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High-precision metal(loid) isotope abundance ratios are a powerful research tool across various disciplines.
These ratios are typically measured using multi-collector mass spectrometry with ion sources such as gas
source, thermal ionization, or inductively coupled plasma (i.e., IRMS, TIMS, and MC-ICP-MS). This study
presents the first integration of the recently developed microwave inductively coupled atmospheric-
pressure plasma (MICAP) ion source, which sustains a plasma using N, with a multi-collector mass
spectrometer and offers the first characterization of the resulting MC-MICAP-MS instrument for high-
precision metal isotope abundance ratio measurements. The performance of the MC-MICAP-MS
instrument was evaluated by measuring Sr isotope abundance ratios and directly comparing the results
with those obtained using established technology (i.e., MC-ICP-MS) with an Ar-ICP as the ion source.
Initial results using the MICAP ion source show that the ®7Sr/8Sr intensity ratio precision (approx.
0.007%) and the repeatability of the &7Sr/8®Sr intensity ratio (approx. 0.010%), as well as the intermediate
precision of the conventional 8Sr/%Sr isotope abundance ratio (approx. 0.0013%) are fully comparable
to those of conventional MC-ICP-MS systems. The instrumental isotopic fractionation (IIF) observed for
the new MC-MICAP-MS instrument was predominantly mass-dependent for Sr. This allowed the
successful application of common IIF correction strategies, such as internal normalisation and standard-
sample bracketing, for the determination of Sr isotope abundance ratios. The conventional 8Sr/%6Sr
isotope abundance ratios and 6585r/%6Srepmoss values measured for various geological and biological
reference materials (i.e., seawater, basalt, slate, and bone) using MC-MICAP-MS were consistent with
previously reported values obtained from established technologies such as TIMS and MC-ICP-MS.
Overall, this study demonstrates that MICAP is an applicable and viable alternative ion source for multi-
mass spectrometry, maintaining both double-focusing properties and high-precision
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for high-precision mass spectrometry (i.e., TIMS) to measure the
isotopic composition of various metals and metalloids, since
the second half of the 20™ century.® In 1992, the first multi-

1. Introduction

Over the last few decades, the high-precision analysis of radio-

genic and stable isotope abundance ratios of various metal(loid)
s has evolved into a powerful research tool with applications in
diverse fields," such as geosciences, environmental sciences,*
archaeological sciences,®* nuclear and forensic sciences,®
ecological and food sciences,*” and biomedical sciences.*® The
variations in radiogenic and stable metal(loid) isotopic
compositions are significant and measurable when using
appropriate methods and suitable calibration strategies. Since
the early years of mass spectrometry, gas source isotope ratio
mass spectrometry (IRMS) has been the leading technique to
measure isotopic variability of light elements (H, C, O, N, and S).
Thermal ionization has been used as an additional ion source
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collector detector array was coupled to an inductively coupled
plasma (ICP) as the ion source for high-precision isotope mass
spectrometry (i.e., MC-ICP-MS)." Over the last few decades, MC-
ICP-MS has developed into a well-established technique for
isotope abundance ratio measurements that provides straight-
forward sample introduction, rapid analysis at high-precision,
and the capability to analyze almost the entire periodic table
of the elements.® Today, these three mass spectrometric tech-
niques (i.e., IRMS, TIMS, and MC-ICP-MS) can be regarded as
key techniques in the field of radiogenic and stable metal(loid)
isotope abundance ratio analysis.® They are all magnetic sector
field mass spectrometers, and their high-precision performance
can be attributed mainly to two features: multiple collectors and
wide, flat-topped peaks. A magnetic field is used to separate
ions along a focal plane based on their mass-to-charge (m/z)
ratio and an array of several parallel detectors is arranged to
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collect the ions of the isotopes of interest simultaneously. In
this configuration, any changes in the ion source conditions
affect all ions in a similar manner and therefore have only
minimal effect on the determination of isotope abundance
ratios, thus providing the opportunity for high-precision
measurement of isotopic composition."* The flat-topped peaks
have an important advantage that small variations in the posi-
tion of the peak in the focal plane of the detectors (i.e., mass
shifts), caused by small variations in electric or magnetic fields,
do not significantly affect the determination of isotope abun-
dance ratios, again providing high-precision.*"**

Metrologically sound measurement protocols for the deter-
mination of high-precision metal(loid) isotope abundance
ratios by multi-collector mass spectrometry must consider the
contribution and correction of interferences and instrumental
isotopic fractionation (IIF, aka mass bias, mass discrimina-
tion).* Metal(loid) isotope abundance ratio analysis can suffer
from spectral and non-spectral interferences: Spectral interfer-
ences are additional signals detected at the same m/z ratio as
the analyte ions that originate from elemental isobaric ions
(e.g., ¥Rb* on ¥Sr* and *°Ar" on “°Ca*), doubly charged ions
(e.g., REE™ on Sr isotopes and *°Ar*" on '°B"), and polyatomic
ions (e.g., CaCa” on Sr isotopes and *°Ar'®0" on *°Fe*). The non-
spectral interferences refer mainly to matrix effects (e.g., Na,
Mg, K, Ca, and Fe) and lead to suppression or enhancement of
signals, signal instability and changes in the IIF behaviour.*>**
IIF includes all instrumental discrimination effects that occur
during sample introduction, ion formation, ion extraction, ion
transmission, ion separation and ion detection in the mass
spectrometer, and that may result in significantly biased
isotope abundance ratios with respect to the true value."** The
understanding of the underlying physics and factors that cause
IIF phenomena in plasma-based mass spectrometry is still very
limited,**>® but supersonic expansion and space charge effects
account for most of the resulting IIF in plasma-based mass
spectrometry; both processes favor the transmission of heavier
isotopes.**** These sources of IIF are mass-dependent in nature.
However, recent studies have shown variations in isotopic
fractionation for different isotope pairs of the same element
within the MC-ICP-MS itself. This type of IIF does not follow the
empirical mass-dependent fractionation law and has been
termed mass-independent fractionation. The exact causes of
this phenomenon are still under debate."* The nature of IIF, its
behaviour and stability throughout the measurement, have
significant impacts on the choice of the IIF correction model to
determine reliable and precise isotope abundance ratios.'
Common IIF correction models are discussed in detail
elsewhere. 41718

The ion sources (i.e., gas source, thermal ionization, and Ar-
ICP) currently used for multi-collector mass spectrometry have
limitations and pose different analytical challenges for high-
precision isotope abundance ratio measurements. For
example, ICP introduces relatively large IIF, that may include
mass-independent behaviour, and Ar-based interferences that
cannot be or can only partially be resolved." Instrumental
strategies to cope with the latter include, on the one hand, large
geometry instruments that provide extra-high mass resolution
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to resolve polyatomic interferences*>*® and, on the other hand,
instruments that are equipped with a collision/reaction cell
between the ion source and the ion separation stage to enable
chemical resolution of isobaric interferences.?*>* However, an
alternative strategy could be the use of a different plasma ion
source. Investigations into microwave-induced plasma (MIP) as
an alternative ion source to Ar-ICP for elemental mass spec-
trometry date back to the 1960s.>* The earlier designs of MIP
were limited by low plasma power (=500 W) which resulted in
inefficient atomization of the analytes from introduced solu-
tions, and often required the introduction of a dried sample
aerosol.”**” More recently, high-power MIPs were introduced
that exhibited performance comparable to Ar-ICP, and were
later commercialized as an alternatives to Ar-ICP-OES.>*>' In
a recent study, Lin et al. presented the first successful integra-
tion of a low-pressure He-MIP with a multi-collector mass
spectrometer (i.e., based on a Neptune MC-ICP-MS) to overcome
the limitations of the ICP for isotope abundance ratio
measurements.> They demonstrated the ability of the new
instrument to deliver reliable and precise isotope abundance
data (i.e., **0/'°0), owing to the generation of flat-topped peaks
and the use of simultaneous ion detection. In this present
study, the possibility of replacing the ICP ion source of a MC-
ICP-MS instrument with the recently developed microwave
inductively coupled atmospheric-pressure plasma (MICAP) as
an alternative ion source is explored. This new instrument is
termed MC-MICAP-MS. The MICAP is the newest design of
microwave-induced plasma (MIP) ion sources, and enables
a plasma to be sustained with N,.>* Both the radiofrequency ICP
using Ar as the plasma gas and the MICAP using N, as the
plasma gas are atmospheric-pressure inductively coupled
plasma ion sources, although the means of generating the
inductive field that transfers power to the plasma are different.
The MICAP ion source uses a dielectric resonator ring (technical
ceramic) that forms a high-frequency polarization current when
exposed to a microwave field from the cavity magnetron. The
polarization current, in turn, generates an orthogonal magnetic
field that can support an annular plasma in N,, obviating the
need for Ar.** The plasma generated from the MICAP has
improved homogeneity and can atomize, excite, and ionize the
samples from gaseous, liquid, and even laser ablation (solid
particle) sample introduction,>**** similar to Ar-ICP. Designed
and marketed by Radom Instruments LLC, the MICAP ion
source has been combined with single collector mass spec-
trometry,*?* replacing the Ar-ICP as the ion source for
elemental analysis. From the comparison of Ar-ICP-MS and N,-
MICAP-MS it has been seen that the degree of ionization is
comparable for Ar- and N,-plasmas, and consequently only
minor compromises are observed for several elements.” The
analyte sensitivity is slightly lower for MICAP-MS as compared
to ICP-MS for most elements, but the differences are less than
an order of magnitude.*® The N,-MICAP ion source is compa-
rable to the Ar-ICP ion source in terms of robustness and strong
matrix tolerance.******3¢ Finally, the background signal of the
N,-MICAP contains significantly fewer interferences originating
from plasma species than Ar-ICP.** Looking at the background
spectrum, all major Ar-derived species, such as Ar*, ArH", ArC",

This journal is © The Royal Society of Chemistry 2025
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ArN', ArO", and Ar," are absent, and many low-mass oxygen
species (O', OH', and H,0") are less intense compared to those
observed with the Ar-ICP.**** Most plasma species in MICAP
have a m/z ratio below 35, which corresponds to N-related
species,* and so a larger background-free region is available
than in Ar-ICP-MS.”® The most abundant background species
are NO', N,", N*, N;*, 0,7, N,*, O, and H,0", and N,-MICAP is
found to be prone to oxide formation.**** However, to the
authors’ knowledge, this revolutionary device has not yet been
reported in combination with a high-precision multi-collector
mass spectrometer such as the Thermo Fisher Scientific
Neptune MC-ICP-MS to enable high-precision metal(loid)
isotope abundance analysis.

The goal of the present study is to demonstrate the appli-
cability of the MICAP as an ion source for multi-collector mass
spectrometry and to evaluate the performance of the new MC-
MICAP-MS instrument for high-precision metal isotope abun-
dance ratio measurements. For this purpose, the isotopic
system of Sr was investigated, which is neither influenced by Ar-
based interferences nor by N-based interferences®® and,
furthermore, it is a well-characterized isotopic system. This
enables a direct comparison of the performance between the
new MC-MICAP-MS instrument and the established technology,
i.e., MC-ICP-MS. In addition, Sr has four stable isotopes which
allows an investigation of the nature of IIF of the new MC-
MICAP-MS instrument.

2. Experimental section

The MICAP ion source was combined with a multi-collector
mass spectrometer in the Department of Physics and
Astronomy at University of Calgary, Canada.

2.1. Instrumentation: MC-MICAP-MS

The MICAP ion source for mass spectrometry was purchased
from Radom Instruments LLC (Pewaukee, WI, USA). In brief,
the MICAP consists of a cavity magnetron that generates
a microwave field (1500 W), an aluminum waveguide to direct
the microwaves to the resonator chamber, an inductive iris for
impedance matching, a dielectric resonator ring that is placed
concentrically with a torch, a torch assembly to hold the torch,
and an aluminum ring to tune the dielectric ring’'s resonance
frequency.**** Mounted vertically within the assembly is
a conventional quartz ICP torch with a 1.5 mm injector (Glass
Expansion Inc, Pocasset, MA, USA).

The unique symbiotic design of the MC-MICAP-MS instru-
ment was constructed using a double-focusing Neptune MC-
ICP-MS platform (Thermo Fisher Scientific, Bremen, Ger-
many), equipped with a magnetic mass analyzer and a multiple
ion detector platform (i.e., nine Faraday cups (eight movable)
and a dispersion of 17%), and the MICAP (Radom Instruments
LLC) as the ion source (see Fig. 1A). The original ICP module of
the Neptune was moved aside by fully opening the bench, and
the MICAP ion source was installed at the vacuum interface next
to the sampler cone. The MICAP ion source was mounted onto
an XYZ stage which was positioned on a baseplate fixed to the

This journal is © The Royal Society of Chemistry 2025

View Article Online

JAAS

sliding-rod of the open Neptune bench (see Fig. 1B and C). In
this position, the plasma exhaust of the Neptune was used for
the MICAP ion source. The power for the cavity magnetron of
the MICAP was supplied by the Neptune using the 230 VAC
supply originally used for the Neptune's RF generator. The water
cooling for the cavity magnetron of the MICAP was also
supplied by the Neptune. The plasma bench interlock was
modified to remain permanently closed, which is not a concern
since the Ar plasma is not being used with the MICAP in posi-
tion. No other hardware modifications to the Neptune were
required and the Neptune could be operated normally, except
for the control of the N,-based plasma.

The plasma ignition of the MICAP is accomplished in
a computer-controlled sequence of MICAP-MS software (Radom
Instruments LLC). In brief, a N, cooling gas flow of 14 L min ™"
is provided to the ICP torch while microwave power (1.5 kW) is
applied to the waveguide and resonator. Simultaneously,
a small volume of Ar (99.999% purity, Air Liquide, Calgary,
Canada) with a flow of 1.5 L min~" is introduced into the torch
as an auxiliary gas and a Tesla coil generates a series of sparks
within the gas line to facilitate plasma ignition. Once the
plasma is ignited, the Ar flow is stopped and the plasma is
sustained solely with N, cooling gas, N, auxiliary gas, and N,
carrier gas, all supplied from a liquid N, Dewar (99.999% purity,
Air Liquide, Calgary, Canada).

2.1.1 Performance check. The peak shape, sensitivity, and
isotope abundance ratio precision of the new MC-MICAP-MS
instrument were compared to the performance of the Neptune
platform when using Ar-ICP as the ion source. For the peak
shape, a peak scan was performed over the mass range from
85.802 u to 86.017 u with 50 steps. Sensitivity was calculated
from the abundance of ®3Sr", the Sr concentration in the NIST
SRM 987 solution and the signal intensity of **Sr* under wet and
dry sample introduction conditions. Intensity ratio precision
(aka internal precision) is expressed as the RSD and refers to the
standard deviation of N runs averaged to one measurement
result. The repeatability of the intensity ratios is expressed as
RSD and refers to the standard deviation of N measurements
taken within a day. The intermediate precision (aka long-term
precision) of the conventional #’St/*°Sr isotope abundance ratio
is expressed as RSD and refers to the standard deviation of N
measurements collected over several days.

2.1.2 Instrumental isotopic fractionation. A series of
experiments were performed to investigate the IIF behaviour, its
stability, and its nature for the new MC-MICAP-MS instrument.
The IIF per mass unit for B, Sr, and Pb was calculated in
accordance with standard protocols.”>?”** The long-term
stability of IIF was evaluated based on the RSD of 20-21
measurements of NIST SRM 987 solution over a measurement
sequence of 5-9 hours. The effect of plasma conditions (i.e.,
radial and axial position, nebulizer gas flow, and microwave
plasma power) on the magnitude of IIF was investigated for the
new MC-MICAP-MS instrument. Finally, the nature of the IIF
was assessed using a three-isotope plot for Sr and the applica-
bility of common IIF strategies (i.e., internal normalization and
standard-sample bracketing) was tested as well.
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installed in the Neptune platform.

2.1.3 Geological and biological reference materials. The
accuracy of Sr isotope abundance measurements with the new
MC-MICAP-MS instrument was investigated by using three
geological reference materials (i.e., seawater, basalt, and slate)
and two biological reference materials (i.e., bone ash and bone
meal) after sample digestion and Sr purification. The deter-
mined conventional ®'Sr/*°Sr isotope abundance ratios and
058Sr/%°Srgrmoss values of these materials were then compared
to previously reported Sr isotopic compositions obtained using
TIMS and MC-ICP-MS instruments.

2.2. Materials, reagents & reference materials

High-quality water (HQ water, Type I reagent-grade water
(18.2 MQ cm)) was obtained from a purification system
(PURELAB Plus, U.S. FILTER, ELGA LabWater, High Wycombe,
UK). Analytical reagent-grade nitric acid (W(HNOj3) = 67-70%,
Aristar Plus, VWR International, Radnor, PA, USA) and analyt-
ical reagent-grade hydrochloric acid (w(HCl) = 34-37%, Aristar
Plus, VWR International) were purified by double-subboiling
using an acid purification system (Savillex, Eden Prairie, MN,
USA). Hydrogen peroxide (w(H,0,) = 30%, Fisher Scientific,
Ottawa, Canada) and hydrofluoric acid (Environmental Grade
Plus, Anachemia, VWR International) were used for sample
digestion without any further purification. Diluted boric acid
(w(B(OH)3) = 2%) was prepared from NIST SRM 951 (National
Institute of Standards and Technology (NIST), Gaithersburg,
MD, USA) in 5 mol L™" hydrochloric acid. Before use, centrifuge
tubes (1.5 mL, VWR International), DigiTUBE (50 mL, SCP
Science, Quebec, Canada) and pipette tips (Eppendorf, Mis-
sissauga, Canada; Corning Incorporated, Corning, NY, USA;
Fisherbrand, Fisher Scientific, USA) were leached for at least
one week with dilute nitric acid (W(HNOjz) = 3%). Per-
fluoroalkoxy (PFA) screw cap vials (Savillex) were pre-cleaned
using a two-step acid cleaning procedure with double-
subboiled nitric acid.

The Sr resin (Eichrom Technologies, Lisle, IL, USA) was
soaked in HQ water before use. One-milliliter empty cartridges
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(A) Schematic of MC-MICAP-MS, (B) CAD drawing of the design for mounting of the MICAP in the Neptune platform, and (C) MICAP

and frits (AC-100-R01, TrisKem International, Bruz, France)
were pre-cleaned and stored in diluted nitric acid (w(HNO;) =
10%).

The following reference materials were analyzed in this
study: IAPSO (Standard Seawater, Ocean Scientific International
Ltd, Hampshire, UK), BCR-2 (Columbia River Basalt, United
States Geological Survey, Denver, CO, USA), OU6 (Penrhyn Slate,
International Association of Geoanalysts, Nottingham, UK),
NIST SRM 1400 (bone ash, NIST), and NIST SRM 1486 (bone
meal, NIST). NIST SRM 987 (NIST), which is certified for abso-
lute Sr isotopic composition, was used as a quality control (QC)
sample, as an isotope reference material for standard-sample
bracketing during MC-MICAP-MS measurements and as o-
anchor for relative Sr isotopic analyses as recommended.?® NIST
SRM 951 (NIST) and NIST SRM 981 (NIST), which are certified
for absolute B and Pb isotopic compositions, respectively, were
used for the calculation of IIF per mass unit.

2.3. Analytical procedure

All sample preparation procedures were accomplished in a class
1000 cleanroom under a HEPA filter (Design Filtration Micro-
zone, Ottawa, ON, Canada) to minimize blank levels and risk of
contamination.

2.3.1 Sample digestion. Digestion of geological and bio-
logical samples was performed in duplicate. About 100 mg of
geological reference materials were weighed into 15 mL PFA
vials (Savillex), followed by the addition of 3 mL of double-
subboiled nitric acid, 2 mL of double-subboiled hydrochloric
acid, 1 mL of hydrofluoric acid and 75 pL of hydrogen peroxide.
The samples were digested for 48 hours at 130 °C on a hot plate
(AHF analysentechnik AG, Tiibingen, Germany). The digested
samples were evaporated to dryness on the hot plate and
redissolved in 2 mL of diluted boric acid to complex remaining
hydrofluoric acid. After digestion, the solutions were trans-
ferred quantitatively to a pre-cleaned 50 mL DigiTUBE (SCP
Science) and diluted to a final volume of 50 mL with HQ water.

This journal is © The Royal Society of Chemistry 2025
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Table 1 Protocol for the Sr purification procedure using Sr resin (V = 500 plL, Eichrom Technologies) and a peristaltic pump

Purification step Reagent

Volume (mL) Flow rate (UL min ")

Pre-cleaning 5 mol L™" HNO;,

Pre-cleaning HQ water
Pre-cleaning 6 mol L™ " HCI
Pre-cleaning HQ water

8 mol L' HNO,
8 mol L™! HNO,
8 mol L' HNO;
HQ water

Conditioning
Sample load
Matrix wash
Sr elution

About 100 mg of biological reference materials were
weighted into 15 mL PFA vials (Savillex) and followed by the
addition of 5 mL double-subboiled nitric acid and 0.5 mL of
hydrogen peroxide. The samples were digested for 2 hours at
150 °C on a hot plate (AHF analysentechnik AG). After digestion,
the solutions were transferred quantitatively to pre-cleaned 50
mL DigiTUBE (SCP Science) and diluted to a final volume of 15
mL with HQ water.

Analyte recoveries in the digests were found to be quantita-
tive throughout all experiments, and consequently, complete
digestion is assumed. Aliquots of each digest containing 1000
ng Sr were transferred to pre-cleaned 15 mL PFA vials (Savillex),
evaporated at 80 °C to dryness, and redissolved in 1 mL of
8 mol L™ nitric acid for subsequent purification.

2.3.2 Sr purification procedure. Approximately 500 pL of
soaked Sr resin (Eichrom Technologies) was sandwiched
between two frits in a 1 mL empty cartridge. The cartridge was
connected to pump tubing as described elsewhere.*® Reagents
were pumped through the cartridge at a flow rate of 500
uL min~' to 1000 pL min~" using a peristaltic pump (MCP,
ISMATEC, Barrington, IL, USA).

Purification was performed according to the standard
protocol** with modifications as described in Table 1. In brief,
Sr from the sample was loaded in 8 mol L™ nitric acid onto the
Sr resin while interferences (i.e., Rb) and matrix elements (e.g.,
Mg, Ca, K, and Fe) were not retained under these conditions and
were washed off during rinsing with 8 mol L' nitric acid.
Finally, Sr was eluted in HQ water. In accordance with previous
studies,*' the purification was repeated to minimize the impact
of interferences and matrix elements. The purified Sr fractions
were collected in pre-cleaned PFA vials and evaporated to
dryness at 80 °C. To remove any remaining organic materials
from the column, the residue was redissolved in 100 pL of
concentrated nitric acid and 10 pL of hydrogen peroxide and
evaporated to dryness at 80 °C again. For Sr isotopic analysis,
the residue was redissolved in diluted nitric acid (w(HNO3) =
2%). Sr recovery was estimated based on MC-MICAP-MS
measurements and was found to be greater than 75%, which
is considered sufficient, as previous studies have demonstrated
the absence of on-column Sr isotopic fractionation when using
Sr resin (aka Sr Spec).*

2.3.3 Sr isotopic measurement routine, data processing,
and uncertainty budget. Sr isotope abundance analyses were
performed using the new MC-MICAP-MS instrument with N,

This journal is © The Royal Society of Chemistry 2025
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(99.999% purity) as plasma gas. The instrument was coupled to
an MicroDX autosampler (Elemental Scientific (ESI), Omaha,
NE, USA) and equipped either with a PFA spray chamber (ESI) or
an APEX Q high sensitivity sample introduction system (ESI),
both in combination with a PFA nebulizer (ESI). The MC-
MICAP-MS instrument was optimized daily using NIST SRM
987 solution for maximum intensity, signal stability, and peak
shape. The torch position was manually adjusted using the XYZ
stage, the gas flows were optimized using Radom MICAP-MS
software, and the source lenses and ion transmission were
optimized using Neptune software. All measurements were
performed in low resolution mode after a minimum warm-up
time of 30 minutes. General instrumental settings for the Sr
isotope abundance measurements are described in Table 2.
The standard solution (i.e., NIST SRM 987) and the samples
were introduced into the plasma in the following sequence:

Table 2 Instrumental settings of the MC-MICAP-MS used for Sr
isotope abundance ratio measurements

MICAP ion source

Parameter (Radom Instruments LLC)
Coolant gas (L min ) 14

Auxiliary gas (L min™") 1.1

Nebulizer gas (L min ) 1.40-1.55

Power (W) 1500

Sampling depth (mm) 2 mm

Sample introduction

APEX Q (Elemental Scientific)

Nebulizer PFA - 100 pL min™*
(Elemental Scientific)
MC-MS
Parameter (Neptune, Thermo Fisher Scientific)
Interface Ni skimmer + sampler

84 (Sr"), 85 (Rb"), 86 (Sr"),

87 (Sr*, Rb"), 88 (Sr)

865r+

L2: 84, L1: 85, C: 86, H1: 87, H2: 88

Measured m/z

Center mass
Cup configuration

Resolution Low ((m/z)/A(m/z) =400)
Zoom optics - focus (V) 0.0

Zoom optics - dispersion (V) 0.0

Integration time (s) 4.2

Cycles/block 25

# of blocks 3-5

Sensitivity (V (ug g )" Approx. 40
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standard1-sample-standard2, to enable correction for IIF via
classical standard-sample bracketing (SSB)."** Concentrations
of the SSB standard solution and samples were matched within
15%, by adjusting the Sr mass concentration of the samples to
either 300 ng mL™" or 500 ng mL™'. Data collection was
accomplished with a total of 50-75 measurements per sample
with an integration time of 4.2 s. The analytical and procedural
blanks were negligible with a contribution of 0.02% and 0.1%,
respectively. Therefore, no blank correction was performed for
the measured data.

The conventional ®”Sr/*®sr isotope abundance ratio (with the
quantity symbol Reo,(*”Sr/%°sr)), which is corrected for IIF by
internal normalization, was calculated according to interna-
tionally agreed-upon guidelines:** Residual *’Rb interference
was corrected via peak stripping of the simultaneously
measured **Rb signal and using the natural *Rb/**Rb isotope
abundance ratio (=0.3856) recommended by IUPAC/CIAAW,***°
which was corrected for IIF using the conventional **Sr/*°sr
isotope abundance ratio. The measured *’Sr/*°Sr isotope ratios
were corrected for IIF by applying an IIF correction factor f
which was obtained from the measured *3Sr/®®Sr isotope
abundance ratio and the conventional ®*Sr/*°Sr isotope abun-
dance ratio defined as 8.375209 by using the exponential law. A
constant IIF correction factor f was assumed for both **Sr/*°sr
and #’Sr/*°sr isotope abundance ratios. The commonly accepted
value for the conventional #’Sr/*°sr isotope abundance ratio of
NIST SRM 987 is 0.710250.** Furthermore, after correction for
Rb as described above, dimensionless 6%"Sr/®®Srgramog; and
0°8Sr/%®Srgpmosy values (in %,) were calculated relative to the
average isotope abundance ratios of NIST SRM 987 used as the
bracketing standard, following the classical SSB approach.***

The measurement uncertainty for the conventional *’Sr/*°Sr
isotope abundance ratio was estimated based on the precision
of the measurement (i.e., standard error of the mean) and the
repeatability of the SSB standard (i.e., Reon(®’Sr/*°St) value). The
measurement uncertainty of the 6%Sr/*®Srspmos; and
058Sr/%®Srgrmoss Values was estimated based on the precision of
the measurement (i.e., standard deviation) and the variability of
the NIST SRM 987 standard in the bracket.

845r - 148 — ®gr.825 — ®&gr-11.7 — 88gr

Intensity (V)

1 1 1
85.90 85.95 86.00

mlz (center cup)

1
85.85

Fig. 2 Mass scan of 300 ng mL™! NIST SRM 987 solution in low
resolution mode. Sample introduction using APEX Q (wet plasma).
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3. Results and discussion

3.1. Peak shape, sensitivity and isotope ratio precision

The MC-MICAP-MS instrument showed highly stable signals
and produced flat-topped, symmetrical peak shapes in low
resolution mode with both wet sample introduction and dry
sample introduction (see Fig. 2). This confirms that the double-
focusing properties of the Neptune platform were sustained and
fully functional with the MICAP ion source, a very promising
prerequisite ~ for  high-precision  isotope  abundance
measurements.

MC-MICAP-MS with wet sample introduction (i.e., PFA spray
chamber) yielded a sensitivity of approx. 10 V (ug ¢ *)*. When
using the Ar-ICP as the ion source, our Neptune platform ach-
ieved a sensitivity of 25 V (ug g ')~". Notably, our Neptune
(installed 2009) was specified under wet plasma conditions with
a sensitivity for **Sr of >20 V (ug g *)". The sensitivity of MC-
MICAP-MS is therefore lower by a factor of about 2.5
compared to MC-ICP-MS. This agrees well with observations
from elemental analysis using MICAP-MS reporting a reduction
in sensitivity by a factor of 2 as compared to ICP-MS.** Dry
sample introduction (i.e., APEX Q without a membrane) on the
MC-MICAP-MS lead to a higher sensitivity of approx. 40 V (ug
g ')"". This improvement in sensitivity by a factor of 4 is
consistent with observations from the Neptune using Ar-ICP as
the ion source with the same dry sample introduction.
Furthermore, elemental analysis using MICAP-MS reported
signal enhancement by a factor of 5 to 10 when using the same
dry sample introduction.***® Given the gain in sensitivity
through dry sample introduction, most of the assessments
presented below, as well as the measurements of geological and
biological reference materials, were performed using an Apex Q
desolvating nebulizer.

-&- MC-MICAP-MS @ MC-ICP-MS

0.030

0.020 P

RSD (%)

0.010 4

0.000 . ; .
0 5 10 15 20

Intensity of 88Sr (V)
Fig. 3 Comparison of &7Sr/86Sr intensity ratio precision, expressed as

RSD (%), between MC-MICAP-MS and MC-ICP-MS (Ar-Neptune). Data
collection: 75 runs at an integration time of 4.2 s.
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At an intensity of 16.5 V on *%sr* (i.e., 500 ng mL™ '), the
87Sr/%°sr intensity ratio precision was approx. 0.007% for MC-
MICAP-MS. Fig. 3 shows good agreement in the ®’Sr/*°Sr
intensity ratio precision at various intensities between the MC-
MICAP-MS and our Neptune platform using Ar-ICP as the ion
source. This good agreement was expected and can be explained
by the fact that the main features of multi-collector mass
spectrometers for high-precision isotope abundance measure-
ments, i.e., flat-topped peaks and simultaneous ion detection,
were preserved in the new MC-MICAP-MS instrument.

3.2. IIF per mass unit and stability of IIF

For MC-ICP-MS, it is known that the magnitude of IIF changes
from element to element: The IIF per mass unit usually ranges
from 0.5-1.5% for heavier elements (e.g., Pb and U) and up to
25% for lighter elements (e.g., Li and B)."'*'* Here, an IIF per
mass unit of approx. 16% for B, approx. 2.1% for Sr, and approx.
0.90% for Pb is reported for the MC-MICAP-MS instrument.
These values agree well with those observed for our Neptune
platform using Ar-ICP as the ion source; with approx. 13% for B,
approx. 2.0% for Sr, and approx. 0.80% for Pb. Therefore, the
extent and algebraic sign (direction) of IIF per mass unit
observed for B, Sr, and Pb when using MICAP as the ion source
is comparable to those observed for the same elements when
using Ar-ICP as the ion source.

For Sr on the MC-MICAP-MS, the IIF per mass unit values for
the #Sr/*°sr and ®8Sr/®°Sr intensity ratios were 2.07% = 0.13%
(2 SD) and 2.03% + 0.12% (2 SD) for 93 discontinuous
measurements of NIST SRM 987 over seven days of measure-
ment. This indicates that the two isotope pairs of Sr have very
similar IIF per mass unit values. Again, this agrees well with
observations from the Neptune platform using Ar-ICP as the ion
source; with IIF per mass unit values of 2.03% =+ 0.17% (2 SD)
and 1.99% = 0.16% (2 SD) for ®’Sr/*°Sr and **Sr/*°Sr intensity
ratios, respectively, based on 28 discontinuous measurements
of NIST SRM 987 over four days of measurement. Furthermore,
the day-to-day stability of the IIF per mass unit observed for Sr
using MICAP as the ion source is comparable to the between-
day stability of the IIF per mass unit value observed for the
same element using Ar-ICP as the ion source.

For MC-ICP-MS it is known that IIF drifts over time." Fluc-
tuations in IIF throughout a sequence present a significant
hindrance to the determination of reliable and precise isotope
abundance ratios, and must be addressed through an appro-
priate IIF correction strategy.'*'” Here, a repeatability of 0.010%
for the ®’Sr/*°Sr intensity ratio was observed for 21 measure-
ments of NIST SRM 987 over a nine-hour measurement period
for MC-MICAP-MS with wet sample introduction. When
comparing the maximum to the minimum of the measured
87Sr/%°Sr intensity ratios (2.5 hours apart), the difference is a 6-
value of 0.319,. For MC-MICAP-MS with dry sample introduc-
tion, a repeatability of 0.009% for the ¥’Sr/®*°Sr intensity ratio
was observed for 20 measurements of NIST SRM 987 over a five-
hour measurement period, with a ¢-value of 0.35%, when
comparing the maximum to the minimum of the measured
87Sr/%°Sr intensity ratios (4.5 hours apart). For the Neptune
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platform using Ar-ICP as the ion source, a repeatability of
0.012% for the ®’Sr/*°Sr intensity ratio was observed for 21
measurements of NIST SRM 987 over a nine-hour measurement
period. When comparing the maximum to the minimum of the
measured *Sr/*°Sr intensity ratios (4 hours apart), the differ-
ence is a ¢-value of 0.459,,. Consequently, the long-term stability
of ITF for Sr when using MICAP as the ion source is comparable
to the long-term stability of IIF observed for the same element
when using Ar-ICP as the ion source. Constant IIF is an
important prerequisite for the successful application of IIF
correction strategies such as SSB and combined SSB and
internal normalization (C-SSBIN), which are based on sequen-
tial measurements of standards and samples.

3.3. Effect of plasma conditions on IIF

For MC-ICP-MS, it was found that plasma conditions such as
radial (ie., x-, y-position) and axial (ie., z-position) plasma
sampling positions, as well as nebulizer gas flow and RF plasma
power had significant effects on the magnitude of IIF.**

Fig. 4 shows the 5% S1/5®SrgrMmos- values and *%sr' intensities
as a function of the radial torch position (i.e., x- and y-position)
relative to the optimum position (defined as 0 mm) for MC-
MICAP-MS. The intensity distribution is symmetrical around
the center of the plasma, decreasing to approx. 25% of the
maximum at a x-position of 0.7 mm and a y-position of 0.5 mm.
This trend agrees with previous observations for MC-ICP-MS.
The distribution of ®’Sr/*°Sr isotope abundance ratios
(expressed as é-values) is symmetrical around the center of the
plasma, increasing to approx. 0.45%, at a x-position of 0.7 mm
(see Fig. 4A) and approx. 0.7-1.0%, at a y-position of 0.5 mm (see
Fig. 4B); indicating that the lighter **Sr isotope is more effi-
ciently sampled at the center of the plasma of MC-MICAP-MS
then towards the edges. The center of the plasma has a radial
area of approx. 0.02 mm?” with stable ®*Sr" signal intensity and
stable IIF. The observed IIF behaviour can be explained by the
“zone-model” for Ar-ICP as proposed by Vanhaecke et al.:*®
Assuming that the zone with maximum analyte density coin-
cides with the center of the plasma, and given the higher
dispersal rates for lighter isotopes, the ®’Sr/*®sr intensity ratio
would be expected to display a minimum at the center while
increasing towards edges of the analytical zone.*” The general
trend of increasing ®’Sr/*°Sr isotope abundance ratios with
increasing distance to the center of the plasma of MC-MICAP-
MS agrees with previous observations for MC-ICP-MS."
However, previous studies have reported a bimodal heavy-to-
light isotope abundance ratio profile for MC-ICP-MS,* that is
not seen for MC-MICAP-MS.

Fig. 5 shows the 6%7Sr/*®Srgrmoss values and *3Sr* intensities
as a function of sampling depth (i.e., z-position, nebulizer gas
flow) relative to the optimum position (i.e., 2 mm and 1.55
L min~") for MC-MICAP-MS. The intensity distribution remains
reasonably stable with increasing sampling distance until a z-
position of approx. 2.9 mm, while the intensity decreases with
decreasing nebulizer gas flow. The ®’St/*®Sr isotope abundance
ratio (expressed as ¢-values) increases with increasing sampling
distance, with a maximum of approx. 0.49, at a z-position of

J. Anal. At. Spectrom., 2025, 40, 2803-2815 | 2809
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Fig. 4 6%Sr/%®Srermesy and 88Sr™ intensity as a function of (A) x-position and (B) y-position of the torch relative to the optimum position (defined
as 0 mm). Measurement precision (1 SD) ranges from 0.10%, to 0.25%, for the 6%”5r/%6Srsrmosy values and from 0.5% to 5.0% for the 88Sr*
intensities (see Fig. S1). For improved readability, no error bars are shown in the figures.
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Fig. 5 (A) 6%5r/%%Srsrmosy and ®8Sr™ intensity as a function of z-position of the torch relative to the optimum position of 2 mm. (B)
6%75r/86Srsrmosz and E8Sr intensity as a function of nebulizer gas flow relative to the optimum flow of 1.55 L min~t. Measurement precision (1 SD)
is about 0.09%, for the 6%7Sr/%6Srermosy values and ranges from 1.0% to 4.0% for the 88Sr* intensities (see Fig. S2). For improved readability, no

error bars are shown in the figures.

approx. 2.9 mm (see Fig. 5A), as well as with decreasing nebu-
lizer flow, with a maximum of approx. 1.6%, at a nebulizer flow
of 1.35 L min " (see Fig. 5B). This indicates that the lighter *°*Sr
isotope is more efficiently sampled when the torch is close to
the cones and/or the nebulizer gas flow is high for the MC-
MICAP-MS. The observed IIF behaviour can be explained as
a consequence of the “zone-model” for Ar-ICP as proposed by
Vanhaecke et al.*® indicating that lighter isotopes should show
maximum density and intensity lower in the plasma, i.e., closer
to the torch or at higher nebulizer gas flows."” Hence, *”Sr/®°Sr
isotope abundance ratios should increase with decreasing
sampling depth, e.g., by moving the torch away from the
sampler cone or decreasing the nebulizer gas flow.*”** For MC-
ICP-MS, previous studies reported far more complicated
dependence on sampling depth.*”

Fig. 6 shows the 6%Sr/*®Srspmog, values and %8Sr” intensities
as a function of decreasing microwave plasma power relative to
the optimum position (ie., 1500 W) for MC-MICAP-MS.
Previous studies using MICAP-MS reported stable operation of
the plasma for powers between 1100 and 1500 W.** The

2810 | J Anal. At. Spectrom., 2025, 40, 2803-2815

intensity distribution remains fairly stable with decreasing
plasma power reaching the minimum tested value of 1200 W for
MC-MICAP-MS. The ®Sr/*°Sr isotope abundance ratio
(expressed as 6-values) decreases with decreasing plasma power,
with a minimum of approx. —4.79,, at 1200 W; showing the most
significant impact on the IIF behaviour of MC-MICAP-MS. The
observed trend indicates that the lighter ®°Sr isotope is more
efficiently sampled with lower plasma power of MC-MICAP-MS.
Consistent with observations of the nebulizer gas flow effect,
the influence of plasma power on Sr isotope abundance ratios in
the MICAP appears to be correlated with the preferential
diffusion of lighter isotopes at higher temperatures (i.e., high
microwave plasma power and/or low nebulizer gas flow). The
observed trend in IIF behaviour related to the plasma power of
the MICAP does not agree with the trends observed for Ar-ICP,
where the heavy-to-light isotope abundance ratios increase
with decreasing RF plasma power.* The explanation for these
opposing trends in terms of plasma power and IIF between MC-
MICAP-MS and MC-ICP-MS is unclear, but is likely linked to the
differences in the generation of the inductive field that transfers

This journal is © The Royal Society of Chemistry 2025
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Fig. 6 0%Sr/®%Srspmosy and 88Sr* intensity as a function of plasma
power relative to the optimum power of 1500 W. Measurement
precision (1 SD) is about 0.14%, for the 6°7Sr/%®Srspmoss values and
ranges from 1.5% to 2.5% for the 88Sr* intensities (see Fig. S3). For
improved readability, no error bars are shown in the figure.

power to the plasma. Nevertheless, the ability to induce IIF by
changing the plasma power is an important prerequisite for the
successful application of IIF correction strategies such as the
optimized regression model' (ORM, aka empirical external
normalization (EEN) model).

3.4. Nature of IIF and common correction strategies

The nature of isotope fractionation in MC-MICAP-MS is evalu-
ated and ascertained by using a simplified three-isotope-plot of
natural logarithms of measured **Sr/**Sr and *’Sr/*°Sr isotope
intensity ratios (see Fig. 7). If the underlying mechanism of the
isotope fractionation process is mass-dependent, the slope of
this plot can be predicted from the nuclide masses alone and
the three-isotope-plot exhibits behavior consistent with empir-
ical mass-dependent fractionation models.”* Since the 1990s,
numerous conventional isotopic fractionation models (e.g., the

y = 0.4992x - 1.403

In(87Sr/883r)

T T T
21688 21690  2.1692

In(88Sr(2éSr)

I
2.1686

Fig.7 Three-isotope plot of Sr from 21 measurements (N = 75 runs) of
NIST SRM 987 over 9 hours.
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linear law, the power law, and the exponential law), originally
developed for TIMS, have been conveniently adapted for MC-
ICP-MS, with the exponential law of Russell et al.*® being the
most widely used.**”*® As MICAP is an atmospheric-pressure
inductively coupled plasma source similar to conventional Ar-
ICP, it is reasonable to expect that the adapted isotope frac-
tionation models apply as well.

The three-isotope-plot in Fig. 7 shows a linear correlation of
the data with a slope of 0.499 + 0.013 which overlaps with the
slope calculated using the empirical Russell law (exponential
law) of 0.503. It can be therefore concluded that MC-MICAP-MS
exhibits predominantly mass-dependent isotope fractionation
behavior for Sr. This is an important prerequisite for the
successful application of IIF correction strategies that rely on
mass-dependent fractionation models such as internal
normalization and double spike. However, the presence of
potential mass-independent fractionation in MC-MICAP-MS
measurements cannot not be excluded at this point. The
nature of IIF, its behaviour and its stability throughout the
measurement have a significant impact on the choice of the IIF
correction model to determine reliable isotope ratios."

The conventional ®’Sr/®¢Sr isotope abundance ratio is
commonly reported as a result from MC-ICP-MS and TIMS
measurements. These data are corrected for IIF by internal
normalization using the conventional *®sr/*®Sr isotope abun-
dance ratio (=8.375209) according to empirical mass-
dependent fractionation models. The conventional ®7Sr/*®sr
isotope abundance ratio of NIST SRM 987 determined by MC-
MICAP-MS over five measurement days is 0.710256 =+
0.000018 (2 SD, N = 70). This agrees well with the commonly
accepted value for the conventional *’Sr/*°sr isotope abundance
ratio for NIST SRM 987 (=0.710250 + 0.000001 (ref. 43)), ob-
tained by either TIMS or MC-ICP-MS. Furthermore, the inter-
mediate precision for the conventional ®’Sr/*°sr isotope
abundance ratio of NIST SRM 987 obtained by MC-MICAP-MS is
0.0013% (N = 70) which agrees well with our observations from
the Neptune using Ar-ICP as the ion source showing a similar
intermediate precision of =0.0020%. Overall, this indicates
both reliability and repeatability for the determination of the
conventional ®’Sr/*°sr isotope abundance ratio obtained by MC-
MICAP-MS and the applicability of internal normalization as an
IIF correction strategy.

In general, the applicability of internal normalization as an
IIF correction strategy for ®”Sr/*°Sr isotope abundance ratios is
limited for two reasons: (1) it is built on the assumption that the
%8Sr/%°sr isotope abundance ratio is constant (studies have
revealed that this is not the case, and **Sr/*°sr isotope abun-
dance ratios vary in nature®***). (2) If mass-independent frac-
tionation is present, as shown for Sr isotope abundance ratios
obtained by MC-ICP-MS,** biased results may occur when mass-
dependent fractionation models, e.g., exponential law, are used
for IIF correction. The SSB technique has been used as an
alternative IIF correction strategy for Sr due to its simplicity, its
capability to correct for both mass-dependent and mass-
independent fractionation, and the possibility to determine
0°851/*°Srgrmosy values by MC-ICP-MS.™*' Over five measure-
ment days, NIST SRM 987 was repeatedly measured against
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Fig. 8 Correlation between conventional 8Sr/%Sr isotope abun-
dance ratios of geological and biological reference materials
measured by MC-MICAP-MS and their reported conventional values in
the literature (see Table 3). The error bars are smaller than the data
points shown in the figure.

itself using the classical SSB approach. The resulting
057Sr/%®Srgrmosy and 0°%Sr/*°Srgpamos, values are reported as
0.00%, + 0.03%, (2 SD, N = 17) and 0.00%, + 0.04%, (2 SD, N =
17), respectively. These results demonstrate that the IIF
behaviour is sufficiently stable to enable the reliable application
of the SSB approach in MC-MICAP-MS measurements.
Furthermore, the intermediate precision of the 5% S1/5®SrgrMosy
and 6°85r/%®Srgrumoss values is comparable to that reported for
MC-ICP-MS measurements.** Given the consistent and stable
IIF behaviour of the MC-MICAP-MS instrument, the SSB
approach represents a suitable IIF correction strategy for
obtaining reliable and precise 6%Sr/*°Srgpmosy  and
6°8Sr/5°SrerMmosy values.

3.5. Sr isotopic composition of reference materials

Finally, the accuracy of the Sr isotope abundance measure-
ments using MC-MICAP-MS was validated by measuring three
geological reference materials (i.e., IAPSO, BCR-2, and OU6) and
two biological reference materials (i.e., NIST SRM 1400 and
NIST SRM 1486) which were previously analyzed for their Sr
isotopic composition using either MC-ICP-MS or TIMS.

In Table 3, the conventional *’Sr/*°Sr isotope abundance
ratio, the 6%”Sr/%®Srgrmog values, and the 0%8S1/%°Srgppos, values
of the different geological and biological reference materials are
reported and compared to data obtained from previous studies.
Overall, the values reported in the present study for the five
reference materials overlap within uncertainty with previously
reported data. The repeatability of the conventional ®Sr/*°sr
isotope abundance ratios is <0.002% (RSD), and that of the
058S1/%®Srgrmos Values is <0.05%, (2 SD) for duplicate digests of
the geological and biological reference materials.

Additionally, the conventional ®’Sr/*®Sr isotope abundance
ratios obtained by MC-MICAP-MS for the geological and

This journal is © The Royal Society of Chemistry 2025
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biological reference materials are compared to literature values
in Fig. 8. All data points fall on the 1:1 line, indicating
consistency between the conventional ®’Sr/*°Sr isotope abun-
dance ratios obtained by MC-MICAP-MS and both previous MC-
ICP-MS and TIMS results. Overall, the conventional ®”Sr/*°Sr
isotope abundance ratios as well as the 6%”Sr/*®Srgramos7 and the
5%8Sr/%®Srepaosy  values obtained with MC-MICAP-MS are
consistent with data previously obtained by either TIMS or MC-
ICP-MS (standard bracketing and double spike), demonstrating
the accuracy of the new MC-MICAP-MS instrument.

4. Conclusion

The MC-MICAP-MS instrument is a promising new develop-
ment in multi-collector mass spectrometry used for high-
precision isotope abundance ratio measurements. In direct
comparison to MC-ICP-MS, the sensitivity of the new MC-
MICAP-MS instrument for Sr is lower; as it was to be expected
from previous observations in elemental analysis using MICAP-
MS. Initial investigations on Sr showed that the new MC-MICAP-
MS instrument is fully comparable to conventional MC-ICP-MS
systems in terms of intensity ratio precision (approx. 0.007%),
repeatability of intensity ratios (approx. 0.010%), and interme-
diate precision for isotope abundance ratios. In addition, the
investigations showed that the IIF behaviour of the new MC-
MICAP-MS is predominantly mass-dependent for Sr and that
common IIF correction strategies such as internal normaliza-
tion and SSB can be successfully applied; demonstrating high
reliability for Sr isotope abundance ratio measurements.
Finally, the consistency in the conventional ®'Sr/*°sr isotope
abundance ratios obtained by MC-MICAP-MS with previous
results obtained using established technology (i.e., MC-ICP-MS
and TIMS) confirmed the accuracy of measurements performed
with the new MC-MICAP-MS. Overall, these experimental
results demonstrate that MICAP can be used as an alternative
ion source for a multi-collector mass spectrometer without
compromising its double-focusing and high-precision proper-
ties or the accuracy and reliability of the measurement results.
This agrees well with observations by Lin et al.** showing similar
success when replacing the ICP of a multi-collector mass spec-
trometer with a low-pressure He-MIP.

Work is continuing to improve the new instrument, e.g., by
implementing a high sensitivity interface through an additional
vacuum pump and different cones (i.e., material and orifice).
Furthermore, the applicability of other IIF correction strategies,
like C-SSBIN, the optimized regression model and double spike,
as well as the impact of matrix effects requires systematic
investigation in the future. With a wealth of potential applica-
tions, including K, Ca, Fe, and Se, significant further work will
be required to fully explore the potential of the new technology
for the isotope research community.
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