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Abstract

Multicollector ICP-MS-based stable isotope procedures provide the capability to determine small variations in metal isotope composition
of materials, but they are prone to substantial bias introduced by inadequate sample preparation. Such a “cryptic” bias is not necessarily
identifiable from the measured isotope ratios. The analytical protocol for Fe isotope analyses of organic and inorganic materials described
here identifies and avoids such pitfalls. In medium-mass resolution mode of the ThermoFinnigan Neptune MC-ICP-MS, a 1-ppm Fe solution
with an uptake rate of 50—40L min~—! yielded 3x 10~ A on 5¢Fe for the ThermoFinnigan stable introduction system and 1.2<1@B°A
for the ESI Apex-Q uptake system. Sensitivity was increased again 3—5-fold when using Finnigan X-cones instead of the standard H-cones.
The combination of the ESI Apex-Q apparatus and X-cones allowed the determination of the isotope composition on as little as 50 ng of Fe.
Fe isotope compositions were corrected for mass bias with both the standard-sample bracketing (SSB) method, and b$P@sifiCine
ratio of added synthetic copper (Cu-doping) as internal monitor of mass discrimination. Both methods provide identical results on high-purity
Fe solutions of either synthetic or natural samples. We prefer the SSB method because of its shorter analysis time and more straightforward
correction of instrumental mass bias compared to Cu-doping. Strong error correlations of the data are observed in three isotope diagrams.
Thus, we suggest that the quality assessment in such diagrams should be performed with error ellipses rather than error bars. Reproducibility
of 8%6Fe, 85"Fe andd%®Fe values of natural samples alone is not a sufficient criterion for accuracy. A set of tests is lined out that identify
cryptic matrix effects and ensure a reproducible level of quality control. Using these criteria and the SSB correction method, we determined
the external reproducibilities f@°°Fe,8%"Fe andd>®Fe at the 95% confidence interval from 318 measurements of 95 natural samples to be
0.049, 0.071 and 0.28%o, respectively.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction unit have been observed in a number of natural and synthetic
material§4-9]. Early attempts to determine stable Fe isotope
Stable iron isotopes have been predicted to change theirratios by thermal ionisation mass spectrometry (TIMS) were
relative abundances in a mass-dependent way by physicahampered by relatively unpredictable instrumental mass dis-
transport processes and chemical reactjdn8]. Indeed, Fe crimination between independent runs of the same sample
isotope fractionation of up to a few permil per atomic mass [10,11] Nevertheless, high-precision TIMS analyses of sta-
ble Fe isotope ratios were accomplished by measuring Fe as

. negative Fe-fluoride complex, thereby improving the stabil-
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further improve the accuracy of stable Fe isotope ratio mea- defined as
surement$13]. . . . 6 54

With the development of multiple-collector inductively 8% Fesample= ( Fe/>"Feésample 1) « 1000[%] (1)
coupled plasma mass spectrometers (MC-ICP-MS) and their 56Fe/54Festandard
advantage of stable mass bias with little drift within and be-
tween runs, high-precision isotope ratio determinations were Reproducibilities for Fe isotope determinations at such lev-
reported for many metals, amongst them[E&-18] How- els, however, still render some applications impossible, such
ever, the accuracy and precision of stable isotope ratio de-as measurement of potential high-temperature iron isotope
terminations of transition metals by MC-ICP-MS depend on fractionation that was proposed for magmatic processes from
three analytical requirements: (1) the quantitative removal Spectroscopic daf@,3]. At a precision level of <0.2%, iso-
of molecular interferences (e.g. Ar-oxides, Ar-nitrides, Ar- tope ratios measured by MC-ICP-MS are easily biased by in-
and metal hydrides); (2) accurate corrections for even small- troduction of “cryptic” matrix effects during analysis. These
est amounts of isobaric elemental interferences f@r* are, for example, generated by the presence of residual matrix
on %#Fe", 98Ni* on %8Fe", 84Ni* on %4Zn*, etc.); and (3)  elements in the analyte solution that were not fully disposed
precise correction of the instrumental mass bias that usu-of during the chemical purification of the element of interest.
ally amounts to a few % per atomic mass unit in ICP-MS The result would be an additional mass bias and a shift in
and that strongly depends on the instrumental set-up, thethe samples isotope ratios. Such a shift is not readily appar-
matrix, and the overall purity in which elements are pre- ent, it might not even be detected by duplicate measurements
sented. A number of techniques have been applied to re-[14], since these matrix effects would duplicate, too. There-
duce interfering molecular complexes on Fe isotopes, in- fore, particularly close scrutiny of instrumental accuracy and
cluding (i) reduction of HO in the aerosol by desolvat- precision is required to avoid these pitfalls.
ing nebulisation in order to minimise tHEAr®0*/56F¢et, In this study, we used a ThermoFinnigan Neptune MC-
40Ar170%/57Fet, and40Arl80*/58Fet ratios as well as the  ICP-MS situated at the Institute for Mineralogy in Hannover
corresponding Ar-hydroxide and Fe-hydride to iron ratios t0 assess optimal analytic conditions for stable Fe isotope
[15,19] (i) A combination of (i) with cool plasma run- ratio measurements. Molecular interferences are resolved
ning conditions and the use of a¥@ resistor for detec- routinely by increasing mass resolution on this instrument
tion of large®6Fe" beams, thereby further minimising the [21]. Here we focus on an evaluation of the following
argon-oxide to iron rati¢7]; (iii) collision cell technology aspects that we regard as essential for accurate Fe isotope
[14]; (iv) full suppression of molecular interferences by cold analyses: (i) assessment of the highest achievable mass
plasma ICP-M320]; and (v) high mass resolution measur- Spectrometric reproducibility on a synthetic, matrix-free
ing technique$21-24] in order to resolve Fefrom ArO* Fe solution; (ii) comparison of standard-sample bracketing
and ArN* molecules. Isobaric metal interferences are princi- with Cu-doping techniques to correct for instrumental mass
pally removed during chemical purification of the element discrimination; (iii) testing a widely used chromatographic
of interest. Residuals that are not resolvable ion-optically technique for quantitative Fe separation from samples with
due to their small mass differences may be accounted forvarying matrices (organic as well as inorganic); (iv) critical
by simultaneously monitoring the abundance of another iso- assessment of the accuracy and the external reproducibility
tope of the interfering element. A variety of approaches exist of the Fe isotope composition of natural Fe samples with
for the determination of the instrumental mass bias for sta- organic and inorganic matrices; and (v) following the results
ble Fe isotope ratio measurements. Most commonly used isfrom (i) through (iv), establishing a routine analytical
the standard-sample bracketing method, SSB[&.1#,15), protocol for Fe purification and Fe isotope analysis that
in which measurements of standards of known Fe isotope allows for high confidence in long-term reproducibility and
composition are alternated with measurements of the sam-accuracy of stable Fe isotope measurements.
ples. A second approach derives the instrumental mass bias
from simultaneous measurement of additions of[2Q25]
or Ni [22,23] of known isotope composition. A third ap- 2. Experimental
proach is a double-spike technique that enables simultane-
ous calculation of the instrumental mass bias and the sam-2.1. Measuring techniques
ple’s natural isotope fractionation. This technique has been

used to measure stable Fe isotopes by TINIS], but it 2.1.1. Instrumentation
has not yet been applied to Fe measurements by MC-ICP- The ThermoFinnigan Neptune MC-ICP-MS is a double-
MS. focussing sector mass spectrometer equipped with a fixed

Compared to analyses by multicollector magnetic sec- central channel that can be switched between a Faraday and
tor TIMS, MC-ICP-MS techniques improved the preci- a secondary electron multiplier detector and four movable
sion of stable Fe isotope ratio determinations by a fac- Faraday collectors on either side. Varying the width of the
tor of approximately 3-5. The currently reported repro- entrance slit allows for two different degrees of increased
ducibility levels are 0.1-0.15%o &) for 5°6Fe[14,20,23,25] mass resolution (dubbed “medium” and “high” mass res-
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olution [21]), thus enabling Fe isotope ratio measurements Table 2 _
by fully resolving rather than suppressing the interfering 'nstrumental parameters for Fe isotope analyses

argon-oxides from the Fe isotope masses. The mass resoluParameters Setting
tion is a measure of the relative width of an ion beam and as R power (W) 1200
such for the resolving power of an instrument of particular Acceleration voltage (V) —10000

geometry to physically separate two ions of similar masses :‘;mp'er cone E'tllm,\rl” Ogigde s
along their flight trajectories. The mass resolution used here > e" €0Nes X_t;;’ge,;“ oag
is defined asn/Am [21], wherem is the mass of the ion of A gas flow rates (L min) o

interest and\mis the mass difference betweenits 5 and 95% coolant 15

peak heights. On our instrument the mass resolution equalshuxiliary 0.7-1.0

9500 for medium and 12,500 for high mass resolution, Nebuliser 1.0-115

respectively. For example, the minimum mass resolution to énalyte matrix 0.3 mol £ HNOs
. . 16+ ample uptake time (s) 80

physically separate the flight path®Ar®0* (55.957amu)  yashout time (s) 100

from that of°6Fe’ (55.935 amu) is approximately 2500 (with  Cycle integration time (s) 8

Am=55.,957-55.935 amu amd=55.935amu). A more de-  Number of cycles per analysis 20

tailed description of the ThermoFinnigan Neptune instrument
and the high mass resolution measuring technique can be®3Cu are detected in a first cycle on the Faraday collectors H4
found in Weyer and Schwietef21]. Sample solutions were  and H2, respectively, while all Fe isotope beams and the in-
nebulised and introduced by the ThermoFinnigan stable in- terference monitors?Cr and®Ni are detected in the second
troduction system (SIS). This system consists of a combinedcycle. The total analysis time compared to SSB is doubled,
cyclonic and Scott-type spray chamber. We also assessed theecause both cycles are integrated 20 times during 8s (see
performance of the ESI Apex-Q desolvating apparatus using Table 2. The magnet is allowed a settling time of 4 s after
alow flow (50-10QuL min—1) PFA self-aspirating nebuliser.  peak jumping before beam integration is started. While all
The ESI Apex-Q apparatus consists of a heated cyclonic peaks of cycle 2 are measured on the resolved Fe, Cr, and Ni
glass spray chamber coupled with a Peltier element-cooledplateaus, the Cu peaks in cycle 1 are detected full centre.
glass spiral condenser. Heating of the spray-chamber can be Both HNO; and HCI were tested as analyte solutions at
set to 100 or 140C and cooling of the condenser to either +2 molarities ranging from 0.1 to 1 moH!. HNOs appeared to
or —5°C. Aninlet valve allows for M purging to the sample  be superior to HCI, because it yielded a smaller drift of the
aerosol to further enhance sensitivity and signal stability.  instrumental mass bias with time as well as better signal sta-
bility for Fe. Optimal signal stability and washout times were
2.1.2. Optimised run conditions obtained with a 0.3 mol t* HNOs. Interference of°Arl4N*
Possible Faraday cup settings for the SSB method, theon >*Fe", which is increased when using HN@s analyte
Cu-doping and two variations of the Ni-doping methods are solution, is readily resolved on the ThermoFinnigan Neptune
given in Table 1 The wide focal plane of the Neptune in- MC-ICP-MS when operating in medium- or high-resolution
strument allows simultaneous detection of all Fe isotope ion modeg[21]. Stabilising the speciation of Fe in the solutions
beams together witfPCr* and®ONi* for interference moni- by adding small amounts of oxidising or reducing agents was
toring for the SSB measuring method. Ni-doped Fe measure-also tested but this only resulted in higher instrumental mass
ments may also be made within a single integration cycle, bias drift with time.
using®INi/%Ni as instrumental mass bias monitdable The principal instrumental parameters that have been in-
Ni-doping 1). The®2Ni/ONi ratio as instrumental mass bias vestigated during the test runs were radio frequency power
monitor is preferable due to its increased mass difference, but(ranging between 1000 and 1300 W), focus lens settings, cy-
requires a dynamic routinddble 1 Ni-doping 2) with two cle integration times, overall number of cycles during a sin-
measurement cycles and correspondingly increased analysigle run, various baseline measurements (i.e. on peak zeroes
time. A dynamic routine with peak jumping has to be em- and deflected zeroes or electronic backgrounds) and vary-

ployed for the Cu-doping method as wélbple J). °°Cu and ing washout times. Optimal run conditions, including sig-
Table 1
Faraday cup settings for different methods of stable Fe isotope ratio determinations on the Neptune MC-ICP-MS
Method Faraday Cups
L4 L3 L2 L1 Center H1 H2 H3 H4

SSB Cycle 1 52¢cr - SFe - 56Fe S7Fe 58Fe - 60Njj
Cu-doping Cycle 1 63cu 65Cu

Cycle 2 52cr - SFe - 56Fe STFe 58Fe - 60N;j
Ni-doping 1 Cycle 1 S3cr - SFe 56Fe 57Fe 8Fe 60N - 6INi
Ni-doping 2 Cycle 1 60N - 62N

Cycle 2 52¢r - SFe - 56Fe STFe 58Fe - 60Njj
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nal and mass bias stability, short washout times, small andchromatography (see alg§@2]) were tested. Amongst all
reproducible internal run uncertainties and a good externalthese methods, chromatographic separation of Fe from its
reproducibility of5°6Fe, 8°’Fe andd°8Fe values of our in-  sample matrix was the most reliable in terms of yield, purity
house JM Fe standard (see Secto?), were obtained with  of the Fe separates and low Fe blank.

the parameters given ifable 2

2.3.2.1. Anion-exchange chromatograptnion-exchange
2.2. Preparation of Fe standards chromatography was performed in a 7.5-mL Specffum

104704 polypropylene column using 1 mL of BioRad AG

Commercially available IRMM-014 Fe was used as the 1.xg8, 100-200 mesh resin. The exchange capacity of 1-mL

bracketing reference standard, because itis very pure, easilyyet resin is 1.2 mmol FeGr, corresponding to approxi-
dissolvable and available in large quantitifg6(27} EU In- mately 90 mg Fe. The resin was pre-cleaned with 5mL of
stitute for Reference Materials and Measurements, Geel, Bel-5 mq| L1 HNOg, followed by 2mL of HO and 5mL of
gium). As internal laboratory standard, a commercially avail- g .3 mol L= HCI. The resin was then pre-conditioned with
able pure Fe wire (Johnson&Matthey, Fe Puratronic wire, 4 mL of 6 mol L= HCI before sample loading. After load-
99.998% purity, lot NM36883; defined here as JM Fe stan- jng the sample solution onto the resin matrix elements were
dard) was used for optimising instrumental run conditions and g|yted with 6 mL of 6 mol 1 HCI. Fe was eluted with 2 mL
assessing instrumental reproducibility. Differences in Fe iso- H,0O and 5 mL of 5 mol L HNOs. This HNO; step was nec-
tope composition between our JM Fe and IRMM-014 Fe so- essary, because incomplete recovery of Fe can lead to sub-
lutions used here have previously been reported by Walczyk stantial isotope fractionatid.9]. It was found that quantita-
and von Blanckenburg7] (measured on a Nu-instrument tjye elution of Fe from the resin with either weak HCI o5®|
MC-ICP-MS) and Weyer and Schwietdl] (measured on  required large reagent volumes, while HN®asily breaks
a ThermoFinnigan Neptune instrument) and thus provide di- gown the FeGj~ complex and Fe is thus readily stripped

rect inter-laboratory comparison 81°Fe andb®’Fe values.  from the anion resin. The Fe eluate was then dried down and
JM Fe and IRMM-014 Fe wires were dissolved in  residual organic substances were oxidised by adding.100
6mol L™ HCI, followed by dilution in 1 mol L HCI to concentrated HN@ The dried sample Fe was then dissolved

a concentration of approximately 4000 ppm (denoted herejn 0.3 mol L~ HNO; and diluted to adequate concentrations
as JM Fe and IRMM-014 Fe stock solutions). Measuring for matrix check by ICP-OES and isotope ratio determina-
solutions of 4-12 ppm were then prepared by drying down tjon by mass spectrometry. The separation scheme was cali-
small aliquots of these stock solutions, oxidation of Fe in con- prated by passing a multi-element ICP standard through the
centrated HN@, and after drying down, final dissolution in  anjon chromatography separation and measuring the concen-
0.3 mol L™+ HNOgz. For the Cu-doping a commercially avail-  trations of the eluted elements in 1—2 mL steps by ICP-OES.
able Merck CertiPUR (1000 ppm Cu in 0.5 mol t* HNOs) An elution profile is illustrated ifFig. 1 Note that copper,
was used. Small aliquots of this Cu standard were dried down zinc, cadmium and cobalt accompany Fe to some extent. Use
and redissolved in 0.3mol1* HNO; to yield a concentra-  of 4 macroporous resji6] would accomplish separation of
tion of 50 ppm. New Cu standard solutions were prepared for Fe from CU, but Fe recovery m|ght not be Comp|ete_ There-
each analysis session. fore we prefer the conventional BioRad RQ-X8 resin to

_ ensure full Fe elution.
2.3. Preparation of natural samples

2.3.1. Sample digestion

Silicates were digested in HF~HN(xides and carbon- SRR ' Fecapture !
ates were digested in 6 mott HCI. All sample digestions = 0 : ! A ;
were performed in closed Savil@¥FA containers on a hot g 60 ; g
plate at 150C. Fluoride complexes that formed in silicate ;‘Z, 50
samples were destroyed by treating the evaporated samples § i 5
with concentrated HCl or aqua regia and heating to"X7for g g :
several hours. Organic samples were digested by microwave E 30§ ;
agitation in HNQ—H,O, mixtures. Full oxidation of Fe to its < 20 i
trivalent state was achieved by repeated cycles of dissolution 10 :
of all samples in concentrated HNCheating to 150C and i

careful drying. All digested samples were then dissolved in 0 5 10 15 20

1-2 mL of 6 mol L-1 HCI for chromatographic Fe separation. mL eluted
2.3.2. Fe purification from natural samples Fig. 1. Elution profile of a synthetic multi-element ICP standard solution

. . . . P through 1 mL of BioRad A& 1-X8 anion exchange resin. Concentrations
Different Fe separation methods including liquid extrac- were determined by ICP-OES. The black arrow indicates the range in which

tion, precipitation of Fe in various media and anion-exchange rq is collected.
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2.3.2.2. Fe precipitationFe separates of samples with high measurements with a Fe concentration of only 125 ppb at
transition metal contents or organic matrices may not be en-medium resolution moddéble 9. Since sample uptake was
tirely matrix-free after anion-exchange chromatography and 50—-70uL min—! and lasted for approximately 5min, mini-
require further purification. For such samples an additional mum sample amounts required for precise Fe isotope anal-
precipitation step was employed that guaranteed quantitativeyses are approximately 50 ng. However, at such low sample
precipitation of all Fe(lll) as Fe(lll)OOH while Cu, Zn, Co, concentrations total Fe beams are much lower than routinely
Cd, Mn and V as well as organic compounds remained in used for data acquisition during this study and higher errors of
solution. The sample, dissolved in 0.3 mo'LHNOs, was 5%6Fe and®’Fe than reported in this study can be expected,
precipitated at pH 10 with NH;(OH) (Merck Suprap). while usefuld®8Fe results are unlikely. Unless indicated oth-
To ensure full precipitation of Fe, the alkalinised solutions erwise (e.g. inTable 2, the standard set-up for Fe isotope
were allowed to equilibrate for 1 h before centrifugation, dis- ratio measurements on our instrument during the course of
carding the supernate solutions and washing the precipitateghis study was a combination of the SIS uptake system and
with pure B O. The precipitate was redissolved in Hlfor H-cones.
analysis.

3.1.2. Fe isotope ratios and instrumental mass

discrimination

3. Results and discussion Fe isotope data measured over an 18 months period
under optimised run conditionsTgdble 2 are plotted in
3.1. Instrumental reproducibility In(°’FePFe) versus ImPFePFe) space inFig. 2 Note
that the “natural” composition of IRMM-014 plots in the
3.1.1. Efficiency, molecular interference levels and lower left corner of the diagram, while all our data, both
washout times natural and synthetic, yield a much higher abundance of

Dueto decreased entrance slit widths, the ion transmissionheavy isotopes due to the instrumental mass bias. Further-
in medium-resolution mode of the ThermoFinnigan Nep- more, the range of measured, mass bias-uncorrected iso-
tune is reduced approximately eight times as compared totope compositions exceeds the range of natural Fe iso-
the wider low-resolution slit; the reduction in transmission tope fractionations observed by a factor of 2.5. This is due
in high-resolution mode is approximately 16 times. Using to the variability in instrumental mass discrimination. A
the SIS uptake system with a PFA nebuliser and a sampleln(°’FeP*Fe) versus ImMeFeP*Fe) diagram can be used to
uptake rate of 50-7@L min—1, total signal intensity for a identify the mathematical relationships of this instrumental
1-ppm Fe solution is % 10~ A in medium-resolution and  discrimination. The three commonly used laws (E28]) plot
1.5x 10~ A'in high-resolution modes, respectively. These with slopes of 1.5360 (linear law), 1.5041 (power law) and
signal intensities corresponds to an ion-to-atom efficiency 1.4881 (exponential law), respectively. Least-square regres-
(i.e. the total amount of Fe ions detected during a measure-sions through all synthetic IRMM-014 and JM Fe standard
ment compared to the amount of Fe atoms in the measureddata (N =2464) and through data of natural samphs 862)
solution) of our instrument 6£0.02%. in medium-resolution  yield identical slopes of 1.48940.0008 R2 =0.9998) and
and~0.01%o in high-resolution modes. For accurate deter- 1.4890+ 0.0014 R2 =0.9998), respectively. Thus, the instru-
mination of>8Fe, preferred Fe concentrations are 4-6 ppm mental mass bias is most accurately described by the expo-
for medium-resolution and 10-12 ppm for high-resolution nential law. This has been a general observation for both sta-
modes. This corresponds to total Fe sample consumptionsble and radiogenic isotope ratio measurements by MC-ICP-
of 1.5-2.5 and 4-h.g per analysis, respectively. The Apex- MS [29]. However, extrapolating the certified IRMM-014
Q system enhances the signal for most elements by 3—6 timesratios into the range of measured data using the exponential
depending on sample uptake. In medium-resolution mode thelaw reveals that the measured data plot beneath the predicted
4OAr180* beam of approximately 0.8-1:210-'1 A when curve Fig. 2B). Or, conversely, when the regression line of
using the SIS uptake system decreased to between 0.5 andur data is extrapolated to the natural IRMM-014 values, the
1.5x 10~12 A with the Apex-Q uptake system, while the in- line passes beneath the certified value in a three-isotope dia-
tensity of the Fe signals was increased by a factor of 4—6. Thegram Fig. 2C). These offsets can be explained by excess sig-
washout behaviour of the ESI Apex-Q apparatus is excellent. nal on mass 56 through an uncorrected spectral interference,
It effectively removes a 2.5 1019 A 56F¢’ signal to back-  tailing from the*°Ar160* beam[21], an instrumental mass
ground levels within 80 s and, if operated at ideal conditions, bias that slightly differs from the exponential law, or a small
no consecutive sample spikes appear as observed for other deerror on the certified IRMM-014 Fe isotope values, respec-
solvating nebulisers. The smallest possible sample size nectively. In In(°*®FeP*Fe) versus IM’FeP*Fe) space, Arnold
essary for precise Fe isotope analysis was obtained by usinget al.[25] obtained a slope for their IRMM-014 values that
the combination of the ESI Apex-Q apparatus with an X-cone deviated from the exponential law function. Assuming that
(skimmer). The X-cone is characterised by a different orifice their Neptune’s mass bias behaviour was best described by
geometry compared to conventional H-cones. It enhances thehe exponential law, these authors modelled that a residual
ion transmission by a factor of about 5, and enables accurate®®FeH" interference or?’Fe of 300 ppm would account for
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i ' ' ‘ T ] any kind seem unlikely for the following reasons. First, in
e measured@‘?i )/ medium-resolution mode tHAr!e0* rate decreased from
-0.92 /’)//R . approximately 0.5-% 10-11 A using wet nebulisation with

VE 0.4 natural range ] thg S!S upftake system to O.S—kEL(T'lZA using dry neb-
%S o006 L | ulisation with the Apex-Q system. It is very likely that any
O residual molecular interference containing oxygen or hydro-
“’g -0.98 - T gen would drop in a similar fashion. However, Fe isotope
1.00 - i data that were obtained with both the SIS uptake system
e «— IRMM-014 1 (wet plasma) and the Apex-Q system (dry plasma) plot along
’ . ! ! ! exactly the same linear array Fig. 2B. We therefore re-
2.74 2.76 2.78 2.80 2.82 2.84 gard any unresolvetFeH" interferences on our Fe isotope
. data of the magnitude described by Arnold e{2h] as un-
.(B) _ likely. Second, we have no evidence for tailing*8Ar160*
ogia | Synthetic Fe standards into the 56Fe" beam. Internally correcting all 3326 Fe iso-
@ natural samples tope measurements of our data set using the exponential
Z Apex, dry plasma law and the certified IRMM-01&"FeP4Fe ratio of 0.362575
2 0613 | yields®®FeP*Fe = 15.7036: 0.0011 (2). This excellent 2
= 'y reproducibility of 70 ppm on th&FeP*Fe ratio while the
- typical run errors 40Ar180*/56F¢* ratios of the different sessions varied by al-

significant tailing. We conclude that the observed offsets in
Fig. 2B and C are a combination of the instrumental mass
bias not exactly following the exponential law and/or a small
error onthe certified IRMM-014 values. IRMM-014 was cali-
4 brated against a set of syntheti3éFe/()>*Fe enriched iso-

*ﬁ" | most two orders of magnitude is strong evidence against any
0.915 -

2.821 2.822 2.823

(©) ~ 0.3 %o 0n

56 4.
- 'F‘MM-014<><LF81,> ” tope mixtures that were calibrated by metrological weighing
4= ~ 0.5 %o on upon isotope abundance determinatjaf,27]. All isotope
E -1.015 “Fel”'Fe i’ . ratio measurements were performed by thermal ionisation
B ) mass spectrometry. Error propagation of the calibration pro-
£ cedure leads to uncertainties in the Fe isotope ratios of sev-

ﬁ eral %.. Thus, the offset between otfiFeP*Fe value and
e the certified IRMM-014 one at a give¥iFeP*Fe ratio of ap-
-1.016 ’ e ! proximately 0.3%. is well within the calibration uncertainties

2.7530 27535 27540 (Fig. 2C).

In(**Fe/**Fe)

3.2. Correction of the instrumental mass bias
Fig. 2. AllFeisotope datainIA(FeP*Fe) vs. InP®FeP*Fe) space. (A) Open
circles are all Fe isotope measurements of synthetic standards and naturaf§ 2.1 . Standard-sample bracketing (SSB)
samples; open diamond represents the certified iron isotope values of the3 211 Reproducibility of synthetic JM Fe dafahe best

IRMM-014 standard with uncertainties indicated by the error bars. Note . . [
y Q2chievable mass spectrometric reproducibility ofFe,

that the least-square regression line through all data extrapolates through th 57 58 .
uncertainty limits given for the certified IRMM-014 values; The bold line 0~ 'F€ andd>°Fe values at the & confidence level under

indicate the range of natural iron isotope variation of approximately 3% per the optimised running condition3dble 2 are presented in
AMU. For clarity this line was plotted offset of the fractionation line. (B) ~ Table 3andFig. 3. The excellent agreement 8%°Fe, 5°'Fe
Detail of (A) showing that all synthetic and natural samples measured with and8®8Ee values for JM Fe using wet (SIS) and dry (Apex-

wet and dry nebulisation plot along a single fractionation line. The solid line . .
is the exponential projection from the certified IRMM-014 values. (C) Detail Q) sample uptake, and while operating the Neptune at both

of (A) with the open diamond representing the certified IRMM-014 value. Medium- and high-mass resolution modes, gives us confi-
The solid line is the least-square regression line through all data points; dence that all poly-atomic interferences are well-resolved for
dashed and stippled lines are projections through the average value of ourg|| tested instrumental set-ups. The Fe isotope composition of
data set with exponential gnd power law §I0pes, respe_ctively. The error barsJM Fe obtained during this study agrees very well with those
of the IRMM-014 data point exceed the limits of the diagram and are thus .
not Shown. reported in Walczyk and von Blanckenbuig and Weyer
and Schwieterf21].
this deviation. Indeed, these authors measuréiFaH" in- All 3°6Fe values follow a Gaussian distributidfig. 38).
terference oR’Fe of 200 ppm in high mass resolution mode The observation that the JM Fe data plot along the calcu-
on a ThermoFinnigan Element2. However, the data reportedlated, theoretical fractionation line i5°’Fe versuss®®Fe
here provide no evidence for the presence of a spectral in-space ofFig. 3A reveals that the mass-dependent scatter of
terference like’®FeH'. In fact, unresolved interferences of data points is unlikely to be due to unresolved interferences
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Table 3
External reproducibility for JM Fe standard measurements using different instrumental settings
Instrumental parameters Conc. solutiof®Fe (V) 3%%Fe (%) 2S.D. 3°'Fe (%) 2S.D. 3°%Fe (%) 2S.D. No.ofruns
(ppm)
Measured January—August 2003
SIS, medium resolution, H-cones 6 16-25 0.424 0.039 0.622 0.063 0.85 0.31 127
SIS, high resolution, H-cones 12 16-25 0.421 0.046 0.626 0.075 0.84 0.49 104
Average 0.423 0.042 0.624 0.069 0.84 0.40 231
Apex, medium resolution, H-cones 2 22-30 0.424 0.044 0.624 0.081 0.82 0.31 44
Apex, high resolution, H-cones 4 22-30 0.420 0.050 0.621 0.080 0.76 0.45 88
Apex, medium resolution, X-cones  0.25 15 0.422 0.023 0.619 0.047 0.68 0.44 5
Apex, medium resolution, X-cones  0.125 ~7 0.400 0.058 0.610 0.114 0.37 0.80 5
Average 0.422 0.048 0.622 0.080 0.78 0.41 142
Measured August 2003—August 2004
Variable settings 6-12 16-30 0.423 0.049 0.625 0.073 0.83 0.41 268
Grand average 0.423 0.046 0.624 0.073 0.83 0.41 641
Walczyk and von Blanckenbufg] 0.460 0.200 0.680 0.300 - -
Weyer and Schwieteffg1] 0.350 0.140 0.540 0.160 - -

a Measured with a 13 Ohm resistor.

or an over-correction of th&*Cr* interference correction on
S4Fet. The latter can be concluded since JM Fe and IRMM-
014 Fe are high-purity materials, virtually free of Cr. It is
also unlikely that memory build-up in the uptake system or
on the cones causes the shiféftfFe and>%Fe values of re-
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peated measurements of a particular sample (here JM Fe stan-
dard) along the mass-dependent fractionation line, because
the same effect can be observed when measuring IRMM-014
Fe as samples and bracketing standards. Accurate determi-
nation of8°8Fe values requires minimum signal intensities
on the®8Fe" beam of 0.6< 1012 A, corresponding t8°Fe*
beams of approximately 2010 1°A. If only JM Fe data

that were assessed at such intensity levels are taken into ac-
count the 2 reproducibility on thed®®Fe value decreases
from 0.41%o. [Table 3 to 0.28%o.

A statistical assessment of the external instrumental re-
producibility in 8°7Fe versu$°°Fe andd®8Fe versu$°Fe
spaces was performed by a means of correlated error ellipses
[30,31], rather than simply reporting standard deviation bars
for individual data points. For this purpose, the error ellipses
illustrated inFig. 3A and C were assessed by a chi-squared
statistical test for two degrees of freedom at a 5% level of
risk [30-32] The error correlation of the JM Fe data in the
3°"Fe versu$®®Fe diagram is 0.697, while that in thé®Fe
versusd°6Fe space is only 0.035. The high degree of correla-
tion betweerb®’Fe andd°5Fe suggests that count-statistical
errors are not the limit of reproducibility for both these ratios.
Although not supported by hard evidence, we assume that the
most likely source of scatter is introduced by the inaccuracy
of the instrumental mass bias correction. The low correlation
betweerd®®Fe andd°6Fe most likely reflects the higher un-
certainty on th&°8Fe values caused by poor counting statis-
tics on the smalP®Fet beams and the significaPNi* in-
terference correction o¥Fe’. Precision of thé°8Fe value
might be increased by using aluminium or platinum rather
than standard Ni cones, which are the source of most of the

14 i i .
Fig. 3. Mass spectrometric reproducibility. (A) Open circles are 641 single SMall (<1x 107" A levels) Ni beams that slightly diminish
JM Fe data points measured against IRMM-014 Fe over the course of 18 the accuracy o8°8Fe values.

months plotted in &7Fe vs 8°6Fe diagram. Dotted squares are the averages

of measuring sequences of JM data analysed under optimised run conditionsg 2 1 2. Intensity matchingieyer and Schwietef®1] re-
Error ellipse indicates the 95% confidence for JM Fe data measured underported a50-ppm contribution of tABAr180™ tail to the®6Fe

optimised run conditions. (B) Histogram&¥Fe values for JM Fe measured
under optimised run conditions. (638Fe vs.8°6Fe diagram for JM Fe data.

Symbols are the same as for (A).

peak in medium-mass resolution mode. Such a contribution
was not observed for our measurements (see Segtiod;
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furthermore, such a tailing dPArt®0* would be cancelled ~ was not accurately corrected foP4Cr interference, the data
out by the bracketing procedure. If tailing is present, how- point may shift along the chromium vector with a slope of 1
ever, it might affect the accuracy of samp8®8Fe values, if  over a range 0f:0.13%°Fe, while its error ellipse still over-
the samples concentrations were poorly matched to those oflaps the natural fractionation line. However, removal of Cr
the bracketing standard. In addition, Malinovsky et[28] from Fe by the anion chromatographic separation outlined
observed a correlation between the concentration of Fe ana-above and illustrated ifrig. 1is quantitative and for most
lyte solutions and instrumental mass bias. Such an effect alscsamples th&*Cr/>*Fe ratio is much less than 0.025%o.

might cause inaccurate stable Fe isotope determinations for Successful interference corrections must take into account
samples whose concentrations were poorly matched to thoseahat the instrumental mass bias affects not only the relative
oftheir bracketing IRMM-014 Fe standard. Therefore a series abundances of the Fe isotopes, but those of Cr and Ni too.
of measurements was carried out where the concentrations offhus, the®’Cr/”*Cr and®°Ni/>8Ni ratios of assumed “com-

JM Fe solutions were varied between 0.5 and 1.5 times thatmon” compositions must be artificially fractionated before
of their IRMM-014 Fe bracketing solution. This experiment subtracting®*Cr and®Ni intensities from measured beam
was carried out at two different intensity levels; once with intensities on masses 54 and 58, respectively. We calculate
IRMM-014 Fe at 1.5« 10-19A and once with IRMM-014 at  the mass bias of Niand Cr from the mass bias of the measured
2.5x 1019 Aintensity. Neither of the two sets of daféig. 4) 57FePSFe ratio of samples relative to the certified IRMM-014
reveals significant influence on the accuracy of the Fe isotopevalue. However, three minor errors are included in this cor-
composition of JM Fe. Nevertheless, we routinely determine rection mode: (1) the assumption that Cr, Ni and Fe share
Fe concentrations of natural samples by flame AAS or opti- the same mass bias may be flaw&a,33] (2) The stable

cal ICP prior to isotope analysis and match concentrations to >’FeP®Fe ratio of samples differ from that of IRMM-014 by
within 10% of the concentration of the bracketing IRMM-014  up to+1.5%o. (3) The stablB?Cr/2*Cr and®Ni/>8Ni ratios of

Fe solution. the samples might also be fractionated. However, these error
sources are almost negligible compared to % instru-
3.2.1.3. Correction of the interfering isotopééCr*‘ on mental fractionation on thézCr/S‘lCr andGONi/SSNi ratios.

54Fet and58Ni* on 58Fet. An accurate®®Cr correction on  The accuracy of the*Cr* interference correction otfFe’ as
54Fe iS essentiai, because |t is common practise t&iﬁm We” as thé8N|+ interference COI‘reCtion &%Fe-*‘ were tested

as normalising isotope for reporting Fe isotope ratios. Our Py doping JM Fe standards with varying amounts of Cr and
approach has been to adopt a Separation procedure that réﬂl Results of the eXperiment are i”UStrated:ig. 5. No bhias
moves Cr from Fe quantitatively. Nevertheless, it is important On3°°Fe was introduced by an inaccuracy in Cr interference
to evaluate the correction 81Cr on54Fe, because uncertain-  correction up to &/Cr/>Fe level of 1%0.3°%Fe appeared to

ties in this correction are not easily revealed®iFe versus  be unaffected up t8®Ni/>®Fe of 1%. Nevertheless, Fe iso-
356Fe plots. The shift of a data point caused by under- or tope analyses with*Cr/>‘Fe >0.1%. are rejected from data

over-correction of4Cr plots along a vector with a slope of 1~ sets, whiled**Fe values of samples wift¥Ni/>*Fe > 1% are
in such a diagram, while the natural or exponential fractiona- considered unreliable.

tion line has a slope of 1.4881. Assuming that a measurement ) . ) .
3.2.1.4. Matrix effectsEven small differences in the matrix

of the Fe analyte solution of natural samples might influ-

0520 ence the instrumental mass b[d4,16,20,33] Such matrix
— effects might be introduced by elements that were not fully
’ removed from Fe during chemical separation, organic sub-
_ ste_mces, the specia_ltion ofthe Fe, or differences ofthe solution
i acid strength relative to that of the standard. Matrix effects
8 0,400 can potentially shift th_e Fe_ isot_ope composition of s_,amples
along the natural fractionation line. However, they might not
— necessarily be discovgred since thg effects gan.reproduce dur-
ing mass spectrometric and chemical duplication. Although
— ; : . . . ; the true nature of such matrix effects on the instrumental mass
40 60 80 100 120 140 160 bias is still poorly understood, elimination of such effects is
conc. fconc. .. 0. crucial for the accuracy of dat&ig. 1 indicates that small

amounts of Cu, Zn, Cd and Co might be released together
Fig. 4. Effects of signal matching between standards and sany3ffe with Fe from the anion resin. Concentrations of Co and Cd
values for JM Fe standard measurements with variable JM concentrationsin natural materials occur at trace amounts only and are thus
were bracketed with an IRMM-014 Fe standard solution of constant con- not Iikely to significantly affect the instrumental mass bias.
centration. The experiment was performed at IRMM-014 Fe intensities of However, Cu and Zn in Fe separates might reach concentra-
1.5x 10~10A (grey circles) and at 2.5 10~10 A (open circles). Solid lines . . .

tion levels that potentially affect accurate stable Fe isotope

give the average of JM RP*®Fe andd®’Fe values Table 3 and the dashed N - )
lines its 2 confidence intervals. determinations. This is of particular concern when measur-
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- (B) 4 Fig. 6. Effect of elements left in the Fe fraction after chemical processing on
1.60 - i isotope measurementf®Fe (A) andd®’Fe (B) values for IM Fe measured
L i against IRMM-014 Fe-doped with different amounts of Cu (open circles),
120 l—-—————————— — — 4 L]l oOo__ | Zn (filled squares), Cd (open diamonds) and Co (filled triangles). Solid line
|_d|_’ L i gives the average of JM R&%Fe value Table 3 and the dashed lines its-2
'%oo 080 k i confidence intervals.
0.40 : ______________ [ I T I : To assess the potential mass bias introduced by differ-
L i ent natural sample matrices, the samples’ Fe was separated
0.00 HOMIMMININID OMID 000 O - 0 [ . from its matrix by the anion exchange procedure outllne_‘d
T R Ry above. JM Fe standard (usually 20—-50% of the sample’s orig-
0.01 0.1 1 10 100 inal amount of Fe) of known isotope composition was added
Ni*eFe (%) to the now Fe-free matrices and homogenised by repeated
drying down and uptake in concentrated HN@he JM Fe
Fig. 5. Accuracy tests for interference correction8@r on5*Fe ancP®Ni was then separated from the sample matrices by the chemi-

on®8Fe (open circles). (A@SGFE values for JM Fe measured against IRMM- cal Separation procedure described above and measured for
014 and doped with varying amounts of Cr. Open squares give the measuredyq gtaple Fe jsotope composition. We regard such tests of
Cr/P*Fe ratios of all natural samples that were measured during the course . . . .
of this study. The*Cr/5*Fe ratios of natural samples after Fe purification natural matrices as more genuine than simply adding extra-
are usually smaller than 0.0025%. (B¥Fe values for JM Fe measured ~N€OUS elements as matifik4] or experiments as shown in
against IRMM-014 Fe and doped with varying amounts of Ni. Open squares Fig. 6. Fe data of these tests are described as “matrix test”
give the measureefNi/>8Fe ratios of all natural samples measured during in Table Siofthe Supporting online materiab this publica-
the course of this study. THENi/*®Fe ratios of natural samples are usually jo The extensive set of matrix tests performed on silicate
smaller than 1%. In both graphs the solid lines give the averag®bé and . .
3°8Fe of JM Fe Table 3, respectively, and the dashed line indicate their 2 rocks, oxides and carbonates reveal excellent agreement with
confidence intervals. JM Fe isotope composition given irable 2 There was one
exception, however. Matrix tests of a first column pass of a
set of beef liver samples (1st column passpporting on-
ing ore samples and sulphides. Consequently, the influence ofine materialTable S} reproducibly exhibited slightly lower
Cu, Zn, Cd and Co on the instrumental mass bias and thus orb°6Fe (by 0.03-0.07%.) and®’Fe (by 0.06—0.1%0) values
the accuracy of Fe isotope data was tested. This was done byhan those for matrix-free JM Fe. Although this small bias
doping JM Fe standards with different amounts of these ele-was within limits of the overall reproducibility, we inves-
mentsFig. 6reveals noinfluence of Cu, Zn, Cd and Coonthe tigated its source by passing the respective Fe separates a
5%6Fe andd®’Fe values of JM Fe. Whether the larger scatter second time through the anion exchange columns. This time
of IM’s $°6Fe and®°’Fe values observed fGEu,zn,co,cdCre Fe isotopes identical to matrix-free JM Fe were measured
ratios of >10% is due to a matrix effect is hard to evaluate, (Table S). We infer that during analyses of the liver sam-
since the data are still within the external reproducibility of ples after a single column pass a small matrix effect might
JM'’s Fe isotope composition. In our laboratory, the amounts have generated a minor shift in instrumental mass bias. Al-
of residual Cu, Zn, Cd, and Co in the Fe analyte solution are though all of these results are within error limits, we would
determined amongst other trace and major elements by ICP{ike to draw attention to two important points. First, good
OES. In this context, it is important to bear in mind that if reproducibility of the Fe isotope composition of chemical
instrumental mass bias is corrected by doping of Fe samplesreplicates of natural samples might not reliably prove the
with Cu [20,25] or Ni [22,23] those elements and all their absence of matrix effects. Second, certain samples, in par-
elemental isobars from the samples during anion exchangeticular those with organic-rich matrices, need to be subject
and Fe(ll)OOH precipitation. to multiple passes over the anion exchange columns or to a
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combination of anion exchange and Fe(lll)OOH precipita- Eg.(2) are only slightly (if at all) inferior to the instrumental

tion. reproducibility (the latter was determined on the synthetic
JM Fe standardfable 3.
3.2.1.5. Reproducibility of natural sampleShe repro- The excellent agreement &°Fe,3°Fe and°8Fe repro-

ducibility of stable Fe isotope determinations were tested ducibilities between chemical replicates of natural samples
on a variety of natural samples with different matrices. Sam- with different matricesTable 4 allows for an assessment of
ples with inorganic matrices were silicate rocks, oxides (mag- an overall external reproducibility. Mass spectrometric and
netite, ilmenite, hematite) and carbonates, while organic ma-chemical replicates of a total of 318 Fe isotope measurements
trices included liver, muscle tissue and bloddlgle 4. When of silicate rocks, oxides, carbonates, livers, muscle tissue and
accounting for the instrumental mass bias with the standard-blood are plotted irFig. 7A and B by normalising each in-
sample bracketing method, it is essential to investigate two dividual measurement of a sample to either its average of
different reproducibility levels for natural samples: (1) the mass spectrometric replicates or, where available, to the av-
mass spectrometrical reproducibility, determined by replicate erage of chemical replicates of that specific sample. The 95%
measurements of the same analyte solution of natural sam-<onfidence levels for th&®®Fe, 3°’Fe andd°8Fe values are
ples and (2) the chemical reproducibility, determined by mea- 0.049, 0.071 and 0.28%o, respectively. The error correlation
suring aliquots of the same sample digest that were passef the data in5®’Fe versu$°°Fe space is 0.831 and that in
separately through different anion-exchange columns. The8°8Fe versuss®6Fe space is 0.315, respectively. The 95%
reproducibility of a data set consisting of different samples confidence error ellipses illustratedhig. 7 were calculated
with a variety of Fe isotope compositions can be determined using chi-squared statistics of the data[86t31]

with following equation:

- — 3.2.2. Cu-doping and comparison to SSB
Zi,}':l(xi — X)) The accuracy of the SSB method for stable Fe isotope
(i — 1) determinations has recently been questid2ég, especially
when separating the iron of a sample from its matrix with
wherex; ; denotes eithe3®6Fe, 3°"Fe ord°8Fe values of the  a single anion chromatography step. Arnold ef26] em-
replicate measuremeit(1-n) of samplej (1-m), X_mean ployed a measuring technique involving addition of Cu of
gives the average of all replicate measurements of sample known isotope composition to Fe standards and samples for
andn;j gives the number of measured replicate$ sample internal instrumental mass bias correction. Since these au-
j. For the calculation of the reproducibility of the chemical thors also alternated measurements of Fe standards and Fe
replicated of a certain natural sampjevith Eq. (2), x;j was samples, they were able to directly compare external mass
chosen to be the average of all mass spectrometric replicatedias correction using SSB with internal correction using Cu.
ofi. The reproducibilities of a comprehensive data set of natu- They determined that the reproducibilitiess8fFe values of
ral samples can be foundTable Slof thesupporting online natural samples were inferior for the SSB compared to the Cu-
material The two principal results are: First, the reproducibil- doping method. Arnold et aJ25] attributed this observation
ities of the stable Fe isotope composition of chemical repli- to mass bias effects caused by residual, unseparated matrix
cates of individual natural samples are identical to the massin the Fe analyte solutions of the samples. In our approach,
spectrometric reproducibilities of the same samples. Second however, a single anion exchange column pass of most in-
the external reproducibilities P°Fe,8°’Fe and°®Fe val- organic and even organic samples yielded pure Fe separates
ues of mass spectrometric and chemical replicates of all nat-with no residual, unseparated matrix. The reproducibilities
ural samples at thes2evel (Table 4 as calculated from 318  in 8°6Fe values of these samples using SSB were virtually
measurements of 95 samples (thos&ables 4 and bfrom identical to those of synthetic Fe standarBiy( 7, Table 4

)

Oy =

Table 4
External reproducibilities of mass spectrometric and chemical replicates of inorganic and organic samples

Replicate measurements Chemical replicates

Samples Runs @28%Fe (%0) 2 8°"Fe (%0) 2 8°8Fe (%) Samples Runs o2%Fe (%) 2 8°Fe (%) 2 5%8Fe (%o)

Inorganic matrices

Silicates 11 45 0.031 0.049 0.33 14 38 0.019 0.032 0.26

Oxides 16 54 0.055 0.088 0.22 7 20 0.053 0.078 0.22

Carbonates 2 23 0.051 0.084 0.26 4 12 0.036 0.033 0.23
Average 29 122 0.050 0.079 0.28 25 70 0.043 0.064 0.25
Organic matrices

Liver 11 50 0.064 0.102 0.23 2 9 0.035 0.038 0.18

Muscle 6 13 0.061 0.076 0.28 - - - - -

Blood 43 109 0.064 0.081 0.25 4 8 0.055 0.088 0.18
Average 60 172 0.064 0.088 0.24 6 17 0.043 0.060 0.18
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Table 5
Comparison of SSB and Cu-doping reproducibilities
SSB-only Cu-doping
5%6Fe (%o) 3%"Fe (%o) 3%8Fe (%o) 3%6Fe (%o) 3%"Fe (%o) 3%8Fe (%o)
All sessions combined (# of runs =115)
Average 0.428 0.632 0.81 0.424 0.626 0.80
20 0.055 0.092 0.58 0.042 0.071 0.52
Cu-doping session measured during warm-up of the Neptune
JM-01 0.399 0.591 0.83 0.418 0.620 0.87
JM-02 0.059 0.076 0.00 0.396 0.578 0.67
JM-03 0.493 0.727 1.05 0.461 0.680 0.99
JM-04 0.430 0.616 0.65 0.424 0.606 0.64
JM-05 0.407 0.601 0.53 0.423 0.625 0.56
JM-06 0.439 0.669 0.15 0.403 0.615 0.45
JM-07 0.369 0.503 0.31 0.426 0.588 0.43
JM-08 0.434 0.643 0.93 0.428 0.635 0.92
JM-09 0.339 0.490 0.35 0.378 0.549 0.42
JM-10 0.475 0.706 0.57 0.462 0.686 0.54
JM-11 0.467 0.657 0.80 0.452 0.681 0.83
JM-12 0.455 0.669 0.42 0.471 0.693 0.45
Average 0.397 0.579 0.55 0.428 0.630 0.65
20 0.231 0.348 0.64 0.057 0.094 0.41

T T T . and equal to those reported by Arnold et[@b] using the

020 () | Cu-doping method. To further evaluate the two approaches a
I Cu-doping method was set up on the Neptune instrument at
il ) Hannover.
® Instrumental mass bias correction by the Cu-doping
== 0.00 - T method was investigated over the course of 3 months. A
© - oo 1 known difficulty of ICP doping techniques is that element
0.10 - pairs usually are not subjected to the same instrumental mass
I J bias. This effect, which is caused by the space-charge effectin
020 i the plasma and interface region of ICP instruments has been

o 0110 0'05 000 0;35 5 '10 s extensively described in the literatue6,19,20,25,28]We
5 = e : : : : addressed the differential fractionation behaviour of Cu and

0.8
- Fe by performing a Cu-doped bracketing techniff in
i which Cu-doped samples were measured alternatingly with
8BS T Cu-doped IRMM-014 standards (here defined as Cu-doped
o 0.2 analytical sessions). The mass bias-corrected Fe isotope com-
L o0 position of a sample was then expressed relative to the av-
‘o 02 erage Fe isotope composition of the directly preceding and
following IRMM-014 standards. Throughout all sessions an
84 assume@>Cu/3Cu ratio of 0.44513 and an exponential frac-
0.6 tionation law were applied for instrumental mass bias correc-
08 L 1 ! 1 L ] tion (se€[25]).
015 010 -005 000 005 010 015
5% Fe 3.2.2.1. Reproducibility of JM Fe standard datBe isotope

. . . - ratios of a sample measured during a Cu-doped analytical
Fig. 7. Error correlation of natural samples. (A) Fe isotope data of silicate . .
rocks (open circles), carbonates (open diamonds), oxides (open squares),seSS|_On hgve been compare_d after correctmg by boththe SSB-
livers (filled diamonds), muscle tissue (filled squares) and blood (filled cir- ONlY, ignoring the Cu correction made in the same run, and the
cles) in ad%7Fe vs.3%6Fe diagram. The Fe isotope composition of single  Cu-doping method. Doing this, excellent agreement between
measurements of a sample were nor_malised to either the average of the reresults from both approaches is obtained for the JM Fe mea-
spective samples’ ma§s spectrometric r_epllcate_s or, where p_055|ble, to th urements'(able 5 These JM Fe data are also identical to
average of the respective samples chemical replicates. (B) Fe isotope data o . .
the same data set as for (A) plotted id%Fe vs.8°6Fe diagram. Symbols hose that were obtained with the_ pure SSB method for mass
in (B) are the same as in (A) and the solid lines are the natural fractionation bias correction Table 3. Interestingly, Cu-doped-values
lines. Parameters for calculation of the 95% confidence error ellipses are are subject to the same error correlation as that observed for

given in the text. pure SSB, when plotted in &'Fe versuss®®Fe diagram
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(Fig. 3). Again we assume that this mass-dependent correla-
tion of 8°%Fe andd®’Fe values is due to minor shifts in the
instrumental mass discrimination that were not fully removed
with the Cu correction. In this regard Cu-doping presents no
improvement over SSB. Reproducibilities of the SSB-only
correctecd®6Fe,3%'Fe and°®Fe values given ifable 5are
slightly inferior to those obtained by Cu-free SBBaple 3.

This can be explained by the fact that optimised run con-
ditions used for the SSB method described in Sec2dn2

are not achieved for SSB-only corrected data obtained dur-
ing Cu-doped analytical sessions: time intervals between Fe
measurements are doubled, resulting in a less tight bracketing
sequence. This enhances the effect of non-linear instrumental
drift on the linear interpolation of the data. A true advantage
of the Cu-doping method over SSB is illustratedFig. 8
andTable 5 The mass bias drift of the Neptune MC-ICP-MS
tends to be high and unstable for the first 2 h after igniting
the plasma and for approximately 30 min after changing in-

R. Schoenberg, F. von Blanckenburg / International Journal of Mass Spectrometry 242 (2005) 257-272

T T T T T
0.8 ¥ 0.3M HNO3 - 0.025M acetic acid mix
A 0.3M HNOa - 0.025M citric acid mix
E:Y - =
04 L d 0.3M HNO3 10ppm Na mix |
® W 0.3m HNOB- 0.1M HCI mix
®
5 ol 0.6M HNO3 i
04 | Em corrected with SSB i
1 corrected with Cu-doping
-0.8 M .
1 1 1 1 1 1
-0.6 0.4 -0.2 0 0.2 04 0.6
56
5" Fe

Fig.9. Measured iron isotope compositioffFe vs 5°6Fe space of JM Fe

standards that were doped with different artificial matrices, using SSB-only
(filled symbols) and Cu-doping (open symbols) to account for instrumental
mass bias. Solid line gives the exponential fractionation line and the error el-
lipse indicates the 95% uncertainty interval of the JM Fe isotope composition

lens settings). Measuring stable iron isotope compositions
under such conditions using the SSB method for instrumen-
tal mass bias correction may lead to inaccurate analyses, a

demonstrated by the second JM data poinFig. 8\ and
Jable 5 The same JM measurement corrected with the Cu-
doping method yields, within uncertainties, accuritéFe,
3°"Fe andd°8Fe values (se€able 5.

1686 T T T T T T
o009 (A . . . .
16.85 |- JESE B e . 3.2.2.2. Matrix effectsSimple comparison of the SSB with
16.84 L i the Cu-doping method was carried out by doping JM Fe stan-
3 dards with different inorganic and organic matricEgy( 9).
o 1683 | 1 The addition of 0.1 mol E1 HCI leads to the largest{1%o)
z% 16.82 O IRMM-014 Fe standard i shift in the 8°6Fe value with the SSB-only method. The
& 681 e value of tha at was taken up in 0.6 m
3%6Fe value of that JM that tak 0.6 motL
A ® JMFe standard i HNOs instead of 0.3 mol L1 HNO3 was offset by approx-
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Fig. 8. (A) Mass bias uncorrect@fFeP*Fe values of alternating measure- I
ments of the IRMM-014 and JM Fe standards. Note thakthgis is equal -2.5 L L L L L L
to a time axis. The difference between JM and adjacent IRMM standards 25 -20 15 -10 -05 00 05 1.0
directly translates into th&°®Fe values of the JM measurements. (B) The 556Fe
same data for IRMM-014 and JM standards as in (A), but this time the [SSB]

56FePFe values were mass bias-corrected using the Cu-doping method.
The grey diamonds are the internally correcté8eP*Fe values using the
certified IRMM-0145"FeP*Fe value of 0.362575 and an exponential law,
illustrating superior reproducibility of internally corrected data compared to
those corrected externally using Cu.

Fig. 10. Comparison &5Fe values of natural samples measured during Cu-
doped analytical session corrected for instrumental mass bias with SSB-only
(x-axis) and Cu-dopingyfaxis) methods. The sample set includes silicate
rocks and minerals, meteorites, carbonates, oxides and sulphides.
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the citric and acetic acid mixes are closer to the true JM Fe with §56Fe andb®’Fe values of this JM Fe standard being far
isotope composition than the values obtained by SSB-only too high. Scans on the Cu masses revealed that there is a slight
correction, they are still well outside itsZeproducibility  spectral interference on mass 63 that correlates with the Na
limits given by the error envelope fig. 9. Adding 10ppm  contentin the analyte solution. This interference is most likely
sodium to the JM Fe standard solution affected the mass biast0ar23Ngt that leads to underestimation of the Cu mass bias

such that its SSB-onl§>®Fe was slightly too low. However,  and thus to inadequate correction of the sample Fe isotope
the effect of sodium on Cu-correct@d®Fe is much larger,  ratios.

Table 6
3°6Fe values for different mass bias correction methods
Purification SSB session{eFe) Cu-doping session
3%6Fe SSB-only 3°6Fe Cu-doping
Fe—Mn nodule 1
1CP —0.417 -0.411 —0.349
-0.471 - -
-0.411 - -
—0.435 - -
2CP —0.437 —0.457 —0.380
1C&P —0.467 —0.476 —0.455
Average —0.440 —0.448 —0.395
20 0.050 Q067 Q109
Fe—Mn nodule 2
1CP —0.244 —0.238 -0.161
—0.219 - -
-0.215 - -
2CP —0.249 -0.277 —-0.122
1C&P —-0.303 —0.281 -0.276
Average —0.246 —0.265 —0.186
20 0.070 Q048 Q160
Fe—Mn nodule 3
1CP —0.403 —0.394 -0.372
—0.340 - -
-0.327 - -
2CP —0.364 —0.352 —0.354
1C&P —0.344 —0.384 —0.356
Average —0.356 -0.377 —-0.361
20 0.059 Q043 Q019
Fe—Mn module 4
1CP —0.320 —0.382 —0.296
—0.360 - -
—0.308 - -
2CP —0.285 —0.320 —0.318
1C&P —0.348 —0.352 -0.384
Average —-0.324 —0.351 —0.332
20 0.061 Q062 Q092
Fe—Mn module 5
1CP —0.376 —0.402 —0.399
—0.354 - -
—0.366 - -
2CP -0.375 —0.415 —-0.391
1C&P —0.388 —0.446 —0.381
Average —-0.372 —-0.421 —0.390
20 0.025 Q045 Q018
Fe—Mn module 6
1CP —0.431 —0.459 —0.452
—0.389 - -
—0.424 - -
2CP -0.420 —0.466 —0.486
1C&P —0.428 —0.461 —0.389
Average —-0.418 —0.462 —0.442
20 0.034 Q008 Q099

1CP: 1x anion exchange. 2CP:x2anion exchange. 1CP&P:x anion exchange plus NiOH) precipitation.
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3.2.2.3. Reproducibility of natural sampleBuring the  favourable®INi/®Ni ratio of only 0.043478. In contrast, the
course of this study 115 natural samples with different ma- 62Nj/60Nj ratio with a value of 0.128146 and a mass differ-
trices have been determined during Cu-doped analytical sesence of 2 would be more favourable for precise determina-
sions.Fig. 10illustrates excellent agreement betweéfFe tions of3°6Fe values of natural samples. However, a dynamic
values that were corrected for instrumental mass bias by themode with peak jumping would have to be employed using
SSB method and those that were corrected with the Cu-62Nj/60Nj for instrumental mass bias correctioraple 3 and
doping method. The Fe of most of these samples was ex-thus there would be no real advantage over the Cu-doping
tracted by a single anion exchange chromatography step.method.

There were some exceptions from the exact agreement be-

tween SSB and Cu-doping corrected data, however, that are

explored in some more detail. Samples with high transi- 4. Discussion and conclusions

tion metal contents, such as diagenetic Fe—Mn nodules, still

preserved Cu/Fe and Zn/Fe concentration ratios of approx- Our detailed analysis of the methodological pitfalls sug-
imately 0.2 after Fe purification (see Secti@r8.?. Such gests that avoiding matrix effects, introduced by extraneous
high transition metal contents might affect the mass bias of metals, organic substances, inaccurate acid concentrations,
Fe isotope measurements, and thus lead to inacciiéfe, changing Fe speciation in solution or widely varying Fe con-
5°’Fe andd®®Fe values when applying SSB for mass bias centrations, presents the most formidable challenge in Fe iso-
correction. The high natural Cu content left in the Fe an- tope analysis. Such matrix effects can shift the instrumental
alyte solutions of Fe—Mn nodules after repeated anion ex- mass discrimination in a cryptic manner, and might easily
change column passes, on the other hand, might add Cu of d&e misinterpreted as samples’ real isotope fractiongtidh
85Cu/3Cu ratio that is different from the standard Cu used Mass spectrometric duplicates would not necessarily identify
for the doping. This natural Cu is likely to be fractionated these artefacts, given that they are likely to reproduce. The
by partial release from the anion exchange r¢&@j. In this essential prerequisite for any Fe isotope ratio analysis is that
case, Cu-doping might lead to inaccuraféFe, 3°’Fe and the sample has the highest possible purity, and that itis in a
5°8Fe values. For the Fe—Mn nodules full separation of the chemical form that matches exactly that of the standard used
samples’ iron from the matrix and especially from copper for instrumental mass bias acquisition.

was only achieved after a further Fe precipitation (see Sec- If these conditions are met, then Fe isotope results from
tion 2.3.2. In these cases an exact agreement results fromstandard-sample bracketing (SSB) are identical to those that
measurements with both methodslle §. In fact, experi- were corrected with Cu-doping. This demonstrates that high-
ments on Fe—Mn nodules 1 andTable § revealed that for ~ est achievements can be met with or without doping (B. Icy-
such samples the SSB is superior to the Cu-doping method inclette and S. Printer, pers. comm., summer 2004). We did not
view of accuracy of the data. We emphasise that regardless obbserve the inferior reproducibility f@°6Fe values of nat-

the technique used to account for the instrumental mass biaspral samples when using SSB compared to Cu-doping that
a high sample purity and absence of any matrix is an unavoid-was reported by Arnold et gR5]. However, it is agreed that
able condition for accurate Fe isotope ratio determinations of with the Cu-doping technique some cryptic matrix effects

natural samples. might in some cases be detected that would go unnoticed
with SSB. One advantage of Cu-doping is that it enables ac-
3.2.3. Ni-doping curate results during unstable mass spectrometric conditions

A Ni-doped bracketing technique for instrumental mass (e.g. during the warm-up phase) whereas SBB requires fully
bias correction using tH&Ni/®°Ni ratio and the Faraday cup  stable instrumental conditions. On the other hand, the mass
setting dubbed “Ni-doping 1" ilable 1was also tested. With  bias between Cu and that of Fe is not constant, which requires
Ni-doping accurat®>®Fe values cannot be obtained due to standard bracketing even with Cu-doping. A clear disadvan-
the large®®Ni interference ort®Fe. However, the determina-  tage of Cu-doping is therefore the increased analytical time
tion of °8Fe has no apparent bio- or geochemical application; required, which is double that of the pure SSB method.
its significance is probably solely restricted to the determina-  Double spiking is a third technique that would potentially
tion of mass-independeftFe anomalies in some meteorite correct for instrumental mass discrimination. The advantage
inclusions[34]. Since the tested Ni-doping method did not isthatincomplete recovery during chemical processing likely
require peak jumping the analysis time was equal to that of to produce an isotope fractionation is also taken into ac-
the SSB method. However, the reproducibilitydéfFe val- count. For Fe analysis, however, chemical processing is usu-
ues of JM Fe with this technique was about twice as large ally straightforward; a combination of anion exchange and
as that for SSB and Cu-doping. This is most likely because hydroxide precipitation ensures complete recovery and high-
measuring uncertainties of tAENi/6Ni ratio and thusonthe  est sample purity. Therefore, double spiking appears unnec-
exponential mass bias factor (expressed as factor per atomiessary for Fe isotope analysis. A clear disadvantage of the
mass unit) are propagated into the reproducibility of the cor- double-spike method for Fe isotope determinations is that in-
rected®6FePFe and thus th@°6Fe values by a factor of  accuracies in the correction of isobaric interferences cannot
2. Another disadvantage of the Ni-doping method is the un- be identified in°°Fe versu$®’Fe diagrams.
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In hundreds of Cu-free SSB analyses, an external 95%  §56Fe space within their 95% confidence error ellipses
confidence level for natural samples has been achieved  gre rejected as analytical outliers.

of 0.049, 0.071 and 0.28%., for th&*Fe, 5°’Fe and  (8) A sample for which the two directly bracketing standard
8°%Fe values, respectively. This external reproducibility measurements exceed an instrumental mass bias drift of
of natural samples is identical to the pure mass spec- 200 ppm on th&€6FeP4Fe ratio is rejected.

trometric reproducibility of the synthetic JM Fe standard
of 0.046, 0.073 and 0.41%. for th&°¢Fe, 8°'Fe and
5%8Fe values, respectively. Therefore, Cu-free standard-
sample bracketing SSB is our preferred method of choice
(se€e[35]).
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