during background measurements between samples, so these
spikes are not due to memory effects. The measurements
whose count rates were too far from the average count rates

Laser beam

RSD Flux /\

He flux

ICP torch

RSDycp /\

RSDDetectar /\
Mass spec.

— Detector

R S D Extraction A

Plasma

were regarded here as outliers and removed. For that, an out-
lier rejection treatment was implemented. More precisely, a
measurement was regarded as an outlier when its count rate
is above or below the average count rate +2 or 3 times the
standard deviations (SD) over all the measurements of an
ablation line. The outliers were eliminated using an iterative
process that ended when no more outliers were identified.
After the removal of all the outliers, average count rates
and associated standard deviations were calculated with the
remaining values for each nuclide. In the following, only
non-rejected values with a 3 X SD filter were considered.

Signal normalization

Two internal standards (‘°>Rh and '"*In) were added to the
materials. In the current study, results obtained with the two
internal standards were in very good agreement and only the
ones with '®>Rh were presented and discussed.

Sources of signal fluctuations

To compare the signal fluctuations, internal RSDs were
measured for each nuclide and for each sample. Internal
RSDs depend on multiple factors. Laser ablation of a solid
material and transmission of ablated particles in the ICP
source are very complex phenomena. However, in addition
to the statistical counting error, we schematically distinguish
here the following factors that affect the signal fluctuations
(Fig. 1): (1) variation of the ablation efficiency (i.e., a varia-
tion of the ablated mass per laser pulse), (2) variation in the
flux of ablated material introduced into the plasma (which
depends on the initial-particle size distribution, the fluctua-
tion of their transport efficiency, the laser repetition rate and
the homogeneity of the sample), (3) variation in the ICP
atomization/ionization efficiency, and (4) variation in the
ion extraction efficiency. The d;, ds, and dg, of the three
CRM before the grinding step are between 1.6 and 3.3 um,
8.2 and 16.1 pm and 40 and 101 um, respectively, according
to measurements by laser granulometry.

Therefore, assuming all these fluctuations are independ-
ent, the internal RSD can be written as follows:
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RSDimernal = f(RSl)Sample7 RSDFlux’ RSDICP’ RSDExtractiom RSDDelecmr)’

where RSDSample’ RSDFqu’ RSDICP’ RSDEeraction’ RSDDetector’
are the RSD caused by variations in sample surface homo-
geneity, ablation efficiency, particle flux, atomization/ioni-
zation efficiency, ion extraction and statistical error of the
detection, respectively.

We consider here that RSDg,, and RSDg, . are the
major source of fluctuations. Indeed, variations of the signal
intensities due to the ICP energy fluctuation are expected to
be relatively small with respect to the duration of the meas-
urement of a single sample (7.7 min).

Internal precision (repeatability) and external precision
(reproducibility)

For each measured nuclide, three types of RSDs were con-
sidered in order to compare the performance of the prepara-
tion methods as follows: two “internal” RSDs for the intra-
preparation’s fluctuation at different analyzed scales, namely
RSD(int small) and RSD(int large), and one “external” RSD
for the inter-preparation’s fluctuation, RSD(ext).

These two internal RSDs were calculated from data
points corresponding to two spatial resolutions. The first,
RSD(int small), corresponds to the surface ablated during a
single acquisition point at the laser stage speed of 10 um/s
and a laser beam diameter of 100 um. Taking into account
the number of isotopes and acquisition parameters described
above, this corresponds to approximately 0.0019 mm? in the
LR mode and 0.0037 mm? in the MR mode. 150 points were
then considered in LR and 45 points in MR. The second
internal RSD, hereafter referred to as RSD(int large), was
calculated from 5 measurement points, each corresponding
to a large ablated area of approximately 0.0380 mm?” in LR
and 0.0338 mm” in MR. According to Neuilly, estimation
of the SD is unbiased only if the number of data points is
sufficiently large, in practice larger or equal to 5 [47].

“External” RSD, called RSD(ext), was calculated from
five samples from the GS-N standard prepared indepen-
dently by each preparation method described below. Ablated
areas were estimated to be 0.29 mm? in LR and 0.17 mm?
in MR.

RSD(ext) and RSD(int large) were calculated after signal
normalization with the internal standard. No normalization
was made for calculation of the RSD(int small), because
significant increases of the RSD(int small) were observed
after signal normalization. Indeed, we think that the internal
standardization allows correcting efficiently the “long-term”
signal variation of the instrument’s sensitivity, but not the
“short-term” variations of the signal intensities evaluated by
the RSD(int small). This might be due to the short-term vari-
ations of signals of the nuclides of interest and of the inter-
nal standards captured by the RSD(int small) are dominated
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by local heterogeneities in the samples and variations in the
sampling LA process, rather than by variations of the instru-
mental sensitivity.

Comparison of the internal precision with the counting
statistic error

If only random statistical errors are involved, theoretical
RSD is given on average by the Poisson distribution as
follows:

RSDpgison = L % 100,

\/ﬁ

where n is the average number of counts of the data points
considered for the RSD calculation.

This comparison between the internal RSD and Poisson’s
RSD can also be expressed mathematically by the Fano fac-
tor, which was described for the first time in 1947 [48, 49]. It
represents the dispersion of a probability of Fano noise. The
Fano factor, Fy of the nuclide X, is calculated as follows:

o? o? RSD;
X X X
F x = ]_ = 3 = 5

X O-Poisson RSDPoisson

where I, is the average of the three signal intensities and o,
is the average of the standard deviations of the signals. For
a Poisson process F, equal to 1, the single source of error is
the statistical error on counting by the detection system. If
the internal RSDs are systematically higher than the Pois-
son’s RSDs (i.e., Fx > 1), then other source of errors than
random counting are predominant. On the contrary, if the
internal RSDs and the Poisson’s RSDs are on average rea-
sonably close (i.e., Fx close to 1), then the random count-
ing error is the major source of error. In other words, the
Fano factor is an interesting tool to determine the relative
importance of random counting error and of other sources of
errors. Therefore, in the current study, RSD(int small) will
be systematically compared to the Poisson’s RSDs.

Results and discussion

Internal precision (repeatability)
of the measurements

Comparison of the proportion of filtered values

The proportion of measurement cycles rejected by
the +3 x SD filter described above is an indicator of the sig-
nal stability. In a first step, in order to compare the propor-
tion of rejected measurements and see their spatial distri-
bution according to the preparation modes, a 2D mapping
of a few nuclides was carried out for the four preparation
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82\ (118 ppm in the CRM)

5Nd (8.4 ppm in the CRM)

¥7Sm (1.13 ppm in the CRM)

.,."'.'#":"'-._-!'-"_l'.'."}.-' S e e
i
Sol-gel (PTFE
mixing)

G,

by ol | ™

13.6 %

Glass bead

Outliers proportion (+ 3 x SD): 1.4 %

Fig.2 typical example of LA-ICP-MS imaging of the GS-N stand-
ard (1.75 mmx 3.5 mm) with a 20 pum resolution. Over-ranged values
at+3 X SD (black points) and +2 X SD (blue points) are presented for

methods (milling with PTFE only for the pelletizing meth-
ods). For this, the GS-N geological material was ablated. 2D
images are given as examples for the GlassB and the SolGel/
PTFE methods in Fig. 2. The other images are given in the
Supplementary Information 2. In addition, the averages’
percentage of removed measurement cycles (also+3 X SD
filtering) are plotted for all preparation methods and geologi-
cal materials (Fig. 3).

As shown in the examples presented in Fig. 2, signal
spikes observed for all nuclides were randomly distrib-
uted. They are not gathered in “clusters” of an excess of

MixGlue MixGlue
PTFE wWcC

Fig.3 comparison of the
proportions of +2 X SD (blue
points) and + 3 X SD rejected
values (black points) for the four
preparation methods (PTFE and
WC refer to the use of PTFE 30%
and WC balls during mixing/

grinding process, respectively)

applied to the three CRM stud- 25%
ied (3 ablation lines). Diamonds
are for GS-N, triangles for NCS
DC73301 and circles for ZW-C.
Rejected values on NIST glass
CRM (9 lines) are also reported

35%

15%

Percentage of outliers

10%

Outliers proportion (+ 3 x SD): 1.0 %

VanBind
PTFE wWC PTFE \'e

RS R R R I T e
% ; + i A}
R R e A AR . b
'

5%.,.{.-;-.}. ....... é;'.r‘-ﬂ* .....................................

0% L---ooo bl

" CI T Iy - '

Outliers proportion (£ 3 x SD): 2.0 %

two different preparation methods and for three nuclides with differ-
ent concentrations

intensities, which would have indicated the presence of
grains larger than the ablated surface which corresponds
to a measurement. Therefore, formation of the spikes is the
consequence of random variations in ablation efficiency
and particle transport and/or to heterogeneities smaller
than the surface ablated during a measurement. In other
respects, no apparent correlation was observed from these
images between the signal intensity and the proportion of
rejected values (Fig. 2 and Supplementary Information 3).

The percentages of outliers for each sample and prepa-
ration method are compared in Fig. 3. Here, the values

VanBind SolGel SolGel

GlassB NIST 612 NIST 614
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correspond to ablated areas of 0.0019 and 0.0037 mm? in
LR and MR modes, respectively.

The proportions of +2 X SD and + 3 X SD rejected values
are high, well beyond the expectations of a Gaussian dis-
tribution (~2% and ~0.15% of values higher than +2 X SD
and + 3 x SD, respectively). This is consistent with high
variability of the time-resolved signals. Even in the case of
NIST glasses that can be regarded as homogeneous materi-
als, percentages of +2 X SD and +3 X SD outliers are very
high, in the range of 15-20% and 1.5-3.5%, respectively. It
should be mentioned that these values depend on the acqui-
sition parameters. Indeed, increasing the acquisition time
will certainly smoothen the signals. However, information
related to “short-term” variations, including the proportion
of filtered values, will be lost.

A measurement rejected by the +3 X SD filtering may be
the consequence of a local heterogeneity of concentration, a
higher density of ablation particles arriving in the plasma or
ablation particles larger than a “critical size”, above which
the particles are not fully analyzed by the ICP-MS (incom-
plete atomization and ionization). Figure 3 shows clearly
that fewer outliers are observed for the GlassB and NIST
glasses with respect to pellets with PTFE grinding. Percent-
ages of outliers for GlassB are similar to the ones of NIST
glasses 612 and 614. These results may be explained by the
suppression of grain effects by the alkaline fusion method,
whatever the material is and/or by production of smaller
ablation particles. Grinding with WC balls slightly reduces
the percentage of outliers compared to grinding with PTFE
balls when using a+3 X SD filter, at least for SolGel and
MixGlue. The decrease in the percentage of +2 X SD outli-
ers allowed by WC grinding is also observed but to a lesser
extent than with the +3 X SD filtering. It is expected that the
use of a harder milling material produces a smaller granu-
lometry of the sample. In addition, the number of balls and
the volume of the bowl (which are different between the
grinding with the PTFE and the WC materials) also have an
influence on the efficiency of the grinding. Therefore, acqui-
sition of more stable signals with the grinding carried out
with the WC material is not only due to the higher hardness
of the material used but also to the more favorable grinding
conditions (i.e. more balls and a smaller bowl). In the fol-
lowing, only the material nature will be mentioned, although
it is understood that the grinding conditions have a strong
influence. Interestingly, percentages of outliers when WC
grinding was applied to SolGel and MixGlue are compara-
ble, and even lower in some cases, than the percentages of
outliers for glassy samples (NIST glasses and GlassB). How-
ever, surprisingly, grinding with WC balls does not lower
the percentage of outliers in the case of VanBind, for all
the three geostandards. We assume that both grinding with
PTFE and WC balls leads to heterogeneities by agglomera-
tion of vanillic acid.

@ Springer

Evaluation of the internal precision using RSD(int small)

The RSD(int small) are plotted against the signal intensity
in Fig. 4 for the GS-N CRM. The same graphs are given in
Supplementary Information 4 for NCS DC73301 and ZW-C.
RSD(int small) for NIST glasses 612 and 614 are also plot-
ted for comparison. Observations were similar for the three
CRM.

For all of the three samples, RSD(int small) of GlassB
are similar to those obtained with NIST glasses (in the range
10-15% for most nuclides with a number of counts higher
than 10° within the conditions of these experiments). Note
that RSD for the perfectly transparent NIST 614 are higher
than with NIST 612 as larger particles are produced when
ablating transparent glasses [50].

The RSD(int small) for MixGlue and SolGel are lower
when grinding is carried out with WC beads than with
PTFE, typically in the 15-20% range for count rates higher
than 10* with WC grinding instead of 20-40% with PTFE
grinding. In contrast, grinding with WC does not improve
precision in the case of VanBind (most RSD(int small) are in
the 20-50% range for both grinding materials). These obser-
vations are consistent with those described in the previous
section. For all of the materials, the lowest RSDs(int small)
are obtained for GlassB, which indicates that the ion flux
arriving at the detector is more stable than for the methods
that require a pelletizing step. This is certainly due to the
suppression of the grain effects. However, the improvement
in precision with respect to other methods is reduced when
the grinding is performed with WC balls.

As shown in Fig. 4, RSDs(int small) are systematically
higher than RSD(Poisson) for the same number of counts,
which indicates that counting statistics is not the major
source of error at least for average numbers of counts per
measurement cycle higher than ~ 10°. Besides, it seems that
the RSDs(int small) reach a plateau for all preparation meth-
ods. The values of the plateau, estimated by the average of
RSD(int small) of all the signals higher than 10* counts, are
14% for GlassB (likewise NIST 612 glass, 16%) and 18%
for SolGel and 21% for MixGlue with WC grinding, within
the conditions of these experiments. Values of the plateau
are more difficult to define for the other methods (VanBind
and all methods grinding with PTFE), owing to the wide
dispersion of the RSD(int small). This plateau phenomenon
is caused by errors that are not linked to counting statistics,
i.e., variations in the particles transport, in the ablation effi-
ciency, in the atomization/ionization and in ion extraction
efficiency.

As detailed before, these RSD values are higher than the
ones reported in the literature, which in reality are relative
deviation of the mean or RSE (RSD divided by the square
root of the number of measurements). Here, calculated RSE
are generally lower than 4% (for signals higher than 10°
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counts) for all the sample preparation methods, and even
lower than 2% for the GlassB method.

The difference between counting statistics errors and
the variability of signals resulting from the heterogeneity
of preparations or the LA sampling process can also be
evaluated thanks to the Fano factor. Statistical data (aver-
age, median value, etc.) about Fano factors are given in
the Table 2. Fe and Cr were discarded for the pelletizing
methods (press components), W and Co when WC material
was used, and elements which have a concentration found
as non-reproducible were discarded (see next section). All

the calculated Fano factors for all nuclides are given in the
Supplementary Information 5.

As shown in Table 2, the Fano factors of GlassB are close
to the ones (interquartiles ranges) of the NIST 612 glass and
are lower than the Fano factors of the methods that require
a pelletizing step.

The higher the Fano factor, the higher the difference with
the Poisson’s law, and so, the higher the contribution of other
sources of errors to the global RSD. Considering that the
NIST 612 and 614 glasses are homogenous, their Fano fac-
tors only depend on the variations of the flux of ablation
particles, the ablation efficiency, the ionization efficiency,
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Table 2 metadata of Fano

MixGlue VanBind SolGel GlassB NIST 612 NIST 614
factors for each analyzed
material and sample preparation Grinding material PTFE  WC PTFE WC PTFE WC - - -
method
GS-N
Average 747 448 1157 1427 885 440 27 162 109
Min 3 2 2 2 2 1 1 2 2
Quartile 1 19 6 15 16 16 5 2 18
Median 48 21 38 53 34 20 5 46 8
Quartile 3 352 104 364 565 288 144 18 159 17
Max 9703 6287 18,176 27,735 11,248 5719 231 2157 1354
NCS DC73301
Average 650 208 607 691 323 162 13
Min 2 1 2 2 2 1 1
Quartile 1 28 9 21 21 16 7 2
Median 62 30 53 77 48 20 4
Quartile 3 544 126 450 451 257 127 10
Max 11,693 3498 9783 8507 6177 2779 149
ZW-C
Average 979 814 744 607 694 289 135
Min 2 2 2 2 2 2 2
Quartile 1 21 19 19 15 16 9 3
Median 87 61 85 84 42 36 6
Quartile 3 432 327 455 360 262 168 21
Max 18,670 13,262 10,167 8596 10,901 3650 3708

the ion extraction and transmission efficiency. As stated
before, the closeness between the Fano factors of GlassB
and of the NIST glasses show that GlassB has homogene-
ity comparable to that of NIST 612 and 614. Methods that
involve a pelletizing step have higher Fano factors compared
to glasses, which is likely the consequence of a higher sur-
face heterogeneity of the samples and a more unstable flux
of ablation particles. Median Fano factors are lower when
using PTFE material with the Sol-Gel and the MixGlue pro-
tocols, compared to the other pelletizing protocols. For the
VandBind method, no significant distinctions could be made
between the uses of the two grinding materials. Comparable
results are obtained for the +3 x SD filtration study and the
examination of the RSD(int small).

Internal precision of signals measured for the internal
standards

Homogeneity of the distribution of the internal standards
within the sample is a crucial point. As they are not present
within the grains, the internal standards should be homoge-
neously distributed between the grains and should not accu-
mulate in some parts of the sample through a segregation
process during the preparation step. Ideally, the internal pre-
cision of the measurements of the internal standards should
be lower than or as close as possible to the ones of the ana-
lyzed elements with comparable counting statistics. Stability

@ Springer

of the signal obtained for Rh and In added to the studied
materials as potential internal standards is compared with
the ones of the other elements with a similar signal level.
If the RSD(int small) obtained for In and Rh are similar (or
even lower) than the ones of the nuclides of the CRMs for a
similar signal intensity level, then the internal standards are
regarded as well incorporated to the sample. The RSDs(int
small) of In and Rh are gathered in the Table 3 for GS-N
and in the Supplementary Information 6 for NCS DC73301
and ZW-C.

It appears that the RSDs(int small) obtained for Rh and In
are close to the RSD(int small) of other signal-like nuclides
for the four methods. In the case of GlassB, RSDs(int small)
are relatively high because of the poor counting statistics.
Therefore, in such cases, the internal standards can be
regarded as well incorporated. The fact that the RSDs(int
small) of the elements of the samples are overall higher than
the ones of the internal standards for the methods which
include a grinding step with PTFE balls could be explained
by a lower dependence of In and Rh with respect to the
CRMs granulometry. Although internal standards cannot be
integrated inside the sample grains, they appear to be quite
homogeneously distributed between the grains. In addition,
the closeness between the RSDs(int small) of the internal
standards and the ones of the most homogenous nuclides
shows that no significant accumulation of internal standard
occurs within the material (no “grains” of internal standard).
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Table 3 intensities and RSD(int small) of the internal standards for the GS-N material and for the different sample preparation methods

GlassB

SolGel

VanBind

MixGlue

WwC

PTFE

WwC

PTFE

wC

PTFE

Grinding material

MR LR MR LR MR LR MR LR MR LR MR LR MR

LR

Mass resolution

114 9.9 10.1 18.9 18.9 23

114

103Rh  Concentration (ppm)

2.2%10!
30.0%

32x10% 14x10° 22x10* 39x10° 52x102 50x10° 55x102 3.8x10° 49x10* 54x10° 93x10> 1.0x10?
184%  209%  21.1%  20.6%  25.0% 17.5%  26.1% 25.3% 16.7% 13.6% 22.0%

27.3%

2.1%x10°
23.1%

Intensity (counts)
RSD(int small)

9.5x10°

4.5x%10!

2.3

4.9%10!

2.8x10?
18.9

28x10" 12x10° 1.9%10' 4.0x10*> 53x10' 50x10* 54x10" 2.0x10*> 2.6x10'
11.4 9.9 10.1 18.9

1.8%10%
11.4

Sensitivity (counts/ppm)

Concentration (ppm)

]ISIn

5.0x10'
23.5%

27x10% 14x10° 19%10*° 59x10° 69%x10> 6.4x10° 6.1x10> 4.0x10° 48x10> 55x10° 93x10> 2.6x10?
183%  20.5% 23.5%  250% @ 21.5%  22.5% 24.9% 16.1% 14.7% 17.7%

33.4%

2.0x10°
27.0%

Intensity (counts)
RSD(int small)

18.4%
6.0% 10*

63%x10> 6.1x10" 2.1x10*> 25x10' 29%x10*> 49x10" 1.1x10*> 2.1x10!

7.0x10!

23%x10" 1.2x10*> 1.7x10!

1.7x10?

Sensitivity (counts/ppm)

Thus, '3In and '*Rh can be seen as possible candidates for
internal standardization for quantitative analysis or imaging.

Results in Table 3 also show that sensitivity depends on
the preparation method. The VanBind method allows higher
sensitivity due to the absorption of the laser by the chromo-
phore property of the binder, as demonstrated by O’Connor
et al. [24].

Finally, the study of internal precision based on the signal
stability (filtered values, RSD(int small) and Fano factors)
revealed similar characteristics between NIST glasses and
GlassB. Therefore, we conclude that these materials have
similar levels of homogeneity. In comparison, the pellets
present a more important heterogeneity (more unstable sig-
nals) which is the consequence of the persistence of a part of
the initial granulometry in the pellets. Regarding the differ-
ent methods which require a pelletizing, more stable signals
are obtained when using WC as grinding material and for
the MixGlue and SolGel preparation methods, which may
indicate a better homogeneity than for the other pelletizing
protocols.

Reproducibility of the sample preparation methods
(external precision)

Five replicates of the geostandard GS-N CRM were prepared
to study the reproducibility of the method. The LA-ICP-MS
analyzes were performed following the procedure described
above.

In order to correct for sensitivity shift over time, signals
of the nuclides of interest were normalized by the signal
of '%Rh used as an internal standard. So, average normal-
ized intensity was calculated for each analyte in each repli-
cate. Normalization was of importance here to correct for
significant variations in the ICP-MS signal that occurred
during the long time interval between two analyzes on the
same sample (approximately 50 min). Then the obtained
RSD(ext) was plotted as a function of the internal RSD(int
large) for each nuclide and each preparation method (Fig. 5,
Table 4 and detailed values in Supplementary Information
7). If RSD(ext) is lower than or close to the RSD(int large),
then the inter-sample variability of the preparation method
does not add significant variability to the elemental con-
centrations. In such cases, the method was considered as
reproducible for the elements of interest for the analyzed
geological materials.

RSDs(int large) are typically between 2—7% (minimal
values) and 16-41% (maximal values) depending on the
preparation methods. Variations of the RSD(ext) are even
higher, between 1-9% and 27-100%, most likely as a result
of contamination for some trace elements (see discussion
below). Therefore, median RSD in the Table 4 are cer-
tainly a better indicator of reproducibility than average
RSD, which may be strongly influenced by a few trace
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elements subject to contamination. Results show that
median RSD(int large) and RSD(ext) are close for some
preparation methods (MixGlue/WC, VanBind/PTFE,
SolGel/WC, GlassB) whereas RSD(ext) are lower than
RSD(int large) for the other methods (i.e., MixGlue/PTFE,
VanBind/WC, SolGel/PTFE). This is consistent with vis-
ual examination of the graphs given in Fig. 5.
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In addition, considering their first and third quar-
tiles, RSD(int large) shows a more fluctuant signal for
the pellets after PTFE grinding (9.8-15.4% for Mix-
Glue and 17.1-22.2% for SolGel), compared to the pel-
lets after grinding with WC balls (9.9-12.8% for Mix-
Glue and 9.8-11.9% for SolGel) and the GlassB method
(12.0-14.3%).
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Table 4 metadata of the RSD(int large) and the RSD(ext) measured for GS-N material in the LR and MR modes for the different preparation methods

GlassB

SolGel

VanBind

MixGlue

wC

PTFE

WC

PTFE

wcC

PTFE

RSD(ext)

RSD(ext) RSD(int

RSD(ext) RSD(int large)

RSD(ext) RSD(int

RSD(ext) RSD(int

RSD(int
large)

RSD(ext) RSD(int RSD(ext)

RSD(int
large)

large)

large)

large)

large)

10.5 11.5 7.8 7.8
5.0

8.0
5.0

16.3

8.7
59

18.6 9.6

14.5

14.6

8.4
32

14.1

11.8

Average

4.4 9.8

11.0

4.4

17.0 32

19.5 4.8

3.7 17.5

Standard

devia-
tion

Min

3.1 2.9

3.8
7.6

5.5
7.9

24 35 6.5 0.8

8.2

8.7
124

2.2 4.1
11.1

43

29
59

5.1

35

3.8

4.1

14.0

54

5.7

6.1

9.8

Quartile

4.3

6.2
12.6

8.5
10.4

9.9

7.4
9.6

16.4

73
10.2

9.0
10.7

13.7

14.0

7.5 6.8

10.7

8.6
10.6

12.2

Median

7.0

17.2 17.7 18.6 11.2

11.0

14.5

Quartile

15.9 49.7

74.0

100.2 21.6 42.7 27.0 26.7 41.0

27.8

21.1 69.3 16.1 74.6

Max

5) are those of all the nuclides

RSD are given in percentages. Average values (n

Therefore, we can conclude that the studied methods
are reproducible for the majority of the analyzed nuclides,
including In. However, there are exceptions for some
methods.

First, the use of WC grinding material cause contamina-
tion in W and Co. The manufacturer of the WC material
mentioned these contamination risks. An Au contamina-
tion is noticed for GlassB. The source of this contamina-
tion is the crucibles used for the fusion, as they contain
5% of Au.

Cr and Fe contamination are observed for some of the
methods, including a pelletizing step. Actually, Fe and
Cr particles have been observed on the pellet surfaces by
SEM-EDS for each pelletizing protocol (Supplementary
Information 8). These particles likely come from the disks
of the press, which are made of a Fe—Cr alloy. By the
way, none of these Fe—Cr particles were observed in the
GS-N CRM before its preparation. The contamination in
such particles is higher in the case of the mixing with glue
because the material is firmly stuck to the metallic disks of
the press mold and, therefore, may snatch more particles
from the disks; conversely, the SolGel is the most friable
and less sticky mixture and presents lower contamination
risks. It should be mentioned that the random presence of
Fe—Cr particles only affects inter-preparation reproduc-
ibility in the case of Cr. Actually, due to the high propor-
tion of Fe in the GS-N CRM (& 39 000 ppm) the signal
from the particles from the mold is nonsignificant with
respect to the signal which came from the geological mate-
rial. To go further in the investigations, a square surface
was ablated (~ 1 mm?) and no Fe-Cr particles have been
found in the ablation crater by SEM—EDS observation,
which supports the hypothesis that this contamination is
only on the pellet surfaces. Therefore, a pre-ablation path
could avoid bias on the results. However, in a perspec-
tive of industrialization of the process, it is important to
reduce the processing time. As a pre-ablation step would
significantly increase the analysis time, this option was not
considered in this study.

Last, inter-preparation measurements are not reproduc-
ible for a few elements and sample preparation methods:
Cu for GlassB, Mo and Bi for MixGlue (regardless of the
composition of the grinding balls) and Ni for GlassB and
SolGel/WC. No explanations were found except random
contaminations in these elements in the course of the
preparation process. Cu and Mo are ubiquitous elements
and can be observed in airborne particles in laboratory
atmospheres. Mo and Bi are present only at trace levels
in the GS-N CRM (1.2 and 0.18 ppm respectively against
20 ppm for Cu and 34 ppm for Ni) and are therefore vul-
nerable to contamination.
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Physical considerations about the samples

First, a common drawback of the pelletizing methods is the
persistence of the largest mineral grain in the mixture, which
limits homogeneity of the samples. Indeed, some large
mineral grains remaining on the pellet surface and were
observed with the laser camera. Pellets have the advantage
to have a higher sample proportion in the final preparation
(77% for MixGlue, 60% for VanBind and 55% for SolGel)
in contrast with the glass beads (8.5%). The low proportion
of binders and regents allow the reduction of the contamina-
tion risks by theses chemical products. In addition, no high
heating step is necessary to obtain the pellets (T <110 °C) in
contrast with the GlassB method (1055 °C) which conduce
to the evaporation of volatile elements (As, Se, Cd, Zn and
Te whose boiling temperatures are 616 °C, 685 °C, 767 °C,
907 °C and 988 °C respectively).

Advantages of the use of the vanillic acid as an organic
binder were previously mentioned by O’Connor et al. [24]
for analyzes with a 213 nm ablation laser system. Firstly,
an improvement of the sensitivity due to a great absorption
of the laser energy than other binders, as observed in this
work. Secondly, the great absorption of the 213-nm laser
energy also allows the formation of smaller ablation parti-
cles and thus reduces elemental fractionation compared to
other binders.

The advantages of the SolGel method are the formation
of a matrix chemically close to that of NIST glasses (SiO,)
without any high temperature heating step contrary to alka-
line fusion. However, a drawback is that the pellets are not
as mechanically robust as the ones prepared by means of the
other methods.

Finally, the alkaline fusion to prepare glass beads has
several advantages as follows: (1) the formation of a matrix
close to that of NIST glasses which could be used as stand-
ards for quantitative analyzes (glassy sample), (2) suppres-
sion of mineralogical differentiation and grain effects, (3) a
longer conservation time (notably fewer risks of degradation
by adsorption of water than for the pellets). In addition, it
is not possible to quantify Li and B with the protocol used.

Conclusions

Four sample preparation methods were compared for LA-
ICP-MS analyzes. This comparison shows that signals are
less stable for the preparation methods that involve a pel-
letizing step, especially when the grinding step was per-
formed with PTFE balls, with respect to glass beads pre-
pared by alkaline fusion and NIST glass reference materials.
The difference was strongly reduced when the grinding was
performed with WC instead of PTFE, but only in the case
of the MixGlue and SolGel methods. RSDs(int large) were
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also improved when using WC grinding material, except for
the VanBind method.

Signal fluctuations of the GlassB samples were compa-
rable to the ones of the NIST glasses. Therefore, the GlassB
samples may be regarded as homogeneous at the scale of
the analyzed volumes by LA-ICP-MS. The poorer internal
precisions observed for pellets may be due to the persistence
of the “grain effect”, i.e., the largest mineral grains in the
pellet samples, even when grinding is carried out with WC
balls. However, considering the pelletizing methods, the sig-
nal stability was improved for the SolGel and the MixGlue
process when using WC material to grind the sample.

In addition, small-scale RSD no longer decreased for
number counts above 10° counts, as statistical error becomes
negligible with respect to other sources of errors, here
mainly due to the variations of the ablation efficiency and
the homogeneity of the sample. Therefore, best RSD(int
small) were typically 14% for GlassB, 18% for SolGel/
WC and 21% for MixGlue/WC, with the selected acquisi-
tion parameters. So, the GlassB method should be preferred
regarding internal repeatability (14%). To compare specifi-
cally the pelletizing methods, VanBind led to less homoge-
neous samples than MixGlue and SolGel. Besides, the use
of WC material improves the signal stability for MixGlue
and SolGel methods, but has no influence in the case of the
VanBind method.

Addition of liquid internal standards for all of the prepa-
ration methods was regarded as efficient as RSD(int small)
of these elements are close to (GlassB and grinding with
WC balls) or even lower (grinding with PTFE balls) than
those of most of the analyzed elements with comparable
signal intensity.

Lastly, the four preparation methods were reproducible
for the majority of the 59 analyzed nuclides. Lack of repro-
ducibility was observed for some specific elements and for
some specific methods (Cr, Fe, Co, Ni, Cu, Mo, W, Au and
Bi) mainly because of variable contamination by materials
used in the preparation process. Therefore, as a significant
part of the final uncertainty budget was due to the sam-
ple heterogeneity, the preparation method must be chosen
according to the requested uncertainties and the targeted
elements.

A future work is the realization of quantitative analyzes
to compare the accuracy, the precision, and the detection
limits obtained with the four preparation methods applied
to the same samples.
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