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Solution MC-ICP-MS is an established technique for high precision boron isotope measurement results (8" 'Bsgam 951) in
carbonates, yet its application to silicate rocks has been limited. Impediments include volatilisation during silicate
dissolution and contamination during chemical purification. To address this, we present a low-blank sample preparation
procedure that couples hydrofluoric acid-digestion and low-temperature evaporation (mannitol-free), to an established
MC-ICP-MS measurement procedure following chemical purification using B-specific Amberlite IRA 743 resin. We obtain
accurate 8' 'Bspm 951 values (intermediate precision 0.2%o) for boric acid (BAM ERM-AE121 19.65 =+ 0.14%c) and
carbonate (NIST RM 8301 (Coral) 24.24 + 0.11%) reference materials. For silicate reference materials covering mafic to
felsic compositions we obtain 8' 'Bsgm 951 with intermediate precision < +0.6%o (2s), namely JB-2 6.9 + 0.4%o; IAEA-B-5
-6.0 £ 0.6%o; IAEA-B-6 -3.9 + 0.5%o (2s). Furthermore, splits of these same reference materials were processed by an
altemative fusion and purification procedure. We find excellent agreement between §' 'Bsgpm 951 measurement results by
MC-ICP-MS of the reference materials using both sample processing techniques. These measurement results show that our
sample processing and MC-ICP-MS methods provide consistent 8' 'Bsgm 951 values for low B-mass fraction samples. We
present new data from Mid Ocean Ridge Basalt (MORB) glass, documenting a range in 8' 'Bsg 951 from -5.6 + 0.3%o to
-8.8 + 0.5%o (2s), implying some upper mantle 8' 'Bsgm 951 heterogeneity.
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isofopes.
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8" Bsgi 051
= (R(”B/]OB)Somr_ﬂe/R(]]B/]OB)SR/\/\ 951']> (1)

Isotopic fractionation of boron during surtace (e.g.
Spivack et al 1987) and subduction processes (Ishikawa
and Nakamura 1993, De Hoog and Savov 2018) followed
by its deep recycling can strongly influence the present-day

boron isotopic composition of the mantle (see review in
Marschall 2018). The ' 'B/'°B ratio (expressed as 8" Bsrm 051,
relative to National Institute of Standards and Technology

(NIST) Standard Reference Material (SRM) 951 Boric Acid
Isotopic Standard, in parts per thousand:

doi: 10.1111/ggr.12527

varies by ~ 50%o between chondrites and modem
seawater (Foster et al. 2018), making it a powerful means
to differenfiate between reservoirs within the mantle with
different contributions of recycled components, providing

sufficient precision can be aftained.
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Characterising the boron isotopic composition of the
upper mantle, as sampled by MORB is important, but
challenging, as these depleted samples often contain < 1
ug g boron mass fraction (Ryan and Langmuir 1993). A
recent, comprehensive set of MORB measurement results by
a refined secondory ionisation mass spectrometry (SIMS)
approach reported an isofopic range of ~ 4%o (6''Bsga 051
of -4.0 to -7.8%0 (Marschall et al. 2017)). However, |0rge
measurement uncertainties (Typico”y +2 to £4%o; 2s), make
it difficult to resolve possible source variability from
measurement imprecision (Marschall et al 2017). Advances
in the use of boron isotope ratio measurements to investigate
the composition of the Earth’s upper mantle therefore
requires improvement in measurement uncertainties (Foster
et al 2018). The defermination of boron isotopes by solution
MCHCP-MS offers a means to obtain high signal to noise
ratios given sufficient sample (10 to 50 ng of B, this study)
(eg. Wei et al 2013, Zhu et al 2021, Cai et al 2021,
Li et al 2019). If this can be combined with control of
instrumental mass bias via regular  sample-standard-
bracketing, and chemical purification of boron with minimal
isotopic fractionation and  contamination, then higher
precision measurement results are viable (Li et al 2019).
Boron isotope ratio measurements by MCAICP-MS sample-
standard-bracketing techniques do not require close match-
ing of boron concentration in samples and isotope
standards (ie, samples in the range of 5 to 50 ng g
boron mass fraction can be bracketed by a 50 ng g™ boron
isotope standard (Foster 2008, Rae et al. 2011, Devulder
et al 2013)). Matrix impurity has not shown to result in
significant deviation of 8' 'Bsgam 951 results in experimental
runs (e.g, Devulder et al 2013). Yet, we find that monitoring
buffer reagent signal intensity correlates to some extent
with larger measurement uncertainty in  our early

experimental runs.

The extraction and separation of boron from silicate
matrices is challenging compared with carbonate samples,
and numerous fechniques have been frialled, including
pyrohydrolysis, acid digestion, and flux fusion in preparation
for analysis (Nakamura et al 1992, Spivack et al 1987,
Tonarini et al 1997). The standard-sample bracketing
approach used in MCICP-MS critically requires matrix
removal to achieve similar measurement conditions (matrix
effects) between samples and isotope standards. However,
certain boron species are volatile, particularly when drying
samples in aqueous/acidic solution (e.g, Xico et al 1997),
and procedural blank contributions are also a significant
concern during sample processing. Achieving sufficient
purification of boron from silicate samples for bias free
measurement results without isotopic fractionation during
dissolution and  chromatographic  separation  remains

problematic. In previous studies, significant emphasis has
been placed on the matrix removal through multiple ion-
exchange columns (e.g, Tonarini et al 1997), however
recent studies have sought to reduce the column procedure
complexity (e.g, Li et al 2019). Some studies have trialled
the use of acids (e.g., HF) to dissolve silicate somp|es as an
altemative to flux fusion techniques, with the aim of
eliminating the need for expensive platinum crucibles and
reducing the procedural blank. Reasonable agreement has
been achieved (5''Bsgm 051 values within 0.7%o) between
these flux fusion and hydroﬂuoric acid (HF) digesﬁon
experiments using thermal ionisation mass spectrometry
(TIMS) (e.g. Rosner et al 2003). These difficulties have at
least in part delayed the application of the advantages of
the MCICP-MS methodology, routinely applied to carbon-
ates (Foster et al 2008, Stewart et al 2020, Gutjahr
et al 2020), to boron isotope measurement of silicate
samples.

Here we present a hydrofluoric acid (HF) dissolution and
dry down technique followed by a three-step chemical
separation, involving no further sample dry down between
columns. This protocol draws on previously documented
insights on boron volatilisation and processing, which have
been performed over the last three decades (Nakamura
and Ishikawa et al 1992, Xiao et al 1997, Gaillardet
et al 2001). This chemical purification approach is coupled
with a precise MC-ICP-MS technique (Foster 2008, Rae
et al 2011, Stewart et al. 2020), that has been calibrated
against Wio|e|y used carbonate reference materials (Foster
etal 2013, Gutiohr et al. 2020, Stewart et al. 2020). In |ighf
of the previously discussed poor to moderate reproducibility
of boron isotopic measurements on silicate samples by
different measurement techniques and independent sample
preparation procedures (e.g, Gonfiantini et al 2003), we
compare MC-ICP-MS measurement results of sub-samples
from the same batches of reference materials purified by our
new HF digestion method and a flux fusion technique
(Tonarini et al. 1997), traditionally used in conjunction with
TIMS. Given notable differences in these sample preparation
techniques, this test of consistency is a valuable assessment
of the robustness of our approach.

Materials and sample preparation

Synthetic isotope cerfified RM solutions and
natural silicate reference materials

As is conventional, we used NIST SRM 951 as our
bracketing reference isotope standard for mass spectrometry.
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We monitored infermediate precision, independent of
column chemistry, using the BIG D boric acid solution (Foster
et al 2013) and BAM ERM-AE121 (Boric Acid in Water
certificate value of 19.9 + 0.6%o; (\/og| and Rosner 2012)).
To fest for possible fractionation during chemistry and
sample preparation, we used the NIST RM 8301 (Coral).
This solution, with a composition mimicking a dissolved coral,
has well-characterised 8”BSRM 951 from a recent inter-
laboratory comparison exercise (cerfificate value of 24.17 £
0.18%o, Stewart et al (2020)).

For natural rock reference materials, we have focussed
on three volcanic samples widely analysed in previous inter-
laboratory comparisons (Table 1). These include two basaltic
samples: the Japanese Geological Survey JB-2 (which is o
subduction zone basalt from the Izu volcanic arc (Japan))
and IAEA-B-5 (which is a basalt from Mount Etna (ltaly)),
distributed by the International Atomic Energy Agency for
interlaboratory calibration of boron isotope measurements
(Tonarini et al 2003). Although basalts are our prime
interest, we additionally analysed the Infernational Atomic
Energy Agency standard, IAEA-B-6, a natural rhyolite glass
(obsidian) from Lipari Island (I‘ro|y).

To illustrate the utility of our approach we also present a
small set of 8'"Bsgm 051 measurement results of MORB
glasses, from three major ocean basins comprising three
normal and one enriched MORB (Table 2) (Niu ef al 1999,
Rege|ous et al 1999, Robinson et al 1996, Niv and
Batiza 1994). These samples were previously analysed by
SIMS (Marschall et al 2017) and thus provide inter-
comparison of SIMS and MC-CP-MS  techniques. The
sample set includes two samples with a Cl/K ratio of
< 0.08, which is considered to be the threshold for MORB
glass uncontaminated by seawater (Marschall et al. 2017).
Our Pacific EMORB sample has higher CI/K and so we
compare this with a Pacific N-MORB sample, which also has
elevated CI/K (Table 2). As another more B-enriched
basaltic sample, we also analysed one glassy ocean island
basalt from Pitcaim Island (Table 2), which has been
analysed previously by SIMS (Walowski et al 2021).

Experimental

Measurement procedure for volcanic glass

Shards of volcanic glass, free of visible inclusions, were
hand picked under a binocular microscope, avoiding
confaminant mineral phases or whole rock particles and
clasts. Typically, 30 to 60 mg were separated for analysis.
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The hand picked glass shards were then gently washed in
de-ionised boron free water and treated ultrasonically for 5
min. The samples were then partly covered using para-film
and left to dry in a low aiflow box fitted with B-free HEPA
filters.

Hydrofluoric acid digestion of silicate materials

Samples were prepared in a clean laboratory fited with
a Bree HEPA air filtration system (University of Bristol).
Sufficient sample was weighed out to yield approximately
10 to 100 ng of boron and placed into a 7 ml PFA screw-
top beaker before the following dissolution and drying steps
were carried out in a class 100 fume hood. Concentrated
HF (Romil UliraPure grqde) was added to somp|es in a
proportion 10:1 by mass for dissolution. The beaker was
sealed and placed on a hot plate at 60 °C for 24 to 48 h
(class 100 fume hood). During dissolution, condensate on
the sides and top were carefully tapped back to the bottom
of the beaker. This experimental set-up was tested on low-
SiO5 bulk rock materials and volcanic glasses only therefore
its application to higher-SiO, bulk rock material was not
tested in this study. Beaker lids were removed for dry down,
and in their place, a second 7 ml uncapped beaker was
placed upside down on top of the sample beaker with a
small gap (~ 1 mm) left between upright and inverted
beakers (Figure 1).

This arrangement, which is a modification after Gaillar-
det et al (2001), allows for controlled evaporation, in an
equilibrated environment and protects the sample from
particles falling in during the protracted, low temperature dry
down (Gaillardet et al. 2001). The time elapsed until dryness
was a function of total acid used for digesfion and varied
between 6 and 12 h, at 60 °C on the hot |o|0’re. Earlier
studies used mannitol (CoH4Qe) to  minimise boron
volatilisation during o|ry down (Nakamura et al 1992), but
others have quesﬁoned the value of its addition (Gaillardet
et al 2001). A|though practitioners who use mannitol have
appropriately minimised its impact on the boron blank, we
have adopted an approach that does not include mannitol,
thus removing this potential source of boron contamination
altogether.

The dried samples were re-dissolved in 200 pl of
0.5 mol I'" distiled nitric acid. This redissolution was often
incomplete, likely due to insoluble fluorides, but these residues
have been found not to fracfionate boron from the sample
(Rosner et al 2003, Pi et al 2014, Liu et al 2018). The amount
of insoluble fine particles typically correlates with digested
sample mass. A minimum of 150 pl (depending on the
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Table 1.

Measured 6''Bsgmos: values of silicate reference materials and previously published values

JB-2 | 2s | n [Dissolution| Reference

IAEA-B-5 | 2s | n | Dissolution Reference

MC-ICP-MS 6.90 0.40 12 HF This study
6.90 0.10 1 Flux fusion This study
6.96 022 2 HF Pi et al. (2014)
7.38 0.65 6 HF Li et al. (2019)
7.20 0.53 7 HF Wei et al. (2013)
7.38 0.00 HF Le Roux et al. (2004)
722 0.45 5 HF Zhu et al (2021)
7.30 0.60 9 Flux fusion Cai et al. (2021)

LA-MC-ICP-MS 7.30 0.14 in situ Le Roux et al. (2004)
N-TIMS 7.12 0.34 4 Flux fusion Kasemann
et al. (2001)
690 0.80 Flux fusion Kasemann
et al. (2000)
P-TIMS 7.14 1.54 9 Flux fusion Kasemann
et al (2001)
7.09 0.19 Flux fusion Nakamura
et al. (1992)
723 0.48 Flux fusion Tonarini et al. (1997)

7.33 037 | 14 Flux fusion Tonarini et al. (2003)
7.66 0.20 8 Flux fusion Dyar et al. (2001)#+

7.66 0.20 11 Flux fusion Leeman and Tonar-

ini (2001)#+
6.85 - 2 HF Deyhle (2001)
7.50 120 | 15 Flux Fusion Vils et al. (2009):
579 041 | 38 Flux Fusion Leeman

et al. (2004)

MC-ICP-MS -6.00 0.60 6 HF This study
-6.10 0.40 1 Flux fusion This study
-3.63 0.68 3 * Gonfiantini
et al. (2003)
-3.60 0.69 3 HF Wei et al. (2013)
-3.86 0.64 2 HF Pi et al. (2014)
-4.43 0.80 5 HF Zhu et al. (2021)
-4.90 030 | 15 Flux fusion Cai et al. (2021)
P-TIMS -4.69 0.60 6 HF Li et al. (2019)
-395 0.32 5 Flux fusion Tonarini et al. (2003)
-1.64 078 3 * Gonfiantini
et al. (2003)
-4.16 0.36 4 * Gonfiantini
et al. (2003)
-4.39 0.53 Flux Fusion Xiao et al (2011)
SIMS -5.46 1.04 5 in situ Gonfiantini
et al (2003)
-9.20 4.40 1 in situ Gonfiantini
et al. (2003)

* Gonfiantini et al. (2003) report results of anonymous participants, therefore detail information on laboratory procedures is unavailable.
## 8 Bspmost calcualted based on given ''B/'B ratios in the reference for JB-2 and NIST SRM 951.

#+% intermediate precision reported.

volume of largely precipitate free solution) was transferred into
a plastic micro centrifuge tube and centrifuged for 5 min (at
13,000 rpm) to separate remaining fine particles that did not
re-dissolve. After centrifuging, the supernatant from the step
above was carefully pipetted off and loaded onto the first
chromatography column.

lon exchange column chromatography procedure
for boron extraction and purification

lon exchonge procedures, summarised in Figure 2, are
modified from well-tested boron separation techniques from
carbonate matrices established in the Bristol laboratory
(Foster 2008, Rae et al. 201 1), with the addition of cationic
columns either side of the boron specific separation, to
remove the greater matrix load from typical silicate samples
(Tonarini et al. 1997). These extra steps were implemented
in a protocol that does not require intermediate sample dry
down between column separations and the associated risk
of sample loss or fractionation. Thus, in our preparation
procedure, samples are only evaporated to dryness after
initial dissolution (see previous section).

Samples were first passed through a micro-cation
exchange column (resin: Dowex AG50W-X8 100-200
mesh, 200 pl volume, see Figure 2), to remove the maijority of
the major element fraction. Centrifuged samples were
loaded and then eluted with an additional 50 pl of 0.5
mol ' nitric acid. All eluents from this initial column were
collected. Experiments with reference solutions (NIST SRM
951 and NIST RM 8301 (Coral)) did not reveal significant
boron isotopic fractionation from this cation exchange resin
(@ known problem when using the boron specific anion
exchange resin Amberlite IRA 743 if < 99% of boron
is recovered (lemarchand et al 2002, Nakamura
et al 1992)).

Solutions were then buffered to a pH of 5 using an
equal volume of 2 mol I'' Na acetate and 0.5 mol I'' acetic
acid buffer. The buffer itself was first purified by passing
Through a ~ 500 p| volume Amberlite IRA 743 column,
twice. The buffered somp|e was loaded sfepwise (100 p| at
a time) onto a 20 pl column (see Figure 2) containing
Amberlite IRA 743 anion-exchange resin. Samples were
purified by elution of matrix components with B-free high
purity water (HPW Milli-Q company, resistivity: 18.2 MQ cm),

94 © 2023 The Authors. Geostandards and Geoanalytical Research published by John Wiley & Sons Ltd on behalf of

International Association of Geoanalysts.

85U8017 SUOWILIOD BAIIE8.D) 8|edt|dde sy Aq peusenob ae sspiie YO ‘88N Jo sejni 1oy Areiq18uUlUO 43I UO (SUORIPUOD-PUR-SWSH WD A8 |ImAIq 1 BUIUO//:SdNY) SUORIPUOD Pue WIS | 38U} 88S *[7202/70/£2] Uo Ariqiauljuo A8|1Mm ‘A%iq uoueylold 8y 1 spse JO AisieAln Aq 2z6zT 166/TTTT 0T/I0p/woo A (1M Alelq1pul|uoy/Sdiy wolj pepeojumod ‘T ‘%202 ‘X806TSLT



AN
GEOSTANDARDS and
W+ GEOANALYTICAL
RESEARCH
IAEA-B-6 | 2s | n | Dissolution | Reference BCR-2 | 2s | n [ Dissolution | Reference
MC-ICP-MS -3.90 0.50 | 10 HF This study MC-ICP-MS -4.4 0.2 1 HF This study
-2.90 0.10 1 Flux fusion This study -593 0.53 4 HF Liv et al. (2018)
-4.46 1.68 3 * Gonfiantini -570 0.35 5 HF Zhu et al. (2021)
et al. (2003)
-1.60 0.60 4 HF Wei et al. (2013) -443 0.50 4 Flux fusion Cai et al. (2021)
276 048 6 HF Li et al. (2019) -5.90 0.20 4 HF Wei et al. (2013)
-1.61 044 | 4 Flux fusion Tonarini
et al. (2003)
-2.89 055 | 8 HF Devulder BHVO-2 2s n Dissolufion Reference
etal (2013)
271 0.29 5 HF Zhu et al (2021) | MC-ICP-MS -32 0.2 1 HF This study
-19 02 19 Flux fusion Cai et al. (2021) -1.61 0.62 4 HF Liv et al. (2018)
P-TIMS -0.45 060 | 13 * Gonfiantini -2.38 0.47 6 HF Zhu et al (2021)
et al (2003)
-1.56 0.60 4 * Gonfiantini -0.53 0.50 11 Flux fusion Cai et al. (2021)
et al. (2003)
-3.35 0.24 3 * Gonfiantini -0.70 0.10 5 HF Wei et al. (2013)
et al (2003)
LA-MC-ICP-MS 24 0.3 10 in situ Fonseca
etal (2017)
-3.29 112 | 35 in situ Hou et al (2010)

before the sample fraction containing boron was eluted with
0.5 mol I'" nitric acid (5 x 110 pl). An additional elution step
(the “tail) was performed dfter sample collection and
analysed for boron concentration to ensure recovery from
columns was complete (> 99%). These resin volumes are
deliberately small (20 pl) so that matrix free samples can be
obtained in low volumes of eluted acid (ie, only 550 pl) that
require no further dry-down prior to analysis. Resin within the
columns should be routinely refloated prior to use to ensure
no air bubbles or resin displacement.

Large volume silicate samples at this point may still have
retained some matrix elements. Therefore, for further
purification we pass samples through another cation
exchange procedure, identical to the first column. This final
column should also remove occasional contamination of
sample with buffer that can occur from breakthrough in the
Amberlite IRA 743 column.

Instrumentation — solution mode MC-ICP-MS

All isotope rafio measurements were performed at the
University of Bristol using a Thermo-Finnigan Neptune

MCHCP-MS fitted with an ESI sapphire injector, a PFA Scott
barrel spray chamber and a 50 pl min!' PFA nebuliser for
sample introduction. Nickel skimmer (X-geometry) and
standard sample cones were used. The Neptune is
equipped with two amplifier boards containing 10'?
Q resisfors that are used for measurement of '°B* and
"B* (at mass to charge ratio (m/2) =10 and 11
respectively).

The NIST SRM 951 bracketing isotope reference
material was run at a boron concentration of 50 pg I,
Prior to analysis, a 10 pl aliquot of each 550 ul sample
solution was diluted and pre-screened for boron concen-
tration and matrix (sodium concentration) content so
that remaining sample solutions could also be diluted to
50 pg I'" boron concentration. Some samples did not have
enough boron to yield a 50 pg I'" solution in the 550
eluted from the final column - these samples were
crnc1|yseo| undiluted at lower concentrations (nofe none
were below 19 Hg |’] boron concenrroﬁon). Previous work
has shown that samples with boron concentration as low
as 10 pg I'" can be bracketed with 50 pg " NIST SRM
951 solutions while still obtaining accurate results (Fos-
ter 2008, Rae et al 2011).
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Table 2.

Comparison of new MC-ICP-MS data with literature values obtained by SIMS, and relevant geochemical
information. 8''Bsgmos1 (%) measurement precision of new data reported for intermediate precision
determined in this study (0.6%o)

Sample | 6'"Bsgmost (%) | Sample | 6'"Bsgmost (%o) (B (ug g')| CI/K | La/Sm, Ridge Reference
MC-ICP-MS mass (g) SIMS SIMS
(This study) (Marschall et al 2017)
PH103-2 -5.6 + 0.6 47.8 -42 + 30 195 074 107 East Pacific Rise 1
PH54-3 -6.5 + 06 632 -9.8 +£ 30 0.87 0.42 0.61 East Pacific Rise 2
D27-1 -6.2 + 0.6 559 -7.5 + 6.1 0.87 0.04 0.57 Mid Atlantic 3
Ridge
5/15¢g -8.8 + 0.6 440 -6.8 + 3.9 1.50 001 0.75 South-West 4
Indian Ridge
(This studly) (Walowski et al. 2021)
SO-65-51- -50 + 0.6 47 .4 -53 + 09 205 Pitcaim Islands
DS9 (mean, n = 6)
SO-65-51- -5.1 + 0.6 259
DS9
References.

1. Niu et al. (1999).

2. Regelous et al. (1999).
3. Niu and Batiza (1994).
4. Robinson et al. (1996).

Condensation of boric
acid in upturned beaker
(enriched in 11B)

HF vapour
escapes

(low boron)
Re-condensed HF

droplets migrate
back to lower vial

Smaltl)(: mm) 4/ and evaporate
gap between several times
beakers
Dissolved __|
sample [
- |

Figure 1. Schematic drawing of the beaker arrange-

ment for the sample dry-down after HF digestion.

Concentrated HF (6 pl) is added to all sample solutions
immediately prior fo analysis to yield a solution of 0.3 mol I'!
HF and 0.5 mol I HNO3. Similarly, all wash, blanks and
bracketing standards are run as 0.3 mol I'' HF and 0.5 mol
I'" HNOg solution, ensuring all boron is present as soluble

BF, and not volatile B(OH); (Zeebe and Rae 2020).
Using this HF addition approach, instrumental blank is
reduced to < 1 % of sample affer 2 min wash. This
method avoids poor instrumental washout that can occur
due to boron voldtilisation from other acid media (Misra
et al. 2014) and is more effective than the previous use in
the Bristol laboratory of ammonia gas addition
during somp|e infroduction  (Al-Ammar et al 2000,
Foster 2008).

Acquisition fime per measurement was 120 s (infegra-
tion time of 4 s, thirty ratios, one block). Together with up-take
time, this means that each purified sample can be analysed
up to three times using a 50 pl min™' nebuliser. Typically,
samples are run twice, in different parts of the sequence, to
reflect representative instrumental variability. The boron
isotope ratio reported for a sample is the mean of the
measurement results. As there is enough material for
triplicate runs, if a particular part of a run is noisy, or uptake
imperfect, a third measurement is possible. When made, a
pooled mean and 2s of the three analyses are reported.
Each individual analysis was blank corrected by subtracting
from the sample infensities at m/z 10 and 11 interpolated
between measurement results from bracketing ‘blank pots’,
which are beakers containing equal volumes of blank acid,
run in the same fashion as the samples to monitor the small
cumulative addition of airborne boron over the analysis time

of a given sequence (Rae et al 2011).
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Cation (AG50Wx8; Column volume 200 ul)

Cation exchange

Cleaning 3 x 6 mol I HCI (1 ml) column
Conditioning 2 x 0.5 mol I" HNO, (1 ml) £
Sample loading 150 pl 0.5 mol I HNO, Column | 11om 112
Sample elution 50 pl 0.5 mol I HNO, reservoir g
Column cleaning 3 x 6 mol I HCI (1 ml) <
Column cleaning 2 xH,0 (1ml) AG50Wx8

Cation exchange | - £

resin (vol 200 ul) | | [©

Frit &
4 mm

Anion (Amberlite IRA 743; Column volume 20 pl)

Pre-conditioning

1% 0.5 mol I HNO, (cr)

Anion exchange

Pre-conditioning 1% 0.5 mol I" HNO, (150 pl) g column
Conditioning 2 x H,0 (150 pl) T £
Sample loading 4 x (100 pl steps) § S Column | 41 mm é
Sample purification 10 x H,0 (160 pl dropwise) 5 % reservoir 5
Sample elution 5 x 0.5 mol I'' HNO, (110 pl) E EJ <
Sample tail elution 1x0.5mol I HNO, (150 ul) § &  Amberlite TE

, ] = IRA 743 resin S
Column cleaning 2x0.5mol I"HNO, (1 ml) < (ol 20 ul) = Frit

Column cleaning

2 x H,0 (1 ml)

Cation (AG50Wx8 ; Column volume 200 pl) Second pass

Cation exchange

Cleaning 3 x 6 mol I HCI (1 ml) column
Conditioning 2 x 0.5 mol I" HNO, (1 ml) c
Sample loading 550 il 0.5 mol I HNO, cormn | s |[2
Sample elution 50 ul 0.5 mol I HNO, reservoir g
Column cleaning 3 x 6 mol I' HCI (1 ml) <
Column cleaning 2 xH,0 (1 ml)
AG50Wx8 11.
Cation exchange | | |£
resin (vol 200 ul) | | [©
Frit £
4 mm

(cr) = column reservoir

Figure 2. Procedure of the ion exchange chromatography in table format with schematic drawings of the column

design and dimensions used in this study, for the respective steps.

Intercomparison method - K,CO3 flux fusion
(IGG-Pisa) sample preparation procedure

The three selected silicate reference materials were also
prepared at IGG-CNR in Pisa (Italy), using the B-separation
method described by Agostini et al (2021). Approximately

02 to 04 g of powdered rock samples were mixed with
purified, powdered KoCOs in PtIr (95%-5%) crucibles, at a
KoCOgz/rock ratio > 4. KoCOg is used since ifs high
solubility facilitates rapid aqueous leaching of the resulting
fusion cake. The sample+flux mixtures are fused ot a
temperature of ~ 1000 °C. After cooling, boron was

© 2023 The Authors. Geostandards and Geoanalytical Research published by John Wiley & Sons Ltd on behalf of 97

International Association of Geoanalysts.

85U8017 SUOWILIOD BAIIE8.D) 8|edt|dde sy Aq peusenob ae sspiie YO ‘88N Jo sejni 1oy Areiq18uUlUO 43I UO (SUORIPUOD-PUR-SWSH WD A8 |ImAIq 1 BUIUO//:SdNY) SUORIPUOD Pue WIS | 38U} 88S *[7202/70/£2] Uo Ariqiauljuo A8|1Mm ‘A%iq uoueylold 8y 1 spse JO AisieAln Aq 2z6zT 166/TTTT 0T/I0p/woo A (1M Alelq1pul|uoy/Sdiy wolj pepeojumod ‘T ‘%202 ‘X806TSLT



AT

GEOSTANDARDS and

L~ GEOANALYTICAL
RESEARCH

brought into aqueous solution over-night by addition of B-
free water. The solution, along with the insoluble phases, was
transferred into polypropylene tubes, prior to centrifugation.
Boron was then extracted and purified from the solution with
an optimised three-step chemical separation procedure, as
described in Agostini et al (2021).

Inifial sample purification was achieved using boron-
specific Amberlite IRA 743 20-50 mesh resin, in ~ 2.35 ml
volume PFA columns (resin radius = 5 mm, resin
height = 30 mm, frit thickness = 2 mm). The Amberlite IRA
743 was used once per chemistry and discarded after-
wards. The resin was cleaned using 1.5 mol I HCI (2 x
reservoir volume) and pre-conditioned using an aqueous
NH3 (pH ~ 10). The sample was loaded at pH > 10 and
rinsed with an aqueous NHjz (pH ~10), followed by boron
elution using 1.5 mol I'" HCl, collected in concave bottom
PFA beakers (Savillex) and dried ovemight. To avoid boron-
loss and fractionation during this step, mannitol was added
to the eluted sample, and the hot plate temperature
maintained < 70 °C.

The o|oy after, somp|es were re-dissolved in 0015 mol I'!
HCl and then passed through AG50W-X8x (200 to 400
mesh) cotion-exchonge resin (235 ml  volume,
radius = 5 mm, height = 30 mm, Tonarini et al. 1997).
Boron was immediately collected with 0.015 mol I HC. The
sample solution was adjusted to pH > 10 adding 0.8 ml of
1.5 mol I'" NH3, following a third purification step. The
sample was passed through 20 to 50 mesh Amberlite IRA
743 resin, following the procedure outlined above, modified
by collecting boron from Amberlite IRA 743 in w = 2%
HNO3, ready to be measured via MCICP-MS.

All the chemical purification steps were performed in a
class 1000 clean room, using B-ree ultrapure reagents.
High purity water (HPW) was obtained by sub-boiling
distillation using a Savillex DST-1000; HCl was obtained
starting from azeotropic solution of Supelco (Sigma-Aldrich)
HCl and two subsequent steps of sub-boiled distillation
using a Savillex DST-1000; HNO3 was obtained starting
from Suprapur (Merck) HNO3 and two subsequent steps of
sub-boiling disfillation using a Savillex DST-1000; B-free
NH3 was obtained with sub-boiling distillation of ultrapure
NHg, adding mannitol to the starting solution to prevent

boron volatilisation.

Again, prior to analysis by MCICP-MS (Bristol), a 10 pl
aliquot of each 550 pl sample solution was diluted and pre-
screened for boron and matrix (Na*) content so that
remaining sample solutions could also be diluted to 50 ug

I"" boron concentration.

Results

Synthetic isotope standard solutions

Boric acid reference materials BIG D and BAM ERM-
AE121, measured in each analytical sequence (without
purification by columns), yielded mean 8''Bsga o5
of 1480 + 0.09%o (n = 27, 25) and &' 'Bsgm o051 of
19.65 + 0.14%0 (n = 9, 2s) (Table 3), within intermediate
precision of previous measurement results of these unpro-
cessed reference materials by MC-ICP-MS (14.76 4 0.3%o
(95% confidence interval) (Foster et al. 2013) and 19.9 +
0.6%o (expanded uncertainty) (Vogl and Rosner 2012)).
Moreover, our measured value for the BAM ERM-AET121
reference material is extremely close to its recently revised
interlaboratory consensus value of 19.64 + 0.17%0 (2s)
(Stewart et al. 2020).

The synthetic coral solution NIST RM 8301 (Stewart
et al 2020) was used to monitor pofentio| influences of the
column chemistry procedure both with and without HF dry
down (Table 3). The long-term mean &' 'Bsga 951 of artificial
coral solution NIST RM 8301 (Stewart et al 2020) purified
following our new threestep column procedure is
2424 + 0.11%0 (n = 23), which is within uncertainty of
inferlaboratory consensus values (24.17 4+ 0.18%o (Stewart
et al 2020)). This provides a useful assessment of
intermediate precision for 10 to 100 ng boron samples
processed through our full boron purification procedure.

Blanks

Particularly for the small amounts of boron possible to
analyse by MCICP-MS, laboratory and procedural blanks
can be a significant concem at low sample/blank ratios (e.g.
when the sample has less than 5 ng of boron). In the previous
section we reported how instrumental memory is reduced by
aspirating 0.3 mol "' HF solutions and cumulative fall-in’
during measurement is corrected using ‘blank pots’ of equal
volume (see section Instrumentation — solution mode MC-ICP-
MS) which are used to subtract the boron “fall-in" from the air
during the period of sample measurements, which is typically
12 h. These contributions are subtracted directly from beam
infensities during the analysis routine.

We have also monitored total procedural blanks for our
full chemical separation procedure. Total procedural blanks
for the method described here were established by running
blank samples Through the complete procedure (Using all

reagents as used for samples and including dry down).
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Table 3.
Individual run results of reference materials measured in this study. Within-run measurement precision
represents the mean of two to three repeat measurement results of the same aliquot

Sample NIST RM NIST RM BIG D BAM
8301 (Coral)* 8301 (Coral)** ERM-AE121 #:
8" "Bsrm o951 (%o) | 25 3" "Bsrm 951 (%o) | 2s 3'"Bsrm 951 (%o)| 2s 3" "Bsrm 951 (%) | 25
24.18 0.11 2421 0.11 14.83 0.09 19.82 0.38
24.10 0.23 24.18 0.11 14.80 0.08 19.58 0.18
24.18 0.28 24.31 0.09 14.81 0.32 19.61 0.17
24.29 0.09 24.28 0.07 14.81 0.02 19.70 0.17
24.19 0.05 | Mean 24.24 0.10 14.67 0.15 19.68 0.12
2424 0.11 1478 0.20 19.60 0.19
2424 0.04 1474 0.02 19.63 0.18
24.27 0.18 1478 0.21 19.65 0.14
2426 0.03 1476 0.06 19.62 0.13
24.18 0.00 14.81 0.14 | Mean 19.65 0.14
2424 0.28 14.89 0.12
24.34 0.14 1477 0.29
2425 0.07 1473 0.15
2424 001 1476 0.11
2426 0.18 1476 0.09
24.20 0.13 1477 0.10
24.33 0.09 14.82 0.38
2431 0.07 14.80 0.02
2426 0.06 1477 0.14
24.18 022 1493 0.10
24.19 0.07 14.89 0.02
24.25 0.15 1478 0.12
2421 0.20 1476 0.18
Mean 24.24 0.11 14.84 0.16
14.84 0.10
14.84 0.10
Mean 14.80 0.09

* denotes solutions treated with full carbonate procedure (e.g. Rae et al. 2011).

*#* denotes solutions treated with full HF procedure, including dry down.
##% yntreated boric acid reference materials.

These blanks are measured by the same sample-standard-
bracketing procedure as samples. Measured boron signals
for these total procedural blanks barely exceeded the
background on the MC-ICP-MS. For this reason, it was only
possible fo obtain reliable mass estimates (in pg) for these
blank solutions and their 8''Bsgam o951 ratios should be
considered as a guide only. Four total procedural blanks
measured alongside the measurement results reported here
vary from 28 to 58 pg (Appendix S1), which are in keeping
with a mean of 38 4 36 pg for larger number of fotal
procedural blanks (n = 41) for Amberlite column chemical
separation alone over a longer, three-year period
(Appendix S1). Even for our smallest sample sizes of 10
ng, the contribution of this total procedurcﬂ blank is
negligible, and we make no correction for it (the lowest
sample boron mass fraction (10268 pg) was 270 times
greater than the mean total procedural blank of 38 pg).
Typical ranges for blank &' 'Bsgwm 951 are approximately -10
to 10%o (Tonarini et al. 1997), in agreement with our mean
estimate of -10%o for the silicate processing (Appendix S1).

In our worst case (sample 10 ng and blank 58 pg), the
blank contributes ~ 0.58% towards the &' 'Bsgm o051, A
good overview of blank correction effects is given in Tonarini
et al (1997), and there a 2% blank contribution is needed
to result in an 0.2%o shift of the unknown. This is well within
the limit of our here suggested intermediate precision of
0.6%o for silicates. Additionally, we achieve a better sample/
blank than in Tonarini et al. (1997), which further diminishes
the effect of blank composition on our unknowns.

Total procedural blanks for IGG-Pisa column chemistry
are in the range of 10 to 40 pg and are similary
insignificant for the sample sizes studied here (10 to 50 ng).

8'"Bspm 951 of silicate rock reference materials

Our results for silicate reference materials and a
comparison with literature values is given in Table 1, Figure 3

and briefly summarised below.
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The natural silicate rock reference material  best
characterised for its 8' 'Bsgm o571 is the JB-2 basalt, with
relatively well-defined consensus  8''Bsgm 951 value
between 67 and 7.7%o0 based on results from several
laboratories and their digestion methods (see Table 1). The
mean 6”BSRM 951 value for JB-2 obtained here using our
HF digestion method is 69 4 04% (h = 12, 29).
Our measured value is identical to that we obtain from the
same powder lot processed by the flux fusion and chemical
separation procedure of the Pisa CNRIGG laboratory (6.9
+ 0.1%0; n = 1, 2SE).

We obtained mean &' 'Bsgm 051 values of -6.0 + 0.6%o
(n = 6) and -6.1%0 (n = 1) for the same material lot of
Infernational Atomic Energy Agency reference material IAEA-
B-5 (Mt. Ema volcano basalt) using our HF digestion and the
flux fusion protocol respectively. The concordant results of this
study are significantly lower than the literature value
(6" "Bsrm 051 ~ -4.0%0, Gonfiantini et al 2003).

Agreement between samples processed by HF
dissolution and flux fusion are poorer for the obsidian glass
(IAEA-B-6). This yields a mean 8" 'Bsgmt 051 of -39 £0.5%0
using our HF digestion protocol, but 6”BSRM 951 of -2.9
+ 0.1%o for the aliquot processed by flux fusion. Yet both
values lie within the wide bounds of literature data (6] ! Bspmt
051 = 045 to -4.46%o).

8" "Bspm 951 of oceanic basalts

Our four MORB samples show a range of 8' 'Bsgam 951
from -5.6 + 0.3%0 1o -8.8 + 0.5%0 (Table 2). The difference
between the mean &' 'Bsgm 951 of MCICP-MS and SIMS
measurement results is stoﬁstico”y insignificont, but in contrast
to the SIMS data, MC-ICP-MS measurement results show
resolvable differences (of measurement precision |eve|) in

5 ]BSRM 951 between samples (Figure 4).

The Pitcaim Island glass provides a clearer comparison
between our bulk measurement results and SIMS, given its
higher boron mass fraction the latter measurement result is

8.0 — more precise than for the depleted MORB samples. The
- ux fusion
(a) JB-2 (Basalt) (IGG-CNR Pisa) agreement between the two approaches is good (Table 2),
761
[ . Mean:6.9£04%
e 72 i
% § ¢ L1 ¢ ¢ " . - 3
o 6.8F ; Figure 3. &' 'Bsgm 951 of silicate reference materials
= é using the HF digestion and three-column (cation-
6.4 anion-cation) ion exchange procedure presented in
6.0 this study. The range bars are 2s of replicate mea-
_'5 surement results. Thick black lines represent mean
...................................................... values measured here and the dashed black line
6 Mean: -6.0 + 0.6%o Lo . .
. 3 * the standard deviation. The silicate reference material
B 2 B s JB-2 (a) yielded the greatest reproducibility. Note that
= Flux fusion
= (IGG-CNR two samples (orange points) in (b) were left intention-
g -8 Recovered ~ 24 h after Pisa) ally on the hot plate after dryness to investigate the
§ dryness was achieved o
m -9 effect of isotope fractionation from a dry medium -
© 10 these are not included in our mean value. The
(b) IAEA-B-5 (Basalt) approximately 2 to 4%. lighter isotopic composition
-1 measured is consistent with other excessive dry down
-2 experiments (Nakamura et al. 1992, Gaillardet
';IIUGXGf—qu;\(l)Fr; et al. 2001). In (c), one IAEA-B-6 triplicate analysis
jsa) (8" "Bsrm 951 -3.44 + 1.03%0) is constituted of the
33 ] L values: -3.61 & 0.26%, -3.95 + 0.23% and -2.94
\’;,-, ————————— M ean-39105/oo ————————————————————————————— + 0.23%o (all 2s). In the absence of indicators that
o
3 Fd I + T $ + would suggest anomalous run conditions (Rae
g: I J et al. 2011), the value of -2.94 + 0.23 is retained in
< + """"""""""""""""" the triple replicate calculation. Black squares denotes
(c) IAEA-B-6 (Obsidian) flux fusion with measurements in Bristol, whereas
5 whites square with black outline denotes flux fusion
Individual dissolutions i
and measurement at Pisa CNR (MC-ICP-MS).
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Figure 4. 6''Bsgm 951 of volcanic glass obtained by in
situ SIMS (x-axis, Marschall et al. 2017) and MC-ICP-
MS using HF digestion (y-axis) in this study (2s range
bars shown). Samples with higher boron mass fraction
(> 2 pg g') exhibit better correlation between SIMS
and MC-ICP-MS data (Pitcairn OIB).

with a mean of -53 4+ 0.9%o (n = 6) from repeat SIMS
measurement results versus -5.1 + 0.1%0 (n = 4) from a

mean of measurement results of two different glass shards by

MCHCP-MS (Table 2).

Discussion

Incorporation of previous study observations on
boron voldtilisation

Volatilisation of boron during sample processing of
silicate somp|es is a well-known concem (Nakamura
et al 1992). Some studies exploited this boron volatilisation,
by achieving total evaporation and collecting and condens-
ing the vapor fraction, which serves as a first matrix removal
step by |eoving behind non-volatile elements and com-
pounds (Xico et al 1997, Gaillardet et al 2001, Liu
et al 2013, Van Hoecke et al 2014). The use of HF in
silicate dissolution raises the spectre of possible boron loss as
BF; and has commonly led to the addition of mannitol
during dissolution to guard against this (Nakamura
et al 1992, Tonarini et al 1997). Not only has the
effectiveness of mannitol in binding to boron through
complexation in typical dissolution scenarios  been
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NIST RM 8301 (Coral)

24.5
243 % { J
241 %
£ 239
8
s 237
_‘_nw
o 235
20.5
20.3 ||©HNOzcone | O Open beaker (Set-up 1)
© HFgone ® Vapour collected (Set-up 2)
201

| 60 °C L 120°C
I 1T 1
Dry down temperature

Figure 5. ' 'Bsgm o051 of synthetic coral isotope refer-
ence material (NISTRM 8301 (Coral)), that was dried to
convert from strong HF or HNO3 acid to 0.5 mol I’
HNO3, simulating the dissolution procedure. The
dashed yellow lines represent the 2s variability of the
interlaboratory consensus value, Stewart et al. (2020).
Open circles denote samples where vapour was
allowed to escape rapidly during the drying process
(uncovered beakers), while filled circles represent
samples where evaporation was carried out in a semi-
enclosed environment (see Figure 1). Red symbols
indicate HNO3 acid matrix, black symbols indicate HF

acid matrix.

questioned (Xico et al 1997, Gaillardet et al 2001), but
recent calculations have further shown that the highly soluble
BF, is the dominant species in strong solutions of HF (Zeebe
and Rae 2020). Studies by Xico et al (1997) and Gaillardet
et al (2001) concluded that boron isotopic fractionation is
not necessarily prevented by the addition of mannitol, but
instead that samples slowly dried at temperatures < 65 °C,
from acids such as HCl and HF, retain their true boron
isotopic composition, if recovered () immediately or (i) just
before dryness is achieved.

We have conducted a series of evaporation experiments
of our own, in an attempt to reproduce the observations of
Gaillardet et al (2001), in the context of silicate rock
samples. We chonged multiple parameters to test their
impact on 8''Bsgm 051 results: () acid matrix was either
HFeone of HNO3 cono (i) the dry down temperature set at
60 °C and 120 °C and (i) the vapour was allowed to
escape rapidly or in a semi-enclosed set-up that allows only
slow vapour loss. Our experimental results support the
finding of Gaillardet et al (2001), in that open evaporation
in a nitric acid medium causes obvious isotopic fractionation
(Figure 5, Table 4).
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Table 4.
Data presented in Figure 4
Sample Temperature| Set-up | Acid [ 8'"Bspm o051
(°C) detail [matrix| MC-ICP-MS
(%o)
NIST RM 8301 60 1 HNO3 23.8
(Coral)
NIST RM 8301 60 2 HNO3 242
(Coral)
NIST RM 8301 60 1 HF 24.2
(Coral)
NIST RM 8301 60 2 HF 24.3
(Coral)
NIST RM 8301 120 1 HF 20.3
(Coral)
NIST RM 8301 120 2 HF 24.3
(Coral)

1 = open bedaker.
2 = vapour collection.

In one experimental run, samples were dried excessively,
which led to an approximately 3 to 4%o isotopic shift
fowards lower 8''Bsgm 951 in the evaporated residue
(Figure 3b). Subsequently, we adopted drying at 60 °C for
our final procedure of silicate sample processing, removing
samples from the hot plate just before or when dryness is
achieved. When collecting before dryness was achieved,
residual HF was neutralised by addition of Na-acetate,
forming NaF, visible as precipitate occasionally. Testing of
pH is necessary for samples collected prior to dryness, to
ensure effective ion exchange resin performance.

Residual matrix contamination

Residual matrix components (maijor ions: Si, Ca, Na, Mg,
etc) in somp|es can cause differences in mass bias and shifts
in the measured ''B/'°B ratio of the following brackefing
isotope standard (Xico et al 1997). While «a gooo|
separation of boron from other elements is achieved by
our chromatographic procedures, in a very few instances,
some sample matrix and/or Na™ sfill leaked through info
the sample aliquot during the testing and adjustment phase
of the method development. Before analysis we therefore
measured the m/z = 23 (Na*) beam infensity during the
boron concentration screening measurement, to ensure all
matrix cations had been separated from the boron (Rae
etal 2011). During the evolution of our procedure, we found
using a second cationic column, guarded against this
eventuality and further purified the boron from silicate martrix
components. The intermediate precision of JB-2 basalt
improved as we developed our modified measurement
procedure by adding the final cation exchange column step.

All data we report here were processed using this second

cation exchange column.

Despite our three-step purification chemistry at Bristol
and sample screening for Na, we infer from the poorer
intermediate precision of the measurement result of silicate
reference materials (~ +£0.6%0; 2s) compared with the
simpler matrix boric acid and calcium carbonate reference
materials (£ < 0.2%o; 2s; Table 3) that matrix separation
may still be imperfect for silicate samples (presumably matrix
ions other than Na*). We employed a cut-off for sample
rejection and/or re-processing through the cationic column
when the raw m/z = 23 (Na*) beam intensity of the pre-
screening fest (fifreen-fold dilution of 10 pl sample aliquot;
see section Instrumentation - solution mode MC-CP-MS))
exceeded 0.5 V prior to sample analysis. Future fesfing of
matrix sensitivity of silicate bulk rock samples following the
procedures outlined in Chen et al (2016) and Devulder
et al (2013) may provide an angle for further improvement
of the method described here. Previous work by Devulder
etal (2013) showcased promising results using lithium as an
isotope dopant, which encourages further research. Based
on the intermediate precision of boron in silicate materials of
0.6%o (discussed here) vs. the typical infermediate precision
of 0.2%o for carbonate materials, we infer that up to 0.4%o of
the total measurement precision derives from matrix effects.
This, however, conflicts with observations by Devulder
et al (2013), Foster (2008) and Rae et al (2011), who
find no significant effect of matrix elements studied by them.
An extensive study of elements interfering with B in MC-ICP-
MS would thus be required to solve this discrepancy.

5'"Bsgm 951 comparability — diminishing inter-
laboratory differences for basalt matrixes

A recurring problem in studies of silicate rocks is the
|orge voriqbihiy of reporTed 5! ]BSRM 951 for silicate reference
materials (Gonfiantini et al 2003), particularly when
comparing different sample preparation and measurement
procedures (Gonfiantini et al 2003). Several permil
differences between analytical set-ups are commonly
observed, but large discrepancies can sfill occur within
datasets obtained by similar measurement procedures
(Gonfiantini et al. 2003) (Table 1). In this light, we compare
our new 8' 'Begm o571 results with literature data.

We stress the excellent agreement between the 8' 'Bgga
951 we report for basaltic reference materials JB-2 and IAEA-
B-5 using our two preparation techniques. Given our MC-
ICP-MS applied measurement procedure approach has
been benchmarked against a wide number of pure isotope
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reference materials, we expect that silicate sample proces-
sing (olisso|uﬁon and matrix separqtion) should be the most
critical aspect of sample accuracy. Therefore, the concordant
results for basaltic reference materials obtained by (|) HF
dissolution followed by our three-column sample prepara-
tion procedure at Bristol and (ii) alkali flux fusion followed by
three steps of purification in Pisa, is strongly supportive of the

reliability of these values.

In o previous section we noted the sensitivity of sample
measurement precision of the measurement results to the
inferred difference in residual matrix between purified silicate
samples and boric acid solution reference materials. Matrix
sensitivity has also been emphasised by Chen et al (2016).
Contrasting residual matrix compositions may  therefore
provide a possible explanation of differences between
recent MCICP-MS measurement results of the same
reference materials (Table 1). For example, Li et ol (2019)
and Wei et al (2013) who use a single column separation
procedure, obtain &' 'Bsgam 951 for B5 > 1.5%o0 higher than
our measurement results at measurement precision. Such
discrepancies require further investigation and quantification
of abundances of residual species after boron purification
seems worthwhile. However, we also note that unlike the
8'"Bsrm 951 we obtained for BAM ERM-AE121 (19.65 +
0.14%o), the value reported by Li et al (2019) is (1.5%o0
lower) outside of uncertainty of both the certified value of
199 + 0.6%o0 (Vog| and Rosner 2012) and the recent inter-
laboratory consensus value (19.64 4 0.17%0 2s of
measurement results from five boron isotope laboratories
(Stewart et al. 2020)) for this matrix-free reference material.
Further infer-lab calibration work and measurement uncer-
tainty budget evaluation is therefore required, for instance,
testing of common ono|yte internal standardisation (e.g.,
addition of a lithium isotope spike to samples) that may help
to improve sample-standard-bracketing techniques (e.g.
Devulder et al. (2013)).

Agreement between 8' 'Bsgi 951 values for the obsidian
glass reference material IAEA-B-6 between our HF acid
dissolution and flux fusion approaches is imperfect. Yet
Tonarini et al. (1997) report scepticism about their IAEA-B-6
results, suggesting the flux fusion to have formed silicate
structures that retained boron in the fusion cake; this may
explain the differences we obtained. Indeed, high silica
samples such as IAEA-B-6 obsidian potentially fractionate
boron during fusion (Tonarini et al. 2003). Our HF dissolution
measurement results are again isofopically lighter than
recent MCICP-MS measurement results of Li et al (2019)
and Wei et al (2013), but are in agreement with two recent
analyses of another IAEA-B-6 batch carried out at IGG-Pisa
after flux fusion. Those measurement results are -3.60

+ 0.07%o (2SE) and -3.48 + 0.04%o (2SE), within uncer-
tainty of our value (-39 + 0.5%o). In the latter, special care
was taken to avoid incomplete fusion and residue in the
fusion cake. To this end, the amount of sample powder was
reduced to 100 mg, and the amount of K,COj3 flux
was increased fo 1 g, raising the flux/sample ratio > 10.
This reduction of sample volume may (i) increase the role of
potential B inhomogeneity, negatively impacting uncertainty
of measurement results and (ii) increase blank contribution to
the measurement uncertainty budget.

However, petrographic observations of IAEA-B-6 have
shown that the parental material for this reference material is
heterogeneous (Cooper et al 2019). Li et al. (2019) further
reported lighter 5! Bsrm 951 isotopic composition (by up to
1.5%0) for IAEA-B-6 after |eoching, indicative of alteration
phases in the powder. It is possible that different batches of
IAEA-B-6 are heterogeneous and so it is not the best
reference material with which to compare data reproduc-
ibility between laboratories.

Generally, the HF dissolution and flux fusion procedure
discussed and tested here returned comparable results. We
would therefore recommend the use of HF dissolution for
labs without flux fusion capabilities and particularly advo-
cate its use for small sample volumes (< 600 pl).

Applications of boron isotopes in source reservoir
identification

A growing body of data show a mean MORB
8" "Bsrm 951 of ~ -7.5%0 (Dixon et al 2017, Marschall
et al 2017), but disceming significant 8''Bsga o551 variability
within these relatively imprecise (typically +2%o) in situ
measurement results is difficult. While several MORB have
previously been identified with &' 'Bsg 951 distinctly higher
than this mean, they are also associated with anomalously
high CI/K (Marschall et al 2017, Li et al. 2019) or water
contents (Dixon et al 2017) indicative of the influence of
crustal contamination. By contrast, South Aflantic MORB with
8" "Bspm 051 as low as -11.7 =+ 2%0 appear to resolve
a component with isotopically lighter boron (Dixon
et al 2017).

In general, our new MORB data have 8''Bsgm o5
values in keeping with the literature (Figures 4 and 6),
inc|uo|ing the recent MC-ICP-MS sfudy of Li et al (2019). Yet
it is notable that for samples that show no evidence of
seawater contamination, we demonstrate vo1ric1bi|i1y in
SW]BSRM 951 beyond our infermediate precision (£0.6%o).
Nome|y, two samples with low CI/K (< 0.08) have
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Figure 6. Solution MC-ICP-MS measurement results (red diamonds) for glasses previously measured by SIMS. MC-

ICP-MS data plotted with uncertainty of +0.6%, reflecting the intermediate precision of basalt reference materials.

Detailed information on individual measurement precision is given in Table 1. The 8" 'Bsgm 951 of volcanic glass

obtained by SIMS (open circles) with uncertainty indicated at the 2s level. The 6" 'Bsgm 951 of volcanic glass obtained

by LA-ICP-MS (open squares) with uncertainty indicated at the 2s level. Sources of data (6" 'Bsgm 951 and K/Ti)
displayed: Li et al. (2019), Marschall et al. (2017), Dixon et al. (2017), le Roux et al. (2004). We analysed the same
material as Marschall et al. (2017) and utilise the K/Ti values from Marschall et al. (2017) together with our new,

solution MC-ICP-MS ' 'Bsgm 951 values.

8" "Bsgm 951 that ranges from -62 to -8.8%o, implying
significant variability in the upper mantle source (Table 2).

We note that the sample volume of the SIMS
measurement results is significantly lower than the bulk glass
(259 to 632 g) measurement with which we compare it
here. The low abundance of boron in mafic volcanic glass
means it is not easy to decipher heterogeneity at the
micrometre scale that would be homogenised when using
several grams of glass shards. This requires either further
reduction of sample volumes analysed by solution MC-ICP-
MS or higher precision for in situ techniques. Future work
could include further sequential leaching experiments of
reference materials (e.g, Li et al (2019)). This, however, first
requires a better consensus on natural reference material

6] ]BSRI\/\ 951 VOlUGS.

As in other studies, there is no clear frend of 8' 'Bsgm 051
with upper mantle enrichment (Figure 4). Our E-MORB from
the East Pacific Rise and enriched oceanic basalt
from Pitcaim Island have 8''Bsga o571 indistinguishable from
two of our three N-MORB samples (Figure 2, Table 2). This
shows that substantial mantle enrichment can occur without

markedly influencing &' 'Bsgam 951 The preliminary observa-
tion is that there is greater variability in boron isotope ratios
in the more depleted samples.

Conclusions

The dissolution of silicate materials using hydrofluoric
acid prior to column chemistry and measurement by MC-
ICP-MS presented here permit the investigation of samples
limited by mass and low-B mass fraction samples, such as
MORB glass. Key findings include:

(1) Boron can be liberated from silicate rock materials
without isotopic fractionation by use of HF acid digestion
in the absence of volatilisation suppression agents (e.g.
mannitol). This requires careful, low temperature (< 60
°C) dry down following dissolution. Evaporating samples
from a beaker largely covered by an uptumed beaker
helps control evaporation, prevents particle fall in and
appears fo guard against sample fractionation during
higher temperature evaporation, for a short duration of

time.
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(2) Our three-column (cation-anion-cation) method of
removing matrix elements and measurement of low-B
samples by solution MCACP-MS yields marked improve-
ment in measurement precision over results from previous
thermal ionisation (TIMS) and in situ (SIMS, LA-MC-ICP-
MS) techniques, with measurement precision now better
than £0.6%o (2s). We obtain consistent 8' 'Bsga o571 for
basaltic reference materials with boron separated by our
acid digestion approach and an independent, flux
fusion technique.

(3) A comparison of SIMS and newly acquired MC-ICP-MS
data of volcanic glasses from MORB settings shows a
general overap of SIMS and MCHCP-MS results, but
considerably better measurement precision is offered by
MC-CP-MS for samples with B mass fractions < 2 pg
g’ This allows us to resolve boron isotopic heterogeneity
in the upper mantle.

Acknowledgements

We thank Carolyn Taylor for support during laboratory
work. We thank Chris Coath for technical support in mass
spectrometry work and helpful discussion. We thank three
anonymous reviewers for their comments and suggestions.
We also thank Editor Prof. T. Meisel for his handling of the
manuscript, constructive comments and suggestions. This
study received support from the National Environmental
Research Council grant NE/M000443/1 awarded fo LK,
Grant NE/NO11716/1 to JWBR, and IGG-CNR grant
P1600514 awarded to SA There is no conflict of interest to
declare by the authors. Open access funding provided by

the Université de Genéve.

Data availability statement

The data that support the findings of this study are
available from the corresponding author upon reasonable

request.

References

Agostini S, Di Giuseppe P., Manetti P, Doglioni C. and
Conticelli S. (2021)

A heterogeneous subcontinental mantle under the
African-Arabian Plate boundary revealed by boron and
radiogenic isotopes. Scientific Reports, 111,

1-13.

Al-Ammar AS., Gupta RK. and Barnes R.M. (2000)
Elimination of boron memory effect in inductively coupled
plasma-mass spectrometry by ammonia gas injection into
the spray chamber during analysis. Spectrochimica Acta,
Part B, 55, 629-635.

=aN

GEOSTANDARDS and
. GEOANALYTICAL
RESEARCH

Cai Y., Rasbury E.T,, Wooton KM, Jiang X. and Wang D.
(2021)

Rapid boron isotope and concentration measurements of
silicate geological reference materials dissolved through
sodium peroxide sintering. Journal of Analytical Atomic
Spectrometry, 36, 2153-2163.

Chen X, Zhang L, Wei G. and Ma J. (2016)

Matrix effects and mass bias caused by inorganic acids on
boron isotope determination by multi-collector ICP-MS.
Joumal of Analytical Atomic Spectrometry, 31, 2410-
2417.

Cooper CL, Savov LP. and Swindles G.T. (2019)
Standard chemical-based tephra extraction methods
significantly alter the geochemistry of volcanic glass shards.
Joumnal of Quaterary Science, 34, 697-707.

De Hoog J.C.M. and Savov LP. (2018)

Boron isotopes as a tracer of subduction zone processes.
In: Marschall H. and Foster G. (eds), Boron isotopes.
Springer (Cham), 217-247.

Devulder V., Lobo L, Van Hoecke K., Degryse P. and
Vanhaecke F. (2013)

Common analyte internal standardization as a tool for
correction for mass discrimination in multi-collector
inductively coupled plasma-mass spectrometry.
Spectrochimica Acta Part B, 89, 20-29.

Deyhle A. (2001)

Improvements of boron isotope analysis by positive thermal
ionization mass spectrometry using static multicollection of
Cs2BO,™ ions. Infemational Journal of Mass Spectrometry
206, 79-89.

Dixon J.E, Bindeman LN, Kingsley RH., Simons KK, Le
Roux P.J., Hajewski TR, Swart P., Langmuir CH., Ryan
J.G., Walowski KJ., Wada I. and Wallace PJ. (2017)
Light stable isotopic compositions of enriched mantle
sources: Resolving the dehydration paradox. Geochemistry,

Geophysics, Geosystems, 18, 3801-3839.

Dyar M.D., Wiedenbeck M., Robertson D., Cross LR,
Delaney J.S., Ferguson K., Francis C. A, Grew E.S,,
Guidotti CV., Hervig RL, Hughes J.M., Husler J,, Leeman
W., McGuire AV, Rhede D., Rothe H., Paul RL, Richards
l. and Yates M. (2001)

Reference minerals for the microanalysis of light elements.
Geostandards Newsletter: The Journal of Geostandards
and Geoanalysis, 25, 441-463.

Fonseca R. O. C, Kirchenbaur M., Ballhaus C., Miinker
C. Zimer A, Gerdes A, Heuser A., Botchamikov R. and
Lenting C. (2017)

Fingerprinting fluid sources in Troodos ophiolite complex
orbicular glasses using high spatial resolution isotope and
trace element geochemistry. Geochimica et Cosmochimica

Acta, 200, 145-166.

© 2023 The Authors. Geostandards and Geoanalytical Research published by John Wiley & Sons Ltd on behalf of 105

International Association of Geoanalysts.

85U8017 SUOWILIOD BAIIE8.D) 8|edt|dde sy Aq peusenob ae sspiie YO ‘88N Jo sejni 1oy Areiq18uUlUO 43I UO (SUORIPUOD-PUR-SWSH WD A8 |ImAIq 1 BUIUO//:SdNY) SUORIPUOD Pue WIS | 38U} 88S *[7202/70/£2] Uo Ariqiauljuo A8|1Mm ‘A%iq uoueylold 8y 1 spse JO AisieAln Aq 2z6zT 166/TTTT 0T/I0p/woo A (1M Alelq1pul|uoy/Sdiy wolj pepeojumod ‘T ‘%202 ‘X806TSLT



P

GEOSTANDARDS and
" GEOANALYTICAL

RESEARCH

references

106

Foster G.L, Hénisch B, Paris G., Dwyer G.S,, Rae JW.B,,
Elliott T., Gaillardet J.O., Hemming N.G., Louvat P. and
Vengosh A. (2013)

Inferlaboratory comparison of boron isotope analyses of
boric acid, seawater and marine CaCO3 by MCICP-MS
and NTIMS. Chemical Geology, 358, 1-14.

Foster G.L, Marschall H.R. and Palmer MR. (2018)
Boron isotope analysis of geological materials. In:
Marschall H. and Foster G. (eds), Boron isotopes. Springer
(Cham), 13-31.

Foster G.LL. (2008)

Seawater pH, pCO, and [CO,>] variations in the
Caribbean Sea over the last 130 kyr: A boron isotope and
B/Ca study of planktic foraminifera. Earth and Planetary
Science Letters, 271, 254-266.

Guiillardet J., Lemarchand D., Gépel C. and Manhés G.
(2001)

Evaporation and sublimation of boric acid: Application for
boron purification from organic rich solutions.
Geostandards Newsletter: The Journal of Geostandards
and Geoanalysis, 25, 67-75.

Gonfiantini R, Tonarini S., Groning M., Adomi-Braccesi
A, Al-Ammar AS,, Astner M., Béchler S, Bames RM.,,
Bassett R.L, Cocherie A, Deyhle A, Dini A, Ferrara G.,
Gaiillardet J., Grimm J., Guerrot C,, Kréihenbihl U,, Layne
G., Lemarchand D., Meixner A, Northington DJ., Pennisi
M., Reitznerovd E.,, Rodushkin I, Sugiura N., Surberg R.,
Tonn S, Wiedenbeck M., Wunderli S., Xiao Y. and Zack
T. (2003)

Infercomparison of boron isotope and concentration
measurements. Part IIl: Evaluation of results. Geostandards
Newsletter: The Jounal of Geostandards and
Geoanalysis, 27, 41-57.

Gutjahr M., Bordier L, Douville E,, Farmer J., Foster G.L,
Hathome E.C., Hénisch B., Lemarchand D., Louvat P.,
McCulloch M., Noireaux J., Pallavicini N, Rae JW.B,,
Rodushkin 1., Roux P., Stewart J.A, Thil F. and You C.
(2020)

Sub-permil interlaboratory consistency for solution-based
boron isotope analyses on marine carbonates.
Geostandards and Geoanalytical Research, 45, 59-75.

Ho KJ., Li Y.H., Xiao YK, Liu F. and Tian Y.R. (2010)

In situ boron isofope measurements of natural geological
materials by LAMC-HCP-MS. Chinese Science Bulletin, 55,
3305-3311.

Ishikawa T. and Nakamura E. (1993)
Boron isofope systematics of marine sediments. Earth and
Planetary Science Letters, 117, 567-580.

Kasemann S., Meixner A, Rocholl A, Vennemann T,
Rosner M., Schmitt AK, Wiedenbeck M. (2001)

Boron and oxygen isotope composition of certified
reference materials NIST SRM 610/612 and reference
materials JB-2 and JR-2. Geostandards Newsletter: The
Journal of Geostandards and Geoanalysis, 25, 405-
416.

Leeman W.P,, Tonarini S., Chan LH. and Borg LE. (2004)
Boron and lithium isotopic variations in a hot subduction

zone — The southern Washington Cascades. Chemical
Geology, 212, 101-124.

Leeman W. P. and Tonarini S. (2001)

Boron isotopic analysis of proposed borosilicate mineral
reference samples. Geostandards Newsletter: The Journal
of Geostandards and Geoanalysis, 25, 399-403.

le Roux PJ., Shirey S.B., Benton L, Hauri EH. and Mock
T.D. (2004)

In situ, multiple-multiplier, laser ablation ICP-MS
measurement of boron isofopic composition (8''B) at the
nanogram level. Chemical Geology, 203, 123-138.

Lemarchand D., Gaillardet J., Gépel C. and Manhés G.
(2002)

An optimized procedure for boron separation and mass
spectrometry analysis for river samples. Chemical Geology,

182, 323-334.

Li X, Li H-Y.Y.,, Ryan J.G., Wei G.-JJ,, Zhang L, Li N--B.B.,
Huang X-LL and Xu Y.-G.G. (2019)

High-precision measurement of B isotopes on low-boron
oceanic volcanic rock samples via MC-ICP-MS: Evaluating
acid leaching effects on boron isotope compositions, and B
isotopic variability in depleted oceanic basalts. Chemical
Geology, 505, 76-85.

Liv Y.-W., Aciego S.M., Wanamaker AD. and Sell BK.
(2013)

A high-throughput system for boron microsublimation and
isotope analysis by total evaporation thermal ionization
mass spectrometry. Rapid Communications in Mass
Spectrometry, 27, 1705-1714.

Liv Y.H,, Huang KF. and Lee D.C. (2018)

Precise and accurate boron and lithium isotopic
determinations for small sample-size geological materials
by MC-ICP-MS. Journal of Analytical Atomic Spectrometry,
33, 846-855.

Marschall HR. (2018)

Boron isotopes in the ocean floor realm and the mantle. In:
Marschall H. and Foster G. (eds), Boron isotopes. Springer
(Cham), 189-215.

Marschall HR, Wanless V.D,, Shimizu N., Pogge von
Strandmann PAE, Elliott T. and Monteleone B.D.
(2017)

The boron and lithium isotopic composition of mid-ocean
ridge basalts and the mantle. Geochimica et
Cosmochimica Acta, 207, 102-138.

Misra S., Greaves M., Owen R, Kerr J., Elmore A.C. and
Elderfield H. (2014)

Defermination of B/Ca of natural carbonates by HR-ICP-

MS. Geochemistry, Geophysics, Geosystems, 15, 1617~

1628.

Nakamura E, Ishikawa T, Birck J.-LL. and Allégre CJJ.
(1992)

Precise boron isotopic analysis of natural rock samples
using a boron-mannitol complex. Chemical Geology, 94,
193-204.

Niu Y. and Batiza R. (1994)

Magmatic processes at a slow spreading ridge segment:
26°S Mid- Atlantic Ridge. Journal of Geophysical
Research, 99, 19719-19740.

© 2023 The Authors. Geostandards and Geoanalytical Research published by John Wiley & Sons Ltd on behalf of

International Association of Geoanalysts.

85U8017 SUOWILIOD BAIIE8.D) 8|edt|dde sy Aq peusenob ae sspiie YO ‘88N Jo sejni 1oy Areiq18uUlUO 43I UO (SUORIPUOD-PUR-SWSH WD A8 |ImAIq 1 BUIUO//:SdNY) SUORIPUOD Pue WIS | 38U} 88S *[7202/70/£2] Uo Ariqiauljuo A8|1Mm ‘A%iq uoueylold 8y 1 spse JO AisieAln Aq 2z6zT 166/TTTT 0T/I0p/woo A (1M Alelq1pul|uoy/Sdiy wolj pepeojumod ‘T ‘%202 ‘X806TSLT



references

Niu Y., Collerson K.D., Batiza R, Wendt J.I. and Regelous
M. (1999)

Origin of enriched-type mid-ocean ridge basalt at ridges
far from mantle plumes: The East Pacific Rise at 11°20'N.
Joumal of Geophysical Research, Solid Earth, 104,
7067-7087.

Pi J.L, You CF. and Chung CH. (2014)
Micro-sublimation separation of boron in rock samples for
isotopic measurement by MC- ICP-MS. Journal of
Analytical Atomic Spectrometry, 29, 861-867.

Rae JW.B,, Foster G.L, Schmidt D.N. and Elliott T. (2011)
Boron isotopes and B/Ca in benthic foraminifera: Proxies
for the deep ocean carbonate system. Earth and Planetary
Science Letters, 302, 403-413.

Regelous M., Niu Y., Wendt J.I, Batiza R, Greig A. and
Collerson K.D. (1999)

Variations in the geochemistry of magmatism on the East

Pacific Rise at 10°30'N since 800 ka. Earth and Planetary
Science Lefters, 168, 45-63.

Robinson C.J., White RS, Bickle M.J. and Minshull TA.
(1996)

Restricted melting under the very slow-spreading southwest
Indian ridge. In: Macleod CJ, Tylr PA and Walker CL
(eds), Tectonic, magmatic, hydrothermal and biological
segmentation of mid-ocean ridges. Geological Society of
London, Special Publication, 118, 131-141.

Rosner M., Erzinger J., Franz G. and Trumbull RB.
(2003)

Slab-derived boron isotope signatures in arc volcanic
rocks from the central Andes and evidence for boron
isotope fractionation during progressive slab dehydration.
Geochemistry, Geophysics, Geosystems, 4.

Ryan J.G. and Langmuir CH. (1993)
The systematics of boron abundances in young volcanic
rocks. Geochimica et Cosmochimica Acta, 57, 1489—1498.

Spivack AJ. and Edmond J.M. (1987)

Boron isotope exchange between seawater and the
oceanic crust. Geochimica et Cosmochimica Acta, 51,
1033-1043.

Spivack AJ., Palmer MR. and Edmond J.M. (1987)
The sedimentary cycle of the boron isotopes. Geochimica
et Cosmochimica Acta, 51, 1939-1949.

Stewart J.A, Christopher S.J., Kucklick J.R, Bordier L.,
Chalk T.B., Dapoigny A., Douville E., Foster G.L, Gray
W.R., Greenop R, Gutijahr M., Hemsing F., Henehan
M., Holdship P., Hsieh Y., Kolevica A, Lin Y., Mawbey
E.M., Rae J.W.B, Robinson LF, Shutfleworth R, You C,
Zhang S. and Day R.D. (2020)

NIST RM 8301 Boron isotopes in marine carbonate
(simulated coral and foraminifera solufions): Inter-
laboratory 3''B and trace element ratio value assignment.
Geostandards and Geoanalytical Research, 45, 77-96.

Tonarini S, Pennisi M., Adomi-Braccesi A, Dini A,
Ferrara G., Gonfianfini R, Wiedenbeck M. and Gréning
M. (2003)

Intercomparison of boron isotope and concentration

=aN

GEOSTANDARDS and
. GEOANALYTICAL
RESEARCH

measurements. Part |: Selection, preparation and
homogeneity tests of the intercomparison materials.
Geostandards Newsletter: The Journal of Geostandards
and Geoanalysis, 27, 21-39.

Tonarini S., Pennisi M. and Leeman W.P. (1997)
Precise boron isotopic analysis of complex silicate (rock)
samples using alkali carbonate fusion and ion-exchange
separation. Chemical Geology, 142, 129-137.

Van Hoecke K., Devulder V., Claeys P., Degryse P. and
Vanhaecke F. (2014)

Comparison of microsublimation and ion exchange
chromatography for boron isolation preceding its isotopic
analysis via multi-collector ICP-MS. Journal of Analytical
Atomic Spectrometry, 29, 1819-1826.

Vils F., Tonarini S., Kalt A. and Seitz H.M. (2009)
Boron, lithium and strontium isotopes as tracers of
seawater—serpentinite interaction at Mid-Atlantic ridge,
ODP Leg 209. Earth and Planetary Science Letters, 286,
414-425,

Vogl J. and Rosner M. (2012)

Production and certification of a unique set of isotope and
delta reference materials for boron isotope determination
in geochemical, environmental and industrial materials.
Geostandards and Geoanalytical Research, 36, 161
175.

Walowski KJ., Kirstein LA., De Hoog J.C.M,, Elliott T.,
Savov L.P. and Jones RE. (2021)

Boron recycling in the mantle: Evidence from a global
comparison of ocean island basalts. Geochimica et
Cosmochimica Acta, 302, 83-100.

Wei G, Jingxian W,, Ying L, Ting K., Zhongyuan R,
Jinlong M. and Yigang X. (2013)

Measurement on high-precision boron isotope of silicate
materials by a single column purification method and MC-
ICP-MS. Journal of Analytical Atomic Specirometry, 28,
606.

Xiao YK, Vocke RD., Swihart GH. and Xiao Y. (1997)
Boron volatilization and its isotope fractionation during
evaporation of boron solution. Analytical Chemistry, 69,
5203-5207.

Zeebe RE. and Rae JW.B. (2020)

Equilibria, kinetics, and boron isotope pariioning in the
aqueous boric acid-hydrofluoric acid system. Chemical
Geology, 550, 119693.

Zhu G, Ma J,, Wei G. and Zhang L. (2021)

Boron mass fractions and &' 'B values of eighteen
infernational geological reference materials.
Geostandards and Geoanalytical Research, 45, 583
598.

© 2023 The Authors. Geostandards and Geoanalytical Research published by John Wiley & Sons Ltd on behalf of 107

International Association of Geoanalysts.

85U8017 SUOWILIOD BAIIE8.D) 8|edt|dde sy Aq peusenob ae sspiie YO ‘88N Jo sejni 1oy Areiq18uUlUO 43I UO (SUORIPUOD-PUR-SWSH WD A8 |ImAIq 1 BUIUO//:SdNY) SUORIPUOD Pue WIS | 38U} 88S *[7202/70/£2] Uo Ariqiauljuo A8|1Mm ‘A%iq uoueylold 8y 1 spse JO AisieAln Aq 2z6zT 166/TTTT 0T/I0p/woo A (1M Alelq1pul|uoy/Sdiy wolj pepeojumod ‘T ‘%202 ‘X806TSLT



P

GEOSTANDARDS and
" GEOANALYTICAL
RESEARCH

Supporting information

The following supporting information may be found in
the online version of this article:

Appendix S1. Total procedural blanks for the new three-
column procedure and the single-column carbonate proce-
dure.

This material is available from: http://onlinelibrarywiley.
com/doi/10.1111/ggr.12527 /abstract (This link will take
you to the article abstract).
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