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In situ iron isotope ratios (δ56Fe) in sulfide measured by secondary ion mass spectrometry (SIMS) can provide valuable
information on several of Earth’s surface processes. SIMS relies on the use of a matrix-matched reference material to
correct for instrumental mass fractionation. To date Balmat pyrite has been widely used as a reference material, on the
assumption of its homogeneous δ56Fe composition. However, several studies have reported divergent bulk δ56Fe values,
which may jeopardise its use. Here, we combined bulk solution MC-ICP-MS and in situ SIMS δ56Fe measurements on two
Balmat batches: the Balmat-Original published in Whitehouse and Fedo (2007) and Balmat-UNIL. Despite
similar compositions, this study demonstrates the existence of two isotopically distinct Balmat populations. With respect to
Balmat-Original (δ56Fe = -0.39� 0.05‰, 2s), Balmat-UNIL is isotopically ’lighter’ with a bulk solution MC-ICP-MS
composition of -1.46� 0.024‰. Additionally, Balmat-UNIL has two subpopulations: the first is characterised by δ56Fe
values of -1.46 � 0.25‰, whereas the second agrees with the original Balmat batch. In each Balmat-UNIL
subpopulation, the intra-grain and inter-grain variabilities are sufficient to use Balmat as a reference material for δ56Fe
isotope measurements by SIMS. This study revealed at least two end-member compositions of Balmat pyrite and calls for a
careful batch-specific determination of bulk δ56Fe.
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Iron (Fe) is the fourth most abundant element in Earth’s
upper crust (Rudnick and Gao 2003), a key nutrient for life,
and a redox-sensitive element (e.g., Fitzsimmons and
Conway 2023). In addition, recent studies have suggested
that the redox cycling between Fe(II) and Fe(III) played a
fundamental role in the early Earth’s environmental biogeo-
chemistry (e.g., Kappleret al. 2021). Consequently, over the last
two decades, Fe stable isotope geochemistry has developed
rapidly to investigate what controls the global oceanic Fe cycle,
sources, internal cycling, and microbial fractionations (e.g.,
Fitzsimmons and Conway 2023, Weber and Deutsch 2010).

Redox cycling affects the Fe isotopic fractionation of
the four Fe isotopes, 54Fe (5.80%), 56Fe (91.72%), 57Fe
(2.20%) and 58Fe (0.28%), following mass- and
temperature-dependent fractionation laws (e.g., Dauphas

and Schauble 2016, Dauphas et al. 2017). The Fe isotopic
composition is usually reported using the delta notation
(δ56Fe), which is defined as the deviation in part of permil
of the 56Fe/54Fe ratio relative to the international
reference value from IRMM-014 (Craddock and
Dauphas 2011). Traditionally, δ56Fe are measured as
bulk solution using multi-collector inductively coupled
plasma-mass spectrometry (MC-ICP-MS) with an analytical
precision (2s) around �0.05‰ or lower (Dauphas
et al. 2017, Heard and Dauphas 2020). However, in situ
δ56Fe measurements by secondary ion mass spectrometry
(SIMS) and/or laser ablation coupled to a multi-collector
inductively coupled plasma-mass spectrometer (LA-MC-
ICP-MS) are becoming more common for samples
displaying large isotopic fractionation such as observed
in pyrite, where the typical SIMS analytical precision for
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pyrite is around 0.20‰ (2s, Decraene et al. 2021a).
Indeed, over Earth’s history the overall pyrite bulk δ56Fe
variability ranges between -4 and +1‰, allowing SIMS
δ56Fe investigation at the pyrite population level (e.g.,
Decraene et al. 2021b, Harazim et al. 2020, Whitehouse
and Fedo 2007) and/or internal grain scale (e.g., Marin-
Carbonne et al. 2014). Interestingly, Dupeyron et al. (2023)
compiled available microscale δ56Fe and found an
overall wider isotopic variability, i.e., -4 to +4‰, preserved
in Precambrian sedimentary rocks opening a new avenue
for in situ Fe isotope investigation.

Accurate microscale δ56Fe determination by SIMS relies
on the ability to correct for the instrumental mass fractionation
(IMF) and, therefore, on the use of adequate matrix-matched
reference materials. In a pioneering study, Whitehouse and
Fedo (2007) evaluated the IMF and measurement repro-
ducibility of δ56Fe in pyrite using one of the commonly used
sulfur isotope reference materials: Balmat (Crowe and
Vaughan 1996). Their MC-ICP-MS data (n= 2) yield a
δ56Fe value of -0.39� 0.05‰ (2s), which was subsequently
applied to investigate intra-grain homogeneity by SIMS
using three grains of the same Balmat batch (hereafter
referred to as Balmat-ORIGINAL). After intra- and inter-grain
homogeneity investigation, they concluded that Balmat-
ORIGINAL was sufficiently homogenous to be used as a
SIMS Fe isotope reference material, with a δ56Fe = -0.39�
0.18‰ (2s). Since that study, the following determination of
pyrite δ56Fe values by SIMS has used the δ56Fe value of
Balmat-ORIGINAL for correction of the IMF and/or accuracy
calculation (e.g., Decraene et al. 2021b, Marin-Carbonne
et al. 2011). It is worth noting that all these previous studies
have tested the suitability of the Balmat reference material by
using secondary pyrite reference materials, which have all
given good agreement between SIMS measurements and
MC-ICP-MS values. Yet, more recent solution MC-ICP-MS
analyses, carried out on different Balmat batches (i.e., same
sampling locality but different sampling aliquot), have
reported δ56Fe deviations from the initial δ56Fe values (i.e.,
a δ56Fe = -0.39), see Table 1.

However, with the increasing number of pyrite
microscale δ56Fe determinations, The community must
investigate the relative isotopic homogeneity of the Balmat
deposit. Therefore, this study presents the first systematic
comparison of bulk solution MC-ICP-MS and in situ
SIMS δ56Fe measurements from two distinct Balmat
batches: the ORIGINAL vs. our in-house aliquot (Balmat-
UNIL). In addition, we investigated a potential new
reference material for Fe isotope determination in pyrite:
Ruttan-UNIL.

Experimental

Balmat pyrite batches

In this study, we used two different pyrite aliquots of the
Balmat deposit: Balmat-ORIGINAL and Balmat-UNIL. For
Balmat-ORIGINAL, two large grains (courtesy of M. White-
house) were embedded in epoxy and polished with
diamond pastes to ensure a flat surface prior to being
carefully removed from the epoxy and pressed into a 1-inch
indium mount, hereafter referred to as MM-1 (red symbols in
Figures 1 and 2). The bulk solution MC-ICP-MS δ56Fe value
of Balmat-ORIGINAL is taken from Whitehouse and Fedo
(2007) to be equal to δ56Fe = -0.39� 0.18‰ (2s). One of
these grains was the pyrite reference material used in the
studies of Marin-Carbonne et al. (2011) and Decraene et al.
(2021).

The same procedure was applied to the Balmat-UNIL
batch, yielding an indium mount with two Balmat-UNIL
grains, hereafter referred to as MM-2 (blue symbols in
Figures 1 and 2). To determine the δ56Fe values for the
Balmat-UNIL, nine fragments were randomly selected,
examined under optical microscopy to ensure the absence
of any other Fe-bearing minerals phases (e.g., sphalerite,
pyrrhotite, chalcopyrite), and characterised by bulk solution
MC-ICP-MS at the University of Chicago.

Table 1.
Solution MC-ICP-MS and microscale Fe isotopic δ56Fe and δ57Fe values of the various published batches of
Balmat pyrite

δ56Fe (‰) 2s δ57Fe (‰) 2s n Method Reference

-0.39 0.05 MC-ICP-MS Whitehouse and Fedo (2007)
-1.38 0.07 -2.01 0.11 31 MC-ICP-MS Zheng et al. (2018)
-1.33 0.05 -1.96 0.11 4 MC-ICP-MS Xie et al. (2018)
-1.30 0.04 -1.94 0.04 3 SN-MC-ICP-MS Xu et al. (2022)
-1.32 0.16 -1.93 0.25 166 fs LA-MC-ICP-MS Xu et al. (2022)
-1.46 0.02 -2.15 0.03 9 MC-ICP-MS This study
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In addition, sixteen individual polished Balmat-UNIL
grains were mounted in sixteen different indium mounts,
hereafter referred to as ‘sample mounts’ (green symbols in
Figure 1).

Ruttan pyrite

Similarly, six Ruttan-UNIL pyrite fragments (courtesy of D.E.
Crowe) were randomly handpicked, examined for other Fe-
bearing phases under an optical microscope and, then,
similarly characterised by bulk solution MC-ICP-MS at the
University of Chicago.

As previously, sixteen individual Ruttan-UNIL polished
grains were pressed into sixteen indium mounts alongside
the Balmat-UNIL ‘sample’, hereafter also referred to as
‘sample mounts’ (green symbols in Figure 1).

Chemical characterisation of the pyrite material

The chemical composition of the pyrite grains was
measured using an electron probe microanalyser (EPMA)
at the Centre of Advanced Surface Analyses of the
University of Lausanne (CASA). EPMA transects were
performed using the five-spectrometer equipped JEOL JXA
8530F. The analytical conditions were the following: a fully
focused beam (with a diameter of less than 1 μm) of 15
nA beam current and an acceleration potential of 15 kV. A
set of sulfide, silicate, and oxides was used as reference
material.

Elements and X-ray lines used for analysis were Fe (Kα),
Co (Kα), Ni (Kα), Cu (Kα), Zn (Kα), S (Kα), Mn (Kα) and Pb
(Mα). Detection limits were below 144 μg g-1 for Co, 167 μg
g-1 for Cu, 120 μg g-1 for Mn, 654 μg g-1 for Pb, 145 μg g-1

for Cr, and 200 μg g-1 for Zn on average.

Solution MC-ICP-MS

The analytical procedure used for Fe purification and
isotopic measurements followed the standard procedures
used at the Origins Laboratory of the University of Chicago
(e.g., Dauphas et al. 2009, Hopp et al. 2022).

Briefly, hand-picked pyrite grains were digested using
HF-HNO3 (2:1) at 130 °C on a hot plate for 48 h followed
by several steps of aqua regia (3:1 HCl-HNO3) dissolution,
later converted and re-dissolved in 0.25 ml of 10 mol l-1 HCl
for column purification. We used 10.5 cm long PFA columns
(0.62 cm inner diameter) filled with 3 ml pre-cleaned AG1-
X8 (200–400 mesh) anion resin to efficiently separate Fe
from Cu, Ni, Co and Cr as described by Tang and Dauphas
(2012). Nickel and major elements were eluted in 5 ml 10
mol l-1 HCl, while Cu and other contaminants were eluted
using 30 ml 4 mol l-1 HCl. Iron was finally collected in 9 ml
0.4 mol l-1 HCl. The entire procedure was repeated twice for
each sample.

Iron isotopic measurements were performed at the
University of Chicago using a Thermo Scientific Neptune
MC-ICP-MS. Measurements were made on flat-topped
peak shoulder in high-resolution mode. All isotopes were
measured using 1011 Ω amplifiers except for 56Fe+, which
was measured using a 1010 Ω amplifier. We monitored
possible isobaric interferences by measuring simultaneously
53Cr+ and 60Ni+ using 1012 Ω amplifiers. Platinum cones
were used to increase sensitivity (Hopp et al. 2022). The
purified Fe solutions (5 μg g-1 in 0.3 mol l-1 HNO3) were
introduced into the MC-ICP-MS using a cyclonic spray

Figure 1. Grain morphologies as revealed by optical micros-

copy imaging of (a) Balmat-ORIGINAL grains in MM1, (b)

Balmat-UNIL in MM2 and (c) representative Balmat grains in

“sample mounts”. Red scale bars are 100 μm long.
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chamber. Standard-sample bracketing was used to correct
Fe isotopic ratio measurements for instrumental mass
fractionation. The mass fractions of the samples and
reference materials were matched to ≤ 2%. Iron isotopic
ratios are reported in the usual δ notation in per mil (‰) as:

δ56Fe ¼ 56Fe=54Fe
� �

sample=
56Fe=54Fe
� �

standard�1
h i

(1)

where the "standard" is IRMM-524a which has identical
isotopic composition to IRMM-14 (Craddock and
Dauphas 2011). The uncertainties are reported as 2s.

SIMS iron isotope measurements

Prior to SIMS δ56Fe investigation, all mounts were
subjected to an optical profiler (Contour GT-K, Bruker,
Karlsruhe, Germany) at the University of Lausanne to
guarantee minimal topography (< 5 μm, Kita et al. 2009)

and coated with a 35 nm gold film to ensure conductivity
between the sample surface and the SIMS holder.

All microscale investigations were carried out at the
University of Lausanne using the SwissSIMS Cameca 1280-
HR ion probe equipped with a Hyperion-II radio-frequency
source. We undertook three measurement sessions: the first
between 03/05/2023 and 07/05/2023, the second
between 09/05/2023 and 12/05/2023, and the third
between 20/06/2023 and 23/06/2023. Note that the
Hyperion source was turned off and the primary beam was
re-focused between session 1 and session 2. Maximal
measurement repeatability ("internal") precision (2SE) was
0.18, 0.21 and 0.14 for sessions 1, 2 and 3, respectively.

The ion microprobe settings for this study were the same as
those used by Decraene et al. (2021a). The key instrumental
parameters are summarised below, but details can be found in
Decraene et al. (2021a). A 3 nA Gaussian 16O- beam was

Figure 2. Instrumental Mass Fractionation (α) . In panel (a), αMM1 and αMM2 calculated using the solution MC-ICP-MS

from the Balmat-ORIGINAL batch (Whitehouse and Fedo 2007); In panel (b), αMM1 and αMM1 calculated with MC-

ICP-MS values from Balmat-ORIGINAL (Whitehouse and Fedo 2007) and Balmat-UNIL (this study), respectively. Red

symbols refer to MM1 (only Balmat-ORIGINAL), Blue symbols refer to MM2 (only Balmat-UNIL) and green symbols

refer to ‘Sample Mounts’ . Open and filled symbols show the two Balmat fragments, as mentioned in the section

Balmat pyrite batches . Coloured horizontal lines and associated shaded areas correspond to the long-term mean

values and associated uncertainties (2s). Vertical black lines show session boundaries.

4 © 2024 The Authors. Geostandards and Geoanalytical Research published by John Wiley & Sons Ltd on behalf of
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focused to a spot diameter of ≈ 3 μm on the sample surface.
Secondary Fe ions were measured in the mass spectrometer
with typical 56Fe intensities between 5 to 6 × 107 counts per
second. To resolve the 53CrH+ (on the 54Fe+) and 55MnH+ (on
the 56Fe+) themass resolutionpowerwas set to≈ 6800, and the
measurement of 52Cr allowed to monitor the 54Cr+ isobaric
interference on the 54Fe+ (Whitehouse and Fedo 2007, Marin-
Carbonne et al. 2011). 52Cr, 54Fe and 56Fe were simulta-
neously measured in multi-collection mode with two off-axis
Faraday cups and one electron multiplier for 52Cr. A 90 s pre-
sputtering time was applied before each analysis, allowing
simultaneous detector background acquisition. Data acquisition
was performed as sixty cycles for a total of 7 min per analysis
resulting in a� 3 μm deep pit. After the pre-sputtering, (i) beam
centring in the field and contrast apertures and (ii) sample high
voltage scanning to monitor possible energy offset were
performed automatically before each data collection.

The data reduction procedure used in this study is
adapted from Farquhar et al. (2013). First, each detector was
corrected for its gain and background, and then the detector
yields were 54Cr+ corrected using:

54Fecorr cps ¼ 54Fe cps� 52Cr cps� 54Cr=52Cr
� �� �

(2)

δ56Fecorr ¼ 1000� 56Fe cps= 54Fecorr cps
� �

=
�h

56FeIRMM�014=
54FeIRMM�014

� ��� 1
i

(3)

where cps refers to counts per second and 56Fe

IRMM-014/54FeIRMM-014 equals 15.6979 (Craddock and
Dauphas 2011).

After the drift correction, the IMF (α) was calculated as the
weighted mean of our internal bracketing standard
measured every ten to fifteen analyses (e.g., Balmat-
ORIGINAL and/or Balmat-UNIL) using:

α ¼ 1þ δ56Fecorr=1000
� �� �

= 1þ δ56Festd=1000
� �� �

(4)

where δ56Festd is the solution MC-ICP-MS values relative
to IRMM-014 (56Fe/54Fe = 15.6979, Craddock and

Dauphas 2011). The δ56Fesample was then calculated
using:

δ56Fesample ¼ 1000� 1þ δ56Fecorr=1000
� �

=α
� ��1
� �

(5)

The total error is reported as 2s and is a combination of the
two independent parameters: (a) the "internal error" inherent
to the counting statistics for each measurement, and (b) the
error on the primary reference material associated with the
averaged bulk solution values. Our statistical treatment of
error propagation uses the standard deviations to calculate
the resulting uncertainty.

Results and discussion

Chemical analyses of pyrites

The major Fe and S elemental mass fractions of Balmat-
ORIGINAL and Balmat-UNIL were consistent with each other
and with previously published data (Table 2). The trace
element contents of the pyrite were below the detection limit
for all the elements determined (i.e., Co, Ni, Mn, Cr, Zn, Cu
and Pb).

Solution MC-ICP-MS

The mean Fe isotope delta values of the nine Balmat-
UNIL grains measured in solution MC-ICP-MS were δ56Fe =
-1.46� 0.02‰ and δ57Fe = -2.15� 0.03‰ (Table 1). As
such, the Balmat-UNIL is 1.07� 0.01‰ isotopically ’lighter’
than the Balmat-ORIGINAL. The six Ruttan-UNIL bulk solution
MC-ICP-MS δ56Fe and δ57Fe values were averaged at -
1.00� 0.02‰ and -1.48� 0.03‰.

SIMS Balmat IMF

In the following paragraph, all IMF values (α) are
described as the difference between the SIMS raw values

Table 2.
Pyrite iron and sulfur mass fractions (in % m/m)

Name Fe (% m/m) 2s S (% m/m) 2s Reference

Balmat-ORIGINAL 46.50 53.60 Marin Carbonne et al. (2011)
Ruttan-ORIGINAL 44.54 52.41 Crowe and Vaughan (1996)
Balmat-UNIL 46.28 0.30 53.93 0.58 This study
Ruttan-UNIL 46.25 0.23 54.04 0.41 This study

5© 2024 The Authors. Geostandards and Geoanalytical Research published by John Wiley & Sons Ltd on behalf of
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and the solution MC-ICP-MS δ56Fe from the Balmat-
ORIGINAL, as reported in Whitehouse and Fedo (2007)
(i.e., δ56Fe = -0.39� 0.05‰) (see Figure 2a). During
the first session, the mean α values were -30.29� 0.30‰
and -31.58� 0.22‰, for MM1 and MM2 respectively. The
isotopic offset between MM1 and MM2 is 1.29� 0.37‰.
Sample mounts α values range between -30.29� 0.20‰
and -31.71� 0.24‰, and appear to follow a bimodal
distribution centred around the mean α values of MM1
and/or MM2 (Figure 2a).

This dichotomy in α values between MM1 and MM2
was also observed in the second session, where αMM1 = -
30.76� 0.43‰ and αMM2 = -31.74� 0.54‰, creating an
isotopic offset of +0.97� 0.69‰. Similarly, sample mounts
appear to have a bi-modal distribution around MM1 and
MM2 mean α values, yet the lower mode (i.e., as in MM2) is
more frequent (Figure 2a).

During the third session, only MM1 has been analysed
and presents an α value of -29.93� 0.63‰. Samples
mounts analysed during the third session show a mean α
value of -31.24� 0.58‰. The mean offset between MM1
and sample mounts is +1.31� 0.86‰ (Figure 2a).

Please note that relative to session 1, the two subsequent
measurement sessions (i.e., session 2 and session 3) showed
a low "external precision" on δ56Fe due to a source aging,
resulting in a less stable primary intensity.

We note that the isotopic offset between MM1 and
MM2, and more generally between the two α modes is
statistically indistinguishable from the isotopic offset mea-
sured by solution MC-ICP-MS between the two Balmat
batches (i.e., Balmat-ORIGINAL vs. Balmat-UNIL). Moreover,
we calculated the αMM2 values using the solution MC-ICP-
MS δ56Fe of Balmat-UNIL, and the isotopic differences
between MM1 and MM2 was drastically reduced, and
now, statistically indistinguishable (see Figure 1b). The αMM1

and αMM2 are -30.29� 0.30‰ and -30.55� 0.21‰
during the first session, and -30.76� 0.63‰ and -
30.71� 0.54‰ throughout the second session. The isotopic
offset between MM1 and MM2 (ΔαMM1-αMM2) is+0.26�
0.37‰ and +0.05� 0.83‰ for sessions 1 and 2
respectively.

The same procedure was applied to the sample
mounts characterised by α values isotopically lighter than
MM1 (all except four sample mounts), resulting in αsample

values statistically indistinguishable from the session mean
αMM1 and/or αMM2. If considering the four exceptions
mentioned above, indistinguishable α values were

obtained by applying the original solution MC-ICP-MS
δ56Fe (i.e., δ56Fe = -0.39� 0.05‰, Whitehouse and
Fedo 2007) (Figure 2b).

Based on our measurements (bulk solution MC-ICP-MS
and in situ SIMS), it is evident that different Balmat batches
(e.g., Balmat-ORIGINAL and/or Balmat-UNIL) share the
same petrological (Figure 1) and bulk chemistry (Table 2)
characteristics, yet they may have different δ56Fe bulk
isotopic compositions. In addition, we note that the Balmat-
UNIL batch preserved at least two populations of pyrite
grain that are isotopically distinct in δ56Fe values (i.e., where
Balmat-UNIL is 1.07� 0.01‰ isotopically ’lighter’ than the
Balmat-ORIGINAL). From our literature survey (Table 1), it
appears that those two populations are not a characteristic
of our in-house Balmat-UNIL batch, but may also be present
in other in-house batches as the bulk iron isotopic
composition of Balmat-UNIL is in agreement within uncer-
tainties with other measurements (Zheng et al. 2018, Xu
et al. 2022).

Nevertheless, as in Whitehouse and Fedo (2007), the
intra-grain and inter-grain variation in each sub-population
appears to be sufficiently homogeneous to use Balmat as a
SIMS reference material for Fe isotope measurement in
pyrite. Yet, we encourage the community to carry out
homogeneity tests on their in-house Balmat sub-population
to be confident in the δ56Fe values to use for IMF correction,
and to report new Balmat batches relative to ‘Balmat-
Original’ as reported in Whitehouse and Fedo (2007).

SIMS Ruttan δ56Fe

The δ56Fe values for SIMS Ruttan, as detailed in the
subsequent paragraph, have been derived from the δ56Fe
values acquired through solution MC-ICP-MS analysis
allowing similar α values in MM1, MM2 and sample
mounts (Figure 3). Ruttan fragments included in MM1 and in
the four ‘exception’ samples were calculated using the α
values of the Balmat-ORIGINAL, whereas Ruttan fragments
embedded in MM2 and the sample mounts (except the four
previously mentioned) were calculated using the Balmat-
UNIL solution MC-ICP-MS δ56Fe values.

The δ56Fe values measured by SIMS range from -1.82�
0.36‰ to +0.84� 0.08‰, the mean δ56Fe values are -
0.12� 0.53‰, -0.22� 1.32‰ and -0.08� 0.52‰ for the
first, second and third sessions, respectively (Figure 3). From
the twenty Ruttan fragments tested in this study, only a unique
grain appears to yield a consistent δ56Fe with the solution
MC-ICP-MS (Figure 3). This observation is consistent with the

6 © 2024 The Authors. Geostandards and Geoanalytical Research published by John Wiley & Sons Ltd on behalf of
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wide inter-grain variation in δ56Fe of > 1.12‰ (while being
internally relatively homogeneous, i.e., ranging from 0.05 to
0.49‰ with a mean precision of �0.36‰ (2s) over the
three measurement sessions). Consequently, from our
investigation, Ruttan is clearly inappropriate as a SIMS
reference material for Fe isotopes in pyrite.

Conclusions

The number of microscale δ56Fe analyses in pyrite,
measured either by SIMS and/or LA-MC-ICP-MS, has
increased drastically over the last 10 years (Agangi
et al. 2015, Czaja et al. 2018, Decraene et al. 2021a,
Decraene et al. 2021b, Dupeyron et al. 2023, Galić
et al. 2017, Harazim et al. 2020, Liu et al. 2022, Marin-
Carbonne et al. 2020, Marin-Carbonne et al. 2014, Nishi-
zawa et al. 2010, Virtasalo et al. 2015, Virtasalo et al. 2013,
Xing et al. 2022, Yoshiya et al. 2012, Yoshiya et al. 2015a,
Yoshiya et al. 2015b, Zhang et al. 2022a, Zhang
et al. 2022b, Zheng et al. 2018). The pioneering work of
Whitehouse and Fedo (2007) developed and proposed to
use natural pyrite originating from the Balmat deposit
(Adirondack Mountains, New York) as a Fe reference
material for SIMS measurements. Indeed, their investigations
revealed a minimal intra- and inter-grain variability con-
verging toward δ56Fe values of -0.39� 0.18‰ (referred to
in this study as Balmat-ORIGINAL). Subsequent studies have
used this value to correct for IMF, yet, to date, no
homogeneity tests have been carried out on different Balmat
batches, i.e., same locality but different sub-sampling.

Here, we used bulk solution MC-ICP-MS and in situ SIMS
techniques to investigate the δ56Fe preserved in our in-house

Balmat batch, called Balmat-UNIL. Our work revealed that
Balmat-UNIL preserved at least two pyrite populations, both
of which have similar petrological and chemical character-
istics but distinct δ56Fe values. The first population in Balmat-
UNIL is characterised by δ56Fe values of -1.46� 0.25‰,
whereas the second population has a δ56Fe consistent with
the original Balmat batch. Importantly, the intra-grain and
inter-grain isotopic variability in each sub-population
appears to be sufficiently homogeneous to use Balmat as
a SIMS reference material for Fe isotope in pyrite. Yet,
accurate IMF corrections require knowing the exact solution
MC-ICP-MS δ56Fe values of both populations. Importantly,
our literature survey revealed that other isotopically distinct
Balmat populations might exist. To overcome this issue, we
have investigated the potential of Ruttan pyrite, a commonly
used sulfur isotope reference material. While being internally
homogeneous, our results show a wide inter-grain variability,
with up to 1.12‰ variation (n= 20), which makes Ruttan a
poor candidate as a SIMS Fe isotope reference material.
Finally, we hope that this assessment will spur action toward
a community effort to develop a better microscale Fe
reference material.
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