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Iron isotopes are increasingly applied in Earth science fields, including cosmochemistry, geochemistry and environmental
sciences. Refining non-traditional stable isotope systematics requires well-characterised isotopic reference materials to
ensure accuracy and precision. Consequently, the direct comparison of data obtained from different laboratories is a key
prerequisite for establishing reliable isotopic systematics. Here, we describe a new Fe isotope measurement method using
multi-collector-ICP-MS. The Fe isotope ratios of widely used geological reference materials (JB-2, BHYO-2, BE-N, AGV-1
and RGM-1) were measured and new Fe isotope values for IAEA-B5 (basalt from Mount Etna, ltaly) are recommended.
Anion exchange chromatography was used to separate Fe from the rest of the matrix. Mass bias was corrected using a
standard-sample-standard bracketing method combined with Ni-doping. Iron isotope ratios of JB-2, BHVO-2, BE-N,
AGV-1 and RGM-1 show strong agreement with published values and fall within reported analytical uncertainties. Based
on these results, we validate and propose 5°°Fe = 0.103 + 0.064 (2s) and §°"Fe = 0.141 + 0.068 (2s) as
recommended values for IAEA-B5. We further advocate the IAEA-B5 as a robust and complementary reference material
for analytical validation and quality control in Fe isotope studies, providing both a supplement to and an altemative for
established iron isotope reference materials.
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Isotope reference materials are essential for calibrating
and validating analytical procedures used to determine
isofope rafios, ensuring accurate, precise measurements, and
enabling infer-laboratory comparisons. Despite the signifi-
cant advances in isotope ratio measurements, however, the
production of isotope reference materials has not kept pace
with the growing demand for isotope analysts. Recent
progress in multi-collector inductively coupled plasma-mass
spectrometry (MC-ICP-MS) now allows for the investigation
of non-conventional stable isotopic fractionation across a
broad range of elements (e.g., Johnson et al 2004). These
features make individual elements susceptible to distinct
fractionation mechanisms, thereby defining them as unique

tracers for a variely of geological, biological and

doi: 10.1111/ggr.70017

cosmochemical processes (e.g, Teng et al 2017). Among
these, Fe isotopes have gained particular attention due to
their potentially significant stable isotope fractionations,
which makes isotopic systematics applicable across diverse
scientific fields (Beard and Johnson 2004).

Iron is a fransition metal element and it represents a
major constituent of the Earth’s crust, monﬂe, and by far the
more abundant element of terrestrial core. It appears with
multiple redox states, buffering the redox state of geological
systems (Beard and Johnson 2004, He et al. 2015b). Iron
has four stable isotopes, 54Fe, 5éFe, %’Fe and 58Fe, with
mean natural abundances of 5.845%, 91.754%, 2.119%
and 0.282%, respectively (Prohaska et al 2022). Given its
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geochemical properties, high abundance and multivalence
states, iron isotope studies are applicable to a wide range of
geological processes. This makes iron isotopes a powerful
tool for fingerprinting metal sources, assessing biogeochem-
ical reactions that influence iron transport, and providing
insights info both low- and  high-temperature geological
processes. This includes hydrothermal fluid circulations, ore
forming, Weofhering and ocean processes, different critical
zone (CZ) dynamics, material cycling through the crust and
mantle, and processes spanning bio|ogicc1|, environmental
and cosmochemical contexts (Zhu et al 2000, Rouxel
et al 2003, Beard and Johnson 2004, von B|c1n|<enburg
et al. 2008, Dauphas et al 2017).

Precise and accurate isotopic measurements are essen-
tial to defect the subtle Fe isotope fractionation in most
bio-geological samples. Initial Fe isotope ratio measure-
ments were conducted using thermal ionisation mass
spectrometry (Volkening and Papanastassiou 1989), later
incorporating a double spike technique for instrumental
mass bias correction (eg, Johnson and Beard 1999).
However, early results revealed that TIMS measurements
had limited precision (&= 0.6%o, 2 standard deviations, 2s, for
§°°Fe), largely due to difficulties to obtain complete metal
ionisation and non-ideal source evaporation conditions
(Johnson and Beard 1999, Fantle and Bullen 2009). Over
the past three decades, the advent of MCICP-MS and
improved analytical procedures have enabled highly
precise and accurate Fe isotope analyses on geomaterials
(Dauphas et al. 2017). Among the first results on Fe isotope
measurements are those reported by Weyer and Schwi-
eters (2003), which demonstrated significcmt gains in
efficiency and measurement precision (0.1%o for §°Fe, 2s).
Subsequently, several studies using MCICP-MS  have
reported better precision and accuracy (Schoenberg and
von Blanckenburg 2005, Dauphas et al. 2009, 2017, Millet
et al 2012, He et al 2015q, Sossi et al 2015 and
references therein), with values down to 0.03%0 on §°°Fe
under ideal conditions according to Millet et al (2012) and
Chen et al (2017).

Several factors can influence the precision and accuracy
achievable with MC-ICP-MS (Albaréde and Beard 2004).
These include: (i) effective sample digestion and element
chemical separation by ion exchange chromatography to
completely isolate Fe from the matrix, particularly elements
with similar chemical behaviour (e.g, Ni, Cr, Cu), which can
infroduce matrix effects and isobaric interferences; (i)
resolution of plasma-gas polyatomic interferences  from
orgide species (e.g., “OArT 4N on 54Fe, 4OAr'0 on *°Fe
and “OAr'®OH* on *7Fé)) and (i) selecting the optimal mass

bias correction method inherent to plasma  source

mass spectrometry. Compared to chemical preparation,
po|yofomic ion intefferences and instrumental mass bias
present the greatest challenges to measurement accuracy
and precision (e.g., Belshaw et al 2000, Douphas
et al. 2009).

Polyatomic interferences are a major challenge in
ICP-MS and the literature offers several strategies to address
them. A common approach employs a desolvating nebuliser
to increase the Fe/argide ratios, generating a dry plasma
with low oxide and hydroxide formations (eg, Belshaw
et al 2000, Zhu et al. 2002, Anbar 2004). However, they
require nitrogen gas fo optimise sensitivity and signal
stability, which may introduce nitrogen-based interferences
(NO and AN), and demand high sample loads (up to 40
ppm) to achieve high and constant signal levels (Weyer and
Schwieters 2003). Hexapole collision cells have also proven
effective in Fe isotope analyses by reducing Ar-based
interferences via interaction with an Ar-Ho gas mixture (e.g.,
Johnson et al 2002), although new interferences may
occasionally arise (e.g, Dauphas et al 2004). Cold plasma
(~ 600W, Kehm et al. 2003) minimises Ar-based ions by
lowering RF power and plasma temperature, but may
promote molecular species such as AIN* and ArOH*
and/or Ca-based ions like CaO" and CaOH*, which
interfere with °Fe* and °"Fe*, respectively (e.g, Beard
et al. 2003, Dauphas et al. 2009). Medium/High Resolution
(MR-HR) mode is often considered the most effective
approach to separate polyatomic interferences from Fe
masses. It can resolve most of the polyatomic interferences on
the iron peaks while optimising analytical sensitivity, without
the need for desolvating nebulisers or interference suppres-
sion techniques, that require low sample concentrations and
further dilution steps, that may potentially increase the error
of the measurement (Malinovsky et al 2003, Weyer and
Schwieters 2003, Poitrasson and Freydier 2005, Schoen-
berg and von Blankenburg 2005).

Accurate and precise Fe isotope measurements also
require the correction of mass bias fractionation. Strategies
such as standard-sample bracketing (SSB) involve analysing
a certified reference material with known composition to
correct sample ratfios, assuming instrumental mass bias and
matched concentrations and requiring controlled laboratory
conditions (He et al 2015a, Dauphas et al. 2017).

Another Technique, external normalisation (or doping),
exploits mass-dependent bias by adding an elements of
similar mass, which are common|y Cu or N, to correct Fe
ratios. Copper (Cu)-doping helps to reduce uncertainty
caused by instrumental mass bias instability and mitigates

matrix effects, though the inability to simultaneously measure
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the masses of ©>*Cu and >Cu with Fe ions requires peak
jumping in dynamic mode. An additional drawback of
Cu-doping is the difficulty of fully removing Cu during
chemical purification, especially in Cu-rich samples (e.g.
Arnold et al 2004, Dauphas et al. 2009, Zhu et al 2018). In
contrast, Ni-doping offers the advantage of simultaneous Fe
and Ni isotope measurements without requiring peak
jumping, and is easier to separate from Fe than Cu during
chemical purification, despite possible 58Nii->Fe interference
(Poitrasson and Freydier 2005, Dauphas et al 2009, Gong
et al 2020). The double spike method, using %Fe and °8Fe,
is widely considered as the most accurate technique
(Malinovsky et al. 2003, Millet et al 2012) as it corrects
mass bias in real time and is independent of laboratory
condifions, achieving accuracy of 2s = 0.02%o for §°°Fe
(Millet et al 2012). However, the double-spike technique
demands precise high-purity dilutions, fime-consuming
analysis, and difficulties in correcting the *®Ni->®Fe interfer-
ences (Rudge et al 2009, Finlayson et al. 2015).

The growing demand within the scientific community for
reliable reference materials, combined with the evolution of
analytical techniques such as MCICP-MS, makes the
availability of well-characterised new reference materials
essential. In this |ighf, we describe in detail the 0nct|yﬁcc1|
method set up and present, for the first time, the Fe isotope
values of IAEAB5 basaltic rocks, measured for §°°Fe and
5°’Fe values relafive to IRMM-524b. These are
recommended values, offering a valid option for future
comparative studies. To achieve this, we first analysed five
well-known geological reference materials, chosen for their
similar compositions and matrix effects, ranging from basalts
(JB-2, BHVO-2 and BE-N) to andesitic and rhyolitic rocks
(AGV-1 and RGM-1).

Experimental

High-precision Fe isotope data require meticulous sample
digestion and chemical purification. Chemical purification of
Fe is strongly linked to the affinity of Fe for chloride complexes
and their high partition coefficients on anion exchange resins
(Strelow 1980). We performed Fe isotope chemical purifica-
tion starting from the methodology proposed by Sossi
et al (2015), considering that the low volume of reagents
used during the procedure allows the possibility to minimise
blanks and maximise Fe separation from the matrix. This
approach was also followed to further develop the method for
potential Zn-Cu separation and isotope measurements. In the
next paragraph, we describe the implementations made from
the method by Sossi et al. (201 5) that were mainly targeted to
optimise Fe recovery.
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lron isotope ratios of IRMM-524b and other geolog-
ical reference materials were measured using (Thermo
Scientific)  MC-ICP-MS Neptune Plus in the Laboratorio
Isotopi Rodiogenici e Stabili Non-Convensionali (Radio-
genic and Non-Conventional Stable Isotopes Laboratory)
at the lIstituto di Geoscienze e Georisorse of Consiglio
Nazionale delle Ricerche (IGG-CNR) of Pisa, ltaly. The
complete isotope measurement procedure is described in
the following paragraphs. Major element deferminations
of IAEAB5 were performed by X-ray fluorescence
spectrometry (XRF) at the Dipartimento di Scienze della
Terra “Ardito Desio”, Universitar degli Studi di Milano, using
WD-XRF Rigaku Supermini 200. Absolute uncertainties in
XRF measurements were in the range of 0.2% m/m (2s),

whereas trace element data are available in the literature
(Tonarini et al. 2003).

Reagents

To obtain u|tro—pure de-ionised water, we started with
18.2 MQ cm resistivity water, further purified by sub-boiling
distillation using a SavillexTM DST-1000 system. Concen-
trated acids, hydrochloric acid (HCl, 37%), nitric acid
(HNO3, 65%) and hydrofluoric acid (HF, 40%) of Normal-
pur, Suprapur and Ultrapure quality were distilled to
produce high-purity HNO3 (14 mol I'M, HCl (6.6 mol I'")
and HF (23 mol I'). AG1-X8 (200-400 mesh) anion
exchange chromatography resin and ion-exchange col-
umns (Bio-Rad, USA) were used for chemical separation. The
resins were rinsed with sub-boiled distilled water and stored
in 0.5 mol I'" HCI.

Laboratory cleaning protocol

To prevent contamination, all materials were cleaned
with acids. The perfluoroalkoxy alkane (PFA) Savillex vials
were subjected to the following cleaning procedure after
previous use: they were first immersed in a glass beaker
containing aqua regia (1:3 molar ratio of HNO3 and HCI)
for a week. They were then rinsed with 1 sub-boiled H,O,
subsequently placed in a beaker filled with HNO3 and put
on a hot plate overnight at 75-85 °C. The next day, the vials
were rinsed with 1 sub-boiled H,O, and filled with HF acid,
tightly capped and heated on a hot plate overnight. Finally,
they were removed from the hot plate, and after cooling,
they were rinsed five times with one sub-boiled HyO. The 15
ml Falcon test tubes were pre-cleaned before use, through
filing with 2% HNO3, placed on a hotplate at 75 °C
ovemight, and then rinsed three times with one sub-boiled
H,O.
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Sample materials

We used the Fe certified reference material IRMM-524b,
provided by the European Institute for Reference Materials
and Measurements (IRMM), which consist of high-purity iron
wire (99.996%), with Mn and Co as minor impurities. NIST
SRM 986 Ni (*®Ni/Ni = 2596061, °'Ni/*Ni =
0043469 and °2Ni/®°Ni = 0.138600), used for intemal
correction, is a certified reference material from the National
Institute of Standards and Technology (NIST), containing
0.50 g of nickel metal with a purity of 99.999%. The
geological reference materials used in this study include JB-2
(basalt powder, US. Geological Survey), BHVO-2 (basalt
powder, US. Geological Survey), AGV-1 (andesite powder,
US. Geological Survey), BE-N (basalt powder, CRPG, Centre
de Recherches Pétrographiques et Géochimiques), RGM-1
(rhyo|ite powder, us. Geo|ogico| Survey). For the first time,
we additionally measured reference material IAEA-B5
(basalt powder, International Atomic Energy Agency). Maijor
(XRF, this s'rudy) and trace elements (ICP-MS, Tonarini
et al 2003) of IAEA-B5 are reported in online supporting
information Table S1 for a more comprehensive geochem-

ical characterisation.

Sample digestion and chemical separation

All the sample digesfion and chemical separation steps
were conducted in a class-100 (ISO 5) clean room under @
chemical hood. Approximately 2.5 g of Fe certified reference
materials IRMM-524b and 0.5 g of Ni certified material
NIST SRM 986 were weighed into 30 ml PFA vidls.
Concentrated HNO3 (14 mol I'") was then added, and to
achieve complete dissolution, the vials were placed on a hot
plate at 75° C for a week. Afterwards, the vials were opened
and the samples were dried. Once dried, a calculated
aliquot of 2% HNO3 was added to produce 100 pg g’

concentrated stock solutions for both reference materials.

A different dissolution procedure was used for silicate
reference materials. Approximately 30 mg of sample
powder was weighed in 15 ml PFA vials and subject to
an inifial three-day digesfion step using a mixture of HF
(4 ml, 24 mol I'') and HNO3 (1 ml, 14 mol I'') at 75 °C.
After drying, a second HF+HNO3 (4:1) dissolution step was
performed, with vials kept on a hot plate at 75 °C for o
week. During this fime, samples were placed in an ultrasonic
bath for 2-3 min, three to four times per day, to further
promote complete dissolution of any eventual residue. The
two-steps of HF+HNO3 treatment were specifically designed
to ensure complete dissolution and full breakdown of silicate
matrices. When dissolution was completed, the PFA vials

were opened and the solutions evaporated to dryness. To
remove residual HF and fluorides, the dried sqmp|es were
re-fluxed with T ml concentrated 14 mol I'" HNO3 and then
evaporated fo dryness. Then, 5 ml of 6.6 mol I'' HCl was
added, and the samples were ultrasonically freated and
heated on a hot plate at 75 °C for 24 h until a clear solution
was obtained for all the samples. Finally, samples were dried
again, redissolved in 2 ml of 6.6 mol I'' HCl, and stored in
polypropylene vials, ready for the chemical purification step
(Table S2). While the final HCI step resembles that used by
Sossi et al (2015), the overall digestion strategy adopted

here remains distinct.

To minimise matrix effects, isobaric interferences and
isotope fractionation during chemical separation, efficient
matrix removal and complete Fe recovery (ie, > 99%) are
essential. For this purpose, PTFE columns (0.4 x 7 cm) were
flled with 1 ml BioRad AG1-X8 (200-400 mesh).
Pre-cleaning involved flushing with 5 ml 3 mol I HNO3,
followed by 5 ml 1 sub-boiled H,O (Table S2). Columns
were then conditioned with 5 ml 6.6 mol I HCl before
sample loading. Hence, 0.5 ml of 6.6 mol I HCl sample
solution containing ~ 40 pg of Fe was loaded, during which
ferric chlorides appeared as a distinct yellow ring on the
resin (Figure S1). Copper and other matrix elements,
particulary Ni and Cr, were eluted with a total of 11 ml
(744) 6.6 mol I HCl. lron was recovered by adding 3
ml 0.5 mol I HCl in six 0.5 ml steps, followed by an
additional 1.5 ml to check the possible presence of Fe
residues after elution. Eluates were dried, re-fluxed with 1 ml
concentrated 14 mol I HNO3 and dried again fo eliminate
any chloride complexes. Subsequently, T ml 2% HNO3; was
added, samples were ultrasonically freated and dried once
more. This step ensures that the acid molarity is perfectly
matched across the samples, reference material and blank
solutions, which is essential for achieving accurate isotopic
measurements. Finally, the dried Fe residues were dissolved
in 8 ml 29% HNOj3 to obtain a sample concentration of ~ 5
ug g, ready for measurement by MCICP-MS. During
chemical processing, the Fe blank was ~2 ng, which is
negligible for the analysed samples.

Fe isotope ratio measurement

lron isotope rafios of IRMM-524b and geological
reference materials were measured using a Thermo Scientific
High Resolution (HR)-MC-CP-MS Neptune Plus, equipped
with an Infegrated anti-contamination Enclosure ENC-560
Teledyne CETAC Technologies covering an ASX-560
Teledyne CETAC Technologies automatic autosampler.
Samples in 2% HNOj solution were introduced using a
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100 pl min" flux cyclonic nebuliser connected to a dual
cyclonic spray chamber in quartz, and pared Ni-made
skimmer(H-type)/sampling cones. During the measurements,
Fe* peaks were resolved from ArO*, ArOH* and AN*
interferences as flattopped plateaus on the low mass
shoulder of argide peaks following the method suggested
by Weyer and Schwieters (2003). Measures were performed
in high-reso|uﬁon mode, which provided a mass resolution
(Mo95/Mogs-moos) equal to ~ 10000.

Two types of measurement sessions were conducted: (i) o
standard-sample brackefing session (SSB) and (i) o SBB +
Ni-doping session. For both protocols, samples and
reference material concentrations were matched to within
+ 5%. A less concentrated Ni-doped IRMM-524b standard
soluion (~05 pg g') was used to set up the mass
spectrometer, enabling clear differentiation between the real
Fe signals and the ones resulting from the isobaric
interferences. Before each measurement session, the instru-
ment was left to stabilise for at least 30 min after plasma
ignition in a blank solution prior to instrumental tuning and

signal intensity optimisation.

In the first sessions, we employed the SSB method without
any mass bias correction. During these sessions, we
monitored >3Cr, **(Fe+Cr), *°Fe, *"Fe, *®(Fe+Ni) and “°Ni
using Low 4 (L4), Low 2 (L2), Low 1 (L1), Central (C), High 1
(H1) and High 3 (H3), respectively, using 10'° @, 10'? Q
and 10'% Q resistors (Table 1). Measurement protoco|s
varied to assess data quality, with acquisition times of twenty
or twenty-five cycles per block for blanks and integration
times of 4.194 s per cycle with a 3 s idle. For RMs and
samples, the protocol involved forty to sixty cycles in blocks of
eight fo ten, maintaining the same infegration and idle
times. A 2% HNO3 solution was used for washing before
and after each blank, RM and sample measurement. >3Cr
was monitored to correct for residual **Cr (isobaric
inferference on °*Fe), assuming a **Cr/*3Cr ratio of
02571 (He et al 2014). Tests were conducted using
IRMM-524b Fe standard solutions at concentrations of 5 ug
g and ~2 pg g, with >°Fe signal in the range of 9.5 and
10 V. Results showed negligible **Cr, eliminating the need
for Cr corrections.

In the following sessions, we applied the standard-
sample bracketing plus Ni-doping method. In this protocol,
both reference and sample solutions were spiked using NIST
SRM 986 with a FeNi ratio of 1:1, following Chen
et al (2017), who reporTed no significcmt Fe isotope
variation when Fe:Ni ratio ranged between 0.5 and 2.0.
We recall that using Ni-spiking for mass bias correction offers
advantages over other elements (eg, Cu) due to the

simultaneous measurement of Fe and Ni without the need
for peak jumping, reducing measurement time and instability
(eg, Amold et al 2004, Schoenberg and van Blancken-
burg 2005). In addition, Ni contained in the somp|e could
be easily separated from Fe during the column separation
procedure, ensuring only the Ni added from doping is
present in a defectable amount during measurement. In
these sessions, 54Fe, 56Fe, 57Fe, 58(Fe+l\li), %ONi and 92N
were measured, respectively at Faraday cups Low 4 (L4), Low
3 (L3), Low 1 (L1), Central (C), High 1 (H1) and High 2 (H2),
equipped with 10'> @ and 10"" Q resistors with *°Fe
intensity between 10 and 11 V using 5 pg g™ concentrated
solutions of IRMM-524b Fe (Figure S2). The ®?Ni/*°Ni ratio
of 0.138599 was applied for mass bias correction using the

exponential law:

r:/e(1 +ﬂ)ﬂ (1)

where ris the measured isofopic ratio, R is the true ratio,
AM/M represents the relative mass difference, and g is the
mass fractionation factor (Russell et al 1978, Maréchal
et al. 1999). Iron isotopes were measured in static mode.
To assess reproducibility, accuracy, time efficiency and
solution consumption, sample analyses were performed as
single, duplicate, triplicate and quintuplet measurements in
the brockefing procedure. Sample results were corrected
for the consecutive standard mean, from which the blank
mean was subtracted. When replicates were measured in
sequence, blanks consisted of twenty-five cycles (five blocks
of five cyc|es), while reference materials and somp|es had
sixty or ninety cycles (six blocks of ten cycles or nine blocks
of ten cyc|es) with an integration time of 8.389 s and an
idle time of 3 s. For single measurements, blanks, samples
and RMs, all used twenty-five cycles with three measure-
ments averaged for the result. A 2% HNOj3; washing
solution was used for washing before and after each
blank, reference material and sample measurement. An
instrumental baseline correction, which consisted of 100
cycles with integration times of 1.02 s, was performed
before every sample and RM. Additional modifications,
compared with the SSB sessions, included: (i) ensuring
Faraday cup alignment within 0.02 amu for precise
isotopic mass matching by checking the distance between
all the Fe isotope masses taken before interference-free
plateau, and more precisely in the middle of the shoulders,
(i) increasing the integration time from 4.194 s to 8.389 s
without Fe background rise.

Data are reported in the traditional 8 notation relative to
IRMM-524b:
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Table 1.

Faraday cup configuration, instrumental parameters and operating conditions (MC-ICP-MS Neptune Plus

instrument)

SSB Protocol

Analyte s3¢r SFe Fe >’Fe 8Fe ONjj
Cup L3 L1 C H1 H2 H4
Amplifier 100 1020 10" o 1020 10?0 1020
Coolant gas 1.250 | min-!

Auxiliary gas 0.85 | min™'

Nebuliser gas 100 pl min™'

RF power 1300 W

Spray chamber Dual cyclonic quartz

Sample cone Ni

Skimmer cone (H-type) Ni

Solution uptake 100 pl min™!

Washing time 240's

Integration time 4194 s

Sensitivity

9.5-10 V (*Fe)

SSB+Ni Doping Protocol

Analyte S4Fe 56Fe 57Fe 8(Fe+Ni) ONi 62N
Cup L4 L2 L1 C H1 H3
Amplifier 10'2Q 10" Q 1020 10" Q 1020 10'2Q
Coolant gas 1.100 | min-!

Auxiliary gas 0.90 | min!

Nebuliser gas 100 pl min™'

RF power 1300 W

Spray chamber Dual cyclonic quartz

Sample cone Ni

Skimmer cone (H-type) Ni

Solution uptake 100 pl min™!

Washing time 90s

Infegration time 8389 s

Sensitivity 11V (*°Fe)

()
54
Fe/ sample

- . o)
% Fe I —
(_) RMM—524b

§Fe=

where x is mass 56 or 57, respectively. A detailed
description of Faraday cup configurations and instrumental
seffings for SSB and SSB+Ni-doping methods is reported in
Table 1.

Results and discussion

Standard-sample bracketing (SSB) vs. SSB+Ni-
doping

Two diverse measurement protocols using IRMM-524b
Fe solution were tested to assess the precision and accuracy
of analyses with a 5 pg g concentrated solution. Simple

standard-sample bracketing (SSB) gave a mean value of
5°°Fe = 0041 +0.133 and 5°'Fe = -0003 + 0.089 (2s,
n = 31, Figure 1a). In contrast, the SSB with Ni-doping
improved precision, producing lower 2s values, with
§°%Fe = 0024 £ 0061 (25, n = 56) and §*’Fe = 0021
+0077 (25, n = 50). No significant changes in mean
values or errors occurred when using single, duplicate,
triplicate or quintuplicate measurements within the bracket-
ing sequence (Figure 1a).

Although Ni-doping enhances precision, it may introduce
additional uncertainties, inc|uo|ing pofentio| isobaric interfer-
ences and the need for mass bias correction. However, the
significant difference in natural abundances between “®Ni
(~68%) and *%Fe (~03%) makes *®Ni->%Fe isobaric
inferference negligible. Regarding mass bias correction, a
strong correlation between exponential coefficients (fr, vs. fiy,
Figure 1b) indicates that Fe and Ni undergo very similar
instrumental mass bias, suggesting similar  fractionation

6 © 2025 The Author(s). Geostandards and Geoanalytical Research published by John Wiley & Sons Ltd on behalf of
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Figure 1. Results of IRMM-524b analyses: (a) intermediate measurement precision of SSB and SSB+Ni methods. Bars

on SBB data points represent 2SE (standard error), because single analyses of IRMM-524b were run during

bracketing procedure, whereas the bars on SSB+Ni data points represent 2s (standard deviation); (b) Plot of

measured mass bias fractionation factors over a long term for Fe and Ni isotopic ratios obtaining during SSB+Ni

protocol. fr. and fy; are relative to *Fe/>*Fe and %2ZNi/°Ni isotopic ratios, respectively with fr, =
In(5¢Fe/>*Feyrpe/ >CFe/**Femeasured)/IN(M>°Fe/M>*Fe) and fr; = In(62Ni/%°Ni;rye/°2Ni/®°Nimeasored)/IN(M2Ni/

M5°Ni). Theoretical slope (TS) = In(mass®®Fe/>*Fe)/In(mass®ZNi/mass®°Ni). All the measurements carried out during

bracketing are reported. x2, x3 and x5 indicate that the sample was measured two, three and five times

respectively during the bracketing sequence, whereas 1(3) refers to the mean of three single sample

measurements.

pathways in the mass spectrometer. The slope of 1.116 and
R> =0986 observed in Figure 1b, closely aligns with the
theoretical slope (TS = 1.108), calculated using Fe and Ni
natural masses, suggesting a consistent fractionation trend.
While Fe and Ni exhibit similar geochemical behaviours,
s|ighf differences arise due to distinct ionisation potenﬁcd, as
well as solute matrix effects. Instrumental factors, such as
instrumental drift over time, |o|osmc1 conditions, cone wear and
sample collection, can influence slope accuracy (eg, Yin
et al 2024). However, the strong agreement befween
theoretical and experimental slope suggests minimal analyt-
ical disturbance from isobaric interferences and instrumental
mass bias. This confims that the use of the Ni doped internal
standard method to correct Fe isotope mass fractionation is
both feasible and effective (e.g, Chen et al 2017, Chemo-
nozhkin et al 2017, Gonzdlez de Vega et al 2020),
although this does not mean that the SSB method is invalid. In
this light, the use of Ni-doping in our laboratory routine may
make the measurements less susceptible to external condi-
tions. Therefore, all the results of geological reference
materials presented in this study were obtained using
SSB+Ni-doping protocol and following the procedure and
instrumental setting described in the previous paragraph.

Fe isotope ratios of geological reference materials

Several replicates of reference materials were measured
to test and improve the accuracy of isotopic ratio measure-
ments and to assess the intermediate measurement precision
("external reproducibility") of the MCICP-MS method, which
is expressed as 2s (standard deviation) calculated by the
repeated analysis of a given sample processed n times
(Table 2 and Data Repository (Fe isotope ratios of IAEA-B5
and other reference materials) in Di Giuseppe et al. 2025),
2SE (standard error, single analysis) as well as 2SE*
(2SE = 2s/+/n). As previously suggested by Poitrasson and
Freyolier (2005), when the number of repeoted cmct|yses was
less than fifteen, Student's t factor was used to calculate 2SE*
(2SE* = [17°%23] /+/n). This approach yielded 2SE* precisions
of 0014 to 0052%o for §°°Fe and + 0017 to 0056%o
for 8°”Fe, except for BHVO-2, which showed a higher 2SE of
0.087%o for 5> Fe.

The 8°°Fe and &°Fe isotopic values of geological
reference materials measured with  Ni-doping internal
standard correction are presented in Table 2 and Figures 2
and 3. Comparison between our results and those from the

© 2025 The Author(s). Geostandards and Geoanalytical Research published by John Wiley & Sons Ltd on behalf of 7
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Table 2.
Mean Fe isotope ratios for geological reference materials
RM Date 5°6Fe 2s 2SE 2SE* 5°7Fe 2s 2SE 2SE* n
JB-2 08.05.2024 0.065 0.006 0.077 0.025 2
08052024 0.124 0067 0.157 0069 2
06.08.2024 0.123 0.076 0.195 0.047 5
29.08.2024 0.080 0.064 0.104 0.086 3
29.08.2024 0.126 0.039 0.174 0.061 3
29.082024 0084 0057 0.107 0056 1
29.08.2024 0.074 0014 0.131 0.017 1
Mean 0.097 0.050 0.036 0.135 0.078 0.056 7
BHVO-2 06.08.2024 0.164 0.078 0.224 0.057 5
29.082024 0.104 0089 0.157 0045 3
29.08.2024 0.142 0.051 0.238 0.045 1
29.08.2024 0.113 0.077 0.128 0.060 1
Mean 0.131 0.047 0.050 0.187 0.092 0.087 4
AGV-1 04062024 0.134 0059 0247 0038 3
04.06.2024 0.131 0.055 0.193 0.032 3
05.06.2024 0.143 0.044 0.171 0.020 3
05.06.2024 0.145 0.058 0.149 0.015 3
06.08.2024 0.153 0.041 0.185 0.036 5
Mean 0.141 0016 0014 0.189 0.065 0.055 5
BE-N 29082024 0.166 0.004 0.176 0019 3
29.08.2024 0.111 0.041 0212 0.061 1
16.10.2024 0.165 0.007 0.199 0.079 1)
22.10.2024 0.1483 0.0893 0.2372 0.0764
Mean 0.148 0.044 0.047 0.206 0.044 0.047 4
RGM-1 27.08.2024 0.186 0.091 0.325 0.104 5
29.08.2024 0219 0.029 0.286 0.080 3
29.08.2024 0.247 0.088 0.315 0.108 1
16.10.2024 0.258 0.089 0.373 0.088 1)
22.10.2024 0.1927 0.085 0.3191 0.0818
Mean 0.221 0.057 0.052 0.324 0.056 0.050 5
IAEA-B5 2507.2024 0.129 0069 0.160 0015 5
25.07.2024 0.064 0.084 0.108 0.083 5
2507.2024 0.073 0.065 0.149 0.066 5
25.07.2024 0.088 0.084 0.129 0.071 5
06.08.2024 0.134 0.043 0.174 0.026 5
06.08.2024 0.073 0.023 0.126 0.048 5
12.09.2024 0.102 0073 0.164 0.006 2
12.09.2024 0.093 0.042 0.105 0.069 2
12.09.2024 0.124 0.023 0.193 0.043 2
12.09.2024 0.134 0.026 0.151 0.006 2
12.09.2024 0.132 0018 0.139 0069 2
12.09.2024 0.044 0.068 0.060 0.019 2
12.09.2024 0.152 0061 0.168 0029 2
16.10.2024 0.073 0.035 0.122 0.087 1)
16102024 0.126 0047 0201 0093 1)
22102024 0.129 0019 0.157 0002 1)
22102024 0.112 0051 0.194 0036 1)
Mean 0.105 0.061 0015 0.147 0.071 0017 17

2sis 2 standard deviations

* indicates 2 Standard Error (2SE) calculated using 2s and the number of analyses n

n is the number of measurements during the bracketing sequence
n in bold is the number of total measurements for each reference material

literature are reported in Table S3. The reference materials
analysed in this study included basaltic rocks (JB-2, BHVO-2
and BE-N) and andesitic (AGV-1) to rhyoliic (RGM-1)
samples. More evolved igneous rocks displayed heavier
isofope enrichment, as previously observed by Dauphas

et al (2004), Craddock and Dauphas (2011) and He
etal (2015aq).

The mean 8°°Fe and &> Fe values of JB-2 were 0.097
+0.050%0 (25, n = 7) and 0.135 £ 0.078%o (2s, n = 7),
respectively, in agreement with values of 0.110 + 0.032%o
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Figure 2. Summary of iron isotope (6°Fe and 6°7Fe) ratios of geological reference materials. Iron isotopic data

obtained in this study (large symbols) were compared against literature data for the same samples (small symbols).

2s or 95% confidence levels are reported. All the literature data are reported in Table S2.

(2s) and 0159 +0066%0 (2s) repored by Zhu
et al. (2020). The mean §°°Fe and §°”Fe values of BHVO-
2 were 0131 £0047% (25, n = 4) and 0.187
+0092%0 (25, n = 4), respectively, which are coherent
those observed in the literature (Liv et al 2014, Barrat
et al 2015, Sossi and Moynier 2017, Du et al. 2017, Zhu
et al 2020). BE-N sample is quite similar to previous
materials, showing a mean 8°°Fe and &>Fe of 0.148
4+ 0.044%o (25, n = 4) and 0206 4+ 0044%0 (25, n = 4),
respectively, which are in good agreement with the values
measured by Telus et al (2012) and most recently Yin
et al (2024). Andesitic rock AGV-1 is in the same range of
basaltic rocks with mean 8°°Fe and §°'Fe of 0.141

+0016%0 (25, n = 5) and 0.189 4+ 0.065%0 (2s, n = 5),
with values very close to those obtained by Wang
et al (2014) and Zhu et al (2020). Rhyoliic powder
RGM-1 shows higher values in §°°Fe and §°’Fe, when
compared with the other rocks, with §°°Fe and §>’Fe values
of 0221 £ 0.057%o (25, n = 5) and 0.324 4 0.056%0 (2s,
n = 5), respectively, resembling the values reported by
Gonzales de Vega et al (2020).

Figure 3 displays a linear frend (slope of 1.498, R?
=0.997) among the mean values of reference materials,
which is very similar to measured isotopic mass-dependent
fractionation trends in natural samples (1.466, Malinovsky
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Figure 3. Mass fractionation in three-isotope diagram
of Fe measured for geological reference materials.
Data are also reported in Table 2 (Di Giuseppe

et al. 2025).

et al. 2003, Craddock and Dauphas 2011), and closely
overlaps the theoretical equilibrium (1.475) and kinetic
(1.488) fractionation slopes. Comparison with literature data
and linear trends obtained by reference materials confirms
the reliability of the analytical methods employed in this
studly.

IAEA-B5: new recommended value for Fe isotope
composition

Reference material IAEA-B5 is a powder rock derived
from porphyritic basalt that erupted on July 22, 1998, from
Etna Volcano main crater, in Sicily (italy). Generally, this rock
sample is used as stable isotope reference material as
reported by Tonarini et al (2003) for boron and Liu
et al (2018) for lithium isotopes. Our reasons for promoting
and measuring the Fe isotopic composition of this rock are
twofold: (i) the need for reference materials given the great
demand for them in all laboratories around the world, driven
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Figure 4. Results of fifty-one repeated analyses in six different measurement sessions of reference material IAEA-B5.

(a) Three-isotope diagram reporting the ratios of IAEA-B5 and the same isotope ratio of IRMM-524b performed

during the same measurement sequences. (b) 6°Fe and 5°”Fe of IAEA-B5. Grey rectangles represent the mean

values + errors for each delta values.
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by the rapid expansion of high-precision mass spectrometry
instrumentation in the last twenty years, (i) Being easily
available at a low cost through the IAEA, this reference
material can be used to promote infercalibration among
laboratories  worldwide. Furthermore, as illustrated in
Figure S3, the selection of IAEA B5 is supported by its
distinct composition (e.g, MgO vs. FexOg), compared with

the other selected reference materials.

The isotopic Fe data obtained in this study for IAEA-B5
basaltic rock are presented in a three-isotope plot, plotting
In(>®Fe/>*Fe) against In(>Fe/>*Fe) as shown in Figure 4a,
and compared with the regression slope of Fe reference
material IRMM-524b analysed in the same measurement
sessions. Both IAEA-B5 and IRMM-524b displayed indisfin-
guishable slopes, yielding linear frends of 1.470 (R
=0999) and 1473 (R =0999), respectively, aligning
with the theoretical values of kinetic and equilibrium
fractionation  lines  (kinetic ~ slope = 1.488,
equilibrium slope = 1.475), as well as previously measured
isotopic mass-dependent fractionation frends (slope = 1.466)
in natural samples. Minor deviations from theoretical slopes
could be due to external factors such as pressure, humidity,
temperature  or instrumental  factors (unsfqb|e |o|<:15mc1
conditions and resolution power), which influence the
instrumental drift during long analytical sessions. For this
reason, even though instrumental tuning is crucial, some
external parameters remain uncontrollable. Table 2 and
Figure 4b summarise the performed analyses relative to
IAEA-B5 sample. The replicates of IAEA B-5 gave a mean of
8°°Fe and §°’Fe of 0.105 £ 0061 (25, n = 17) and 0.147
+0071 (25, n=17), respectively, that are in the range of
the results obtained performing iron isofope compositions
of previously described basaltic samples. The good
agreement with other basaltic samples is also shown in
Figure 3.

Conclusions

Considering that the characterisation of the isotopic ratio
as reference material ideally requires data from multiple
laboratories, employing different measurement techniques
and instrumentation, with the aim to minimise potenﬁo| bias,
we encourage the scientific community to regard these
values as a starting point for future infercalibration between
laboratories, and potentially offer an alternative to existing

Fe reference moferio|s.
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