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A new method for precise measurement of the mass fractions of insoluble fluoride-forming elements (IFFEs) and high field-

strength elements (HFSEs) in rock samples by ICP-QMS was developed. Unlike previous methods, in which the two

elemental groups are measured separately using two solutions prepared from distinct sample aliquots (i.e., separate

methods), this technique prepares a solution by acid digestion from a single sample aliquot, then divides the solution into
two fractions that are dedicated to the measurement of IFFEs and HFSEs. The incorporation of IFFEs/HFSEs into insoluble
fluorides during HF digestion was overcome by adjusting the Ca-Al-Mg composition of the sample by Al addition before
acid digestion. The acceptable composition was Ca/(Ca+Al) < 0.43 and Mg/(Mg-+Al) < 0.40 with hot plate digestion,
whereas the limited condifion of Ca/(Ca+Al) < 0.40, Mg/(Mg+Al) < 0.40 and Al/(Mg+Ca) < 1.86 was required for
digestion under high pressure and temperature. For samples with an unacceptable composition, the change in Ca-Al-Mg

composition by Mg/Ca addition should be prohibited because the reaction of HF with the added solution before sample

decomposition forms fluorides that coprecipitate HFSEs. The developed method yielded mass fractions consistent with data

from the separate methods (+ 5%) and achieved a repeatability of < 4% for most elements.

Keywords: quadrupole ICP-MS, HFSE, trace elements, isotope dilution, intfernal standardisation, rock samples, Ca-Al-Mg

composition.
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The abundance of trace elements in extra-ferrestrial and
terrestrial materials provides fundamental information to
understanding the origin of the Solar System and the
evolutionary histories of asteroids and planets (e.g, Minker
et al 2003). In recent geochemistry, the determination of
trace element abundances in meteorites, terrestrial rocks and
their components has been usually conducted using solution-
based inductively coupled plasma-mass spectrometry (ICP-
MS) and laser ablation ICP-MS (LA-ICP-MS) (e.g., Barrat et al.
2007). The LAICP-MS technique has the advantage of
spatial resolution, which enables spot and in situ analyses on
a scale of a few tens of pm. However, the measurement
precision is approximately 10% of the relative standard
deviation (RSD) for most cases (e.g., Pearce et al 2011). In
addition, the use of matrix-matched measurement standards
is favoured to achieve accurate results in LAICP-MS (e.g.,
Jochum et al 2007). In contrast, measurements with solution-

based ICP-MS provide accurate data for trace element
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abundances with precision of < 5% of the RSD when a
sufficient signal intensity is obtained, although the spatial
information is minimised. In solution-based ICP-MS, the
influence of the matrix effect can be reduced either by
adding an inferal standard and diluting the sample solution
by acid with a large dilution factor (ie, internal standardi-
sation), or by adding spikes and separating the target
elements with ion-exchange chromatography (i.e, isotope
dilution) (e.g, Heumann 2004, Yokoyama et al. 2017).

To determine the mass fraction of the measurand in rock
samples by solution-based ICP-MS, rock samples digested
either by alkali fusion or by acid attack must be dissolved into a
solution. The alkali fusion method facilitates complete disso-
|ution of acid-resistant minerals such as zircon and spinel but s
hampered by the contamination of alkaline trace elements
(Eggins 2003). On the other hand, the acid digesﬁon method
generally uses HF to decompose silicate minerals. Makishima
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et al (2009) proposed a new classification of elements by
which elements in the periodic table are divided info seven
groups based on the chemical behaviour of the individual
elements in an HF solution. Of the seven groups, insoluble
f|uorio|e—forming elements (IFFEs) include alkaline earth metals,
lanthanoids and Th, all of which coprecipitate with fluorides
such as MgF,, CaAlFs and ralstonite (NagggMgogsAlt 12
(F, OH)g-HoQ) if fluoride ions are present in the solution
(Yokoyama et al 1999). In contrast, high field-strength
elements (HFSEs: Ti, Zr, Nb, Hf and Ta) be|ong to the
fluorophile elements, which form stable soluble fluoro-
comp|exes in HF. Therefore, it has been orgued that IFFEs
and HFSEs cannot be dissolved in the same solution on
digesting a rock sample using HF, which makes it difficult for
the solution-based ICP-MS fo simultaneously measure these
elements in a single aliquot of a rock sample. Considering the
difference in chemical characteristics between two groups
IFFEs and HFSEs, two aliquots of powders from a single rock
sample are weighed and then dissolved separately through
different digestion methods for the measurements of IFFEs and
HFSEs. Such a method is called the ‘separate method’
hereafter. Altematively, simultaneous determination of IFFEs
and HFSEs is hereafter called the ‘simultaneous method'.
Many previous studies perform the simultaneous method by
dissolving a single aliquot of a rock sample in a mixture of
HNO3 and trace HF after the digestion of soluble fluorides by
HCIO,4 (e.g. Senda et al 2014). In practice, this method can
form fluorides because a final solution contains HF. Cotta and
Enzweiler(2012) analysed samplesin an HNO3 solution after
fluoride digestion by HCIO . In this case, HFSEs can precipitate
as oxides (Yokoyama et al 1999). Moreover, a dissolved
sample in an HNO3 solufion was measured by ICP-MS after
digestion by HNO3 and HF without HCIO4 (e.g, Eggins et ol
1997, liang et al. 2000, Liang and Grégoire 2000, Hu and
Gao 2008), which means the HFSE fluoride cannot be
completely digested. In most cases, the biases in the mass
fractions measured by this method are within approximately
10% compared with the literature data. Therefore, these
simultaneous methods that have been reported previously risk
the incomplete recovery of either IFFEs or HFSEs owing to their

different chemical characteristics mentioned above.

Another potential problem that occurs during the deter-
mination of HFSEs by solution-based ICP-MS is the coprecip-
itation of some HFSEs with insoluble fluorides of which the
precipitation rate strongly depends on the composition of
maijor elements (Ca, Al and Mg) in rock samples (Tanaka et al.
2003). The authors argued thatincomplete recovery of Zr, Nb,
Hf and Ta owing to coprecipitation with insoluble fluorides
occurs for a Ca-rich sample when the molar ratio of Ca/
(Ca+Al), denoted as Ca# in this study, in the sample solution
(0.5 mol I'" HF)was > 0.40. On the other hand, the formation

of insoluble AlF5 that incorporates some IFFEs in the structure,
specifically for rare earth elements (REEs), occurs when a rock
sample with a high Al/(Mg+Ca) ratio is digested under high
pressure and temperature (P=T) conditions (Takei et al 2001).
Unlike MgFy, CaAlF5 and ralstonite that common|y form
during the digesfion of basaltic samples with HF, AlF3 is very
stable and cannot be decomposed through heating with
HCIO,. The formation of AlF5 leads to an erroneous result
owing fo the incomplete recovery of IFFEs that coprecipitate
with AlF5. To summarise, the compositions of Ca, Al and Mgin
the sample solution that ensures > 95% recovery yields for
IFFEs and HFSEs are limited as presented by the crosshatched
areas in Figure S1. These previous studies noted out that if the
Ca-Al-Mg compositions in rock samples are inappropriate for
measurements of IFFEs or HFSEs, the Ca-Al-Mg compositions
should be adjusted by the addition of Mg or Al solutions.

In the present study, we specifically focus on the analysis of
twenty-seven elements (Ti, Rb, Sr, Y, Zr, Nb, Cs, Ba, lanthanoids,
Hf, Ta, Pb, Th and U) in rock samples by solution-based ICP-MS.
These elements are the most frequently measured in modern
geochemical applications. Of these elements, the twenty-two
elements other than HFSEs (ie, Rb, Sr, Y, Cs, Ba, lanthanoids,
Pb, Th and U) are defined as IFFEs hereafter, because
Yokoyama et al. (1999) confirmed the coprecipitation of them
with insoluble fluorides. Considering the problems presented
above regarding the individual chemical characteristics of
IFFEs and HFSEs and the Ca-Al-Mg compositions in rock
samples, we have developed a simultaneous method that
determines the mass fractions of IFFEs and HFSEs using a
solution prepared by the dissolution of a single aliquot of a
rock sample, which aims to analyse (i) precious samples where
the amounts available for ona|ysis are limited and (ii)
heterogeneous samples where the dissolution of two aliquots
may give different results for some elements. In this study, mass
fractions of Zr, Hf and Ti were determined by the isotope
dilution (ID) method, whereas those of the other HFSEs and
IFFEs were defermined by the isotope dilution-internal stan-
dardisation (ID-IS) method using Zr-Hf and In-Tl internal
standards. The precision and accuracy of the developed
method were evaluated by analysing some rock geological
reference materials.

Experiments

Instrumentation

Throughout this study, we used a quadrupole-type
inductively coupled plasma-mass spectrometry (ICP-QMS)
(X-Series 2; Thermo Fisher Scientific, Waltham, Mas-
sachusetts, USA) equipped with an autosampler (ASX-
112FR; Teledyne CETAC Technologies, Omaha, Nebraska,

680 © 2021 The Authors. Geostandards and Geoanalytical Research © 2021 International Association of Geoanalysts.
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USA) installed at the Tokyo Institute of Technology (Tokyo
Tech), Japan. The instrumental seffing and the typical
detection limits for these analytical elements of ICP-MS are
described in Tables 1 and S1, respectively. We monitored
the following isotopes: 8°Rb, 84Sy, 8%, 133Cs, 13°Ba, '¥71q,
140Ce, 141py, 146N, 147Sm, 5Ty, 157Gd, 15%Tb, 16Dy,
165H, T66F, 1697 172y}, 175|, 208pp, 2327 4 d 238 for
the determination of the mass fractions of IFFEs, and 47, 49Ti,

90 N17r P3Nb, 178 7?Hf and '8'Ta for the determination of
the mass fractions of HFSEs. In addition, '"3In, '"%In, 29°T],

and 2°°Tl were monitored for intemal standardisation.

We used a high-pressure digestion system known as
DAB-2 (maximum: 200 bar and 250 °C, Berghof, Germany)
installed at Tokyo Tech for complete sample digestion.
Samples were placed in a PTFE insert with acids, spike
solutions and/or a standard solution of Al or Mg, and were
installed in a stainless jacket, which was made from the alloy
of SUS316Ti.

Reagents
High-purity de-ionised water (HPW: 182 MQ cm) was

prepared using a water purification system (Milli-Q Integral
5; Merck Millipore, Germany). HF (atomic absorption

Table 1.
Instrumental conditions for ICP-MS

Instrument Quadrupole-type ICP-MS
X-Series 2 (Thermo Scientific)
Autosampler ASX-112FR (Teledyne CETAC

Technologies)

Plasma power 1400 W

Plasma Ar gas flow rate 15-16 | min”!
Auxiliary Ar gas flow rate 0.8-1.0 | min™
Nebuliser Ar gas flow rate 09-1.0 | min™
Cooling Ar gas flow rate 14-15 | min”!

Ni, Xt for IFFEs; Pt Xs for HFSEs
Sampling cone Ni/Cu for IFFEs; Pt for HFSEs
Torch Quartz, O-ring free

Injector Quariz in PFA base, 20 mm

for IFFEs; Sapphire in PFA base,
2.0 mm for HFSEs

Skimmer cone

Nebuliser PFA-ST MicroFlow Nebuliser
(Elemental Scientific)
Spray chamber Cyclonic, quartz, O-ring free

(Elemental Scientific)

PC3 Peltier cooler, +2 °C
(Elemental Scientific)

1000 pl min™!

CeO*/Ce* = 002

10 ms/peak, 3 channels/mass, 32
scans/cycles, 5 cycles/run

Spray chamber cooler

Sample uptake rate

Typical oxide formation rate
Data acquisition (IFFEs)
Data acquisition (HFSEs) 10 ms/peak, 3 channels/mass, 32
scans/cycles, 10 cycles/run

HFSEs, high field-strength elements; ICP-MS, inductively coupled plasma-
mass spectrometry; IFFEs, insoluble fluoride-forming elements.

spectrometry (AAS) grade 30 mol ', Kanto Chemical,
Chuo-ku, Tokyo, Japan), HNOj (electronics industry (EL)
grade 16 mol I'', Mitsubishi Chemical, Chiyoda-ku, Tokyo,
Jopon), HCl (EL grode 12 mol I'!, Mitsubishi Chemical,
Japan) and HCIO, (TAMAPURE-AA-100 grade 12 mol I,
Tama Chemicals, Kawasaki, Kanagawa, Jopon) were used
for rock sample decomposition without purification by
distillation. HF was distilled once by a two-botle PTFE
distillation system (1D HF) to make ?'Zr, "°Hf- and “°Ti-
enriched spikes. For making ' "?In- and ?%*Tl-enriched spikes,
1D HNO3 was prepared by distilling HNO3 (EL grade
16 mol |'1) once in the same procedure as 1D HF.

An Al solution (10000 ug ml™!, Agilent Technologies,
Santa Clara, California, USA) and an Mg solution (AAS
grade 1000 ug ml, Kanto Chemical, Japan) were used for
the adjustment of the Ca-Al-Mg compositions in the rock
samples. Barium, Ce, Pr, Nd, Gd and Tb standard solutions
(AAS grade, Kanto Chemical, Japan) were diluted and used
for oxide and hydroxide corrections in the measurements of
lanthanoids.

To defermine the mass fractions of Nb and Ta by the ID-
IS mefhod, we used a custom-made mix standard solution
(Cat. No. XSTC-3493-100, SPEX CertiPrep, Metuchen, New
Jersey, usa) containing HFSEs in 1.7% HF (Ti: 4964 + 30
gg' Zr 988 £ 05pug g, Nb: 986 + 005 g g'', Hf:
296 4+ 006 pg g and Ta: 1.00 + 002 ug g™'). On the
other hand, to defermine the mass fractions of IFFEs by the
ID-IS method, we used two standard solutions, XSTC-1
solution (SPEX CertiPrep, USA) containing Sc, Y, La, Ce, Pr,
Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb and Lu and HPS-
1418-223-100 solution (High-Purity Standards, USA) con-
taining Rb, Sr, Cs, Ba, Pb, Th and U in 0.5% HNO3. The mass
fraction of each element in the XSTC-1 solution is 10 ug g™
and is certified with &= 0.5% uncertainty. In the HPS-1418-
223-100 solution, the mass fractions of Ba and Sr are
100 + 1 pg g™, that of Csis 100 + 0.2 pg g™', and those
of the others are 100 + 0.1 ug g™

Three solutions with natural isotope compositions were
prepared for the correction of mass fractionation during the
ICP-MS measurements by ID method: A Ti (70 ngg™')
solution in HF (0.5 mol I'") was made from the custom-made
mix standard solution of HFSEs as noted above, a Zr
(20 ng 9'1) and Hf (10 ng 9-1) mix solution in HF (0.5 mol
I'') was prepared from Zr and Hf solutions (AAS grade
1000 ug ml”!, Kanto Chemical, Jopon), and an In (5 ng
9'1) and Tl (5 ng g']) mix solution in HNO3 (0.5 mol )
was prepared from In (AAS grade 1000 ug ml™', Elemental
Standards, Everton Park, Queensland, Australia) and Tl
solutions (AAS grade 1000 ug ml™!, Wako, Japan). Enriched

© 2021 The Authors. Geostandards and Geoanalytical Research © 2021 International Association of Geoanalysts. 681
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isotopes of 49Ti, Q]Zr, WQHF, 31 and 2937] obtained from
the Oak Ridge National Laboratory (Oak Ridge, Tennessee,
USA) were used in this study. The *°Ti, 'Zr and '77Hf spikes
were used to determine Ti, Zr and Hf abundances in rock
samples by the ID method and Nb and Ta abundances by
the ID-IS method, whereas "31n and 20°T] spikes were
prepared to obtain the mass fractions of IFFEs by the ID-IS
method. The isotope enrichment and chemical formula of
these enriched spikes were as follows: 971 = 96.25% (TIO,),
717r = 94.59% (2:O,), ""Hf = 86.87% (HIO), ''°In =
89.76% (n03) and 2%°TI=97.10% (11,03). These
isotopic compositions in the spike solutions were certified
by the Oak Ridge National Laboratory. The *Ti-enriched
spike was dissolved using HF (1D) and HCl (EL grade)
conditioned in HF (1D 3 mol I'', Ti = 85 ug g™"). The 7'Zr-
and '”“Hf-enriched spikes were individually dissolved using
HF (1D) and conditioned in HF (0.5 mol I''). The ' "®In- and
203Tlenriched spikes were prepared as described in
Yokoyama et al (2017). Subsequently, the 7'Zr-'7“Hf-
mixed and ' "3In-2%3Tl-mixed spike solutions were prepared
separately by mixing individual spike solutions (Zr =
14ugg', H=039ugg', In=150pg g’ and Tl =
105ug g™).

Geological reference materials

We analysed seven geological reference materials: JB-
Ta, JB-3, JR-2, JA-T, JA-2, JA-3 and JG-2, supplied by the
Geological Survey of Japan (GSJ), and BHVO-2 supplied by
the United States Geological Survey. JB-1a is a basalt from
Kitamatsuura. JB-3 is a high-Al basalt from the Fuji volcano.
JR-2 is a rhyolite from Wada Toge. JA-1, JA-2 and JA-3 are
andesites from the Hakone volcano, Goshikidai sanukitoid
and the Asama volcano, respectively. JG-2 is Naegi granite.
BHVO-2 is a basalt from a Hawaiian volcano.

To prepare samples with specific major element com-
positions, the Al or Mg solutions were added to BHVO-2, JR-
2 and JG-2. We synthesised seven types of samples with the
following compositions: Ca:A:Mg = 24:55:21 was pre-
pared by adding the Al solution to BHVO-2 (referred to as
BHVO-2+Al), CaA:Mg = 13:75:12 was prepared by
adding an excessive amount of the Al solution to BHVO-2
(referred to as BHVO-2+exAl), CaAl:Mg = 2.8:65:32 was
prepared by adding the Mg solution to JR-2 (referred to as
JR-2+Mg), CaA:Mg = 1.7:38:60 was prepared by adding
an excessive amount of the Mg solution to JR-2 (referred to
as JR2+exMg), CaAlMg = 3.4:60:37 was prepared by
adding the Mg solution to JG-2 (referred to as JG-2+Mg),
and CaAlMg = 2.9:51:46 was prepared by adding an
excessive amount of the Iv\g solution to JG-2 (referred fo as
JG-2+exMg). The resulting Ca-A-Mg compositions in

individual sample solutions are shown in Figure S1 and
Table S2.

Decomposition of rock samples

Separate method (Method A): Mass fractions of
elements determined by the intemal standardisation method
are affected by differences in the standard material for
calibration. To evaluate the simultaneous method developed
in this study, we separately decomposed the geological
reference materials and measured the mass fractions of IFFEs
and HFSEs by following the conventional methods of
Yokoyama et al (2017) and Makishima and Nakamura
(2000), respectively (separate method). This method is
described as Method A hereafter. We can also exclude
the effect of differences in the experimental conditions (e.g,
instrument, decomposition condition of samples) and lot
number of geological reference materials, by comparing the
mass fractions of elements obtained by Method A and the

simultaneous method.

Figure 1 shows the overview of the experimental proce-
dure in this study. The mass fractions of IFFEs and HFSEs in JB-
la, JB-3, JR-2, JA-1, JA-2, JA-3, BHVO-2 and JG-2 were
determined by Method A respectively. It should be noted
that BHVO-2+Al was used for the determination of the mass
fractions of HFSEs in BHVO-2 because the Ca-Al-Mg
composition of BHVO-2 is plotted in the region of the Ca-
Al-Mg terary plot where HFSEs coprecipitate with insoluble
fluoride (Figure S1). Meanwhile, JG-2+exMg was prepared
to determine the mass fractions of IFFEs in JG-2 as insoluble
AlF3, which incorporates some of the IFFEs, is formed during
the digestion of rock samples with a high Al/(Mg+Ca) ratio
using DAB-2, which can digest the refractory minerals (e.g,
zircon) in JG-2.

For the determination of the mass fractions of IFFEs in all
analytical samples except for JG-2, a powdered rock
sample (approximately 50 mg) was weighed into a perflu-
oroo|koxy alkane (PFA) vessel (7 ml) togefher with
113102037 _mixed spike. After the addition of HF (1 ml,
30 mol I, AAS grode), HNO3 (1 ml, 16 mol I, EL grode)
and HCIO4 (1 ml 12 mol I'"), the vessel was tightly capped
and agitated in an ultrasonic bath for 30 min. The vessel
was heated in a stepwise fashion (120 °C for 12 h, 165 °C
for 16 h and 195 °C until the sample was dry). This
procedure was repeated twice to suppress the formation of
insoluble fluorides. After treatment with HCI (6 mol I'"), the
sample was diluted with HNO3 (0.5 mol I'') to measure the
IFFEs with ICP-MS by the ID-IS method. For JG-2 (JG-
2+exMg), a rock powder (approx. 200 mg) was weighed
in a PTFE insert (50 ml) of DAB-2 together with the

682 © 2021 The Authors. Geostandards and Geoanalytical Research © 2021 International Association of Geoanalysts.
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| Samples: JB-1a, JB-3, JR-2, JA-1, JA-2, JA-3, BHVO-2, JG-2
[

[

1
’ Addition of '*In-2**T|-mixed spike ‘

Addition of Mg

| Addition of HF, HNO, and HCIO,|

[
[Method A
Addition of “Ti-enriched and
91Zr-""Hf-mixed spikes

Addition of “Ti-enriched,
91Zr-""Hf-mixed and ""*In-*Tl-mixed spikes

[Addition of Al| | [Addition of Mg]

Addition of Al

[ Addition of HF, HNO, and HPW |

[ Addition of HF, HNO, and HPW |
I

[ 1
Heating on Digestion using Heating on Digestion using Method B Method C
a hot plate DAB-2 a hot plate DAB-2 [Heating on a hot plate] [ Digestion using DAB-ZI
07 [ T

Drying and dissolution
in 0.5 mol I' HF

Centrifugation

l Drying and dissolution in 0.5 mol I' HF ‘

l Shaking and homogenisation ‘
95% 5%

’ Addition of HCIO, and stepwise heating (twice) ‘

’ Dissolution in 6 mol I HCI and drying ‘

HFSE measurement

|

’ Dissolution in 0.5 mol I HNO,

IFFE measurement

HFSE measurement

Figure 1. Overview of experimental procedures conducted in this study.

113n-293T.mixed spike, the Mg solution, HF (30 mol I''),
HNO3 (16 mol I'") and HPW. We prepared a relatively
large amount of JG-2 compared with that of the other
geological reference materials to minimise the heferogeneity
of the trace element-rich accessory minerals such as zircon
(ie, the nugget effect). The sample in the insert was dissolved
in the digestion system at 225 °C for 48 h to ensure
complete dissolution of refractory minerals. Then, the solution
was transferred to a clean PFA vessel (7 ml) and HCIO,4
(1 ml 12 mol I'') was added. The vessel was heated on a
hot plate in a stepwise fashion. The subsequent procedure
was the same as described for Method A in the IFFE

measurements of the other somp|es.

For the determination of mass fractions of HFSEs in all
analytical samples except for JG-2, the powdered rock
sample (approximately 50 mg) was weighed into a PFA
vessel (7 ml) together with ““Ti-enriched spike and the
17" "Himixed spike. After the addition of HF (1 ml,
30 mol I, AAS grade), HNO3 (1 ml, 16 mol I'', EL grade)
and HPW (1 ml), the vessel was tightly capped and agitated
in an ultrasonic bath for 30 minutes. It should be noted that
an Al solution was also added to BHVO-2 (BHVO-2+Al)
before sample digestion. The vessel was heated at 120 °C
on a hot plate overnight for sample digestion and for
obtaining a spike-sample isotopic equilibrium. Then, the cap
was opened, and the sample was dried at 120 °C on a hot

plate. The dried sample was dissolved in HF (5 ml,
0.5 mol I'") and centrifuged. The supematant solution was
diluted with HF (0.5 mol I'") and used for the measurement
of HFSEs using ICP-MS by the ID method for Ti, Zr and Hf
and the IDIS method for Nb and Ta. For JG-2, approx-
imately 200 mg was weighed in a PTFE insert (50 ml) of
DAB-2 together with the same acids and spikes as
described for Method A in the HFSE measurements of the
other samples. The sample in the insert was dissolved in the
digestion system at 225 °C for 48 h to ensure complete
dissolution of refractory minerals. Then, the solution was
transferred to a clean PFA vessel (7 ml) and dried at 120 °C
on a hot plate. The subsequent procedure is the same as
Method A for the determination of HFSEs in other samples
described above.

Simultaneous method with hot plate digestion
(Method B): The mass fractions of IFFEs and HFSEs in JB-
la, JB-3, JR-2, JR-2+exMg, JA-2, BHVO-2 and BHVO-2+Al
were determined by the simultaneous method after sample
digestion with acids on a hot plate. This procedure is called
‘Method B’ hereafter to distinguish the simultaneous method
in which the rock samples were digested with DAB-2
(Method C; see the next section). We note that the mass
fractions of IFFEs and HFSEs in JG-2 were not determined by
Method B because JG-2 includes refractory minerals such as
zircon, which cannot be digested with acids on a hot plate.

© 2021 The Authors. Geostandards and Geoanalytical Research © 2021 International Association of Geoanalysts. 683
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A powdered rock sample (approximately 50 mg) was
weighed into a PFA vessel (7 ml) together with the “°Ti-
enriched spike, the 7'Zr-'“Hfmixed spike and the
113102037 mixed spike. After the addition of HF (1 ml,
30 mol I'!, AAS grqcle), HNO3 (1 ml, 16 mol I, EL grode)
and HPW (1 ml), the vessel was tightly capped and agitated in
an ultrasonic bath for 30 min. The vessel was heated at
120 °C on a hot p|c1fe overnigh’r, and Then, the samp|e was
dried on a hot plate at 120 °C. The dried sample was
dissolved in HF (5 ml, 0.5 mol |']). The samp|e solution
containing insoluble fluorides was thoroughly shaken and
homogenised by agitafing in an ulirasonic bath until the
solution became a milky suspended solution without visible
precipitates (approximately 6 h). Immediately after the
homogenisation, an aliquot (approximately 5%) of the
suspended solution was transferred to a polypropylene tube
(2 ml) and centrifuged. The supematant was diluted with HF
(0.5 mol I'") and used for the measurement of HFSEs by ICP-
MS through the ID method for Ti, Zr and Hf and by the ID-IS
method for Nb and Ta.

For the determination of IFFEs, HCIO4 (1 ml, 12 mol ')
was added info the remaining (approx. 95%) of the
suspended sample solution in the PFA vessel The vessel
was heated in a stepwise fashion (120 °Cfor 12 h, 165 °C
for 16 h and 195 °C unfil the sample was dry). This
procedure was repeated twice to suppress the formation of
insoluble fluorides. After the treatment with HCl (6 mol |']),
the samp|e was diluted with HNO35 (0.5 mol |'1) to measure
IFFEs with ICP-MS.

Simultaneous method with DAB-2 digestion (Method
C): Method B described above cannot be applied to
samples containing acid-resistant, refractory minerals such
as zircon and spinel. These samples need to be digested
under high P-T conditions using DAB-2. Therefore, we
conducted the simultaneous method coupled with a high P~
T sample digestion using the high-pressure digestion system,
DAB-2. The performance of this procedure, which is named
Method C, was evaluated by determining the mass fractions of
IFFEs and HFSEs in JB-1a, JB-3, JR-2+Mg, JR-2+exMg, JA-1,
JA-2, JA-3, BHVO-2, BHVO-2+Al, BHVO-2+exAl, JG-2+Mg
and JG-2+exMg.

The powdered sample (approx. 50 mg) was weighed
into a PTFE insert (50 ml) of DAB-2 Together with 4T
enriched spike, 217r-17Hf-mixed spike, 113112937 mixed
spike, HF (30 mol I'"), HNO3 (16 mol I'') and HPW. The
amounts of acids and spikes were the same as those in
Method B. The sample in the insert was dissolved in the
digestion system at 225 °C for 48 h to ensure complete
dissolution of refractory minerals. Then, the solution was
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transferred to o clean PFA vessel (7 ml), dried on a hot plate
and dissolved in HF (5 ml, 0.5 mol I''). The subsequent
procedure for HFSE and IFFE measurements followed the
steps as Method B.

Determination of elemental abundances in rock
samples

In this study, the ID and ID-IS methods were used to
determine the mass fractions of Zr, Hf and Ti and the other
elements, respectively. The principles of the ID and ID-IS
methods are described in detail in the Appendix S1. The
sensifivity variation during ICP-MS analysis is mass-dependent
and correlates linearly with the ratio of mass and electrical
charge (m/z Yokoyama et al. 2017). The internal standard
elements for the determination of Nb and Ta by the ID-IS
method were ?'Zr and '”7Hf, respectively, which corrects for
sensitivity variation. For the IFFE measurements, the sensitivity

variation was corrected by the internal standard elements
"31n and 29371,

The formation of oxides and hydroxides for Ba and REEs
interferes with heavier REEs than Sm (eg, '**Nd'®O on
]Squ). To defermine the precise mass fraction of IFFEs, the
correction of the oxide and hydroxide formation is important.
The correction method is also shown in detail in the online
Appendix S1.

For the defermination of Nb, Ta and IFFEs by the ID-IS
method, we used multi-element standard solutions in this
study, which are frequently used in measurement calibration
of geological reference materials. For instance, the variation
for previously reported IFFE mass fractions for the geological
reference material JB-3 is approximately 10% (2s, n = 6-8),
whereas the mass fractions of HFSEs excluding Ti is > 10%
(2s, n = 4-7) (Imai et al 1995, Makishima et al 1999,
Makishima et al. 2000, Dulski 2001, Orihashi and Hirata
2003, Awaiji et al. 2006, Makishima and Nakamura 2006,
lu et al 2007, Kon and Hirata 2015, Kamei 2016,
Yokoyama et al. 2017) (Table S3). Therefore, to determine
the precise and correct mass fractions, it is important to use

certified standard solutions.

Results

Chemical blanks

All blank runs were performed under the same conditions
of rock sample digestion (50 mg of the sample). The total
chemical blanks of IFFEs and HFSEs in the procedures (Method
A Method B and Method C) are shown in Table 2. The results
indicate thatthe blank contribution in all methodswas < 0.1%
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for most elements in all samples exceptfor Ta (< 0.9%) and Cs
(< 0.3%; Method C). In most cases, the total chemical blanks
of IFFEs through Method C are higherthan those for Method B
(Table 2). The total digesfion time of Method C is |onger than
Method B, which could be the main reason for the increase in
the chemical blanks for Method C. On the other hand, the total
chemical blanks of HFSEs in Method C are mostly similar to
those in Method B. This result suggested that the long fotal
digestion time did not affect the total blanks of HFSEs. In
addition, we performed the c|ecming of PTFE insert of the
digestion system DAB-2 before sample digestion using DAB-2.
The details are described below in the secfion ‘Reduction in
chemical blanks through Method C’ of the Discussion. In this
study, the blank correction was conducted by subtrocﬂng the
total chemical blanks in Table 2.

Verification of Method A

Table 3 shows the mass fractions of twenty-seven
elements in JB-1a, JB-3, JR-2, JA-1, JA-2, JA-3, BHVO-2
and JG-2 defermined by Method A The mass fractions of

Table 2.
Total chemical blanks in each sample digestion
procedure

Method A | Method B Method C
(ng)
Ti 9.8 12 26
(pg)
Zr 209 258 377
Nb < 66 < 65 24
Hf 82 63 62
Ta 34 40 42
Rb 6.9 <15 19
Sr 50 < 33 161
Y 20 4.5 4.7
Cs 6.6 10 15
Ba 48 50 266
La 1.5 1.8 59
Ce 29 4.8 9.4
Pr 0.34 0.75 20
Nd 1.3 < 44 164
Sm 042 < 081 1.1
Eu 0.069 0.28 074
Gd 0.36 1.6 2.1
Tb 0.091 0.11 0.58
Dy 023 0.54 10
Ho 0.055 < 0.083 0.76
Er 031 0.63 1.6
Tm 0.041 0.10 10
Yb 0.51 40 41
Lu 0071 0.32 14
Pb 12 33 105
Th 0.48 14 3.1
U 1.1 1.7 14

These data are averaged for each elements in Method A (n = 2), B and C
(n = 4). ltalics represent the data obtained from Yokoyama et al. (2017).

HFSEs in an Al-poor sample BHVO-2 and IFFEs in an Al-rich
sample JG-2 were defermined by measuring those in
BHVO-2+Al and JG-2+exMg to avoid the possible loss of
HFSEs and IFFEs owing to the coprecipitation with insoluble
fluorides, respectively (Figure S1a). The precision of each
element (13) for all replicate analyses of each sample was
generally < 3%. In Table 3, the mass fractions of individual
elements in these samples obtained by Method A are
compared with those reported by the previous studies:
Jochum et al (2015), Imai et al (1995), Kon and Hirata
(2015) and/or Kamei (2016). The mass fraction data in
Jochum et al (2015) and Imai et al (1995) are a
compilation of literature data. In contrast, those in Kon and
Hirata (2015) and Kamei (2016) were obtained by
measuring the element abundances in glass beads of rock
samples prepared by fusion with LixB4O7: The procedure is
considered to completely digest refractory minerals in rock
samples without HF. Kon and Hirata (2015) measured the
beads with ICP-MS coupled with the femtosecond laser
ablation, whereas Kamei (2016) decomposed the bead
with some acids and analysed the samples with solution-

based ICP-MS.

As shown in Table 3, the mass fractions of all
determined elements in the samples obtained through
Method A are in good agreement with those from one or
more literature data at £ 5%. Some of the inconsistencies
in the mass fractions, of which the difference between this
study and the literature data is approximately + 10%,
could be attributed to the difference in the used reference
materials and their working values or resulted from an
inappropriate analytical protocol conducted in previous
studies. The latter would be the case for the mismatch in the
mass fraction of Ti in JR-2, of which the difference between
this study and Imai et ol (1 995) reached -17%. The sample
heferogeneity associated with the presence of Ti-rich
accessory minerals (ie, the nugget effect) is Un|ike|y
because JR-2 is a glassy obsidian and the repeatability
of Ti abundance obtained by Method A was 0.81% (1s).
Rather, the inconsistency is owing to the relatively low mass
fraction of Ti in JR-2 such that precise determination with
conventional X-ray fluorescence (XRF) method and neutron-
capture prompt-gamma activation analysis (PGAA) was
difficult. In fact, the mass fraction of Ti in JR-2 reported in six
previous studies varied largely from 300 ug g to
485 ug g (GeoReM, Stix et al 1996, lida et al. 2003,
Gméling et al 2005, Nakayama and Nakamura 2005,
Sano et al 2006, Riley et al 2016). Likewise, the mass
fraction of Eu in JG-2 is also relatively low, which caused
the large difference between this study and previous
studies. This mass fraction of Eu in JG-2 is within the range
of the reported values previously. On the other hand, the
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inconsistency for the mass fraction (-24%) and the good
repeatability (3.2%) of Ta in JG-2 are likely caused by one
or more reasons described above; nugget effect, the
difference in the used reference materials and their working

values and/or an inappropriate analytical protocol.

To conclude, the mass fractions of IFFEs and HFSEs in the
geological reference materials obtained by Method A are
regorded as the recommended values in the somp|es, with
the biases in the mass fractions of + 5% for most (and
+ 10% for some) elements compared with the literature
data. More importantly, the mass fractions obtained by
Method A can serve as the benchmark for evaluating the
mass fractions obtained through the simultaneous method
because the difference in the used reference materials and
their working values are cancelled.

Results of Method B

To evaluate the measurement trueness of the obtained
mass fractions of the measurand in rock samples, we
compared the mass fractions analysed by Method B with
those by Method A using Equation (1):

D:(Mq) x 100 )
CMethodA

in which Guethod A and Guethod & are the mass fractions of
an element obtained by Method A and B, respectively. Also
important to note is that Guethod A for IFFEs and HFSEs in
BHVO-2 was determined distinctly by using the samples
BHVO-2+Al and BHVO-2, respectively (see the previous
section).

Tables 4 and S4 summarise the D values and the mass
fractions of 27 elements in JB-1a, JB-3, JR-2, JR-2+exMg,
JA-2, BHVO-2 and BHVO-2+Al defermined using solutions
prepared by Method B, respectively. Excellent repeatability
(1s) of < 3% (< 1% for most elements) was achieved for all
IFFEs in the seven samples measured by Method B excluding
those of Cs in BHVO-2+Al (9%), Pb in BHVO-2 (14%) and
Pb in BHVO-2+Al (12%). The relatively large repeatability
may be attributed to the issue of counting statistics; the mass
fractions of Cs (0.1 ug g') and Pb (1.5 pg g™') in BHVO-2
are the lowest among those in the other rock samples
analysed in this study. The D values for most of the IFFEs are
generally within 4= 5% with some exceptions that exceeded
+ 10% (eg, Cs in JA-2, Lu in JA-2 and Pb in JA-2). Although
the reason for these exceptions remains unclear, it should not
be associated with the coprecipitation of Cs, Lu and Pb with
insoluble fluoride because the other IFFEs would not have
coprecipitated with insoluble fluoride.

In most cases, excellent repeatability (within 1-2%, 1s)
and D values (within + 3-5%) were obtained for HFSEs in
the seven samples measured by Method B. However, a
problem was encountered with Nb and Ta for JR-2+exMg;
the mass fraction of Nb and Ta in JR-2+exMg varied from
28 ug g'to 171 ug g andfrom 35 ug g to 18 ug g,
respectively, across multiple analytical sequences (n = 3),
which resulted in significantly large repeatability (> 63%)
and D values (> 450%).

Results of Method C

To evaluate the performance of Method C in which the
samples were decomposed by the high P-T digestion system
DAB-2, we used Equation (2):

D/ _ (CI\/\ethod c_ 1 ) % 100 (2)
CI\/\eIhod A

in which Guethod ¢ is the mass fractions of IFFEs and HFSEs in
the samples measured by Method C. The samples tested for
Method C were JB-1q, JB-3, JR-2+Mg, JR-2+exMg, JA-1,
JA-2, JA-3, BHVO-2, BHVO-2+Al, BHVO-2+exAl, JG-2+Mg
and JG-2+exMg. It should be noted that Guethod a for IFFEs
and HFSEs in JG-2 was defermined distinctly by using the
samples JG-2+exMg and JG-2, respectively. The results are
shown in Tables 5 and S5.

In this study, except for IFFEs in JA-1, BHVO-2+exAl
and JG-2+Mg and HFSEs in BHVO-2, JR-2+exMg, JG-
2+Mg and JG-2+exMg, the repeatability and D' values
of most IFFEs and HFSEs in all samples analysed through
Method C were better than 5% and + 5%, respecﬁve|y.
Although the repeatability of most IFFEs in JA-1 and
BHVO-2+exAl was within 3%, the Y values of most IFFEs
for these samples ranged from -13% to +10%. The Y
values of Y and most REEs for JA-1 and BHVO-2+exAl
were negative, which exceeded the analytical precision of
REEs in the same somp|es measured using Method A (<
2%). The repeatability and D' values of the mass fractions
of most IFFEs in JG-2+Mg were > 5% and -34% to
+2%, respectively.

The repeatability and D' values for Ti, Zr and Hf in
BHVO-2 and JR-24+exMg were less than 2% and within
+ 5%, respectively, confirming the validity of Method C for
the defermination of Ti, Zr and Hf abundances in these
samples. The repeatability and the D' values of Nb and Ta
abundances in these samples were 5-60% and 15—
3000%, respectively. For instance, the mass fraction of Nb in
JR-2+exMg varied from 76 ug g™ 10 973 ug g across the
multiple measurement sequences (n = 5), whereas for JR-2
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Table 4.

The D values of IFFEs and HFSEs in rock samples by Method B (the D value is explained in the text)
Sample JB-Ta JB-3 JR-2 JA-2 BHVO-2 BHVO-2 JR-2
composition JB-Ta JB-3 JR-2 JA-2 BHVO-2 BHVO-2+Al | JR-2+exMg
(%) D D D D D D D
Ti 0.8 04 32 0.7 -0.2 -0.6 14
Zr -14 -0.1 0.5 49 -20 -0.8 0.5
Nb -14 0.6 1.7 -0.8 -04 -1.1 513
Hf 0.1 0.3 0.5 55 -17 -19 -0.1
Ta -25 -1.0 -2.6 -0.8 -20 -1.5 451
Rb 0.0 -0.3 -2.6 4.3 -0.7 -0.7 0.0
Sr 0.9 -0.2 0.0 27 -0.1 -1.5 -1.0
Y 0.6 -1.1 -4.5 0.1 0.0 26 29
Cs 0.2 0.2 -2.1 9.9 26 6.7 -0.9
Ba -0.1 -1.8 -1.3 33 0.4 0.9 14
La 27 -3.1 -53 15 24 -0.2 0.0
Ce -1.5 -3.1 -3.3 14 -14 -0.2 1.1
Pr 0.7 -17 0.1 32 14 0.4 17
Nd 17 -0.7 1.1 37 23 0.1 1.6
Sm 14 -1.1 0.9 2.1 1.8 0.0 1.3
Eu 1.1 -0.7 0.0 3.4 2.6 0.7 -0.6
Gd -4.1 -22 -47 -49 -1.2 -0.6 2.1
Tb 25 -0.2 22 1.5 32 -0.9 34
Dy 42 0.6 35 25 4.8 -10 32
Ho 3.9 0.1 3.0 1.5 4.5 -1.1 3.4
Er 4.3 04 32 24 54 -0.8 3.1
Tm 42 0.1 33 22 47 -1.1 35
Yb 40 0.6 39 26 52 0.9 39
Lu 6.0 8.4 5.6 10.6 55 -1.5 25
Pb 40 59 67 114 8.1 4.1 1.9
Th 4.1 2.1 6.5 6.6 37 -0.7 -0.6
U 4.5 19 9.1 57 3.1 -19 -0.5

measured using Method A, the mass fraction was
176 + 05 pg g (Table 3).

The repeatability of Zr, Hf and Ta in JG-2+Mg and
JG-2+exMg was < 5%, whereas their D' values were
approximately -10%. However, positive D' values were
obtained for Nb in JG2+Mg and JG-2+exMg (32%
and 6.2%, respectively). Moreover, excellent repeatability
(< 1%) and D' values (-2%) were obtained for Ti in these
samples.

Discussion

Reduction in chemical blanks through Method C

In Method C, we used a stainless jacket made from
SUS316Ti, which contains Fe, Ti and trace amounts of Mo,
Cr and Ni. Zirconium, Hf, Nb and Ta are also likely to be
included in the jacket because they belong to the HFSEs and
Ti. The stainless jacket, as well as the PTFE insert in which the
sample was digested in acid, could be the source of the

chemical blanks. We have evaluated how much the amount
of HFSE blanks during high P-T digestion can be decreased
by repeating the cleaning procedure for the PTFE insert of the
digestion system DAB-2. We added a mixture of HF (1 ml)
and HPW (1 ml) into the PTFE insert and heated at 225 °C
for 48 h; then, the solution was recovered and transferred
info a clean PFA vessel. This cleaning step was repeated
three times, and the amount of HFSEs in the individual
recovered solutions was measured by ICP-MS. The amount
of HFSE blanks was determined by the IS method using
'93Rh and JB-3 as the internal standard and the reference
material, respectively.

The results for the cleaning experiment are shown in
Figure 2. The amounts of HFSE blanks decreased from the
first to second cleaning step, but remained constant or even
increased from the second to the third cleaning step. This
result suggests that a single acid cleaning step is effective to
minimise the chemical blanks for HFSEs. Therefore, a single-
step acid cleaning was performed before sample digestion
using the high P-T digestion system.

© 2021 The Authors. Geostandards and Geoanalytical Research © 2021 International Association of Geoanalysts. 691
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Table 5.
The D’ values of IFFEs and HFSEs in rock samples by Method C (the D’ value is explained in the text)
Sample | JB-1a JB-3 JA-2 JA-3 |BHVO-2| JR-2 JA-1 |BHVO-2(BHVO-2| JR-2 JG-2 JG-2
Compo- | JB-1a | JB-3 | JA-2 | JA-3 |[BHVO-| JR- | JA-1 |BHVO-[BHVO-2| - | JG- | G-
sition 2+Al | 2+Mg 2 +exAl 2+exMg| 2+Mg [2+exMg
(%) D’ D’ D’ D’ D’ D’ D’ D’ D D’ D’ D’
Ti 12 -0.1 05 00 09 15 06 -02 -03 41 19 13
Zr -0.3 0.5 53 1.4 0.5 6.0 1.5 1.3 0.1 42 -13 -8.2
Nb 57 12 15 -10 13 -35 10 19 24 3054 32 62
Hf 1.6 1.1 59 1.7 -0.4 3.6 1.1 0.5 0.3 37 -13 -8.5
Ta 16 -1 13 16 16 -43 18 -23 15 2790 -12 -84
Rb 1.0 0.2 3.6 -0.5 -1.3 -10 -04 -1.5 -0.1 -1.3 -3.6 -14
Sr 20 02 23 -04 17 20 -3 -19 05 -1 -09 -02
Y 1.5 -1.2 -0.6 -1.5 -1.0 -3.6 -3.8 -10 12 -39 -22 4.0
Cs 0.3 1.3 9.6 -09 2.1 -1.1 -0.3 57 6.2 -1.2 07 0.6
Ba 1.1 -1.0 29 24 0.7 -1.2 -37 0.2 0.7 -1.0 -30 -0.8
La 12 28 1 -43 0.1 -42 -13 77 14 38 | -34 -07
Ce -0.1 -25 1.0 -4.0 -0.1 -0.9 -6.8 -30 -0.5 -1.7 26 -04
Pr 21 -07 29 20 11 10 93 -33 19 04 | -27 -06
Nd 24 0.1 3.6 -0.5 0.6 -04 -82 -35 24 0.7 -26 -04
Sm 2.1 -0.1 23 10 09 15 79 -49 22 04 | 22 0.1
Eu 28 0.3 40 0.8 14 -1.6 -59 27 28 -0.5 -24 -0.6
Gd -2.8 2.2 -49 -49 1.0 -3.6 -6.4 -1 -0.6 -4.7 21 1.5
Tb 38 07 16 0.1 13 07 -53 -60 40 12 | 17 07
Dy 41 16 23 11 17 1 44 -4 49 17 | -14 0.4
Ho 42 08 17 06 16 05 -42 -50 4.4 16 | -12 14
Er 42 11 20 10 15 07 -35 -45 52 12 | -1 14
Tm 33 1.0 19 0.8 1.8 0.8 -30 -4.0 4.3 0.7 -1 -04
Yb 46 12 22 14 3.4 15 26 27 53 21 | -1 -1
Lu 55 9.6 11 80 1.9 19 23 -30 52 28 -12 1.0
Pb 4.5 6.3 11 3.5 4.5 50 4.4 10 -20 3.5 0.8 12
Th 41 41 69 18 13 05 -46 12 55 22 | -12 10
u 4.0 3.1 6.0 2.1 -0.3 20 -0.7 84 47 26 2.1 57

Evaluation of Method B

In Method B, all samples without the addition of Al or
Mg solutions showed good D values (within + 5%) for most
of the defermined elements. The Ca-Al-Mg composition of
BHVO-2 is out of the acceptable region, where > 95%
recovery yields for IFFEs and HFSEs are expected from the
previous study. In this study, we obtained precise and
accurate mass fraction data for IFFEs and HFSEs in BHVO-2.
On the contrary, for Nb and Ta in JR-2+exMg, significantly
large D values (> 450%) were obtained. This observation is
inconsistent with the result of JR-2 measured by Method A, of
which the mass fractions of Nb and Ta were 17.6 + 0.5
gg' and 210 + 005 ug g (Table 3), respectively. We
consider that the discrepancy is affributed to the failure of the
ID-IS method that used ?'Zr and "Hf as the internal
standard elements for the determination of Nb and Ta.
During the digestion of Al-poor samples including JR-
2+exMg, it is likely that Zr and Hf coprecipitated with
insoluble fluorides. The coprecipitation causes the deficiency
in the intensity of the internal standard (2) in Equation (S10)
of the Appendix S1, which leads to the erroneous results in

692

Nb and Ta abundances. On the other hand, the isotopic
equilibria of Ti, Zr and Hf between the sample and spike
have been achieved before coprecipitation of these ele-
ments with fluorides, which yielded consistent mass fractions
of Ti, Zr and Hf in JR-2+exMg that were determined by the
ID method with those of the literature data. JR-2 is a glassy
obsidian and easy to dissolve in acid, such that the sample-
spike isotopic equilibration was achieved before the reaction
of added Mg solution with HF to form insoluble MgF; that
coprecipitates HFSEs.

The above interpretation is inconsistent with the argu-
ment by Tanaka et al (2003) that the coprecipitation of
HFSEs with insoluble fluorides did not occur for a sample
with Ca# < 040 including JR-24+exMg (Figure S1a). The
authors argued that adequate recovery yields of HFSEs were
achieved for synthetic samples in which the Ca-Al-Mg
composition is similar to JR-2+exMg (eg, CaAlMg =
0:40:60). Instead, this study showed that HFSEs coprecip-
itate with Mg-fluorides and Ca-fluorides. For this reason, here
we install a parameter Mg#, which is the molar ratio Mg/
(Mg+Al), to evaluate the incomplete recovery of HFSEs

© 2021 The Authors. Geostandards and Geoanalytical Research © 2021 International Association of Geoanalysts.
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inserts.

owing to the coprecipitation with Mg-fluorides. To suppress
the coprecipitation of HFSEs with Mg-fluorides, Mg# in the
sample solution is required to be low. Among the samples
examined in this study, BHVO-2 and JR-24+exMg have the
highest Mg# (= 040 and 061, respectively) and the
sample showed excellent D values (within + 2%) for dll
HFSEs. Therefore, Mg# = 0.40 is a conservative criterion that

© 2021 The Authors. Geostandards and Geoanalytical Research © 2021 International Association of Geoanalysts.

can avoid the loss of HFSEs caused by the coprecipitation
with Mg-luorides. On the other hand, BHVO-2 has the
highest Ca# (= 0.43) among the examined seven samples,
such that the value can serve as another criterion to avoid
the coprecipitation of HFSEs with Ca-fluorides. This condition
slightly relaxes the conclusion of Tancka et al (2003) that
Ca# < 0.40 was required to suppress the coprecipitation of
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HFSEs with insoluble fluoride, which suggested that the
region of HFSE precipitation for an actual rock sample is
different from the region proposed previously, in which
synfhetic samp|es were used (Figure Sla).

Overall, we confirmed that Method B provides precise
mass fraction data for IFFEs and HFSEs in igneous rocks
measured in this study. This technique is applicable to
samples with Ca-Al-Mg compositions similar to those of JB-
la, JB-3, JR-2, JA-2, BHVO-2 and BHVO-2+Al (Figure 3a).

(a)

Contrary to an expectation from the previous study, Method
B cannot be applied to samples with Ca-Al-Mg composi-
tions similar to those of JR-2+exMg. We conclude that the
simultaneous determination of IFFEs and HFSEs by Method B
is suitable for samples with Ca# < 043 and Mg# < 0.40,
that is, the samples with a Ca-Al-Mg composition high-
lighted in white in Figure 3a. The Ca-Al-Mg compositions of
samples plotted in the yellow area of Figure 3a must be
adjusted to be within the white area of Figure 3a by Al
addition prior o acid digestfion.

Ca

®ecedes

-
~

Pos
~
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® B3
¢ R2
v JA2
B BHVO-=2
Bl BHVO-2+Al
<7 JR-2+exMg
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T IA
v JA2

JA-3
I BHVO-=2
B BHVO-2+Al
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5 JG-2
A JG-2+Mg
¥ JG-2+exMg

precipitation

Figure 3. Compositions of samples decomposed by (a) Method B and (b) Method C in this study. Bold black lines
indicate Ca# = 0.43 and 0.40 in (a) and (b), respectively. The dotted and red lines are Mg# = 0.40 and Al/
(Mg+Ca) = 1.86, respectively. The white areas are regions where samples can be applied to (a) Method B and (b)

Method C for the determination of high field-strength elements (HFSEs) and insoluble fluoride-forming elements

(IFFEs). See Table S1 for the details of chemical compositions of the measured samples.
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Evaluation of Method C

In addition, the measured rock samples were classified
info the following three groups: additive-free samples (JB-1q,
JB-3, JA-1, JA2, JA-3 and BHVO-2), Al-added samples
(BHVO-2+Al and BHVO-2+exAl) and Mg-added samples
(R-2+Mg, JR-2+exMg, JG-2+Mg and JG-2+exMg).

Additive-free samples: JB-1¢, JB-3, JA-1, JA-2 and JA-
3 are plotted in the area of Ca# < 0.40 in the Ca-Al-Mg
ternary diagram (Figure S1b) where > 95% recovery yields
for HFSEs are expected from the previous study. In contrast,
BHVO-2 is plotted out of the crosshatched area such that
HFSEs in BHVO-2 are considered to coprecipitate with Mg-
and Ca-fluorides. Therefore, acceptable D' values (< + 6%)
of HFSEs for JB-1q, JB-3, JA-1, JA-2 and JA-3 and relatively
large D' values of Nb and Ta for BHVO-2 (> 15%) are

rational.

The D' values of IFFEs in all of the additive-free samples
are good (4 5%), while those in JA-1 are systematically
negative down to -13%. To evaluate the cause of negative
D values for IFFEs in JA-1, we centrifuged the solutions of JA-
1 after acid digestion and determined the mass fractions of
IFFEs in the supematant (Table S6). All of the D' values for the
supernatant were lower than those without centrifugation
(Figure 4a). This feature is particularly prominent for the
elements that form trivalent ions in solution (ie, Y and REEs),
suggesting the coprecipitation of these elements with
insoluble fluoride AlF5 by substituting AP* site as demon-
strated by Takei et al (2001). The authors argued that the
samples with Al/(Mg+Ca) > 1.0 were considered to form
stable and insoluble AlF; during sample digestion under
high P-T conditions (Figure S1b). However, our results
indicate that the insoluble AlIF3 did not form for the
additive-free sqmp|es with A|/(l\/\g+CO) > 10 exc|uo|ing
JA-1. This result relaxes the criterion placed by Takei et al
(2001); we specu|c1fe that the actual condition that can form
insoluble AlF5 through Method Cis A|/(I\/\g+Cc1) > 1.50 (JA-
3), the value which is the highest among the additive-free
samples excluding JA-T.

Al-added samples: The D' values of HFSEs in BHVO-
2+Al and BHVO-2+exAl are excellent (< + 2%) because
these samples possess Ca# < 040 (Figure S1b). The I
values of IFFEs in BHVO-2+Al are within + 5%, whereas
those in BHVO-2+exAl are all negative values. To investi-
gate the cause of negative D' values for BHVO-2+exA|, the
solution of this sample was centrifuged after acid digestion to
determine the mass fractions of IFFEs in the supernatant
(Table S6). All of the D' values for the supernatant were
lower than those in the solution without centrifugation

-
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Figure 4. D’ values of IFFEs in: (a) JA-1, (b) BHVO-
2+exAl and (c) JR-2+exMg decomposed by Method C.
Filled and open symbols represent the data determined
without and with centrifugation after acid digestion,

respectively.

(Figure 4b), confirming the formation of stable and insoluble
AlF3 that coprecipitated IFFEs. The Ca-Al-Mg composition of
BHVO-2+Al is close to that of JB-1a, JB-3, JA-2 and JA-3 on
the Ca-Al-Mg temary diagram (Figure S1b). Here, the
formation of insoluble AlF3 was suppressed, resulting in the
acceptable D' values of IFFEs for this sample. In Method C,
the simultaneous determination of the mass fractions of IFFEs
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and HFSEs in an Al-poor sample (e.g, BHVO-2) is achieved
by changing the Ca-Al-Mg composition through the addi-
tion of Al solution, thus forming Al/(Mg+Ca) < 1.50 and
Ca# < 040.

Mg-added samples: The D' values for JR-2+Mg are
within & 5% for most of the elements, although JR-2+Mg
has a high Al/(Mg+Ca) ratio of 1.86. In such a condition,
insoluble AlF; is expected to form during high P-T digestion
as discussed in the previous section. To check the formation
of stable and insoluble AlF;, we centrifuged the solution of
JR-24+Mg after acid digestion and defermined the mass
fractions of IFFEs in the supernatant (Table S6). The D' values
of Y and heavy REEs (Gd-Lu) in the supematant of JR-2+Mg
are 4-6% lower than those measured without centrifugation
(Figure 4c). The systematic decrease in the D' values
associated with centrifugation suggests the occurrence of
insoluble AlF3 that coprecipitated trivalent ions. Note that the
formation of AlF3 in JR-2+Mg is not particularly problematic
it sample solufions are shaken before ICP-MS measure-
ments, as acceptable D' values for JR-2+Mg for most
elements within + 5% were obtained. As a result, we
surmise that the actual conditions under which insoluble AlF;
cannot form using Method C are Al/(Mg+Ca) < 1.86 and
Ca# < 040.

For JR-2+exMg, the large D values (> 2500%) for Nb
and Ta and acceptable D' values (<4 5%) for Zr and Hf
indicate that the isotopic equilibria of Zr and Hf between the
sample and spike has been achieved while the ID-IS
method for the determination of Nb and Ta failed as a result
of coprecipitation of HFSEs with insoluble Mg-fluorides and
Caluorides, as is discussed in the previous section (Method
B). Therefore, contrary to the previous study, we found that Zr
and Hf in samples such as JR-24+exMg were coprecipitated
with fluorides after the isotopic equilibria of Zr and Hf
isotopes through Method C and Method B.

However, the absolute D' values for Zr and Hf, as well as
Nb and Ta, are larger than 12% for JG-2+Mg. This
observation suggests the failure of isotopic equilibria for Zr
and Hf between the sample and spike and then the mass
fractions of Zr and Hf, as well as Nb and Ta, are not
determined accurately by the ID-IS method in the isotopic
disequilibria. We consider that a part of Mg added to the
somp|e was consumed to form MgFy, where Zr and Hf
spikes were incorporated before the DAB-2 digestion. Under
high P-T conditions, the solution in the DAB-2 insert became
Mg-poor (ie, Al-rich) relative to the expected CO-A|-I\/\g
composifion, resulting in the formation of stable insoluble
AlF5. All of the absolute D values for trivalent IFFEs in JG-
2+Mg are < 11%, thus supporting the coprecipitation of

these elements with stable and insoluble AlF;. Compared
with JG-2+Mg, the absolute Y values for IFFEs are smalll in
JG-2+exMg. Therefore, it is conceivable that the formation of
AlF3 was suppressed in the case of JG-2+exMg as the Ca-
Al-Mg composition of the solution in the DAB-2 insert was
more Mg-rich in JG-24+exMg than in JG-2+Mg. This
conclusion is supported by the fact that the mass fractions
of IFFEs in JG-2 defermined using Method A, in which a
sample with JG-2+exMg composition was decomposed
under high P-T conditions, were consistent with those of
literature.

Unlike JG-24+Mg, isotopic equilibria of Zr and Hf were
achieved for JR2+Mg and JR-2+exMg, as discussed
above, although Mg solution was added to these samples.
The inconsistency is because of the difference in the
petrology of the used samples. JR-2 is glassy obsidian and
easily decomposable in acid under standard pressure and
temperature. Thus, the expected Ca-Al-Mg composition was
achieved in JR2+Mg and JR-2+exMg under high P-T
conditions. In addition, the isotopic disequilibria caused by
the difference in the dissolution rate of minerals during
sample decomposition (e.g, plagioclase, pyroxene and
refractory minerals) were discussed by Takei et al (2001).

We obtained excellent D' values of Ti (< £+ 2%) in all
Mg-addition samples and then achieved the isotopic
equilibration of Ti between the sample and spike. This result
indicates that Ti is not coprecipitated with MgF, through
Method C, which is consistent with the argument of Lu et al

(2007).

Application of Method C: We conclude that the
simultaneous  determination of IFFEs and HFSEs using
Method C is possible for samples with Al/(Mg+Ca) < 1.86,
Ca# < 040 and Mg# < 040, that is, the samples with
Ca-Al-Mg composition highlighted in white in Figure 3b.

For samples with Ca# > 0.40 and Mg# > 040, such as
BHVO-2 (yellow area in Figure 3b), Method C can be
applied if the Ca-A-Mg composition is adjusted using Al
solution before sample digesfion. Al addition is effective to
avoid the coprecipitation of HFSEs with Ca- and Mg-
fluorides. However, an excessive addition of Al in the ratio of
A|/(I\/\g+Co) > 1.86 causes a problem in the formation of
insoluble AlF3 that coprecipitates IFFEs under high P-T
conditions.

The mass fractions of IFFEs and HFSEs in samples with Al/
(Mg+Ca) > 1.86 are difficult to determine accurately
through Method C. The adjustment of the Ca-Al-Mg
composition by Mg addition is valid for samples that can
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be easily decomposed in acid (e.g, JR-2). The Mg-addition
method is difficult to apply to samples containing acid-
resistant minerals (e.g, granites) because MgFs is formed
before sample digestion under high P-T conditions. This
important finding was overlooked by Tanaka et al (2003),
who used synthefic solution samples to determine the
compositional range that causes HFSE coprecipitation with
fluorides. We speculate that the same problem would occur
when Ca solution is added to an Al-rich sample to adjust the
Ca-Al-Mg composition because CaFy coprecipitates HFSEs.

The problem of fluoride precipitation by Mg (and Ca)
addition occurs when both IFFE and HFSE abundances are
determined from Method C. The mass fractions of IFFEs in the
Al-rich refractory samples can be obtained by the addition of
an excessive amount of Mg (e.g, JG-2+exMg). The mass
fractions of IFFEs and HFSEs in samples containing refractory
minerals with Al/(Mg+Ca) > 1.86 should be determined
separately using Method A, on the condition that a large
amount of samples are crushed and homogenised to
reduce the effect of the sample heterogeneity.

Conclusions

In the present study, we have developed the simultane-
ous method, in which the mass fractions of IFFEs and HFSEs
in rock samples can be determined precisely using a
solution prepared by the dissolution of a single sample
aliquot and the risk of the incomplete recovery of either IFFEs
or HFSEs can be avoided. The performance of the
simultaneous method was evaluated by measuring the
mass fractions of IFFEs and HFSEs in some geological
reference materials and comparing the results with those
obtained by the conventional procedure (Method A).
Erroneous mass fractions were obtained when either the
IFFEs or HFSEs were incorporated into insoluble fluorides that
formed during the acid digestion of the samples. To avoid
the coprecipitation of IFFEs and HFSEs with flucrides in the
simultaneous method, the Ca-Al-Mg composition of the
sample must be adjusted to be within the white area of
Figure 3 prior to sample digestion with acids. In the case of
sample digestion on a hot plate (ie, Method B), the Ca-Al-
Mg composition of the sample must be Ca# < 0.43 and
Mg# < 040 (Figure 3a). In contrast, when the sample is
digested under high P-T conditions using DAB-2 (Method
Q), the dllowable range is Al/(Mg+Ca) < 1.86, Ca#
< 040 and Mg# < 040 (Figure 3b). This result is consis-
tent with the notion reported by Makishima et al (2009) that
high Al proportion in the dissolved sample is required to
defermine HFSEs but hinders the defermination of IFFEs
when the sample is digested using DAB-2. We found that
(1) the IFFE and HFSE abundances in a single sample

aliquot can be simultaneously determined by the ID and ID-
IS methods if the Ca-Al-Mg composition of a sample is
adjusted to the specific composition presented above by the
addition of Al solution and (2) the addition of Mg (and Ca)
solution should not be used for the exchange of the Ca-Al-
Mg composition of a sample because MgF, and CaF; are
formed prior to the sample decomposition and adjustment
of the Ca-Al-Mg composition.

Although we need to know the compositions of Ca, Al
and Mg in the sample solution before applying the
simultaneous method, major elements including Ca, Al
and Mg are measured by other techniques such as XRF
and/or ICP-AES/OES in most cases (e.g, Mitflefehldt et al
2013, Barrat et al 2015). The abundance of maijor
elements can be easily deftermined by portable XRF
although this instrument has lower analytical precision than
conventional methods (e.g, XRF and/or ICP-AES/OES) (eg.
Watanabe et al. 2020). Therefore, the method presented in
this study is used for the simultaneous determination of the
IFFE and HFSE abundances with high repeatability (4%)
and relatively small biases in the mass fractions of & 5% for
most of the elements compared to those by the separate
methods. The simultaneous method is advantageous in
terms of decreasing the requisite amount of a sample in the
analysis of multiple elemental abundances and isotopic
compositions. This method is specifically beneficial for the
analysis of precious materials including asteroid samples
retured in space exploration missions (e.g, Hayabusa2
and OSIRIS-REx). In addition, this method is suitable for the
determination of IFFEs and HFSEs in heferogeneous sam-
ples that contain accessory minerals with extremely high
abundances for some IFFEs and/or HFSEs (e.g., zircon,

monazite and rutile).
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