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Multi-collector inductively coupled plasma mass spectrometers (MC-ICPMS) are
widely used for Fe isotope measurements. The latter may be perturbed by
interferences (notably from Cr and Ni) and matrix effects (notably from major
elements), caused by elements remaining in the samples after purification. We
quantified some of these perturbations and our ability to correct them whenever
possible, using Thermo Neptune and Neptune Plus MC-ICPMS with a 57-58Fe
double-spike mass bias correction. 54Cr and 58Ni isobaric interference corrections
were found to be extremely efficient up to Cr/Fe�0.12 and Ni/Fe�0.04 (g/g natural Fe).
Matrix effects were found negligible up to at least Na/Fe�175, Mg/Fe�10, K/Fe�1.5,
and Mo/Fe�75 (g/g natural Fe). 28Si2

+ interference was found negligible up to Si/Fe�50.
Finally, we found that calcium and aluminum could cause significant interferences (e.g.,
40Ca16O and 27Al2

+), for Ca/Fe ≥ 2.5 and Al/Fe ≥ 2.5. The perturbation intensity relative
to the Ca/Fe ratio was found dependent on the measurement conditions (plateau
width). While working with samples with potentially high calcium or aluminum contents
(such as calcite minerals or tests, bones and teeth, or marine samples and crustal
rocks), we recommend to carefully take into account Ca and Al while tuning the
instrument and checking the measurement accuracy with isotopic standards
(i.e., doping the isotopic standard with Ca and Al levels comparable to those of the
samples).
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INTRODUCTION

Iron isotopic compositions are nowadays widely used in Earth
and planetary sciences, environmental research, and also in
biological and medical research (Beard and Johnson, 2004;
Abadie et al., 2017; Albarède et al., 2017; Dauphas et al.,
2017). They are most commonly expressed as δ56Fe defined as
follows:

δ56Fe(‰) � [ (56Fe/54Fe)sample

(56Fe/54Fe)IRMM−14
− 1] × 103.

Almost all of these measurements are now carried out with
multi-collector inductively coupled plasma mass spectrometers
(MC-ICPMS). While these instruments allow very reliable and
accurate measurements when operated in certain conditions, the
measurements may suffer from a variety of perturbations, which
include spectral interferences and matrix effects.

Samples are usually purified before MC-ICPMS analyses, in order
to introduce pure Fe samples (dissolved in a dilute acid) in the
instrument. However, even the highest performance purification
procedure does not allow the entire elimination of other elements
initially present in the sample. Some of these elements may cause
spectral interferences and/or matrix effects. A spectral interference is
the process by which an ion other than the analyte is detected as if it
was the analyte because its mass-to-charge ratio is indistinguishable
from that of the analyte. There are three main types of spectral
interferences in ICPMS: isobaric interferences, produced by mono-
atomic ions (e.g., 54Cr+ and 58Ni+ may interfere with 54Fe+ and 58Fe+,
respectively), poly-atomic interference, produced by molecular ions
(e.g., 14N40Ar+ or 27Al2

+ may interfere with 54Fe+, 16O40Ca+ may
interfere with 56Fe+), and doubly charged ion interferences (e.g.,
112Cd++ on 56Fe+). A matrix effect is the process by which the
instrument behavior varies in response to a variation in the
sample composition. It is caused by dissolved ions in the solution
(other than that of interest). It can be divided into two types: a signal
drift with time due to salt deposition on the cones and/or a
modification of the mass bias (instrumental mass fractionation)
due to a modification of the ionization environment in the
plasma (i.e., of the isotope distribution in the plasma; the so-called
space charge effect; Gillson et al., 1988; Barling and Weis, 2012). For
instance, the mass bias may suddenly vary between a very well-
purified isotopic standard solution containing almost exclusively the
analyte and an insufficiently purified sample solution containing
significant levels of other compounds. Instrumental mass bias
correction is a major aspect of the Fe isotopic ratio measurements
because it is typically of the order of 2.5–4.5% per atomic mass unit
(this study; Dauphas and Rouxel, 2006), which is about
200–400 times larger than the order of magnitude of the typical
targeted accuracy of 0.1‰. Three main methods are commonly used
for Fe mass bias corrections: standard bracketing; internal doping
with another element of similar mass, usually Ni or Cu; and double-
isotope spiking.

Some of the abovementioned perturbations, interferences, and
matrix effects may be quantified and corrected for (e.g., Cr and Ni
isobaric interferences), but corrections are never perfect. In addition,
some perturbations cannot be quantified or corrected (e.g., matrix

effects). Therefore, these perturbations degrade the measurement
trueness and precision.1 The thresholds above which these
degradations become significant need to be determined. They
depend on many aspects of the analysis, including the type of
instrument and its setting, the type of the introduction system,
and the mass bias correction method. Several works have
documented these perturbations and thresholds in different
conditions, including different instruments [e.g., Micromass
IsoProbe (Albarède and Beard, 2004), Thermoelemental Axiom
(Dideriksen et al., 2006), Nu Plasma (Millet et al., 2012; Sun et al.,
2013; Finlayson et al., 2015; Zheng et al., 2018), and Thermo-
Scientific Neptune (Schoenberg and von Blanckenburg, 2005;
Dauphas et al., 2009; He et al., 2015)], different introduction
systems [liquid, with or without desolvatation (Schoenberg and
von Blanckenburg, 2005; Dideriksen et al., 2006; Millet et al.,
2012; Sun et al., 2013; Finlayson et al., 2015) (Schoenberg and
von Blanckenburg, 2005; Dauphas et al., 2009; He et al., 2015),
and laser ablation (Zheng et al., 2018)], and different mass bias
correction methods [standard bracketing (Schoenberg and von
Blanckenburg, 2005; Dauphas et al., 2009; Sun et al., 2013; He
et al., 2015), Ni or Cu doping (Schoenberg and von
Blanckenburg, 2005), and double-spiking (Dideriksen et al., 2006;
Millet et al., 2012; Finlayson et al., 2015)]. For about a decade, Fe
isotope analyses with 57Fe-58Fe double-spikemass bias corrections are
increasingly used in some fields, for instance, seawater studies
(Conway et al., 2013; Dauphas et al., 2017; Klar et al., 2018; Lacan
et al., 2008; Rudge et al., 2009). The latter relies on the combined use
of the three Fe isotope ratios (i.e., the combined use of the four isotope
measurements). This implies that isobaric interferences on both 54Fe
and 58Fe (from 54Cr and 58Ni) can impact the final result, while in the
case of standard bracketing or internal doping with another element,
the final result may be obtained independently of one or both of these
interferences (for instance when looking at the 57Fe/56Fe ratio only
with the standard bracketing method, the final result is independent
of the 54Fe and 58Fe measurements; or when looking at the 56Fe/54Fe
and 57Fe/54Fe ratios, with the Ni doping method, the result is

1The metrology vocabulary used in the present study refers to the “International
vocabulary of metrology—Basic and general concepts and associated terms (VIM)”
(2012) and the International Standard ISO 5725-1 (1994).
ISO 5725 uses two terms “trueness” and “precision” to describe the accuracy of a
measurement method. “Trueness” refers to the closeness of agreement between the
arithmetic mean of a large number of test results and the true or accepted reference
value. “Precision” refers to the closeness of agreement between test results (ISO
5725-1, 1994).
The measurement “trueness” is inversely related to systematic measurement error,
the latter being estimated by the “measurement bias.” “Measurement accuracy” is
sometimes erroneously used instead of “measurement trueness” (VIM 2012).
“Measurement precision is used to define measurement repeatability, [. . .] and
measurement reproducibility.” “Sometimes measurement precision is erroneously
used to mean measurement accuracy” (VIM 2012).
The measurement “accuracy” is the “closeness of agreement between a measured
quantity value and a true quantity value of a measurand” (VIM 2012). A
measurement that is characterize at the same time by a good trueness (i.e.
small bias, i.e. small systematic error) and a good precision (i.e. a good
repeatability for instance) is characterized by a good accuracy.
For the sake of clarity, the term “perturbation” is used here instead of the term
“influence quantity” as defined in the 2nd edition of the VIM as follows: “quantity
that is not the measurand but that affects the result of the measurement.”
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independent of the 58Fe measurement). Consequently, the impact of
these perturbations may be different when using double-spike mass
bias corrections compared to the other methods. In addition, the
contribution of potential interferences cannot be verified in a three-
isotope plot when using double-spiking (while this is possible with
standard bracketing).However, the double-spikemass bias correction
technique has several advantages: it allows to 1) measure the
instrumental mass fractionation at the time of sample analysis
(not before and after as with standard bracketing), 2) measure the
Fe instrumental mass fractionation with Fe itself (not with another
element as with Ni or Cu doping), and 3) correct for potential
chemical mass fractionation during sample processing (by adding the

double-spike to the sample prior the chemical treatments, such as
purification procedures, which other techniques do not allow). While
some studies have documented thresholds for these isobaric Cr and
Ni interferences below which reliable measurements could be
obtained with standard bracketing and internal doping mass bias
corrections (Schoenberg and von Blanckenburg, 2005; Dauphas et al.,
2009; He et al., 2015), these thresholds have not been documented to
date to our knowledge for double-spike mass bias corrections. In
addition, while Thermo-Scientific Neptune and Neptune Plus MC-
ICPMS are the most commonly used instruments nowadays for Fe
isotope analyses, the impact of potentially major molecular ion
interferences, such as 16O40Ca+ on 56Fe+, or potential matrix
effects associated to major elements such as Si or Na, have not
been reported for Fe isotopemeasurements with these instruments to
date to our knowledge.

The present work therefore presents for the first time a
study of the impact of Cr, Ni, Ca, Si, and Al interferences and
Na, Mg, Ca, K, and Mo matrix effects on iron isotope
measurements using Thermo-Scientific Neptune and
Neptune Plus MC-ICPMS with desolvation and a mass bias
correction with a 57Fe-58Fe double-spike. These results
document thresholds below which reliable measurements
could be obtained, and point toward elements, which
require particular attention. They should provide a useful
framework for future Fe isotope analyses.

EXPERIMENTAL

The major part of the analyses was made using the Neptune MC-
ICPMS (Thermo-Scientific) of the Observatoire Midi Pyrenees
(Toulouse, France), while some measurements (detailed below)
were made with the Neptune Plus MC-ICPMS (Thermo-
Scientific) of the Observatoire de Recherche Méditerranéen de
l’Environnement (Université de Montpellier, France). They were
equipped with Ni X skimmer cones, with a standard sampler cone
for the Neptune and a Jet sampler cone for the Neptune Plus and
operated with high-resolution slits (25 µm). All samples, dissolved in
0.32mol L−1 HNO3, were introduced via a 75-μL/min PFA
MicroFlow nebulizer (Elemental Scientific) and an Apex-IR
desolvator (Elemental Scientific). Operation parameters are
detailed in Table 1. Collector configurations are given in Table 2.

With such instruments, Fe isotope measurements may suffer
from poly-atomic ion interferences due to argon oxy-hydroxides

TABLE 1 | MC-ICPMS and desolvator operation parameters.

Neptune MC-ICPMS (Thermo-Scientific)

RF power 1230 W

Acceleration voltage 10 kV

Mass analyzer pressure 1.9.10−8mbar

Extraction lens −2000 V

Overall transmission efficiency 0.03%

Neptune Plus MC-ICPMS (Thermo-Scientific)

RF power 1230 W

Acceleration voltage 10 kV

Mass analyzer pressure 1.9.10−8mbar

Extraction lens −2000 V

Overall transmission efficiency 0.05%

Apex-IR desolvator (Elemental Scientific)

Heater temperature 105°C

Chiller temperature 2°C

Nitrogen gas flow 0

Nebulizer ESI MicroFlow PFA 75

Sample uptake rate 65–85 μLmin−1

Overall mass discrimination 2.1–3.2% per atomic mass unit

TABLE 2 | Faraday cup configuration and isotopic abundances for Fe, Cr, and Ni.

Nominal Mass 53 54 56 57 58 60 61

Isotope abundance (%) Cr 9.5 2.37 — — — — —

Fe — 5.8 91.7 2.2 0.28 — —

Ni — — — — 68.3 26.1 1.13

Neptune collector configuration L4 L2 L1 H1 H2 H3 H4

Neptune Plus collector configuration L3 L2 C H1 H2 H4 —
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(e.g., 40Ar16O and 40Ar16O1H) and argon–nitrogen species (e.g.,
40Ar14N). These elements, such as Ar, O, H, and N, were present
in all the samples of the present study, either supplied by the
argon gas, ambient air, or by the HNO3. The mass resolving
power (Weyer and Schwieters, 2003) of this type of instrument
does not allow to fully separate the Fe peaks from the interference
peaks. However, because the Fe isotopes are slightly lighter than
these interferences, their peaks only partially overlap (Figure 1).
The light part of the Fe peaks is virtually free of interference,
that is, the light peak tails of the interferences do not
significantly contribute to the Fe signals (given that Fe to
interference intensity ratios are not too small). This has been
extensively described previously (Weyer and Schwieters, 2003)
and is commonly referred to as measuring on the Fe “shoulder”
of the peaks.

We used a 57Fe-58Fe double-spike composed of 0.11, 3.21, 59.2,
and 37.5% (mol/mol) of 54Fe, 56Fe, 57Fe, and 58Fe, respectively. The
sample-to-spike Fe mass ratio was 2/3 (i.e., the sample double-spike
mixture is composed of 40% w/w of sample and 60% w/w), to
maximize beam intensities on the four Fe collectors and minimize
error propagation (Rudge et al., 2009; Lacan et al., 2010; John, 2012).

Samples were run following the typical sequence:
IRMM14—HEM—IRMM14—SAMPLE-1—IRMM14—SAMPLE-
2—IRMM14—HEM—IRMM14—SAMPLE-3 . . . and so on, where
“HEM” is an in-house hematite standard (produced at ETHZurich)
of known Fe isotopic composition (δ56Fe � 0.53 ± 0.06‰, 2SD) and
negligible contents of other elements (Poitrasson and Freydier, 2005;
Lacan et al., 2008; Lacan et al., 2010), which allowed monitoring
measurement accuracy.

In between each of the above, the background was measured
via the measurement of a 0.32 mol L−1 HNO3 solution in which
all samples were dissolved.

Data extraction was performed as follows. The mean
background signals (over a sequence, typically 12 h) were
subtracted from the raw data of each sample or standard. Cr

and Ni isobaric interferences (on 54Fe and 58Fe) were corrected
for by estimating 54Cr and 58Ni, from the 53Cr and 60Ni signals,
the natural Cr and Ni abundances, and the instrumental isotopic
fractionation. The latter was computed for Fe from the
background and isobaric interference-corrected signals, using
the Siebert et al. iterative calculation (Siebert et al., 2001).
Instrumental mass fractionations for Cr and Ni were therefore

FIGURE 2 | Top: δ56Fe of hematite (200 ppb natural Fe) doped with
variable amounts of Cr. Middle: same as top but with an addition of Ni leading
to 1% 58Ni/58Fe (mol/mol) in all samples. Bottom: same as top but with no Cr
interference correction (note the different vertical scale). The level of Cr
doping is expressed in two ways: i) the level of Cr (all isotopes) compared to
that of natural Fe (i.e., not taking into account the double-spike, top x axis), and
ii) the level of 54Cr compared to 54Fe in the analyzed solution, that is, in the
sample double-spike mixture (bottom x axis). Diamonds are the averages of
duplicate measurements (two Neptune analyses were performed for each
data point reported on the plot). Error bars are 2 standard deviations of the
duplicate measurements or the long-term internal precision (2SD) of our
instrument (0.06‰), whichever the greatest (they are smaller than the symbol
size on the bottom panel). The horizontal black lines show the δ56Fe of pure
(un-doped) hematite measured during the same analytical session; mean
value (solid line) ± 2 standard deviations (dotted lines).

FIGURE 1 | Schematic of the peak shapes for 56Fe and the 40Ar16O
interference. The instrument is set to perform the measurements at mass M,
chosen at 1/3 of the pure Fe plateau (free of interference), that is, the Fe
shoulder, which is defined as the flat part of the Fe peak to the left of the
40Ar16O signal. The resolving power, Rpower (5, 95%), is calculated as M/ΔM*.
Adapted from Weyer and Schwieters (2003).
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assumed to be the same as for Fe. The above procedure is circular
because it requires the instrumental mass fractionation to estimate
the Cr and Ni interferences, but it also requires the Cr and Ni
interferences to estimate the instrumental mass fractionation. This
problem was circumvented through another iterative calculation.
Finally, for each sample, the δ56Fe value was calculated relative to
the mean of its two bracketing IRMM14. Precision and accuracy of
this method were evaluated through repeated measurements of the
pure ETH hematite standard. Considering all its measurements
during sessions dedicated to the present study, between June 2015
and October 2018, its mean value was δ56Fe � 0.525 ± 0.054‰
(2SD, N � 89). This is in perfect agreement with data previously
reported by different groups (Lacan et al., 2010 and references
therein). Average background signals were 0.02% of the sample
signals, on average for the four isotopes (in any case between 0.01
and 0.04%).

As mentioned above, the double-spike mass bias correction
involves the combined use of the three Fe isotope ratios, that is,
the combined use of the four Fe isotopes. A perturbation on any
of the four isotope measurements could therefore impact the
final result. To determine the impact of interferences and
matrix effects, samples were prepared as follows. A 200 ppb
[10−9 g (Fe)/g (HNO3)] hematite solution, mixed with the
double-spike (300 ppb), was doped with variable amounts of
mono-elemental standard solutions of Cr, Ni, Cr + Ni, Al, Si,
Na, Mg, K, Ca, Mo, and Na + Mg + K + Ca +Mo. These elements
were chosen either because they produce spectral interferences
(Cr, Ni, Al, Si, and Ca) or because they might be found at
significant levels in the final purified solutions (either because
of their high initial abundances in natural samples or because of
imperfect chemical separation). Most Fe isotope measurements at
LEGOS are performed on seawater samples. Although Na, Mg,
Ca, and K are very efficiently separated from Fe through
preconcentration and purification procedures [chelating and
ion exchange resins, e.g., (Schoenberg and von Blanckenburg,
2005; Borrok et al., 2007; Lacan et al., 2010)], even very small
fractions of the initial contents of these elements may result in
significant quantities in purified samples. For example, 0.0001%
of Na in an open ocean surface seawater sample represents a mass
2000 times greater than its typical Fe content. Other types of
samples and other elements may present similar problems. For
example, 0.0001% of Ca initially present that tooth samples
(enamel or dentin) can represent ∼50 times their iron content
(Teruel et al., 2015). Similarly, 0.1% of the calcium initially
present in some iron-depleted calcites can represent ten times
their iron content (von Blanckenburg et al., 2008). Additionally,
Mo was chosen because the efficiency of its separation on the
most common Fe purification procedures (using notably AG 1-
x4, AG 1-x8, or AG MP-1 ion exchange resins) depends on its
oxidation state, which makes this separation more uncertain than
for other elements (Lacan et al., 2010). Therefore, although this
study has been motivated by the seawater work at LEGOS, it aims
at providing a general framework for iron isotope measurements
on any kind of samples for which imperfect purification may be
expected.

The abovementioned mixtures were measured to assess
whether or not the correct isotopic composition of the
hematite could be determined. All measurements were
performed with resolving powers Rpower (5.95%) � M/ΔM* ≥
8,000 and plateau width ≥200 ppm [that is sufficient for Fe
isotope measurements (Weyer and Schwieters, 2003)]. The
doubly charged effect is often negligible as doubly charged
ions are rare in the conditions of the plasma (Houk, 1986);
therefore, Cd was not investigated.

RESULTS AND DISCUSSION

All results presented below were obtained with the Neptune MC-
ICPMS, unless otherwise indicated (for Neptune Plus data).
The effect of 54Cr and 58Ni isobaric interferences on the
hematite measurements is displayed in Figure 2 and Figure 3.
Figure 2 shows that even when the hematite was doped with

FIGURE 3 | Top: same as Figure 2, but for variable amounts of Ni.
Middle: same as top but with an addition of Cr leading to 0.1% 54Ni/54Fe (mol/
mol) in all samples. Bottom: same as top but with no Ni interference
correction (note the different vertical scale).
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11.9% g (Cr)/g (hematite Fe) (i.e., the solution analyzed was
200 ppb hematite Fe + 24 ppb Cr + 300 ppb double-spike;
200 ppb × 11.9 % � 24 ppb), which lead to a 54Cr/54Fe slightly
larger than 5% (mol/mol), the correct isotopic composition of the
hematite was found. The presence of a small quantity of Ni
(leading to 1% 58Ni/58Fe (mol/mol) in the analyzed solution, level
to which interference corrections have been validated for
standard bracketing measurements (Schoenberg and von
Blanckenburg, 2005) did not significantly change the results.

This demonstrates that up to this level, the 54Cr interference
can be successfully corrected for. This value is similar to the
threshold documented earlier with the same type of instrument
(Neptune) but with a standard bracketing mass bias correction
(Dauphas et al., 2009). Note that these results are obtained,
thanks to the interference correction; without correction,
significant errors (of the order of 1‰) occur as soon as the Cr
content reaches 0.1% g (Cr)/g (hematite Fe), and this error
increases dramatically with increasing Cr content (it reaches
39‰ for 11.9% g (Cr)/g (hematite Fe), cf. Figure 2 bottom panel).

Figure 3 shows that when the hematite was doped with up to
3.9% g (Ni)/g (hematite Fe) (i.e., 200 ppb hematite + 8 ppb Ni +
300 ppb double-spike; i.e., 58Ni/58Fe ≈ 4.5%mol/mol), the correct
hematite isotopic composition was found. Above that
threshold, the values obtained are significantly deviated
from the true value. Again, this threshold is similar to that
documented earlier with a Neptune and a standard bracketing
mass bias correction (Dauphas et al., 2009). The presence of a
small quantity of Cr (leading to 0.1% 54Cr/54Fe (mol/mol)) in
the analyzed solution, again the level to which interference
corrections have been validated for standard bracketing
measurements (Schoenberg and von Blanckenburg, 2005),
did not significantly change the results. As for Cr, these
results are obtained, thanks to the interference corrections;
without correction, very significant errors (of the order of 8‰)
occur as soon as the Ni content reaches 0.3% g (Ni)/g (hematite
Fe), and this error increases dramatically with increasing Ni
content [it reaches 88‰ for 3.9% g (Ni)/g (hematite Fe), see
Figure 3 bottom panel].

Figure 4 shows the effect of Na, Mg, K, andMo doping (on the
200 ppb natural Fe solution, mixed with 300 ppb double-spike). It
shows that below certain doping concentrations (up to 27 ppm
Na, 2 ppm Mg, 0.3 ppm K, and 15 ppm Mo), the correct isotopic
composition of the hematite was found. This demonstrates that

FIGURE 4 | δ56Fe of hematite (200 ppb natural Fe) doped with variable
amounts of Na, Mg, K, and Mo. Diamonds are the averages of duplicate
measurements. Error bars are 2 standard deviations of the duplicate
measurements or the long-term internal precision (2SD) of our
instrument (0.06‰), whichever the greatest. The horizontal black lines show
the δ56Fe of pure (un-doped) hematite measured during the same analytical
session; mean value (solid line) ± 2 standard deviations (dotted lines).

TABLE 3 | First ionization energies and degrees of ionization for each element of
interest (Houk, 1986). Degree of ionization calculated from Saha equation with
T plasma: 7,500 K and ne � 1015 cm−3 (where ne is the electron density)
(Boumans, 1966; Houk, 1986).

Element Ionization energy (eV) Degree
of ionization (%)

Na 5.14 100

Mg 7.64 98

Al 5.99 98

Si 8.15 85

K 4.34 100

Ca 6.11 99

Ar 15.76 0.04

Fe 7.90 96

Ni 7.64 91

Mo 7.10 98
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up to these levels and despite the lower ionization energies (and
thus higher degrees of ionization) of these elements relative to Fe
(Table 3), these matrix effects are negligible, or at least accurately
corrected for with the double-spike. Larger concentrations have
not been tested. These levels were chosen because they represent
the maximum values we encounter with purified seawater
samples we usually work on. They correspond to Na/Fe � 135,
Mg/Fe � 10, K/Fe � 1.5, and Mo/Fe � 75 (g/g, where Fe is natural
Fe). For Na andMg, these ratios are significantly larger than those
documented previously (Na/Fe � 5 and Mg/Fe � 2 g/g, with a
54Fe-58Fe double-spike and a different instrument,
Thermoelemental AXIOM MC-ICPMS) (Dideriksen et al.,
2006), which allows extending the range within which Na and
Mg matrix effects can be neglected. For K and Mo, these
thresholds have not been documented before to our knowledge.

The effects of calcium doping, as shown in Figure 5, are more
significant andmore complicated. Calciummay perturb the δ56Fe
measurements in two ways. Residual amounts of Ca after sample
purification may lead to matrix effects due to its high
concentrations in certain natural samples (e.g., rocks, waters,
and shells). In addition, similarly to Ar, Ca may also cause poly-
atomic interferences on Fe isotopes, as shown previously
(Dideriksen et al., 2006). The molecular ions such as 40Ca14N,
40Ca16O, 40Ca16O1H, and 42Ca16O may interfere on 54Fe, 56Fe,
57Fe, and 58Fe, respectively. The weak Ca ionization energy
compared to Fe (and thus high degree of ionization, cf.
Table 3) potentially reinforces both perturbations.

Measurements performed in June 2015, together with the
other tests presented above, show that with 0.5 ppm Ca (Ca/Fe �
2.5 g/g where Fe is natural Fe), the measurement of the hematite

δ56Fe was significantly biased; it was found to be 0.67‰ instead of
0.52‰ ± 0.06 (2SD) (black squares in Figure 5). This evidences a
much higher δ56Fe measurement sensitivity to the Ca contents
compared to other elements tested for matrix effects (e.g., no
perturbation up to Na/Fe � 135 or Mo/Fe � 75 g/g). This
observation suggests that the observed perturbations are more
likely due to interferences rather than to matrix effects. This
confirms previous works (Dideriksen et al., 2006) and is further
confirmed by additional information given below. These levels of Ca
impurities (Ca/Fe � 2.5 g/g) after purification are not frequent.
However, they may be encountered in some cases. For instance,
out of 18marine sediment interstitial water samples purified on AG-
MP1 column, we found seven with Ca/Fe (g/g) ratios >1 (with a
maximum value of 4.6).

As explained at the beginning of the experimental section,
measurements are performed on the peak shoulders, to stay away
from the ArO, ArOH, and ArN interferences (cf. Figure 1). This
is usually done by looking at the peak shapes produced by pure Fe
solutions and by tuning the instrument to maximize the width of
the Fe shoulder, that is, the Fe plateau, and the slope of the peak
flanks, that is, the mass resolving power. Then the absence of
significant interference contributions to the Fe signal is checked
by comparing the peak shapes produced by pure Fe solutions
(where both Fe and the interferences contribute to the peak
shapes) and HNO3 solutions (where only interferences are
present) (Weyer and Schwieters, 2003). 40Ca is very slightly
heavier than 40Ar (M40Ca � 39.96259 u, M40Ar � 39.96238 u).
Therefore, if the Fe plateau is free of the argon molecular ion
interference and if calcium molecular ions are not significantly
more abundant than argon ones, then calcium should not cause

FIGURE 5 | δ56Fe of hematite (200 ppb natural Fe) doped with variable amounts of Ca, for five measurement sessions on the Neptune and (*) one session on the
Neptune Plus (2018). Data points are the averages of replicate measurements (n � 2–5), except for 2017 data (no replicate). Error bars are 2 standard deviations of the
replicate measurements for the 2015–16 data and the long-term internal precision (2SD) of the instrument (0.06‰) for the 2017 data (no replicate) and for the 2018
Neptune Plus data (2SD of replicates being smaller than long term internal precision). The horizontal black lines show the δ56Fe of pure (un-doped) hematite
measured during the same analytical sessions; mean value (solid line) ± 2 standard deviations (dotted lines).
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any significant interference on the Fe measurements. However, if
the calcium molecular ions are significantly more abundant than
the argon ones (because of a large Ca concentration in the sample
or because of a large calcium molecular ion formation rate
compared to that of argon), then the calcium molecular ion
peak tail may be larger at a given mass than to that of the argon
molecular ions, despite the fact that 40Ca is slightly heavier than
40Ar. In summary, resolving the argon molecular ion
interferences is not a warranty that calcium molecular ion
interferences will be resolved. The effects of potential calcium
molecular ion interferences need, therefore, to be quantified.

Figure 5 displays the results obtained for the hematite doped
with variable Ca amounts, during five different measurement
sessions on the Neptune instrument (Neptune Plus data will be
discussed next), for which the mass resolving power [Rpower

5–95% (Weyer and Schwieters, 2003)] and plateau width were
set to different values (8,500–13,000 and 200–295 ppm,
respectively) notably by varying of the “Shape” parameter in
the instrument tuning. It shows that during the sessions with the
largest mass resolving power and plateau width, the perturbations

were the smallest. For instance, with a mass resolving power of
9,700 and a plateau of 295 ppm, no perturbation was detected
even with 10 ppm Ca (for 200 ppb natural Fe). This corresponds
to Ca/Fe � 50 (g/g where Fe is natural Fe). This is 500 times larger
than the threshold documented previously (Ca/Fe � 0.1, with a
54Fe-58Fe double-spike and a different instrument,
Thermoelemental AXIOMMC-ICPMS) (Dideriksen et al., 2006).

The relations among mass resolving power, plateau width, and
perturbations are further displayed in Figure 6. The latter shows,
for the maximum Ca concentration of the 5 different Neptune
sessions (3ppm for the 2015 and 2016 tests and 10ppm for the
2017 tests), the magnitude of the perturbation (i.e. the absolute
value of the difference between the measured and the expected
values) normalized to the Ca concentration, as a function of the
mass resolving powers and the plateau widths. For instance, in
June 2015, the maximumCa concentration tested was 3 ppm, and
the magnitude of the perturbation for this maximum Ca
concentration was 0.6‰; this leads to 0.2‰ perturbation per
ppm Ca, for a resolution and plateau width of 8,500 and 200 ppm,
respectively. While no relation is seen as a function of mass
resolving power, the figure shows that the perturbation decreases
with increasing plateau width. The relationship between plateau
width and magnitude of the perturbation confirms that the
perturbations are caused by interferences and not by matrix
effects.

Calcium doping tests were also performed on the Neptune Plus
instrument (Figure 5, Figure 6, open black circles). Results
significantly differ from those obtained with the Neptune. First,
perturbation magnitudes seem to be larger with the Neptune Plus
than with the Neptune, for instance, for the same Ca concentration
[(Ca) � 10 ppm], and the same plateau width (270 ppm), whereas
an insignificant perturbation was measured on the Neptune
(hematite δ56Fe � 0.48 instead of 0.53), and a large perturbation
was measured on the Neptune Plus (δ56Fe � −0.07 instead of 0.53).
Moreover, while the effect of Ca doping on the Neptune
systematically led to positive biases, negative ones were obtained
with the Neptune Plus (Figure 5). The principal difference between
the two systems is the interface (cones and vacuum), named “Jet
interface” on the Neptune Plus. Enhanced levels of polyatomic
interferences, notably 40Ar14N+, have been reported with the Jet
interface compared to the standard interface (Chernonozhkin et al.,
2017). High levels of Ca may similarly lead to enhanced levels of
40Ca14N+ with the Jet interface compared to the standard one. This
could explain the larger and negative biases observed on the
Neptune Plus compared to those observed on the Neptune.

Interferences may also result from homonuclear diatomic ions
such as 27Al2

+ and 28Si2
+, interfering on 54Fe+ and 56Fe+,

respectively. This was tested on the Neptune Plus. Results are
shown in Figure 7. For silicon, the correct isotopic composition of
the hematite was found up to the maximum doping concentration
tested here, 10 ppm (Si/Fe � 50 g/g where Fe is natural Fe). This
demonstrates that up to this level, this interference is negligible.
Such tests have not been previously published to our knowledge.

For Al, the correct isotopic composition is found up to [Al] �
500 ppb (Al/Fe � 2.5 g/g where Fe is natural Fe). However,
significant perturbations are detected for concentrations equal
and above [Al] � 1 ppm (Al/Fe � 5 g/g), with the perturbation

FIGURE 6 | For the six different settings presented in Figure 5 (variable
resolutions and plateau widths), and for the maximum Ca concentration
tested in each of these settings (3 ppm for the 2015 and 2016 tests and
10 ppm for the 2017 and 2018 tests), the magnitude of the perturbation
(i.e., the absolute value of the difference between the measured and the
expected values) normalized to the Ca concentration is shown as a function of
the mass resolving power (top) and plateau width (bottom). Error bars show
the uncertainties propagated from those shown (and described) in Figure 5.
The Neptune Plus data are represented by the open black circles.
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magnitude increasing with increasing Al concentration. This effect
had been previously shown on a Nu Plasma instrument with a 57-

58Fe double-spike (Millet et al., 2012). However, this latter study
found significant perturbations (δ56Fe difference of 0.1‰) for much
smaller Al contents, Al/Fe � 0.05 (g/g), while here no perturbation is
detected up to Al/Fe � 2.5 (50 times higher).

Unlike Cr and Ni isobaric interferences, Ca and Al polyatomic
ion interferences cannot be corrected for. While 54Cr and 58Ni
interferences can be deduced from the measurement of 53Cr and
60Ni (cf. Experimental section), the intensity of Ca and Al
polyatomic ion interferences depend on 1) their concentration, 2)
the rate of production of the polyatomic ions, and 3) the precisemass
(M in Figure 1) at which the measurements are performed. While
the first point could be addressed by its measurement (in dynamic
mode), the two last points depend on many uncontrolled and
potentially variable parameters, such as the efficiency of the
desolvating system, the plasma temperature, environment of the
cones (vacuum, size of hole, and distances), or the magnetic field
intensity (that varies very slightly). Because Ca and Al polyatomic
ion interferences cannot be corrected for, their concentrations in the
samples have to be below the indicated thresholds.

We preconize the following procedure. The calcium,
aluminum, and iron concentrations should be determined in
all purified samples prior to the MC-ICPMS measurements.

Then, while tuning the MC-ICPMS (cups alignments and peak
shape optimization), in addition to pure Fe and HNO3 solutions,
pure Ca and Al solutions, with concentrations at least equal to
their maximum values in samples, should be introduced and their
peak shape measured, in order to verify that their polyatomic ion
interference level at mass M are comparable to (and not larger
than) that of the HNO3. Finally, and most importantly, a Fe
isotopic standard doped with these Ca and Al levels should be
regularly measured, to make sure that these elements do not
significantly perturb the measurements. This is especially
important for samples with high initial calcium contents, such
as calcite minerals or tests, bones and teeth, but also marine
samples, including seawater (Heimann et al., 2010; Jaouen et al.,
2012; Emmanuel et al., 2014; Labatut et al., 2014; Revels et al.,
2015; Klar et al., 2017), or high initial aluminum content such as
silicate rocks or atmospheric dust samples.

CONCLUSION

While samples are usually purified before Fe isotopic composition
MC-ICPMS analysis, some elements may remain in the purified
samples at significant concentrations, in some circumstances. They
may degrade the measurement accuracy. We have tested the effect of

FIGURE 7 | Same as Figure 4, for Al and Si. Measurements performed on the Neptune Plus, in October 2018. Resolution 13,000, plateau 270 ppm, natural Fe
concentration 200 ppb.
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the following perturbations on the accuracy of the Fe isotopic
composition measurement with a Neptune and a Neptune Plus
MC-ICPMS, using a 58Fe-57Fe double-spike mass bias correction:

- Cr and Ni isobaric interferences;
- Na, Mg, K, Ca, and Mo matrix effects;
- Ca polyatomic ion spectral interferences;
- Al and Si homonuclear diatomic ion spectral interferences.

We found that for 200 ppb natural Fe solutions (mixed with
300 ppb of double-spike), the measurements (after Cr and Ni
interference and mass bias corrections) were unperturbed up to
the following levels (in the following ratios, Fe stands for natural
Fe; i.e., the double-spike contribution is not included; results were
obtained with the Neptune unless otherwise indicated):

- [Cr] � 24 ppb, that is, Cr/Fe � 0.12 (g/g)
- [Ni] � 8 ppb, that is, Ni/Fe � 0.04 (g/g)
- Na/Fe � 175, Mg/Fe � 10, K/Fe � 1.5, and Mo/Fe � 75 (g/g)
- For Ca, the perturbation was shown to be related to the Fe
plateau width, and therefore to be due to Ca polyatomic ion
spectral interferences (40Ca14N, 40Ca16O, 40Ca16O1H, and
42Ca16O), rather than to matrix effects. With the Neptune
MC-ICPMS, it was found that significant perturbations could
occur with only 0.5 ppm Ca (Ca/Fe � 2.5) for a plateau width
of 200 ppm, while no perturbation could be detected with
10 ppm Ca (Ca/Fe � 50) for a plateau width of 295 ppm. The
Neptune Plus MC-ICPMS was found more sensitive than the
Neptune to the Ca polyatomic ion interferences.
- 28Si2

+ interference was found insignificant up to Si/Fe � 50
(on the Neptune Plus).
- 27Al2

+ interference was found insignificant up to Al/Fe � 2.5,
but significant over this threshold (on the Neptune Plus).

These results imply that while working with samples with
potentially high calcium or aluminum contents (including
purified seawater or silicate rocks), Ca and Al perturbations
should carefully be taken into account (in addition to Cr and
Ni) while 1) tuning the instrument and 2) checking the
measurement accuracy with isotopic standards (i.e., doping the
isotopic standard with Ca and Al levels comparable to those of the
samples).
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