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sources of (sub)permil-level
inaccuracy during laser ablation-MC-ICPMS boron
isotope measurements of carbonates†

Douglas Coenen, *ab David Evans, ‡ab Hana Jurikova,c Matthew Dumont,c

James Rae c and Wolfgang Müllerab

Recent developments in spatially-resolved boron isotopic analysis using laser ablation as a means of sample

introduction to MC-ICPMS instruments (LA-MC-ICPMS) increasingly allow researchers to explore the

spatial heterogeneity of the boron isotopic composition of a range of geochemical applications, for

example in palaeoclimatology and mantle petrology. However, previous work has shown that a diffuse

interference centred near 10B, when measuring samples with a calcium-rich matrix, can significantly bias

especially the measurement on 10B, affecting the accuracy of boron isotope measurements. Although

several correction approaches have yielded sufficiently accurate analyses of d11B in calcium carbonate,

the root cause of this interference is still not fully resolved. Here, we explore the various potential

sources of inaccuracy in boron isotope measurements made using (LA-)MC-ICPMS by experimenting

with dry and wet plasma conditions, in both solution and laser ablation mode (in the former case, our

solution (Ca–Mg)/B ratios broadly mimic those found in natural samples). In solution mode, we find that

irrespective of wet or dry plasma conditions, the introduction of a Ca-containing matrix yields a baseline

up to ∼4 and ∼14 times higher around m/z z 10 for wet and dry plasma conditions, respectively,

compared to both a Mg-only matrix and lack of matrix. In order to explore this further, we performed

mass scans around m/z z 10 during laser ablation of different carbonates with varying matrix [Ca].

These show that the m/z z 10 interference scales linearly with a mixture of the calcium content of the

analyte matrix and 40Ar4+ ion beam intensity, as previously hypothesised. Moreover, by experimenting

with different plasma loading scenarios during the ablation of CaCO3, i.e. varying laser spot sizes, we find

that permil-level inaccuracies in d11B may occur when the analyte ablated mass is significantly different

than that of the standard used to calibrate instrumental mass bias. This is important given that we also

show that different commonly-used reference materials ablate at very different rates, which illustrates

the need for a careful standardisation approach irrespective of broader matrix effects when sub-permil

level accuracy and precision are desirable when utilising LA-MC-ICPMS.
Introduction

The precise and accurate measurement of the boron isotopic
composition of geological materials has become increasingly
useful in various branches of geochemistry (for a review see
Marschall and Foster, 2018).1 Boron isotopes serve as a valuable
tracer and provide insights into processes in the elds of
Frankfurt, Frankfurt am Main, Germany.
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, University of St Andrews, St Andrews, UK

tion (ESI) available. See DOI:

Science, University of Southampton,

f Chemistry 2024
igneous and metamorphic petrology,2,3 past variations of pH/
CO2,4 and biomineralisation.5,6

The analysis of biogenic carbonate samples to study calci-
cation and past seawater pH is performed most precisely using
thermal ionisation mass spectrometry (TIMS) and multi-
collector induced coupled plasma mass spectrometry (MC-
ICPMS) aer chemical purication.7–9 These methods are well
suited for the precise analysis of boron isotopic composition
(0.1–0.3&, 2 SD for P-TIMS10 and 0.2–0.3&, 2 SD for MC-ICPMS7

of bulk biogenic carbonate samples), and usually require
sample sizes containing ng levels of boron (between 20 ng and
100 ng for P-TIMS10 and between 2.5 ng and 20 ng for MC-
ICPMS).7,11 These methods, however, cannot provide the spatial
resolution needed for revealing the heterogeneity of boron
isotopic composition in certain samples. Secondary Ion Mass
Spectrometry (SIMS) has been used to assess internal hetero-
geneities in various materials including carbonates,12,13
J. Anal. At. Spectrom., 2024, 39, 2409–2420 | 2409
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however, the costly and time consuming nature of these
measurements coupled with the lack of suitable, well-
characterised reference materials, limits the accessibility of
this technique for highly spatially-resolved boron isotope
analysis in calcium carbonate samples and is one reason that
the precision of this technique is typically worse (∼0.6–1&, SD).

The development of laser ablation as a sample introduction
technique for MC-ICPMS has gained traction for the boron
isotopic measurements of geological materials over the past two
decades.14,15 However, the accurate determination of the boron
isotopic composition of calcium carbonate samples using laser
ablation (LA)-MC-ICPMS is not without challenges. Indeed,
recent work has shown that the widely used Neptune Plus
(Thermo Fisher Scientic) MC-ICPMS is characterised by
a diffuse interference in the m/z range between 10 and 11 when
ablating samples with calcium-rich matrices.16–20 Several
methodologies have been developed to accurately correct for
this via the use of a suite of inter-laboratory calibrated stan-
dards, since typical background correction cannot account for
this matrix specic baseline elevation.17–19 This interference has
been attributed to scattered Ca ions in the ight tube and is not
limited to calcium carbonate, but also other calcium-rich
matrices.19 In contrast, previous work with alternative MC-
ICPMS instrumentation such as the Plasma II (Nu instru-
ments)21,22 and the AXIOM (Thermo-Fisher Scientic)23,24 were
seemingly not characterised by a Ca-derived boron isotope
measurement inaccuracy when ablating calcium carbonate
samples. This has been attributed to either differences in the
MC-ICPMS instrumentation or the use of femto-second rather
than nano-second laser ablation instruments,21,22 although
more recent work20 has shown that the interference around m/z
z 10 was also present during laser ablation measurement of
calcium carbonate samples in the Plasma II and AXIOM when
the measurements were performed using Faraday cups, in
contrast to the majority of previous studies utilising ion
counters. Indeed, this relationship with the choice of instru-
ment detector corroborates previous ndings,18 suggesting that
matrix effects depend more on the type of detectors (and any
pre-detector deection or ltration) than the choice of instru-
ment, given that the previous reports of a lack of m/z z 10
interference used the ion counters with deectors.21–24 While
this might imply that future studies should “simply” use ion
counters, the use of Faraday cups, especially when connected to
1013 U ampliers, is desirable from an accuracy and precision
point of view when the B concentration of the sample allows it.25

While enormous progress has been made in our under-
standing of the major source of inaccuracy in LA-MC-ICPMS
analysis of Ca-rich samples, this progress and the coincident
improvement in data quality serve to highlight that other
sources of inaccuracy exist when making these measurements.
Indeed, previous work has shown that LA-MC-ICPMS analysis is
associated with matrix effects independent of the sample [Ca]
depending on instrument tuning19 and can suffer from the
effects of plasma mass loading,26,27 with both factors potentially
resulting in boron isotope inaccuracies of up to several permil.
This latter bias appears to be present regardless of the detector
2410 | J. Anal. At. Spectrom., 2024, 39, 2409–2420
and is thus associated with ionisation behaviour in the
plasma.17,26,27

This contribution explores the different sources of inaccur-
acy in boron isotopic measurement using a laser ablation
system coupled to a Neptune plus MC-ICPMS with Faraday
cups, via (1) systematic experiments ablating Mg- or Ca-rich
matrices and (2) plasma loading. For comparison, we perform
solution measurements using solutions with Ca and Mg
matrices with constant [B] with (Ca–Mg)/B ratios broadly
mimicking those found in natural samples.
Materials and methods

All boron isotopic measurements were performed using
a Neptune Plus MC-ICPMS, operated in both laser-ablation and
solution modes, at the Frankfurt Isotope and Element Research
Center (FIERCE), Goethe University Frankfurt.
Laser ablation MC-ICPMS setup

The spatially-resolved boron isotopic measurements overall
followed the methodology of Evans et al. (2021).19 A RESOlution
LR 193 nm ArF LA system (Applied Spectra, formerly Resonetics)
was connected to a Neptune Plus MC-ICPMS (Thermo Fisher-
Scientic) via nylon-6 tubing.28 The RESOlution LR is equip-
ped with the large Laurin Technic S-155 two-volume ablation
cell and He was used as the main cell gas, with Ar sample gas
from the MC-ICPMS admixed into the top of the inner cell
funnel. N2 was added downstream of the ablation cell to
improve sensitivity.29 Solution-MC-ICPMS experiments utilized
the same mass spectrometer, with both an Aridus desolvator
and a “standard” glass spray chamber used as sample intro-
duction systems to achieve dry and wet solution plasma
conditions, respectively (detailed below). Typical tuning used
for the laser ablation and solution MC-ICPMS analysis is
detailed in Table 1.

The Faraday cups were arranged to simultaneously measure
10B (L4) and 11B (H4), as well as m/z z 10.035 (L3) and m/z z
9.979 (L5) to monitor the Ca interference that is present across
the mass range 10–11 on the Neptune.17–19 All measurements
were performed at low mass resolution, with 1013 U resistors
installed on all four cups. Tuning in LA mode was performed by
ablating NIST SRM 612 with a 90 mm circular spot at 6 Hz
repetition rate and ∼6 J cm−2

uence to achieve a sensitivity
between 1.5 - 3.1 mV per mg g−1 and a backgroundmeasurement
on 11B between 0.3 to 2 mV, corresponding to a useful ion yield
(counted/ablated) in LA mode between 1.5 × 10−4 and 2.9 ×

10−4.
In order to determine/corroborate the source of the matrix-

induced interference, primarily on 10B,17–19 a suite of well-
characterised calcium carbonate standards were used to
establish the empirical relationship between the measured d11B
inaccuracy (the difference between the measured d11B and the
solution-derived reference/information value of the standard;
denoted Dd11B) and the boron concentration of the sample. The
three pressed powder pellet carbonate reference materials used
for this purpose include JCp-1 (Porites sp.), JCt-1 (Tridacna
This journal is © The Royal Society of Chemistry 2024

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ja00154k


Table 1 Solution and LA-MC-ICPMS ablation and tuning parameters
utilised here

MC-ICPMS: Neptune plus
Cup conguration L5: 9.979, L4: 10B, L3: 10.035, C: 10.56, H4: 11B
Ampliers 1013 U on all cups except C (1011)
Sample/skimmer cone Ni Jet/X

Laser: dry plasma
RF power 1280–1380 W
Ar sample gas 1.005–1.300 L min−1

Laser: wet plasma
RF power 1347 W
Ar sample gas 0.600 L min−1

Ar add gas (to spray
chamber)

0.400 L min−1

Solution: dry plasma (Aridus)
RF power 1350 W
Ar sample gas 0.800 L min−1

Ar sweep gas 6.10 L min−1

N2 gas 2 mL min−1

Nebuliser 100 mL min−1

Solution: wet plasma (spray chamber)
RF power 1325 W
Ar sample gas 1.135 L min−1

Nebuliser 100 mL min−1

RESOlution LR (S-155 cell)
Beam diameter 33–285 mm
Repetition rate 6 Hz
Fluence 2–10 J cm−2, typically 6 J cm−2

He gas ow 300–400 mL min−1

N2 gas ow 3.0–7.5 mL min−1

Typical tuning parameters
ThO+/Th+ 5–35%
U+/Th+ 1.3–1.8
44Ca2+/44Ca+ 2–5%
NAI30 0.20–0.31
Sensitivity 2–4 mV per mg g−1 (NIST SRM 612, 90 mm)
Useful ion yield 1.3 × 10−4–2.9 × 10−4

11B background (fully
tuned)

0.5 to 3 mV
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gigas), both prepared by Edmund Hathorne (GEOMAR) with
a d11B value measured by solution MC-ICPMS of 24.36& ±

0.45& and 16.39& ± 0.60& respectively (2 SD of interlabor-
atory averages),31 and MACS-3 (USGS synthetic calcite)32 with
a d11B solution value of −1.22& ± 0.20& (2 SD).33

To assess the reproducibility and accuracy of the LA-MC-
ICPMS measurements, two calcite standards from natural
marbles (UWC-1 and UWC-3)34 as well as an in-house inorganic
calcite standard (DE-B) were used. UWC-1 was determined by
Standish et al. (2019)18 to have d11B = 7.77& ± 0.89& (2 SD of 3
replicates) using solution MC-ICPMS. UWC-3 and DE-B were
recently characterised by solution MC-ICPMS,33 yielding d11B =

20.25& ± 0.08& (2 SD of 2 replicates) and −0.02& ± 0.41& (2
SD of 20 replicates) respectively. Using these three calcium
carbonate standards we can assess the intermediate precision
(also termed within-lab external reproducibility) of the
This journal is © The Royal Society of Chemistry 2024
methodology over ∼40 sessions spanning the last 4 years. The
intermediate precision of these three standards is as follows:
UWC-3: 1.52& (2 SD of the 40 session averages), UWC-1: 1.80&,
and DE-B: 0.95&.33
Solution/laser MC-ICPMS setup

Wet plasma with nebulizer. In order to achieve a wet plasma
during laser ablation, we attached a spray chamber with a 100
mL min−1 Milli-Q water (18.2 MU cm) ow, in addition to the
tubing from the laser ablation cell. The additional gas line from
the Neptune-plus MC-ICPMS was connected to the spray
chamber so that the Ar ow was divided between the laser
ablation cell and the spray chamber (for aspiration). The wet
aerosol (Milli-Q water) was mixed with the dry aerosol from the
laser ablation cell just before the plasma torch with a two-way
connector. The laser ablation cell sample gas was 0.6 L min−1

while the add gas line connected to the spray chamber had an
argon ow of 0.4 L min−1. Solution mode MC-ICPMS mass
scans were performed in the rangem/zz 9.9 tom/zz 11.1. The
wet plasma was tuned in a similar manner to the dry plasma
sessions described above by optimising boron signal intensity
over plasma robustness. Tuning parameters can be found in
Table 1.

To explore the potential rise in background voltage around
10B, as seen in a dry plasma, six solutions with 25 ng mL−1 of
boron and varying Ca and Mg concentrations were analysed,
bracketed by a blank HNO3 solution (5%). These solutions were
prepared by mixing Ca, Mg (both with a concentration of
10 mg mL−1 in 5% HNO3, from Thermo Fisher, 99.999% pure),
and B ICP standard solutions (1000 ng mL−1 from Thermo
Fisher). An HNO3 solution (5%) with a boron concentration of
25 ng mL−1 was used to tune the instrument. Three sets of
concentrations for both Ca and Mg were used, 103 mg L−1,
206 mg L−1, and 309 mg L−1, resulting in (Ca–Mg)/B ratios
of 4120, 8240, and 12 360 respectively, which span a range of
B/(Mg + Ca) between 300 and 900 mmol mol−1 which are typical
of a range of natural carbonate samples.

Dry plasma with Aridus. To mimic dry plasma conditions
during solution MC-ICPMS analysis, an Aridus II desolvation
system (CETAC Technologies Omaha) was used. The instru-
ment was tuned for maximum sensitivity, similarly to the
measurements made in laser ablation mode (see Table 1 for
ICPMS parameters). The Aridus Ar sweep gas was 6.10 L min−1

and the N2 ow was 2 mLmin−1 (see Table 1). The same B/(Mg +
Ca) solutions described above were analysed with an uptake rate
of 100 mL min−1.

Ablation rate measurement. Ablation crater morphologies
were determined using a Keyence digital microscope (model
VHX-7000), following a uence calibration (using a Coherent
energy probe) of the laser ablation system. Most samples were
analysed at 6 J cm−2, but samples from each category, namely
solid, pressed-pellet, and nano-pellet, were used to test the
relationship between uences and ablation rates at two further
uences (2 J cm−2 and 10 J cm−2). Each material was ablated 15
times for 60 s at 6 Hz at a given uence, with the values we
report based on the mean of these individual analyses.
J. Anal. At. Spectrom., 2024, 39, 2409–2420 | 2411
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The depth of an ablated crater was calculated by measuring
the difference in height of the stage (resolution of 0.1 mm)
between the bottom and top of the ablation pit. Using this
measurement, the ablation rate of the material was calculated
by dividing the measured depth by the number of laser pulses
made during the analysis. Laser ablation craters invariably
narrow as depth increases, with the characteristics of the vari-
ation with depth depending on the details of the optics of the
beam delivery system used (e.g. working distance, focal length,
depth of focus).35–37 Therefore, the volume of the ablated crater
was calculated by assuming a conical frustum geometry dened
as follows:

V ¼ 1

3
ph

�
R1

2 þ R1R2 þ R2
2
�

(1)

where h is the crater depth, R1 is the radius at the top of the
crater and R2 is the radius at the bottom of the crater.
Measuring the geometry of the bottom of the crater was asso-
ciated with some uncertainty, especially in highly reective
materials, such that we assumed that R2 was 10% lower than R1

for the number of laser pulses and laser beam diameter utilised
here, which was the case for the few ablation craters where it
was possible to measure R2 precisely.
Results and discussion
Exploring the sources of boron isotope inaccuracy

Solution experiments with matrix elements. Unlike laser
ablation measurements, solution measurements of boron
isotopes usually involve chemical purication to isolate boron
from its matrix to prevent any potential matrix interference.38 To
determine the possible presence of the background elevation
around m/z z 10, we report results of detailed mass scans
around m/z z 10 for solutions with the same [B], but different
Ca/Mg matrix concentrations ranging from no matrix to
∼300 mg L−1, under wet (using a spray chamber) and dry
plasma conditions (using a desolvator; Fig. 1).

During analysis of a B solution in a Ca matrix, for both dry
and wet plasma conditions, the previously reported background
elevation around m/z z 10 during laser ablation of
carbonates17–19 is present and is between ∼4 to ∼14 times more
elevated than the matrix-free boron solution (Fig. 1). Mass scans
around m/z z 10 made during wet plasma analysis (using
a spray chamber) show that the interference remains in
a similar range of 370–500 mV (as does the 40Ar4+ ion beam
intensity, between 62–83 mV) when increasing the Ca matrix
concentration. In the wet plasma, the B sensitivity scales posi-
tively with the Ca matrix concentration, with B sensitivity
increasing from 1.3 mV per mg g−1 at 100 mg L−1 Ca matrix to
8.1 mV per mg g−1 at 300 mg L−1, although we note that the
lower [Ca] matrix has a sensitivity below that of the matrix-free
solution (3.8 mV per mg g−1). During the analysis in dry plasma
conditions however, the sensitivity remains around 0.24 ±

0.03 mV per mg g−1 (2 SD of the boron sensitivity of the three Ca
matrix solutions) among the three Ca matrix solutions, while
the interferences and 40Ar4+ peak varies with the matrix
concentration. For dry plasma conditions, the interference
2412 | J. Anal. At. Spectrom., 2024, 39, 2409–2420
scales negatively with the Ca matrix concentration, from 690 to
205 mV for the low and high [Ca] solutions respectively (Fig. 1a).
This is potentially due to the reduced sensitivity of the plasma
when adding a substantial matrix, as potentially evidenced by
the fact that the 40Ar4+ ion beam intensity scales (decreases) in
a similar manner with the matrix [Ca], decreasing from 5.4 to
1.63 mV. In addition, we stress that matrix concentrations such
as these would not normally be introduced into a desolvating
nebuliser system, and the above results should be viewed within
the context of this experimental approach; for example, it may
be that the membrane becomes partially clogged at these very
high matrix concentrations (up to 300 mg L−1).

In the analyses of B solutions in a variable [Mg] matrix, the
background elevation aroundm/zz 10 appears to be essentially
absent given the interference is within the range of the matrix-
free solution measurement in both wet and dry plasma condi-
tions (Fig. 1b and d), demonstrating that the matrix effects
observed in laser ablation studies17–19 are unlikely to result from
other matrix elements. Under dry plasma conditions, the boron
sensitivity of the high-matrix solution is higher than the matrix-
free solution and the sensitivity decreases with increasing
matrix concentration, from 2.7 mV per mg g−1 at 100 mg L−1 Mg
to 1.5 mV per mg g−1 at 300 mg L−1, relative to the matrix-free
boron solution with a sensitivity of 1.15 mV per mg g−1. Under
wet plasma conditions, the boron sensitivity of the solution
containing a Mg matrix is also higher than the matrix-free
solution: the boron sensitivity is on average 10.45 ± 1.20 mV
per mg g−1 (2 SD of the three solutions) across the three Mg
matrix solutions. No discernible trend between boron sensi-
tivity and Mg matrix concentration is found during the solution
analysis with a spray chamber (Fig. 1d). This broadly contrast-
ing behaviour of analyte (boron) sensitivity between Ca- or Mg-
bearing solutions, where a Ca matrix reduces sensitivity while
a Mg matrix results in an increase, has been previously reported
in Pb isotope studies.39

Fietzke and Anagnostou (2023)20 suggested that in addition
to scattered Ca ions, scattered Ar+ ions contribute to the broad
baseline around m/z z 10. This would explain the background
elevation around the 40Ar4+ and 10B+ ion beam during blank
measurements observed in mass scans, as well as our observa-
tion that the broad baseline interference scales with the 40Ar4+

peak for the Ca matrix solution analysis under dry and wet
plasma conditions (Fig. 1a and c). However, our Mg-matrix data
diverge from this interpretation: under dry plasma conditions
the 40Ar4+ ion beam scales negatively with the Mg matrix
concentration while the background elevation around m/zz 10
remains within the range of the matrix-free measurement
(Fig. 1b). However, this may be because the 40Ar4+ signal of the
Mg solution analysis under dry plasma conditions are
comparatively low, from 3.6 to 1.1 mV for low and high [Mg]
solutions respectively.

Overall, these experiments conclusively demonstrate that the
interference around m/z z 10 is also present during solution
analysis when a Ca matrix is present, under both dry and wet
plasma conditions, while (i) the presence of a Mg matrix does
not result in any resolvable background elevation and (ii) there
This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Mass scans across them/z range from 9.90 to 10.10 under both dry and wet plasma conditions on a Neptune Plus in solution mode. The
Faraday cup ion beam intensity is given as the 1011 U equivalent on a logarithmic scale. All solutions had a boron concentration of 25 mg L−1, with
three spikedwith a substantial Ca or Mgmatrix (seeMethods). (a) Displays themass scans of the solution with a Camatrix and (b) with a Mgmatrix,
both were measured using a Aridus desolvator to mimic dry plasma conditions. (c) and (d) show measurements of the same solutions as (a) and
(b) under wet plasma conditions (sample introduction via a glass spray chamber). A blank solution (5% HNO3) was also analysed under wet plasma
conditions, displayed in black in (c) and (d).
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is no clear link between the 40Ar4+ ion beam and the degree of
baseline elevation, thus conrming that Ca is the main cause.

The impact of a wet plasma on LA boron isotope data. To the
best of our knowledge, no experiments aspirating water down-
stream of the laser ablation system while measuring boron
isotopes by LA-MC-ICPMS have been published, hence the
exploration presented here which was initially performed as
a potential method of reducing matrix-induced effects (as has
been suggested in the case of other isotope systems).40–42

Two laser ablation sessions were performed with a dry and
wet plasma (see Methods), with different tuning conditions
between the two (Table 1). This was done to test whether the
addition of water to the plasma would reduce or remove the
background elevation around m/z z 10 observed during the
ablation of Ca-rich bearing materials under the typical dry
plasma conditions of LA-MC-ICPMS (although we note that our
This journal is © The Royal Society of Chemistry 2024
solution mode experiments above show that Ca-bearing wet
plasma conditions do also yield an elevated background). When
ablating NIST SRM 612 under otherwise identical conditions
(with a Milli-Q uptake rate of 100 mL min−1), the boron sensi-
tivity was ∼2.5 times higher in dry versus wet plasma conditions
(3.2 and 1.2 mV per mg g−1, respectively). The boron useful ion
yield for the dry plasma was 2.47 × 10−4 ± 0.12 × 10−4 (2 SD of
the calculated useful ion yields through a session, for each NIST
SRM 612 measurement), almost twice as high as that of the wet
plasma (1.35 × 10−4 ± 0.07 × 10−4). Combined with the higher
background of the wet plasma in this study, the signal-to-
background ratio was much lower compared to a typical dry
plasma session, ranging from ∼2 (MACS-3; [B] z 6 mg g−1) to
∼14 (JCp-1, [B] z 50 mg g−1) compared to the dry plasma with
values ranging from ∼64 (MACS-3) to ∼575 (JCp-1).
J. Anal. At. Spectrom., 2024, 39, 2409–2420 | 2413
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Moreover, we nd that (i) the magnitude of the scattered
interference on m/z z 10 was proportionally similar to that of
the dry plasma conditions when normalised to the sensitivity
change (Fig. 2) and (ii) the relationship between the measured
inaccuracy (Dd11B) and the B/Ca of the standard (here measured
as the ratio of the signal intensity of 11B and the interference on
m/z = 10.035) derived from three commonly utilised carbonate
reference materials19 appears similar in both magnitude and
trend, with the difference in the curvature of the regression
likely originating from the different instrument tuning between
dry and wet plasma conditions.

In conclusion, the addition of water to the plasma during
laser ablation sampling does not appear to improve the preci-
sion or accuracy of boron isotope measurements, nor reduce or
remove the scattered interference around m/z z 10. However,
boron sensitivity is decreased to almost half of that in dry
plasma conditions, which will impact data quality through its
impact on counting statistics. Although adding water to the
plasma during laser ablation has been shown to increase the
precision of some elemental and isotopic measurements on
ICPMS and MC-ICPMS and even reduce some interferences,40–44

this is not the case for the measurement of boron isotopes as
experimentally determined here.

Evaluating the source of the elevated baseline using mate-
rials with different matrices. In order to evaluate the relative
contribution of Ca and Mg (as the main cations in carbonates)
to the elevated baseline centred around m/z z 10 during LA-
MC-ICPMS measurements, thus extending previous work,17–19

we performed mass scans during ablation of magnesite, dolo-
mite, and calcite (Fig. 3), using our typical conditions for
spatially-resolved d11B LA-MC-ICPMS analysis of calcium
carbonates (Table 1).
Fig. 2 Variation of themeasured inaccuracy of LA boron isotopemeasure
in a dry and wet plasma setup. (a) Dd11B as a function of measured 11B volt
gas stream. (b) Dd11B as a function of the ratio between measured 11B vo
two sessions were carried out using different laser beam diameters, su
performed with a wet plasma and spot size of 75 mm.

2414 | J. Anal. At. Spectrom., 2024, 39, 2409–2420
Ablation of calcite shows the highest elevated baseline signal
(∼390 mV on m/z z 9.979), while ablation of magnesite has the
lowest of the materials investigated here (∼200 mV), compared
to a typical blank measurement (∼145 mV). It is worth noting
that the ablation of magnesite still displays a signicant back-
ground elevation around m/z z 10 compared to the blank
measurement. This would imply either that Ca is not the only
ion responsible for the background elevation or that the
magnesite contains minor Ca impurities. All three carbonates
were characterised using FTIR and were found to have CO3 n4
vibration maxima close to published values in all cases (see
Fig. S1†). Fietzke and Anagnostou (2023)20 suggested that scat-
tered Ar+ ions are also responsible for the background elevation
centred around m/z z 10, which could explain why a blank
measurement has a background elevation at all in this region of
interest and why baseline scans during ablation of magnesite
are characterised by a higher background elevation compared to
blank, since the 40Ar4+ ion beam intensity is elevated compared
to the blank measurement, and that the production of 40Ar4+

and Ar+ are both related. Based on this, the interference centred
around m/z z 10 should be a function of both [Ca] and scat-
tered Ar+, here indirectly measured using the 40Ar4+ ion beam
intensity. When displaying the interference around m/zz 10 as
a function of matrix [Ca] alone, we nd a signicant linear
relationship between the two, with R2 = 0.926 and root mean
square error (RMSE) z 24 mV (Fig. S2a†). When regressing the
interference against the measured 40Ar4+ ion beam intensity
alone, we nd a less robust linear relationship with R2 = 0.834
and RMSEz 36 mV (Fig. S2b†). However, when combining both
and multiplying the measured 40Ar4+ ion beam by a unitless
factor (optimised for maximum goodness of t; Fig. S3†), we
nd a more robust linear relationship compared to [Ca] alone,
ment (Dd11B) of three carbonate standards (MACS-3, JCt-1, and JCp-1)
age both with (wet) and without (dry) Milli-Q aspirated into the ablation
ltage and the measured Ca interference on mass 10.035. Note that the
ch that the dry plasma measurements are more precise than those

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 Interference aroundm/zz 10 during the ablation of different matrices using LA-MC-ICPMS. (a) Mass scans in the region around 10B (m/z
z 9.9 to 10.1) during ablation of matrices with different Ca concentrations. The measurement was performed using a 1013 U resistor with
materials ablated using a 90 mm spot at 6 J cm−2

fluence and 10 Hz repetition rate. (b) Average background elevation at m/z z 9.979 as
a function of matrix [CaO] and 40Ar4+ ion beam intensity multiplied by a unitless factor (see text). NIST SRM 612 was excluded from the linear fit,
see Fig. S4† for a linear regression including all data. The displayed uncertainty is the 2 SE of the voltage betweenm/zz 9.9 and 9.98. (c) Close-
up of panel (a) in the region of the interference, excluding the peaks of 10B+, to better distinguish the different sample matrices. Calcite-B and
calcite-Y refer to the standards DE-B and DE-Y (in-house calcite standards).
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with R2 = 0.969 and RMSE z 16 mV (Fig. S4†). NIST SRM 612
appears to have a higher measured interference compared to
the derived linear regression between the interference and
a combination of [Ca] and 40Ar4+ (Fig. 3b). This could be because
the ionisation behaviour of NIST SRM 612-derived aerosols in
the plasma differs from that of the carbonate, therefore yielding
a lower 40Ar4+ ion beam intensity (and thus scattered Ar+ in the
ight tube) compared to the carbonate samples. Indeed, when
regressing [Ca] and 40Ar4+ against the baseline elevation for the
carbonate samples only, we nd an even more robust linear
relationship than before, with a R2 = 0.997 and RMSE z 5 mV
(Fig. 3).

Since the baseline elevation centred on m/z z 10 during
ablation of magnesite is more likely to originate from the
increased inow of Ar+ ions, this corroborates both the results
from Fietzke and Anagnostou (2023),20 and the results from our
solution experiments (Fig. 1) where there is no measurable
contribution of the Mg matrix to the background elevation
around m/z z 10.
Inaccuracy of boron isotope analysis due to mass loading

Here we explore the possible effect of plasma mass loading by
varying the laser spot size during the analysis of a geological
calcite standard and relate this to the determined ablated
masses (Fig. 4 and 5).

Ablation rate of various carbonate materials. To better
understand the degree to which variable ablation rates between
different materials might impact considerations surrounding
plasma loading effects, we determined the ablation rates of
This journal is © The Royal Society of Chemistry 2024
a range of common carbonate materials and standards as well
as the NIST SRM 612 glass under variable uences (Fig. 4).
Measured ablation rates range from 180 nm per pulse (NIST
SRM 612) to 380 nm per pulse (JCp-1 pressed pellet) at a laser
uence of ∼6 J cm−2 (all measurements were performed with
a 75 mm beam diameter). The substantially different ablation
rates of the different standard pelleting approaches, i.e.,
pressed powder (PP) versus nano-pellets (NP), and between both
of these and intact samples, is shown in Fig. 4a. Grouping the
standards together into these broad material types, it becomes
apparent that the different preparation methodologies of the
standards have a great impact on their ablation rates. Both solid
carbonates and silicate glasses have a similar ablation rate with
an average of 187 ± 5 nm per pulse (2 SD quadratically propa-
gated uncertainty). In contrast, the NP standards have an
average ablation rate of 260 ± 13 nm per pulse while the PP
standards have an average ablation rate of 367 ± 31 nm per
pulse (Fig. 4). The determining factors for the ablation rate of
a solid sample by laser ablation are numerous and include: the
wavelength of the laser,45,46 pulse width of the laser,47,48 the
absorbance and reectance of the material at the given laser
wavelength,49 and the energy density of the laser pulse at the
sample surface.50,51 We decided to determine the ablation rate
of the aforementioned standard groups as a function of laser
uence since it is the only parameter from the above list which
can be changed through an analytical session (Fig. 4b). The
relationship between ablation rate and laser uence is closer to
a power function, passing through the origin, although with an
almost linear relationship between laser uence and ablation
J. Anal. At. Spectrom., 2024, 39, 2409–2420 | 2415
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Fig. 4 Ablation rate of different carbonatematerials routinely utilised or analysed for LA-MC-ICPMS d11B analysis. (a) Ablation rate in nm per pulse
of different materials analysed using a RESOlution 193 nm ArF laser, fluence of ∼6 J cm−2 and a 75 mm diameter circular laser beam (see
Methods). The uncertainty is the 2 SD of the measured depth of 15 ablated craters. PP: pressed pellet, NP: nano pellet, Ara.: aragonite, Cal.:
calcite, and Gla.: glass. Thematerials are grouped into three categories according to their broad characteristics, which coincides with their overall
type, namely PP, NP, and intact; solid lines depict the mean of each of these with 2 SD variability displayed by the shaded region. (b) Ablation rate
variations of three representative materials (namely MACS-3 – PP, KCsp – NP, and DE-B – Cal.) of the three aforementioned groups, using laser
fluences ranging between 2–10 J cm−2. KCsp is a speleothem-derived NP standard. A power function was fitted to the measured ablation rate,
the dotted lines represent the 2 SD of the fit. For fluences greater than∼2 J cm−2, the ablation of the different materials displays an almost linear
relationship with laser fluence. The data presented here can be found in Table S1.†

JAAS Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

0 
Ju

ly
 2

02
4.

 D
ow

nl
oa

de
d 

on
 1

/2
7/

20
25

 9
:5

9:
46

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
rate at uences higher than 2 J cm−2, as shown in previous
experiments.50 The ablation rate of the three groups differs in
magnitude, but all share a similar trend. These ablation rates
Fig. 5 Measured boron isotope inaccuracies of the in-house DE-B ca
loading scenarios across two analytical sessions. (a) Measured boron iso
performing the mass bias correction standard measurements using the sa
weremass bias corrected using NIST SRM 612 as a calibrating standard ab
laser fluence. The mass bias is calculated by subtracting the measuremen
612 from themeasured d11B of DE-B at other laser spot sizes. (b) Measured
SRM 612. Error bars show the 2 SE of the 15 measurements for a given las
both the DE-B calcite and NIST SRM 612.

2416 | J. Anal. At. Spectrom., 2024, 39, 2409–2420
are slightly higher than previously reported on the same model
of laser ablation system (RESOlution M-50, ArF excimer) where
an ablation rate of 83 ± 1 nm per pulse on aragonitic shell was
lcite standard during LA-MC-ICPMS analysis under different plasma
tope mass bias as a function of laser beam diameter, standardised but
me spot size in all cases (displayed as the vertical dotted line). The data
lated using a spot size of 75 mm, 6 Hz laser repetition rate, and 6 J cm−2

t of the DE-B calcite performed at the same spot size as the NIST SRM
boron isotopemass bias as a function of ablation volume ratio to NIST
er spot size, including the propagated uncertainty from the ablation of

This journal is © The Royal Society of Chemistry 2024
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measured using an SEM when ablated using a uence of ∼2.5 J
cm−2, although we note that aragonite is characterised by
a slightly lower ablation rate than calcite, to which we compare
here (in most cases, see Fig. 4).52

The variable ablation rate of different materials can induce
differences in the mass loading of the plasma, which may
impact the measured ratio of boron isotopes. This can further
inuence measurement accuracy if the standards used to cali-
brate a measurement of a given sample have a different ablation
rate. The different plasma loads can be achieved either by
changing the laser spot size, laser repetition rate, or simply by
measuring materials characterised by different ablation rates.
The latter becomes difficult to take into account when choosing
ablation conditions for an analytical session. For example, it is
sometimes desirable to change ablation conditions (either laser
spot size, repetition rate, or uence) between standard and
analytes to achieve signal matching between the two to prevent
ion counters from overloading.22 In other cases, it is more
important to maintain constant conditions when analysing
standards and analytes such that no additional unconstrained
fractionation occurs between samples of different concentra-
tions.19 In this case, the laser spot size, repetition rate, and
uence are kept constant throughout an analytical session.
During such a session, if the ablation rate of different samples/
standards differs to a large degree, differential mass bias may
occur between samples/standards with lower and higher abla-
tion rates.

Mass loading-induced isotopic bias. To investigate possible
plasma loading-induced analytical mass bias during laser
ablation of calcium carbonate samples, we analysed the in-
house standard DE-B (calcite) under a wide variety of spot
sizes (33–285 mm; this∼8 fold increase corresponds to an ∼75×
larger ablation area) across two different analytical sessions. To
calibrate the analyses, i.e. to convert measured 11B/10B into d11B,
we measured NIST SRM 612 using a 75 mm spot size bracketed
around the experiments and corrected for the B/Ca (m/z 11/
10.035) following Standish et al. (2019)18 and Evans et al.
(2021).19 Data from all spot sizes were calibrated to this
carbonate standard regression line, as in the absence of any
other factor, the B/Ca (11/10.035) ratio should be independent
of the laser beam diameter. The resulting measured boron
isotopic composition of DE-B under different plasma loading
conditions are displayed in Fig. 5.

When the spot size on the analyte is bigger than the spot size
on NIST SRM 612 used for calibration, we observe a decreasing
trend in measured d11B (negative isotopic mass bias) as also
previously reported in the case of silicates26,27 and carbonates.17

This negative mass bias increases exponentially with increasing
spot size (Fig. 5a). When converting the laser spot size into
relative ablation volume, we nd that the mass bias trend is
closer to a linear relationship than relative to spot size (Fig. 5b).

When the analyte spot size is smaller than the spot size used
for the calibrating standard, we observe a steeper trend at spot
sizes smaller than that of the calibration line, with bias
increasing exponentially as the analyte spot size reduces. This
trend could be explained either via (i) ablation pit geometry,
with a greater inuence of aspect ratio on down-hole
This journal is © The Royal Society of Chemistry 2024
fractionation when using smaller laser beam diameters,53 and/
or (ii) a plasma loading effect on boron isotope measure-
ments. Similarly, experimental data from Martin et al. (2015),26

and Kimura et al. (2016)27 demonstrated strong negative boron
isotope biases when increasing the plasma loading during LA-
MC-ICPMS analysis of silicates.

Varying laser spot size, uence, and wavelength not only
changes the mass load of the plasma but also the aerosol size
distribution arriving into the plasma.54–58 This impacts the
magnitude of the bias in isotopic measurements as the size of
the aerosols entering the plasma impacts the ionisation effi-
ciency within the plasma.59 For instance, the longer the ion-
isation process takes (i.e. the larger the aerosol or the cooler the
plasma) the greater the degree of the resulting mass bias.60,61

Physical modelling studies have shown that an increase in
plasma mass loading leads to a shi in the temperature and
plasma electron density prole, impacting where the atoms are
ionised.62 This is corroborated by the isotopic model of Fietzke
and Anagnostou (2023)20 in which an increase in plasma
loading shis the position in the plasma at which boron is
released from the aerosols and thus its measured intensity and
isotopic signature.

Since we deduced that the difference in ablation rate
between the pressed-pellet (PP) and intact calcite standards is
almost two fold (Fig. 4), and that a measured isotopic mass bias
can arise when the plasma loading differs between the analysis
of calibrating standards and analytes, we can estimate the
greatest difference in ablated volume between different types of
analyte and their potential associated boron isotopic mass bias.
If, during a sequence, all standards are ablated with a 75 mm
spot size and under typical laser ablation parameters for the
FIERCE laboratory (uence = 6 J cm−2, repetition rate = 6 Hz,
analysis duration = 60 s), the calibrating standard NIST SRM
612 would ablate 2.61 × 105 ± 0.09 × 105 mm3 of material while
a pressed pellet would ablate 5.29 × 105 ± 0.85 × 105 mm3,
giving an ablation ratio between the two of 2.03 ± 0.33 (prop-
agated 2 SD). Using the measured boron isotope bias during
plasma loading above that of the calibrating standard (Fig. 5b),
we can deduce a linear relationship between measured mass
bias and the ratio between the calibrating standard ablated
volume (here NIST SRM 612) and the analyte ablated volume
(here JCp-1-PP). The linear relationship includes the measure-
ments of boron isotope mass bias between spot sizes of 75 mm
up to 285 mm, or between a standard/analyte ablation ratio
between 1 and ∼15. We note that it is not strictly a linear rela-
tionship (Fig. 5b), but approximate it as such across a narrower
range of ablation volumes than fully displayed in Fig. 5. Using
this approximation, we can estimate that the expected boron
isotope bias due to a difference in plasma loading between the
calibrating standard and analyte with an ablation volume ratio
of around 2.03 ± 0.33 to be approximately −0.27& ± 0.22&.
Although this estimate is not quantitative and can vary under
different machine tunings, this magnitude of bias is not
resolvable on either the scale of single spot laser analyses using
the methodology of Evans et al. 2021 (ref. 19) and Standish et al.
2019 (ref. 18) (∼0.5& precision, 2 SD) or long-term reproduc-
ibility (∼0.9&, 2 SD). This sub-permil bias is comparatively
J. Anal. At. Spectrom., 2024, 39, 2409–2420 | 2417
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smaller than the isotopic bias induced by the Ca+ and Ar+

baseline elevation around m/z z 10, as detailed in the previous
sections, with biases from permil-level to several tens of permil
(see Fig. 2). We would thus advise to prioritise matching the
matrices of the calibration standards and analytes over
matching their respective ablation rates.

The boron isotope bias induced by a difference in mass
loading between the instrumental bias calibrating standard and
analyte is not signicant enough to be resolved with available
analytical instrumentation for LA-MC-ICPMS on a single spot
analysis. This means that the pressed- and nano-pellet sample
preparation methods for carbonate materials, in spite of their
higher ablation rates, are well suited for in situ boron isotope
measurement by LA-MC-ICPMS. However, this effect may be
reected in the long-term accuracy of the methodology, for
example, this could explain ∼30% of the observed minor inac-
curacy (∼0.89&) in LA-MC-ICPMS d11B measurements in our
laboratory,33 and will potentially be relevant in the future with
improvements in instrument precision.

Conclusions

The utility of precise spatially resolved measurements of boron
isotopes in calcium carbonate samples has pushed the need for
a better understanding of the different interferences and biases
that may arise during LA-MC-ICPMS measurements to increase
accuracy and reliability. Via the analysis of B-solutions with
different matrices, we demonstrate that not only is the previ-
ously reported elevated baseline centred around m/z z 10
present during solution measurements of Ca-containing solu-
tions under both dry and wet plasma conditions, but also that it
is absent during analysis of Mg-containing solutions. This also
underscores the importance of purication of boron from
calcium carbonate sample matrices during solution measure-
ments of boron isotopes. By performing laser-ablation analysis
of Ca-rich and Ca-poor materials, we further corroborate that
while Ca is the main contributor to the previously reported
background elevation around m/z z 10, Ar+ also contributes to
an important component of this baseline signal. A combination
of [Ca] and 40Ar4+ ion beam intensity (a proxy for Ar+) best
describes the measured interference across different sample
matrices.

In addition, we examine the extent to which the typically
used, high sensitivity, yet less robust, plasma tuning for LA-MC-
ICPMS boron isotope measurements is sensitive to plasma
loading effects. Understanding this issue is crucial when cali-
brating the instrumental bias at a different plasma load
compared to that of the analytes, due to differences in material
type. Through ablation rate measurements, we estimated that,
although likely to be small for most calibration approaches, the
boron isotope mass bias induced by a difference in ablation rate
between solid standards and pressed pellets of carbonate
samples might be problematic, especially in future when
instrumental developments improve the precision for boron
isotope measurements. This boron isotope mass bias induced
by plasma mass loading has been previously reported for boron
isotope measurements on other LA-MC-ICPMS instrument
2418 | J. Anal. At. Spectrom., 2024, 39, 2409–2420
combinations as well as other sample matrices (i.e. silicates).19

This highlights the need for careful consideration of plasma
loading when measuring boron isotopes using LA-MC-ICPMS,
regardless of the analyte matrix or instrument.
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