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Abstract :

Boron and Li are light, incompatible elements that preferentially partition into the liquid phase, whether
melt or aqueous fluid, and thus are useful for tracking fluid-related processes in rocks. Most of the Li
isotopic data presently available on subduction-related rocks are from whole-rock analyses; and the B
isotopic analyses of subduction material have been carried out either on whole-rocks or in-situ on an
accessory phase, such as tourmaline. The new method presented here couples an ESI New Wave UP-
193-FX ArF* (193 nm) excimer laser-ablation microscope with a Neptune Plus (Thermo Scientific) MC-
ICP-MS aiming to measure both Li and B isotopes in situ with good spatial resolution (metamorphic
minerals are commonly chemically zoned, and whole-rock analyses lose this detail). The data thus
obtained are compared with SIMS analyses on the same mineral samples for B, and with MC-ICP-MS
analyses on whole-rock or mineral separates from the same sample for Li. Additionally, data acquired
on tourmaline standards were compared to SIMS values. The results show that for B concentrations
above 5 ug/g, the data obtained by LA-MC-ICP-MS and by SIMS are identical within error, for mica
(phengitic muscovite), pyroxene (jadeite), serpentine (antigorite), and tourmaline. For Li concentrations
above 10 ug/g, the data obtained by LA-MC-ICP-MS and by MC-ICP-MS are also identical, within error,
for mica (phengitic muscovite), and pyroxene (jadeite). However, analyses of tourmaline standards have
shown significant differences with reference values, so LA-MC-ICP-MS does not yet appear to be an
appropriate method to analyze Li isotopes in tourmalines. Thus, LA-MC-ICP-MS is a suitable method to
measure Li and B isotopes with good spatial resolution in major rock-forming silicates from subduction-
related rocks where concentrations exceed 10 ug/g and 5 ug/g, respectively, with an error on individual
measurements equal to or less than previously used methods, but obtainable in a significantly shorter
amount of time. The external reproducibility is + 2.88 to 3.31 %o for B and + 1.50 to 1.75 for Li, which is
lower than or equal to the variations encountered within a given chemically zoned sample (up to 10 %o
of variation within a given natural sample).
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Introduction

Lithium and B are incompatible light elements that preferentially partition into the liquid phase
during fluid-rock and melt-rock interactions, and thus have proved useful for tracking fluid-
related processes in rocks. Both Li and B have two isotopes (°Li and "Li; '°B and "'B) that can
be strongly fractionated among coexisting phases in nature, depending on the nature of the
phases (mineralogy, fluid), the coordination of B or Li, and temperature. Lithium isotopes in
whole-rocks were measured by mass spectrometry for the first time in the late 1950’s (Smales
and Webster, 1958) whereas the first measurements of B isotopes in whole-rocks by mass
spectrometry were performed in the 1940’s (e.g. Inghram, 1946, Thode et al., 1948). In
subduction-related rocks, Li isotopes are still mainly measured in whole-rock metabasites and
metasediments (e.g., Penniston-Dorland et al., 2012; Penniston-Dorland et al., 2010), and in
rare cases in mineral separates (e.g., Simons et al., 2010, Penniston-Dorland et al., 2010).
These measurements were performed by solution MC-ICP-MS after acid digestion and
chromatographic purification through ion exchange resins. Only a few published values have
resulted from an in situ method (Secondary lonization Mass Spectrometry — SIMS) and to our
knowledge, none on subduction-related rocks. Boron isotope measurements are mainly
performed on whole-rock samples, but such measurements are difficult to perform because B is
highly volatile, lost during wet chemical processing (e.g., Xiao et al.,, 1997) and subject to
laboratory contamination (borosilicate glassware). However, few studies of B isotopes have
been performed on whole-rocks related to deep subduction (e.g., Peacock and Hervig, 1999) or
on serpentinites (e.g., Benton et al.,, 2001) The majority of the available B isotopic data on
subduction zone samples have been measured by SIMS on the accessory mineral tourmaline
(Nakano and Nakamura, 2001; Bebout et al., 2013; Marschall et al., 2006). In this work, we
present a set of Li and B isotope data obtained in situ by LA-MC-ICP-MS on reference materials
and samples from the Guatemala Suture Zone (GSZ; eclogites, jadeitites, mica-rocks,
serpentinites: Harlow et al. 2011, Flores et al. 2013). Actually, most of the minerals exhumed
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from subduction zones record significant chemical zoning (e.g., Essene and Fyfe, 1967; Harlow,
1994; Harlow et al., 2015), therefore it is important to measure both Li and B isotopes in
correlation with the zoning to accurately assess the geochemical processes responsible for the
variations, particularly the successive pulses of fluids. A similar in situ method was developed
for B isotopes in carbonates (Fietzke et al., 2010) and tourmalines (Mikova et al., 2014) but
based on the importance of B as a fluid tracer in subduction processes, we believed it was
necessary to validate this method for major silicates (mica, pyroxene, and serpentine) in
subduction-related rocks. To our knowledge, only one paper was published on Li isotopes
acquired by LA-MC-ICP-MS, on synthetic and natural glasses (LeRoux, 2010). As for B, we
estimated it was necessary to validate this in situ method on a larger range of minerals

encountered in subduction zones.

Experimental

Laser ablation coupled with multi-collector mass spectrometer (LA-MC-ICP-MS)

Lithium and boron isotopic ratios have been measured in situ using LA-MC-ICP-MS at Lamont-
Doherty Earth Observatory (LDEO — Columbia University). The system couples an ESI New
Wave UP-193-FX ArF* (193 nm) excimer laser ablation microscope with a Neptune Plus
(Thermo Scientific) MC-ICP-MS. The Neptune Plus is a high resolution double focusing multi-

collector ICPMS equipped with ten Faraday cups and five ion counters.

The Neptune Plus yields B peaks with flat tops while working at medium resolution (MR) to
avoid the interferences of “°Ar** and ?Ne®* with '°B* (Fig. 1). Measurements of B were made

using either two Faraday cups or two ion counters over a mass range of 10-11 amu, which
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allows simultaneous measurement of °B and ''B. lon counters are used to increase the
available signal for low-B samples and/or permit reduced spot sizes. The Neptune Plus also
produces Li-peaks with flat tops when working at both low (LR) and medium (MR) mass
resolution (Fig. 1b and 1c). Li isotopes are measured using two Faraday cups over a mass

range of 6-7 amu, which allows simultaneous measurement of 8Li and Li.

The intensities measured for °Li, “Li, '°B, and ''B, used to calculate "Li/°Li and ''B/"°B, are
corrected from instrument background. The instrumental background is < 0.1mV on "°B and < 1
mV on "B when measurements are made with Faraday cups (Fc), and < 1000 cps on '°B and <
5000 cps on "B when measurements are made with lon Counters (IC). The instrumental
background is < 1 mV on °Li and < 5 mV on "Li when measurements are performed in LR, and <

1 mV on °Li and < 2 mV on ’Li when measurements are performed in MR. .

Results are expressed as a permil (%o) deviation from the isotopic composition of the reference

material (i).

(i) 611B = ~samele 1 | x 1000

where "'B/**Bgampie is the isotopic ratio of the sample and "'B/*°B, is the isotopic ratio of the
reference material SRM 951 (U.S. National Institute of Standards and Technology, NIST). The
same expression of & can be written for Li (with "Li/°Lisampie and "Li/°Lires), where L-SVEC (NIST
SRM 8545) is used as reference material. As SRM 951 was not available for our
measurements, NIST 610 (U.S. National Institute of Standards and Technology, NIST) was

used as a secondary standard for measurements by Faraday cups, and NIST 612 (U.S.
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National Institute of Standards and Technology, NIST) for measurements by ion counters. As L-
SVEC was not available for our measurements, NIST 612 was used to bracket Li isotopic
measurements in LR and NIST 610 in MR. Thus, the isotopic ratios (''B/'°B and ’Li/’Li) of the
sample had to be corrected from the use of secondary standards, following equation (ii). The

same equation can be written for Li (with "Li/®Lisampie, ‘Li/®Limeas, 'Li/°Lisandara, @nd ‘Li/®Lis_meas)-

llB 11E
(i) /105, = /mB xa

sample meas

‘_‘_B l|,"
T}

with & = - 4 standard

‘_‘_E I
avg ,"f'—':'B

4 std_meas

where ""B/"Bpcss is the isotopic ratio of the sample measured by LA-MC-ICP-MS, and a the
ratio of the reported isotopic ratio for a given secondary standard divided by the average of the
measured isotopic ratios before and after the sample (standard bracketing) for a given
secondary standard.

The certified value for SRM 951 is 'B/*°B,; = 4.044 (Catanzaro et al., 1970), and the reported
ratios of 4.041 (Fietzke et al., 2010) and 4.048 (Jochum and Stoll, 2008) were taken for NIST
610 and NIST 612 respectively. The certified value for L-SVEC (NIST SRM 8545) is "Li/®Li. =
12.173 (Flesch et al., 1973), and the reported ratios of 12.568 and 12.553 (Kasemann et al.,

2005) were taken for NIST 610 and NIST 612, respectively.

At a given energy, changing the laser spot size induces a change in the fluence (monitored
energy density) at the sample surface, which in turn, generates an isotopic fractionation. By

lasering the same standard and only varying the spot size, we observed an isotopic deviation
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that is strongly correlated to the intensity of the signal. A plot of signal intensity versus
measured 3''B or d'Li yields a straight line: R? = 0.92 to 0.99, (Fig 2a, 2b, the different
correlations correspond to different analytical sessions for B) from which equations (iiig and iiiy;)

will be used to yield a corrected result:

(iiig) allﬁcorm:rad =d"B - (ax 'rllg +b), and

(i) 67 Ligpprageea =0 LI — (e 15, +d)

where a is the slope and b is the intercept of the straight line plot for B analyses, c is the slope

and d is the intercept of the straight line plot for Li analyses, and 11z and I7;; are the average

intensities of ''B and ’Li during the measurement. All individual measurements presented in the
following are given with a propagated uncertainty taking into account the internal precision of a
single ""B/"Bmeas (resp. 'Li/’Limeas), and the uncertainties on the different parameters of the
equations (iii), determined with Isoplot software (Ludwig et al., 1999). The averages are given

with uncertainties of 2 Standard Deviation (2 S.D.).

The laser spot size and mass resolution need to be adjusted to produce signals of comparable
intensities ([B] = 6 to 17,000 pg/g, [Li] = 15 to 18,000 ug/g) for standards and samples. For
measuring B isotopes, the laser spot diameter was varied from 25 ym for the tourmaline
standard to 175 pm for samples when measurements were performed with Faraday cups; and
from 10 to 175 ym, when measurements were performed with ion counters. However, most of
the measurements on samples using Faraday cups were done with a 175um spot size, and
using ion counters a 25 to 175 pym spot size. For Li isotopes, the laser spot diameter was varied
from 5 ym to 175 pm, but 150um, in both LR and MR modes, was used predominantly.
Measurements were performed continuously along traverses measuring between 270 and 350

um in length.



It must be noted that for low intensities, (i.e., below 50,000 cps on ''B) the deviation might not
follow the regression line (Fig. 2a). Consequently, the samples with B concentrations below ~ 3
- 5 ug/g must still be analyzed by SIMS, which has a lower detection limit (below 0.5 ug/g,

Marschall and Monteleone, 2014).

All of these measurements were performed with a repetition rate of 10 Hz and a fluence of ~10
Jicm? on the sample surface. To clean the surface prior to measurement (to remove residues of
carbon or gold coating, projection of material from a previous ablation track in close vicinity, or
other contamination), a pre-ablation traverse was performed with a larger spot size (160 to
200% of the spot size used for analysis) and a lower frequency (5 Hz). Each analysis lasted

between 1.5 and 2 minutes.

Additional techniques

Boron isotopes were also determined in situ by SIMS using a Cameca IMS1280 ion microprobe
at the North-Eastern National lon Microprobe Facility (NENIMF) at the Woods Hole
Oceanographic Institution. The method described in detail by Marschall and Monteleone (2014)
was used to perform analyses on pyroxene ([B] = 4 pg/g). A reduction of the spot size (30-35
um in diameter) was applied for analyses in mica and serpentine ([B] = 10 — 100 pg/g); all the

other parameters remain identical.

In situ analyses of Li and B concentrations were performed on natural reference materials and
samples using the same ESI New Wave UP-193-FX ArF* (193 nm) excimer laser coupled to a
VG PQ ExCell (Thermo Scientific) ICP-MS (Lamont Doherty Earth Observatory, Columbia
University). The following isotopes were monitored: °Li, ‘Li, ''B, #Al, #Si, and *'P. Analyses
were performed using traverses (~ 300 ym long, with a diameter varying between 40 and 150
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pMm, depending upon the material analyzed) at a repetition rate of 10 Hz and a monitored energy
density of 10 J/cm? on the sample surface. Using #Si as an internal standard (or *'P for a
phosphate standard), quantification was performed via external calibration using several glass
reference materials (USGS natural glasses BHVO, BIR and BCR). Based on the standards and
settings described, external reproducibility for the elements measured was typically ca. 20%

relative standard deviation.

Reference materials and samples

Samples (unknowns) were cast in 25.4 mm (1-inch) diameter epoxy resin mounts and
reference materials in 12.7 mm (%2-inch) mounts. All were ground and polished using SiC disks,
then finished with Al,O3 slurries (1 ym and 0.3 um), and re-polished between each analytical
session to erase laser or SIMS pits. Prior to analysis they were cleaned with acetone and then
Millipore water (18.2 MQ.cm) in an ultrasonic bath. This combination of mounts allowed us to
load the reference materials and sample together in the laser cell, decreasing the risk of
possible instability of the signal due to frequent opening of the chamber. Both samples and

reference materials were coated with gold for SIMS analyses.

NIST SRM 610 standard was used to bracket and monitor B isotopes when
measurements were performed with Faraday cups, whereas NIST SRM 612 was used with ion
counters. The 8''B values reported against NIST SRM 951 in the literature for NIST SRM 610
range from -1.31 + 0.68 %o, (Kasemann et al., 2001) to 0.0 + 0.3 %o (Jochum et al., 2011),
depending upon the method used for measurement (Table 1). For NIST SRM 612, the 3''B
values accepted in the literature range from -1.07 + 0.85 %o (Kasemann et al., 2001) to +0.1 +

0.5 %0 (Jochum et al., 2011) (Table 1). NIST SRM 610 and NIST SRM 612 are expected to be



isotopically homogeneous for B isotopes (Kasemann et al., 2001). Additionally, the tourmaline
standards H-98144 (elbaite), H-108976 (dravite), and H-112566 (schorl) (Dyar et al., 2001) were
analyzed as unknown samples during B isotopic analyses and then, after correction (as cited
above), were compared to literature values. To our knowledge, the isotopic homogeneity of the
tourmalines has never been evaluated. The International Atomic Energy Agency (IAEA)
standard glasses B6 (Tonarini et al., 2003) and GOR132-G (Jochum et al., 2006), mounted in

iridium, were used to monitor B analysis during SIMS analysis.

NIST SRM 610 standard was used to bracket and monitor Li isotopes when
measurements were performed in MR mode, and NIST SRM 612 was used to bracket and
monitor Li isotopes in LR mode. The &’Li reported values from the literature for NIST SRM 610
against L-SVEC range from +22.7 + 0.3 %o to +32.5 £ 1.3 %0 (Kasemann et al., 2005, Table 1).
The GeoReM preferred value, defined for standards with only few certified data available, is
+32.5 %o (Jochum and Stoll, 2008). These values were mostly obtained by SIMS and one by
MC-ICP-MS; none were obtained by LA-MC-ICPMS. The accepted d’Li values for NIST SRM
612 range from +22.8 £ 0.3 to +35.3 + 0.8 %0 (Kasemann et al., 2005; Magna et al., 2004, Table
1) and the GeoReM preferred value is +31.2 %o (Jochum and Stoll, 2008). These values were
obtained either by SIMS, TIMS, or MC-ICP-MS. Kasemann et al., (2005) highlighted that the
values of &’Li of NIST SRM 610 and NIST SRM 612 obtained by SIMS are systematically lower
(by ~ 10 %o) than the ones obtained by MC-ICP-MS and TIMS. They explained that difference
as a matrix effect due to high Si content (up to 70 wt. % SiO,, whereas most of the natural
basaltic glasses used as reference material (e.g., BHVO-1, BIR-1) contain around 50 wt. %
SiO;). However, NIST SRM 610 and NIST SRM 612 are considered isotopically homogeneous
for Li when analyzed by SIMS. When NIST SRM 610 was used to bracket and monitor the
isotopic measurement, i.e., in MR mode, NIST SRM 612 is measured as an unknown. When

NIST SRM 612 was used to bracket and monitor the isotopic measurement, i.e., in LR mode,
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NIST SRM 610 is measured as an unknown. Thus, the values obtained for these measurements
are compared, after correction, to the reference value for each standard. Additionally, the
tourmaline standards H-98144 and H-112566 (schorl) were analyzed as unknowns during Li
analyses. Only H-98144 was already analyzed for Li isotopes by SIMS (Ludwig et al., 2005),
and its isotopic homogeneity was not tested further. Finally, the spodumene H-80017 (LiAISi»Og)
and the lithiophilite H-134825 (LiMn?*PQ,), for which Li isotopic data are not available to our

knowledge, were analyzed during this work.

Results and discussion

Results on reference materials used for monitoring

As NIST SRM 951 and L-SVEC standards were not run during any of these measurements, the
results presented here for NIST SRM 610 and NIST SRM 612 give an estimation of the
accuracy and reproducibility of our method. The individual measurements acquired on NIST
SRM 610 and NIST SRM 612 for both B and Li isotopes are available as Supplementary
Material. The B isotopes measured on NIST SRM 610, when used to monitor the
measurements (i.e., when B isotopes are measured on Faraday cups), give an average of 3''B
= -0.27 £ 2.88% (n = 94, Table 1, Fig. 3a) after corrections detailed above. In case of
measurements performed with ion counters, NIST SRM 612 is used to monitor the
measurements, and the average obtained for 5"'B after correction is +0.68 + 3.31 %o (n =262,
Table 1, Fig. 3b). When NIST SRM 610 standard was used to monitor Li isotope
measurements, it yielded a corrected average of +32.4 £ 1.5 %o (n = 50, Table 1, Fig. 3c) in MR
mode. When NIST SRM 612 is used to monitor Li isotope measurements in LR mode, a
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corrected average of +31.3 + 1.7 %o (n = 102, Table 1, Fig 3d) was obtained. The long-term
reproducibility has to be considered on a large amount of data, and analyzed during each
analytical session. Thus, the values of 2 S.D. obtained on NIST 610 and NIST 612 used for

monitoring are taken as our external, long-term reproducibility.

Results on reference materials

The &'"'B values from tourmaline reference materials were measured only using Faraday cups,
because the B concentration is too high to be measured by ion counters. The previously
published values range from -10 to -12%. for H-98144, from -6.5 to -7.6 %o for H-108796, and
from -10.6 to -12.8 %. for H-112566. They were obtained either by fusion and TIMS analyses or
in situ by SIMS (Leeman and Tonarini, 2001; Trumbull et al., 2009). No published
measurements obtained by LA-MC-ICPMS exist. Our measurements, after correction, give an
average of -10.2 + 4.1 %o for H-98144 (n = 15, Fig. 4, Table 1), -3.5 £ 2.6 %o for H-108796 (n =
3), and -12.5 £ 1.6 %o for H-112566 (n = 1) (Table 1). The values reported here overlap the
recommended values of -10.4 + 0.2 %o for H-98144, -6.6 + 0.7 %o for H-108796, and -12.5+ 1.6
%o for H-112556 (Leeman and Tonarini, 2001). The reproducibility of H-98144 is not as good as
the long-term reproducibility for B (2.88 to 3.25 %o.) defined on synthetic reference material, likely
because of a smaller population of analyses. As the regression line obtained on synthetic
reference material (NIST SRM 610) can retrieve the literature value of tourmalines (natural
standards), it is likely that matrix effects are negligible relative to the method precision in our
setup (usually + 2.88 to 3.25 %.). Mikova et al., (2014) observed a bias of up to 2.5 %o for 5''B in
tourmaline if a non-matrix matched reference material is used to calibrate the measurements,

which is lower than our method precision.
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Analysis of NIST SRM 612 standard as an unknown yielded a corrected average value of &’Li =
+28.9 + 4.7 %0 (n = 8, Table 1, Fig. 5a), in the range of the previously published values. For
NIST SRM 610 standard, the average corrected value is O'Li = +35.2 + 8.0 %o (n =24, Table 1,
Fig. 5b), in the range within error of the previously published values. However, the values are
scattered between the different sessions of analyses but homogeneous within each session
(see Supplementary Material). In addition, this standard was run twice with a larger spot size of
50 um on NIST SRM 610 ([Li] ~ 470 ug/g), which led to a signal greater than 2 V on ’Li, and the
corrected &’Li values were significantly higher and beyond the range of published values (+57.3
+ 10.0 and +52.5 £ 9.8 %o, Fig. 5b; Supplementary Material). Thus, a bias similar to that
observed for a very low signal in B may exist for a strong signal, leading to an overestimate of
d’Li. To avoid a similar bias in measurements of unknowns, the spot size should be optimized to
intensities below or equal to 1.5 V on ’Li, which should yield accurate values from the
standards. Two Li-rich standards had not been analyzed previously for Li isotopes: spodumene
H-80017 (LiO, = 7.75 — 7.83 wt.%, Dyar et al., (2001)) and lithiophilite H-134825 (LiO, = 8.43
wt.%, Dyar et al., (2001)). Our analysis by LA-MC-ICPMS, in both LR and MR modes, vyield
similar values of &'Li for each standard (Table 1). Spodumene H-80017 might not be isotopically
homogeneous, with values ranging from +19.1 £ 1.5 to +13.4 £ 1.2 % (Table 1). Tourmaline H-
98144 has been measured by SIMS: &'Li ranges from +7.1 to 7.5 %o (Ludwig et al., 2011;
Marschall, pers. comm.). The corrected &Li obtained here by LA-MC-ICPMS is +32.1 + 2.3 %o
(n =3, Table 1) in LR mode and +13.0 £ 5.8 %o (n = 11, Table 1) in MR mode. Tourmaline
standard H-112566 has been measured by SIMS and yielded &'Li of +5.6 + 0.2 %o (n = 2;
Marschall, pers. comm.). The LA-MC-ICPMS results are +23.6 £ 6.4 %0 (n = 3, Table 1) in LR
mode and +9.9 + 2.7 %o (n = 10, Table 1) in MR mode. For this case, the difference between
values obtained in LR and MR modes is large (15 to 20 %o). The &'Li of tourmaline obtained in
MR mode by LA-MC-ICPMS are definitely closer to those obtained by SIMS, although they are
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higher by 4 to 5 %.. Three hypotheses are considered to explain the mismatching
measurements of &’Li in tourmaline by LA-MC-ICPMS. First, there may be a "N** spectral
interference at mass 7. A recent paper demonstrated that tourmaline could incorporate
significant amount of NH,4 (up to 500 ug/g in natural samples) in its crystal lattice (Wunder et al.,
2015). However, such interference would create a ca. 9 mV signal intensity that would be visible
on a mass scan. Additionally, mica also incorporates significant amount of NH,4, in the same
order of magnitude as that recorded in tourmaline (e.g., Boyd, 1997; Wunder et al., 2015), and
its &'Li is similar whether it is analyzed by MC-ICP-MS or LA-MC-ICPMS. Second, tourmaline is
pyroelectric (e.g., Hawkins et al., 1995), and it may have an impact on Li ion behavior in the
sample or the laser cell. Third, the assignment of the trace-element cations to the
crystallographic sites is still ambiguous in tourmaline (Henry et al., 2011). Li* is found in the 6-
fold coordinated Y site, along with AI**, (with a general formula XY 3Z¢(T¢O1s)(BO3)VsW) (Henry
et al., 2011), but it might also be present in the X site, in substitution of Na® or K, as
demonstrated for mica by Brigatti and Guggenheim (2002). Thus, if the NH, interference
hypothesis is unlikely, there is the possibility that Li may reside in two different crystallographic
sites and, consequently, with both different bonding and isotopic fractionation. We are exploring

these possibilities.

Results on samples from the Guatemala Suture Zone

As these samples had not been analyzed for B isotopes by any method previously,
measurements were performed by LA-MC-ICP-MS, using both Faraday cups and ion counters,
and by SIMS, for comparison. Five samples from the Guatemala Suture Zone were selected.
5'"B was measured on mica (phengitic muscovite) from one albite-mica rock (MVJ84-29-1:

Harlow 1994), two jadeitites (JJE01-X-3 and MVEQ02-8-5: Harlow et al., 2011) and an eclogite
14



(MVEOQ2-6-3: Brueckner et al., 2009). Additionally, some measurements were performed by LA-
MC-ICP-MS (only ion counters) and by SIMS on jadeitic pyroxene from jadeitite JJE01-X-3
(Harlow et al., 2011), and on antigorite from serpentinite MVEQ3-18-4. The results presented in
Table 2 display the minimum and maximum 5'""B for each method and Fig. 6a, b, c, d, e, f
displays the individual measurements (i.e., each value represents a single measurement)
performed on a given sample. These measurements of natural samples display some variation,
but the range of values for a given sample obtained through the different methods overlap one
another. Thus, for all types of analyzed samples, the individual 3''B obtained by LA-MC-ICP-
MS, with either Faraday cups or ion counters, and by SIMS are comparable within propagated
uncertainties. The B concentrations measured by LA-ICP-MS are only rarely in agreement with
the semi-quantitative estimations made from the intensity of ''B of the sample compared to the
intensity of "B of the reference material during isotopic measurements by LA-MC-ICP-MS or
SIMS (Table 2). This is likely due to the fact that the intensity of the signal can fluctuate during
isotopic measurements, particularly during measurement with ion counters, and the intensity is
not normalized. So, no estimation of the B concentrations can be made from LA-MC-ICP-MS or

SIMS measurements; they must be determined by LA-ICP-MS.

For Li isotopes, we compared the values obtained by LA-MC-ICP-MS with previously published
values obtained by wet chemistry and MC-ICP-MS on the same samples from Guatemala
(Simons et al., 2010), specifically jadeite from jadeitite MVE02-8-5 and phengitic muscovite in
mica-rocks MVJ84-29-1 and MVJ84-56-3. The results presented in Table 3 and Fig. 7a, b, c are
individual measurements, i.e., each value represents a single measurement. Although the
minerals display scattered &'Li, likely due to the chemical zoning inherited from a complex
geological history, the averages calculated from individual measurements on the three samples
are in good agreement, within uncertainties, with wet chemistry. The values of &’Li in phengitic

mica from mica-rock MVJ84-56-3 are similar within 2 S.D., for both LR and MR modes (Table
15



3), to the value by wet chemistry (Simons et al., 2010). The &'Li of jadeite in jadeitite MVE02-8-5
is also in good agreement within uncertainties with the data by wet chemistry (Simons et al.,
2010), even though we compare whole-rock data to in situ jadeite data (i.e., jadeite is the Li
carrier in the rock). The slight difference observed between the wet chemistry average and the
in situ average for the MVJ-84-29-1 could be explained by the heterogeneity of values in the
mica from that sample. As the regression line obtained on synthetic reference material (NIST
SRM 610 and NIST SRM 612) can retrieve the previously published values of GSZ minerals, it
is likely that the matrix effect is negligible compared to the method precision of our setup
(usually £ 1.51 to 1.75 %o). No other measurements have been performed by LA-MC-ICP-MS for
Li isotopes. Although several publications have concluded that SIMS does not produce matrix
shifts in the Li isotopic values of natural standards (e.g., Decitre et al., 2002; Ottolini et al.,
2002), others have concluded that a significant matrix effect can be seen when Li isotopes are
analyzed by SIMS in materials where matrix Si content is high (~ 70 wt % SiO,, e.g., Kasemann

et al., 2005) or in pyroxene and amphibole samples (Marks et al., 2008).

Unlike the case with B, Li concentrations estimated by LA-MC-ICP-MS are in reasonable
agreement with those acquired by LA-ICP-MS, and/or in the literature. The Li concentrations in
phengite from mica-albite rock MVJ84-29-1 are in good agreement when measured by LA-ICP-
MS or LA-MC-ICP-MS (Table 3), but not with the published value (Simons et al., 2010). This
might be due to an artifact in MC-ICP-MS measurements, or to the heterogeneity of the sample.
For the lithiophilite standard H-134825, the reference value (Dyar et al., 2001) and LA-ICP-MS
measurement for Li concentration are similar, but the LA-MC-ICP-MS measurements lead to a
significantly overestimated value (Table 1). In this case, it is likely due to the use of the smallest
spot available with the laser (diameter of 5um), and according to the formula used for
concentration calculation (given Table 1), the smallest inaccuracy in the spot size could yield

large variations in the estimate of the concentration. However, except in the case of a very small
16



spot diameter, the Li concentrations estimated by LA-MC-ICP-MS are in good agreement with

previously published values or LA-ICP-MS measurements.

Summary and conclusions

The results presented here demonstrate that B and Li isotopes can be analyzed in-situ in
subduction-related major silicates, (i.e., pyroxene, mica, and serpentinite) by LA-MC-ICP-MS
with accuracy and reproducibility similar to other methods. The in-situ measurements of 3''B
acquired on a single sample both by SIMS and by LA-MC-ICP-MS lead to the same values,
within 2 S.D., for natural phengitic muscovite, jadeitic pyroxene, and antigorite serpentine. The
in-situ measurements of Li isotopes by LA-MC-ICP-MS on both synthetic glass standards (NIST
SRM 610 and NIST SRM 612) and natural minerals (phengitic muscovite and jadeitic pyroxene)
overlap, within uncertainties, those obtained by wet chemistry with TIMS or MC-ICP-MS
analyses. In both cases, the matrix effects appear negligible relative to the precision of the
method (usually £ 2.88 to 3.75 %o for B isotopes, and + 1.50 to 1.75 %o for Li isotopes). Thus,
LA-MC-ICP-MS is reliable for in-situ analysis of B and Li isotopes in a range of subduction-
related silicates and in a short amount of time (about 2 min per analysis), with uncertainties

similar to or lower than those associated with SIMS analysis.

Measurements have been carried out on tourmaline reference materials. The values obtained
for B isotopes on standards H-98144, H-108796, and H112566 are identical to published
values; therefore, LA-MC-ICP-MS is a suitable technique to analyze tourmalines. In the case of
Li isotopes analyses on H-98144 and H-112566, the values obtained by LA-MC-ICP-MS display
a dramatic variation compared to SIMS values (+ 25 %.) when the analyses are performed in LR

mode, and a moderate variation (+ 5 %o0) when analyses are performed in MR mode. The reason

17



for this difference is unclear. Thus, LA-MC-ICP-MS is not yet a suitable technique to analyze Li
isotopes in tourmaline, and a more detailed study of Li distribution in tourmaline coupled with Li

behavior under a laser beam is necessary to properly address the problem.
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Figure captions

Fig. 1: Diagrams showing a) the flat tops of Boron isotope peaks as well as the separation of

mass interference (“°Ar** + ®°Ne?"), b) Li isotope peaks in LR, and c) Li isotope peaks in MR.

Fig. 2: Graphs showing a) measured 5''B vs. B signal intensity for different spot sizes on NIST
SRM 612 standard (two sets of measurements on two different dates, indicated under the
equations). The shaded area shows the intensity region in which the relationship between
5"'B and intensity is nonlinear (below 50,000cps, i.e. ~5 ug/g of B). b) &’Li measured vs.

intensity of signal on ’Li for different spot sizes on NIST SRM 612 (LR).

Fig. 3: Plot of 8''B and &’Li measurements for NIST SRM 610 and NIST SRM 612 reference
material used to monitor measurements on unknowns. The different sessions of analyses
are represented by different colors, and the date of the session is written above. In case of
two sessions taking place within the same month, they are identified as (1) and (2),
chronologycally. a) NIST SRM 610 (MR, Fc = Faraday cup), b) NIST SRM 612 (MR, IC = lon
Counter), c) 87Li corrected for NIST SRM 610 (MR, Fc), and d) &7Li corrected for NIST
SRM 612 (LR, Fc). The reference values are Fietzke et al., (2010) for B, and Jochum and

Stoll, (2008) for Li.

Fig. 4: Plot of 8''B measurements for tourmaline (elbaite) reference material H-98144 (analyzed

as unknown sample). The reference value is taken from Trumbull et al., (2009).
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Fig. 5: &'Li corrected for standards NIST SRM 610 and NIST SRM 612 analyzed as unknown

samples. a) &’Li corrected for NIST SRM 612 (MR, Fc), b) 8’Li corrected for NIST SRM 610

(LR, Fc). The different sessions of analyses are represented by different colors, and the

date of the session is written above. The reference values are Jochum and Stoll, (2008).

Fig. 6: Comparison plots of in situ 5''B measurements by LA-MC-ICMPS (Fc and IC) and by
SIMS on samples coming from the GSZ. a) phengitic muscovite in mica-albite rock MVJ84-
29-1, b) phengitic muscovite in jadeitite JJEO1-X-3, ¢) phengitic muscovite in jadeitite
MVEO02-8-5, d) phengitic muscovite in eclogite MVE02-6-3, e) jadeitic pyroxene in jadeitite

JJEO1-X-3, and f) antigorite in serpentinite MVE04-18-3.

Fig. 7: Comparison plots of in situ 8’Li measurements by LA-MC-ICMPS with data acquired by
chemical digestion and MC-ICP-MS measurements on the same samples from the GSZ
(Simons et al., 2010). a) jadeitic pyroxene in jadeitite MVEQ2-8-5, b) phengitic muscovite in

mica-albite rock MVJ84-29-1, and ¢) mica in mica-albite rock MVJ84-56-3.
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Table 1: Reference material values for B and Li isotopes.

Standard 5""'B (%) (ug/g) n reference
NIST 610° min -1.31 + 0.68 27.2-35.6 Kasemann et al., 2001
NIST 610° max +0.00 + 0.20 34.3+1.7 Jochum et al., 2011
NIST 610° (monitor) -0.27 + 2.88 309+ 1.6* 94 present paper
NIST 612° min -1.07 £ 0.85 357 Kasemann et al., 2001
NIST 612° max +0.10 + 0.40 350 £ 56 Jochum et al., 2011
NIST 6122 (monitor) +0.68 + 3.31 370 + 16* 262 present paper
H-98144 13090-16028 Dyar et al., 2001
H-98144° min -10.1 % 0.2 Leeman and Tonarini, 2001
H-98144° max -120 £+ 1.0 Trumbull et al., 2009
H-98144° average -10.2 £ 41 17197 + 3984* 15 present paper
H-98144¢ 15900 1 present paper
H-108796 15573-16862 Dyar et al., 2001
H-108796" min -6.6 % 0.2 Leeman and Tonarini, 2001
H-108796° max -7.6 Trumbull et al., 2009
H-108796° average -35 + 26 70350 3 present paper
H-108796° 15900 1 present paper
H-112566 15030-17716 Dyar et al., 2001
H-112566° min -10.8 Trumbull et al., 2009
H-112566° max -12.8 Trumbull et al., 2009
H-112566° average -125 * 1.6 50000 1 present paper
H-112566° 15500 1 present paper
Standard 5'Li (%o) (ug/9) n reference

NIST 610 468 + 24 Jochum et al., 2011
NIST 610° +22.7 + 0.3 Kasemann et al., 2005
NIST 610° +325 + 0.2 Kasemann et al., 2005
NIST 610? LR +35.2 + 8.0 528 £+ 70* 22 present paper
NIST 610? MR (monitor) +324 + 15 413 + 54* 50 present paper
NIST 612° +22.8 + 0.3 415+0.3 Kasemann et al., 2005
NIST 612° +353 + 0.8 30.2-30.5 Magna et al., 2004
NIST 612° LR (monitor) +31.3 £ 1.7 42 + 9* 102 present paper
NIST 612° MR +28.7 + 4.2 33+1* 8 present paper
H-80017 18083-18270 Dyar et al., 2001
H-80017° LR +191 + 15 present paper
H-80017° MR +13.4 = 1.2(min) present paper
H-80017° MR +18.5 + 1.0 (max) present paper
H-80017° average -17.0 % 6.2 13870 1 6860 3

H-80017¢ 15730 1

H-134825 19670 Dyar et al., 2001
H-134825° LR +8.7 + 59 present paper
H-134825° MR +8.2 £ 1.0 (min) present paper
H-134825° MR +9.4 + 1.0 (max) present paper
H-134825° average +89 =+ 1.0 89750 * 26623 5 present paper
H-134825° 18658 1
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H-98144 538 - 2387 Dyar et al., 2001
H-98144° +7.1 2333 3 Marschall, pers. comm..
H-98144° LR +321 + 23 2131 + 260" 3 present paper
H-98144% MR +13.0 + 538 1814 + 440* 11 present paper
H-98144° 2950 1 present paper
H-112566 125-192 Dyar et al., 2001
H-112566° +56 * 0.2 180 2 Marschall, pers. comm..
H-112566° LR +23.6 + 64 210 + 48* 3 present paper
H-112566° MR +9.9 + 27 136 £ 27* 10 present paper
H-112566° 222 1 present paper

2 analyzed by LA-MC-ICPMS, ° analyzed by TIMS, ¢ analyzed by SIMS, ¢ analyzed by LA-ICP-MS
(monitor) indicates that this average is obtained on the standards used to monitor the measurements, all
the other averages presented in that table were acquired on standards considered as unknown samples.
min and max indicate respectively the minimum and maximum values available in literature for a given

standard, LR means Low Resolution, and MR, medium Resolution.

* concentrations in B and Li calculated by comparison of the intensities of the standard and of the

unknown sample (LA-MC-ICPMS), with the following equation [i].zmpie = [{lstancares

H "
sample

. A L
[ ¥sample |
dxl__ sample |

1
Isronds !
“wetmmdmrd’

where [i] is the concentration in B or Li, | the intensity of "B and "Li, and © the laser spot diameter.
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Table 2: Results on GSZ samples for B isotopes

5"'B (%)

sample method [B] (ng/8) n
MVJ84-29-1 - mica Fc -79+1.2 24* 1
MVJ84-29-1- mica IC -8.0 + 1.8 (max)

MVJ84-29-1- mica IC -9.9 + 1.8 (min)
content average IC 77 £ 5* 3
MVJ84-29-1- mica SIMS -8.8 £ 1.4 (max)
MVJ84-29-1- mica SIMS -9.2 £ 1.3 (min)
content average SIMS 87 +14° 3
MVJ84-29-1- mica Qp 305 12
JJEO1-X-3 - mica Fc -5.5+ 1.1 (max)
JJEO1-X-3 - mica Fc -7.1+£1.3 (min)
content average Fc 75 £ 34* 3
JJEO1-X-3 - mica IC -4.8 + 1.2 (max)
JJEO1-X-3 - mica IC -7.2 £ 1.1 (min)
content average IC 28+ 7* 5
JJEO1-X-3 - mica SIMS -5.5+ 1.2 (max)
JJEO1-X-3 - mica SIMS -8.3 ¢ 1.2 (min)
content average SIMS 323+94° 4
JJEO1-X-3 - mica Qp 106 £ 52 8
JJEO1-X-3 - pyroxene IC -3.9+ 1.3 (max)
JJEO1-X-3 - pyroxene IC -6.8 + 1.3 (min)
content average IC 1.1+0.8* 4
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JJEOQ1-X-3 - pyroxene
JJEOQ1-X-3 - pyroxene
content average

JJEO1-X-3 - pyroxene

MVEO02-8-5 - mica
MVEO02-8-5 - mica
MVEO02-8-5 - mica
content average
MVE02-8-5 - mica
MVE02-8-5 - mica
content average

MVEOQ02-8-5 - mica

MVEO02-6-3 - mica
MVE02-6-3 - mica
MVE02-6-3 - mica
content average
MVE02-6-3 - mica
MVE02-6-3 - mica
content average

MVEOQ02-6-3 - mica

MVEO04-18-3-antigorite
MVEOQ4-18-3-antigorite

content average

SIMS
SIMS
SIMS

Qp

Fc

SIMS
SIMS
SIMS

Qp

Fc

SIMS
SIMS
SIMS

Qp

-0.6 + 2.5 (max)

-4.7 + 2.2 (min)
25+26°
4+4
-40+1.1 66*
+1.5 £ 3.3 (max)
-6.7 £ 1.0 (min)
123 +45
-0.7 £ 1.9 (max)
-3.1+ 1.9 (min)
139+ 65°
98+ 70
-6.5+1.2 26*
+0.5 + 2.5 (max)
-7.2 £ 0.9 (min)
88 + 38*
-3.7 £ 2.0 (max)
-4.9 £ 2.0 (min)
166 + 36°
67 +22
+0.0+15
-11.0+14
184 + 130*

15

36



MVE04-18-3-antigorite SIMS -3.4 1.0 (max)

MVEO04-18-3-antigorite SIMS -12.5 £ 0.9 (min)
content average SIMS 43 £14° 3
MVEO04-18-3-antigorite Qp 12+2 3

Analyses by LA-MC-ICPMS: Fc = Faraday cup, IC = lon Counter; SIMS = analyses by SIMS

concentrations in B calculated by comparison of the intensities of the standard and of the unknown sample: * = LA-
MC-ICPMS, @ SIMS; Qp = concentrations in B measured by LA-ICP-MS

min and max represent respectively the lowest and highest values measured by LA-MC-ICP-MS for 8B fora given
sample.
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Table 3: Results on GSZ samples for Li

sample method 8'Li (%o) [Li] (ug/g) n
MVE02-8-5 - WR wet -09+04 34
MVEO02-8-5 - pyroxene LR +2.3+ 2.1 (max)
MVEO02-8-5 - pyroxene LR -3.9+1.2 (min)
MVEQ2-8-5 — px average LR -1.4+4.6 21+13%* 5
MVEQ2-8-5 — px average Qp 16+14 15
MVJ84-29-1 - mica wet +1.2+0.4 16
MVJ84-29-1- mica LR +7.7 £5.2 (max)
MVJ84-29-1- mica LR -0.6 £ 2.9 (min)
MVJ84-29-1- mica average LR +3.2+4.3 153 + 64* 12
MVJ84-29-1- mica average Qp 199+ 54 12
MVJ84-56-3 - albite wet -1.5+0.4 37
MVJ84-56-3 - albite LR +4.6 + 2.8 (max)
MVJ84-56-3 - albite LR -4.5 £ 1.2 (min)
MVJ84-56-3 — albite average LR +0.5+5.6 11
MVJ84-56-3 - albite MR -0.6+ 1.1 (max)
MVJ84-56-3 albite MR -5.4 + 1.1 (min)
MVJ84-56-3 — albite average MR -2.8+3.7 5
MVJ84-56-3 — albite average all -0.5+5.9 38 +9* 16
MVJ84-56-3 - mica Qp 318 7

Wet = data from Simons et al., (2010), LR = analyses by LA-MC-ICPMS in low resolution, MR = analyses by LA-MC-
ICPMS in medium resolution
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* concentrations in Li calculated by comparison of the intensities of the standard and of the unknown sample (LA-
MC-ICPMS) (see Table 1), Qp = concentrations in Li measured by LA-ICP-MS

min and max represent respectively the lowest and highest values measured by LA-MC-ICP-MS for &'Lifor a given

sample.
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