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Laser ablation multi-collector-inductively coupled plasma-mass spectrometry (LA-MC-ICP-MS) has become a valuable tool
for the in situ measurement of the boron isotope composition of geological samples at high (tens to hundreds of μm)
spatial resolution. That said, this application suffers from significant analytical challenges. We focus in this study on the
underlying processes of two of the main causes for inaccuracies using this technique. We provide empirical evidence that
not only Ca ions (Sadekov et al. 2019, Standish et al. 2019, Evans et al. 2021) but also Ar ions, that are reflected within
the flight tube of the mass spectrometer, are the source for previously reported issues with spectral baselines. We also
address the impact of plasma conditions on the instrumental mass fractionation as a source for matrix- and mass-load-
related analytical biases. Comparing experimental data with the results of a dedicated release and diffusion model
(RDM) we estimate that a close to complete (∼ 97%) release of boron from the sample aerosol is needed to allow for
consistently accurate LA boron isotope measurement results without the need for corrections.
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Boron is one of the lightest and least abundant
elements in the periodic table. It consists of two isotopes
(10B and 11B) with the heavier one being about four times
more abundant. Boron’s physio-chemical characteristics
result in one of the largest ranges of naturally occurring
mass-dependent isotope fractionation (∼ 100‰) in nature
(Marschall and Foster 2018). Applications of boron isotope
fractionation in natural reservoirs have been developed in
both, high- and low-temperature geochemistry, as well as
cosmochemistry (Palmer and Swihart 1996). In recent years
boron isotopes have been of particular interest for marine
isotope geochemists focusing on marine biogenic carbon-
ates to study the marine carbon pool and its link to
atmospheric CO2.

Per convention, boric acid NIST SRM 951 has been
adopted as the certified isotopic reference material
(Catanzaro et al. 1970, May and Gills 1999). Boron
isotope data of natural samples are commonly reported (as
permil deviation) relative to the NIST SRM 951 reference
value using the δ-notation:

δ11B ¼ 11B=10B
� �

sample=
11B=10B
� �

NIST SRM 951

� �
�1 (1)

A variety of analytical methods has been developed for
the measurement of boron isotopes, most prominently the
bulk techniques thermal ionisation mass spectrometry (TIMS)
(e.g., McMullen et al. 1961, Spivak and Edmond 1986,
Hemming and Hanson 1992, Foster et al. 2006) and multi-
collector inductively coupled plasma-mass spectrometry
(MC-ICP-MS) (e.g., Lecuyer et al. 2002, Aggarwal
et al. 2003, Foster 2008), and the in situ technique with
secondary ion mass spectrometry (SIMS) (e.g., Chaussidon
et al. 1997). More recently, laser ablation multi-collector
inductively coupled plasma-mass spectrometry (LA-MC-ICP-
MS) has been added to the in situ boron isotope technique
(e.g., Le Roux et al. 2004). Based on the boron amount
utilised per analysis, the choice of analytical technique
allows for optimising either for precision (bulk techniques) or
spatial resolution (in situ techniques), two occasionally
conflicting goals which need to be carefully considered
based on the specific scientific question and sample
material. For example, there are orders of magnitude
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differences in B mass fraction between tourmaline (% m/m of
boron) and marine carbonates (μg g-1 mass fraction of
boron). The analytical capabilities place LA-MC-ICP-MS
somewhere in between the conventional bulk and in situ
techniques. Being usually less precise than bulk techniques
(due to lower total B amount utilised and absence of B
preconcentration and matrix separation) it can achieve
comparable spatial resolution to SIMS. Major benefits of LA-
MC-ICP-MS are its versatility, speed and lack of elaborate
sample pretreatment (i.e., boron separation from the sample
matrix), which also strongly reduces blank and column
related fractionation issues (Foster et al. 2018 and
references therein). These benefits offered an opportunity to
apply LA-MC-ICP-MS as an imaging tool for the B
distribution in heterogeneous samples (Fietzke et al. 2015,
Chalk et al. 2021, Fietzke and Wall 2022). Major
disadvantages of LA-MC-ICP-MS applied for in situ B
isotope measurements remain limitations in precision and
challenges in proving accuracy of the analyses in particular
when considering differences in the sample main matrix and
the B mass fraction.

Considerable efforts have been made to improve the
accuracy and precision of boron isotope measurements (e.g.,
Gonfiantini et al. 2003, Aggarwal et al. 2009). For bulk
techniques this effort (i.e., performing round-robin studies) has
resulted in good consistency of boron isotope data from
different laboratories using different analytical techniques
with focus on materials consisting of calcium carbonate
(Gutjahr et al. 2021).

Since such effort has not been accomplished for boron
isotope measurements with LA-MC-ICP-MS the current
practice is the use of reference materials (RMs) that have
been well characterised by bulk-solution techniques. This has
resulted in the use of a range of commonly available RMs,
both non-matrix matched (soda-lime glasses NIST SRM
610/612) and matrix-matched RMs (carbonate pressed-
powder pellets of GSJ’s Porites sp. coral JCp-1 and Tridacna
gigas JCt-1, USGS MACS-3, UWC-1) as well as in-house
carbonate RMs (inorganic calcite eBlue, calcitic octocoral
PS69/318-1, aragonite WP 22) (e.g., Le Roux et al. 2004,
Fietzke et al. 2010, Sadekov et al. 2019, Standish
et al. 2019, Evans et al. 2021, Chalk et al. 2021, Raitzsch
et al. 2020, Babila et al. 2022).

More recently, systematic biases in δ11B determination
using LA-MC-ICP-MS have been demonstrated (Sadekov
et al. 2019, Standish et al. 2019, Evans et al. 2021). These
studies report offsets of up to ∼ 20‰ towards lighter
apparent boron isotope ratios which are closely related to
the B/Ca concentration ratio of the sample/RM and to a

change in the spectral baseline around the 10B peak. These
observations were attributed to scattered ions of Ca, C or O,
potentially changing the spectral baseline, and as such
empirical correction schemes were proposed (Sadekov
et al. 2019, Standish et al. 2019, Evans et al. 2021).
Notably, all three mentioned studies used a similar type of
MC-ICP-MS (Thermo Neptune Plus). In contrast, analytical
offsets of comparable degree have not been reported in
studies using other MC-ICP-MS types i.e., the AXIOM
(Thermo Scientific) or the Plasma II (Nu Instruments) (Fietzke
et al. 2010, Wall et al. 2019, Mayk et al. 2020, Raitzsch
et al. 2020, Fietzke and Wall 2022). It is an open question, if
or to what extent the analytical biases/background
responses are instrument-specific or if other details are
contributing as well, such as e.g., the use of ion-counters vs.
Faraday cups, mass load, plasma conditions, type of laser
used (Mayk et al. 2020, Fietzke and Wall 2022).

To further investigate the sources of the analytical biases
in boron isotope measurement using LA-MC-ICP-MS, we
attempt to conceptualise the problem and its complexity
(Figure S1) and we differentiate between general features
(e.g., impact of plasma conditions) and instrument-specific
effects.

We focus on observable changes of the spectral
background (mostly around the 10B mass peak) and a
comparison of different types of MC-ICP-MS. Since earlier
studies have already pointed towards scattered Ca ions as a
potential source of the reported analytical biases, we
prepared a Ca-free B in-house RM which we use for tests
and during routine analyses. Besides the background-
related issues we focus more broadly on the instrumental
mass fractionation involved in measuring B isotope ratios
using LA-MC-ICP-MS. We investigate the impact of plasma
conditions and propose a model that is based on the
gradual release and diffusion of boron in the plasma to
explain the observed trends in boron isotope data for
different matrix materials.

Experimental

We used three typical MC-ICP-MS instruments to allow
the identification of which analytical problems are
instrument-specific and to further interrogate remaining
issues.

The MC-ICP-MS instruments used were the AXIOM
(ThermoScientific; originally designed and manufactured by
VG), the Neptune Plus and the Nu Instruments Plasma3. The
laser ablation systems utilised were the NWR UP193fx (in
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combination with AXIOM) and the Teledyne Cetac Analyte
Excite (in combination with the Neptune Plus and Nu
Plasma3).

Both LA systems have 193 nm ArF excimer laser sources
from ATL with similar energy and pulse duration character-
istics. Additionally, both systems were equipped with two-
volume ablation cells providing very similar wash-out times.
To further allow for direct comparison of results from the two
laser systems, they were operated using comparable gas
flow rates of He, energy densities, spot sizes and repetition
rates and therefore no analytical offsets because of LA
system used are expected.

We performed a series of systematic tests using different
plasma conditions while keeping the conditions for the LA
system constant (constant He cell gas flow, constant laser
fluence, spot size and repetition rate). Broadly, instrumental
parameters were 1000–1200 W for the rf power, 17 l min-1

Ar cool gas, ∼ 0.8 l min-1 Ar auxiliary gas, 0.7–1.0 l min-1 Ar
sample gas and 0.7–1.0 l min-1 He ablation cell gas. Typical
operating parameters can be found in Table S1. Changes in
the plasma condition have been evaluated using the NAI
metric (Fietzke and Frische 2016). The normalised argon
index (NAI) is defined as NAI = 2*38Ar/40Ar2 and quantifies
the balance between Ar ionisation and Ar2 cluster ion
formation, i.e., a higher NAI represents hotter plasma
conditions. Plasma conditions were adjusted by varying only
rf power and sample gas flow (Ar added downstream to the
He gas exiting the ablation cell). After each change of the
former parameters the plasma was allowed time to stabilise
(minimum 30 min) before the ion optics were tuned for
maximum signal intensity and optimal peak shape using the
12C mass peak of the gas blank. 12C is a convenient isotope
for ion optics tuning, since its mass is close to the boron isotope
masses and it is usually present at sufficiently high and stable
signal intensity in the gas blank.

Results and discussion

The systematics of changing baselines in response
to argon and calcium ions

Recently published studies provided evidence that
variable baselines collected on Faraday cups can be a
main source of inaccuracies in LA-MC-ICP-MS determination
of boron isotopes (Sadekov et al. 2019, Standish
et al. 2019, Evans et al. 2021). Using a similar type of
MC-ICP-MS (Thermo Neptune Plus) they have consistently
shown a baseline signal which mostly impacts the spectral

region around the 10B mass peak and is characterised by
a pronounced baseline intensity maximum at the low mass
side of the 40Ar4+ and 10B+ mass peaks. Additionally, these
studies revealed that this baseline is responding to the
introduction of ablated material attributing this to scattered
Ca ions.

Based on our previous work on the impact of plasma
conditions on the analytical performance of ICP-MS (Fietzke
and Frische 2016) we carried out tests using a Thermo
Neptune Plus. The aim was to investigate the impact of
changing plasma conditions on the spectral baseline. The
collector set-up was as follows: L4 collecting 10B aligned with
H3 collecting 11B for a centre mass of ∼ 10.505 amu, both
using 1012 ohm amplifiers. Simultaneously, IC6 (CDD –
compact discrete dynode ion counter) collects the ion
intensities at ∼ 0.1 amu below L4.

Two separate test series were performed using 1000 W
and 1200 W rf power. The plasma conditions were
modified in both tests by changing the Ar sample gas flow
admixed to the constant He ablation cell gas flow coming
from the LA unit. 38Ar and 40Ar2 (80 amu) were measured for
each plasma condition to calculate the normalised Ar index
NAI (Fietzke and Frische 2016).

In Figure 1 the baseline scans (gas blank) around the
10B mass peak for six different plasma conditions (NAI 0.3–
6.7) using 1200 W rf power are displayed. While the
pattern of the baseline signal appears robust, it reveals a
systematic increase related to 38Ar intensities measured for
each plasma condition. No significant differences in the
pattern of the baseline and the response on 38Ar were
observed in the test series using 1000 W rf power (see
Figure S2).

During the B isotope multi-collection analysis (L4: 10B
and H3: 11B) the magnet was centred at 10.505 amu,
simultaneously collecting the IC6 baseline intensity. Com-
paring those intensities with the respective baseline maxi-
mum intensities (at ∼ 10.54 amu) shows a tight correlation
between the two, independent of whether the test was
performed at 1000 W or 1200 W (Figure S3). This indicates
that the general response of the baseline can be
represented equally well by either of the two spectral
positions (10.54 amu or 10.505 amu), i.e., data collected at
10.505 amu are a fair representation of baseline changes.

The systematic increase in baseline intensities (Figure 1)
is not caused directly by the NAI, but by the Ar ion intensity,
which results from the plasma condition, interface transmis-
sion and ion optics tuning. The highest NAI tested
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(NAI = 6.7) resulted in a lower 38Ar intensity and
consequently lower baseline intensity than the two lower
NAIs of 3 and 4.8.

The relationship between the baseline intensity mea-
sured at 10.505 amu and the 38Ar intensity measured for
the respective plasma condition is shown in Figure 2. The
baseline intensities measured during both (1000 W and
1200 W) test series scale on a common trend with the 38Ar
intensity measured for the respective plasma condition.

For a number of different plasma conditions, after tuning
for optimal ion optics settings, we measured the response
(change) of the IC6 baseline to the introduction of ablated
material. For this test a coralline alga sample was used and
ablated at different laser repetition rates to modify the
material supply to the plasma. The 43Ca intensity was
measured under each test condition prior to the baseline
response data acquisition (Figure 3). While starting at
different gas blank baseline intensities (∼ 3500 cps for
the lower NAI and ∼ 6500 cps for the higher NAI) the
change in the 10.505 amu baseline intensity followed a
common linear trend in response to the respective 43Ca
intensity measured.

We observed distinct linear responses of the spectral
baseline to both 38Ar and 43Ca, representing argon and
calcium ion intensities. The fact that both elements have one
isotope of similar mass in common (40 amu), which
additionally is the isotope of highest abundance of each
respective element, in our opinion suggests that 40Ar and
40Ca are the main sources of the observed baseline. A likely
mechanism would be the reflection of those ions’ beam at
the high mass side of the flight tube as already proposed in
previous studies (Sadekov et al. 2019, Standish et al. 2019,
Evans et al. 2021). This would explain the observed
responses and the shape of the baseline, the latter not
representing a focused but rather a broad, unfocussed ion
beam. The proposed mechanism is further supported by the
comparable baseline response on the approximated
primary intensity of the respective isotope at 40 amu.
Converting both 38Ar and 43Ca intensities measured into the
corresponding 40Ar and 40Ca intensities using the natural

10.4 10.5 10.6 10.7 10.8
0

5000

10000

15000

         38Ar (V)    NAI
 47.0         4.8
 42.2         3.0
 38.7         6.7
 27.4         1.1
 23.0         0.5
 15.0         0.3

Neptune at 1200 W rf power
IC6 baseline around 10B+ mass peak
(changing plasma conditions)

40Ar4+ 10B+

Figure 1. Spectral baseline scans (gas blank) measured on IC6 under different plasma condition. The 10B intensity in

the gas blank changes systematically with NAI because of the differences in B sensitivity (see also supplement’s

Figure S4), decreasing with increasing NAI.

0 20 40 60
0

2000

4000

6000

8000

10000

rf power
1000 W
1200 W

y = 0.905x2 + 162x 
R 2 = 0.988

Figure 2. 38Ar intensity and corresponding baseline

intensity measured at 10.505 amu (IC6) from both test

series (1000 W and 1200 W rf). Each data point

represents different plasma conditions and accordingly

tuned ion optics. The fit is based on all displayed data.
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isotope abundances of argon and calcium (not including
isotope mass fractionation) results in baseline contributions of
0.14 cps V-1 of 40Ar and 0.22 cps V-1 of 40Ca which are of
similar order of magnitude. We suspect the slightly higher
sensitivity in the 40Ca case points towards a higher
probability of calcium ions to maintain their charge in the
reflection on the flight tube surface due to its lower first
ionisation potential when compared with argon (IPCa = 6.11
eV vs. IPAr = 15.76 eV).

Before correcting for the effect of such baseline changes
on the measured B isotope data we test another aspect:
How well does the baseline measured on the IC track the
baseline intensities on the Faraday cups used for the actual
boron isotope data acquisition? As above, we used baseline
scan data obtained under different plasma conditions, and
we compared the baseline data for 10B (L4) and 11B (H3)
interpolated (to 10.505 amu) from the off-peak intensities
(low: 10.45 amu and high mass side: 10.55 amu) with the
IC6 intensity measured at 10.505 amu (Figure 4).

Two observations stand out: First, the baseline scans of
both Faraday cups are correlated linearly to the baseline
measured by the ion counter IC6, despite the fact that the
test series covered a range of different plasma condition for
two distinct rf power settings. This indicates IC6 can indeed
be used to track the Faraday cup baseline changes. Second,
there is the approximately three times stronger impact of
baseline changes on the L4 (used for 10B) compared with
H3 (used for 11B). Combining this estimate with the
typical measured abundance ratio of boron isotopes
(11B/10B ∼ 4.6–4.8) results in an approximately fourteen-

fold stronger relative sensitivity of the 10B compared with 11B
to baseline changes.

These observations are in overall agreement with the
baseline characteristics reported in previous studies using a
similar type of MC-ICP-MS (Thermo Neptune Plus) (Sadekov
et al. 2019, Standish et al. 2019, Evans et al. 2021).
Therefore, we consider this behaviour to be a common
feature of the particular instrument and most likely caused by
the specific design of the flight tube geometry.

This leaves us with the question how other types of MC-
ICP-MS compare in this regard. We therefore tested the
respective baseline behaviour for AXIOM and Nu Plasma 3
instruments in a similar way to the Thermo Neptune Plus.
Examples of baseline scans can be found in Figure S5. All
three types of MC-ICP-MS display an increase in scattered-
ion background intensity around the mass peak of 10B. This
is suppressed typically by about three orders of magnitude
for all three instruments if the ions are measured not on
Faraday cups (or in case of Neptune Plus CDD ion counters,
too) but by ion counters after beam deflection. This supports
previous observations using the ion counter (with RPQ -
retarding potential quadrupole) on a Neptune Plus
(Standish et al. 2019). Our data indicate that for all three
types of MC-ICP-MS tested in this study, the baseline and its
potential changes need to be monitored and corrected for
when boron isotopes are measured via laser ablation using
Faraday cups (or ion counters without beam deflectors).

More specifically, the baseline itself is not the main
problem, instead it is the baseline change in response to the
introduction of material and the corresponding Ca ions.
Additionally, the balance between B signal intensity and
baseline intensity change defines the analytical offset from
scattered ion background. We have measured the baseline
responses in relation to the 43Ca ion signal intensity
(measured ablating carbonate) for each of the three MC-
ICP-MS. The changes in baseline voltages per volt of 43Ca
measured for both 10B and 11B using each of the three
instruments (in different detector configurations) are sum-
marised in Table 1. We use these data to calculate the
expected effect (apparent shift in boron isotope ratio Δδ11B)
for two examples of 11B/43Ca signal intensity ratios (0.01
and 0.03) for illustration (see Table 1).

The contributions of scattered ions to the baselines of 10B
and 11B for the different types of MC-ICP-MS are mostly
depending on the respective detectors used. The strongest
baseline suppression can be observed ion counters in
combination with beam deflection, which are positioned
behind the focal plane of the Faraday cups. This further

0 2 4 6
0

400

800

1200

      rf (W)    NAI
1000       0.4
1200       0.3
1200       1.8

y = 159.1x 
R 2 = 0.982

Figure 3. Change in baseline intensity (10.505 amu,

IC6) in response to 43Ca introduced by ablation of a

carbonate sample (coralline alga). The linear fit is

based on all displayed data.
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supports that the source of the baseline change is ions
scattered inside of the flight tube. Such ions enter the
collector array at a different angle and seem to be effectively
separated from the focused beams of boron ions by beam
deflectors.

Instrumental boron isotope mass fractionation I:
The interplay of plasma condition and sample
matrix

If the correction for (changing) contributions of scattered
Ar and Ca ions would suffice to obtain accurate B isotope
data via LA-MC-ICP-MS, no matrix-dependent offsets should
be observed. This is unfortunately not the case (e.g., Evans
et al. 2021, Figure 5 therein), resulting in distinct correction
trends in B isotope offsets for silicate glass and carbonate
reference materials measured relative to NIST SRM 612.
Furthermore, the mass-load effect shown in figure S1 of
Sadekov et al. (2019) cannot be explained by the impact of
scattered ions alone. Since the B/Ca ratio is impacted only to
a small degree by mass-load changes (i.e., changing laser
spot size and repetition rate), the trend of lighter apparent
boron isotope ratios with increasing mass-load cannot be
fully accounted for through a baseline correction approach.

We suspect that one of the main causes of matrix-
dependent offsets is the differing behaviour of the respective
sample matrices within the ICP plasma, namely the specific
degree of atomisation/ionisation and mass fractionation by
radial diffusion. The logic behind this is, the earlier a sample
atom/ion is released the more it is impacted by diffusion,
resulting in a larger relative depletion of the lighter ions in
the core of the plasma and consequentially where the ions
are sampled.

To conceptualise the matrix/mass load-dependent
fractionation effects we rely on two additional sets of
experimental data. The first is based on analyses of
reference materials (JCp-1, NIST SRM 610 and epo-951)
collected over several sessions and at different NAIs over the
last ∼ 5 years (Figure 5). Details on the preparation and
chemical characterisation of epo-951 in-house RM material
are provided in the supplements. In brief, this calcium-free
epoxy-based pellet carries the B isotope signature of NIST
SRM 951 at a B/C concentration ratio of ∼ 450 μmol
mol-1 (for comparison: C/Ca molar ratio of ∼ 1 in
carbonates). Both JCp-1 and NIST SRM 610 data were
normalised to epo-951. All data were acquired using the
AXIOM in multi-ion-counting mode, which is not sensitive to
the scattered ion effect because of the deflector’s suppres-
sion of scattered ions when ion counters are used.

As can be seen in Figure 5 for high NAI (hot plasma
conditions) the δ11B composition of the RMs agree with the
published values of δ11B = 0 � 0.3‰ (NIST SRM 610,
Jochum et al. 2011) and δ11B = 24.36 � 0.45‰ (JCp-1,
Gutjahr et al. 2021).

Towards low NAI (cool plasma conditions), the RMs
gradually shift from their expected values. NIST SRM 610 is
shifted towards heavier and JCp-1 towards lighter apparent
δ11B values. The matrix-specific offsets become negligible
above NAI of ∼ 4–5. The downside of the matrix tolerance
achieved for hotter plasma conditions is a significant loss in
signal intensity. Typical sensitivity vs. NAI behaviour can be
found in Figure S4.

It needs to be highlighted that when using multi-ion-
counting (Figure 5) we strictly limited the maximum 11B
intensity to 100 kcps, thus maintaining the mass load at
relatively low levels. This avoids issues with detector linearity
and dead time characteristics, but then the features shown in
Figure 5 may shift for high mass load, presumably towards
higher NAI, i.e., the point of negligible matrix-dependency is
reached at hotter plasma conditions. In our opinion the trend
towards lighter apparent B isotope ratios with increasing
mass-load (Sadekov et al. 2019) implies an increase in the
offsets shown in Figure 5 at low NAI and a shift of the
intercept of measured and expected δ11B values towards
higher NAI for higher mass loads. Therefore, our NAI
estimate of 4–5 for negligible matrix-specific offsets, which is
obtained in a low mass-load experiment, most likely
represents a lower limit.

A second set of experimental data has been collected in
a dedicated NAI vs. fractionation experiment using the epo-
951, a carbon-based material (see supporting information

0 4000 8000 12000
0

0.0001

0.0002

0.0003

0.0004

0.0005

        FC           rf [W]
L4  (10B)       1000
H3 (11B)       1000
L4  (10B)       1200
H3 (11B)       1200

y = 4.28e-8x 
R 2 = 0.997

y = 1.44e-8x 
R 2 = 0.979

Figure 4. Interpolated Faraday cup baselines for 10B

and 11B in response to intensity measured at IC6.
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for material description). Since epo-951 does not contain
significant amounts of Ca it is not impacted by the scattered
ion effect discussed before. Therefore, those experiments
were performed using Faraday cups on both the AXIOM
and the Neptune-plus (Figure 6).

The results reveal (a) large (∼ 130–190‰) instrumental
B isotope fractionation depending on the plasma condition
and (b) systematic trends in fractionation vs. NAI. At low NAI
(cold plasma conditions) we observe the lowest degree of
instrumental fractionation, but the highest rate of change in
fractionation with changing NAI. The fractionation stabilises
for hot plasma conditions (high NAI) at its respective
maximum. We additionally observe a significant offset

between the fractionation curves depending on the cone
condition (on the AXIOM MC-ICP-MS), trending higher for
clean/open skimmer cone compared with data collected
with a heavily coated skimmer cone. We interpret this as an
indication that instrumental mass fractionation is dominated
by (at least) two major sources: (a) fractionation within the
plasma, being dependent on the plasma condition and (b)
fractionation within the interface, being dependent on cone
conditions. The later can be caused by a combination of
sources such as interface geometry (including cone geometry
and distance) and interface pressure.

Comparing the Neptune plus with the AXIOM data
confirms the fractionation sensitivity at low NAI. Notably, the

Table 1.
Changes in off-peak baseline intensities for 10B and 11B in response to 43Ca signal intensity for different
types of MC-ICP-MS using different detector configurations (FC: Faraday cup, CDD: compact discrete dynode
ion counter attached to Faraday cups, ICs: ion counters including beam deflection, positioned behind focal
plane of Faraday cups, RPQ: retarding potential quadrupole). Resulting changes in measured δ11B values
for 11B/43Ca intensity ratios of 0.01 and 0.003, respectively, using a 11B/10B intensity ratio of 4.7 for the
calculation

MC-ICP-MS
instrument

Detectors Δ10Bbaseline/43Ca
(V/V)

Δ11Bbaseline/43Ca
(V/V)

Δδ11B at
11B/43Ca
= 0.01 (‰)

Δδ11B at
11B/43Ca

= 0.003 (‰)

Neptune Plus FCs and CDDs
ICs (defl./RPQ)

6.8e-6
2.0e-9

2.3e-6
0.5e-9

-3.0
-0.001

-9.8
-0.003

Axiom FCs
ICs (defl.)

5.9e-6
5.8e-9

7.1e-6
8.1e-8

-2.1
0.005

-6.8
0.018

NuPlasma3 FCs
ICs (defl.)

4.5e-6
3.3e-9

2.3e-6
7.2e-9

-1.9
-0.001

-6.2
-0.003

0 5 10 15 20
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20

25

JCp-1
NIST SRM 610

Figure 5. δ11B results for reference materials JCp-1

(carbonate) and NIST SRM 610 (soda-lime glass)

measured relative to epo-951 under different plasma

conditions (NAI). Dashed lines represent δ11B = 0‰

(blue; NIST SRM 610 from Jochum et al . 2011) and

δ11B = 24.36‰ (red; JCp-1 from Gutjahr et al . 2021).
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Figure 6. Measured 11B/10B ratio of epo-951 for

different plasma conditions (NAI). For context the right-

hand y-axis provides the δ11B equivalent of the

instrumental fractionation relative to the certified NIST

SRM 951 boron isotope ratio of 10B/11B of 0.2473

(May and Gills 1999).
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experiment for the Neptune-plus had been limited to
the lower end of the NAI range of interest. The ion optics
of the Neptune-plus do not allow for a satisfying focus of the
ion beam at higher NAI.

When evaluating the AXIOM results and normalising
each of both experiments’ trends to the respective stable
value at high-NAI, we obtain a common trend in B isotope
fractionation vs. NAI, regardless of the cone and interface
condition (see supporting information). Using this trend,
we estimate a mean B instrumental mass fractionation of
∼ -35‰ at NAI of 0.6 (maximum B signal intensity; see
Figure S4 and supporting information). Additionally, we use
this trend to estimate the degree of B instrumental mass
fractionation at NAI of 4-5, our estimated limit in plasma
condition for minimising matrix-dependent offsets (Figure 5),
to be ∼ -17.5‰. Above NAI of 4-5, all three tested
materials respond in a similar way with respect to

instrumental mass fractionation, but their behaviour clearly
deviates from one another below that NAI threshold.

Instrumental boron isotope mass fractionation II:
Release and Diffusion Model (RDM)

In the previous section we reported our experimental
observation of strong and systematic impacts of plasma
condition on the measured boron isotope ratio i.e., the
instrumental mass fractionation. To conceptualise the obser-
vations, we consider the processes that occur within the
plasma:

(1) laser aerosol is injected into the plasma
(2) aerosol is evaporated and atoms are released
(3) atoms are ionised
(4) ions are sampled from the plasma.

Points 2 and 3 depend on the plasma condition (i.e.,
temperature or energy density, quantified by the NAI metric),
which we link to the degree of sample decomposition. The
hotter the plasma, the faster the evaporation, atomisation
and ionisation of the material introduced. For colder plasma
conditions this can result in differing degrees of incomplete
sample decomposition. Additionally, sample atoms and ions
released from the aerosol particles undergo collisions with
the atoms and ions of the plasma environment. The later
likely results in a radial diffusion from the centre trajectory of
the initial particle injection. Since both B isotopes differ
significantly in their respective masses, the lighter 10B is
affected more strongly by this diffusion compared with the
about 10% heavier 11B. For a gradual release of boron with
increasing plasma temperature (or while the aerosol travels
along the temperature gradient within the plasma) the
preferential radial diffusion of 10B results in a relative
enrichment of 11B in the centre axis of the plasma, which
results in a mass fractionation towards heavier 11B/10B ratios
for ions sampled.

We simulate this behaviour using a release and diffusion
model (RDM). The RDM differs from concepts like space
charge effects (e.g., Tanner 1992, Niu and Houk 1996),
because it considers processes within the plasma, before the
ions are sampled through the cone. It is based on the idea of
gradual release of atoms/ions from the injected particles of
the laser aerosol, which afterwards are diffusing into the
surrounding plasma. On the contrary, space charge effects
refer to the repulsion of ions by Coulomb force after the ions
have passed the cone, and following separation of electrons
from the positively charged ions.

Figure 7. Results of one example run of the release

and diffusion model (RDM). In the model the sample

aerosol is injected from the left side, B is gradually

released at the centre axis and undergoes mass-

dependent fractionation for both, 10B and 11B. Both, B

intensity and B isotope fractionation are normalised to

their respective maximum values. For more examples

see supporting information.
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A detailed description of the model is provided in the
supplements. In principle the model is based on a
predefined gradual release of B along the centre axis of
the modelled plasma volume. After release, both 10B and
11B, undergo diffusion which is considered mass-dependent,
i.e., 10B is diffusing ∼ 10% stronger than 11B. The resulting B
intensities and isotope ratios are normalised to their
respective maximum. To meet the experimental data only
one parameter is adjusted, a common scaling factor for the
diffusion parameters of both 10B and 11B. The criterion used
for this parameter adjustment is the experimentally estimated
B instrumental fractionation of ∼ -35‰ at peak B signal
intensity (see supporting information).

The results of a typical model run can be seen in
Figure 7. The balance between B release and diffusion
results in peak B intensity when ∼ 77% of total B amount
released. The model requires ∼ 97% of total B to be
released, to result in a fractionation of ∼ -17.5‰, the
threshold for diminishing matrix-dependent offsets (see
previous section). This estimate is not changing significantly
when modifying the B release function (Figure S9).

We conclude that to achieve negligible differences in
instrumental mass fractionation due to matrix-dependent
offsets in B isotopes, almost complete B release (∼ 97%)
needs to be accomplished. Plasma conditions that only
allow for a lower partial B release, despite resulting in a
higher signal intensity, are not robust to changes in the
sample matrix. For example, at peak B signal intensity, a
1% difference in B release corresponds to a 0.44‰
change in B isotope instrumental mass fractionation
according to the model. Applying this to the trends we
observe experimentally (Figure 5), results in B release
estimates for the three RMs equal to 77% (epo-951), 83%
(NIST SRM 610) and 70% (JCp-1) when we tune for
maximum B signal using epo-951. It may seem counter-
intuitive that partial B release instead of total, corresponds
to maximum signal intensity. According to our model, it is
the balance between release and diffusion that controls the
signal intensity. The combination for maximum intensity is
achieved, when enough B has been released from the
laser aerosol particles, but only a small amount has been
lost to diffusion. At some point the diffusive loss exceeds the
release of B and the signal intensity declines, although
additional experiments are needed for a more detailed
overview on the B release characteristics specific to different
materials.

Another factor that could affect the degree of B release is
the mass load. Considering the energy consumed by the
processes of sample aerosol evaporation, atomisation and

ionisation, increasing mass loads should lower the degree of
B release at the position where ions are sampled. Lower B
release would, according to our RDM perspective, shift the
measured B isotopes towards lighter values. This agrees with
observations by for example Kimura et al. (2016) and
Sadekov et al. (2019), who show a shift towards lighter B
isotope ratios with increasing mass load.

Another finding reported by Kimura et al. (2016) can be
contextualised using our model. They reported a gradual
shift towards lighter B isotope ratios when measuring off-axis
in the plasma. The reported quasi-parabolic decline in
measured B isotope ratios by up to -50‰ agrees well with
the RDM prediction (see Figure 7).

Conclusions

Two major unrelated issues appear to be responsible for
most of the inaccuracies observed in B isotope LA-MC-ICP-
MS determinations:

(1) the variable impact on the spectral baselines from
both scattered Ar and Ca ions and

(2) variable matrix and mass load dependent degrees
of B release from the sample aerosol and the resulting
isotope fractionation within the plasma.

The issues with spectral baselines have been reported
before. We demonstrate that the baseline problem is present
for different types of MC-ICP-MS and that it is clearly
correlated to the ion beam intensities of both Ar and Ca ions
when boron isotopes are measured using Faraday cups. The
baseline can be practically eliminated when deflectors are
used to guide the B ion beams, a possibility for all three
types of MC-ICP-MS when using ion counters. If the latter is
impractical, the baseline signal needs to be monitored and
corrected for respective changes. This can be done following
offset-correction protocols (Sadekov et al. 2019, Standish
et al. 2019, Evans et al. 2021) or directly, by monitoring and
correcting for the baseline responses of both Faraday cups
used to measure boron isotopes via additional detectors.
The recent implementation of collision/reaction cells in latest
generation MC-ICP-MS instruments promises a great
reduction of the problem. However, if those cells can
effectively remove both, Ar and Ca ions, simultaneously,
remains to be seen.

The second issue is of more fundamental nature since
it affects all types of ICP-MS. The gradual release of boron
within the plasma and mass-dependent diffusion seems to
have a major impact on the instrumental mass

4 8 9© 2023 The Authors. Geostandards and Geoanalytical Research published by John Wiley & Sons Ltd on behalf of
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fractionation. We propose a release and diffusion model
(RDM) that can reproduce experimental observations. This
model provides an estimate of the minimal degree of B
released from the sample aerosol to ensure matrix- and
mass-load-independent measurements. Our estimate of
∼ 97% highlights the necessity of close to complete B
release for fully unbiased B isotope LA-MC-ICP-MS
analyses. This high degree of B release can be achieved
by opting for hotter plasma conditions (NAI > 4–5). It
sacrifices sensitivity (at least by a factor of 2–3), but allows
for accurate results. If, however, the application does not
allow for any loss in sensitivity the best approach might be
more laborious.

First, relative differences between samples can be
determined accurately and precisely at high sensitivity (low
NAI) plasma conditions, under the condition that only
sample material of similar matrix is targeted and analysed
under identical analytical conditions (i.e., constant mass
load). An example is the application of B isotope mapping,
where the sample itself is perhaps the best matrix-matched
reference material. Secondly, robust analyses (hot plasma,
higher NAI) can be used to calibrate the data measuring
representative samples and reference materials. This
approach was used recently for B isotope 2D mapping
(Fietzke and Wall 2022).

Finally, we want to state clearly, that maxima in sensitivity
and accuracy are not achievable for this application at the
same time. They clearly are conflicting optimisation goals.

Although, δ11B carbonate data produced by Sadekov
et al. (2019), Standish et al. (2019) and Evans et al. (2021)
apply a baseline correction method based primarily on the B/
Ca ratio of a particular carbonate sample measured, this
approach does not account for both baseline and matrix
problems. Such baseline correction schemes might fail if
sample material and reference materials are not matched
tightly with respect to both matrix and mass load. Furthermore,
the RDM developed for this application could become a
valuable tool for more general studies into the behaviour
of a variety of elements in different sample matrices.
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ICP-MS types used in this study.

Figure S1. Mind map: Components and likely effects
involved in LA-MC-ICP-MS analysis of boron isotopes.

Figure S2. Spectral baseline scans measured on IC6
under different plasma conditions (a) 1200 W rf test series,
(b) 1000 W rf test series.

Figure S3. Correlation between baseline intensity
measured at 10.505 amu (IC6 spectral position during B
isotope Faraday cup multi-collection) and IC6 baseline peak
intensity at 10.54 amu.

Figure S4. Changes in relative signal intensity of 11B and
43Ca and the relative sensitivity ratio 11B/43Ca depending
on plasma condition (NAI).

Figure S5. Examples of background signal intensities
mass scans around 10 amu for (a) AXIOM, (b) Neptune plus
and (c) Nu Plasma3 using Faraday cups or ion counters.

Figure S6. Example of a release function used in the
model runs, a Gaussian centred at Z = 200 and σ of 30.

Figure S7. Calculation scheme for the step from layer Z to
Z+1 to simulate the mass-dependent diffusion of 10B and 11B.

Figure S8. Trend of relative boron isotope fractionation vs.
NAI.

Figure S9. Release anddiffusionmodel (RDM) results using
three different release functions, all centred at Z = 200, but
with σ equal to 50 (left), 30 (middle) and 10 (right panels).

Figure S10. Trends of boron isotope fractionation vs. B
release for the three RDM runs displayed in Figure S8.

This material is available from: http://onlinelibrary.wiley.
com/doi/10.1111/ggr.12511/abstract (This link will take
you to the article abstract).
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