Vol. 43 — N° 4

R
©ON

p.567-584

The Preparation and Preliminary Characterisation of Three

GEOSTANDARDS and
" GEOANALYTICAL

RESEARCH

Synthetic Andesite Reference Glass Materials (ARM-1, ARM-2,
ARM-3) for In Situ Microanalysis

Shitou Wu (1, 2)*
(2) and Andreas Kronz (2)

1

(1)
2

, Gerhard Worner (2), Klaus Peter Jochum (3)

, Brigitte Stoll (3), Klaus Simon

Institute of Geology and Geophysics, Chinese Academy of Sciences, Beijing, 100029, China
Geowissenschaftliches Zentrum, Géttingen Universitdt, Gottingen, 37077, Germany

3) Abteilung fir Klimageochemie, Max-Planck-Institut fir Chemie, Postfach 3060, D-55020, Mainz, Germany

)
* Corresponding author. e-mail: shitouwu@mailiggeas.acen

Three synthetic reference glasses were prepared by directly fusing and stirring 3.8 kg of high-purity oxide powders to

provide reference materials for microanalytical work. These glasses have andesitic major compositions and are doped

with fifty-four trace elements in nearly identical abundance (500, 50, 5 ng g™') using oxide powders or element solutions,
and are named ARM-1, 2 and 3, respectively. We further document that sector-field (SF) ICP-MS (Element 2 or Element XR)
is capable of sweeping seventy-seven isotopes (from ”Li to 238U, a total of sixty-eight elements) in 1 s and, thus, is able to

quantify up to sixty-eight elements by laser sampling. Micro- and bulk analyses indicate that the glasses are

homogeneous with respect to major and trace elements. This paper provides preliminary data for the ARM glasses using a
variety of analytical techniques (EPMA, XRF, ICP-OES, ICP-MS, LA-Q-ICP-MS and LA-SF-ICP-MS) performed in ten
laboratories. Discrepancies in the data of V, Cr, Ni and Tl exist, mainly caused by analytical limitations. Preliminary

reference and information values for fifty-six elements were calculated with uncertainties [2 relative standard error (RSE)]

estimated in the range of 1-20%.
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Precise and accurate chemical determination of trace
element abundances in rocks and their mineral constituents
provides valuable information concerning element distribu-
tion, geochemical processes of element transport, and the
compositional evolution of rocks, sediments and soils (Hof-
mann 2003, Rudnick and Gao 2003). Most analytical data
of this sort have been obtained via acid digestion of these
materials and subsequent measurement by inductively
coupled plasma-optical emission spectroscopy (ICP-OES)
and inductively coupled plasma-mass spectroscopy (ICP-MS;
e.g. Jenner et al 1990). For the most precise analyses of
bulk materials, isofope dilution techniques have been used
(e.g, Raczek et al 2001, Willbold et al 2003). However,
acid digestion techniques are laborious and do not yield
information regarding individual mineral grains and their
spatial compositional variation. Since the first demonstration
that a laser ablation system could be coupled to an ICP-MS
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for in situ chemical analysis (Gray 1985), further develop-
ments over past 30 years have improved the capabilities of
laser ablation systems (Sylvester and Jackson 2016). The
wavelength switch from visible/infrared (693 nm  ruby,
1064 nm NdYAG) to (213 nm  NdYAG,
193 nm A Excimer) has resulled in improved laser

ultraviolet

absorbance for most targets and produced aerosols with
only a small fraction of particles too large to be vaporised in
the ICP (Guillong et al. 2003). Nowadays, laser ablation
ICP-MS is widely accepted as a routine technique for in situ
and bulk chemical defermination in geological samples
(Sylvester and Jackson 2016).

The maijority of ICP-MS systems used for laser ablation
employ a quadruple (Q) mass spectrometer (Jackson et al.
1992, Fryer et al 1995, Eggins et al. 1998, Jeffries et al
1998, Gao et al. 2002, Liv et al. 2008, Jenner and O'Neill

567

This is an open access article under the terms of the Creative Commons Attribution License,
which permits use, distribution and reproduction in any medium, provided the original work is properly cited.


https://orcid.org/0000-0002-8420-9877
https://orcid.org/0000-0002-8420-9877
https://orcid.org/0000-0002-0135-4578
https://orcid.org/0000-0002-0135-4578
mailto:
http://creativecommons.org/licenses/by/4.0/

GEOST,

RN

ANDARDS and

. GEOANALYTICAL
RESEARCH

2012, Garbe-Schénberg and Miller 2014, He et al. 2016,
Peters and Pettke 2017) mainly because of its capability to
rapidly scan across a large mass range. Compared with the
Q-ICP-MS, the sensitivity of sector-field (SF) ICP-MS is higher
by a factor of 3-5 (Agilent 7900 vs Element XR), but mass
scans are slower. The development of SF-ICP-MS has
enabled ultra-frace element deferminations at high spatial
resolution together with low sample consumption (Latkoczy
and Gointher 2002). Recenﬂy, Wu et al (2018a) docu-
mented that the sensitivity of LA-SFICP-MS can be further
enhanced with the use of a ‘Jet Interface’ and the addition of
small amounts of NQ, o||owing ultra-trace element measure-
ments (sub-ng g™ level) in geological samples. However, the
magnet seffling time of the sectorfield mass spectrometer
cannot be avoided, leading to a slower mass scan speed, in
particular for across a wide mass range (e.g., “Li to 238U)
even though LA-SF-ICP-MS was routinely used for multiple-
element quantification with reduced sampling time and/or
reduced mass range (@degdrd and Hamester 1997, Flem
et al 2002, Latkoczy and Ginther 2002, Tiepolo et al.
2003, Jochum et al 2007, 2012, Regnery et al 2010,
Kimura and Chang 2012, Walle and Heinrich 2014).

Reference glass materials play an important role in laser
ablation ICP-MS to ensure measurement precision and
accuracy (Jochum and Enzweiler 2014). Such reference
materials are commonly used for calibration, quality control
and for inter-laboratory comparison of analytical data from
different laboratories. Currently, about twenty reference
glasses are available for microanalysis, provided and tested
moin|y by NIST, MPI, USGS and the National Research
Centre for Geoanalysis, China (NRCG; Jochum and
Enzweiler 2014). The most widely used reference materials
are synthefic NIST SRM 610 and NIST SRM 612 glasses in
which the mass fractions are high enough for nearly all trace
elements (ca. 450 pg g™ and ca. 40 pg g, respectively)
for precise calibration. However, the maijor element compo-
sitions of synthetic NIST glasses are very different from that of
any geological matrix. This may lead to analytical problems
due to matrix effects, in particular for volatile and side-
rophile/chalcophile elements (e.g, Zn, Cu, Pb; Jochum et al.
2014). Therefore, reference glasses closer in major element
compositions to natural materials were developed (eg,
USGS BCR-2G, BIR-1G, BHVO-2G and MPI-DING glasses).
These are now commonly used only for quality control
because of the very low mass fraction of some elements that
could result in imprecise calibration. The USGS prepared
four synthetic reference glasses with a basaltic major
element composition containing many elements in similar
abundances at different mass fraction levels (500, 50, 5,
001 ug g'; Jochum et al 2005). To further provide and
establish new reference glasses that are close in composition

to natural rocks, we prepared three new synthefic andesite
reference glasses by directly fusing and sfiring high-purity
oxide powders. Each of the produced glass materials has a
mass of 30 kg doped with fifty-four trace elements at
different mass fraction levels of 500, 50 and 5 ug g'. These
glasses are referred to as Andesite Reference Glass
Materials (ARM)-1, 2 and 3, respectively.

In this paper, we describe the preparation procedure
and provide preliminary mass fraction data for the ARM
glasses using a variety of analytical techniques (EPMA, XRF,
ICP-OES, ICP-MS, A-Q-ICP-MS and LA-SF-ICP-MS) per-
formed in different laboratories. The ARM-1, ARM-2, ARM-3
glasses can serve as an alternative to NIST and USGS GS
reference glasses for calibration of in situ analytical
techniques. We further document an acquisition method
for the Thermo Element 2 and Element XR SFICP-MS
instrument that is capable of sweeping seventy-seven
isotopes (from “Li to 228U, a total of sixty-eight elements) in
only 1 s. The acquisition efficiency is around 77%, which is
fourifths to that of Q-ICP-MS (acquisition efficiency: 85%).
The long-term reproducibility and accuracy of this acquisition
method were validated by measurement data of reference
materials from NIST, MPI-DING, USGS and NRCG.

Experimental

Preparation of ARM glasses

The ARM glasses were made by fusing and stirring high-
purity oxide powders in proportions of an andesite major
element composition. The starting material was doped with
fifty-four trace elements using oxide powders in similar
abundance (500, 50 and 5 pg g™, respectively); only for Th
and U we used element solutions (see details in
Appendix S1, Table S1). Considering that the abundance
of Ba is higher compared with other trace elements (eg,
REEs) in most natural geological samples, the amounts of Ba
added in the three glasses were increased by a factor
of ~ 4. Due to the limited amount of element solution, the
values of Th and U are significantly lower than other trace
elements, especially for ARM-1 and ARM-2.

The glasses were prepared at the China Building
Materials Academy, China, by a procedure outlined in
Figure 1. Briefly, a fotal of 3.8 kg mixed oxide powders in a
designed proportion were fused at a temperature of 1550
1600 °C. About 20 g of As,O3 was added into the sample
to help complete degassing of the melts, which results in ca.
3500 ug g™ As in final glasses. A thin-walled platinum
crucible was used to contain the melts. The melts were held
at 1550 to 1600 °C for 4 h and then sfirred for 5 h at a
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speed of 20 rpm using a PEBORh20 spindle immersed into
the melts. Stiring is a necessary procedure to achieve
complete homogeneity of the highly viscous melt (Jochum
et al 2000). The spino||e was removed from the melt, and
the melt removed rapidly from the fumace and quenched by
pouring info a custom designed mould at ambient temper-
ature. Homogeneous, bubble-free glass blocks of about
3.0 kg were obtained by this procedure. The glasses were
further annedled at 600 °C for 1 h and then cut as
10 mm x 10 mm x 3 mm glass splits (n > 800).

Because of long and high-femperature melting proce-
dure, loss of volatile (eg, Tl) was unavoidable. Potential
sources of contaminations included Pt crucibles, remnants of
previous samples and all other furnace components. ARM-2
glass was contaminated by the remnants of previous
samples (Li, B, Zn and Yb) that were fused previously in the
same crucible. However, even though the melts might be
depleted by volatility or contaminated by furnace compo-
nents, sfiring and homogenisation ensured homogeneity of

elements.
Analytical techniques for ARM glasses

The ARM glasses were characterised by different bulk
and microanalytical techniques in ten laboratories from five
institutions: MPl Mainz (Germany), NRCG, Beijing, Ching,
Institute of Geology and Geophysics, Chinese Academy of
Sciences, China (IGGCAS), Leibniz UniversiGt Hannover,
Germany (LUH) and China University of Geosciences,
Beijing, China (CUG). Electron probe microanalysis (EPMA)
was conducted at LUH for major element characterisation.
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Two ICP-OES analyses were undertaken at NRCG and
IGGCAS, respectively. The digestion procedure is given by
Wu et al (2014). X-ray fluorescence spectrometry (XRF) was
performed at IGGCAS. Two ICP-MS analyses were con-
ducted for trace element characterisation at NRCG and
IGGCAS, respectively. Two LA-Q-ICP-MS  measurements
were performed at CUG and IGGCAS. Two LA-SF-ICP-MS
measurements were conducted at MPl Mainz and IGGCAS,
respectively. The analytical procedure at MPI Mainz is given
by Jochum et al (2007). The analytical procedure at
IGGCAS is similar as outlined by Wu et al (2018b). All the
LAICP-MS measurements used NIST SRM 610 as the
calibration material and Ca as the intfernal standard. The Ca
values were collected as averaged results from XRF, ICP-OES
and EPMA The detail information on the above analytical

techniques is summarised in Appendix S2.
Acquisition method for LA-SF-ICP-MS

Seventy-seven isotopes (from “Li to 228U for sixty-eight
elements) could be swept in only 1 s using this acquisition
method. The dwell time and mass setﬂing times (bo’rh for
electrostatic analyser jumps and for magnet jumps, including
the jump back from 238U 1o “Li) are given in Appendix S1
(Tob|e 52). This method covers almost all elements of interest
in geochemistry (e.g., LILE, HFSE, REEs and Th, U). The fotal
sampling time for all scanned isotopes was 770 ms and
total magnet setiling time was 230 ms. Hence, the acqui-
sition efficiency is estimated at about 77%. This acquisition
method was achieved by simply reducing the magnet
seftling time and the number of samplings per peak (see
details in Appendix S1, Table S2). For this approach, the

Mix oxide powders in proportion with the major element composition of andesite
Dope with 54 trace elements using oxide powders; Th and U using element solution
Homogenise in a ball mill

| Transfer to a platinum crucible and pre-heat to 1000 °C |

| Melt at 1550-1600 °C for over 4 hours |

| Stir at a speed of 20 rpm at 1550-1600 °C for over 5 hours |

| Pour into customised mould to form a rectangular glass plate |

|Annea| at 600 °C for 1 hour and cut into 10 x 10 x 3 mm plates (n > 800) |

Figure 1. Scheme of the preparation of ARM glasses.
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stability, as revealed by the intermediate measurement
precision, and the accuracy, as demonstrated by measure-
ment data of reference glasses, needed to be confirmed for
practical application of this acquisition method (as outlined
in the Results and discussion section).

The experiments were performed ot Geowis-
senschafiliches Zentrum Gattingen, University of Géttingen
Germany (GZG) and IGGCAS. A RESOlution M-50 laser
ablation system (Australian Scientific Instruments, Australia)
coupled to an Element 2 sector-field ICP-MS (Thermo Fisher
Scientific, Bremen, Germany) was used in GZG. A Photo
Machine G2 laser ablation system (Teledyne CETAC
technologies, USA) coupled to an Element XR secfor-field
ICP-MS (Thermo Fisher Scientific, Bremen, Germany) was
used in IGGCAS. Daily optimisation of instrumental perfor-
mance with NIST SRM 612 involved maximising the signal-
to-background intensity ratios for Sr, la and U, while
satisfying low oxide production rates (ThO™/Th* < 0.5%),
low secondary ions (Ca®"/Ca" < 1.0%) and robust plasma
conditions (sensitivity ratio S (U*)/S (Th") in a range of 0.95-
1.05).

Homogeneity test

The homogeneity of the glass at bulk and microscale
was evaluated using ICP-OES, ICP-MS, EPMA, LA-Q-ICP-MS
and LA-SFICP-MS. For the bulk-scale homogeneity test, ICP-
OES and ICP-MS techniques were used. Both techniques
require 50-100 mg samples. The homogeneity of major
elements was evaluated using EPMA technique at LUH. For

this approach, the homogeneity was assessed by comparing
the standard deviation of all measurements (n = 30) with
the predicted error resulting from the counting statistics of the
raw signals. The error by counting statistics took the Gaussian
error propagation of the respective three measurement
signals (peak signal, lower-, upper-background signal) info
account. Three laboratories (MPl, IGGCAS and CUG)
conducted a LA-Q (SF)-ICP-MS homogeneity test. For this
technique, we define chemical heterogeneities as variations
in elemental mass fraction that are excess of the analytical

precision.

Results and discussion

Capability of LA-SF-ICP-MS for large mass range
(Li to 238U) multiple-element determination

Analytical results of the andesitic MPI-DING StHs6/80-G
(n = 359), which were collected at GZG over 3 years from
2015 to 2017, are provided to demonstrate the precision
and accuracy of the proposed method. The (long-term)
analytical reproducibility is plotted in Figure 2. Analytical
results were calculated using NIST SRM 610 as calibration
material and Ca as an internal standard. Figure 2a
documents the long-term analytical reproducibility (given
as 1RSD %) of Ce in StHs6/80-G is 3.94%, which is around
two times larger than the short-term precision (Appendix S3,
Figure S1). For practical purposes, it is reasonable to take the
daily instrumental variation into consideration rather than
long-term variations over years. Figure 2b shows the
histogram distribution of Ce results (n = 359) that clearly

%1 Ce (MPI-DING StHs6/80-G) « Single analysis 801 foree years (2015.2017) TR (b)
827 ® Mean of analyses GeoReM reference \E
304 O Reference value 701 value \\\\
g 204 -1 i ‘ \
= N 24.97_1 0.97o Mg g 20 \\§§
*7 T (al) T T T T T T |RSI|D i |394|. AJ T T 12- §§§§ ¥

Analysis number

Mass fraction (ug g™')

Figure 2. (a) The variability of Ce mass fraction in StHs 6/80-G from 359 analyses over 3 years (2015-2017). The

grey zone represents two times the standard deviation based on 359 individual measurements. (b) Frequency

distribution of Ce mass fractions in StHs6/80-G. ‘mean * 1s’ were calculated based on 359 analyses. The Ce mass
fraction in StHs6/80-G was calibrated using NIST SRM 610 as the measurement standard and Ca as the internal

standard element.
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Figure 3. Plots of relative deviations for fifty elements mass fractions of T1-G, BCR-2G and CGSG-4. Data were
calculated using NIST SRM 610, GSD-1G and StHs6/80-G as calibration materials, and Ca as internal standard

element. The red line represents the mean results from using three calibrators. The relative deviations are given as

the discrepancy (%) with the reference values [(analysed results-reference values)/reference values *100]. The
results and standard deviations of T1-G, BCR-2G and CGSG-4 are derived from 78, 73 and 29 repeated analyses.

The grey zone represents the uncertainty of reference values at 95% confidence level. The results of our major

element analysis match reference values within 5%, except TiO,, FeO, MgO, K,O that were calibrated using NIST

SRM 610. Trace elements results are in agreement with reference values within 10%. Exceptions are observed for Pb

in T1-G and Zn in BCR-2G and CGSG-4. [Colour figure can be viewed at wileyonlinelibrary.com]

indicates a Gaussian distribution, further demonstrating that
the stability of our acquisition method is practical for multiple-

element quantification.

To validate the accuracy of this acquisition method, T1-
G, BCR-2G and CGSG-4 reference glasses were analysed
using NIST SRM 610, StHs 6/80-G and GSD-1G as
calibration materials and Ca as internal standard (Figure 3).
Reference values of these calibration materials are sum-
marised in Appendix ST (Table S3). The results of our major
element analysis match reference values within = 5%,

except TiO,, FeO, MgO, KO that were calibrated using
NIST SRM 610. Trace elements results are in agreement with
reference values within + 10%. Data consistency is also
confirmed by evaluating the smoothness REE chondrite-
normalised patterns (see Appendix S3, Figure S2). Excep-
tions are observed for Pb in T1-G and Zn in BCR-2G and
CGSG-4. We also found mass fractions of Cr in T1-G, BCR-
2G and CGSG-2 that are calibrated using StHs6/80-G to
be consistently higher than that of using NIST SRM 610 and
GSD-1G. These biases are mainly attributed to the calibra-
tion procedure, potential inhomogeneity and/or the larger
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Table 1.
LA-SF-ICP-MS measurement results for USGS NKT-1G and TB-1G reference glasses
Elements USGS NKT-1G USGS TB-1G

Information This study (n = 8) Information This study (n = 8)

value value
Value 2s Value 2s

SiO, 38.9 38.6 19 543 53.8 1.1
TiO, 392 3.64 0.09 0.84 0.87 0.04
ALO, 105 10. 05 17.1 165 06
FeO(1) 122 124 0.5 8.67 827 0.54
MnO 0.24 0.21 0.03 0.18 0.18 0.02
MgO 142 140 1.8 3.51 3.51 0.07
CaO 134 - - 6.7 - -
Na,O 3.85 3.48 0.19 3.56 3.10 0.09
K>O 127 1.33 0.14 4.52 443 0.31
P>Os 095 095 0.15 0.61 0.56 0.07
Li - - - - - -
Be - - - - - -
B _ _ _ _ _ _
Sc - 233 23 230 226 30
\ - 300 10 179 199 7
Cr - 508 184 558 56.1 30
Co - 67.2 23 22.8 232 1.1
Ni - 352 41 145 17.6 04
Cu - 543 4.4 76.1 794 6.7
Zn - 152 25 106 127 21
Ga - 27.7 1.1 23.6 232 14
Rb 307 337 3.1 142 151 10
Sr 1195 1192 30 1352 1295 41
Y 320 27.6 2.1 26.4 234 26
Zr 310 278 30 245 224 32
Nb 95.9 89.9 6.8 29.8 277 2.2
Mo - 0.86 0.14 - 145 0.15
Sn - 295 0.58 - 176 0.19
Sb - - - - - -
Cs 0.53 0.55 0.10 - 271 043
Ba 753 773 58 976 939 50
La 63.3 63.5 20 441 43.5 1.6
Ce 126 134 5 920 87.4 1.8
Pr 150 15.1 0.7 10.7 99 04
Nd 61.4 61.3 19 40.1 382 24
Sm 123 120 04 7.23 6.99 0.49
Eu 375 373 0.18 1.81 173 0.12
Gd 10.1 10.1 0.7 579 5.65 0.61
Tb 1.30 127 0.07 0.78 076 0.06
Dy 6.69 6.64 0.68 479 4.38 0.61
Ho 1.09 1.08 0.06 0.90 0.86 0.08
Er 2.54 2.53 0.29 2.67 2.53 0.38
Tm 0.30 0.30 0.03 041 0.36 0.04
Yb 179 172 0.18 2.64 247 0.30
Lu 0.23 0.22 0.02 0.39 0.37 0.05
Hf 6.44 6.34 0.39 593 546 0.34
Ta 499 470 0.58 1.60 1.40 0.17
Pb 3.10 3.59 0.87 16.8 18.1 4.4
Th 7.35 6.87 0.44 15.1 13.8 12
V] 228 223 0.17 411 408 0.24

Element mass fractions were calculated as the mean using NIST SRM 610, MPI-DING StHs6/80-G and USGS GSD-1G as calibration materials with Ca as the
internal standard element. Major and frace element mass fractions are given in % m/m and pg g, respectively. -/ means that data are not available or lower
than the detection limit. 2s is derived from the corresponding number of measurements. Several elements due to low mass fractions (Ti, Fe, Mn, Mg, K and P in
NIST SRM 610, Be, Mo and Sb in StHs6/80-G) or potential under/overestimated certified values (Cr, Ni in StHs6/80-G and Sn, Sb in GSD-1G) may result in

imprecise calibrations. Thus, these elements in corresponding calibration materials were not used for the calibration procedure.
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Table 2.
Major element mass fractions in ARM-1, ARM-2 and ARM-3

ICP-OES ° (n = 4) ICP-OES ® (n=4) XRF (n = 3) EPMA (n = 30) LA-ICP-MS (n = 225)

Value 2s Value 2s Value 2s Value 2s Value 2s
ARM-1
SiO, - - 584 0.1 58.1 0.4 58.7 04 - -
TiO, 0.94 001 1.02 0.02 0.99 001 0.99 0.06 095 0.07
AlLO3 132 0.2 133 0.1 13.4 0.1 134 04 - -
FeO(t) 5.67 0.03 579 0.02 561 0.02 579 0.26 - -
MnO 0.05 001 0.05 0.02 0.02 001 0.04 0.04 0.05 0.01
MgO 3.64 0.03 395 0.01 375 0.02 376 0.12 - -
CaO 5.00 0.05 509 0.06 5.08 0.02 512 0.22 - -
Na,O 447 0.07 444 0.03 443 0.02 4.36 0.20 - -
KO 3.11 0.03 3.16 0.03 3.13 0.02 3.12 0.08 - -
P>Os5 - - 0.25 0.03 0.27 0.01 0.26 0.06 0.27 0.05
SUM 95.5 94.8 955
ARM-2
SiO, - - 58.3 0.1 57.6 0.3 57.8 0.5 - -
TiO, 0.92 001 1.03 0.02 0.97 001 0.97 0.06 0.99 0.09
AlLO3 130 0.2 133 0.1 130 0.1 13.1 0.2 - -
FeO(t) 5.63 0.14 584 0.07 5.68 0.04 571 0.24 - -
MnO 0.05 001 0.05 0.05 0.05 001 0.06 0.06 0.06 0.01
MgO 3.65 0.07 3.90 001 376 0.02 3.65 0.20 - -
CaO 4.89 0.11 5.04 0.02 5.06 0.04 5.05 0.24 - -
Na,O 4.36 0.09 4.44 0.04 4.48 0.01 4.40 0.22 - -
K>,O 292 0.05 3.04 0.02 3.00 0.02 3.05 0.10 - -
P,Os - - 0.30 0.02 0.28 0.01 0.30 0.14 0.28 0.06

952 93.8 94.1
ARM-3
SiO, - - 60.8 0.1 60.3 0.5 60.4 0.6 - -
TiO, 0.97 0.01 1.06 0.02 1.01 0.01 1.02 0.06 1.01 0.10
AlL,O3 138 0.3 13.8 0.1 13.8 0.1 13.8 0.2 - -
FeO(t) 595 0.10 577 0.09 592 0.02 6.00 0.24 - -
MnO 0.05 001 0.05 0.02 0.05 001 0.05 0.04 0.05 0.01
MgO 341 0.04 3.63 001 3.52 0.01 3.50 0.16 - -
CaO 525 0.07 534 0.09 537 0.05 5.34 0.30 - -
Na,O 4.64 0.06 4.62 0.06 4.64 0.02 474 0.24 - -
KoO 3.14 0.06 3.25 0.11 3.16 0.05 3.18 0.08 - -
P>,Os - - 0.26 0.03 0.28 0.01 0.31 0.16 0.28 0.06
98.56 97.99 98.35

ARM-1, ARM-2 and ARM-3 were analysed by XRF, ICP-OES and EPMA. Data are given in % m/m. ICP-OES © represents ICP-OES at IGGCAS. ICP-OES

b represents ICP-OES at NRCG.

uncertainty of reference values. It is important to point out
that, although we collected signal data for sixty-eight
elements, only fifty elements were quantified, mainly because
of very low mass fractions that are near or below the
detection limit for the other elements. In Appendix S3
(Figure S3), we compare the results of NIST SRM 612, ML3B-
G and BCR-2G obtained from GZG and IGGCAS. These
two independent laboratories yielded very similar and
accurate results, further demonstrating the reliability of our
LA-SFICP-MS technique for multiple-element quantification.

All the above results indicate that our acquisition method
for Element 2 or Element XR is useful for a wide mass range
(from 7Li to 238U) multiple-element quantification and yields
reliable results. Compared with Q-ICP-MS, the sensitivity of

© 2019 The Authors. Geostandards and Geoanalytical Research published by John Wiley & Sons Ltd
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Element 2 or Element XR is higher by a factor of 3-5, which
allows smaller beam sizes and thus results in improved
spatial resolution. Here, the results of USGS NKT-1G and TB-
1G using the LA-SF-ICP-MS are reported (Table 1). Informa-
tion values collected from Elburg et al (2005) and Kimura
and Chang (2012) are listed for comparison (Table 1). The
values of these two reference glasses have been rarely
reported, and our data may be useful for the cerification
procedures.

Homogeneity
The homogeneity of major and trace elements is a

fundamental requirement of any reference material. Tables 2
and 3 illustrate that there is no statistical difference between
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Figure 4. (a) The variability of La mass fraction in ARM-2 with 155 spot analyses in thirty-one individual glass splits.

Five spot analyses for each glass split. The grey zone represents two times the standard deviation based on 155

measurements. (b) Frequency distribution of La mass fractions in ARM-2. ‘mean = 1s” were calculated based on 155

analyses. The La mass fraction in ARM-2 was calculated using NIST SRM 610 for calibration and Ca as internal

standard element. The laser spot size was 50 pm.
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Figure 5. Comparison of RSD between the well-char-
acterised MPI-DING and ARM glasses. Trace elements
include S¢, Rb, Sr, Y, Zr, Nb, Cs, Ba, La, Ce, Pr, Nd, Sm, Eu,
Gd, Tb, Dy, Ho, Er, Tm, Yb, Ly, Ta, Th, U, V, Cr, Co, Ni, Cu,
Zn, Ga, Mo, Sn, Sb, W, Tl, Pb and Bi. The results were
calibrated using NIST SRM 610 as calibration material
and Ca as internal standard element. Plots of ARM glass
are the mean of the trace elements mentioned above.
Mass fractionsin ng g™'. [Colour figure can be viewed at

wileyonlinelibrary.com]

two ICP-OES and two ICP-MS measurements, except for
TiO> and MgO, which are presumably caused by a
systematic analyfical bias of the technique using different
calibration procedures. The obtained homogeneity factors
(standard deviation/predicted error) from EPMA for maijor

elements scatter around unity and do not exceed a value of

574

2.0 (Harries 201 4). Therefore, all these ARM glasses can be
regarded as homogeneous within the spatial resolution

(10 pm) of the microprobe for all major elements.

The homogeneity within and between glass splits of
trace elements was evaluated using the LA-Q (SF-ICP-MS in
three laboratories. In IGGCAS, thirty-one glass splits were
randomly picked from ~ 800 splits for each ARM glass. Five
spot analyses (spot size: 50 pm) have been randomly
located in each glass split. Figure 4 plots the La mass
fractions obtained for ARM-2. A total of 155 spot analyses
yielded an RSD of 3.18%, which is comparable to that of
well-characterised and homogenous MPI-DING reference
glasses (Figure 5). The data scatter follows a Gaussian
distribution. Appendix S3 (Figure $4) shows the RSDs of other
elements in ARM glasses. Most RSDs are smaller than 4%,
except Be and Cr in ARM-1 glasses. LA-SFICP-MS mea-
surements at MPl were done on five glass splits randomly
picked from a total of ~800 splits. Each glass was analysed
with nine spots (spot size: 80 pm) and nine lines (spot size:
80 pm, length: 300 pm). Spot analysis yields an RSD of only
about 1.2%, which emphasises the high homogeneity of the
glasses and the reproducibility of the measurements as well.
The mean RSD for the line scanning analysis is about 2%
except for ARM-3 (ca. 7%), which is caused by one
extremely high outlier value. We attribute these high outlier
values to instrument/technical problems instead of random
scatters. At CUG, homogeneity was evaluated on a large
glass split (10 mm x 10 mm) with a profile line analysis
with 40 spots (spot size: 50 pm) at a spacing of approx-
imately 150 pm. Mean RSD values were 1.0%, 1.7% and
2.5% for ARM-1, ARM-2 and ARM-3, respectively.

© 2019 The Authors. Geostandards and Geoanalytical Research published by John Wiley & Sons Ltd
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Figure 6. Comparison of trace element results of ARM-1, ARM-2 and ARM-3 from XRF, ICP-OES, ICP-MS, LA-Q-ICP-
MS and LA-SF-ICP-MS. The y-axes (values/mean) represent the ratios of results from individual techniques to the

mean of all techniques. [Colour figure can be viewed at wileyonlinelibrary.com]

In Figure 5, a comparison of the RSD between well-
characterised MPI-DING  glasses and ARM glasses s
plotted. There is a significant negative linear correlation
between mass fraction and RSD on a logarithmic scale for
MPI-DING glasses. This trend follows a Poisson counting
uncertainty, demonsfroting that the measurement repro-
ducibility is derived from the counting statistics of the
measurements. Therefore, the RSD obtained for MPI-DING
glass defines the LAICP-MS analytical precision. The results
illustrate that the mean of RSD of ARM-1, ARM-2 and ARM-3
from all three laboratories is within the range of the LA-ICP-
MS measurement precision. This demonstrates that the
homogeneity of our new ARM glasses is as good as the
well-characterised MPI-DING glasses, which are widely
used as LAICP-MS reference materials (Jochum et al. 2000,
2006). Homogeneity of the three ARM glasses was further
demonstrated by ICP-OES, ICP-MS, EPMA and LA-ICP-MS
measurements on a small scale (within a glass spli) and
large scale (between glass splits) (see Tables 2 and 3).

Characterisation of the ARM glasses

Table 2 lists the measurement results for major elements

in the ARM glasses obtained by XRF, ICP-OES, EPMA and

LA-ICP-MS (only for TIO5, MnO and P2Os) and includes the
total analytical uncertainties (%) of the used techniques. The
consistency of the mass fraction data obtained by different
methods is a measure of their analytical quality. Two ICP-
OES analyses of ARM glasses were performed on different
glass splits. The data agree within 3% of relative deviation,
except TiO and MgO. These differences are presumably
caused by a systematic analytical bias of the technique using
different calibration procedures, because these differences
were observed for all ARM glasses. The fotal maijor oxides
are below 100%, which is due to the addition of about
0.5% As,Os to assure degassing of the melts, contamination
by the Li-B flux (only for ARM-2) and of trace elements added
(in particular for ARM-1).

Table 3 summarises the trace element data for the ARM
glasses obtained by XRF, ICP-OES, ICP-MS and LA-ICP-MS.
Two ICP-MS analyses were performed on different glass
splits. All LAICP-MS data were calibrated with NIST SRM
610 and using Ca as the intemal standard. Calcium
contents were taken as the mean of XRF, ICP-OES and EPMA
measurements. This may be important for data traceability
and comparison with other data from other techniques.

Figure 6 illustrates that all data agree well for most elements,
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Mass fraction data are given in ng g™'. ICP-OES? represents ICP-OES at NRCG. ICP-MS' represents ICP-MS at IGGCAS. ICP-MS? represents ICP-MS at NRCG. LA-SF-ICP-MS® represents the data from MPI. LA-Q-ICP-MS* represents the

data from CUG. LA-Q-ICP-MS ' represents the data from IGGCAS. LA-SF-ICP-MS ' represents the data from IGGCAS.

although quite different techniques were applied. Nearly, all
the lithophile elements are in agreement within + 15%. The
poor agreement observed for some chalcophile/siderophile
elements (Cu, Zn, Ni and Tl) may be attributed to their low
abundances (Tl in ARM-2) and/or on0|ytico| limitations. The
solution ICP-MS data are in agreement with the LA-ICP-MS
results (Figure 6), also demonstrating the good quality of LA-

ICP-MS analytical measurements.
Preliminary reference values

The three ARM glasses were made to provide new
reference materials for geochemical, microanalytical in situ
techniques, in particular for LAICP-MS. It is desirable that
these glasses should comply with the ISO definition of a
reference material, namely a ‘material or substance one or
more of whose property values are sufficiently homogeneous
and well established to be used for the calibration of an
apparatus, the assessment of a measurement method, or for
assigning values to materials’ (ISO Guide 30, 1992).
However, the number of analytical data presented here is
still insufficient for a certification procedure defined by 1SO
Guide 35. Therefore, we follow the IAG recommendations to
determine preliminary reference values for the ARM glasses.
Traceability is a key concept in the characterisation of
reference materials. In this study, the traceability of the quality
of our analytical results was established by the use of
international reference materials for calibrations and by
using various analytical techniques. NIST SRM 610 was
used as the calibration material and Ca as the internal
standard for all LAICP-MS analyses; thus, our LAJICP-MS
data are traceable to the well-characterised NIST SRM 610.
All chemical data are reported here with analytical uncer-
tainfies. The collaborating laboratories have previously
demonstrated their analytical competence using well-estab-
lished methods. Therefore, the results of analytical data
presented here for the ARM glasses are robust and the
averaged analytical results from different laboratories using
independent techniques can be considered reliable prelim-
inary reference values for the ARM glasses. Statistical outliers
were excluded as they are probably caused by technical
problems during analysis or are due to calibration errors.
Results listed in Table 4 are classified into two categories:
preliminary reference values and information values. Prelim-
inary reference values are reported when data obtained
from at least three laboratories using three or more
independent, well-defined techniques were in stafistical
agreement. Their quoted uncertainties are defined as two
times the standard error (2SE, standard deviation of the
mean of n confribuﬁng |c1borofory mean data). Information
values with a standard deviation of the mean are derived

from the data of at least two laboratories using two
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Table 4.
Preliminary values (in bold) and information values for ARM-1, ARM-2 and ARM-3
ARM-1 ARM-2 ARM-3

Values 2SE | 2RSE (%) n Values 2SE | 2RSE (%) n Values | 2SE | 2RSE (%) n
SiO, 58.4 0.5 0.8 2 57.9 0.5 0.8 2 60.3 0.08 0.2 2
TiO, 0.98 0.03 2.8 4 0.97 0.04 4.2 4 1.01 0.03 3.2 4
Al,O3 13.3 0.1 0.5 4 13.1 0.1 0.9 4 13.8 0.1 0.2 4
FeO_t 5.72 0.10 1.4 4 572 0.10 1.3 4 5.91 0.09 1.5 4
MnO 0.04 0.01 294 4 0.05 0.01 7.1 4 0.05 0.01 3.5 4
MgO 3.78 0.11 2.9 4 3.74 0.10 2.8 4 3.51 0.08 2.2 4
CaO 5.07 0.06 0.9 4 5.01 0.07 1.4 4 5.32 0.04 0.8 4
Na,O 443 0.04 0.9 4 4.42 0.05 1.1 4 4.66 0.05 1.0 4
K,O 3.13 0.02 0.6 4 3.00 0.05 1.7 4 3.18 0.04 1.2 4
P,Os 0.26 0.01 3.6 3 0.29 0.01 5.0 3 0.27 0.02 8.3 3
Li 511 21 4.1 8 1230 62 50 8 18.6 10 52 8
Be 475 22 4.6 8 547 15 2.8 8 6.29 0.34 54 8
B 463 52 112 8 10500 770 74 8 60.6 37 6.0 8
Sc 428 42 9.8 8 515 12 23 8 7.02 0.36 5.1 8
\" 575 19 3.3 8 55.8 2.0 3.6 8 12.2 1.1 8.9 8
Cr 463 38 8.3 9 61.0 6.1 10.1 9 9.07 1.85 20.4 9
Co 497 9 1.8 8 59.6 0.7 12 8 745 0.22 30 8
Ni 473 17 3.7 9 59.2 1.9 3.3 9 12.3 14 11.2 9
Cu 446 19 42 9 556 3.1 55 9 13.6 0.8 58 9
Zn 558 27 4.9 10 5120 290 5.6 10 36.1 3.1 8.4 10
Ga 489 23 48 8 69.9 29 4.1 8 177 0.4 23 8
Ge 626 32 52 7 68.3 47 6.9 7 8.84 079 9.0 7
As 3360 181 54 6 3480 140 4.1 6 3780 170 4.5 6
Rb 486 21 43 8 57.6 27 4.6 8 7.54 0.34 4.5 8
Sr 465 7 1.6 9 64.2 1.3 2.1 9 19.6 0.7 34 9
Y 449 16 37 8 51.1 1.0 20 8 7.05 0.32 4.5 8
Zr 437 10 2.3 9 56.8 2.2 3.9 9 10.9 0.6 5.6 9
Nb 471 14 29 8 577 14 25 8 122 0.4 3.1 8
Mo 486 17 3.6 7 572 23 40 7 9.49 027 29 7
Ccd 463 20 4.3 7 50.2 22 4.3 7 6.00 0.46 77 7
Sn 592 25 4.2 6 72.8 2.8 338 6 12.3 1.1 8.9 6
Sb 533 29 54 7 62.6 37 58 7 130 0.8 6.0 7
Cs 474 19 39 8 519 17 34 8 7.53 0.22 30 8
Ba 2030 53 2.6 10 249 5 1.9 10 28.4 0.5 1.6 10
La 452 11 24 8 520 1.1 2.1 8 6.62 0.15 23 8
Ce 444 14 32 8 537 0.9 1.6 8 797 0.54 67 8
Pr 430 18 42 8 49.8 1.6 32 8 5.68 0.21 37 8
Nd 440 16 37 8 555 14 25 8 7.53 0.42 55 8
Sm 462 13 29 8 51.6 10 1.9 8 6.00 0.10 1.8 8
Eu 457 12 27 8 50.7 0.7 14 8 571 0.14 25 8
Gd 446 13 30 8 48.9 0.8 1.7 8 6.00 0.14 23 8
Tb 435 18 4.1 8 490 1.8 338 8 6.62 024 3.6 8
Dy 453 13 3.0 8 536 1.3 25 8 6.18 0.19 3.1 8
Ho 450 18 4.1 8 50.6 2.1 42 8 7.7 0.25 35 8
Er 461 10 22 8 5238 10 1.8 8 6.28 0.16 26 8
Tm 423 15 3.6 8 495 14 29 8 6.47 0.21 32 8
Yb 460 11 24 8 669 10 1.5 8 8.88 0.29 33 8
Lu 446 13 29 8 48.6 15 30 8 6.48 0.19 29 8
Hf 457 16 35 8 515 10 20 8 621 0.15 24 8
Ta 454 14 32 8 512 1.8 35 8 6.16 0.26 42 8
% 454 23 52 7 559 23 4.1 7 9.12 0.37 4.1 7
Tl 35.0 4 109 6 0.14 0.07 49.6 6 3.57 0.35 9.9 6
Pb 614 34 55 8 762 34 44 8 127 0.6 4.6 8
Bi 591 40 6.8 7 69.9 37 54 7 139 0.7 52 7
Th 124 0.3 2.1 7 13.1 0.3 26 7 328 0.1 33 7
U 12.5 0.5 39 8 134 04 3.1 8 375 0.13 35 8

Maijor and trace element mass fractions are given in % m/m and ug g'], respecfive|y. The quofed uncerfainties are defined as two times the standard error (2SE,

standard deviation of the mean of n contributing laboratory mean data).
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independent techniques. All other results from only one
single laboratory or analytical technique are listed as
information values without standard deviations.

Further characterisation with different in situ and bulk
techniques (e.g, SIMS, LAMC-CP-MS, ID-ICP-MS, ID-TIMS,
ID-MC-ICP-MS) is underway in approximately fifty laborato-
ries. We are confident that based on this characterisation, the
three ARM glasses may be established as new reference
materials for in situ techniques, as a complement and
alterative to widely used NIST and USGS GS glasses for LA-
(MC)-ICP-MS analysis in the near future. High Li-B contents
(~ 1000 pg g for i and ~ 10000 pg g™ for B) of ARM-2
make this glass potentially suitable also for in situ Li-B isotope
reference material.

Conclusions

In this study, we prepared and preliminarily charac-
terised three new synthefic andesite reference glasses for
microanalyfical work, in particular for LAICP-MS. These
andesitic g|osses (Andesite Reference Glass Materials':
ARM-1, 2 and 3) contain fiﬁy—four trace elements with ne0r|y
identical abundance (~ 500, ~ 50, ~ 5 pg g™'). Micro- and
bulk analyses indicate that the glasses are well homo-
genised with respect to major and trace elements. Discrep-
ancies in the data for V, Cr, Ni and Tl exist, which are mOin|y
caused by analytical limitations. Based on the new analytical
data, preliminary reference and information values for fifty-six
elements were presented. The analytical uncertainties [2
relative standard error (RSE)] were estimated to be in the
range of 1-20%. The three ARM glasses (after a further
certification project) should become new certified reference
materials for in situ techniques, in particular for LAJICP-MS.

We further document an acquisition method for SF-ICP-
MS (Element 2 and Element XR), which is capable of
sweeping seventy-seven isotopes (sixty-eight elements) from
“lito 28U in 1 s. The stability and accuracy were confirmed
by analysing several well-characterised reference glasses.
We also report the results of USGS NKT-1G and TB-1G
using LASF-ICP-MS. The values of these two reference
glasses have been rarely reported, and our data may be

useful for certification procedures.
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