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Abstract

A method for the in situ single spot 6!'B characterisation of geological materials with laser ablation multicollector ICP
mass spectrometry (LA-MC-ICPMS) has been developed. The mass spectrometer was equipped with both Faradays and
multiple ion counters. Four samples with different B contents (12-31,400 ppm) and isotopic compositions (8''B are
between —8.71 and +13.69,) were analysed. Samples include the B4 tourmaline and 3 MPI-DING glasses (StHs6/80-
G, GOR132-G and GORI128-G).

All sources of B isotopic fractionation during the analysis (mass bias, laser-induced isotopic fractionation and detector
efficiency drift) have been evaluated and quantified. Instrumental mass bias is the major source of fractionation, altering
the original isotopic ratio up to 13%. Fractionation related to laser sampling and transport to the ICP was found to be very
low (less than 0.0015% s~ 1). Fractionation effects due to drift in ion counter efficiencies were found to be significant. Nev-
ertheless, the “standard-sample-standard” bracketing approach could be used to correct for the above fractionation effects
using NIST SRM 610 as external standard.

With spot sizes of 60-80 um in diameter, geologically meaningful results can be achieved on samples containing at least
10 ppm B, i.e., results with precisions that can discriminate between the different reservoirs on Earth. Data obtained with
Faraday detectors on NIST SRM 610 and B4 tourmaline show high precision (down to 0.04%,, 1¢) and accuracy. Boron
isotope ratios measured in the glass samples using multiple ion counting show significantly higher standard deviations (up
to 2.5%,, 1o), but they are very close to the values that can be expected from counting statistics. No significant variations
with spot size or B contents were observed. Most of the values are within 1o level of the reference values.

The developed method was applied to a series of ashes from Mt. Etna erupted in 1995 having B contents between 14 and
20 ppm. The B isotope compositions of the ashes are between —4.8 and —10.79,, with a weighted average value of
—8.0 + 1.99%, (10).
© 2006 Elsevier Ltd. All rights reserved.
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relatively highly soluble in moderate- to high-tem-
perature aqueous fluids, B mobilisation is expected
in all magmatic, geothermal and hydrothermal envi-
ronments where fluids are involved (Leeman and
Sisson, 1996). Boron isotope studies have pointed
to the involvement of crustal material in magma
genesis (e.g., Chaussidon and Jambon, 1994; Chau-
ssidon and Marty, 1995) and a typical field of appli-
cation of B isotopes concerns subduction zones,
where significant amounts of crustal material are
recycled into the mantle (e.g., Palmer, 1991; Ishik-
awa and Nakamura, 1994). Boron isotopes may
thus constrain the origin and the nature of the dif-
ferent fluxes involved in petrogenetic processes.
Boron isotope signatures are reported in the
S''B notation, i.e. the variation of the 1B/198 ratio
relative to the NIST SRM 951 boric acid
(6" B%o =[(""B/"*B)sampie/ (' 'B/""B)nist srm os1)-11x
1000). One of the latest frontiers in modern geo-
chemistry is a better 6!'B characterisation of the dif-
ferent Earth and cosmogenic reservoirs (e.g.,
Chaussidon and Libourel, 1993; Chaussidon and
Jambon, 1994) to improve the understanding of
Earth and solar system evolution.

Thermal ionisation mass spectrometry (TIMS) is
currently the most widely used technique to measure
B isotope composition of silicates (e.g., Spivack and
Edmond, 1986; Xiao et al., 1988; Vengosh et al.,
1989; Leeman et al., 1991; Hemming and Hanson,
1994; Nakano and Nakamura, 1998; Kasemann
et al., 2000; Deyhle, 2001). High levels of precision
(around 0.049%,, 20) and accuracy are obtained after
a complex chemical separation procedure (e.g., Ton-
arini et al., 1997). Furthermore, TIMS, as a bulk
rock technique, provides only large-scale chemical
information. Secondary ion mass spectrometry
(SIMS), even with instruments equipped with a sin-
gle collector (e.g., Cameca ims 3f), has been shown
to be capable of high quality 6''B data (Chaussidon
et al., 1997). Despite the lower level of precision rel-
ative to TIMS (around 49, 20), SIMS has the
advantages of minimal sample preparation and very
high spatial resolution (few tens um spot diameter).
Significant improvements in precision and overall
data quality have recently been obtained with the
latest generation high sensitivity ion microprobes
equipped with multiple ion counters (e.g., Cameca
1270; Kobayashi et al., 2004).

Over the last few years, accurate and precise
in situ isotope determinations have been obtained
with laser ablation multicollector ICPMS. However,
due to the relatively low sensitivity of conventional

ICPMS instruments for light masses, especially
when operated using laser ablation sampling (Tie-
polo et al., 2005), studies have focused on heavy iso-
topes and/or isotopes that are highly abundant in
the sample. This is the case, for example, for Hf iso-
topes in zircons (e.g., Griffin et al., 2000, 2002) and
Sr isotopes in shells, feldspars or apatites (Christen-
sen et al., 1995; Bizarro et al., 2003). With the excep-
tion of a few minerals where B is a major
constituent (such as tourmaline), its abundance is
usually below 100 ppm and in mantle environments
even below 1 ppm (Chaussidon and Marty, 1995).
Conventional MC-ICPMS equipped with Faraday
detectors requires several hundred ppm B in the
samples for a precise determination of the ''B/!°B
ratio, when coupled to a laser ablation system.
Using Faraday collectors, the attainable precision
on small samples is limited by the noise level of
these detectors. Ion counting detectors show much
lower noise levels, thereby significantly increasing
the signal to noise ratio. The first in situ B isotope
measurements with laser ablation MC-ICPMS,
substituting the conventional Faraday collectors
with more sensitive electron multipliers, were car-
ried out by le Roux et al. (2004). They showed that
by rastering relatively large areas of the sample sur-
face (approximately 1 mm x 1 mm) using a laser
beam of about 200 pum, accuracies and precisions
of 19, (20) and even lower can be obtained in sam-
ples with B contents at the ng/g level. This rastering
approach is, however, not suitable for particular
petrographic studies where small areas have to be
characterised or isotopic disequilibria are expected
at the um scale. Even at the cost of a slightly lower
precision, single spot analysis is essential to investi-
gate isotopic variations in mineral zoning patterns,
melt pockets or melt inclusions.

Here the results are presented of the first
study that assesses the analytical capabilities of
LA-MC-ICPMS to produce 6''B data using sin-
gle spot high spatial resolution (60-80 um). Far-
aday detectors were used to analyse a tourmaline
(more than 30,000 ppm B). The recently intro-
duced multiple ion counters (MIC) (continuous
dynode electron multipliers, Schwieters et al.,
2004) were used to analyse a series of glasses
with trace levels of B (12-32 ppm). Factors
affecting 0''B determinations and major difficul-
ties encountered in the development of the ana-
lytical method are described and discussed, and
its geological applicability to volcanic ashes is
demonstrated.
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2. Instrumental and data acquisition

Laser ablation and MC-ICPMS settings and
parameters are listed in Table 1. The laser probe
used here is the commercially available UP213 from
NewWave working at 213 nm. The laser was oper-
ated in single spot mode with a repetition rate of
10 Hz and a spot size from 60 to 80 um in diameter.
Laser power was tuned for each sample and spot
size in response to the different B contents and
matrix behaviours relative to the 213 nm laser radi-
ation. Generally, the laser energy on the sample was
in the range 5-20 J/cm®. Ablation was carried out
under He flux in order to reduce fractionation
effects and achieve a finer and more homogeneous
particulate (Eggins et al., 1998;Giinther and Hein-
rich, 1999). Helium and the ablated material are
mixed with Ar downstream of the ablation cell in
a T tube.

The Finnigan NEPTUNE (Thermo Electron)
MC-ICPMS, equipped with both multiple ion coun-
ters and Faraday cups, was used for the detection of
B isotopes. The ion counters are identical in size to
and interchangeable with the Faraday cups and can
replace a Faraday cup, or being attached at the
inner and/or outer side of a Faraday cup. In total,
up to 9 Faraday cups and 8§ ion counting channels
can be installed simultaneously on the collector
array. In the present configuration, ion counter 5
(ICS) is attached to the outer side of Faraday cup

Table 1
Laser and MC-ICPMS operating settings

Laser settings

Repetition rate 10 Hz
Laser energy 5-20 J/cm?
Spot size 60-80 pm
ICPMS settings
Inlet system
Cool gas (Ar) 15.0 L/min
Auxiliary gas (Ar) 0.65 L/min

0.75 to 0.82 L/min
0.68 to 0.76 L/min

Sample gas (Ar)
Additional gas (He)

X-position 1.46 mm
Y-position —0.68 mm
Z-position —2.7 mm
RF power 1200 W
Lenses
Extraction —2000 V
Focus —720V
X-deflection 19V
Y-deflection 1.6V
Shape 200V

L3 and used for the detection of '°B; 1C6 is con-
nected to the outer side of Faraday cup H4 and used
for the detection of ''B. Typical peak shapes and
peak overlap of '°B and ''B signals are shown in
Fig. 1. The ion counters used in this study are so-
called channeltrons. Channeltrons tend to produce
some after pulses, which could show up 30-40 ns
after the main pulse. Therefore, the dead time has
been set to 70ns to avoid any double pulse
counting.

First, the instrument was tuned and optimised
with solution nebulisation by introducing a Merck
B solution (1 pg/mL B). With Faraday detectors,
using a double pass spraychamber and a 50 puL/
min self-aspirating microconcentric PFA nebuliser,
typical sensitivity on !'B was around 4-6 V per pg/
mL. Before operating the mass spectrometer with
the laser, the ion counters were cross-calibrated by
peak jumping the same B signal across the two ion
counters involved in the measurements. The ion
counter efficiencies were derived by direct compari-
son of the detector response. The precision of this
dynamic peak jumping method very much depends
on the signal stability and in order to achieve best
precision B was introduced into the ICP by aspirat-
ing a very dilute B solution (200 pg/L). Optimal tun-
ing under laser ablation sample introduction was
performed before each analytical run using NIST
SRM 610 by maximising the ''B signal in response
to carrier gas flow (He + Ar) and lens settings. With
a spot size of 60 pm and the laser settings reported
in Table 1, sensitivity on B is about 0.015mV/

Both traces normalised to ''B (cps)
w
o
o
o
o

10.545 10.550 10.555 10.560 10.565 10.570
Mass

Fig. 1. Overlap and shape of '°B and '"'B peaks obtained on ion
counters 5 and 6, on the low and high mass side of the collector
block. The peaks were obtained using a diluted B solution
(natural abundance, 200 ppt). Both traces are normalised to ''B.
Due to scattered particles in the lower mass range there are
several 100 cps “background” before and after the peaks.
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ppm that is approximately a factor of 500,000 times
lower than solution nebulisation.

Analyses carried out using Faraday detectors
consisted of 30 s baseline acquisition at “half mass
position”, i.e. before and after the '°B and ''B
peaks, followed by 1 block of 90 cycles (1 s integra-
tion time/cycle) of laser firing. Analyses carried out
using ion counters consisted of 1 block of 120 cycles
(1 sec integration time/cycle). During the first 20
cycles the B background was measured (typically
~900 cps ''B). After that, the laser was fired and
the B signal was acquired for the remaining 100 s.
The net '°B and ''B signals were obtained by sub-
tracting backgrounds from the raw ''B and '°B sig-
nals, a so-called “on-peak zero” procedure. The
mean 'B/'°B ratio for each analysis was obtained
by averaging 3040 cycles after signal stabilisation.
The remaining data are discharged because count
rates become too low. Moreover, this ensures the
analysis of just the most superficial layer of the sam-
ple. Since the ablation depth is a function of the
energy on the sample and the matrix of the ablated
material, the depth of the hole drilled cannot be
determined without a direct measure with a profi-
lometer. The aspect ratio of 1:1 should however be
maintained in the above considered integration
interval.

3. Sampling

Four different glass samples spanning from isoto-
pically light B (6''B=-8.71%,) to heavy B
(6"'B =+13.5%,) were analysed (Table 2). Three
samples belong to the MPI-DING glass series
(Jochum et al., 2000), including StHs6/80-G and the
two komatiite glasses GOR132-G and GOR128-G,
and have B contents between 11 and 23 ppm

(Jochum et al., 2000; Rosner and Meixner, 2004).
The two komatiite samples (GOR) differ from the
StHs6/80 glass in the significantly lower SiO, (45.5
vs. 63.7 wt%) and Na,O (0.5-0.8 vs. 1.29 wt%) and
the higher MgO (22.4 vs. 1.97 wt%) and FeOr
(10.1 vs. 4.37 wt%) contents. The B isotope compo-
sitions of these MPI-DING glasses have previously
been determined by positive TIMS (Rosner and
Meixner, 2004) and are —4.48 +0.299, (20) for
StHs6/80-G, +7.11 + 0.97%, (20) for GOR132 and
+13.6 £0.219, (20) for GORI128, respectively.
Fragments of about 3 x 3 mm were selected from
each glass, embedded into separate epoxy resin discs
and polished down to 1/4 um of polishing paste. All
samples are glassy and no quench crystals at the
10 um scale have been observed. The fourth sample
is the B4 tourmaline, coming from the Rosina
pegmatite dyke hosted in the monzogranite of
San Piero in Campo, Elba Island (Tonarini et al.,
2003). It has a mean B concentration of
31400 ppm. Tonarini et al. (2003) determined a
mean ''B value of —8.62 4 0.17%, (2¢) on milled
material and a mean 6''B value of —8.85 + 0.339%,
(20) on fragments, using positive TIMS. An inter-
laboratory comparison of B isotope measurements
reported a wide range of 4''B values between
—7.72%, and —14.66%, with a mean value of
—10.3 + 2.9%, (Gonfiantini et al., 2003).

The NIST SRM 610 glass (National Institute of
Standards and Technology Standard Reference
Material) is a Si-Na—Ca—Al-oxide glass nominally
doped at 500 ppm with a series of trace elements
including B (351-363 ppm, Kasemann et al,
2001;NIST website, 1992). The most recent charac-
terisation of NIST SRM 610 for ''B/'°B is from le
Roux et al. (2004) and was obtained with a MC-
ICPMS (Axiom) using multiple electron multipliers.

Table 2
B contents and 5'!B signatures of reference samples taken from the literature
B (ppm) Reference S''B 20 Reference
NIST SRM 610 351-363 Kasemann et al. (2001), —0.16/—0.36* 0.21/0.06 le Roux et al. (2004)
NIST website (1992)
B4 tourmaline 31,400 Gonfiantini et al. (2003) —8.71° 0.18 Tonarini et al. (2003)
StHs6/80-G 11.6, 12.5 Jochum et al. (2000), —4.48° 0.29 Rosner and Meixner (2004)
Rosner and Meixner (2004)
GOR128-G 22.7,21.8 Jochum et al. (2000), +13.55° 0.21 Rosner and Meixner (2004)
Rosner and Meixner (2004)
GOR132-G 17.8, 15.6 Jochum et al. (2000), +7.11° 0.97 Rosner and Meixner (2004)

Rosner and Meixner (2004)

% Values obtained by MC-ICPMS.
® Values obtained by PTIMS.



792 M. Tiepolo et al. | Applied Geochemistry 21 (2006) 788-801

They reported ''B/!°B ratios of 4.0494 and 4.0486,
corresponding to 8''B values of —0.16%, and
—0.369,, relative to NIST SRM 951. In this work
the mean value of the previous determinations
(“B/ 10g — 4.049) was considered as reference value.

4. Evaluation and correction of isotopic fractionation

Boron has only two stable isotopes. Thus, an
internal correction approach cannot be used to
approximate isotopic fractionation effects. Further-
more, due to the relatively large mass difference
between isotopes in the low mass region (~10%
for the two B isotopes), external normalisation on
the basis of other known isotopes (e.g., Li or C) is
not suitable. Instead, the “standard-sample-stan-
dard” bracketing procedure was adopted to correct
for isotopic fractionation. This approach has
already been successfully adopted by le Roux
et al. (2004). NIST SRM 610 was selected as exter-
nal standard because of its B concentration being
within the working range of both ion counters and
Faraday detectors. According to the ‘“‘standard-
sample-standard” bracketing procedure, the mea-
sured raw ''B/!'°B of the unknown is corrected for
isotopic drift to the mean of two bracketing analyses
of the NIST SRM 610 reference material and this
ratio is further referenced to the average ''B/'°B
ratio (4.049) of NIST SRM 610 taken from le Roux
et al. (2004):

11 B/IOBcorrected

unknown
11 / 10 pmeasured
— B Bunknown
T 10gmeasuredl | 11 10 gmeasured2
B/ BNIST610 + B/ BNIST610 1

2 11 /10 paccepted
B/ BNIST()I[)

The corrected 'B/'°B of the unknown is finally
referenced to NIST SRM 951 (M'B/'B nistos1 =
4.05003; Ishikawa and Tera, 1997;Ishikawa et al.,
2001) in order to obtain the delta notation. The reli-
ability of the bracketing procedure to correct for
isotopic fractionation strongly depends on the
agreement between the behaviour of unknown sam-
ples and the external standard towards the different
sources of isotopic fractionation.

Instrumental mass bias is one of the main sources
of isotopic fractionation in ICPMS (e.g., Walczyk,
2003). It is related to space charge effects in the
ICP and cone region and it may alter the original
isotopic ratio by several percent (Jackson et al.,
2001). When dealing with light masses (such as B),
due to the large relative mass difference between

the isotopes, mass bias effects are even amplified.
A first order estimate of mass bias was made by
comparing the raw ''B/!°B ratio, calculated by aver-
aging the first 10 cycles of a laser ablation analysis,
with the reference ''B/'°B ratio of the sample.
According to Horn et al. (2000), during the first sec-
onds of ablation, fractionation induced by laser
sampling is minimised. In order to eliminate other
possible fractionation sources in the instrumental
setup, only runs carried out using Faraday detectors
were considered. The reference ''B/'B ratio of the
B4 tourmaline is 4.0151. The mean measured
"B/19B value is 4.628, indicating 14% mass bias.
Similar percentages of mass bias (13-14%) were
obtained on NIST SRM 610, both with Faradays
and ion counters. These mass bias values are com-
parable to those reported by other ICPMS studies
(Aggarwal et al., 2003, 2004; le Roux et al., 2004).

Recently, Jackson and Giinther (2003) showed
that isotopic fractionation is also induced by laser
sampling, by transport from the ablation site to
the ICP and by the incomplete vaporisation and
ionisation of particles in the ICP itself. The pre-
ferred mechanism of fractionation seemed to be
the evaporation of the lighter isotope during the
partial volatilisation of large particles. Jackson
and Giinther (2003) also showed that by using a
high energy density during laser sampling, laser-
induced isotopic fractionation is significantly
reduced. The extent of laser-induced fractionation
on the ''B/'"B ratio was evaluated on the B4 tour-
maline runs and was calculated according to Horn
et al. (2000) and Tiepolo et al. (2003) as the varia-
tion per second in percent of the ''B/'°B ratio.
Results from the B4 tourmaline reveal that this

0.0020%

Isotope fractionation
B4 Tourmaline

0.0010% | + +

0.0015%
0.0005%
0.0000% +
-0.0005%

-0.0010%

} ;

0 1 2 3 4 5 6 7
analysis #

UB/1B fractionation s-1

-0.0015%

Fig. 2. ''B/!°B fractionation (% s~!) for B4 tourmaline achieved
with a spot size of 60 um. Signal was collected with Faraday
collectors. Error bars are 20.
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entity of isotopic fractionation is in most cases
almost negligible (Fig. 2). The mean value is
0.0003% s~ corresponding to a fractionation of
about 0.19, per 1 min of ablation. Comparable val-
ues were also obtained on the NIST SRM 610
revealing that matrix effects are negligible.

A further source of apparent fractionation of the
"B/19B ratio is related to a drift in ion counter effi-
ciencies. For new channeltrons (i.e. the operation
voltage is <2000 V), a “burn-in” period is needed
for stabilisation of the gain factors. In general, if
channeltrons have seen more than 1.5 x 10° counts
and have an operation voltage higher than 2300 V
the ion counters become more stable. The ion coun-
ters used in this study were in the middle of this
“burn-in” period, and therefore showed a signifi-
cant gain drift. Since IC6 (used for the collection
of '"B) detects a significantly higher amount of
counts compared to IC5 (that detects '°B), the
changes in gain drift are more pronounced in 1C6
than ICS5. The consequence is a decrease of the
apparent ''B/!°B ratio with time, or, to be more pre-
cise, with the total amount of counts detected. This
drift is linear, as can be seen in Fig. 3, and can
thus be corrected by standard-sample-standard
bracketing.

The effects of these various sources of fraction-
ation are clearly seen in Fig. 4, which shows that
the raw ''B/!°B ratio linearly decreases with time
in both an unknown sample and external standard.
The drifts in fractionation for both standard and

NIST SRM 610
4.60

4.55 4~
y =-0.0030x + 4.5499
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=~ Day2
4.45 Teg0 y
-
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4.25 - .
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4.10 T T T T T T T T T T T T T T T T T T T T T T T T T T T T
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Fig. 3. Day to day variation of the raw ''B/!°B ratio with
analysis number, largely due to drift in ion counter detector
efficiencies. The increase in ''B/!°B from the end of day 1 to the
start of day 2 was due to the ion counter calibrations, including
operation voltage and efficiency calibrations.

4.39

431y | ;

- T . + %
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4314
e
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y =-0.0035x + 4.3451 ?'
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Fig. 4. Variation of the raw ''B/!°B ratio with analysis number
as a consequence of drift in mass fractionation, largely due to
drifting ion counter efficiencies. The time interval between the
different analyses corresponds approximately to the analysis time
(i.e., 2 min).

sample, given by the slope of the two regression
lines, are very similar (0.003, Fig. 4). Therefore,
the “standard-sample-standard™ bracketing proce-
dure using NIST SRM 610 as standard can be used
to effectively correct for the fractionation effects.

5. Results
5.1. B4 Tourmaline

The B4 tourmaline was measured using Faraday
cups and a spot size of 80 um. This is the lower limit
in spot size dimension for NIST SRM 610 to
achieve a reasonable signal for the Faraday detec-
tors. The analytical run consisted of 7 analyses of
the NIST SRM 610 standard and 6 analyses of
the B4 tourmaline sample. Analyses were randomly
performed within the mounted mineral fragment.
Results are reported in Table 3 and Fig. 5. The
0''B values are calculated in two ways: (1) by nor-
malising the sample ''B/'°B ratio to the mean of
the NIST SRM 610 ''B/'°B data measured before
and after the sample, and (2) by normalising the
sample 'B/1°B ratio to the mean of all NIST
SRM 610 '"B/!°B data. The latter is allowed when
there is no time-dependent drift. The “‘standard-
sample-standard” bracketing procedure yields a
0''B value of —8.41 (+0.349%,, 1¢), whereas a value
of —8.36 (4+0.07%,, 1o) was obtained by averaging
all NIST SRM 610 measurements and using this
mean value as normalisation value for the individ-
ual analyses of B4. Table 3 shows that the first
and the last ''B/'%B ratios of NIST SRM 610 differ
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Table 3

Boron isotope compositions of B4 tourmaline and NIST SRM
610 determined by laser ablation MC-ICPMS (using Faraday
detectors)

110 11B/198 lo 5B lo
(measured) (corrected)
Standard-sample-standard
B4 4.6268 4.0148 0.0001 -8.70 0.07
B4 4.6276 4.0169 0.0002 -8.19 0.11
B4 4.6269 4.0178 0.0001 -7.97 0.05
B4 4.6272 4.0169 0.0001 -8.19 0.05
B4 4.6274 4.0152 0.0001 —8.59 0.06
B4 4.6270 4.0144 0.0001 —8.80 0.05
Mean value —8.41 0.34
1ig/10g lo
Nist610* 4.683 0.003
Nist610 4.666 0.002
Nist610 4.663 0.002
Nist610 4.663 0.002
Nist610 4.666 0.002
Nist610 4.667 0.002
Nist610* 4.655 0.002
lig/1og 11g/18 lo SR lo
(measured)  (corrected)
By averaging NIST SRM 610 determinations
B4  4.6268 4.0159 0.0001  —8.42 0.07
B4  4.6276 4.0166 0.0002  —8.25 0.11
B4 4.6269 4.0160 0.0001  —8.40 0.05
B4 4.6272 4.0163 0.0001 —8.34 0.05
B4  4.6274 4.0164 0.0001  —-8.29 0.06
B4  4.6270 4.0161 0.0001  —8.38 0.05
Mean value —8.36 0.07

% Not considered (see text).

more than a factor of 2 from the other ratios, and
can thus possibly be regarded as outliers. A slight
isotopic heterogeneity of the sample or bad ablation
conditions due to a momentary instability of the
laser system may have caused these offsets. If those
NIST SRM 610 analyses are rejected and accord-
ingly the first and last 8''B values for B4, the “stan-
dard-sample-standard” bracketing approach gives a
mean 0''B value for B4 of —8.24 (+0.22%,, lo).
Thus, the average 6''B values obtained with the
two different approaches of standardisation are sta-
tistically indistinguishable suggesting that the ““stan-
dard-sample-standard” bracketing procedure may
not be necessary.

There is an order of magnitude difference in
internal precision between the NIST SRM 610 and
B4 tourmaline analyses. The relative standard devi-
ation (1¢) on the raw 'B/!°B ratio for NIST SRM
610 is about 0.5%,, whereas it is down to 0.039, for

-7.00
B4 tourmaline
-7.50 4
-8.00 Q
]

2 é L]
S é ¢ ¢ s ¢
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2 2 s
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@ NIST SRM 610 average
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Fig. 5. Boron isotope compositions of B4 tourmaline determined
by laser ablation MC-ICPMS (using Faraday detectors and
80 um spot sizes). Open circles are data obtained by ‘“‘standard-
sample-standard” bracketing using NIST SRM 610 measured
before and after the sample. Filled circles are data obtained by
normalising against the weighted average NIST SRM 610 (n = 7).
The black line represents the mean §''B value from Tonarini
et al. (2003) measured by positive TIMS. Error bars are 2¢.

the B4 tourmaline. Reproducibility is estimated to
be 0.4%, for NIST SRM 610 and 0.07%, for the
B4 tourmaline.

5.2. MPI-DING glasses

Analyses of MPI-DING glasses were carried out
using multiple ion counters. GOR128-G was mea-
sured with spot sizes of 60 and 80 pm on separate
days. GOR132-G and StHs6/80-G were measured
using spot sizes of 60 um and 80 um, respectively.
Runs of GOR128-G consisted of 8 analyses of sam-
ple and 9 analyses of NIST SRM 610. Runs of
GOR132-G and StHs6/80 consisted of 9 analyses
of sample and 10 analyses of NIST SRM 610.
Results are reported in Tables 4-6 and Figs. 6-8.
The mean ''B values of GOR128-G at 60 and
80 um spot sizes are statistically equivalent
(13.5+1.6%, and 14.5 +2.89,,, respectively). The
mean §''B values of GOR132-G and StHs6/80-G
are 6.8 4+ 3.09%, and —4.3 + 2.49, respectively.

6. Precision and accuracy

The most precise results were obtained on the B4
tourmaline. The errors associated with the average
o''B value are between 0.1%, and 0.4%, and are in
good agreement with those obtained by Tonarini
et al. (2003) and Gonfiantini et al. (2003) on the
same sample using positive TIMS.
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Table 4

Boron isotope compositions of MPI-DING glass GOR 128-G
and NIST SRM 610 determined by laser ablation MC-ICPMS
(using multiple ion counting detectors)

Table 5

Boron isotope compositions of MPI-DING glass GOR 132-G
and NIST SRM 610 determined by laser ablation MC-ICPMS
(using multiple ion counting detectors)

“B/mB ”B/IOB lo S'B lo ”B/IOB “B/IOB lo 5B lo
(measured)  (corrected) (measured)  (corrected)
60 um spot size 60 um spot size
GOR128-G  4.540 4.112 0.009 15.3 2.2 GOR132-G  4.360 4.071 0.009 5.1 2.2
GOR128-G  4.524 4.112 0.009 15.3 2.2 GOR132-G  4.344 4.061 0.012 2.7 3.0
GOR128-G  4.491 4.095 0.009 11.1 2.2 GOR132-G  4.354 4.073 0.006 5.7 1.6
GOR128-G 4.487 4.097 0.008 11.7 1.9 GOR132-G 4.365 4.093 0.009 10.6 2.2
GOR128-G  4.488 4.102 0.012 12.9 2.9 GOR132-G  4.338 4.080 0.010 7.4 2.4
GORI128-G  4.486 4.109 0.010 14.5 2.5 GOR132-G  4.352 4.099 0.011 12.0 2.6
GOR128-G  4.489 4.109 0.008 14.6 2.0 GOR132-G  4.329 4.081 0.009 7.6 2.3
GOR128-G 4.481 4.102 0.013 12.8 3.2 GOR132-G  4.306 4.066 0.010 4.0 24
Mean value 13.5 16 GOR132-G  4.309 4.075 0.010 6.1 2.5
11,108 lo Mean value 6.8 3.0
Nist610 4.481 0.004 "'B/"'B lo
Nist610 4.460 0.004 Nist610 4.342 0.005
Nist610 4.449 0.003 Nist610 4.332 0.004
Nist610 4432 0.006 Nist610 4.331 0.004
Nist610 4.437 0.004 Nist610 4.326 0.003
Nist610 4422 0.005 Nist610 4.310 0.005
Nist610 4.420 0.003 Nist610 4.300 0.005
Nist610 4.427 0.005 Nist610 4.298 0.005
Nist610 4.419 0.004 Nist610 4.295 0.007
lig/log lig/log lo S'B 1o N%St610 4.282 0.005
(measured)  (corrected) Nist610 4.282 0.005
80 um spot size
GORI128-G  4.482 4.126 0.012 188 29 Table 6
GORI128-G  4.453 4.098 0.010 11.7 2.4 Boron isotope compositions of MPI-DING glass StHs6/80 and
GORI128-G  4.447 4.096 0.009 11.3 2.3 NIST SRM 610 determined by laser ablation MC-ICPMS (using
GOR128-G  4.454 4113 0.006 155 1.6 multiple ion counting detectors)
GORI128-G  4.455 4.122 0.008 177 2.0 iig/log lg/log lo SUB 1o
GORI28-G  4.424 4.100 0.009 124 23 (measured)  (corrected)
GOR128-G  4.421 4.103 0.008 13.2 2.0 -
GORI128-G  4.423 4111 0.007 151 1.7 80 pm spot size
StHs6/80 4.349 4.026 0.010 -59 24
Mean value 14.5 2.8 StHs6/80 4.343 4.031 0.009 —-4.7 2.2
T o StHs6/80  4.331 4.025 0011 61 27
- StHs6/80 4.343 4.040 0.012 -2.5 2.9
Nist610 4.401 0.004 StHs6/80  4.340 4.036 0.009 -35 23
Nist610 4.396 0.005 StHs6/80  4.305 4.010 0012 -98 3.0
Nist610 4.404 0.006 StHs6/80  4.325 4.038 0010 -29 26
Nist610 4.387 0.004 StHs6/80  4.316 4.037 0010 -32 24
Nist610 4.384 0.003 StHs6/30  4.323 4.041 0.008 22 21
Nist610 4.369 0.003
Nist610 4.369 0.004 Mean value —43 24
Nist610 4357 0.004 lig/iog 1o
Nist610 4.355 0.004 -
Nist610 4.384 0.005
Nist610 4.364 0.005
The MPI-DING glasses were measured using the Nist610 4.361 0.004
multiple ion counting detectors, and show in-run pre- Nist610 4.332 0.006
. < . Nist610 4354 0.005
cisions between 1.6%, and 3.2%, (1o, Tables 4-6). Nist610 4354 0.005
They do not show significant variations with spot size Nist610 4.340 0.007
(60 and 80 pum) or B contents (11-23 ppm). The preci- Nist610 4.333 0.005
sions obtained on the MPI-DING glasses are signifi- Nist610 4.324 0.005
Nist610 4.339 0.004

cantly lower compared to those commonly achieved
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Fig. 6. Boron isotope compositions of GOR128-G determined by
laser ablation MC-ICPMS (using multiple ion counting detectors,
and 60 and 80 pum spot sizes). Filled circles represent data
obtained using the “standard-sample-standard” bracketing
approach. Open circles represent weighted average 8''B values.
The black line represents the ''B value from Rosner and
Meixner (2004) measured by positive TIMS. Error bars are 2.
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Fig. 7. Boron isotope compositions of GOR132-G determined by
laser ablation MC-ICPMS (using multiple ion counting detectors
and 60 um spot sizes). Filled circles represent data obtained using
the ““standard-sample-standard” bracketing approach. The open
circle represents the weighted average 6''B value. The black line
represents the 0''B value from Rosner and Meixner (2004)
measured by positive TIMS. Error bars are 2¢.

with positive TIMS. For example, on JB-2, a basaltic
sample with a similar level of B as the glasses analysed
in this work (=30 ppm, Govindaraju, 1994), Tonarini
etal. (1997) reported a precision of 0.47%, (20). Errors
reported here are also significantly higher (4-5 times)
than those reported by le Roux et al. (2004) with a
similar instrumental setup. Though, instead of the sin-
gle spot mode, le Roux et al. (2004) used the raster
mode and large sample areas. In both cases, the com-
parison is not straightforward due to the different
detection systems and different spatial resolutions of
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Fig. 8. Boron isotope compositions of StHs6/80 determined by
laser ablation MC-ICPMS (using multiple ion counting detectors
and 80 pm spot sizes). Filled circles represent data obtained using
the “standard-sample-standard” bracketing approach. The open
circle represents the weighted average 8''B value. The black line
represents the 0''B value from Rosner and Meixner (2004)
measured by positive TIMS. Error bars are 20.

the techniques, and thus the amount of analysed
material. The error on an isotopic ratio (isotopel/iso-
tope2) is a function of the total amount of counts
detected. The theoretical best uncertainty achievable
is based on Poisson counting statistics, defined as
RSD (%,) = 1000 x 1/(1/N; + 1/N,), where N; and
N, are total amount of counts detected for isotopel
and isotope? (in the study '°B and !'B), respectively.
For signals of 200,000 cps ''B and 50,000 cps '°B
(typical for the NIST SRM 610 analyses), a relative
uncertainty in the ''"B/'’B ratio of 1.6%, is achieved
after 10s analysis time. After 40 s analysis time, the
theoretical best uncertainty is down to 0.8%,. For
the MPI-DING glasses, count rates were lower
(~35,000cps '"'B and 8,000 cps '°B) and relative
uncertainties of ~29  can theoretically be achieved
after 40 s analysis time. In practice, uncertainties
might be larger due to e.g., signal instability, matrix
effects (sample heterogeneity). Here, the relative stan-
dard deviations obtained on ''B/!°B ratios of the
NIST SRM 610 (0.5%,) and the MPI-DING glasses
(1.6-3.29,) are very close to the theoretical values.
The comparison of data precision and accuracy
amongst different techniques is not straightforward
because results are highly dependent on various
parameters, such as degree of homogeneity of the
samples, B content, spot size, counting time, and
detection system. A rough comparison of the results
with those obtained by Secondary Ion Mass Spec-
trometry (SIMS) shows that the level of precision
is comparable. SIMS studies report precisions
between 1.5%, and 3.09%, (lo) (Chaussidon and
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Fig. 9. Comparison between measured and literature (reference)
5''B values. Literature values come from Tonarini et al. (2003)
and Rosner and Meixner (2004). Error bars are 2¢.

Albaréde, 1992; Chaussidon and Jambon, 1994;
Chaussidon and Marty, 1995; Chaussidon et al.,
1997; Straub and Layne, 2002). The SIMS tech-
nique, however, possesses a higher spatial resolution
compared to laser ablation ICPMS. This is mainly
due to the penetration of the ion beam into the sam-
ple, which is an order of magnitude less with SIMS
than with laser ablation ICPMS.

Data accuracy was assessed on the basis of the
weighted average 6''B values. This is the most
appropriate approximation because all 5''B values
of the reference samples have been obtained with
bulk rock methods. Fig. 9 shows that the ''B
results overlap the values from the literature at the
lo level. The level of accuracy of a single spot anal-
ysis is also highly important, because the possibility
of reproducing spots in natural samples is not easy.
The results show that single spot analyses of B iso-
topes on the MPI-DING glasses produce 6''B val-
ues that overlap the reference values at the 2o
level. Moreover, more than half of the single spot
analyses agree with the reference value at the lo
level (see Figs. 6-8).

7. Example of application: the 6''B signature of
volcanic ashes

Results obtained in the present work show that
the analytical method developed here (laser ablation
multiple ion counting ICPMS) can be applied to
geological materials when efficient ablation is

obtained at the 213 nm laser wavelength. The above
reported levels of precision and accuracy are attain-
able in samples with at least 10 ppm of B and where
areas as large as 100 um can be analysed. The limit
of 10 ppm B is too high if the technique needs to be
applied to studies of mantle minerals, which, in gen-
eral, have B contents below the ppm level (Ottolini
et al., 2004). Nevertheless, glass pockets and veins
in mantle xenoliths and groundmass glasses of man-
tle-derived lavas and melt inclusions in coexisting
phenocrysts may approach or even exceed this con-
centration limit. Higher B concentrations are rela-
tively common in minerals and glasses from crust-
derived materials (Leeman and Sisson, 1996).

To study the applicability of this analytical tech-
nique the B isotope composition of volcanic ashes
have been characterised. Due to the relatively small
dimensions and the large heterogeneity of volcanic
ashes (e.g., presence of crystals, lithics and altered
portions; Taddeucci et al., 2002), their characterisa-
tion using bulk rock methods is extremely challeng-
ing and data are difficult to interpret. Ashes, thus,
represent a potential field of application of in situ
techniques, either for elemental or isotopic analysis.
A series of fragments of juvenile fractions of ash
erupted in 3 different episodes during the 1995 activ-
ity of Mt. Etna have been analysed. A preliminary
investigation of ashes under a binocular microscope
allowed the selection of glassy clear and crystal-free
fragments (Fig. 10). Selected ash fragments were

Fig. 10. Photomicrograph in transmitted light of an ash fragment
from Mt. Etna embedded into epoxy resin. The ash fragment is
constituted by homogeneous and clear glass, the presence of one
crystal can be clearly seen in the lower portion of the fragment.
All analyses were performed in the clear glass portion.
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Table 7
Average major element composition (wt%) of selected ash
samples from the 1995 Mt. Etna eruption

May 9 October 12 December 23
SiO, 49.51 48.8 4891
TiO, 1.96 2.04 1.97
Al,O3 16.42 16.37 16.77
Cr,04 0.00 0.02 0.03
FeO 10.25 11.02 10.37
MnO 0.21 0.22 0.23
MgO 3.23 3.44 3.67
CaO 7.14 7.43 7.66
Na,O 4.81 4.77 4.79
K,0 3.35 3.62 3.17

96.88 97.73 97.57

5.0

Volcanic Ash from 1995 eruption of Mt. Etna

0.0 4

§"'B (%)

-10.04

-15.04

-20.0

May October December Average

Fig. 11. Boron isotope compositions of ashes erupted during
1995 from Mt. Etna determined by laser ablation MC-ICPMS
(using multiple ion counting detectors and 60 pm spot sizes).
Filled circles represent data obtained by the “standard-sample-
standard” bracketing approach. The open circle represents the
weighted average 6''B value. Error bars are 2.

mounted in epoxy resin and polished down to
1/4 um of polishing paste and characterised with
electron microprobe (EMP) for major element com-
position (Table 7). Ten clear portions of glass with
dimensions of at least 100 um were picked for
OB analyses (Fig. 11). Preliminary elemental deter-
minations with laser ablation ICPMS (Schiavi et al.,
2004) revealed that B concentrations are between 15
and 21 ppm, which is in the range suitable for the
analytical technique presented here. Following the
approach described above, 0''B values were deter-
mined using NIST SRM 610 as external standard
and spot sizes of 60 pm. Table 8 reports ''B/!°B
ratios and 6''B values of those Mt. Etna ashes.
The B isotope compositions range between —4.8
and —10.79%,, with a mean value of —8.0 +1.99,
(1g). All volcanic ashes overlap at the 2¢ level and
no statistical difference was observed among the dif-

Table 8

Boron isotope compositions of the volcanic ashes erupted in 1995
from Mt. Etna and NIST SRM 610 determined by laser ablation
MC-ICPMS (using multiple ion counting detectors)

lig/iog lig/log lo SB lo
(measured)  (corrected)
9-5-95a 4.533 4.012 0.011 -9.5 2.8
9-5-95b 4.519 4.030 0.012 —4.8 3.0
9-5-95¢ 4.493 4.016 0.013 -84 3.2
12-10-95a 4.465 4.025 0.013 —6.2 3.1
12-10-95b  4.439 4.017 0.014 —8.1 3.5
12-10-95¢ 4.444 4.026 0.010 —-6.0 25
23-12-95a 4.476 4.014 0.015 -89 3.7
23-12-95b  4.460 4.007 0.013 -10.7 33
23-12-95¢ 4.462 4.009 0.011 —10.1 2.7
23-12-95d  4.462 4.017 0.015 -8.0 3.7
Mean value -8.0 1.9
11g/l0g lo
Nist610 4.578 0.007 9-5-95a
Nist610 4.566 0.005 9-5-95a
Nist610 4.537 0.006 9-5-95b
Nist610 4.536 0.006 9-5-95b
Nist610 4.520 0.007 9-5-95¢
Nist610 4.532 0.005 9-5-95¢
Nist610 4.487 0.004 12-10-95a
Nist610 4.489 0.005 12-10-95b
Nist610 4.476 0.005 12-10-95¢
Nist610 4.466 0.005
Nist610 4.472 0.007 23-12-95a
Nist610 4.461 0.007 23-12-95a
Nist610 4.518 0.007 23-12-95b
Nist610 4.505 0.005 23-12-95b
Nist610 4.502 0.008 23-12-95¢
Nist610 4.506 0.005 23-12-95¢
Nist610 4.500 0.005 23-12-95d
Nist610 4.487 0.004 23-12-95d
2
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Fig. 12. Comparison between the 6''B vs. Nb/B ratio of the 1995
ashes and other volcanic products of Mt. Etna. Literature data
are from Tonarini et al. (2001).
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ferent ash emissions (Fig. 11). The mean 6''B signa-
ture of ashes erupted during 1995 is significantly
more negative than those determined on massive
volcanic products from the same eruption using
bulk techniques (Fig. 12; Tonarini et al., 2001).
The ashes also show higher alkali contents
(Na,O + K,0 = 8.0 wt%) and lower Nb/B ratios
(4.8, Schiavi et al., 2004), compared to the other vol-
canic products. The compositional decoupling
between ashes and massive volcanic products is
intriguing and many hypotheses on its origin can
be formulated, including e.g., very shallow level
contamination related to the hydrothermal system
close to the crater vent or B isotopic fractionation
as a consequence of degassing. Similar negative
o''B values were observed for Mt. Maletto and
other recent lavas (1949, 1989) and were interpreted
as the result of shallow level assimilation of crustal
material from the sedimentary pile beneath the vol-
cano (Tonarini et al., 2001). A detailed discussion is
beyond the scope of this work and requires more
thorough investigations of ashes and other volcanic
products.

8. Conclusions

Boron isotope compositions (5''B) of materials
with B contents ranging between 12 and
31,400 ppm have been determined by laser ablation
multicollector ICPMS. A New Wave UP213 laser
was coupled to a Finnigan Neptune multicollector
ICPMS equipped with Faraday and multiple ion
counting detectors. The *standard-sample-stan-
dard” bracketing approach using NIST SRM 610
was applied to correct for isotopic fractionation.

For samples containing several hundred ppm B,
ions were detected using traditional Faraday cups.
Faraday detectors are capable of achieving high lev-
els of precision (down to 0.049,) for in situ B iso-
tope analysis. When B is at the ppm level, the
more sensitive ion counting detectors were used to
increase the signal to noise ratio. The major limita-
tion in attainable precision are the total amount of
counts detected (Poisson counting statistics). Here
o''B values with precisions down to 1.6%, are
reported. The method is capable of attaining the
above levels of precision on samples spanning in
composition from tourmaline through komatiite to
andesite using the NIST SRM 610 as external stan-
dard. The level of accuracy and the relatively large
difference in matrix composition within unknown
samples and between unknown samples and exter-

nal standard suggest that for the selected composi-
tions matrix effects are almost negligible.

Application to volcanic ashes demonstrates that
valuable results can be obtained and that in situ iso-
topic analysis may not be comparable with those
obtained by bulk rock techniques, opening new
frontiers in isotope geochemistry.
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