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Abstract
High-precision Fe isotope abundance ratios find wide application in environmental geochemistry,
isotope metallomics, bioarchaeology, and biomedical research, since the slightest deviation of
56Fe/54Fe and 57Fe/54Fe can provide information on their source, processing, or physiology.
However, the routine adoption of high-precision Fe isotope ratio measurements is currently limited by
spectrally related interferences, matrix-related mass biases, procedural blanks, incomplete recovery,
and the lengthy procedure involved in the chromatographic purification step. Nitrogen plasma
MC-MICAP-MS technology circumvents Ar-related polyatomic interference generation at the
ion source and permits routine low-resolution determination of Fe isotope ratios after automated
purification. The current bottleneck is how to make the best decision on the least intensive preparation
needed for each particular sample, so that the requirements in terms of isotope ratio accuracy and
expanded uncertainties are met. The uncertainty-based approach towards a decision-making tool,
based on validation of the maximum tolerances for Fe, Ca, K, Na, and Mg, alongside procedural
blank, Fe recovery, instrument stability, control of Cr/Ni ratios, and mass-dependence isotope pairs,
provides the Purification Necessity Index (PNI). According to the PNI, Fe samples are assigned
to either direct Fe measurement, verifiable measurement, or Fe measurement after dual-column
chromatographic purification. Based on nitrogen plasma Fe isotope validation data, it is found that
formation of CaN+ and KN+ sets stringent limits on matrix effects, while Na and Mg have looser
limits for the range of tested matrices/Fe levels. The analysis of results obtained with a set of reference
materials proves δ 57Fe/54FeIRMM014 −δ 56Fe/54FeIRMM014 as an effective tool for internal checks
of non-mass-dependent deviations. The developed matrix tolerance model for Fe biological materials,
environmental waters, and transient-signal isotope-metallomics applications.

Keywords: iron isotopes; nitrogen plasma; MC-MICAP-MS; matrix effects; automated pu-
rification; uncertainty budget; isotope metallomics; route selection

1. Introduction

Stable iron isotope abundance ratios provide sensitive tracers of Fe
sources, redox transformation, biological uptake, trophic transfer, and
metallomic regulation because Fe occurs in multiple oxidation states
and coordination environments across geological, environmental, and
biological systems [1, 2, 3, 4]. The natural variability of 56Fe/54Fe
and 57Fe/54Fe is analytically demanding: per mille-scale variations
can be meaningful, and many environmentally or physiologically rel-

evant differences are smaller than the bias introduced by unresolved
matrix effects. Reliable interpretation therefore requires high preci-
sion, demonstrable accuracy, and transparent control of spectral and
non-spectral interferences [5, 6, 7].

Multi-collector inductively coupled plasma mass spectrometry (MC-
ICP-MS) is the established technique for high-precision Fe isotope
measurement [8, 1]. Argon-plasma instruments, however, encounter
Ar-based molecular ions, especially 40Ar16O+ on 56Fe+, together
with matrix-derived molecular species and isobaric overlaps such as
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54Cr+ on 54Fe+ and 58Ni+ on 58Fe+ [8, 9, 10]. High mass resolution,
cold-plasma operation, collision/reaction-cell strategies, and extensive
chemical purification can address these problems, but each approach
adds operational complexity, reduces sensitivity, increases preparation
time, or raises the risk of blank and recovery losses [11, 12, 13].
A nitrogen-sustained microwave inductively coupled atmospheric-
pressure plasma offers a complementary strategy by eliminating Ar-
derived interferences before ion extraction. Recent MC-MICAP-
MS applications have demonstrated accurate Ca and Sr isotope mea-
surement and reliable Fe isotope measurement after automated dual-
column purification [14, 15]. For Fe, published validation experiments
show intermediate precision of 0.07‰ for δ 56Fe/54FeIRMM014 and
0.13‰ for δ 57Fe/54FeIRMM014, negligible CaN+ and KN+ effects
below approximately Ca/Fe ≤ 0.01 and K/Fe < 0.1, and substantial
tolerance to Na and Mg up to matrix/Fe ratios of one [15]. Low pro-
cedural blank, high Fe recovery, and agreement between processed
reference materials and literature values confirm the analytical poten-
tial of nitrogen-plasma Fe isotope measurement.
However, such characteristics alone do not necessarily provide criteria
for the optimal sample preparation procedure. Complete sample pu-
rification may become necessary, should the content of Ca, K, Cr, Ni,
blank fraction, or recovery exceed the defined tolerance; nevertheless,
complete purification for all samples is an excessive measure leading to
higher acid use, larger quantities of resin needed, increased preparation
time, and greater risk of losses and contamination. At the same time,
direct determination of isotope ratio without acceptance criteria may
result in unidentified isotope effect. Hence, the question arises not
whether purification is useful, but how much is necessary for a specific
matrix and Fe mass while targeting a certain accuracy of measurement.
The presented method of determining the necessity of sample purifi-
cation could thus be considered a metrological rather than procedural
choice. Four main contributions are included in the analysis: con-
version of tolerance limits of impurity elements into a set of normal-
ized scores corresponding to the spectral and non-spectral matrix;
the requirement for both the blank level and the recovery ratio to
be below a threshold, ensuring that the low-Fe samples will not be
selected based on the matrix ratios alone; obligatory quality control
for instrumental stability and Cr/Ni levels; and the utilization of the
expected mass-dependent relation between δ 57Fe/54FeIRMM014 and
δ 56Fe/54FeIRMM014. This leads to the concept of the Purification Ne-
cessity Index (PNI), which helps classify samples for direct measure-
ment, verification-limited measurement, or dual-column purification.

2. Materials and methods

2.1. Analytical basis and validation data

The decision model was parameterized from validation experiments
for Fe isotope analysis by nitrogen-plasma MC-MICAP-MS with au-
tomated dual-column purification [15]. The validation basis includes
repeated measurements of Fe-ICP and IRMM014 solutions, Ca, K, Na,
and Mg matrix-addition tests, procedural blank and recovery determi-
nations, processed IRMM014 experiments for evaluating on-column
fractionation, and biological and environmental reference-material
measurements. These measurements directly constrain the principal
error sources relevant to nitrogen-plasma Fe isotope analysis: matrix-
derived molecular ions, non-spectral matrix response, blank contribu-
tion, recovery-related fractionation, and mass-dependent isotope-ratio
behavior.
The model uses the residual or pre-purification mass-concentration
ratios Ca/Fe, K/Fe, Na/Fe, and Mg/Fe, together with Fe mass,
procedural blank, Fe recovery, standard stability, and paired
δ 56Fe/54FeIRMM014 and δ 57Fe/54FeIRMM014 values. When run-level
data are available, the same equations can be applied to individual
samples. When only upper-bound screening values are available, the

classification remains conservative because the largest plausible matrix
contribution is used. Screening measurements by quadrupole ICP-MS
are adequate for assigning route class when calibration, dilution, and
matrix matching are documented.
The validation logic uses three independent checks. Matrix toler-
ance evaluates whether residual elements can produce molecular or
non-spectral bias. Chemical preparation integrity evaluates whether
blank and recovery are compatible with sample Fe mass and the
target uncertainty. Isotope-ratio self-consistency evaluates whether
the measured δ 57Fe/54FeIRMM014/δ 56Fe/54FeIRMM014 pair follows
mass-dependent fractionation within the combined expanded uncer-
tainty. A sample route is accepted only when these checks give a
consistent analytical interpretation.

2.2. Isotope notation and uncertainty target

Iron isotope results are expressed in delta notation relative to
IRMM014. With Rx/54 =

xFe/54Fe,

δ
xFe/54FeIRMM014 =

 Rsample
x/54

RIRMM014
x/54

−1

×1000,

x ∈ {56,57}.

(1)

For route selection, the observed isotope value is written as the sum of
true isotope composition, matrix-dependent bias, instrumental mass-
bias residual, blank contribution, recovery-related bias, and random
measurement error:

δx,obs = δx,true +Bx,matrix +Bx,inst

+Bx,blank +Bx,recovery + εx.
(2)

An analytical route is acceptable when the combined systematic con-
tribution remains smaller than the expanded uncertainty allowed for
the scientific interpretation:

P{|Bx,matrix +Bx,inst +Bx,blank

+Bx,recovery|>U∗
x } ≤ α.

(3)

Here, U∗
x denotes the maximum allowable expanded uncertainty or

bias, and α is the laboratory-defined tolerance for accepting an un-
recognized systematic contribution. For the natural-abundance Fe
isotope applications considered, U∗

56 is taken as 0.07‰, matching
the expanded intermediate precision reported for δ 56Fe/54FeIRMM014;
stricter applications can reduce this value without changing the route-
selection equations.

2.3. Matrix-risk functions

Element-specific tolerance limits are expressed as normalized scores.
For element e, with measured mass-concentration ratio e/Fe and toler-
ance limit Te,

Se =
e/Fe

Te
. (4)

The adopted tolerance limits are

TCa = 0.01, TK = 0.1,

TNa = 1, TMg = 1.
(5)

The spectral-interference score and non-spectral matrix score are then

Sspec = max(SCa,SK),

Smatrix = max(SNa,SMg).
(6)

This separation is required because Ca and K primarily control
nitrogen-plasma molecular overlap, whereas Na and Mg mainly test
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Table 1: Published validation constraints used to parameterize the uncertainty-aware matrix-tolerance decision model.

Analytical component Constraint used in decision model Implication for route selection

Intermediate precision, δ 56Fe/54FeIRMM014 0.07‰ (2 SD) Expanded precision target for the principal isotope ratio.
Intermediate precision, δ 57Fe/54FeIRMM014 0.13‰ (2 SD) Expanded precision target for the secondary isotope

ratio and consistency gate.
Ca-derived interference Ca/Fe ≤ 0.01 CaN+ contribution is negligible below this limit under

validated conditions.
K-derived interference K/Fe < 0.1 KN+ contribution is negligible below this limit under

validated conditions.
Na matrix effect Na/Fe ≤ 1 No resolvable non-spectral effect within the tested

range.
Mg matrix effect Mg/Fe ≤ 1 No resolvable non-spectral effect within the tested

range.
Procedural blank Approximately 2.4±2.0 ng Fe Blank contribution should remain below 1% of sample

Fe mass unless blank composition is corrected.
Fe recovery Approximately quantitative; near 99±8% Recovery close to unity indicates low risk of on-column

isotope fractionation.
Processed IRMM014 offset ∆56 =−0.02±0.05‰; ∆57 = 0.00±0.12‰ Automated purification does not produce a resolvable

isotope offset.
Mass-dependent behavior Slope 1.489±0.001; theoretical value 1.488 The isotope-pair relation can identify non-mass-

dependent analytical offsets.

non-spectral matrix tolerance. Chromium and nickel are treated as
exclusionary monitors rather than continuous risk terms because the
relevant isobaric overlaps on 54Fe+ and 58Fe+ cannot be resolved by
mass resolution in the stated collector geometry. If 53Cr+ or 60Ni+

monitor signals exceed laboratory correction limits, full purification or
validated mathematical correction is required.

2.4. Blank, recovery, and instrumental-stability scores

The blank score is normalized to a one-percent contribution threshold:

Sblank =
mblank

0.01mFe
, (7)

where mblank is procedural Fe blank and mFe is the Fe mass loaded
or measured. The threshold can be tightened when blank isotope
composition is poorly constrained or when sample isotope composition
is expected to approach the blank value.
Recovery risk is defined as

Srec =
|R−1|

TR
, TR = 0.15, (8)

where R is fractional Fe recovery. The tolerance TR = 0.15 is con-
servative for automated methods that show no measurable on-column
isotope fractionation at near-quantitative recovery. Recovery outside
this interval does not prove isotope bias, but it requires verification
because incomplete recovery can matter when the retained and lost
fractions are isotopically different.
Instrumental stability is imposed as a binary gate. A sequence
is accepted only when standard-sample bracketing remains within
intermediate-precision limits, analyte concentration matching is docu-
mented, signal intensity is stable, and laboratory temperature variation
remains within validated operating conditions. Failure of any stability
condition requires repetition of the sequence, uncertainty inflation
supported by control measurements, or reassignment to a more conser-
vative route.

2.5. Purification Necessity Index

The Purification Necessity Index is defined as

PNI = max
(
Sspec,Smatrix,Sblank,Srec

)
, (9)

subject to acceptable Cr/Ni monitoring and a passed instrumental-
stability gate. Route class is assigned as

route =


A, PNI ≤ 0.5,
B, 0.5 < PNI ≤ 1.0,
C, PNI > 1.0.

(10)

The boundary at PNI = 1 corresponds to at least one validated toler-
ance limit being reached. The lower boundary at PNI = 0.5 supplies a
guard band because single-element addition tests do not fully capture
mixed-matrix behavior, acid mismatch, organic residues, or transient
ionization effects. Direct or minimally purified measurement is there-
fore assigned only when chemical scores, blank and recovery scores,
instrumental stability, Cr/Ni monitors, and isotope-pair consistency
support the same conclusion.

2.6. Mass-dependent isotope consistency gate

Published nitrogen-plasma Fe isotope measurements follow mass-
dependent behavior consistent with the exponential law, with a mea-
sured three-isotope slope of approximately 1.489 and a theoretical
value near 1.488. The measured δ 57Fe/54FeIRMM014 value can there-
fore be compared with the value predicted from δ 56Fe/54FeIRMM014:

D57/56 = δ
57Fe/54FeIRMM014 −βδ

56Fe/54FeIRMM014,

β = 1.488.
(11)

The expanded-uncertainty-normalized consistency statistic is

Z57/56 =
D57/56

U57/56
,

U57/56 =
(

U2
57 +β

2U2
56

)1/2
.

(12)

where U56 and U57 are expanded uncertainties for δ 56Fe/54FeIRMM014
and δ 57Fe/54FeIRMM014. Measurements with |Z57/56| ≤ 1 agree
within the combined expanded uncertainty, while 1 < |Z57/56| ≤ 2
is retained as a review interval that requires all independent matrix,
blank, recovery, and stability gates to pass. Values outside this in-
terval indicate possible unresolved interference, matrix mismatch,
blank contribution, correction error, or sequence instability, even when
δ 56Fe/54FeIRMM014 alone appears precise.

3. Results

3.1. Matrix tolerance defines measurable route boundaries

The tolerance limits for Ca, K, Na, and Mg divide route selection into
spectral and non-spectral components. Calcium and potassium provide
the strictest constraints because they form nitrogen-plasma molecular
ions that can overlap Fe isotope masses. Sodium and magnesium
are less restrictive under the validated conditions, with no resolvable
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Figure 1: Analytical decision sequence for uncertainty-aware route selection
in nitrogen-plasma Fe isotope analysis. Matrix screening, Fe-mass constraints,
instrumental monitoring, and isotope-pair consistency are evaluated before
assigning a preparation route.

Table 2: Analytical route classes assigned by the Purification Necessity Index.

Class Criterion Analytical action

Route A PNI ≤ 0.5 Direct or minimally purified measurement is ac-
ceptable only when Cr/Ni monitors are within
limits and |Z57/56| ≤ 2. This route is suited to low-
matrix fractions, clean environmental waters after
concentration, and validated hyphenated work-
flows.

Route B 0.5 < PNI ≤
1.0

Measurement requires verification by replicate
matrix-matched standards, dilution, standard ad-
dition, repeated bracketing, or partial purification.
Matrix ratios used for acceptance should be re-
ported with the isotope results.

Route C PNI > 1.0 Full dual-column purification, separation redesign,
or validated mathematical correction is required.
This route is mandatory when Ca/K spectral risk,
Cr/Ni interference, blank contribution, or recovery
risk exceeds acceptance limits.

isotope effect up to matrix/Fe ratios of one. This asymmetry is ana-
lytically important: a sample may contain tolerable Na and Mg but
still require purification because the CaN+ or KN+ risk exceeds the
allowable Ca/K spectral window.
Figure 2 shows the most restrictive portion of the route-selection space.
The lower-left region is the only Ca/K domain in which direct or
minimally purified measurement is chemically plausible. The upper-
right region requires full purification because both CaN+ and KN+ risks
exceed the validated tolerance space. The two off-diagonal regions
have a single dominant spectral risk and therefore require verification
by matrix-matched standards, replicate dilution, standard addition, or
targeted partial removal before isotope values can be accepted.

3.2. The Purification Necessity Index assigns route classes

Table 2 summarizes the route classes. The index distinguishes samples
with a broad safety margin from samples that merely remain below
a single tolerance limit. This distinction is necessary because real
digests may contain combined matrices, acid residues, organic compo-
nents, and instrument-state effects not represented by single-element
addition tests. The interval 0.5 < PNI ≤ 1.0 is therefore interpreted as
a verification zone rather than as an automatic rejection zone.

3.3. Blank and recovery constraints protect low-Fe samples

The automated dual-column purification procedure achieved low pro-
cedural blanks and near-quantitative recovery, making it suitable for

Figure 2: Ca/K spectral-risk space for nitrogen-plasma Fe isotope analysis.
Dashed boundaries indicate the validated tolerance limits Ca/Fe = 0.01 and
K/Fe = 0.1; dotted boundaries indicate the route-A guard band at half of each
limit. Values below both tolerance limits must also satisfy blank, recovery,
stability, Cr/Ni monitoring, and mass-dependent consistency requirements.

limited biological and environmental materials. The blank term never-
theless becomes decisive as Fe mass decreases. Using Eq. (7), a 2.4
ng blank contributes 0.24% to a 1000 ng Fe load and 0.48% to a 500
ng load; both values are below the one-percent threshold. At 250 ng
Fe, the same blank approaches the threshold, and a conservative upper
blank estimate of 4.4 ng reaches one percent at approximately 440 ng
Fe. The lower practical Fe mass limit is therefore controlled not by
sensitivity alone, but by blank fraction, blank isotope composition, and
the uncertainty target.
Recovery acts through a different mechanism. Recovery near unity
reduces the risk of chromatographic isotope fractionation. Processing
IRMM014 through the automated purification procedure produced
no resolvable offset within uncertainty, supporting full automated
purification as the reference route. In the present model, recovery
between approximately 85% and 115% is acceptable for routine route
selection. Values outside this interval require verification even when
the measured isotope ratio is precise, because precision alone cannot
exclude incomplete chemical recovery.

3.4. Mass-dependent consistency provides an internal
isotope-ratio quality gate

The δ 57Fe/54FeIRMM014 reference material ratios were tested against
the calculated ratios from δ 56Fe/54FeIRMM014 with β = 1.488. This
data set is provided in Table 3, along with a graphical representation of
the results in Figure 3. All the reference materials meet |Z57/56| ≤ 2
and five out of six are within the expanded-uncertainty confidence
interval. NIST SRM 1400 has the highest normalized residual, but the
isotope pair is still within acceptable limits and can be further inves-
tigated under low tolerance application conditions. These reference
materials include mineral, biological, and aqueous matrices, such as
bone ash, bovine liver, human hair, and river water. This indicates the
utility of δ 57Fe/54FeIRMM014 as both a secondary isotope ratio and
quality control parameter for offset analysis.

3.5. Reporting requirements for method transfer

For transfer between laboratories, isotope results should be reported
with the variables that determine route class. A complete report should
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Table 3: Mass-dependent consistency test for biological and environmental
reference materials. Values use published isotope results and expanded uncer-
tainties.

Reference material δ 56Fe/54FeIRMM014 U56 δ 57Fe/54FeIRMM014 U57 Z57/56
(‰)

NIST SRM 1400 (bone ash) 0.06 0.07 0.31 0.15 1.21
NIST SRM 1577c (bovine liver) -1.36 0.09 -2.02 0.14 0.02
GBW07601 (human hair) -0.14 0.07 -0.16 0.13 0.29
GBW09101 (human hair) -0.06 0.07 -0.03 0.13 0.36
ERM-DB001 (human hair) -0.49 0.12 -0.73 0.19 0.00
SLRS-6 (river water) 0.44 0.14 0.72 0.25 0.20

Figure 3: Reference-material isotope-pair consistency for the mass-dependent
gate. Points show paired δ 56Fe/54FeIRMM014 and δ 57Fe/54FeIRMM014 values
with expanded uncertainties; the solid line is the theoretical mass-dependent
relation δ 57Fe/54FeIRMM014 = 1.488δ 56Fe/54FeIRMM014, and the shaded band
indicates a typical combined expanded uncertainty.

include Fe mass processed, procedural blank, Fe recovery, residual
Ca/Fe, K/Fe, Na/Fe, and Mg/Fe, Cr and Ni monitor signals or cor-
rection status, standard concentration matching, bracketing stability,
temperature stability, δ 56Fe/54FeIRMM014, δ 57Fe/54FeIRMM014, ex-
panded uncertainties, Z57/56, PNI, and selected route. Figure 4 summa-
rizes the reporting logic. These variables distinguish results supported
by matrix removal from results supported by demonstrated matrix tol-
erance and isotope-pair consistency, and they allow readers to evaluate
whether simplified preparation was justified for the reported uncer-
tainty.

4. Discussion

4.1. From fixed preparation to evidence-based route selec-
tion

Fe isotope methods are typically validated to ensure accurate results
with standards and reference materials using a specified preparation
and analytical procedure. This is an essential part of the process,
but it does not establish whether this level of chemical purification
will always be necessary in practice. The decision model moves
from a fixed procedure to an evaluation of the actual chemical and
instrumental state of the given sample. This change is especially
relevant to MC-MICAP-MS as the lack of Ar-derived interference
eliminates a major impediment, but some matrix-related risks remain.
The key aspect of the model lies in its ability to separate four criteria
that are often combined in routine method application. Are Ca and
K low enough to exclude potential molecular nitrogen interference?
Are Na and Mg low enough to rule out non-spectral matrix effects? Is

Figure 4: Decision tree for route assignment and result reporting. The reporting
sequence links matrix screening, Cr/Ni monitoring, PNI class, instrumental
stability, and isotope-pair behavior before isotope values are accepted.

blank and recovery within the required range compared to Fe content
and mass uncertainty target? Does the measured isotope pair follow
mass-dependent behavior? Simplified purification should only occur
when all four requirements are fulfilled.

4.2. Why Ca and K are the key residual matrix elements

According to the decision model, Ca and K are the main residual
elements affecting the analysis of Fe isotope ratios by nitrogen plasma.
This conclusion is explained by their ability to form molecular ions
(Cn+ and KN+) and their more stringent tolerance limits compared to
Na and Mg. In biological or environmental materials, Ca and K are
usually unrelated to Fe content. Consequently, bone-enriched samples,
high-carbonate waters, or plant-derived samples may require full or
partial Ca/K depletion even when Na and Mg are within tolerances.
The model prevents overstatement of single-element matrix tolerance
as well. For example, Na/Fe ≤ 1 indicates that Na was low enough so
that it did not cause an observable offset in isotopic measurements. It
does not mean that any digest can be measured directly since combined
effects, acid residue, organic impurities, or high total dissolved solids
may lead to altered nebulization, ion extraction, or mass-bias charac-
teristics. The guard band (PNI = 0.5) takes these risks into account
and requires additional validation prior to approval.

4.3. Mass-dependent self-consistency as a quality control
tool

The simultaneous analysis of both 56Fe/54Fe and 57Fe/54Fe allows
testing the consistency of the mass-dependent pattern for each sample.
While the δ 57Fe/54FeIRMM014/δ 56Fe/54FeIRMM014 relationship can-
not substitute for chemical purification, it can highlight any non-mass
dependent interference that causes an observed isotopic difference
between two isotopes. CaN+, KN+, blank, mismatched matrix, or
Cr/Ni addition can create this kind of effect. Normalized parameter
Z57/56 turns this test into a quantifiable indicator.
All considered isotope pairs of reference materials lie inside the ac-
cepted mass-dependent range, which supports the reliability of the gate
for the selected materials. It does not mean, however, that there is no
uncertainty about the gate. For samples with low δ 56Fe/54FeIRMM014
values, the expected δ 57Fe/54FeIRMM014 prediction can fall within the
expanded uncertainty interval, resulting in a low discriminatory power.
In such cases, matrix screening, Cr/Ni monitoring, blank correction,
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and bracketing stability become crucial factors to consider.

4.4. Practical implications for high-throughput and low-
mass isotope metallomics

Decision-making in MC-MICAP-MS becomes especially valuable
for high-throughput and low-mass isotope analysis. Many applica-
tions of isotope metallomics use small biological samples or limited
clinical samples. Environmental monitoring involves large numbers
of water samples containing different concentrations of Fe and ma-
trix. Hyphenated analysis with LC-ICPMS or LA-ICPMS generates
time-dependent signals with which off-line purification is unfeasible.
Full sample preparation is not efficient for these situations, but direct
measurements without the gates are analytically unreasonable.
The proposed route selection framework offers an effective solution
in such cases. Direct, partially purified, or fully purified measure-
ments are possible depending on the chemical and instrumental factors
evaluated collectively. This allows minimizing unnecessary sample
manipulation without compromising the conservative rationale behind
isotope ratio measurements. Moreover, this model facilitates the trans-
ferability of methods, since it defines the route of analysis based on
clear criteria rather than subjective assessment of the analyst.

4.5. Limitations and laboratory validation requirements

The developed model relies on conservative criteria, as it uses aver-
age validated figures and matrix tolerance determined through single-
element additions. More detailed laboratory validation must employ
factorial experimental design to find out if matrix effects are additive,
independent, or interactive. It should test acid residue effects, total
dissolved solids, organic residue, signal transient introduction, concen-
tration mismatch, daily temperature variations, etc. The PNI should
be used as a route selection and reporting instrument whose threshold
values can be fine-tuned with more replicates.
Clinical, forensic, or regulatory applications require laboratory-specific
validation using certified reference materials, quality control solutions,
blanks, duplicates, inter-laboratory calibration, etc. Such tests establish
the exact conditions for performing simplified sample purification. Any
deviation from these conditions implies the necessity of full or partial
purification according to the decision model.

5. Conclusions

While nitrogen plasma removes Ar interference, it preserves high accu-
racy, stability, and mass-independent behavior in Fe isotope analysis.
Yet, the key analytical question still remains open. What kind of sam-
ple preparation is necessary for a particular matrix and uncertainty
target? The uncertainty-aware matrix tolerance decision model helps
answer this question by taking into account several risk factors such as
CaN+, KN+, tolerance limits for Na/Mg, blank and recovery, instru-
mental instability, Cr/Ni presence, and mass-dependence of isotope
pair.
The Purification Necessity Index introduces a formal approach to
choosing a purification route: direct or minimally purified measure-
ments, verification limited measurements, and full sample preparation.
Based on this model, it is found that Ca and K are the primary ma-
trix risk elements for MC-MICAP-MS within the tested matrix range,
while Na and Mg are more relaxed in their tolerances. Also, the ratio
∆57Fe
∆56Fe becomes a practical internal QC criterion.
By providing a quantitative, explicit, and reportable solution to the
problem of route selection, the presented model enables rational use of
automated chemical purification. This can help optimize isotope met-
allomics and high-throughput environmental studies involving small
samples.
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