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Six tourmaline samples were investigated as potential reference materials (RMs) for boron isotope measurement by
secondary ion mass spectrometry (SIMS). The tourmaline samples are chemically homogeneous and cover a
compositional range of tourmaline supergroup minerals (primarily Fe, Mg and Li end-members). Additionally, they have
homogeneous boron delta values with intermediate precision values during SIMS analyses of less than 0.6%o (2s). These
samples were compared with four established tourmaline RMs, that is, schorl IAEA-B-4 and three Harvard tourmalines
(schorl HS.112566, dravite HS.108796 and elbaite HS.98144). They were re-evaluated for their major element and
boron delta values using the same measurement procedure as the new tourmaline samples investigated. A discrepancy of
about 1.5%o in 8''B was found between the previously published reference values for established RMs and the values
determined in this study. Significant instrumental mass fractionation (IMF) of up to 8%o in 3''B was observed for schorl-
dravite—elbaite solid solutions during SIMS analysis. Using the new reference values determined in this study, the IMF of
the ten tourmaline samples can be modelled by a linear combination of the chemical parameters FeO + MnO, SiO5 and
F. The new tourmaline RMs, together with the four established RMs, extend the boron isotope analysis of tourmaline

towards the Mg- and Al-rich compositional range. Consequently, the in situ boron isotope ratio of many natural

tourmalines can now be determined with an uncertainty of less than 0.8%o (2s).
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Tourmaline is o borosilicate mineral known to be a
powerul tool for addressing a wide range of geological
questions using its chemistry and isofopic composition (eg,
Dutrow and Henry 201 1, Marschall and Jiang 201 1). Tourma-
line is the most abundant boron-bearing mineral on Earth and is
present as an accessory phase in many crustal rocks (eg,
Grew 1996). It is stable over a wide range of pressure and
temperature condiions, and it can crystallise from fluids of various
chemical compositions (eg, Dutrow and Henry 2011). Once
formed, tourmaline refains its chemical and isofopic signature,
due fo ifs refractory character and its slow intracrystalline diffusion
(eg, Henry and Dutrow 1996, van Hinsberg et al 2011).

doi: 10.1111/ggr.12326
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Tourmaline’s boron isotope composition is useful for
determining fluid sources and interpreting various processes
(ie, subduction, mefomorphism, anatexis, diogenesis or
weathering) in many geological environments (e.g, Henry
and Dutrow 1996, Slack 1996, Smith and Yardley 1996,
Trumbull et al. 2008, Marschall and Jiang 2011, Slack and
Trumbull 2011). Boron isotope signatures of tourmaline are
interpreted to be preserved and are not subjected to post-
crystallisation alteration. The mass difference between the
two existing boron stable isotopes ('°B and ''B) results in a
significant isotopic fractionation, ranging over 60%o, from
-30%o to +30%o, in tourmaline during geochemical

593

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


https://orcid.org/0000-0002-9852-4069
https://orcid.org/0000-0002-9852-4069
https://orcid.org/0000-0002-5202-603X
https://orcid.org/0000-0002-5202-603X
mailto:
http://creativecommons.org/licenses/by/4.0/

GEOST,

=S

ANDARDS and
. GEOANALYTICAL
RESEARCH

processes (e.g, Palmer and Swihart 1996, Marschall and
Jiang 2011, Hoefs 2015, Grew 2017).

Over the past decades, many analytical improvements
have been made for determining the in situ boron isotopic
composition of tourmaline. Thus, it is possible to measure
infra-grain isofopic variations at microscopic scale (e.g,
Marschall et al. 2008). This approach allows using fourma-
line as a precise recorder of the geochemical conditions
during its crystallisation (van Hinsberg et al 2011, Marschall
and Jiang 2011). In situ boron isotope measurements in
tourmaline are obtained primarily by two distinct high-
precision mass spectrometry fechniques, that is, secondary
ion mass spectrometry (SIMS) and, more recently, laser
ablation  multi-collector-inductively coupled  plasma-mass
spectrometry (LA-MC-ICP-MS). The main advantage of SIMS
is its very high spatial resolution, as a result of the 10-20 pm
spot size achieved. This analytical volume allows analysis of
small sample quantities of < 1 pg, which is two to three
orders of magnitude lower than the analytical volume of
0.1 ng by LAAMCHCP-MS (see reviews by Foster et al. 2018).

A recent breakthrough achievement in the SIMS tech-
nique — the Hyperion radiofrequency oxygen plasma
source (Hyperion RF source) — provides even smaller spot
sizes, < 5 pum (Liu et al. 2018). Such small analytical volumes
serve fo decipher geological processes at higher spatial
resolution. However, for accurate analyses both SIMS and
LA-MCHCP-MS require a set of reference materials (RMs),
which are chemically homogeneous at the microscopic
scale, span the major element compositional range of the
minerals to be analysed, and have well-defined homoge-
neous boron isotope compositions.

To date, four tourmaline RMs are available to the
community for boron isotope measurement. A schorl, IAEA-B-
4, was investigated in an inter-laboratory study by Tonarini
et al (2003) and Gonfiantini et al (2003) and was later
approved by the IAEA (International Atomic Energy Agency) as
a tourmaline RM. Three other tourmaline samples (schorl
HS# 112566, dravite HS# 108796 and elbaite HS#98144)
are from the Harvard Mineralogical Museum collection and
were characterised as RMs by Dyar et al. (2001) and Leeman
and Tonarini (2001). This tourmaline RM set has been
distributed among SIMS laboratories and has been used for
geological applications involving boron isotope analysis of
tourmaline (e.g., Bittner and Kasemann 2007, Marschall et al.
2008, MacGregor et al. 2013, Drivenes et al. 2015, Grew
et al 2015, Bitiner et al. 2016, Siege| et al 2016, Codeco
etal 2017,Gigon etal 2019, Harlaux etal 2019). These four
tourmaline samples represent the best-characterised RMs for
in situ determination of boron isotopes. However, they do not

cover the large compositional range of most tourmalines
found in metomorphic and igneous rocks (see below). In
addition, intra-grain chemical and isotopic heterogeneities in
a single batch of tourmaline RMs have been revealed by
several studies, using both SIMS and LA-AMC-ICP-MS (Tonarini
et al 2003, Tiepolo et al. 2006, Lin et al. 2014, Mikovd et al.
2014, Butiner et al. 2016, Albert et al. 2018).

In this paper, we describe a new set of six tourmaline
samples, which are chemically homogeneous and cover an
extended compositional range of tourmaline supergroup
minerals, including Fe-, Mg- and Li-rich end-members. We
propose this new set of samples as suitable RMs for in situ
measurement of boron isotopes in tourmaline by SIMS. Their
boron isotopic compositions were defermined by bulk MC-
ICP-MS analyses. In addition, the boron isofopic composition
of the four existing tourmaline RMs (IAEA-B-4 and Harvard)
were re-evaluated.

Description of tourmaline reference
materials

Six samples were selected from an initial set of sixteen
natural tourmalines. Recently, these six samples were pro-
posed as tourmaline RMs for in sifu oxygen isotope measure-
ment and are referred to as UNIL-TT to UNIL-T6 (Marger et ol
2019). In addition, the four established tourmaline RMs were
reanalysed for their major element and boron isotope
compositions following the same methodology to allow
comparison. A summary of original references of tourmaline

samples investigated in this work is given in Table 1.

The three Harvard tourmaline RMs were purchased in
100 mg dliquots as sub-mm grains from the IAG (Interna-
tional Association of Geoanalysts). Sample UNILT2 was
bought as a single crystal from an e-shop. UNIL-T6 was
purchased as a slice from a bigger sample, and UNIL-T3
was obtained as two single crystals. IAEA-B-4 was obtained
as crushed material and crystals embedded in the host rock
from IGG-CNR (Pisa, |‘r0|y). Other somp|es (UNIL-TT, UNIL-T4
and UNIL-T5) were received as batches of small sub-mm
crushed grains.

Analytical methods

Sample preparation

Tourmaline samples of the new RM set obtained as
crushed material (ie, IAEA-B-4, UNIL-TT, UNIL-T4 and UNIL-
T5) were sieved info different size fractions and were
handpicked using a binocular microscope to remove host
rock remnants and grains with mineral intergrowths or
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Origin and reference studies of tourmaline samples investigated for boron isotope determination

Reference material

Provenance

References

IAEA-B-4 Pegmatite dike (Rosina) hosted in Mt. Cappane monzogranite,
near San Piero in Campo, Elba Island, Italy

UNIL-T1 Li-bearing pegmatite-dike hosted in a cordierite-tourmaline
leucogranite, Catri area, near San llario, Elba Island, Italy

UNIL-T2 Carbonate-bearing metasediments, Nepal

UNIL-T3 North Pakistan

UNIL-T4 Li-bearing pegmatite dike-hosted in a cordierite-tourmaline
leucogranite, Catri area, near San llario, Elba Island, Italy

UNIL-T5 Pegmatite-dike (San Silvestro) hosted in Mt. Cappane
monzogranite, near San Piero in Campo, Elba Island, ltaly

UNIL-T6 Embedded in a massive quartz, Black Rapids glacier, Alaska

Tonarini et al. (2003)**9, Gonfiantini et al. (2003)*, Tiepolo
et al.(2006)%, Lin et al. (2014)%, Mikové et al. (2014)°<, Marger
et al. (2019)°P

Tonarini et al. (1998)*"9 (described as N2/b), Marger et al.
2019)°0

Marger et al. (2019)*°

Marger et al. (2019)%®

Tonarini et al. (1998)*"9 (described as N2/a), Marger et al.
(2019)°>

Tonarini ef al. (1998)*> (described as N1/c), Marger et al.
(2019)°>

Lussier et al. (2009)® (described as AT6), Lussier et al. (2011)@%,

schorl HS#112566
Mozambique
dravite HS#108796
Madagascar
elbaite HS#98144

Granitic pegmatite, Alto Ligonha region, Zambezia Province,
Probably an eluvial crystal from a granitic pegmatite,

Gem pocket in a granitic pegmatite, Minas Gerais, Brazil

Marger et al. (2019)°®
Hutchinson and Claus (1956)° Dyar et al. (2001)%<, Leeman
and Tonarini (2001)4, Lin et al. (2014)%, Mikovd et al. (2014)>
Frondel et al. (1966)°, Dyar et al. (2001)**<9, Leeman and
Tonarini (2001)%, Lin et al. (2014)%, Mikovd ef al. (2014)>¢
Dyar et al. (2001)*%<4, Leeman and Tonarini (2001)%, Lin ef al.
(2014)%, Mkovd et al. (2014)>¢

“ Detailed description.
b Chemical composition.

€ Boron content.
45'"B composition.

inclusions. Other individual tourmaline crystals (ie, UNIL-T2,
UNIL-T3 and UNIL-T6) were crushed into sub-mm grains. The
small size fractions (< 300 um) of crushed material were
selected for boron isotope measurements by MC-ICP-MS.
Larger size fractions (> 300 pm) were used for in situ
measurements by an electron probe microanalyser (EPMA)
and SIMS.

Six fo eighteen grains of each new fourmaline sample
were selected arbitrarily for homogeneity tests. In total, 113
grains were analysed by SIMS (for details, see below;
Table 5). Two grains of each tourmaline sample, including
the established RMs, were used to prepare the calibration
mount to investigate the instrumental mass fractionation
(IMF). The grains were placed on double sticky tape within a
circle of 1 cm diameter in the middle of the mount. This
configuration was chosen because using a central arrange-
ment in a 1 cm circle reduces potential analytical artefacts
during SIMS analyses (Peres et al. 2013). The grains were
mounted within epoxy resin, ground to expose all grains and
then polished to obtain a flat and smooth surface. Polishing
was performed by progressively decreasing the diamond
grain size, from 15 to 0.5 pm.

All mounts with polished grains were scanned with @
white-light interferometer (GTK-A Brucker) to ensure the
surface topography has less than 3 um of relative relief. The

© 2020 The Authors. Geostandards and Geoanalytical Research published by John Wiley & Sons Ltd on behalf of
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flatness of the entire mount is essential for precise SIMS
analysis (Kita et al. 2009). Polished flat mounts were cleaned
with dry ethanol and dried in an oven at 60 °C for minimum
of 24 h. Finally, they were either coated with a 20-25 nm-
thick carbon layer for EPMA or with a 35 nm-thick gold layer
for SIMS measurements.

Electron probe microanalysis

Maijor and minor element mass fractions of tourmaline
samples UNILTT to UNILT6 were defermined with two
different EPMA instruments: a JEOL JXA-8350F instrument,
equipped with a Schottky field emission gun, located at the
University of Lausanne (Switzerland), and a JEOL JXA-8230
instrument, equipped with a W electron gun, located at
Louisiana State University (LSU, USA). Details of analytical
conditions, reference materials and limits of detection are
summarised in the Table ST with additional details pre-
sented in Marger et al (2019). Six to eight grains of each RM
were investigated using both instruments to assess the overall
sample chemical homogeneity. Ten to fifteen spot microanal-
yses were performed arbitrarily in each grain o evaluate the
intra-grain  chemical homogeneity. Backscattered electron
(BSE) images were acquired at the LSU using the same
conditions as used for quantitative analysis. Contrast and
brightness were adjusted in order to observe potential

zonation in tourmaline grains for chemical analyses.
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The three Harvard RMs and the IAEAB-4 RM were
reanalysed using the same analytical condifions as samples
UNILTT to UNILT6. In this way, analytical bias between
laboratories was avoided and chemical and boron isotope
analyses were obtained for the same sample batches,
guaranteeing consistency of the data presented. Only two
grains of each Harvard tourmaline RM were analysed within
the calibration mount due to the limited amount of material
available. These analyses were done solely with the JEOL
JXA-8350F instrument located at the University of Lausanne.

Structural formulae of tourmaline were calculated as
suggested by Henry et al (2011), normalising to fifreen
cations for the Y + Z + T sites (ordered formula) based on
the general formula XY3Z4(TsO18)BO3)3VaW. The sites are
primarily filled by the following ions: X = Na™, Ca®*, K* and
vacancey; Y = Fe?', Mg?", Mn?", AP, i, Fe*" and Cr*%;
Z=AP F, Mg?', T*" and G T=Si*" and A%
B =B V=0H and O%; and W= OH, F and O™
Lithium, boron and hydrogen confents have not been
measured. They were estimated using procedures described
in detail by Dutrow and Henry (2016). The amount of ferric
iron was estimated by charge balance (Dutrow and Henry
2016) and ferrous iron recalculated accordingly; only total
iron content can be determined by EPMA No significant
amounts of Fe®" were estimated for most RMs, with the
exception of the values obtained for RM HS#108796. The
high Fe>" content esfimated in this tourmaline is in good
agreement with the Mdssbauer spectroscopy data reported
by Dyar et al (1998) and single crystal structure refinements
(SREF) by Dyar et al (2001) and Cdmara et al. (2002).

Multi-collector-ICP-MS

Bulk boron isotope analyses of tourmaline samples were
performed at the Istituto di Geoscienze e Georisorse of the
National Research Council (GG-CNR) in Pisa, ltaly. Tour-
maline grains were handpicked using a binocular micro-
scope, then powdered in an agate mortar. Boron was
extracted by alkali carbonate fusion following the procedure
described by Tonarini et al. (1997, 1998). Five mi||igroms of
the powdered tourmaline sample was mixed with 0.2 g of
the fluxing agent purified KoCO3 and fused in PtIr crucibles.
Alter cooling, the fused material was dissolved in five ml sub-
boiled (90 °C) H,O at room temperature and transferred
into polypropylene tubes. These were centrifuged for 30 min
in order fo separate the solution from the residual insoluble
phase. Boron was separated from the sample matrix with a
three-step column chemistry procedure using Amberlite IR-
174 boron-specific ion-exchange resin and Bio-Rad AG
50W-X8 cotion—exchonge resin, as described by Tonarini
et al (1997). All reagents used during the column chemistry

were purified by sub-boiling distillation. A NIST SRM 951
boric acid RM was processed alongside the samples to
provide a control for the separation procedure. Hence, the
quality of the chemical purification could be validated. The
intermediate  measurement  precision (offen  informally
referred to as ‘external reproducibility) of the reference
sample was 04%o (2s), and the mean value of dll
measurements deviated from the reference value of the
unprocessed sample by 0.1%o. Unprocessed reference
samples were analysed at the beginning and the end of
each measurement session to check the accuracy and
infermediate precision of the analytical conditions. The boron
isotope composition values varied for each measurement
session by less than 0.2%o.

Boron isotope measurements were performed using a
Thermo Fisher Neptune Plus MC-ICP-MS. The instrument was
equipped with a combined cyclonic and Scotttype quartz
spray chamber, Ni-cones and a MicroFlow PFA 100 pl min™
self-aspirating  nebuliser. Operating condifions are sum-
marised in Table S2. The analytical procedure consisted of
sample—reference bracketing and an on-peck zero blank
correction (e.g, Guerrot et al 2011). The samples were
bracketed with sample infensity-matched NIST SRM 951.
Unknowns and RMs were analysed in solutions of 2%
HNO3 with 25 ng ml" of boron. Each analysis consisted of
3.5 min simultaneous collection of masses 11 and 10 on
Faraday cups L3 and H3, respeciively, using 10'? Q
amplifier resistors. This was done by acquiring five blocks
of five cycles preceded by 105 s of baseline measurement.
A triplicate of analysis was done for each sample during the
same measurement session. Because of the large mass
fractionation during MC-ICP-MS analyses of boron, the
instrument was tuned before each measurement session for
maximum stability rather than maximum intensity by adjust-
ing the sample gas flow (cf. Foster 2008, Wang et al. 2010).
This procedure allowed the reduction of the mass fraction-
ation to approximately £ 0.5%o, which could be accurately
corrected using the bracketing method. Low B concentration
(25 ng ml™") was used and a wash time of 250 s after each
sample and reference analysis using a 2% nitric acid to
overcome the well-known wash-out problem of boron (eg,
Al-Ammar et al. 2000). This procedure allowed having a
blank signal of 2% below the signal of the analysed sample
and the RM. The blank signal was subtracted from the signal
of the sample and RM. A maximum of 2% was permitted for
the blank The ''B signal for the analysed samples was
relatively constant at ~ 250 mV, whereas blanks had a
mean signal of ~ 4 mV (~ 1.6%). The blank was relatively
constant because all samples and calibrators were diluted
to the same B concentration (25 ng g']). These conditions
allowed achieving a measurement bias on the delta results
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ranging from 02% to 1.0%. The given delta notation
8B = (I""B/"Bympid/[' 'B/"Brust srm o511 - 1) repre-
sents the per mil (%o) deviation from the NIST SRM 951
isofope measurement standard having a certified ''B/'°B
ratio of 404362 (Catanzaro et al 1970).

Secondary ion mass spectrometry

The homogeneity of boron isotope composition of
tourmaline samples and the IMF were investigated using
the CAMECA IMS 1280HR instrument at the SwissSIMS
laboratory, located at University of Lausanne (Switzerland).
The maijority of boron isotope measurements presented in
this study were performed using a duoplasmatron ion
source. A recently installed (April 2019) Hyperion radio-
frequency plasma ion source (Hyperion RF source) was used
to perform additional IMF calibration and homogeneity tests.

Duoplasmatron oxygen ion source: Measurements
were done in Kahler illumination mode using a %O primary
ion beam with accelerating voltage of 13 keV. The beam
current varied between 5 and 8 nA resulting in a 15—
20 um spot size, respectively. Primary beam mass filter
(PBMF) aperture was set to 100 pm. Positive secondary ions
were extracted and accelerated through a +10 kV potential.
Entrance slit (122 pm) and exit slit 1 (405 pm) of multi-
collection were set to obtain a mass resolution of 2460 (M/
AM). A field aperture of 5000 pum was applied resulting in
an image field of 50 pm. The mass spectrometer was
operated in multi-collection mode using Faraday cup (FC)
detectors. Intensities measured by the detectors were on the
order of 1.8 x 10° to 50 x 10° cps (counts per second)
on "B (2 defector at 10" Q) and 7.1 x 10° to
20 x 107 cps on ''B (H2 detector at 10'" Q). Counts
rates not only varied with ion beam intensities but also
slightly differed for different tourmaline compositions anal-
ysed at constant beam current, due to matrix effects. The FC
background was measured, and the mass was calibrated at
the beginning of each measurement session.

Before April 2017, the time of each analysis was about
10 min, consisting of 240 s of pre-sputtering with a raster of
30 pm in order fo remove the gold coafing and surface
contamination, 60 s to automatically centre the secondary
beam in contrast and field apertures, and 300 s acquisition
(fifty cycles of 6 s each). At the beginning of April 2017,
several fests were performed to optimise the measurement
procedure. A complete stabilisation of sputtering rate was
reached after 30 s. Similar measurement results and
repeatability precision were obtained with short and with
long pre-sputter time. Hence, all subsequent SIMS measure-
ment sessions used a shorter pre-sputter time resulting in
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reduction of measurement time to about 7.5 min per spot.
The tests revealed also that the applied raster of 30 pm
during pre-sputtering did not improve the analyses. Thus, no
raster was employed during subsequent measurement

sessions.

The within-spot variance, corresponding fo twice the
standard error of the mean of fifty cycles during an individual
analysis, was typically + 0.10-0.35%0 (2SE = standard
error). Homogeneity tests were conducted using either schorl
IAEA-B-4 or a restricted intra-grain area of analysed sample
as reference in order to monitor the instrument stability and to
perform drift corrections when necessary.

One measurement session, performed in May 2018,
analysed all tourmaline samples on the same mount to
investigate the IMF. Five to nine measurement results,
distributed over the time of the entire session, were obtained
from each sample. Tourmaline IAEA-B-4 was used to monitor
the session stability and was analysed more frequently

(fiﬁeen ono|yses).

Hyperion radio-frequency oxygen ion source: The
new Hyperion RF source was installed on the CAMECA IMS
1280HR instrument at the SwissSIMS laboratory in March
2019. One measurement session was performed on the IMF
calibration mount (same sample mount as in May 2018) to
assess whether it resulted in improvements with the new,
brighter source and to fest the robustness of the calibration
scheme. Seven to twelve measurement results were ran-
domly acquired in two grains of each tourmaline sample of
the calibration mount. Samples IAEA-B-4 and UNIL-T5 were
measured more frequently to monitor the session stability. No
drift was observed during this 11-h session.

Further, two SIMS measurement sessions were con-
ducted to investigate the homogeneity of RMs in October
2019. Here, eighf to ten grains of schorl IAEA-B-4, dravite
UNIL-T2, elbaite UNIL-T6 and I\/\n-beoring dorre”henryite
UNIL-T5, and two to four grains of the three Harvard RMs
were analysed with three to four points per grain. The grains
(IAEA-B-4, UNIL-T2, UNILT5 and UNIL-T6) were chosen
arbitrarily from each respective RM batch. The number of
grains of the three Harvard RMs was determined by sample
availability. No drift correction was needed for the two
sessions.

The measurements were performed with a focused
Gaussian '°O primary beam. The primary current was set to
8 nA similar to the current used with the duoplasmatron ion
source. However, the resulting spot size of approximately
10 pm was about two times smaller than the spot size

© 2020 The Authors. Geostandards and Geoanalytical Research published by John Wiley & Sons Ltd on behalf of 597
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generated with the duoplasmatron ion source. With the
exception of larger PBMF aperture (200 um) and the
voltage applied to L3 for a Gaussian beam, the
instrument settings were kept similar to those described
for the duoplasmatron (ie, slits, apertures). The mass
spectrometer was operated in multi-collection mode using
two FC detectors, which were both set with 10" Q
amplifier resistors. Count rates between 3.7 x 10° and
5.5 x 10° cps for '°B on the 1’2 detector and 1.5 x 107
and 20 x 10”7 cps for ''B on the H2 defector were
obtained typically. At the beginning of each measurement
session, the FC bockground was measured and the mass
was calibrated.

Several analytical seftings were tested to optimise
operating conditions. These consisted of applying different
pre-sputtering times and variable numbers of cycles. With the
high-density beam of the Hyperion RF source, a constant
sputtering rate was reached after 30 s or 40 s for samples
with a coating of about 30 nm or 40 nm, respectively.
Within-spot variance of a single analysis of less than 0.25%o
(2SE) was achieved with twenty cycles. Thus, the time of @
single measurement was about 3.5 min, including pre-
sputtering, centring of the secondary beam and twenty cycles
of acquisition, each of 6 s duration.

Results and discussion

Chemical composition and dassification of
tourmaline

Chemical compositions of all tourmaline RMs were
measured by EPMA to determine their species and to
evaluate their major and minor element chemical homo-

geneity. Results are given as mean values in Table 2.

The homogeneity in chemical composition of the tour-
maline RMs was assessed through the infermediate preci-
sion of the mean (1s) of all measurements performed on
each sample. For SiO, and AlbOs, which are the most
abundant compounds in tourmaline (> 20% m/m), the
intermediate precision was typically below 0.4% m/m (see
Table 2), corresponding to o relative standard devia-
tion (RSD) of less than 2%. Reference materials with major
amounts of FeO and MgO (> 5% m/m) dlso revealed
precision typically below 0.4% (RSD < 8%). Exceptions were
UNILTT and UNILT3, which both showed a larger
intermediate precision in FeO (ie, 0.8% m/m and 0.7%
m/m, respectively). This variance was accompanied by
Al,O3 precisions (0.7% m/m) in UNILTT and by MgO
variations (0.6% m/m) in UNILT3 (see Table 2). This
variance is also revealed by BSE imaging (Figure 1). When

confrast was optimised in the BSE images, UNILTI
showed an irregular patchy zonation (Figure 1a), whereas
UNIL-T3 showed a fine-scale oscillatory zoning (Figure 1c).
No visible zonation could be detected by BSE in other
tourmaline RMs (Figure 1b, d-f), which is consistent with
EPMA results (Table 2). The variance in B,O5 content, which
was calculated by iteration based on stoichiometry, was less
than 0.2% m/m. Variance in Na,O content was less than
0.15% m/m for a content of 1.5-2.7% m/m and thus is less
than 10% of relative variation. Similar relative variations
were observed for other minor elements (< 3.5% m/m), such
as CaO (HS#112566), MnO (UNIL-T5) or LixO (UNILT4
and UNIL-T6).

All tourmaline samples investigated here belong to the
alkali-group, with Na" dominating the X site (Figure 2c;
division according to the X-site occupancy of Henry et al
2011). Sample HS#108796 (dravite) has almost hallf of its X
site filed with Ca®* and is therefore considered calcium-rich
and plots on the boundary with the calcic-group. Based on
the W-site occupancy (Figure 2b; Table 2), two oxy-species
(UNILT4 and UNILTS), two fluorspecies (UNIL-T6 and
HS#98144) and six hydroxy—species (IAEA-B-4, UNIL-TT,
UNIL-T2, UNILT3, HS#112566 and HS#108796) are
distinguished. Further, based on the Y- and Z-site occupan-
cies (Figure 2¢; Table 2), UNILTI, IAEAB-4 and
HS#112566 have similar chemical compositions and are
classified as schorl (Xyg < 0.08) with a minor oxy-compo-
nent (Table 2 and Figure 2¢). UNIL-T2 is near end-member
dravite (XMg = 0.96). UNIL-T3 is a schorl with minor Mg
content (XMg =0.25) and be|ongs to the schorl—-dravite solid
solution series. These five tourmaline somp|es (IAFA-B-4,
HS# 112566, UNIL-TT, UNIL-T2 and UNIL-T3) have a fotal
Al content in the range of 6-7 apfu, suggesting the presence
of AP in the T and/or Y sites (Table 2). They cover the
composition of many igneous and metamorphic tourmalines
(Figure 3).

The sample set includes four Altourmaline species (two
that are fluor-dominant), that is, UNIL-T4, UNIL-T5, UNIL-T6
and HS#98144. Sample HS#98144 has nearly 1 apfu Fe
and is therefore intermediate between a fluor-schorl and a
fluor-elbaite. The three other Al-rich samples do not contain
Mg and have only a negligible amount of Fe and are near
the Al end-members (Figure 2c). To visualise the differences
among these three samples, a temary diagram AP
Mn?*, the major cafions occupying the Y site in those
samples, is shown in Figure 2d. Sample UNIL-T6 can be
classified as a fluor-elbaite, whereas UNILT4 and UNILT5
correspond to darrellhenryite (Table 2). Sample UNILT5 has
the highest Mn mass fraction (MnO = 1.3% m/m) of these
samples (Table 2).
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(a) UNIL-T1

(b) UNIL-T2

UNIL-T3

UNIL-T6

Figure 1. Backscattered electron images of grains from tourmaline UNIL-T1 to UNIL-T6 (Images taken by B.L.

Dutrow). UNIL-T1 shows irregular patchy zoning (a), UNIL-T3 reveals oscillatory zoning (c). In both crystals, the

zonation is caused by small variations in Fe content (up to 0.8% m/m and 0.7% m/m, respectively). Other
tourmaline grains of the new RM set, i.e. (c) UNIL-T2, (d) UNIL-T4, (e) UNIL-T5 and (f) UNIL-T6, are texturally and

compositionally homogeneous. White areas are remnants of gold coating.

The classification of the set of tourmaline samples reveals
that the IAEAB-4 and the three Harvard tourmaline RMs
cover a limited range for the compositional space of natural
metamorphic and igneous tourmaline varieties (e.g, schorl—
dravite—elbaite).  Only the chemical compositions  of
HS#112566 and IAEA-B-4 are near end-member compo-
sitions. In contrast, elbaite HS#98144 is a fluor-elbaite with
an intermediate composition between schorl and elbaite
(some zones are even dlassified as fluorschorl; see
Table S3). Sample HS# 108796, also referred to as ‘dravite’
in the literature of the Harvard RM set, has an Al deficiency
(< 5 apfu), suggesting that other constituents occupy the
octahedral sites. Indeed, chemical analyses, Mésshauer
spectroscopy data (Dyar et al 1998) and SREF reveal the
presence of significont ferric Fe and Mg in the Z site (Dyor
etal 2001, Cdmara et al. 2002). Based on the chemical re-
examination here and following the Henry et al (2011)
classification, HS#108796 is zoned and contfains regions
classified as dravite, schorl and feruvite, in contrast to its

original classification as dravite.

The new proposed tourmaline RM set allows extension
of the compositional range towards the Mg end-member

© 2020 The Authors. Geostandards and Geoanalytical Research published by John Wiley & Sons Ltd on behalf of
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dravite and to Al-rich compositions (elbaite and darrellhen-
ryite) (Figure 3). Hence, this enables a larger range of
tourmaline compositions fo be analysed, including those
mostly found in metamorphic and igneous rocks. Based on
BSE imaging and EPMA measurements, the tourmaline RMs
were evaluated to be chemically homogeneous enough,
and were thus further inspected for homogeneity in 3''B.

Bulk 3''B value of tourmaline by MC-ICP-MS

The bulk 3''B value of the each tourmaline RM were
analysed by MCICP-MS. The results are summarised in
Table 3. The determined reference values are given for each
sample as the mean of all individual measurement results,
which are reported in Table S4. The intermediate precisions
were typically better than 0.7%o (2s). The newly investigated
tourmaline samples (UNIL-TT — UNIL-T6) show 8''B ranging
from -9.15%o to -15.52%0. The ' 'B values of the previously
published RMs (IAEA-B-4, Harvard RMs) are shown in
Figure 4. For comparison and convenience, the published
reference values and associated uncertainties are reported.
Schol RM IAEAB-4 has a mean 8''B value of
901 £ 0.30%0 (25), and its value is within uncertainty
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Figure 2. Classification diagrams for tourmaline samples investigated in this study (diagrams follows the approach
of Henry et al. 2011). (a) All reference materials (RMs) belong to the alkali-group. Only HS#108796 contains
significant amounts of Ca and plots near the calcic-group. (b) The RMs plot into several subgroups based on W-site
occupancy: two oxy-, two fluor- and six hydroxy-species are present. (c) Tourmaline compositions in the Al-Mg-Fe
subsystem (modified after Henry and Guidotti 1985) permit further separation of the RMs. Black squares and black
circles represent the end-member compositions of the alkali-group and calcic-group tourmaline species, respec-
tively. Grey dashed lines represent atoms per formula unit (apfu) of Al,,; in the structural formula. Seven RMs are
close to the end-member compositions, that is, schorl-dravite—elbaite, whereas three RMs have intermediate
compositions. (d) Ternary diagram for Li-Al-Mn showing selected tourmaline species based on the Y-site occupancy,
assuming that the X site is dominated by Na and the Z site is fully occupied by Al. The three Al-rich tourmaline RMs
include two darrellhenryites and one elbaite. Lithium (Li*) was calculated as described by Dutrow and Henry (2016).
Black squares are end-member compositions of the alkali-group; black circles are end-member compositions of the

calcic-group.
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Figure 3. Diagram for the Al-Fe-Mg system showing compositional fields of tourmaline found in different rock types

(modified after Henry and Dutrow 201 8). Note that the domain labelled ‘no data’ is not found in nature. The

chemical range of RMs covers most compositions of tourmaline found in common igneous and metamorphic rocks.

equal to the published reference value of -871 = 0.36%0
(2s) (Gonfiantini et al 2003). The defermined &''B value
of RM HS#108796 (schor/dravite/feruvite) is -6.86 +
0.38%o (25) and agrees also with the published value of
-6.60 £ 020%0 (2s) (Leeman and Tonarini 2001). In
contrast, the published reference value for RM HS#98144
(luor-elbaite) of -10.40 + 0.40%o (2s) (Leeman and Tonarini
2001) deviates by 1.6%o from the value of -12.02 + 0.46%0
(2s) obtained here. A similar discrepancy is observed for
RM HS#112566 (schorl), where the reference value of
-12.50 = 0.10%0 (2s) given by leeman and Tonarini
(2001) is 1.4%o higher than the defermined value of
-13.86 = 0.36%o (2s).

The 8''B values determined by MCICP-MS for the two
established RMs HS#98144 and HS#112566 were

Table 3.
3''B values of tourmaline samples determined by
MC-ICP-MS, given as the mean of all measurements

Sample "B (%) 2 (%o) n
|AEA-B-4 -9.01 0.30 9
UNIL-T1 9.15 0.18 3
UNIL-T2 -1001 0.24 3
UNIL-T3 -15.52 0.68 9
UNIL-T4 -9.40 0.34 6
UNIL-TS 921 0.24 6
UNII-T6 -10.84 044 3
HS#112566 -13.86 0.36 3
HS#108796 -6.86 0.38 9
HS#98144 -12.02 0.46 3

n number of analyses.
Data normalised to NIST SRM 951.

© 2020 The Authors. Geostandards and Geoanalytical Research published by John Wiley & Sons Ltd on behalf of
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systematically lower than the published reference values
determined by thermal ionisation mass spectrometry (TIMS)
reported in the literature (Leeman and Tonarini 2001,
Gonfiantini et al. 2003) (Figure 4). This difference could be
an indication of analytical discrepancies between  the
traditional TIMS and the MC-CP-MS techniques or, alter-
natively, could also indicate heterogeneity between different
aliquots of RMs distributed. To further explore these
hypotheses, a comparison of selected studies presenting
the boron isofopic compositions of the four established RMs
as determined by different analytical techniques is shown in
Figure 5. The TIMS and MCICP-MS techniques are inde-
pendent of matrix effects. All techniques require a correction
of the measured &''B values to that of the NIST SRM 951.
However, due to large compositional variation of tourmaline
in major elements, LAMCICP-MS and SIMS require addi-
tional corrections to take into account the matrix effects. To
correct the data obtained with LAAMC-CP-MS, typically the
RMs NIST SRM 610 or IAEAB-4 was used. The three
Harvard tourmalines and the IAEA-B-4 schorl served as RMs
during SIMS measurements, and the correction was made
with the pub|isheo| reference values (Leeman and Tonarini

2001, Gonfiantini et al. 2003).

The 8''B values obtained with LAMMCICP-MS (Tiepolo
et al 2006, Lin et al. 2014, Mkovd et al 2014, Huang et al.
2016, Gou et al 2017, Albert et al. 2018) are in good
agreement with the reference values reported by TIMS
(Figure 5). Nevertheless, the variation of absolute values of
each RM is often of about 0.8%o. One exception is the data
reported by Huang et al (2016), where the 8''B values for
HS#98144 and HS#112566 are shifred by as much as -
1.4%0 and -1.8%o, respectively, relative to the reference
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Figure 4. Boron isotope compositions of the four established tourmaline RMs determined by MC-ICP-MS. Results
agree well with the published values for the RMs IAEA-B-4 and HS#108796. In contrast, values determined for the
RMs HS#112566 and HS#98144 are systematically higher than the literature values by as much as 1.4%. and 1.6%.,

respectively. Vertical range bars represent 2s.

values of Leeman and Tonarini (2001). These values were Data reported for several RMs by different SIMS studies
calculated relative to the RM IAEA-B-4, similar to Mkovd are more variable (Figure 5). The data were not corrected
et al (2014) and Gou et al (2017). Note that the value of for individual composifion—dependenf IMF. Instead, the final
Huang et al (2016) for HS#112566 is similar to the value 5''B value is obtained by correction with a sing|e matrix-
reported here obtained from MC-ICP-MS measurements. dependent mass fractionation factor o,y averaged for all
IAEA-B-4 HS#112566 HS#108796 HS#98144
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Figure 5. Comparison of published boron isotope compositions for the four established tourmaline RMs determined
by different analytical techniques. The RMs IAEA-B-4 and HS#108796 show a narrow variation range, whereas the
8''B values for HS#112566 and HS#98144 vary within 3.1% and 1.6%o, respectively. The raw 3''B correction was
done using: (a) NISTSRM 610, (b) schorl IAEA-B-4, (c) schorl HS#112566, (d) averaged o m¢ of all RMs and (e) schorl/

dravite/feruvite HS#98144. For more explanation, see text.
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Figure 6. Boron isotope measurements in tourmaline reported for typical SIMS sessions. Symbols represent different

tourmaline RMs. (a) Measurement session performed to investigate the homogeneity of tourmaline sample UNIL-T5.

The intermediate precision of measurement results for five grains was 0.24%.. Tourmaline IAEA-B-4 was used as the

RM and had an intermediate measurement precision of 0.32%. (2s). (b) Measurement session conducted to

investigate the instrumental mass fractionation (IMF) dependence on chemical composition of tourmaline. Samples

IAEA-B-4 and UNIL-T5 were used as RMs to control the

instrument stability. Range bars for symbols represent the

within-spot uncertainty (2SE). 3''B values are not corrected for IMF.

RMs used (Mikovd et al. 2014, Codeco et al. 2017) or using
the oi.q of the RM schorl/dravite/feruvite HS#98144
(Trumbull et al. 2008, MacGregor et al. 2013, Grew et al.
2015). Interestingly, in all studies the values of schorl
HS#112566 are systematically shifted to heavier values
compared with the reference values, whereas fluor-elbaite
HS# 108796 is shifted to lighter 8''B values compared with
the reference value of Leeman and Tonarini (2001). These
observations suggest that there is a systematic difference,
likely enhanced by compositional matrix effects for SIMS
measurements. A more detailed discussion on the SIMS data
is presented below.

Given the effects discussed above, a systematic differ-
ence between LA-MC-ICP-MS, TIMS and MC-ICP-MS mea-
surements cannot be estobhshed, because values obtained
for RMs IAEA-B-4 and HS#98144 overlap within their stated
precisions (2s). Consequently, we favour the interpretation
that the variations observed between 8''B values of RMs
HS#108796 and HS#112566 reflect mineral hetero-
geneities. To our knowledge, extensive tests on isofopic

homogeneity of the three Harvard tourmaline samples,

© 2020 The Authors. Geostandards and Geoanalytical Research published by John Wiley & Sons Ltd on behalf of
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comprising more than two grains, are lacking. Reference
values of Leeman and Tonarini (2001) are based on only
two measurement results, and the reported LA-MCICP-MS
data from the literature were, in general, obtained on a
single grain. More extensive inter-laboratory comparison
studies and techniques are required to fully resolve this issue.

In situ SIMS measurements of tourmaline

Homogeneity tests: Ten SIMS measurement sessions
were performed to investigate the homogeneity in boron
isotope composition of the potential tourmaline RM set. In
general, two to six grains were analysed for each tourmaline
sample by arbitrary placement at least three analysis spots
on each grain. Figure 6a shows an example of a typical
measurement session from April 2017, where five grains of
sample UNIL-T5 were analysed using tourmaline IAEA-B-4
as the ‘infernal’ reference material (IRM). Blocks of six sample
analyses were bracketed by three analyses of the IRM.

The Harvard tourmaline samples were measured during
a SIMS session in June 2017 with the duoplasmatron ion
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Table 4.
Intermediate precision of boron isotope measure-
ments evaluated by secondary ion mass spectrom-

etry

Reference Date 2 (%o) Grains n
material
IAEA-B-4 26-Apr-17 © 026 2 16
27-Apr-17 © 0.17 1 21
30-Apr-17 © 032 1 19
15-Jun-17 © 031 2 42
26-Apr-19 © 031 2 40
26-Oct-19 ° 025 6 60
27-Oct-19 ° 027 4 42
UNIL-T1 03-Mar-17 ¢| 039 2 14
29-Apr-17 © 035 4 24
26-Apr-19 029 2 9
UNIL-T2 03-Mar-17 ¢| 037 4 21
15-Jun-17 © 027 2 8
26-Apr-19 © 037 2 11
26-Oct-19 ° 093 6 23
27-Oct-19 ® 0.60 4 16
UNIL-T3 26-Apr-17 © 0.39 4 24
15-Jun-17 @ 026 1 4
26-Apr-19 @ 0.44 2 12
UNIL-T4 28-Apr-17 © 0.39 4 15
26-Apr-19 0.13 2 9
UNIL-T5 30-Apr-17 © 024 5 24
15-Jun-17 © 033 2 8
26-Apr-19 © 021 2 41
26-Oct-19 ° 0.54 6 24
27-Oct-19 ° 0.44 4 16
UNIL-T6 27-Apr-17 © 035 4 29
26-Apr-19 ® 035 2 12
26-Oct-19 ° 0.48 6 24
27-Oct-19 ® 053 3 13
HS#112566 | 15-Jun-17 © 0.26 2 12
26-Apr-19 ® 0.18 2 12
26-Oct-19 ° 0.17 2 8
HS#108796 | 15-Jun-17 © 025 2 13
26-Apr-19 © 0.56 2 12
26-Oct-19 ° 028 2 8
27-Oct-19 ° 0.24 2 6
HS#98144 | 15-Jun-17 © 0.66 2 14
26-Apr-19 © 0.46 2 9
26-Oct-19 ° 0.48 2 8
27-Oct-19 ° 0.44 2 8

n number of analyses.
@ Duoplasmatron ion source.
b Hyperion RF ion source.

source and with the Hyperion RF source in April 2019
(Figure 6b). Here, one to two grains per fourmaline sample
were analysed with typically four to seven spots per grain.
Further homogeneity tests were performed in October 2019
(Hyperion RF source) where end-member RMs (dravite UNIL-
T2, elbaite UNIL-T6 and Mn-bearing darrellhenryite UNIL-
T5) were analysed together with the four established RMs.
The full data set with the results of all measurement sessions
is compiled in Table S5.

The isotopic homogeneity of each sample was assessed
by the intermediate measurement precision, calculated as
twice the standard deviation (2s) of the mean of dll
measurements during a measurement session (after correct-
ing the data for drift with time, where necessary). The raw
5''B values of IRM were |o|oﬁeo| against measurement time,
and if a clear linear increase or decrease was defected, the
data were corrected for temporal drift. The results of all
homogeneity test sessions are summarised in Table 4. The
infermediate measurement precision of the analysed tour-
maline somp|es was in generc1| better than 0.60%o (2s) and
for most RMs better than 0.40%o (2s). Exceptions are two
samples with slightly higher intermediate measurement
precision, that is, Harvard RM samples HS#98144 (fluor-
elbaite) with 0.66%o (2s) and UNIL-T2 (dravite) with 0.93%o
(2s). IAEA-B-4 (schorl) showed the lowest intermediate
measurement precision (0.17%o to 0.32%o, 2s). We con-
clude that these samples are isotopically homogeneous at
the present measurement precision. We propose that IAEA-
B-4 it is the most appropriate RM to use for drift monitoring
and potential correction. Good intermediate measurement
precision was also found for the Harvard RM HS#112566
(schorl) with < 0.26%0 (2s), though fewer grains were
available for testing. Aluminium-rich tourmaline samples
(UNIL-T4, UNIL-T5, UNIL-T6) revealed intermediate precision
between 0.13%o and 0.54%o (2s). Samples UNIL-TT and
UNIL-T3 have, despite their minor chemical heterogeneities
(see Figure 1), similar values (ie, < 0.44%o, 2s). Hence, we
conclude that the small major element compositional
variations reported in these samples have a non-measur-
able effect on the measured boron isotope composition.
Measurement results for dravite UNIL-T2 has intra (within)-
grain precisions between 0.27%0 and 0.93%o (2s), indicat-
ing a boron isofope zoning. The inter (between)-grain
precision was in genercﬂ better than 0.55%o (2s). Sample
HS#98144 (fluor-elbaite) also reveals less homogeneous
5''B values compqred with other invesﬁgoted RMs (inter-
mediate precision > 0.44%o, 2s).

The precision obtained in this study using SIMS is
significantly better than that reported in previous studies for
Harvard tourmaline RMs, which were in the range 0.8-
3.2%0 (2s) (e.g, Ludwig et al. 2011, MacGregor et al. 2013,
Drivenes et al. 2015, Farber et al. 2015, Grew et al. 2015,
Bitiner et al 2016). This variability is probably due to
differences in the detection set-ups. Measurements per-
formed in mono-collection mode are more sensitive to
instrument instability due fo non-simullaneous measurements
of both isotopes ('°B and ''B), whereas in multi-collection
mode, both isotopes are measured simultaneously. Ludwig
et al (2011) and MacGregor et al. (2013) performed their
analyses on small-geometry instruments, a CAMECA IMS 3¢
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Table 5.
Results of two measurement sessions performed by SIMS to investigate the effect of tourmaline chemistry on

the instrumental mass fractionation (IMF)

RM Duoplasmatron source Hyperion RF source
Session 7 May 2018 Session 26 April 2019
M red|2s SIME SIME Simr Norm. to IAEA-B-4 | n|Measured| 2sgms M dIME SiMF Norm. to IAEA-B-4 | n
5" "Bsims | (%) |measured|calculated 5" "Bsims 2(%o) measured |calculated,
(%o) IMFeomp | IMFeomp (%o) IMFeomp | IMFeomp
measured|calculated measured|calculated
IAEA-B-4 -41.14 0.58 09676 09676 6.54E-04 0.00 0.02 16 -29.50 031 09793 09787 4.31E-04 0.00 0.58 40
UNIL-T1 -41.11 0.50 09677 09675 5.34E-04 -0.17 006 5 -30.77 029 09782 09788 3.42E-04 1.16 0.55 9
UNIL-T2 -48.55 0.63 09611 09616 6.78E-04 6.66 6.10 9 -34.86 037 0.9749 09751 4.42E-04 4.47 423 11
UNIL-T3 -47.28 0.30 09677 0.9681 7.35E-04 -0.16 -0.56 6 -36.24 0.44 0.9790 09788 8.11E-04 037 0.51 12
UNIL-T4 -47.89 038 09611 09613 506E-04 6.59 6.48 6 -34.50 013 09747 09749 3.59E-04 472 449 9
UNIL-TS -46.21 023 09627 09622 3.29E-04 504 554 5 -33.17 021 09758 09755 3.17E-04 3.55 3.88 41
UNII-T6 -50.16 046 0.9603 0.9607 6.31E-04 7.49 705 7 -35.64 035 0.9749 0.9745 5.60E-04 4.44 485 12
HS#112566 -4623 049 0.9672 0.9671 6.11E-04 041 0.51 6 -34.58 0.18 0.9790 0.9786 401E-04 034 070 12
HS#108796 -42.74 0.19 0.9639 0.9642 4.14E-04 3.80 3.47 7 -29.56 0.56 09771 09769 6.77E-04 221 242 12
HS#98144 -48.36 0.35 0.9632 0.9633 5.72E-04 446 433 6 -36.61 0.46 0.9751 09761 6.50E-04 425 322 9
aymr measured calculated with reference values from (1) Gonfiantini et al. (2003) and (2) Leeman and Tonarini (2001)
IAEA-B-4 (V) -41.14 0.58 096729 09676 6.83E-04 030 0.02 16 -29.5 031 09790 09787 4.74E-04 030 0.58 40
HS#112566 -46.23 0.49 0.96585 09671 502E-04 177 051 -34.58 018 09776 09786 207E-04 170 070 12
@
HS#108796 -42.74 0.19 096362 09642 2.73E-04 406 3.47 7 -29.56 0.56 09769 09769 597E-04 247 242 12
@
HS#98144 -48.36 035 096164 09633 5.32E-04 608 433 6 -36.61 0.46 09735 09761 6.09E-04 587 322 9
@

oy fractionation factor of instrumental mass fractionation, calculated as described in text with Equation (1); Sy Uncertainty on IMF, calculated according

Bevington and Robinson (2002); n, number of analyses.

and a CAMECA IMS 41, respectively, where analyses can be
performed exclusively in  mono-collection mode. They
repor’recl infermediate measurement precision (’extemo|
reproducibility) of 0.4-1.0%o (2s) and 2.2-32%. (2s),
respectively. The large difference between both studies
indicates that there are other factors that may influence the
RM intermediate precision. Grew et al (2015) performed
boron isotope measurements in mono-collection mode using
a large-geometry instrument (@ CAMECA IMS 1270HR).
They achieved infermediate measurement precision better
than 1.2%o (2s). Drivenes et al (2015) and Farber et al
(2015) performed their analyses in mono-collection mode
using a CAMECA IMS 1280HR, the same instrument model
used in this study, and their values were about 1.8%o (2s)
and 1.2%o (2s), respectively. Biitner et al. (2016) used a
CAMECA IMS 1280HR in multi-collection mode (FC detec-
tors) and analytical conditions similar to ours. However, they
reported uncertainties for individual RMs of about 0.8%o (2s),
which are slightly higher than the values reported here.

Finally, great care was taken to ascertain the quality of
the samples by using a white light microscope. It is known
that sample preparation and sample geometry (i.e, arrange-
ment of grains within mount, fopography of the mount) have
an important effect on SIMS analysis. It is also possible that

© 2020 The Authors. Geostandards and Geoanalytical Research published by John Wiley & Sons Ltd on behalf of
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the larger compositional variation reveals sample hetero-
geneity. In studies where values are reported for each RM
and the three Harvard tourmaline RMs were used, we noted
that HS#98144 typically has the worst intermediate preci-
(2011), Grew et al 2015),

indicating it is less homogeneous, similar fo our results.

sion (eg, Lludwig et ol

The newly investigated tourmaline samples are suitable
as RMs for in situ boron isotope measurement because they
record infermediate precision generally lower than 0.60%o
(2s), which is an improvement over data published to date.
As the measurement precision increases, the more hetero-
geneous RMs (e.g, HS#98144) should be replaced with, as
yet not found, more homogeneous RMs.

Investigation of the chemical composition of tourma-
line on IMF: Isotopic measurements by SIMS are impeded
by the IMF, which is defined as the difference between the
isotope ratio measured by SIMS on a RM and the reference
isotope ratio obtained by an independent (bulk) technique
such as MCICP-MS or TIMS. The IMF affecting SIMS analysis
includes both sample-dependent (e, composition-depen-
dent) and insfrumen'r—depenolent effects (Eiler et al 1997).
Composition-dependent effects are caused by complex
sputtering and ionisation processes (e.g, Schroeer et al.
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1973, Williams 1979, Yu and Lang 1986); they depend on
the chemical composition and potentially the physical
structure of the material analysed. They are generally
referred to as ‘matrix effects’, and the related fractionation
mechanisms are not completely understood (e.g, Eiler et al.
1997, Siron et al. 2016). In contrast, MC-ICP-MS and TIMS
only suffer from instrument-dependent mass fractionation.
The latter results are from the transmission of secondary ions
and from the physical effects occurring during ion extraction,

acceleration and detection (Shimizu and Hart 1982, Lyon
et al 1994).

The composition-dependent mass fractionation of iso-
topic rafios defermined by SIMS can be modelled as
described by Kita et al. (2009). When applied to the boron
isofopic system, the fractionation factor oy can be calcu-
lated from Equation (1):

1+ (5“BS|MS/]O3>
1+ <6”BREF/1O3>

(M

OlmF =

where 8''Bgps is the mean of all boron isotope ratios
measured by SIMS on a RM during one measurement
session, and &' 'Bger is the reference value of the same RM
determined independenﬂy by another method (e.g., TIMS,
MC-CP-MS). The measurement uncertainties were propa-
gated following standard procedures (see, e.g, Bevingfon

and Robinson 2002).

To investigate the importance of matrix effects for boron
isotopes and how it relates to the chemical composition of
tourmaline, all RMs presented here were placed on one

10 10

mount and were all analysed during the same SIMS session;
several measurement sessions were performed. This ensures
that analytical conditions were constant. Any variations in
IMF — after dfift correction if found necessary — are assumed
to be due to chemical matrix effects (IMFeomp). Two SIMS
sessions were performed to determine the IMFcomp: one with
the duoplasmatron ion source in May 2018 and one with
the Hyperion RF source in April 2019. The results are
presented in Table 5. The absolute IMF values change from
session to session and are strong|y dependent on the
analytical conditions applied. Thus, the measured IMF o is
|orger for the session performed with the duoplasmatron ion
source compared with the session using the Hyperion RF
source. The infermediate precision values of most tourmaline
RMs during the measurements obtained with the Hyperion
RF source improved. Nevertheless, there are three samples
revealing a higher scatter during the Hyperion RF session
(> 0.6%o, 29), that is, samples UNIL-T3 (schorl), HS#108796
(schorl/dravite/feruvite) and HS#98144 (fluor-elbaite). Duo-
plasmatron ion source sessions were typically somewhat
affected by drift in current, requiring a linear temporal drift
correction, whereas the Hyperion ion sources proved to be
highly stable, resulting in no temporal drift during the second
session.

The physical mechanisms responsible for isotopic frac-
tionation related fo composition-dependent matrix effects
are not well understood. Consequently, correction proce-
dures for IMF are entirely empirical. In practice, IMF is
typically assumed to be linear, but some authors have
demonstrated also a  non-linear relationship between
chemistry and IMF (e.g., Sliwirski et al. 201 6). An established,
pragmatic approach is to plot each individual elemental

(a) R?=0.8575 (b)

v
-
ég - R?=0.9482
6 x 6
el
-
@ uniLT1
@ uNILT2 5

[ AeaB-4 A UNILT3
O Hsw12s66 © UNILTA
O Hs#108796 () UNILTS
O Hs#os144  V/ UNILT6

(%)

(amp
-
O
\
\
N

IMF
\
\
\

o

¢ A&

o 0 _--
\\Q o) 4 Q/// Q

(c)

R?=0.2772

~ _ -
~
~ 2 =

el e 0

2 !
33 335 34 345 35 355 36 365 37 375 38 0 2 4 6
SiO, (% m/m)

FeO + MnO (% m/m)

-2
10 12 14 16 0 0.2 0.4 0.6 0.8 1 12

F (% m/m)

Figure 7. Investigation of the composition dependence of instrumental mass fractionation (IMF.,,p) for the

tourmaline RMs by plotting it against composition parameters. (a) SiO2 (in % m/m) versus IMF o, shows a good

linear correlation (R? = 0.858). (b) FeO + MnO (in % m/m) versus IMF ., reveal an excellent linear correlation

(R? = 0.948). (c) F (in % m/m) versus IMF o mp shows limited correlation (R? = 0.277). However, using F as a chemical

parameter in multiple linear error-weighted regressions improved significantly the reduced %2 per point when

fitting the RMs. See text for explanation.
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Figure 8. Plots show the measured versus calculated instrumental mass fractionation (IMF) for two calibration SIMS

sessions. One session was performed with (a) the duoplasmatron oxygen ion source in May 2018 and the other one

with (b) the Hyperion RF oxygen ion source in April 2019. Measured IMF was fitted using a multiple linear, error-

weighted least square regression to the three chemical parameters (FeO + MnO, SiO2 and F, in % m/m). Note that

all RMs plot close to the identity line. Significant matrix effects of up to 5-8%0 in ' 'B were observed. Dashed

symbols show the position of RMs when calculated using published reference values (Leeman and Tonarini 2001,

Gonfiantini et al. 2003).

composition (in % m/m) of RMs against observed IMF,, fo
search for linear dependencies. For the chemical range of
the tourmaline samples investigated in this study, linear
correlations were found for SiO, (Figure 7a) and the
combination of FeO + MnO (Figure 7b). There is no clear
correlation of F with IMF (Figure 7c). However, by adding F
as an additional parameter fo the correction procedure
improves significantly the quality of the fit. Subsequently, the
IMFmp for the studied chemical range of tourmaline can be
described using a weighted least square fit (e.g, Bevington
and Robinson 2002) by a linear combination of the three
chemical parameters FeO + MnO, SiO, and F. It provides
the best correction procedure. IMFomp-cale can be caleulated
from Equation (2):

IMFomp—cale = A+ B % (FeO +MnO) + C # SOy + D+ F
(2)

where FeO, MnO, SiO, and F are the mass of oxides (in %
m/m) determined by EPMA, and A B, C and D are fitting
parameters determined from the multiple linear regressions.

Using this procedure, only FeO (and not total iron) was
found to be the significant chemical parameter. The fact that
on|y FeO seems to be important most |ike|y masks a comp|ex
interaction of other elements in the tourmaline structure,
influencing the IMF. The quality of the fit is evaluated by the

© 2020 The Authors. Geostandards and Geoanalytical Research published by John Wiley & Sons Ltd on behalf of
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reduced ¥ per point taking info account the number of
fiﬁing parameters and independent constraints (e.g., the
degree of freedom of the fif; see Press et al. 2007).

Visualisation of the quality of the fit is best obtained by
plotting the oyme measured for each tourmaline RM against its
corresponding fitted value, oy calculated. Figure 8 shows
the fits for the two measurement sessions based on the data
from Table 5. For better visualisation and comparison, o of
RM IAEA-B-4 was converted into its 8-value and set to O.
Other RMs were normalised to IAEA-B-4 and thus display the
offset in IMF from this RM (Table 5 and Figure 8). The best-fit
line of the first measurement session (Figure 80) confirms that
all tourmaline RMs plot within their uncertainty along the 1:1
line. The robustness of fit is indicated by the reduced %2 per
point of 0.76. The corresponding fitting parameters are as
follows: A = 090 + 002,B=7.50 x 10* £ 1.31 x 104
C=167 x 10% £ 605 x 10* and D=-238 x 103
+7.34 x 10™ The second measurement session reveals a
% per point of 178 (Figure 8b) with the following fitting
parameters: A = 095 + 002, B= 370 x 10 + 136 x
104 C=590 x 107 + 644 x10* and D=-1.14 x
102 £ 7.10 x 10™ Here, two of the ten RMs, that is, UNIL-
T1 and HS#98144, deviate from the 1:1 line by more than
their uncertainty (UNIL-TT: 0.34%o, 2s; HS#98144: 0.60%o,
25s). The deviation is about 0.60%o (2s) for RM UNIL-TT and
about 0.80%o (2s) for HS#98144 (Figure 8b).
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During the first measurement session (7 May 2018 using
the duoplasmatron ion source), only one grain of each RM
was analysed, while during the second session (26 April
2019 using the Hyperion RF source) analyses were obtained
for two grains. The measurement session using the Hyperion
RF source resulted in generally smaller repeatability precision
(0.12-0.20%o, 2SE). These new, high-precision measurement
results reveal inter-grain heterogeneity of the RMs and hence
the limit of the proposed RMs. Further tests will be needed to
verify this suggestion.

The largest matrix effect was observed between fluor-
elbaite UNIL-T6 and Fe-rich tourmaline samples, that is,
UNIL-T3, IAEA-B-4, UNIL-TT and HS# 112566, ranging from
8.2%o for the first measurement session to 5%o for the second
(Figure 8). There was also a large maitrix effect between Fe-
rich tourmaline compositions and dravite UNIL-T2 (7.3%0
and 4.7%o) for both sessions, respectively.

Matrix effects for ' 'B/'°B determination in fourmaline by
SIMS have been already addressed in previous studies (e.g.
Chaussidon and Albaréde 1992, Cabral et ol 2012,
MacGregor et al. 2013, Grew et al. 2015, Siegel et al
2016). The majority of studies reported negligible or minor
(< 2%o0) matrix effects for the Harvard tourmaline RMs set
(Buttiner and Kasemann 2007, Ludwig et al. 2011, Cabral
et al. 2012, Drivenes et al. 2015, Farber et al. 2015, Bitiner
et al 2016, Siegel et al. 2016). For these studies, the overall
uncertainty quoted was about 2%o (2s), |eoo|ing those
authors to conclude that no significant compositional mass
fractionation was observed. Cabral et al (2012), Grew et al.
(2015) and Siegel et al (2016) mentioned a 1-2%o offset
between the IMF of fluor-elbaite HS#98144 and those of
the other Harvard tourmaline RMs. These findings are in
good agreement with our data. Nevertheless, the smaller
analytical uncertainties in the present study highlight these
differences more (Table 5 and Figure 8). MacGregor et al.
(2013) reported matrix effects for the Harvard RMs with @
similar range to those observed in the present study. They
also noticed the largest matrix effect (of about 5%o) between
the schorl HS#112566 and fluor-elbaite HS#98144.
Differences of +1.6%0 and -3.6%o were found between the
RM schorl/dravite/feruvite HS#108796 and fluor-elbaite
HS#98144 and schorl HS# 112566, respectively. Chaussi-
don and Albarede (1992) reporled a strong matrix-
dependent mass fractionation of about 10%c between
schorl and elbaite end-members. The absolute magnitude of
the IMF will depend on the instrument (small versus large
geometry), the beam settings (Kshler illumination mode
versus focused beam), the primary ion source and other

analytical settings.

In the current study, the absolute magnitude of the IMF
values also changed from one SIMS session to another due
to the primary beam settings: the session with the duoplas-
matron source was done with a beam in K&hler illumination
mode, whereas in the session with the Hyperion RF source, a
focused beam was used. However, the relative position
between the RMs stayed the same, as did the observation
that the largest measured matrix effect occurred between
fluor-elbaite and Fe-rich tourmaline compositions. Hence, it is
imperative to use at least two RMs when analysing boron

isotope composition of an unknown tourmaline sample.

Given the complexity of the chemistry of the tourmaline
group minerals, it is good practice to bracket the chemical
composition of the unknown tourmaline sample by the RMs.
If the composition is relatively simple, like that of many
metamorphic tourmalines belonging to the schorl-dravite
solid solution, a sub-set of the RMs presented here can be
used: a schorl RM such as IAEA-B-4 or HS#112566 and a
dravite UNIL-T2. If the chemical composition of the unknown
sample is not between two RMs, we suggest using at least
three RMs spanning the compositional range of the

tourmaline for analyses.

We re-analysed all RMs by MC-CP-MS to obtain a
consistent set of values for these RMs. These new values result
in a satisfactory compositional matrix correction scheme for
SIMS analysis (see Figure 8). We could not find a consistent
correction scheme using the published values with the values
reported here for the new RMs. For each new RM analysis,
we used grains from the same crystal for measurement by
SIMS, EPMA and MCHCP-MS. However, this could not be
guaranteed for the three Harvard tourmaline RMs because
they were received as sub-2-mm grains of ca. 100 mg in
total. Thus, it is unclear whether the reference values
published by Leeman and Tonarini (2001) and Gonfiantini
et al (2003) were obtained from the same crystals and
therefore whether they reflect an isotopically homogeneous
original material. It is likely that the inconsistency reported
here between ‘old’ and ‘new’ bulk boron isotope values may
be due to slight differences (1%0 or 2%c) among the
distributed material (e.g, different crystals, zonation). The low
SIMS infermediate precision reported from two grains of
fluor-elbaite HS#98144 in this study supports this interpre-
tation.

Concluding, prior to performing precise boron isotope
analysis of tourmaline with SIMS, we highly recommend
checking the homogeneity of the RM batches used and, if
possible, to conduct bulk boron isotope analyses in order to
have an internally consistent set of RMs.
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Uncertainty on §''B determination

The measurement uncertainty of isotopic values analysed
by SIMS includes different errors, which stem from several
sources (e.g, Fitzsimons et al 2000). In this study, we
considered the following errors in order to defermine the
measurement precision on 8''B values of an unknown
sample: (a) within-spot uncertainty, (b) intermediate mea-
surement precision and (c) the uncertainty of the IMF
determined for each session.

The within-spot uncertainty considers an individual
analysis. The precision of a spot analysis is primarily affected
by the random emission of secondary ions from the sample.
The within-spot uncertainty is calculated as twice the
standard error (QSE) of the mean of all repeo’red measure-
ments (ie, cycles) in one spot. During a measurement
session, the within-spot uncertainty was typically 0.10-
0.35%o (2SE) with the duoplasmatron ion source and less
than 0.10-0.25%0 with the Hyperion RF primary source.

The infermediate measurement precision (often infor-
mally referred to as ‘external reproducibility) is related to the
RMs that are used to monitor session stability and to correct
for compositional IMF. The intermediate measurement pre-
cision depends not only on the homogeneity of the RM but
can also be affected by session stability (e.g., temporal drift of
the primary beam intensity), or by the suface quality of the
analysed mount (e.g, flatness, polishing or sample position in
the mount). Hence, we typically measure all relevant, for
example, brackefing RMs, throughout the entire session. For
minerals with substantial amounts of solid solution such as
tourmaline, we performed analyses of the RMs after every
two to three sample analyses, alternating between the
different bracketing compositional RMs each time. The
infermediate measurement precision of RMs presented here

was typically about 0.2-0.5%o (2s).

The uncertainty of a boron isotope analysis by SIMS also
depends on its chemical composition and which RMs were
used during analyses. Overall, the measurement precision
on the isotope composition of an unknown sample deter-
mined by SIMS using the RMs investigated in the present
study is expected to be better than 0.8%o (2s) in most cases.
In many cases, if using the Hyperion RF source, it will be
around 0.5%o (2s). For a precise calculation of the uncer-
tainty, one will have to propagate uncertainties for a given
sample composition and session. Nevertheless, the pre-
sented RMs will help solving most geological problems,
since a measurement uncertainty of about 1%o (1s) on 3''B

value is sufficient, as fractionation of boron isotopes in nature

is known to cover an inferval of about 90%o, ranging from
-30%o to +60%o (e.g., Hoefs 2015).

Conclusions

Six new tourmaline samples (ie, UNIL-TT to UNIL-T6) are
presented as potential RMs for in situ boron isotope analysis
by SIMS. The chemical homogeneity of the samples was
shown to be adequate for the current precision of boron
isotope measurement. An intermediate measurement preci-
sion of the boron isotopic composition of less than 0.6%o (2s)
is reported for these six tourmaline samples. Their bulk boron
isotope compositions, determined by MCICP-MS, range
between -15.5%0 and -9.2%o with uncertainties in the range
of 0.1-0.7%o (23). These new tourmaline RMs are suitable for
in situ boron and oxygen isotope analysis by SIMS (Marger
et al 2019). They are available upon request from the
SwissSIMS laboratory, as quantifies permit.

The SIMS and MCACP-MS analyses reveal that the RMs
IAEA-B-4 and HS#10879 agree, within uncertainty, with the
new data set, while the RMs HS#112566 and HS#98144
show ca. 1.5%o differences compared with the published
reference §''B values. A multi-analytical comparison study
between different laboratories is needed to fully elucidate
the reasons for the differences. Nevertheless, we recommend
using the RMs HS#112566 and HS#98144 together with
the RMs UNILTT to UNILT6 at this point, since they

represent a coherent set of tourmaline reference minerals.

Together with the four established RMs (IAEA-B-4,
HS#112566, HS#108796 and HS#98144), the six new
tourmaline samples (UNILT1 to UNIL-T6) presented here
extend the compositional range of tourmaline that can be
analysed for boron isotopes by SIMS to dravite, to elbaite
and fo Alrich end-member compositions. Thus, it is now
possible to analyse the compositions of tourmaline found in

most common igneous and mefamorphic rocks.

The matrix-dependent IMF for tourmaline compositions
invesﬁgoted can be signiﬂconf (up to 8%0). The limited
amount of infermediate RMs suggests that the compositional
IMF is a linear combination of FeO + MnO, SiO5 and F.
Thus, the chemical composition of the tourmaline samples to
be measured needs to be determined prior to boron isotope
analysis by SIMS in order to choose proper RMs, preferably
close to or bracketing the chemistry of the unknown
tourmaline samples to be analysed. We recommend
mounting at least two RMs together with the unknown
sample and analysing them regularly during the measure-

ment session. In this way, the unknown samples can be
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carefully corrected for the IMF and the final measurement
uncerrainiy will decrease. In genero|, a  measurement
uncertainty of less than 0.8%o (2s) is expected for the boron
isotopic composition of an unknown tourmaline sample. With
the Hyperion RF oxygen ion source, analytical precisions of
less than 0.6%o (25) for boron isotopic measurements can be

routinely obtained.
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