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ABSTRACT: Iron (Fe) isotopic composition is a useful geochemical tracer. Because of the high spatial resolution and simple sample 

preparation, laser ablation multi-collector inductively coupled plasma mass spectrometry (LA-MC-ICP-MS) is becoming increasingly popular for Fe 

isotopic analysis. However, the matrix effect is a challenge for the LA-MC-ICP-MS technique, and external standardization using a matrix-matched 

reference material is essential. Ilmenite is a common and significant Fe-rich mineral phase in terrestrial and lunar rock, which has variable Cr contents. 

Herein, four natural ilmenites (RUS10, CZE2, SIN1, and GER16) with Cr contents of 15-2420 μg g-1 were characterized for Fe isotopic compositions 

by both solution nebulization (SN) MC-ICP-MS and LA-MC-ICP-MS. The protocol of isobaric interference correction (54Cr on 54Fe) was optimized 

for in situ Fe isotopic analysis. The precision and accuracy of ns-LA-MC-

ICP-MS measurements are comparable to those of fs-LA-MC-ICP-MS for 

Fe isotopic analysis. The individual spot internal precision (2SE) of δ56Fe was 

consistently better than 0.08‰ at 56Fe signal intensity ≥10 V, and the 

analytical external precisions (2sd) of δ56Fe were in a range from ±0.10‰ to 

±0.16‰ in multiple ilmenite fragments by both ns-LA-MC-ICP-MS and fs-

LA-MC-ICP-MS. The δ56FeIRMM-014 values of four ilmenites (RUS10, CZE2, 

SIN1, and GER16) were 0.22 ± 0.14‰ (2sd, n=165), 0.14 ± 0.14‰ (n=123), 

0.00 ± 0.14‰ (n=110) and 0.00 ± 0.14‰ (n=164), respectively. The four 

ilmenites, found to be homogeneous in Fe isotopic compositions, are 

proposed as candidate reference materials to be shared with peers. These 

ilmenites with different Cr contents and positive Fe isotopic values would 

certainly be helpful as reference materials for the scientific community. 
 

INTRODUCTION 

Iron (Fe) isotopes are used to explore geochemical processes, 

including magma differentiation,1-5 ore-deposit formation,6,7 

planetary evolution,8-11 and weathering.12,13 Significant Fe isotopic 

fractionation will occur in several common rock-forming 

minerals.14, 15 In the last two decades, multi-collector inductively 

coupled plasma mass spectrometry (MC-ICP-MS) has become a 

powerful and routine technique for solution nebulization (SN) Fe 

isotopic analysis in geological materials.16-19 Compared with SN-

MC-ICP-MS, LA-MC-ICP-MS has the advantages of high spatial 

resolution, fast analysis and simple sample preparation.20 It has 

been successfully applied to the measurements of Fe isotope ratios 

in pure Fe metal,7,21,22 pyrite,6,23,24 Fe-meteorites,7 taenite,7 

hematite,7, 25 siderite,7 magnetite,7 pyrrhotite,24,26,27 glassy cosmic 

spherules,28 chalcopyrite,23, 25 USGS reference glasses,29,30 and 

ilmenite.22,31 The Fe isotopic compositions obtained from small-

scale materials with complex structures offer some new views in 

geological processes, e.g., magma differentiation7 and 

hydrothermal processes.32 

In situ Fe isotopic analysis is routinely conducted by LA-MC-

ICP-MS using either a sample-standard-bracketing (SSB) 
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protocol7,24,28,30 or a Ni element-doping (ED) and SSB 

combination protocol22,31 to correct instrumental isotopic 

fractionation/mass bias. Here, the mass biases of the bracketing 

standard and the measured sample are assumed to be perfectly 

consistent during the whole measurement processes of laser 

ablation, aerosol transportation and mass spectrometric 

determination.24 The differences between the bracketing standard 

and the unknown sample in physical property and chemical 

composition would result in biased isotope ratios for LA-MC-ICP-

MS analysis.24, 25, 31 It is necessary to minimize the matrix effect 

by characterizing matrix-matched reference materials23,26,31,33 

and/or developing non-matrix-matched calibration protocols7,22,24,25,34 

for in situ Fe isotopic analysis in different geological minerals by 

LA-MC-ICP-MS. 

The femtosecond (fs) laser produces smaller sample particles 

than the nanosecond (ns) laser, which decreases the matrix effect 

by improving the efficiencies of aerosol transmission and 

ionization.7,24 However, the matrix effect is still significant even 

with fs-LA-MC-ICP-MS under routine dry plasma conditions, e.g., 

between magnetite and pyrite24 and between Fe metal and pyrite.31 

The novel wet plasma conditions by introducing water into LA-

MC-ICP-MS are helpful to minimize the matrix effect due to 

improved plasma conditions.22-24,31 For instance, accurate results 

for pyrite and ilmenite were obtained by fs-LA-MC-ICP-MS 

under wet plasma conditions using Fe metal IRMM-524A as a 

bracketing standard.22 Furthermore, the matrix effects among 

pyrite, hematite, chalcopyrite and magnetite are minimized by ns-

LA-MC-ICP-MS with a robust combination of wet plasma and N2 

gas.25 However, the introduction of water vapor and/or N2 gas 

complicates the sampling system of LA-MC-ICP-MS analysis. In 

addition, these non-matrix-matched calibration protocols still need 

at least one matrix-matched reference material as a quality control 

standard (i.e., secondary standard) to demonstrate analytical 

reliability and optimize instrumental parameters for in situ isotopic 

analysis. Effectiveness of non-matrix-matched methods is related 

to the daily state of the instrument, operating conditions, and 

experience of the operator, which may not be consistent among 

different laboratories. 

Suitable reference materials are crucial for in situ Fe isotopic 

analysis. The certified Fe metal reference materials (IRMM-014 

and IRMM-524A) can serve as excellent external reference 

materials by fs-LA-MC-ICP-MS.7,22 Some Fe-rich minerals have 

been characterized for Fe isotopic homogeneity by LA-MC-ICP-

MS, such as pyrite Aa01825 and Tianyu-Py,33 pyrrhotite Jc-Po and 

pentlandite Jc-Pn,26 and ilmenite PZH12-24.31 Natural reference 

material is rare and precious, because the Fe isotope shows a 

complex variation in geological process.14 The pressed tablet of 

ultrafine natural mineral powder has become an alternative 

reference material, such as pyrite PAS-Py600 and chalcopyrite 

PAS-Cpy600.23 The homogeneity of the natural mineral is 

improved by obtaining its ultrafine powder. Note that the physical 

properties of the pressed powder pellet (e.g., hardness and density) 

are different from those of natural minerals. Therefore, the wet 

plasma protocol is still needed to minimize the potential matrix 

effect.23 

Ilmenite (FeTiO3) is a common Fe-rich mineral in magmatic 

rocks, sedimentary rocks, metamorphic rocks and lunar soils4,35-41 

and is used to obtain geochemical information, including U‒Pb 

dating,36 Hf isotopes,42 Ti isotopes,43,44 Fe isotopes,22,31,45 and trace 

elements.41,46 Ilmenite as a significant geological tool is used to 

explore lunar basalt petrogenesis and understand igneous 

geological processes.1,15,36,38,39 Three ilmenites (i.e., PZH12-16, 

PZH12-18 and PZH12-24) are reported as potential reference 

materials for in situ Fe isotopic analysis.22,31 These ilmenite 

references with low Cr contents all have δ56FeIRMM-014 negative 

values relative to the IRMM-014 standard. The potential spectral 

interference of 54Cr on 54Fe is a challenge for LA-MC-ICP-MS 

analysis due to the lack of chromatographic purification.25,29,31 Fe 

isotopic reference materials with high Cr contents are still lacking. 

Herein, four ilmenite crystals with 15-2420 μg g-1 Cr contents 

were characterized for Fe isotopic compositions by SN-MC-ICP-

MS, ns-LA-MC-ICP-MS and fs-LA-MC-ICP-MS. The effectiveness 

of different interference correction protocols was evaluated using 

our ilmenites which have levels of Cr contents with 15-2420 μg g-1. 

The analytical capability of ns-LA-MC-ICP-MS was compared to 

that of fs-LA-MC-ICP-MS under routine dry plasma conditions 

for in situ Fe isotopic analysis in ilmenites. Four ilmenites were 

evaluated as potential references for in situ Fe isotopic analysis. 

EXPERIMENTAL 

Preparation of reagents, reference materials, and ilmenite 

crystals. Nitric acid (HNO3, 68%, GR grade) and hydrochloric 

acid (HCl, 36%, GR grade) were purified twice using a sub-

boiling distillation system. Hydrofluoric acid (HF, 40%, GR grade) 

was purified once by a sub-boiling distillation system. Ultra-pure 

water with a resistivity of 18.2 MΩ×cm was obtained from a Milli-

Q water purification system (Merck Millipore, Darmstadt, 

Germany). Ammonium bifluoride (NH4HF2, 98%, GR grade) was 

purified once using a 120 mL PFA sub-boiling bottle. 

The reference materials (IRMM-014 and IRMM-524A) from 

the Institute for Reference Materials and Measurements (IRMM) 

of the European Commission were used as the external reference 

materials for SN-MC-ICP-MS and fs-LA-MC-ICP-MS, 

respectively. A stock solution of IRMM-014 (approximately 100 μg g-1) 

was obtained from Prof. Huang Fang’s group at the University of 

Science and Technology of China (USTC). The solution standards 

GSB and UIFe5 from USTC and two geological reference 

materials (basalt BCR-2 and BHVO-2) were analyzed to validate 

the whole SN-MC-ICP-MS procedure. The Fe metal IRMM-524A 
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Table 1. Fe isotopic compositions of four ilmenites in different fragments obtained by SN-MC-ICP-MS 

Sample Type δ56FeIRMM-014 (‰) 2sd (‰) δ57FeIRMM-014 (‰) 2sd (‰) n 

RUS10 

fragment-1 

ilmenite 

0.23 0.06 0.34 0.06 3 

fragment-2 0.23 0.06 0.36 0.13 3 

fragment-3 0.24 0.05 0.35 0.08 4 

mean 0.24 0.06 0.35 0.09 10 

CZE2 

fragment-1 

ilmenite 

0.15 0.07 0.28 0.13 3 

fragment-2 0.16 0.04 0.22 0.05 3 

mean 0.16 0.06 0.25 0.11 6 

SIN1 

fragment-1 

ilmenite 

-0.01 0.03 -0.03 0.08 3 

fragment-2 0.01 0.03 -0.01 0.05 3 

mean 0.00 0.03 -0.02 0.07 6 

GER16 

fragment-1 

ilmenite 

0.02 0.03 -0.02 0.08 3 

fragment-2 0.01 0.02 0.00 0.07 3 

fragment-3 -0.03 0.07 -0.04 0.11 3 

fragment-4 0.03 0.05 0.07 0.07 3 

mean 0.01 0.07 0.00 0.12 12 

GSB 
mean 

Fe solution 
0.72 0.07 1.08 0.14 7 

Huang et al. 2020 0.73 0.05 1.08 0.10 39 

UIFe 
mean 

Fe solution 
0.65 0.04 1.00 0.08 7 

Huang et al. 2020 0.70 0.05 1.05 0.09 30 

BCR-2 
mean 

basalt 
0.07 0.02 0.14 0.03 3 

Lei et al. 2022 0.08 0.03 0.12 0.05 53 

BHVO-2 
mean 

basalt 
0.08 0.04 0.13 0.09 3 

Lei et al. 2022 0.10 0.03 0.15 0.06 56 

 
 

was used for the non-matrix-matched protocol by fs-LA-MC-ICP-

MS under wet plasma conditions. Natural pyrite Aa018 was used 

as a quality control standard.25 

In this study, Fe isotopic compositions of four ilmenites (RUS10, 

CEZ2, SIN1 and GER16) were characterized by SN-MC-ICP-MS 

and LA-MC-ICP-MS, respectively. Four minerals were named 

after locations and their approximate gram weights. It should be 

noted that three ilmenite crystals (RUS10, CZE2 and SIN1) have 

relatively homogeneous Ti isotopic compositions.44 The 

photographs and typical BSE images of the four ilmenites are 

shown in Fig. S1. Four ilmenites showed no internal zonation or 

mineral inclusions, with a few fractures that need to be avoided 

during in situ analysis. The ilmenite fragments were randomly 

chosen from the ilmenite crystals for Fe isotopic analysis. About 

2-4 fragments for each ilmenite were grinded, dissolved and 

measured by SN-MC-ICP-MS procedure. A few fragments of 

ilmenite were placed in epoxy mounts to characterize the chemical 

compositions and Fe isotope ratios by in situ laser ablation 

techniques. 

Chemical compositions by LA-ICP-MS. Major and trace 

element contents of several fragments of ilmenite were measured 

by ICP-MS (Agilent 7900, Agilent Technology) combined with a 

193 nm ns-LA system (GeoLas HD, MicroLas) at the State Key 

Laboratory of Geological Processes and Mineral Resources 

(GPMR), the China University of Geosciences (Wuhan). The 

National Institute of Standards and Technology (NIST) SRM 610 

and the United States Geological Survey (USGS) standards (BCR-

2G, BIR-1G, BHVO-2G) were used as external calibration 

materials. Data reduction was performed by the ICPMSDataCal 

program based on the sum of all metal oxides to 100 wt%.47 The 

major and trace element contents of the four ilmenites are listed in 

Table S1. 

Fe isotopic analysis by SN-MC-ICP-MS. Each ilmenite powder 

sample (approximately 5-10 mg) was digested with 60 mg of 

ammonium bifluoride (NH4HF2) at 230 ℃ for 4 h.48 The 

chromatographic procedure is described in detail.19 Briefly, 50-

100 μg of Fe was purified with 0.8 mL of AG-MP-1M resin. 

Matrix elements (e.g., Ti, Mn, Mg and Cr) were eluted with 5 mL 

of 8 mol L-1 HCl, and Fe was subsequently collected with 4 mL of 

0.5 mol L-1 HCl and 1 mL of Milli-Q water. The Fe isotope ratio 

measurements were performed by a Neptune Plus MC-ICP-MS 

(Thermo Fisher Scientific) with a SSB method at the GPMR lab. 

Detailed instrumental settings are summarized in Table S2. The 
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IRMM-014 was adopted as the bracketing standard to correct 

mass bias. The concentrations of sample and bracketing standard 

are ≈5 μg mL-1, where the 56Fe signal intensity was ≈24 V. These 

quality control standards (GSB, UIFe, BCR-2 and BHVO-2) were 

analyzed to demonstrate the reliability of the procedure used for 

Fe isotopic analysis. Solution standard GSB and UIFe were 

measured by SN-MC-ICP-MS with the Fe content of 5 μg mL-1. 

Geological reference materials (BCR-2 and BHVO-2) were 

measured by SN-MC-ICP-MS after dissolving and purifying. The 

Fe isotopic compositions obtained by SN-MC-ICP-MS are shown 

in Table 1. 

Fe isotopic analysis by LA-MC-ICP-MS. In situ Fe isotopic 

analysis was performed by a Neptune Plus MC-ICP-MS (Thermo 

Fisher Scientific) combined with a 257 nm Yb:KGW fs-LA 

system (PHAROS, Light Conversion Ltd.) or a 193 nm ArF ns-

LA system (GeoLas HD, MicroLas) at the GPMR lab. Detailed 

instrumental settings are summarized in Table 2. The 52Cr and 53Cr 

signal intensities were monitored to correct the isobaric 

interference of 54Cr on 54Fe. The detailed calculation is similar to 

that reported previously.31 A signal smoothing device was used to 

improve the analytical internal precision of the Fe isotope ratio.49 

Two typical time-resolved analyses (TARs) of ilmenite GER16 

obtained from fs- and ns-LA-MC-ICP-MS are shown in Fig. S2. 

Typical parameters of fs-LA-MC-ICP-MS were a laser spot size 

of 40 μm with a laser repetition rate of 3 Hz at a laser energy 

density of 3.2 J cm-2. A laser spot size of 44 μm with a repetition 

rate of 3 Hz at an energy density of 4.0 J cm-2 was chosen for 

ns-LA-MC-ICP-MS. The average 56Fe signal intensities of fs-LA-

MC-ICP-MS and ns-LA-MC-ICP-MS were ≈22 V and ≈16 V, 

respectively. To carry out the wet plasma conditions, Milli-Q water was 

introduced online via a spray chamber equipped with a 100 μL min-1 

PFA nebulizer.31, 50 

One fragment of ilmenite SIN1 and Fe metal IRMM-524A as 

bracketing standards were used to correct instrumental drift and 

mass bias during in situ analytical sessions. Data calculation was 

processed using off-line Iso-Compass software.51 All results were 

expressed relative to the IRMM-014 standard using δ-notation as 

follows: 

δ
56

Fe sample/standard (‰) = (
(56Fe 54Fe⁄ )sample  × 2

(56Fe 54Fe⁄ )standard-a  + (56Fe 54Fe⁄ )standard-b

 － 1)  × 1000   (1) 

δ
56

Fesample IRMM-014⁄  (‰) =  δ
56

Fesample standard⁄ + δ
56

Festandard IRMM-014⁄       (2) 

where δ
56

Fesample standard⁄   is the measured value of the sample 

relative to the bracketing standards (i.e., SIN1 and IRMM-524A) 

by LA-MC-ICP-MS, and δ
56

Festandard IRMM-014 ⁄ is the reference 

value of the bracketing standard relative to IRMM-014 determined 

by SN-MC-ICP-MS. The Fe isotopic compositions obtained by 

LA-MC-ICP-MS with different protocols are shown in Table 3. 

Table 2. Operating settings of fs- and ns-LA-MC-ICP-MS 

Neptune MC-ICP-MS 

Cup-configuration 
L2 L1 C H2 H3 

52Cr+ 53Cr+ 54(Fe + Cr)+ 55Fe+ 57Fe+ 

RF power 1200 W 

Cool gas flow 16.00 L min-1 

Auxiliary gas flow 1.00 L min-1 

Argon sample gas flow 0.80-1.00 L min-1 

Helium carrier gas flow 0.60 L min-1 

Interface cones standard sample cone + X skimmer cone (S+X) 

Mass resolution high resolution (Δm/m ≈8000) 

Block number 1 

Cycles of each block 120 

Integration time 0.524 s 

Laser ablation system 

Laser type Yb:KGW femtosecond laser ArF excimer laser 

Wavelength 257 nm 193 nm 

Pulse width 300 fs 15 ns 

Energy density 3.2 J cm-2 4.0 J cm-2 

Ablation mode single spot single spot 

Spot size 30-40 μm 32-44 μm 

Repetition rate 3-4 Hz 3-4 Hz 

RESULTS AND DISSCUSSION 

Chemical and Fe isotopic compositions of the four ilmenites. 

Four ilmenites (RUS10, CZE2, SIN1 and GER16) were found to 

contain FeO from 43.6 wt% to 47.1 wt%, and TiO2 from 44.3 wt% 

to 48.1 wt% (Table S1), which were homogeneous in FeO and 

TiO2 contents with RSDs of <7%. However, Cr concentrations in 

these ilmenites varied: RUS10 with 14.9 ± 5.6 μg g-1 (2sd, n=32), 

CZE2 with 49.8 ± 28.4 μg g-1 (n=42), SIN1 with 1650 ± 194 μg g-1 

(n=27) and GER16 with 2420 ± 557 μg g-1 (n=42). With one 

exception of SIN1, these ilmenites showed slightly heterogeneous 

Cr contents with RSDs of 12-29%. Different Cr contents (i.e., 

different Cr/Fe ratios) in these ilmenites favor isobaric interference 

evaluation for in situ Fe isotopic analysis. 

The Fe isotopic compositions of 2-4 fragments in four ilmenites 

and four reference materials are shown in Table 1. The GSB and 

UIFe standards yielded δ56FeIRMM-014 values of 0.72 ± 0.07‰ (2sd, 

n=7) and 0.65 ± 0.04‰ (2sd, n=7), respectively, whereas 

δ56FeIRMM-014 values of 0.07 ± 0.02‰ (2sd, n=3) and 0.08 ± 0.04‰ 

(2sd, n=3) were obtained for BCR-2 and BHVO-2, respectively. 

All δ56FeIRMM-014 results of these reference materials as quality 

control standards are in excellent agreement with those reported 

results5,19. Our analytical external precisions of ± 0.02-0.07‰ 

obtained by SN-MC-ICP-MS are comparable to those precisions 

of ± 0.02-0.05‰. These demonstrated the reliability of our 

analytical results. Finally, RUS10, CZE2, SIN1, and GER16 

yielded δ56FeIRMM-014 values (Table 1) of 0.24 ± 0.06‰ (2sd, n=10), 

0.16 ± 0.06‰ (2sd, n=6), -0.00 ± 0.03‰ (2sd, n=6) and 0.01      

± 0.07‰ (2sd, n=12), respectively. The Fe isotopic compositions 

in these investigated ilmenites showed a good reproducibility of 

± 0.03-0.07‰, which were comparable to analytical precisions of 
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Table 3. Fe isotopic compositions of four ilmenites obtained by LA-MC-ICP-MS using different protocols 

Sample Analytical protocol Bracketing standard δ56FeIRMM-014 (‰) 2sd (‰) n 

RUS10 

ns-LA-MC-ICP-MS + dry plasma SIN1 0.26 0.15 42 

fs-LA-MC-ICP-MS + dry plasma SIN1 0.23 0.14 15 

fs-LA-MC-ICP-MS + wet plasma SIN1 0.22 0.10 59 

fs-LA-MC-ICP-MS + wet plasma IRMM-524A 0.15 0.13 39 

SN-MC-ICP-MS IRMM-014 0.24 0.06 10 

average value  0.22 0.14 165 

CZE2 

ns-LA-MC-ICP-MS + dry plasma SIN1 0.14 0.16 21 

fs-LA-MC-ICP-MS + dry plasma SIN1 0.14 0.15 35 

fs-LA-MC-ICP-MS + wet plasma SIN1 0.15 0.12 26 

fs-LA-MC-ICP-MS + wet plasma IRMM-524A 0.12 0.14 35 

SN-MC-ICP-MS IRMM-014 0.16 0.06 6 

average value   0.14 0.14 123 

SIN1 

ns-LA-MC-ICP-MS + dry plasma SIN1 0.00 0.15 15 

fs-LA-MC-ICP-MS + dry plasma SIN1 0.01 0.14 26 

fs-LA-MC-ICP-MS + wet plasma SIN1 0.02 0.12 28 

fs-LA-MC-ICP-MS + wet plasma IRMM-524A -0.04 0.13 35 

SN-MC-ICP-MS IRMM-014 0.00 0.03 6 

average value   0.00 0.14 110 

GER16 

ns-LA-MC-ICP-MS + dry plasma SIN1 0.02 0.16 35 

fs-LA-MC-ICP-MS + dry plasma SIN1 -0.02 0.11 32 

fs-LA-MC-ICP-MS + wet plasma SIN1 -0.01 0.14 46 

fs-LA-MC-ICP-MS + wet plasma IRMM-524A -0.02 0.14 39 

SN-MC-ICP-MS IRMM-014 0.01 0.07 12 

average value   0.00 0.14 164 

Aa018 fs-LA-MC-ICP-MS + wet plasma IRMM-524A 0.52 0.10 29 

Chen et al. 2022 Aa018 0.52 0.04 13 

 

 

 

 

 

 

 

Fig. 1 Isotopic fractionation/mass bias factors (β) of Fe and Cr obtained 

from ilmenite SIN1 and GER16 during LA-MC-ICP-MS analysis in an 

analytical session. The error bars are 2SE. 

our SN-MC-ICP-MS method, suggesting Fe isotopic 

compositions were homogeneous at the hand-specimen scale. 

Evaluation of Cr interference correction protocols. The 54Cr 

isobaric ion is the most significant interference in samples with 

high Cr contents for in situ Fe isotopic analysis.29 The high Cr 

content (e.g., Cr/Fe ratio > 0.0001) leads to biased Fe isotope 

ratios.19,29 Our four ilmenites exhibit wide variation in Cr/Fe ratio 

from 0.00004 to 0.00687, consistent with the majority of natural 

ilmenites. The effect of 54Cr on 54Fe must be corrected by 

monitoring 52Cr and/or 53Cr to obtain accurate 56Fe/54Fe 

ratios.29,31,52 The signal intensity of 52Cr (and/or 53Cr), the Cr 

natural isotope abundance and the instrumental mass bias factor (β) 

are required for in situ Fe isotopic analysis to subtract 

interferences.29,31,52 

Herein, βFe and βCr were calculated by using a 57Fe/56Fe ratio of 

0.023096 31 and a 53Cr/52Cr ratio of 0.113386 29 with an 

exponential law, respectively. The βCr and βFe were obtained from 

high-Cr ilmenites (SIN1 and GER16) in an analytical session (Fig. 1). 

As shown in Fig. 1, values for βCr showed large variation, whereas 

βFe values were constant. Since Cr and Fe are close in mass, mass 

bias should be similar for Cr and Fe.29 The observed inaccuracy of 
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2

 

Comparison of the δ56FeIRMM-014

 

values of four ilmenites obtained by 

LA-MC-ICP-MS using 52Cr and 53Cr, respectively, for isobaric interference 

correction in an analytical session. The error bars are 2SE. The average 

values from SN-MC-ICP-MS are plotted as brown lines.

 

 

 

 

 

 

 

Fig. 3 Relationship between the 56Fe signal intensity and individual spot 

precision (2SE) of δ56Fe for ilmenites by ns-LA-MC-ICP-MS and fs-LA-

MC-ICP-MS. 

 

 

 

 

 

 

 

 

Fig. 4 Comparison of the δ56FeIRMM-014 values of four ilmenites obtained by 

ns- and fs-LA-MC-ICP-MS and by SN-MC-ICP-MS: (a) RUS10; (b) 

CZE2; (c) SIN1; (d) GER16. The error bars are 2SE. The average values 

from SN-MC-ICP-MS are plotted as green lines. Within each plot, the data 

are presented in chronological order. Small spot represents each analysis 

obtained by LA-MC-ICP-MS, while large spot represents the average value. 

unstable βCr may be attributed to the low intensity of Cr during 

real-time analysis. βFe instead of βCr was thus chosen as the 

instrumental mass bias factor to correct the Cr interference. It is 

evident that there was no significant difference in the precision and 

accuracy of the δ56Fe results, regardless of whether 52Cr (54Cr/52Cr 

ratio of 0.028226) or 53Cr (54Cr/53Cr ratio of 0.248921) was used 

for the correction (Fig. 2). Given the high abundance of 52Cr, this 

isotope was chosen to correct the signal at mass 54 for the 

interference of 54Cr on 54Fe. 

Analytical precisions of nanosecond and femtosecond laser 

systems. The internal uncertainty (i.e., within-run precision or 2SE) 

obtained by LA-MC-ICP-MS varied from 0.05 to 0.45‰, which 

was greatly dependent on the Fe signal intensity but independent 

of the laser ablation systems (Fig. 3). As shown in Fig. 3, the 56Fe 

signal intensity increased from 0.5 to 10 V, resulting in a 

significant improvement in the 2SE from 0.45 to 0.08‰. To 

achieve a good measurement precision of <0.08‰ (2SE), 56Fe ion 

signals should be >10 V. 

The external reproducibility (i.e., external precision or 2sd) of 

LA-MC-ICP-MS analysis was influenced by instrument stability, 

mass bias correction, spectral interference correction and the 

homogeneity of the bracketing standard and the sample. The 

reproducibility of in situ Fe isotopic analysis was further verified 

by fs-LA-MC-ICP-MS and ns-LA-MC-ICP-MS under dry 

plasma conditions with SIN1 as the bracketing standard. Repeated 

analyses in several fragments of four ilmenites yielded similar 

external precisions (2sd) of δ56FeIRMM-014, i.e., ± 0.11-0.15‰ for 

fs-LA and ± 0.15-0.16‰ for ns-LA under dry plasma conditions 

(Fig. 4 and Table 3), which are comparable to those in previous 

reports.22,31 Although the ns-LA system produces larger ilmenite 

particles than the fs-LA system,46 the analytical precisions of the 

two lasers are comparable under the optimized instrumental 

conditions. 

Results of in situ Fe isotopic analysis in ilmenites by LA-MC-

ICP-MS. In situ Fe isotopic analysis in four ilmenites was 

conducted by ns-LA-MC-ICP-MS and fs-LA-MC-ICP-MS under 

dry plasma conditions using ilmenite SIN1 as the bracketing 

standard. The LA-MC-ICP-MS results are in agreement with the 

values obtained by SN-MC-ICP-MS within the analytical error 

(Fig. 4 and Table 3). Using a matrix-matched bracketing standard 

is advantageous to avoid potential matrix effect. 

To further confirm the homogeneity of our ilmenites, the Fe 

isotopic compositions were measured by fs-LA-MC-ICP-MS 

under wet plasma conditions with Fe metal IRMM-524A and 

ilmenite SIN1 as bracketing standards, respectively. The 

δ56FeIRMM-014 value of pyrite Aa018 was 0.52 ± 0.10‰ (2sd, n=29) 

with Fe metal IRMM-524A as the bracketing standard, in 

agreement with values obtained in previous reports.23,25 These 
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Compilation of δ49TiOL-Ti 

values of four ilmenites obtained from 

repeated measurements in different analytical protocols. (a) RUS10; (b) 

CZE2; (c) SIN1; (d) GER16. Error bars represent 2SE. The average values 

from SN-MC-ICP-MS are plotted as green lines. Within each plot, the data 

are presented in chronological order. 

 

 

 

 

 

 

 

 

Fig. 6 Histograms of δ56FeIRMM-014 values of four ilmenites. 

δ56FeIRMM-014 values of RUS10 (0.22 ± 0.10‰, 2sd, n=59),  

CZE2 (0.15 ± 0.12‰, n=26), SIN1 (0.02 ± 0.12‰, n=28), and 

GER16 (-0.01 ± 0.14‰, n=46) were obtained by fs-LA-MC-ICP-

MS using SIN1 as the bracketing standard. These δ56FeIRMM-014 

values of RUS10 (0.15± 0.13‰, n=39), CZE2 (0.12 ± 0.14‰, 

n=35), SIN1 (-0.04 ± 0.13‰, n=35), and GER16 (-0.02 ± 0.14‰, 

n=39) were obtained by fs-LA-MC-ICP-MS using IRMM-524A 

as the bracketing standard. Results obtained from fs-LA-MC-ICP-

MS under wet plasma conditions were in agreement with values 

obtained by SN-MC-ICP-MS within measurement uncertainties 

(Fig. 5 and Table 3). It should be noted that our results from the 

non-matrix-matched method showed a slight systematic negative 

bias, e.g., RUS10 ilmenite yielded 0.24 ± 0.06‰ (2sd, n=10) by 

SN-MC-ICP-MS and 0.15 ± 0.13‰ (2sd, n=39) by fs-LA-MC-

ICP-MS with IRMM-524A as the bracketing standard. Therefore, 

the matrix-matched method is recommended for accurate in situ 

Fe isotopic analysis in ilmenites by LA-MC-ICP-MS. 

All results for the four ilmenites from LA-MC-ICP-MS are in 

good agreement with the results obtained by SN-MC-ICP-MS 

within an analytical error of ≈ ±0.10‰ (Fig. 5 and Table 3). These 

ilmenites show relatively homogeneous Fe isotopic compositions, 

i.e., 0.22 ± 0.14‰ (2sd, n=165) for RUS10, 0.14 ± 0.14‰ (2sd, 

n=123) for CZE2, 0.00 ± 0.14‰ (2sd, n=110) for SIN1, and 0.00 ± 

0.14‰ (2sd, n=164) for GER16 (Fig. 5 and Table 3). All δ56Fe 

results of the four ilmenites (Table S3-S7) follow Gaussian 

distributions (Fig. 6). Unlike ilmenites PZH12-2431 and PZH12-18,22 

the RUS10 and CZE2 have positive δ-values, which would enrich 

the ilmenite reference material bank. The GER16 with high Cr 

content (up to 2420 μg g-1) is rare in Fe isotopic microanalysis 

reference materials. Four tested ilmenites (RUS10, CZE2, SIN1, 

and GER16) are recommended as potential reference materials for 

LA-MC-ICP-MS analysis and can be shared with other 

microanalysis laboratories. 

CONCLUSION 

Iron isotopes in four ilmenite reference materials were determined 

by LA-MC-ICP-MS. The Cr interference can be effectively 

corrected when the Cr/Fe ratio is <0.007 using a simple protocol. 

The internal precision (2SE) of in situ Fe isotopic analysis is better 

than 0.08 ‰ with recorded 56Fe ion signal intensity of >10 V, and 

the corresponding external reproducibility is ± 0.10-0.16‰ (n=15-42), 

which are not related to LA types. The analytical accuracy and 

precision of ns-LA-MC-ICP-MS are comparable to those of fs-

LA-MC-ICP-MS under routine dry plasma conditions. Four tested 

ilmenites can serve as Fe isotopic reference materials and can be 

acquired from corresponding author. 
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