ARTICLE

BJGEO

https://doi.org/10.1590/2317-4889202120210018 Brazilian Journal of Geology

High-precision laser ablation inductively coupled
plasma mass spectrometry determination of
trace elements in geological glasses by internal
standardization

Aline Celuppi Wegner'* @, Felipe Padilha Leitzke' @, Carla Cristine Porcher' @,
Rommulo Vieira Conceicdo' @, Marcia Elisa Boscato Gomes' @, Daniel Grings Cedefio' ®,
Marcio Roberto Wilbert de Souza' ®

Abstract

The analysis of trace elements (TE) in geological materials is a valuable tool to understand geological processes, including studies in
geochemistry and petrology. Among the methods applied to determine TE, Laser Ablation Inductively Coupled Plasma Mass Spec-
trometry (LA-ICP-MS) detects TE contents in the [lg/g and ng/g range. The aim of this paper is to validate, at Laboratério de Geologia
Isotépica (LGI) — Centro de Estudos em Petrologia e Geoquimica/Universidade Federal do Rio Grande do Sul (CPGq/UFRGS), a
high-precision method for LA-ICP-MS analyses of TE in geological materials. Samples used in this work were reference Max-Planck-In-
stitut fiir Chemie — Dingwell (MPI-DING) glasses. The method is used in tandem with the Electron Probe Microanalyzer — Wavelength
Dispersive X-ray Spectrometer (EPMA-WDS) technique to determine the major and minor elements of the samples and check for
homogeneity. Analyses were conducted in a Thermo® Element2 Inductively Coupled Mass Spectrometer (ICP-MS) coupled to a New
Wave Research® Neodymium-Doped Yttrium Aluminum Garnet (Nd:YAG) (213nm) laser ablation system. #Ca and »Si were used as
internal standards (IS). Glitter® software and in-house spreadsheets were utilized for reduction treatments. The results using *Si as IS
present a high degree of fractionation errors compared to the results using *Ca. Uncertainties caused by matrix interferences and frac-
tionation effects can be corrected applying a correction factor. The obtained results demonstrate an effective recovery of TE content for
the analyzed reference materials. Moreover, these silicate glasses proved to be robust to create an internal database of matrix matching
standards in routine silicate analyses.

KEYWORDS: analytical method; geochemistry; laser ablation inductively coupled plasma mass spectrometer; mass spectrometry; trace elements.

INTRODUCTION state, such as the Rare-Earth Elements (REE) and the High-

For geochemical purposes, trace elements are those pres-
ent in concentrations lower than 1000 [1g/g in a geological
material, such as mineral phases, volcanic glasses, or whole
rock (Gill 2014). Their low concentrations in nature occur
because most of them, having heavy atomic masses, were not
extensively produced during nucleosynthesis, usually having
low cosmochemical abundances (Palme and O’Neill 2014).
Moreover, because they generally have large ionic radii, such as
the Large Ion Lithophile Elements (LILE), or a high valence
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field Strength Elements (HFSE), they do not constitute the
stoichiometric compounds of major rock forming minerals
(White 2013). Obviously, the concept of trace element will
be relative to the geochemical system of interest, being a clas-
sical example that of K, which is a trace element in the Earth’s
mantle (peridotite) but a major element in crustal rocks, such
as granites. Despite their rarity, the study of trace elements
can provide crucial information about the origin and evolu-
tion of geological materials, mainly because their variation is
by orders of magnitude larger than the one observed in major
elements, and their behavior is independent of the phase rela-
tionships between the minerals that crystallize from magmas,
being used to track geological processes that are not recorded
by major elements (e.g., Kelemen et al. 1993, Miinker 2000).
With the advent of mass spectrometry, especially coupled to
techniques of microanalyses, the study of trace elements in
geological materials has become a fundamental part of any
geochemical or petrological study. For example, trace ele-
ments have long been successfully applied to constrain tec-
tonic settings and petrogenesis of a given geological unit (e.g.,
Pearce et al. 1984, Whalen et al. 1987, Maniar and Piccoli
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1989, Prowatke and Klemme 2006), in mineral exploration
and the origin of ore deposits (e.g., Pearce and Gale 1977,
Hutchinson and McDonald 2008, Reich et al. 2017), or even
to constrain large-scale planetary formation and differentia-
tion processes (e.g., Pfinder et al. 2007, Leitzke et al. 2017,
Thiemens et al. 2019).

Among the commonly used methods for determining trace
element abundance in minerals and rocks are the Secondary Ion
Mass Spectrometry (SIMS) and the Laser Ablation Inductively
Coupled Plasma Mass Spectrometry (LA-ICP-MS). Both meth-
ods allow for trace determination to sub-trace concentrations
in situ with a laser spot size of 10 to 100 im? and, due to their
lower limits of detection, are more appropriate than Electron
Probe Micro-Analyzer (EPMA) to determine trace element
contents or even the X-Ray Fluorescence (XRF) technique
which, despite not performing in situ analysis, is able to deter-
mine a few trace elements (Stalder et al. 2001). The determi-
nation of trace elements by LA-ICP-MS is a well-established
and documented technique. Among the advantages of using
this technique, the following can be mentioned: MS high sen-
sitivity, possibility of performing multi-element analysis of
trace elements, ease of use and versatility in sample introduc-
tion (e.g., nebulization, laser ablation), ability to perform an
in situ analysis of mineral phases and microanalysis, enables
accurate, direct, and rapid analysis, high temperatures in the
plasma source, ensuring desolvation and ionization of the sam-
ple molecules (Becker and Dietze 1998, Sato and Kawashita
2002, Thomas 2003, Orihashi and Hirata 2003, Sylvester and
Jackson 2016). Despite that, the technique also has some down-
sides, including the destruction of the ablated sample and the
chemical reactions between the high-energy ions formed in the
plasma source, which can cause interference due to fraction-
ation effects and isobaric interferences (Sato and Kawashita
2002, Thomas 2003, Becker 2007). When compared to other
techniques of analysis commonly used to determine trace ele-
ments in geological materials (e.g,, EPMA, XRF), the main
advantage is the high sensitivity of the LA-ICP-MS, detect-
ing concentrations in the order of ng/g, while more tradi-
tional techniques detect a maximum of tens of [lg/g in trace
element determinations. In this case, only the most abundant
trace elements in the sample will be determined with less-sen-
sitive techniques, excluding information about trace elements
in small abundance.

Therefore, the main goal of this study was to validate a
method for high-precision microanalyses (50 to 100 [tm) of
trace elements in the range of ppm (1g/g) to ppb (ng/g) in geo-
logical samples by LA-ICP-MS at the Laboratério de Geologia
Isotépica (LGI) of Universidade Federal do Rio Grande do Sul
(UFRGS), Brazil. This study also aimed to compare the data
obtained at the LGI for major elements and homogeneity of the
geological reference glasses used to validate this method with
literature data, determine the best conditions for laser ablation
analysis in geological glasses, determine spot size limits for laser
ablation analysis, and determine detection limits for trace ele-
ment determinations. The results of this work can be applied
to the analysis of geological glasses obtained from whole rock

samples, can be used to determine the best conditions of the

equipment for future analysis in varied materials (e.g., mineral
phases, corals), and to validate the reference materials analyzed
to be used as external standards among National Institute of
Standards and Technology — Standard Reference Materials
(NIST-SRM) in future analysis with the same methodology.
The study was carried out using several analytical techniques
commonly used in the investigation of geological materials,
including EPMA, Scanning Electron Microscope (SEM), and
LA-ICP-MS. Among the dataset of trace elements chosen to be
analyzed are those most relevant for geochemical applications,
i.e,, V, Cr,Ni, Cu, Zn, Rb, Sr, Y, Zr, Nb, Ba, La, Ce, Pr, Nd, Sm,
Eu, Gd, Dy, Ho, Er, Yb, Lu, Hf, Ta, Th, and U.

MATERIALS AND METHODS

Sample selection

For this study, we selected a set of seven reference silicate
glasses provided by the Max Planck Institut fiir Chemie (MPI-
DING). These glasses comprise a large compositional range
observed in nature, from mafic to silicic rocks, and are well
described in the literature (Jochum et al. 2005), enabling not
only direct comparison and validation of the method developed,
as well as the use of these samples as future matrix-match exter-
nal reference materials for LA-ICP-MS analyses. Among the
selected samples, there are two basalts from the Kilauea (KL2-
G) and Mauna Loa (ML3B-G) volcanoes in Hawaii, one andes-
ite from the St. Helen volcano (StHs6/80-G), two komatiites
(GOR128-G and GOR132-G) from the Gorgona Island, one
rhyolite (ATHO-G) from Iceland, and a quartz diorite (T1-
G) from the Italian Alps. Samples from the silicate glasses
used in this study were produced at the MPI (Mainz), with-
out changing the original composition, by direct fusion and
stirring of rock powders in the range of 1400 — 1600°C in a
platinum crucible (Bagdassarov and Dingwell 1992, Stebbins
et al. 1995, Jochum et al. 2000).

EPMA-WDS and SEM

Major and minor element (Na, Al, Si, Mg, K, Ca, Ti, Mn,
Fe, and Cr) concentrations were determined using a Cameca
SXFive EPMA (Instituto de Geociéncias — UFRGS) in
WDS mode, employing 15 kV acceleration voltage and 15 nA
beam current with a count integration time of 20 s at the peak
and 10 s at the background. Each sample of silicate glass was
measured by randomly allocating ten spots with an electron
beam defocused to 5 [Lm, a spot-size that showed a stable sig-
nal during the analyses, excluding any possibility of thermal
migration. Peak to background calibrations were performed in
Albite (Na), Sanidine (Al, Si and K), Diopside (Ca and Mg),
Rautile (Ti), Rhodonite (Mn), Hematite (Fe), and Chromite
(Cr). To verify the homogeneity of the glass standards, back-
scattered electron (BSE) images were obtained in a SEM.
The equipment used was a Jeol 6610-LV at the LGI/UFRGS.
Samples were coated with a single carbon layer and analyzed
with accelerating voltage of 15 kV, working distance of 10 mm,
and spot size of 65 {m.
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LA-ICP-MS

The trace element analysis was performed on a Thermo
Fisher® Element?2 Sector Field ICP-MS coupled to a New Wave
Research® high performance Nd: YAG deep UV (213 nm)
laser ablation system. To choose the best frequency, energy,
and spot size for maximizing sensitivity and precision during
the analyses, we performed tests on the T1-G sample with a
laser spot size ranging from 4 to 100 tm (Fig. 1). Below 30 im,
the variation of the mean value measured is higher than one
order of magnitude between each spot. The ICP-MS-measured
signal shows uncertainty values above the mean value of the
measurement itself, below 15 [tm and at least more than 50%
of the mean value from 15 to 30 lm. Above 40 lm, the signal
reaches a stable plateau and a spot size larger than this could be
potentially used for the analyses, given that values are similar or
at least not varying by more than one order of magnitude for
the tested analytes, with overall uncertainty below 25% of the
mean value. This spot size criterion is not so straightforward
and universally applicable, because the sensitivity will depend
on the settings of the ICP-MS during the analyses (Tab. 1) and
the concentration of the element in the sample. Nevertheless,
based on these preliminary results, and the fact that there was
not a size limit for the glass samples, we chose to use a 100 tm
spot size and frequency of 20 Hz as standard settings, with 100%
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output power to obtain a minor deviation from the literature
concentration (Gaboardi and Humayun 2009).

After achieving optimal laser ablation conditions in the
silicate glasses, the best sensitivity in the ICP-MS analysis
(Tab. 1) was reached after a series of adjustments usually
called tuning performance enhancement (Thermo Finnigan
Scientific 2005). These focus on adjusting the better count
rates for the masses of "Li, ''*In, and ***U using a tune solution
(Tune-up Solution Element, 5% HNO3, Thermo Scientific,
Bremen, Germany) with a quartz double pass spray chamber
and a concentric nebulizer and only Argonium as sample gas
(Argon Pure Liquid 99.9%, Air Products, Guaiba, Brazil).
After that, tuning of the ICP-MS for laser ablation was also
performed on the NIST-612 to maximize sensitivity, count
rate, and detection limit with the laser (Tab. 2), by monitor-
ing the count rates for **U, **Th, and oxygen production rate.
To optimize the signal, a take-up ablation time of 5 seconds
was used on the sample/standard before starting the analysis
in the ICP-MS. This ensures that the entire system is purged
with the ablation gas and set with the mixture of the sample
and sample gas, certifying there is no “gap” time in the analy-
sis. Sample chamber was emptied and flushed with Helium gas
(compressed, purity of 99.5 — 100%, White Martins/Praxair
Inc,, Rio de Janeiro, Brazil) between each sample analysis to
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Figure 1. Comparison between laser spot-size and ICP-MS cps for selected analytes at the T1-G quartz diorite glass: (A) 5'V, (B) *Rb,
(C) #8r, (D) ®Y, (E) **Ba, (F) *Zr. Error bars are two standard deviations (26) of the mean value and only plotted above 40 tm. When not

shown, error bars are smaller than the symbol.
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Table 1. Operating conditions and instrument settings

ICP-MS Laser ablation

ﬁgg&e;;celsector Field ICP- Flnmga;i]sicl}e;zesnctfe rfic;g;@"[hermo Model UP213 Nd:-YAG New Wave
Forward Power 1,300 W Wavelength 213 nm
Reflected Power 3IW Max. output energy 100%

Cool Gas flow rate (Ar) 1.5 L/min Pulse width 4ns
Auxiliary Gas flow rate (Ar) 0.86 L/min Energy density 100 mJ
Ablation Cell gas flow (He) 0.5 L/min Focus Fixed at sample surface
Injector Inj ektorl?;glzlznllCP o Repetition rate 20Hz

Sample Cone Ni with 1.15 mm orifice Spot size 100 pm
Skimmer Cone Ni with 0.6 mm orifice Ablation cell ©2.54cm

Runs 3 Sample time 0,075 s

Passes 2 Sample per peak 35

Take-up time Ss Passes 1

Magnet mass 42958, 1; ;’3 59(?4%, 180.947, Depth/pass 30 um/s

Dwell time 0.285s Sampling scheme spot

Mass Window 150

Acquisition Mode EScan

Table 2. LA-ICP-MS trace element sensitivities and detection limit
(DL) on MPI-DING glasses.

Element anl:‘/llass . Avg. Sensitivity N Delt;rcl;on
yze (cpsperugg?) (ugg")
v S1 6,391 1,823 0.01
Cr 53 531 161 0.2
Ni 62 197 42 0.6
Cu 63 3,612 1,352 0.02
Zn 66 636 209 0.08
Rb 85 8,337 1,905 0.01
Sr 88 9,137 1,789 0.01
Y 89 9,858 1,529 0.006
Zr 90 4,837 810 0.01
Nb 93 8,748 766 0.006
Ba 138 7,501 1,597 0.008
La 139 12,212 4,429 0.004
Ce 140 12,312 2,675 0.004
Pr 141 13,351 1,035 0.00S
Nd 146 2,163 354 0.01
Sm 152 2,460 446 0.01
Eu 153 6,397 1,214 0.007
Gd 160 1,888 313 0.02
Dy 161 1,841 365 0.02
Ho 165 8,840 1,680 0.006
Er 166 2,949 531 0.01
Yb 172 1,687 315 0.03
Lu 175 7,170 1,394 0.007
Hf 178 3,887 1,275 0.01
Ta 181 11,761 1,178 0.005
Th 232 13,948 5,872 0.001
U 238 13,325 2,235 0.004

prevent the formation of oxide compounds, which were mon-
itored by the oxide production rate based on the count rates
for the Th/ThO" ratio. We performed five analysis runs, per-
forming around 10 analyzes for each MP-DING glass in each
run. The following isotopes were monitored during analyses
in low resolution, albeit not all of them yielded meaningful
results for several reasons and a preferred one was selected
for each element: *"Ti, S°Ti, 51V, 2Cr, 3Cr, >Mn, *Ni, 2Ni,
3Cu, $5Cu, Zn, ©Zn, $Rb, *8Sr, Y, ©Zr, °'Zr, *Zr, *Nb, 1¥'Ba,
1385, 19 o, 190Ce, 1Py, 146N, 5'Nd, 1S, 152Sm, ¥*Sm, 1S*Eu,
157Gd, 19Gd, IGIDY’ 163DY, 1650, 16, 18Er, "°Er, 172Y, 174Yb,
175y, 4HE, SHS, 180H, '81Ta, 22 Th, 25U, 25U. Among all the
isotopes measured in this study, the masses selected to quan-
tify each element are listed in Table 2.

Considering the nature of the LA-ICP-MS technique, our
results for trace element are based on the analysis of a specific
isotope mass of that element, called analyte. Therefore, select-
ing an appropriate analyte for each mass for those elements that
are not monoisotopic is an essential step. To do that, atomic
masses were selected that presented the closest values to the
preferred ones, i.e., having negligible isobaric interferences
with the rest of the elements in the sample. This procedure is
sample-specific, given that different sample compositions can
show different amounts of interfering masses in the measured
mass (Jenner and Arevalo Jr. 2016). There are several possi-
ble interferences for each elemental isotope chosen to be the
analyte, and they are presented in a Table that can be found
in the Supplementary Table Al.

Limits of detection on LA-ICP-MS analyses are a func-
tion of the amount of material extracted from the sample
and introduced in the mass spectrometer, being, therefore,
variable for each analysis (Longerich et al. 1996). To quan-
tify the limit of detection for each mass, it is necessary to

measure several samples with no analyte, which is normally
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done by acquiring data only with the gas flow to the ICP-MS,
without firing the laser, i.e., equivalent to the machine back-
ground (e.g., Luo et al. 2007). Calculating the detection limit
this way poses an issue because the machine background is
normally extremely low in LA-ICP-MS, especially for heavy
isotopes, unlike the values found when measuring solution
blanks. Therefore, to avoid dealing with the non-gaussian
distribution of the background values when there are only
a few measurements, Poisson counting statistics is used and
the detection limit (DL) for each analyte (x) is determined
by the Equation 1 (Dussubieux et al. 2016):

(1)

Where:

{5, = the mean value in counts per second (cps) of all back-
ground measurements multiplied by the dwell time (DT);

n = the number of background measurements;

S_ = the sensitivity, i.e., the signal detected per unit of
concentration.

By applying Equation 1, we obtained the detection limit
values raging from the lowest value of 0.001 lg/g for Th to
the highest value of 0.6 llg/g for Ni (Tab. 2). The 2.71 factor
is related to 5% of false positive results, which corresponds to
a confidence level of 95% (Tanner 2010).

Calibration strategy and data reduction
Differences in ablation yield are a common issue in
LA-ICP-MS analyses and are produced through transporting
different amounts of sample material to the ICP-MS during
the acquisition time with the laser on. These differences can
arise not only from changes in laser ablation conditions (i.e.,
laser spot size, frequency, and energy), but also due to the
different physicochemical properties of the samples, which
will weakly or strongly absorb a particular laser wavelength
causing extensive variation in the ablation yield (Kurosawa
et al. 2002, Rege et al. 2008). Moreover, differences in the
ionization potential, melting and boiling point, and, in turn,
volatility of the chemical elements can cause elemental frac-
tionation between the vapor and the solid phase during laser
ablation, even when the rest of the conditions in the system
are ideal (e.g., Fryer ef al. 1995, Outridge et al. 1997, Chen
1999, Guillong et al. 2003). To overcome any issues with
changes in the amount of material that is ablated, transported,
and ionized in the ICP-MS, a correction factor is applied by
using internal standardization. In this study, LA-ICP-MS data
were calibrated and quantified by periodically combining (at
the beginning and end) the ablation of an external standard
(NIST-610/612 glasses) with an IS (“*Ca or *Si), that is,
with an element of known concentration in the sample and
standard (e.g., Rege et al. 2008). This procedure has been
recognized to provide accurate analyses for many trace ele-
ments, even when using external standards without matrix
matching (Jackson et al. 1992, Perkins et al. 1993, Eggins
2003, Wu et al. 2018). The choice of “Ca as IS fulfils the
requirements established by Frick and Giinther (2012), as

follows: the element must be homogeneously distributed
individually in the samples and in the reference material,
must be present in sufficient concentration for determina-
tion both by LA-ICP-MS and an independent method (in
our case, EPMA-WDS), and must have the same fraction-
ation behavior as the analytes. We also chose to use *Si as
an alternative IS in a second step of this work to compare the
data obtained and have an alternative IS element if needed. It
also fulfils the requirements as *Ca and was determined by
EPMA-WDS. The choice of the NIST 610 and 612 glasses
as external standards is justified because they have been used
successfully and routinely to calibrate LA-ICP-MS trace ele-
ment analyses of several geological materials, from strong
UV-absorbing materials (e.g., titanite) to colorless, weak
UV-absorbing materials, such as fluorite or silicate glasses
(see Jackson et al. 1992, Rege et al. 2008). At the beginning
and between the analyses, blank (background) values were
recorded by flushing the carrier gas (He) into the ICP-MS,
without firing the laser, and these values were deducted from
the laser signal values. IS standard normalized count rates
were converted to concentrations using the count rates of
spots carried out on the NIST 610 and 612 glasses as the
external standard, using the preferred values from Jochum
etal. (2011), and the methodology of Longerich et al. (1996),
which is represented by the Equation 2:

)

Where:

[C] = concentration;

S = sample;

M = mass (analyte);

(CR) = count rate;

IS = internal standard (in our study, “Ca or ¥Si);

ES = external standard (in our study, NIST SRM 610 and
612 glasses).

The data reduction in this work was conducted in two differ-
ent ways. One dataset was reduced using in-house Microsoft®
Excel (2007) spreadsheets tables applying the method of
Longerich et al. (1996). A different dataset was obtained and
treated with the Glitter® software (v4.4) for data reduction of
LA-ICP-MS (Griffin et al. 2008). With this tool, the background
measurement procedure changed, as the critical analysis of the
data. The software allows measuring the background signal and
the analytic signal in the same measurement. After complet-
ing the ICP-MS analysis, the signal can be reviewed and the
background signal can be correctly separated from the analyt-
ical signal. Another advantage of using a reduction software is
the ability to vary the IS element without the inconvenience
having to manually enter the data to the chart. Thus, the data
from a second round of analysis was reduced using both **Ca
and **Sias IS. Therefore, we present trace element data in three
groups, and use them to make a comparison, understand, and

validate our measurements.
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Data evaluation

The critical evaluation of the data obtained is neces-
sary since different sources of uncertainty can occur in
LA-ICP-MS, such as fractionation effects, ion formation,
transmission, and ablation behavior. These uncertainty
sources are considered routine when proceeding with trace
elements analysis with LA-ICP-MS, and have already been
approached by several authors (e.g., Eggins et al. 1997, Chen
1999, Jochum et al. 2007, Jochum and Stoll 2008, Liu et al.
2008, Jenner and O’Neill 2012). To correct these factors of
interference in this study, we used the Relative Sensitivity
Factor (RSF), which can correct the negative effects, as well
as issues regarding transportation efficiency, ablation yield,
and detection of the elements (Willbold et al. 2003, Jochum
et al. 2007). According to Jochum et al. (2007), the RSF is
defined as Equation 3:

()

Where:
C.. .non = the uncorrected concentration of a given element,
the,experimental data obtained;
Cotime = the reference value of the concentration for the ele-
ment in analysis, obtained as the average value of a given ele-
ment in the literature.

‘With the RSF, we obtain the corrected value of the element

under analysis, in lg/g as C, , according to the Equation 4:
CeL = Ceruncorr X (1/RSF) 4)

The RSF factor is an empirical value that is different for
each element and can vary according to the operating con-
ditions of the analysis. It also helps to understand the nature
of the identified error. For differences up to 15% from the
unity, it can be related to matrix effects and element frac-
tionation between the external standard and the geological
glass. A RSF ranging from 3 to 10% is accepted as common
for daily work. When the major element composition of
the external standard and the glasses are different, the RSF
is around 5% (Jochum et al. 2007). The RSF was applied in
all data obtained in this study to identify the fractionation
interferences and correct the values obtained. This factor can
also help to understand if the interference is a negligible or
significant fractionation product. In routine work, the pro-
posal is to obtain the RSF of a reference material, identify
the trace elements with high degree of fractionation, and
use the correction factor in these elements only, as well as
having standard reference glasses with good reproducibility
during routine analysis.

RESULTS

Major and minor element composition of
the silicate glasses

The major and minor element contents of the MPI-DING
glasses in this study were obtained by EPMA-WDS and are

shown in Table 3 and plotted on the TAS classification diagram
(Bas et al. 1986) in Figure 2. The chart in Figure 3 shows the
mean WDS values (n = 10) normalized by the standard con-
centration values of the reference materials of geological and
environmental interest database (GeoREM) (Jochum et al.
2005). Major and minor elements show good concordance
with the standard values, except for alkalis and manganese,
which diverge in more than 10% in some samples. On the
alkalis vs. silica diagram, all samples are classified as sub-al-
kaline or tholeiitic in composition, covering a range of SiO,
from 45 to 76 wt.% from basalts to andesite, dacite and rhyo-
lite. Overall, the glasses are homogeneous, with relative stan-
dard deviation values for major elements between ca. 0.1 and
4%. The exceptions are the komatiite glasses, which, in the
case of the GOR128-G, can show a variation of up to 30%
in MgO and Ca0, FeO and Al O, related to the formation
of quenched olivine crystals after rock fusion (Fig. 4A), as
already reported in the literature for this reference material
(Jochum and Stoll 2008 ). However, we have also found dis-
seminated Fe-Cr spinel crystals in the matrix (Figs. 4B-4D)
of the GOR128-G sample, which to the best of our knowl-
edge, have not been described for this reference material
yet. When evaluating natural komatiites from the Gorgona
Island, we find that spinel is common in a mineral assem-
blage (Kerr et al. 1996, Kamenetsky et al. 2010). However,
we were surprised at having found spinel in GOR128-G, as
this reference material should be homogeneous. Regarding
minor elements, relative standard deviations are higher (up
to 30% for Na, K, and Mn; and up to 80% for Cr) because
operating conditions are close to the detection limit of the
EPMA (0.01 wt.%) in some cases. Nevertheless, the major and
minor element analyses from EPMA-WDS reported herein
are within error from the recommended values (Jochum
et al. 2000, 2005), which is of fundamental importance for

the use of internal standardization.

Figure 2. TAS (Total alkali vs. Silica) classification diagram
following Bas et al. (1986) for the selected MPI-DING Glasses
(Jochum et al. 2000).
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Table 3. Major element composition of the MPI-DING silicate glasses obtained via WDS-EPMA (n = 10) and the recommended values.

Sample KL-2G GOR-128G GOR-132G StHs6/80G
ID Rec Our Rec Our Rec Our Rec Our

Value Value Value Value Value Value Value Value
Na, O 2.3S8 2.38 0.04 0.574 0.62 0.21 0.83 0.82 0.03 4.44 3.99 0.07
Ale3 13.3 13.4 0.06 9.91 10.3 3.14 11 10.9 0.0S 17.8 18.0 0.08
SiO, 50.3 50.7 0.27 46.1 46.5 2.19 45.5 459 0.13 63.7 63.6 0.14
MgO 7.34 7.42 0.06 26 259 8.73 224 22.6 0.11 1.97 2.02 0.05
K,0 0.48 0.50 0.01 0.036 0.04 0.01 0.0308 0.04 0.01 1.29 1.34 0.02
CaO 10.9 10.7 0.09 6.24 5.88 2.13 84S 8.23 0.07 5.28 5.15 0.06
TiO, 2.56 2.60 0.03 0.288 0.29 0.09 0.306 0.31 0.01 0.703 0.71 0.01
MnO 0.165 0.18 0.02 0.176 0.16 0.03 0.154 0.15 0.03 0.076 0.08 0.02
FeO 10.7 10.7 0.10 9.81 9.61 1.56 10.1 10.3 0.09 4.37 4.42 0.07
Cr,0, ni 0.06 0.04 ni 0.32 0.08 ni 0.35 0.07 ni 0.04 0.03
Total 98.5 99.7 99.7 99.4
Sample T1-G ML3B-G ATHO-G
ID RecValue  Our Value + Rec Value  Our Value + RecValue  Our Value +
Na,O 3.13 3.06 0.06 24 2.40 0.05 3.75 238 0.09
Ale3 17.1 17.8 0.15 13.6 13.7 0.05 12.2 12.3 0.12
SiO, 58.6 57.0 0.19 S1.4 SL.S 0.38 75.6 76.0 0.22
MgO 3.78 3.96 0.05 6.59 6.57 0.09 0.103 0.10 0.01
K,0 1.96 191 0.03 0.385 0.39 0.01 2.64 2.75 0.02
CaO 7.1 7.23 0.09 10.5 10.1 0.08 1.7 1.64 0.05
TiO, 0.755 0.79 0.02 2.13 2.10 0.02 0.255 0.25 0.01
MnO 0.127 0.14 0.02 0.17 0.18 0.02 0.106 0.09 0.01
FeO 6.44 6.79 0.08 10.9 10.7 0.11 3.27 3.29 0.07
Cr,0, ni Bdl - ni 0.05 0.04 ni Bdl -
Total 98.7 97.7 98.8

Rec Value: recommended value; Bdl: below the detection limit (i.e., 0.01 wt%); Ni: value not informed.

Figure 3. Mean EPMA-WDS concentration of the analyzed
MPI-DING glasses normalized to the preferred values reported
in the GEOREM (Jochum et al. 2007). Black dashed lines are
two standard deviations. The colored markers represent the
concentration of major elements in the following reference
materials: Red squares represent ATHO-G, blue circles represent
GORI128-G, yellow triangles represent GORI132-G, green
triangles represent KL2-G, purple diamonds represent ML3B-G,
grey triangles represent T1-G, and orange triangles represent
StHs6/80-G reference materials.

Trace element composition of the
silicate glasses

Average trace element composition obtained via LA-ICP-MS
and reduced with the in-house spreadsheets and reduction
software, and the different ISs are listed in Table 4. To check
for method accuracy and precision, the dataset obtained in
this work was compared with the preferred values of Jochum
et al. (2007,2011) and the GEOREM (Jochum et al. 2005).
The data from their study on these reference materials have been
extensively double checked by several other analytical methods,
such as SIMS (Secondary Ion Mass Spectrometry), ID-TIMS
(Isotope Dilution Thermal Ionization Mass Spectrometry),
and conventional acid digestion and solution nebulization
ICP-MS. The results are presented below, separately for each
reduction method.

Trace elements results using in-house spreadsheets
When our data reduced with in-house spreadsheets are
compared with minimum and maximum literature values for
the Kilauea Basalt (KL2-G), all elements are within error from
the reported values (Jochum et al. 2005), which means that
their concentration was correctly determined by the method
(Fig. SA). The same is observed for the komatiite GOR132-G
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Figure 4. Back-scattered electron image of geological reference glass GOR128-G showing spinifex texture with elongated “plate-
like” olivine crystals in a glassy matrix (3A), as well as Fe-Mg zonation within the olivine crystals, and the presence of Fe-Cr Spinel

micrometric crystals (3B), which are found disseminated in the glassy matrix in some portions (3C), intergrown with micrometric

olivine quenched crystals (3D).

(Fig. 6A) and the rhyolite ATHO-G (Fig. 7A) reference mate-
rials. For the quartz diorite (T1-G), all elements are within
error from literature values, except for Ta, whose obtained value
was below the minimum reported in the literature (Fig. 8A).
For the GOR128-G komatiite (Fig. 9A), only Nb and Th did
not produce values according to literature. For the StHs6/80-G
andesite (Fig. 10A), trace elements are within error from liter-
ature values, except for V, whose obtained concentration was
below the minimum reported. The Mauna Loa Basaltic Glass
(ML3B-G) has shown values within error from the reported
GeoReM values, except for Cr, Sr, Ce, and Eu, which are ca. 10
to 0.04 [lg/g lower than literature values (Fig. 11A).

Ifwe consider mean values plus two standard deviations (95%
confidence), the reproducibility of literature values increases.
Almost all the values obtained with the reduction using in-house
spreadsheets in our study are within the error reported in the lit-
erature, except for three cases only: Th, in the GOR128-G; V, in
the StHs6/80-G; and Cr, in the ML3B-G. These trace elements
show concentration values lower than the lowest values reported

in the literature, although being at the same order of magnitude.

Trace elements results using Glitter® software
All the results obtained using Glitter® reduction software

were also compared with the preferred values of Jochum et al.

(2005) (see Tab. 4) and are presented according to the iso-
tope used as IS.

Using #°Si as IS

The KL2-G basalt presented 25 of the trace elements cor-
rectly determined and two within values that are lower than the
preferred ones (Fig. SB), which are Cuand Zn. The GOR132-G
komatiite produced 24 trace elements correctly determined,
except for Cr, Cu, and Gd. Chromium and Gd presented val-
ues above the maximum values found in the literature, while
Cu values were below the minimum reported (Fig. 6B).

For the ATHO-G, all trace elements were correctly deter-
mined, except for Cu (Fig. 7B), which presented values below
the minimum reported. Out of all trace elements determined
in the T1-G quartz diorite (Fig. 8B), 10 values vary slightly
from the literature data and remain within the uncertainty
of the method (26): V, Sr, Y, La, Ce, Pr, Nd, Ho, Er, and Th.
Again, Cuand Zn are in total disagreement with the literature
values, with values below the minimum reported.

The GOR128-G presented two trace elements with val-
ues below the detection limit: Rb and Ba (Fig. 9B). For the
same reference material, four trace elements presented val-
ues that differ from the literature: Cu had values below the

minimum reported in the literature, and Sm, Ta, and Th had
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Table 4. Continuation.

Element v Cr Ni Cu Zn Rb Sr Y Zr Nb Ba La Ce Pr Nd
ML3B-G
Minimum (literature) 188 140 70 932 61 46 276 193 951 5 699 786 208 287 137
Maximum (literature) 374 600 170 145 135 10 407 27.6 175 103 120 109 2823 381 187
Average (literature) 240 170 105 115 108 58 312 239 122 861 80 896 231 343 167
Manual Spreadsheet 249 129 857 92.5 83.7 446 257 189 974 628 656 7.61 186 275 13.3
SD (26) 109 2.64 440 511 697 045 213 1.67 911 092 593 097 217 039 117
RSD (%) 219 1.02 257 276 416 501 413 442 468 732 452 636 584 7.14 439
Glitter (29Si as IS) 372 178 105 21.8 419 569 352 29.1 1457 9.88 778 103 245 344 172
SD (20) 592 415 225 356 880 1.56 49.6 455 214 145 129 186 3.94 051 286
RSD (%) 80 11.6 107 814 105 137 70 78 74 73 83 90 81 75 83
Glitter (43CaasIS) 312 168 887 236 37.8 473 295 244 122 830 650 8.65 205 288 144
SD (20) 47.1 306 184 339 738 135 245 232 1279 096 838 103 188 034 191
RSD (%) 75 91 104 719 977 143 41 48 52 58 64 60 46 60 66
Element Sm Eu Gd Dy Ho Er Yb Lu Hf Ta Th U
ML3B-G
Minimum (literature) ~ 3.92 148 383 363 069 173 141 019 207 0.4 045  03$
Maximum (literature) ~ 5.31 1.83 8 S.6 1L04 274 262 0.36 4.6 0.64 0.82 0.66
Average (literature) 4.75 1.67 5.23 4.81 091 2.44 2.08 0.29 322 0.55 0.54 0.44
Manual Spreadsheet ~ 3.73 130 424 402 077 206 168 022 264 042 046 033
SD (20) 047 020 043 034 007 009 011 002 028 004 004 003
RSD (%) 6.32 7.65 5.04 418 4.39 2.33 322 417 5.31 490 394 531
Glitter (29Si as IS) 5.11 172 713 542 105 255 223 027 340 057 065 046
SD (20) 1.04 048 319 145 028 067 069 011 09 017 020 0.14
RSD (%) 10.2 14.1 22.4 13.4 13.5 13.2 15.6 20.1 14.2 15.1 15.7 15.4
Glitter (43Ca as IS) 428 147 595 455 088 214 187 024 285 048 055 039
SD (206) 082 037 253 1.1 022 052 054 009 073 013 015 0.1
RSD (%) 9.6 126 212 12.1 12.4 12.1 14.4 17.7 12.7 13.8 13.7 14.0

ND: not detected. It means the counts obtained for the element are below the detection limit of the technique; RSD %: relative standard deviation %.

concentrations that were above the maximum values reported.
For the StHs6/80-G andesite, all elements were correctly
determined, except for Cu and Zn, whose values were below
the minimum values, and Gd that had a concentration value
above the maximum reported (Fig. 10B). For the ML3B-G,
all trace elements were correctly determined, except again for
Cu and Zn, whose values were below the minimum reported
in the literature (Fig. 11B).

Using *Ca as IS

The results obtained for the KL2-G basalt (Fig. SC) pre-
sented only two values below the minimum reported, which
are Cu and Zn. For the GOR132-G komatiite, the same pat-
tern obtained for *Si as IS was observed for *Ca. Chromium
and Gd presented values above the maximum reported, while
Cuand Zn presented values below the minimum found in the
literature (Fig. 6C).

In the ATHO-G, the only trace element that presented
avalue below the minimum was Cu (Fig. 7C). In the quartz
diorite T1-G, only Cu, Zn, and Th had values below the min-
imum reported in the literature (Fig. 8C). The GOR128-G
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presented the same two trace elements with values below
the detection limit: Rb and Ba (Fig. 9C). The trace ele-
ments Cu, Zn, Nd, and Er presented concentrations below
the minimum reported, while La, Sm, Ta, and Th had val-
ues above the maximum found in the literature. For the
StHs6/80-G andesite, the elements with erroneous values
were Cu and Zn, with values below the minimum reported
in the literature, and Gd concentration above the maximum
reported (Fig. 10C).

Finally, for the ML3B-G, the exceptions were Cu and Zn,
which presented values below the minimum found in the lit-
erature (Fig. 11C).

If we compare Glitter® data with the in-house spread-
sheet reduced results, when we consider the mean values
plus two standard deviations, a higher reproducibility of the
literature data for MPI-DING glasses is observed, but some
elements still differ from the literature values. By using *Si
as IS, concentration data always have a higher standard devi-
ation for several elements. In some cases, even higher than
50% (see Tab. 4). Although the use of ®Ca as IS has pro-

duced more results in disagreement with the literature, the
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Figure 5. LA-ICP-MS trace element concentration of MPI-DING silicate glass KL2-G (Kilauea Basalt) obtained in this study (solid black
lines), trace element concentration corrected with RSF (dashed grey lines) and compared with the minimum and maximum values reported
in the literature (green and orange solid lines, respectively). Error bars are two standard deviations (26) of the mean value. (A) Trace elements
of KL2-G using #*Ca as IS and in-house spreadsheets-reduced data. (B) Trace elements of KL2-G using *Si as IS and software-reduced data.
(C) Trace elements of KL2-G using **Ca as IS and software reduction. Literature data were extracted from Jochum et al. (2005).

standard deviation obtained for such results is smaller than
that obtained for *Si as IS. The data obtained using in-house
spreadsheets presented the largest number of results in agree-
ment with the data found in the literature for the same trace
elements. Some of the values found in both reduction meth-
ods are quite different from the maximum or minimum val-
ues in the literature, and the reason for such inconsistencies

are discussed below.

RSF values

The RSF values, calculated using Equation 3, are
shown in Figures 12 and 13. The trace element contents
that were considered correct presented an RSF value that
ranges from 5 to 10% of the unity (between £ 1.05 and
+ 1.10 in the charts). The trace elements that represent
a slight difference from the literature, but remain within
the uncertainty of the method, had an RSF value around

15%. Trace elements with a great RSF value represent the
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elements not detected or the elements in total disagree-
ment with literature data.

DISCUSSION

After selecting appropriate isotopes to avoid isobaric
interferences, we can examine each group of results separately
to understand the causes for outliers. The results obtained
with in-house spreadsheets for trace element contents of
MPI-DING silicate glasses have been correctly determined
when compared with literature values. A few exceptions were
observed, which are, in all cases, lower than the minimum val-
ues reported in the literature, confirming the systematic neg-
ative shift for trace elements when NIST SRM 61x (x =0, 2,
4, etc.) series are used as a calibration standard ( Jochum et al.
2007, Chen et al. 2011, Kimura and Chang 2012, Zhang et al.
2019). These results cannot be reconciled by isobaric interfer-

ences, for example, which would increase the concentration
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Figure 6. LA-ICP-MS trace element concentration of MPI-DING silicate glass GOR132-G (Gorgona Island Komatiite) obtained in this
study (solid black lines), trace element concentration corrected with RSF (dashed grey lines) and compared with the minimum and maximum

values reported in the literature (green and orange solid lines, respectively). Error bars are two standard deviations (20) of the mean value.
(A) Trace elements of GOR132-G using #*Ca as IS and in-house spreadsheets-reduced data. (B) Trace elements of GOR132-G using *Si as
IS and software-reduced data. (C) Trace elements of GOR132-G using #*Ca as IS and software reduction. Literature data were extracted from

Jochum et al. (2005).

of the trace elements due to a higher count rate during the
analyses. MPI-DING glasses are widely reported in the liter-
ature and, at least for major elements measured via EPMA-
WDS, are homogeneous in composition (Jochum et al. 2000,
Jochum and Stoll 2008). However, it should be noted that the
composition of the major elements in NIST SRM glasses are
different from the composition of major elements in stan-
dards of geological origin ( Jochum and Stoll 2008) and can
lead to errors based on matrix effects and the reduction step.
The Gorgona komatiite glasses, especially GOR-128G, have
been described in the literature as having quenched olivine
crystals (Jochum et al. 2000). This is also found in our sam-
ples, in addition to the presence of Fe-Cr spinel, the former
being a possible explanation for the lower values of Th found
in our study, given that is extremely low for mafic
melts, at the order of 10 (Leitzke et al. 2016). Jochum and
Stoll (2008) argue that trace element content for refractory
lithophile elements is homogeneous in MPI-DING glasses.
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However, some of the trace element reported values show an
extensive range of concentrations, for example, Cr contents
in the ML3B-G range from 140 to 600 Ug/g (Fig. 3), which
corroborates the value of 129 * 4 measured in our study as
being related to the natural heterogeneity of the sample.
The same argument could be used for the measured value
of 65 * 5 obtained in our study for V in the StHs6/80-G,
while reported literature values show a wide range, from 72
to 350 Ug/g. In fact, according to Jochum and Stoll (2008),
heterogeneous distribution of trace elements in MPI-DING
glasses has been observed for siderophile (e.g., platinum group
elements and gold), as well as for some chalcophile elements
(Bi, Sn, and Cu). This is explained by element fractionation
and loss of volatile components during the fusion and pro-
duction of theses glasses, as well as platinum crucible, by the
formation of alloys (Eggins and Shelley 2002). Even though
both V and Cr are mainly lithophile, they tend to form oxide

minerals in the spinel group in nature, for example, chromite
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Figure 7. LA-ICP-MS trace element concentration of MPI-DING ssilicate glass ATHO-G (Rhyolite) obtained in this study (solid grey lines),
trace element concentration corrected with RSF (dashed black lines) and compared with the minimum and maximum values reported in the
literature (green and orange solid lines, respectively). Error bars are two standard deviations (2G) of the mean value. (A) Trace elements of
ATHO-G using #*Ca as IS and in-house spreadsheets reduction data. (B) Trace elements of ATHO-G using *Si as IS and software-reduced
data, (C) trace elements of ATHO-G using “Ca as IS and software reduction. Literature data were extracted from Jochum et al. (2005).

(FeCr,0,) and coulsonite (FeV,0,), which are highly refrac-
tory. If even at the nano- or micro-scale, the formation of these
oxide phases occurred. This could affect the homogeneity of
the glasses and result in lower values.

The software-reduced data showed some results outside the
expectations for the reference materials analyzed. Itis import-
ant to highlight that the measurement of the trace elements in
this round was the same for both ISs. The IS for calculation
of the mean values was changed after the measurements, only
affecting the reduction step. When analyzing the data obtained
using *Si as IS, Cu is in disagreement in all glasses, with val-
ues lower than expected. This may be due to several factors,
including fractionation effects in chalcophile/siderophile and
volatile elements (Horn and von Blanckenburg 2007, Jochum
et al. 2014), mass load of the sample, volatility effect caused
by a non-stoichiometric sampling (Gaboardi and Humayun

2009), and even heterogeneities due alloy formations with
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the platinum crucible used to produce the glasses (Jochum
et al. 2000, Eggins and Shelley 2002). These very same factors
can explain the low value obtained for Zn in KL2-G, T1-G,
StHs6/80-G, and ML3B-G glasses. As a chalcophile element
with moderate volatility, the Zn values are affected by frac-
tionation and the mass loaded into the ICP-MS (Jochum
etal. 2012,2014).

Rubidium and Ba presented signal values below the detec-
tion limit in GOR128-G. It does not necessarily mean that
these elements are absent (they were detected before when
the results were reduced using spreadsheets). One of the
potential causes for this error is the background signal with
a value higher than the signal measured for these elements,
and this factor can be corrected in the future. These elements
are also prone to high fractionation, associated to the medium
boiling and melting points (in the case of Rb), and oxide for-

mation for Ba, both of which will contribute to lower peak
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Figure 8. LA-ICP-MS trace element concentration of MPI-DING silicate glass T1-G (quartz diorite Alps) obtained in this study (solid grey
lines), trace element concentration corrected with RSF (dashed black lines) and compared with the minimum and maximum values reported
in the literature (green and orange solid lines, respectively). Error bars are two standard deviations (26) of the mean value. (A) Trace elements
of T1-G using #*Ca as IS and in-house spreadsheets-reduced data. (B) Trace elements of T1-G using **Si as IS and software-reduced data. (C)
Trace elements of T1-G using “Ca as IS and software reduction. Literature data were extracted from Jochum et al. (2005).

intensities (Outridge et al. 1997, Gaboardi and Humayun
2009). The high mean values obtained for the lithophile ele-
ment Ta in GOR128-G can also be explained by formation
ofisobaric molecules. We can mention, for example, '*'Pr*°Ar
and '%Ho'0 as molecules with the same mass as Ta (Gaboardi
and Humayun 2009). The strong matrix effect in elements of
group 3 and REE observed by Chan et al. (2000) must also
be considered, related to the low second ionization potential
ofthese elements. In GOR132-G, Cr presented a mean value
higher than expected, but it is known that the formation of
Cr-rich “islands” in basaltic glasses (like BCR-2G observed
by Rocholl 1998) can increase the average concentration
obtained. The formation of Cr,* dimers in spinel-like struc-
tures is also observed in the cooling phase of the melts that
may influence the increased concentration of Cr (Colson et al.
2000, Jochum et al. 2000). The presence of olivine and Fe-Cr
spinel in this glass is an evident cause of heterogeneity and

increased concentration of Cr. Lithophile elements such as Gd
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(in GOR132 and StHs6/80-G), Sm, and Th (in GOR128-G)
also presented increased values, and even a minimum forma-
tion of oxides like '**La'®Q, 1*'Xe!¢O, and ThO whose intensi-
ties are added to Gd, Sm, and Th, increasing the mean value
(Gaboardi and Humayun 2009). Nevertheless, there is abun-
dant literature related to the heterogeneity of the lithophile
elements found in reference glasses such as NIST-SRM and
MP-DING, which corroborate this hypothesis (Jochum et al.
2000, 2005, Eggins and Shelley 2002, Kempenaers et al. 2003,
Regnery et al. 2010).

The data obtained using Glitter® software and #*Ca as IS
are slightly different from the literature compared to the data
obtained using *Si as IS. Note the presence of Cu as an out-
lier in all reference glasses used in this work. Only two ele-
ments showed values different from the literature using **Ca
and not **Si, which are La in the GOR128-G sample, proba-
bly related to the formation of '*La'®O species, and Zn in the
GOR132-G sample, probably caused by fractionation. These
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Figure 9. LA-ICP-MS trace element concentration of MPI-DING silicate glass GOR128-G (Gorgona Island Komatiite) obtained in this
study (solid black lines), trace element concentration corrected with RSF (dashed grey lines) and compared with the minimum and maximum

values reported in the literature (green and orange solid lines, respectively). Error bars are two standard deviations (20) of the mean value.
(A) Trace elements of GOR128-G using **Ca as IS and in-house spreadsheets reduction data. (B) Trace elements of GOR128-G using *Si
as IS and software-reduced data. (C) Trace elements of GOR128-G using “Ca as IS and software reduction. Literature data were extracted

from Jochum et al. (2005).

results corroborate the data of Jenner and Arevalo Jr. (2016),
and Jenner and O’Neill (2012) that showed that the use of
*»Si as IS with NIST SRM glasses as external standard leads
to an increase in element fractionation with decreasing vola-
tility, and that siderophile and lithophile elements are prone
to negative fractionation when compared to **Ca, for exam-
ple, being necessary to apply a matrix correction to increase
accuracy. However, when “Ca is used as IS, as in our study,
even for non-matrix matching external standards, laser induced
element fractionation is less significant and has fewer devia-
tion from the literature values ( Jenner and Arevalo Jr. 2016).

The variation obtained in the values for the trace ele-
ments of our LA-ICP-MS analysis may also have been
caused by other fractionation sources, like laser-induced
element fractionation, which is caused by decreasing the
laser pit size during progressive ablation (e. g. Eggins et al.
1998, Jenner and Arevalo Jr. 2016). Whenever this occurs,

the count rates for different elements and their ratio can
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vary progressively with time during the analyses, being not
representative of the sample itself (e.g., Fryer et al. 1995,
Eggins et al. 1998, Rege et al. 2008, Jenner and O’Neill
2012). It should be noted that these analyses were all per-
formed in low resolution, which does not resolve peaks
in nearby masses and may cause interferences, decreas-
ing sensitivity. Another aspect that could increase uncer-
tainty in our analyses is the fact that the sample holder
is individual, so that the NIST-610/612 glasses had to
be measured before and after the MPI-DING glasses by
voiding the chamber and emptying it once again, which
is not ideal, given that laser ablation parameters can vary
during this procedure (Rege et al. 2008, Russo et al. 2013,
Arevalo Jr. 2014, Jenner and Arevalo Jr. 2016). All these
factors show how important it is to document trace ele-
ment analyses in reference materials when implement-
ing a methodology for their analyses in each geochemi-

cal laboratory, not only for comparing data accuracy and
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Figure 10. LA-ICP-MS trace element concentration of MPI-DING silicate glass StHs6/80-G (Andesite St. Helen) obtained in this study
(solid black lines), trace element concentration corrected with RSF (dashed grey lines) and compared with the minimum and maximum
values reported in the literature (green and orange solid lines, respectively). Error bars are two standard deviations (20) of the mean value.
(A) Trace elements of StHs6/80-G using “*Ca as IS and in-house spreadsheets reduction data. (B) Trace elements of StHs6/80-G using *Si
as IS and software-reduced data. (C) Trace elements of StHs6/80-G using “*Ca as IS and software reduction. Literature data were extracted

from Jochum et al. (2005).

precision, but also being aware of how trace elements can
respond differently during ablation (e.g., Rege et al. 2008,
Jenner and O’Neill 2012). Once more analyses using the
MPI-DING reference materials are routinely performed
to validate our calibration, we will obtain more datapoints
improving the statistical treatment of the data. Despite all
the uncertainty factors identified so far, both the results
reduced using in-house spreadsheets and those obtained
using Glitter® software showed few results that need fur-
ther correction and most of the lithophile trace elements
were correctly determined.

To verify the accuracy of the data obtained with both
reduction strategies, we compared our data with the values of
reference materials, following Eggins (2003). This comparison
can be expressed as the difference between our values and the
correspondent reference values (RV) (Eq. 5):

()
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Korotev (1996) used the maximum uncertainty (G, ) as
the greatest uncertainty of the reference value (0,,) and the
data obtained in the LA-ICP-MS analysis (G, , |,
rigorous tactic was presented by Eggins (2003), making a

). Amore

pooled uncertainty estimate with 6,,and 6, ., (Eq. 6):

(6)

and the test for agreement between the obtained data and
the reference value at 95% confidence level is (Eq. 7):

(7)

When using Equation 7, the concentration of the trace
elements for KL2-G presented the following percentage of
accuracy: 74% using spreadsheets, with Zn, Sr, and Ho as
outliers; 92% using software reduction and both *Si and

$Ca as IS, with Cu and Zn as outliers in both cases. For the
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Figure 11. LA-ICP-MS trace element concentration of MPI-DING silicate glass ML3B-G (Mauna Loa basalt) obtained in this study (solid
black lines), trace element concentration corrected with RSF (dashed grey lines) and compared with the minimum and maximum values
reported in the literature (green and orange solid lines, respectively). Error bars are two standard deviations (20) of the mean value. (A)
Trace elements of ML3B-G using “*Ca as IS and in-house spreadsheets-reduced data. (B) Trace elements of ML3B-G using *Si as IS and
software-reduced data. (C) Trace elements of ML3B-G using #*Ca as IS and software reduction. Literature data were extracted from Jochum

et al. (2005).

GOR132-G reference material, 91% of the trace elements
were correctly determined using spreadsheets, and the
exceptions were Zn and Rb. When using the software for
data treatment and *Si and “*Ca as IS, 85% and 89 % of the
elements were precisely measured, respectively, being V, Cr,
Cu, and Zn outliers with the first IS, and Cu and Zn outli-
ers with ¥*Ca. The T1-G reference material had 100% of the
trace elements correctly determined when using the spread-
sheets, while 70% using the software and *Si as IS, with V,
Cu, Sr, Y, La, Ce, Nd, and Sm as less accurate. On the other
hand, also for the T1-G reference material, when **Ca was
used as IS and when data was reduced using the software,
96% of the trace elements were accurately determined and
the only exception was Cu.

In the reference material ATHO-G, 100% of the trace
elements were determined precisely using the spreadsheets,
and the software and *Si as IS. When using Ca as IS and

the software, 96% of the elements were accurate in their
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results and Cu was the only exception. GOR128-G had 96%
of the results correctly determined with the spreadsheets,
with Nb as exception, 84% of results correct with the soft-
ware and »Si as IS, with Y, Zn, Cu, and V as outliers, and
92% with **Ca as IS and the software, with Cu and Zn as
exceptions. The StHs6/80-G reference material presented
100% of the trace elements precisely determined with the
spreadsheets, and the software with *Si as IS. When using
the software and #*Ca as IS, 96% of the elements had the
aimed precision, and Cu was the exception. Finally, ML3B-G
reference material had 81% of the analyzed trace elements
determined with precision when using the spreadsheets,
with the results for Nb, Pr, Nd, Sm, and Eu do not showing
the same accuracy. When using the software and *Si as IS,
only Cu presented imprecise results. When using “®Ca as IS,
92% of trace elements were properly determined, and Cu

and Zn were the outliers.
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Figure 12. RSF values obtained for (A) KL2-G, (B) GOR132-G, (C) T1-G, and (D) ATHO-G. The values obtained with in-house
spreadsheets reduction using **Ca as IS are represented by the black lines. The values obtained using software reduction are represented by
blue lines (*Si as IS) and yellow lines (**Ca as IS). A simple way to interpret the RSF chart is to consider the values close to one with low
interferences of matrix match and fractionation, and small error value. The values much higher or lower than one are considered to have a high

degree of interference or even a non-detectable element.

Such results corroborate the idea of multiple error sources,
which has already been discussed, but also demonstrates the
overall precision and accuracy of the method developed in our
study, since most of the determinations had an accuracy above
90% and the few results with low precision can be corrected in
the future. In this sense, the RSF values (Figs. 4 and ) show
the nature of the error obtained with the different ISs used and
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the different reduction strategies. RSF values of ca. 15% show
that the value remains within the uncertainty of the method,
possibly due to small fractionation and/or matrix match effects.
The elements that have a RSF value about and/or over 20%,
represent a strong fractionation or a non-detectable element.
It is important to note that most of this order of RSF value

occurred using *°Si as IS for reduction. This inference agrees
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Figure 13. RSF values obtained for (A) GOR128-G, (B) StHs6/80-G, and (C) ML3B-G. The values obtained with in-house spreadsheets
reduction using “Ca as IS are represented by the black lines. The values obtained using software reduction are represented by blue lines (*°Si

as IS) and yellow lines (*Ca as IS).

with the aforementioned literature (Jenner and O’Neill 2012,
Jenner and Arevalo Jr. 2016) that associates the use of Si as
IS for reduction with higher fractionation and matrix match
interference. We used the RSF values to correct the trace ele-
ment data obtained, and the results are presented in Figures
3 to 9. This strategy proved to be efficient so that the trace
elements values detected for all MPI-DING glasses with the
different reduction strategies and the different ISs used could
be corrected to a value between the known maximum and
minimum value in the literature (Willbold et al. 2003, Jochum
et al. 2005,2011,2014). The use of the RSF value to evaluate
the element trace data obtained and to correct the concentra-
tion values has proven to be a powerful tool in trace element
quantification using the LA-ICP-MS method. In an analysis
of awhole rock sample, the use of MPI-DING glass reference
material with the same matrix, or an approximate matrix, and
the RSF calculation allow for the identification of the matrix

match and fractionation interferences. This factor can also be
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useful to identify the elements with a high error in quantifica-

tion and correct their values properly in the future.

CONCLUSION

We presented a high-precision method for analyzing trace
elements in silicate materials via LA-ICP-MS, using two dif-
ferent methods to manage the data: in-house reduction using
a chart software and automated reduction using the Glitter®
software. The NIST SRM 610/612 glasses were used as exter-
nal standards, with two different elements as IS: “*Ca (in chart
and automated reduction) and *Si (in automated reduction
only) (Jackson et al. 1992, Perkins et al. 1993, Jochum et al.
2011). When using the in-house spreadsheet reduction and
“Caas IS, this method had almost all values within error from
the values reported in the literature for the MPI-DING glasses.
The use of Glitter® software to process data reduction is a good
alterative that yields an online and rapid response to quantify

the data more effectively during the analyses. However, like any
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analytical method, the use of the software requires attention
and adjustments to accurately assess background and inten-
sity signals and avoid a false non-detected value. When using
the in-house spreadsheets, the blank/background signals are
acquired in a separate measure, without performing laser abla-
tion (as describe in “Materials and methods: LA-ICP-MS”).
This measure is easily subtracted from the analytic signal in
the spreadsheet, and leaving no doubt as to the intensity of
the blank signal. However, when using Glitter® reduction
software, the blank/background signal is measured together
with the sample analysis immediately before laser ablation.
This makes the use of the reduction software advantageous
over the manual spreadsheet. As the blank/background and
the analytical signals are in the same measure, it is easy and
quick to subtract one signal from the other in the software.
However, the analyst must be careful to determine the end of
the blank/background signal and the beginning of the analytic
signal. Another advantage of the reduction software is that the
results can be obtained almost instantly after the analysis. This
avoids errors when transferring the data from the ICP-MS
software to the spreadsheet and makes obtaining the result
less laborious. Results obtained using “*Ca and the reduction
software were acceptable with a considerable number of trace
elements identified properly. The same occurred when using
»Si as IS, although the fractionation interference already reg-
istered compromise the quantification of trace elements in sil-
icate glasses (Jenner and O’Neill 2012, Jenner and Arevalo Jr.
2016). Therefore, #Ca is the more appropriate element to use
as IS to analyze trace elements in silicate glasses. This infer-
ence can be extended to mineral phases with silicate basis (e.g.,
clinopyroxene and apatite), considering the analogue matrix
of the glasses and minerals. Nevertheless, this cannot be gen-
eralized indiscriminately, and parameters such as the spot size
or IS chosen must be in accordance with the sample type, its
size, and composition. The use of Si as IS cannot be ruled
out in future analysis of mineral phases. The use of NIST SRM
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610/612 as calibration standard was adequate and the differ-
ent matrixes did not interfere in the quantification analysis of
the trace elements. It was possible to optimize the LA-ICP-MS
system using a spot size above 40 Wm and detection limits in
the magnitude of tens of ng/g for good yield results. The use
of a correction factor as the RSF has shown to be an effective
approach to correct fractionation and matrix matched inter-
ferences when using the LA-ICP-MS method, and allowed for
the correct evaluation of the trace elements with a measurable
signal in this study. The RSF is of foremost importance to iden-
tify the source of errors during the analyses and correct the
trace element contents that show evidence of strong fraction-
ation. The geological glasses analyzed to validate this method
showed results for major and minor elements in good accor-
dance with the literature values, except for alkalis and manga-
nese. The glasses are homogeneous, except for the GOR128-G
komatiite that presented Fe-Cr spinel crystals when analyzed
in SEM. This spinifex structure is already known, but it had
not yet been described in GOR128-G. These results demon-
strate that the geological glasses can be used as external stan-
dards among the NIST-SRM standards in future analyses of
trace elements in similar materials. Finally, the method devel-
oped can be widely used to determine whole-rock and mineral
trace element geochemistry in research projects carried out in
South America, when the correct analytical parameters are

observed, being of great interest to the scientific community.
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