
doi:10.1016/S0016-7037(03)00080-2

High precision iron isotope measurements of meteoritic material by cold plasma ICP-MS
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Abstract—The first cold plasma ICP-MS (inductively coupled plasma mass spectrometer) Fe isotope study
is described. Application of this technique to the analyses of Fe isotopes in a number of meteorites is also
reported. The measurement technique relies on reduced temperature operation of the ICP source to eliminate
pervasive molecular interferences from Ar complexes associated with conventional ICP-MS. Instrumental
mass bias corrections are performed by sample-standard bracketing and using Cu as an external mass bias drift
monitor. Repeated measurements of a terrestrial basalt reference sample indicate an external reproducibility
of � 0.06 ‰ for�56Fe and� 0.25 ‰ for�58Fe (1�). The measured iron isotopic compositions of various
bulk meteorites, including irons, chondrites and pallasites are identical, within error, to the composition of our
terrestrial basalt reference sample suggesting that iron mass fractionation during planet formation and
differentiation was non-existent. Iron isotope compositions measured for eight chondrules from the unequili-
brated ordinary chondrite Tieschitz range from�0.5 ‰ � �56Fechondrules� 0.0 ‰ relative to the terrestrial/
meteorite average. Mechanisms for fractionating iron in these chondrules are discussed.Copyright © 2003
Elsevier Science Ltd

1. INTRODUCTION

Iron is one of the most abundant rock-forming elements in
the solar system, occurring in meteorites in metallic form, as
well as in lithophile and chalcophile associations. Despite its
abundance, the isotopic behavior of iron in meteorites has not
been adequately characterized, owing partly to the inherent
difficulty in precisely measuring iron isotopes with established
mass spectrometry techniques.

Variations in the isotopic composition of iron can plausibly
result from the presence of unequilibrated anomalous presolar
material, cosmic ray spallation, and mass-dependent fraction-
ation. Though iron is relatively volatile and was probably
largely isotopically equilibrated in the nebula, nucleosynthetic
enrichments in the neutron-rich isotope58Fe persist in some
refractory inclusions in carbonaceous chondrites (Vo¨lkening
and Papanastassiou, 1989). Preserved iron isotopic mass frac-
tionation may also occur in meteorites (Kehm et al., 2001a,
2001b, 2001c, Zhu et al., 2001), as appears to be the case for
neighboring transition elements Cu and Zn (Luck et al., 2001).
In particular, Zhu et al. (2001), who carried out the first detailed
high-precision survey of iron isotope compositions in meteor-
ites using conventional ICP-MS, measured a range of mass
fractionated iron compositions among bulk meteorites and, in
some cases, among chondrules and matrix samples from the
same meteorite. Such effects can result from temperature-
sensitive isotope exchange reactions and kinetic processes, and
therefore may reflect conditions in the solar nebula and on
meteorite parent bodies.

Of additional interest is the recent identification of mass-
fractionated Fe in low temperature minerals on Earth, which
have been tentatively attributed to metabolic processing by
microorganisms (Beard et al., 1999). Though the sources of
these variations are the subject of continuing debate (Mander-

nack et al., 1999; Zhu et al., 2000; Anbar et al., 2000; Sharma
et al., 2001), this suggestion has generated considerable atten-
tion in the geochemical community because of the possibility
that Fe mass fractionation may serve as a tracer for microbial
activity. In the context of this work, meteorites provide a useful
alternative setting in which to study abiological mass fraction-
ation because they are devoid of biologic processing.

For a given element, isotopic mass fractionation generally
scales as a function of the relative isotopic mass dispersion
(�M/M) (e.g., Bigeleisen, 1965). Thus natural mass fraction-
ation becomes increasingly difficult to detect in heavier ele-
ments. Analyses of isotopic mass fractionation in natural sam-
ples, so called stable isotope studies, have been largely
relegated to light elements such as H, C, N, O, and S. Only
recently have the transition metals and heavier elements be-
come accessible for stable isotope research, thanks in large part
to advancements in instrumentation and techniques.

Crucial for resolving stable isotope effects is the ability to
distinguish fractionation induced in the laboratory from that
present in the sample. For iron, mass fractionation induced by
the mass spectrometer can be orders of magnitude larger than
the fractionation signal in the sample. Thermal ionization mass
spectrometry (TIMS) has traditionally been used for isotopic
analyses of iron and other mineral-forming elements. However,
TIMS requires a cumbersome double isotope spiking technique
to accurately correct for instrumental mass discrimination and
furthermore suffers from poor ionization efficiency for iron
(Johnson and Beard, 1999). In contrast, inductively coupled
plasma mass spectrometers (ICP-MS) efficiently ionize nearly
all elements in the Ar source plasma. Moreover, external in-
strumental mass bias corrections are possible by sample-stan-
dard bracketing and/or simultaneous isotopic analysis of a
standard element in solution with the sample (e.g., Walder et
al., 1993).

Unfortunately, Ar source plasmas are notorious for the co-
pious production of ArO�, ArN� and ArOH�, which present
isobaric interferences at masses 54, 56, 57 and 58 where iron
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isotopes reside. Several techniques have been employed to
overcome this problem. Some degree of argide reduction can be
achieved using a sample desolvation nebulizer system. Correc-
tions for residual interferences are then performed by sample/
standard normalization (Zhu et al., 2000, Anbar et al., 2000).
This requires matching of both the Fe signals and interference
levels in samples and standards. Ideally this approach permits
precise Fe measurements without extraordinary efforts to elim-
inate the argides. Recently collision cell technology has been
used to crack molecular interferences created in the source
plasma before passing the beam through the spectrometer mass
analyzer. Application of this technique to iron analysis is cur-
rently underway (Johnson et al., 2002). The newest generation
of high-mass resolution ICP-MS instruments also shows prom-
ise in the ability to perform precise iron isotope measurements
while simultaneously resolving argide interferences (e.g.,
Weyer et al., 2001).

We have developed a technique for high-precision iron iso-
tope analyses using ICP-MS that relies on so-called ‘cold
plasma’ operating conditions to eliminate argide interferences.
Cold plasma ICP-MS was first attempted by Jiang et al. (1988)
who realized that a reduction in plasma operating temperature
greatly reduced the pervasive 40Ar background signal, permit-
ting analysis of 40K. Subsequently several other authors ex-
plored cold plasma ICP-MS techniques to improve abundance
measurements of the elements normally obstructed by argide
interferences, including Fe, Ca and K (see Tanner, 1995, and
references therein).

Herein we describe the first efforts to measure iron isotopes
in natural samples using cold plasma ICP-MS. This paper
represents the culmination of work presented by Kehm et al.
(2001a, 2001b, 2001c).

2. EXPERIMENTAL

2.1. Samples

A number of iron meteorites, silicates and iron from two pallasites,
several chondrites, and a suite of chondrules from the ordinary chon-
drite Tieschitz where analyzed in this initial study, along with multiple
aliquots of a terrestrial basalt (described below). Slabs of Fe-Ni alloy
(� 1 g) were cut from larger sawed fragments of each iron meteorite
and the pallasite Brenham, washed in 5% nitric acid for 2 min, dried
and weighed. Silicate fragments were hand-picked from a crushed
sample of the pallasite Admire and similarly washed and weighed. Bulk
fragments of Orgueil and Allende were prepared in the same way. The
sample of Murchison was available in powdered form (USNM #5467)
and thus the washing step was skipped for this meteorite. Chondrules
were mechanically separated from the Tieschitz meteorite by freeze/
thaw disaggregation in water. Round chondrules were selected, washed
in dilute nitric for about two minutes, dried and weighed.

2.2. Chemistry

Chemical purification of iron using anion exchange chromatography
has been reported by a number of authors (e.g., Strelow, 1980). Isotopic
mass fractionation can be caused by incomplete yields from the anion
separation column (Anbar et al., 2000). Also, mass fractionation can be
induced during measurement due to the presence of contaminant (‘ma-
trix’ ) elements in the analyte solution (see below). High resolution,
high-yield chemical separation procedures are thus critical for avoiding
these potential problems.

Samples were acid dissolved using distilled, ultra-pure reagents. Iron
meteorites were dissolved in aqua regia. Silicate samples were first
exposed to a concentrated HNO3/HF mixture. Subsequently they were
dried down (at temperatures less than about 50° C) and re-dissolved in

6 N HCl to eliminate insoluble fluorides. This mixture was dried.
Samples were then re-dissolved in a solution of 9 N HCl � 0.001%
H2O2 and extensively centrifuged to separate insoluble particles. Cen-
trifugation was particularly important for the chondrite samples, which
contain a significant fraction (on the order of �1%) of insoluables,
including organics, some chromite and refractory carbonaceous phases.

Iron separation and purification was achieved by passing bulk solu-
tions through an anion exchange column (AG1-X4 100–200 mesh). At
high HCl molarity, Fe(III) is strongly retained on the anion column
while significant matrix elements wash through. A small amount of
peroxide, a strong oxidant, was added to the sample solutions to
suppress conversion of Fe(III) to Fe(II) during the column procedure
(cf. van der Walt et al., 1985; Maréchal et al., 1999). Approximately 3
mL of resin (wet volume) were used for 1 mg of Fe. Matrix elements
were washed through the resin with 50 mL of 9 N HCl � 0.001%
H2O2. Iron was eluted with 15 mL of 0.1 N HCl. Subsequently, the
eluted Fe was dried down at �50° C and re-dissolved in 8 N HNO3.
These solutions were dried down again and re-dissolved in 1.1 N
HNO3. The latter solutions were analyzed by ICP-MS. Yields were
estimated for samples with known Fe content by comparing the Fe
signal intensities with those of a standard. Iron yields with this tech-
nique are conservatively estimated at better than 95%.

2.3. Mass Spectrometry

Isotopic measurements were performed on the Department of Ter-
restrial Magnetism’s VG Axiom multi-collector ICP-MS. As discussed
above, argon plasma sources are normally copious producers of poly-
atomic argide molecules that can interfere with measurements of iron
isotopes as well as a number of other elements. Argide elimination
requires (1) reduced power (‘cold plasma’ ) operation, and (2) the
suppression of so called ‘secondary discharge’ , or arcing between the
plasma and the sampling interface. In an Ar ICP source, the reduction
in plasma temperature shifts the dominant background ion from 40Ar�

to NO� (Jiang et al., 1988; Tanner, 1995), greatly reducing or effec-
tively eliminating most of the relevant argide interferences. Secondary
discharge can occur as a result of capacitive coupling between the load
coil and the plasma (e.g., Douglas and Tanner, 1998). In the VG
Axiom, capacitive coupling is suppressed by the presence of a
grounded metal shield situated between the load coal and the torch.

During these measurements, the RF generator was operated at 600
W, about half of the normal operating power. A conventional concen-
tric Meinhard-style nebulizer was used for sample injection. The sam-
ple introduction system consisted of a water-cooled glass cyclonic and
spray chamber. Cold plasma argide reduction could not be achieved
with a commercial desolvating sample introduction system. The rea-
sons for this are unknown, but could be related to the relative absence
of water vapor in the desolvated aerosol; water may play a key role in
keeping the plasma cool enough to suppress argide formation. Elimi-
nating argides in cold plasma mode also required high nebulizer gas
flow rates (1.1 L/min) and large sampling depths (distance between the
torch and the sampling interface cone). These specialized tuning con-
ditions presumably help to maintain a cooler ambient plasma temper-
ature in the sampling zone of the source plasma (Tanner, 1995). During
cold plasma operation, the ArO� is much less than a part in 104 of the
56Fe signal. The ArN� contribution to mass 54 is rendered negligible.
In contrast, under conventional conditions, argide interferences at
masses 54 and 56 can range up to several tens of percent of the
corresponding Fe isotope signals at these masses.

Unfortunately there is little or no attenuation of hydroxides in cold
plasma mode. Therefore, manual monitoring of K, Ca and Ar, whose
isotopes can, in principle, form hydroxide molecules that interfere with
Fe, was required. This practice has revealed some variability in the Ca
background among different solutions, which seems to be responsible
for an observed lack of accuracy and precision in the measured 57Fe/
54Fe ratio. High mass resolution scans in cold plasma mode of the mass
57 region indeed confirm the presence of an unsuppressed hydroxide.
To better understand the effect, experiments were conducted in which
increasing amounts of Ca were added to a standard Fe solution during
a series of measurements. The drift-corrected 57Fe/54Fe was observed
to increase in direct proportion to the intensity of the 40Ca signal. This
experiment also confirmed that, even for relatively high Ca back-
grounds, the minor isotopes of Ca do not contribute significant hydrox-
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ide interferences to the Fe and Cu mass regions. The hydroxide pro-
duction factor for Ca, CaOH�/Ca�, is inferred to be as large as 0.2, and
tends to be variable depending on source tuning conditions. We expect
this relatively high CaOH production factor to be unique to cold plasma
source operation. Unfortunately Ca is a ubiquitous background com-
ponent and is difficult to eliminate from the analyte solutions entirely.
Thus, though 57Fe was measured during each analysis, the results are
not reported herein.

A negative side effect of cold plasma source operation is reduction
in ionization efficiency by a factor of 5 to 10. Indeed, the degree of
ionization in a plasma in ionization-recombination equilibrium is ex-
pected to be a relatively sensitive function of temperature as predicted
by the Saha Equation (e.g., Mermet, 1999). However, typically �5 �
105 Fe atoms were required to produced one count per second on the
collector, which is about 500 times less efficient than conventional
operation (desolvating nebulizer at �1200 W RF power). The main
culprit in the reduction in overall sensitivity is the nebulizer-spray
chamber system, which is �1–10% as efficient as the desolvating
nebulizer. Fortunately the reduction in sensitivity is not a critical issue
when making these measurements because iron is abundant in most
natural samples.

All four iron isotopes were measured statically on the Axiom’s
multiple Faraday collector array. Potential isobaric interferences in-
clude 54Cr and 58Ni, which can interfere with 54Fe and 58Fe, respec-
tively. The Cr content in our sample and standard solutions was
negligible, although routine manual monitoring of the 52Cr signal was
typically performed to confirm this. The situation for Cr is also bene-
fited by the low natural abundance of 54Cr (54Cr/52Cr � 0.03).

Unfortunately 58Ni is the most abundant Ni isotope, and 58Fe is the
least abundant Fe isotope (58Fe/56Fe � 0.003). Thus, Ni, even in small
quantities can present a non-negligible isobar at 58Fe. One significant
source of Ni is metal hardware in the source region of the mass
spectrometer. Platinum sampler and skimmer cones were used to min-
imize this source of background Ni. However, a Ni correction was still
required for 58Fe. During each data acquisition cycle, the 60Ni signal
was measured on an electron multiplier detector. For most analyses
58Ni/58Fe � 0.001. The Ni correction required in-run cross calibration
between the Axiom’s axial multiplier and the Faraday counting effi-
ciencies accurate to about 10% or better. Originally, this was accom-
plished by performing a secondary measurement of the 58Fe/54Fe ratio
during each cycle using a Faraday-multiplier combination, with the
58Fe beam measured on the multiplier. The relative gains were deter-
mined by comparing this ratio with the primary Faraday-Faraday
58Fe/54Fe measurement. Installation of a new multi-multiplier detection
system on the Axiom midway through the course of this work required
that this protocol be modified to reduce the beam intensities experi-
enced by the new multiplier. Currently, cross calibration is performed
by measurement of the intensity of a background molecular peak,
typically FeOH, on both the axial multiplier and Faraday cups during
each cycle.

2.4. Mass Discrimination Correction

Instrumental mass bias is a ubiquitous feature of mass spectrometers.
Any kinetic energy-dependent process can potentially discriminate
between different isotopes of an element. Often the extent of instru-
mental mass fractionation changes with time during a measurement.
We refer to this as mass bias drift.

For ICP-MS instruments, the problem of instrumental mass bias can
be exacerbated by the presence of contaminants in the analyte solution.
These so-called ‘matrix’ elements may enhance space charge ion
dispersion or shift the vaporization position of the analyte in the source
plasma, thereby causing additional mass fractionation (Carlson et al.,
2001). Whatever its source, the presence of this potential problem
underscores the importance of high-resolution chemical separation.

2.4.1. Sample-standard bracketing

In the present work, instrumental mass bias was compensated for by
sample-standard bracketing (e.g., Zhu et al., 2000) and, for some
analyses, using the element Cu to monitor the instrumental mass
fractionation in-run (e.g., Anbar et al., 2000; Roe et al., 2002). Sample-
standard bracketing (SSB) relies on the assumption that samples and

standards are mass fractionated the same way during measurement.
Sample analyses are alternated between analyses of an Fe standard.
Mass bias is normalized out by referencing the isotopic composition of
each sample measurement to the mean composition of standards mea-
sured immediately before and immediately following the sample mea-
surement. Typically, a single complete analysis consisted of 5 standard-
sample-standard measurement cycles. The system was thoroughly
washed with a 5% nitric solution between measurements. Individual
measurements consisted of 3 to 5 data acquisition cycles. Each cycle
included determinations of the detector baselines, Fe isotope ratios, Ni
background and Faraday/multiplier cross calibration factor. Iron iso-
tope ratios were determined by static multi-collection in 10–30 second
integrations/cycle at a 56Fe beam intensity of �4 � 108 counts/s (� 6.5
V). This required an uptake rate of � 40 �L/min for a � 30 ppm Fe
solution.

We chose as our standard ultra-pure iron metal purchased from the
Johnson Matthey Co. (Puratronic batch Nm30597), dubbed ‘P1�. P1
was sufficiently pure so that it could be analyzed without requiring
additional chemical processing and purification. The isotopic compo-
sition of P1 is not accurately known. Therefore, ratios are tabulated as
isotopic deviations with respect to the composition of this artificial
reference material. Note that later in this paper we report data re-
referenced to the mean composition of a terrestrial basalt reference
sample.

For accurate mass bias correction, SSB requires that there is no
differential fractionation between sample and standard due to matrix
effects. This requirement can be difficult to confirm.

2.4.2. Multi-element external drift correction

In principle, these problems with SSB can be compensated for by use
of an external multi-isotope standard. For Fe analyses, previous work-
ers have used well-calibrated iron double-isotope spikes (e.g., Beard et
al., 1999) or a Cu standard analyzed concurrently with Fe (Anbar et al.,
2000; Sharma et al., 2001) for this purpose. The latter approach, which
we refer to herein as multi-element external drift correction (MEDC),
was used in the current study. For some measurements, a purified Cu
standard was added to both sample and standard solutions. The Fe and
Cu isotope ratios were measured successively by static multi-collection
during each data acquisition cycle. Since the Cu isotope composition is
the same in the sample and in the standard, this technique, in principle,
provides an independent monitor of the instrumental mass fraction.

Correcting instrumental mass bias using an external (in-run) elemen-
tal standard is not straightforward. Traditionally, an empirical mathe-
matical relationship describing the mass dependence of the instrumen-
tal mass bias, a so-called mass fractionation law, is assumed. Assumed
fractionation laws are explicit functions of isotopic mass written in
terms a fractionation factor, which expresses the degree of isotopic
mass fractionation (e.g., Russell et al., 1978). Drift in the instrumental
mass bias is expressed as a time dependence in the fractionation factor.
For elements analyzed concurrently, the degree of mass fractionation
(i.e., the value of the fractionation factor) for one element can in
principle be used to correct the measured composition of the other
element using the assumed fractionation law. However, recent exper-
iments have shown that instrumental isotopic mass fractionation in a
plasma source is element-dependent (e.g., Carlson et al., 2001). Maré-
chal et al. (1999), White et al. (2000), and Anbar et al. (2001) dem-
onstrated that the ratio between fractionation factors of two elements
measured simultaneously by ICP-MS is generally constant over the
course of a measurement.

We assume here that the ion current ‘si’ for an individual isotope ‘ i’
at the detector side of the mass spectrometer can be expressed in the
general functional form:

Si 	 Si fn (mi, t) (1)

where ‘Si’ is the ion current that would be present if there were no
instrumental mass bias and ‘ fn’ is a function of the isotopic mass ‘mi’
and time ‘ t’ . A measured isotope ratio ‘ rji’ between isotopes ‘ j’ and ‘ i’
can then be written:

rji 	
Sj

Si
	

Sjfn(mj, t)

Sifn(mi, t)
	 Rji

fn(mj, t)

fn(mi, t)
(2)

where ‘Rji’ is the true isotope ratio. In the Appendix, we show that most
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commonly used mass fractionation laws can be expressed using the
following generalized form for fn:

fn(mi, t) 	 g
�

mo

mi

mndm
(3)

where ‘g’ is a function of time, ‘n’ is a constant that depends on which
mass fractionation law is assumed (see Appendix), and mo is an
arbitrary reference mass. The measured isotope ratio in Eqn. 2 can then
be written:

rji 	 Rjig
�

mo

mi

mndm ��
mo

mi

mndm

	 Rjig
�

mi

mj

mndm

(4)

Taking the logarithm of rji/Rji gives

ln� rji

Rji
� 	 Iji ln[g] (5)

where

Iji 	�
mi

mj

mndm (5b)

We refer to ln[g] as the generalized fractionation factor. Following the
analysis of Maréchal et al. (1999), we can divide Eqn. 5 by a similar
equation for a concurrently measured isotope ratio of a different ele-
ment ‘ rkl’ with generalized fractionation factor ln[h], giving:

ln[rji] 	 (ln[rkl] � ln[Rkl])
Iji

Ikl

ln[g]

ln[h]
� ln[Rji] (6)

If the ratio between the generalized fractionation factors, ln[g] and
ln[h], remains constant throughout a measurement, a series of simul-
taneously measured ratios, rji and rkl, should form a line on a ln-ln plot
with a slope proportional to ln[g]/ln[h]. Because Eqn. 3 is a general
function, this result is independent of the mass fractionation law used.

Figure 1 shows the results of a series of analyses of a mixed Fe-Cu
standard measured over a one year span, with ln(56Fe/54Fe) plotted
against ln(65Cu/63Cu). Data are grouped by analysis. Most analyses
occurred on different days. Least squares linear fits to each data set are

Fig. 1. Results of a series of analyses of the P1 Fe standard performed over the course of � 1 yr. For these experiments,
P1 was doped with a Cu standard and the Fe and Cu isotopic compositions were measured during the same measurement
cycle. Most of the analyses were performed on different days during different measurement sessions. The ratios are plotted
in log space. According to Eqn. 6, instrumental drift will cause the ratios to plot along a straight line provided that the ratio
between their fractionation factors remains constant during analysis. See text for discussion.
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also shown. Table 1 gives the slope, intercept, and quality of fit
statistics, expressed by the square of the linear correlation coefficient,
R2. The final column gives the probability that the same number of data
points from a completely uncorrelated dataset would produce the same
R2 value (Bevington and Robinson, 1992). Most of the analyses plotted
in Figure 1 display a linear trend indicating that Eqn. 3 is an adequate
formulation of the instrumental mass bias for the range of observed
fractionations, and that the ratio between the fractionation factors for Fe
and Cu is roughly constant during each analysis. However, the ratio
between the fractionation factors for Fe and Cu does change from day
to day as indicated by the variable slope and intercept of the regression
lines for various analyses (note that the ratio between the fractionation
factors appears in the expressions for both slope and intercept in Eqn.
6). This behavior is consistent with previous observations of pairs of
elements isotopically analyzed by ICP-MS: Cu-Zn (Maréchal et al.,
1999), Pb-Tl (White et al., 2000), Mo-Zr and Mo-Ru (Anbar et al.,
2001), Ag-Pd (Carlson and Hauri, 2001), and Fe-Cu (Roe et al., 2002).
A linear fit is not appropriate for several of the data sets (R2 �� 1)
plotted in Figure 1 (P1_2, P1_8, P1_9, P1_13, and P1_21). These cases
are confined to instances where there was very little drift in the
instrumental mass bias during the course of the run. To correct for
instrumental mass bias drift using MEDC, standard Cu is added to both
the sample and standard solutions. Sample analyses are interleaved
with analyses of the standard, as in SSB. If sample and standard have
the same Fe isotope composition, plots of ln(56,58Fe/54Fe) versus
ln(65Cu/63Cu) should lie along the same drift line in a plot similar to
Figure 1. On the other hand, if the Fe isotopic composition of the
sample is significantly different from that of the standard, the sample
points will be vertically displaced from the drift line of the standard
(these two situations are depicted in Fig. 3, described below). The size
of the displacement is a function of the difference in isotopic compo-
sition between sample and standard.

MEDC is designed to correct for drift in the instrumental mass bias
and would therefore seem inappropriate when the degree of drift
approaches zero. Several cases in which there was relatively little mass
bias drift can be identified in Figure 1. In the absence of significant
mass bias drift during an analysis, counting statistics and detector noise
are mainly responsible for scatter in the measured Fe and Cu isotope
ratios. Linear fits to the drift, in these cases, produce R2 close to zero
(see Table 1). Provided that sample and standard exhibit the same
degree of statistical scatter and provided that the number of ratios
acquired is sufficient to resolve the statistical behavior, mass bias

correction by MEDC and SSB would be expected to give essentially
the same result. This is because in the absence of drift, the difference
between the isotopic compositions of the sample and standard becomes
insensitive to the slope of the drift line. Consistent with this expecta-
tion, in each of the cases identified in Figure 1 where the degree of drift
approaches zero (and R2 tends toward zero), mass bias correction by
MEDC and SSB yields the same result, within uncertainties.

2.4.3. Matrix effects

The presence of concomitant elements in the analyte solution can
suppress or enhance signal intensity (Horlick and Montaser, 1998) and,
in some cases, introduce isotopic mass bias (Carlson et al., 2001). For
example, during MEDC analyses, the presence of Cu in the analyte
solution causes matrix suppression of the Fe signal. To avert potential
mass bias associated with this effect, great care was taken to match the
concentration of both Cu and Fe in both sample and standard solutions.

Isotopic mass fractionation due to matrix effects can be corrected
with MEDC provided the presence of a matrix species does not sig-
nificantly alter the ratio between the fractionation factors of the mea-
sured elements. One trace element, Ga, behaves almost identically to Fe
on the anion resin and thus was present in measurable amounts in some
sample solutions. However, test solutions mixed with Ga/Fe ratios as
high as 0.1—far exceeding the Ga content of any of the samples
analyzed so far—did not exhibit measurable matrix-enhanced instru-
mental fractionation. So-called ‘auto’ or ‘self-enhancing’ matrix effects
can occur when the concentrations of analyte elements in the sample
and standard solutions are not matched. Jiang et al. (1988) first ob-
served this effect in cold plasma studies of K. At relatively high analyte

Table 1. Statistics for linear fits in Fig. 1.

Run slope intercept R2 probability

P1_1 1.01 � 0.08 3.57 � 0.06 0.962 1.33E–03
P1_2 0.2 � 0.3 3.0 � 0.2 0.069 8.12E–01
P1_3 1.30 � 0.03 3.80 � 0.03 0.997 1.51E–04
P1_4 1.0 � 0.1 3.54 � 0.08 0.958 3.18E–02
P1_5 1.11 � 0.10 3.65 � 0.08 0.950 5.55E–04
P1_6 0.78 � 0.03 3.40 � 0.03 0.985 5.36E–07
P1_7 1.0 � 0.2 3.6 � 0.2 0.831 5.87E–02
P1_8 0.1 � 0.2 2.9 � 0.2 0.087 6.85E–01
P1_9 0.5 � 0.4 3.2 � 0.3 0.193 6.11E–01
P1_10 1.11 � 0.02 3.65 � 0.02 0.997 3.88E–08
P1_11 0.92 � 0.03 3.51 � 0.03 0.991 8.67E–06
P1_12 1.02 � 0.07 3.58 � 0.06 0.969 9.05E–04
P1_13 0.2 � 0.2 2.9 � 0.2 0.120 6.60E–01
P1_14 0.97 � 0.02 3.54 � 0.01 0.998 1.15E–03
P1_15 0.7 � 0.2 3.3 � 0.2 0.744 3.22E–01
P1_16 1.06 � 0.05 3.62 � 0.04 0.988 1.33E–04
P1_17 1.00 � 0.02 3.57 � 0.01 0.999 1.07E–03
P1_18 0.64 � 0.06 3.28 � 0.05 0.961 6.49E–03
P1_19 0.95 � 0.02 3.53 � 0.02 0.997 1.52E–04
P1_20 0.9 � 0.2 3.5 � 0.2 0.817 2.72E–01
P1_21 �0.4 � 0.9 2.4 � 0.7 0.049 7.13E–01
P1_22 1.0 � 0.1 3.6 � 0.1 0.941 4.40E–02
P1_23 0.91 � 0.06 3.50 � 0.05 0.972 7.33E–04
P1_24 1.07 � 0.01 3.62 � 0.01 0.999 3.33E–09

Fig. 3. Iron-Cu data from analyses of two different gravimetrically
spiked aliquots of P1. Data are plotted in log space to permit delinea-
tion and correction for instrumental mass bias drift. In each analysis, a
sample of P1 spiked with a monoisotopic 54Fe was measured with
respect to an unspiked aliquot of P1. Spiked samples were treated like
normal samples and subjected to the full battery of chemical procedures
before measurement. The filled symbols depict data from GS05, an
analysis of a P1 sample with a gravimetrically prepared composition of
�56Fe � �0.5 ‰. This deviation is responsible for the vertical dis-
placement between filled diamond symbols (unspiked P1) and the filled
squares (spiked P1). The open symbols depict data from GS00. For this
analysis, an aliquot of P1 was left unspiked (�56Fe 	 0 ‰), subjected
to Fe separation chemistry and subsequently measured. As expected,
the GS00 “standard” and “processed” sample plot along the same drift
line indicating that they have identical Fe isotope compositions. These
experiments helped to verify that the technique is capable of resolving
subper mil Fe isotope deviations, and that the sample preparation
chemistry does not induce significant Fe mass fractionation.
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concentrations, further increases in concentration did not produce a
proportional increase in K� signal, suggesting that under these condi-
tions, ion production becomes increasingly less efficient as the concen-
tration of analyte (and presumably matrix) elements increases.

We observe similar behavior for Fe. Figure 2 shows the observed
variation in 56Fe signal as a function of concentration. A gradual
decrease in the effective ionization efficiency is evident. The cause of
this auto matrix suppression could be that the increased sample load
enhances the electron density in the plasma, leading to an increase in
the rate of electron-ion recombination, as argued by Tanner (1995).
Alternatively, changes in analyte concentration could affect the rate of
vaporization of sample aerosol particles in the source plasma as sug-
gested by Olesik et al. (1999). To the extent that aerosol vaporization
is controlled by plasma temperature, cold plasma operating conditions
could be particularly sensitive to this effect. We have experimented
with measuring standards at various concentrations to determine
whether auto-matrix effects can cause isotopic mass bias. These studies
have been inconclusive. In some extreme instances we have observed
a � 0.2 ‰ isotopic deviation in the measured 56Fe/54Fe ratio correlated
with a 10% increase or decrease in the analyte concentration relative to
a fixed-concentration standard for SSB (Cu-free) analyses. However
this effect is not reproducible from session to session, suggesting that
it may be related to specific source tunings or configurations of the
sample introduction system. Moreover, for MEDC analyses, the pres-
ence of Cu in sample and standard appears to mitigate the effect. The
cause of the intermittent concentration-dependent mass discrimination
is not clear. We are not aware of similar observations of concentration-
related mass discrimination effects for normal power (hot) Ar ICPs.
Thus, it could be unique to cold plasma operation, and may indeed be
related to the auto-matrix effect responsible for the decrease in ioniza-
tion efficiency exhibited in Figure 2. Though we do not yet understand
the cause of these effects, we acknowledge that, in principle, the
accuracy of isotope ratio measurements can be compromised when
analyte concentrations in sample and standard are not carefully
matched, at least under cold plasma conditions. For this reason, efforts
were undertaken to closely match the analyte concentrations in sample
and standard. While many of the results reported in this paper were
obtained using simple SSB drift correction, no results are reported in
which the Fe concentrations in the sample and standard differed by
more than about 5%.

2.5. Analyses of Spiked Standards

To assess the accuracy of the technique, a series of gravimetrically
spiked standards were prepared by mixing the P1 standard with a
monoisotopic spike of 54Fe (Oakridge batch 166692). Each gravimetric
spike was submitted to the same dissolution and column chemistry used
for sample analysis. The composition of each was then measured with
respect to the unspiked P1. Figure 3 shows the results of two such
analyses where mass bias was corrected using MEDC. As in Figure 1,
the data are plotted in ln(56Fe/54Fe)-ln(65Cu/63Cu) space. The open
symbols in Figure 3 are data taken from the analysis of GS00, an
unspiked sample of P1 passed through dissolution and column chem-
istry. Its composition, as expected, is indistinguishable from the un-
processed standard. The filled points are data from a measurement of
GS05, whose 56Fe/54Fe composition was gravimetrically mixed 0.5 ‰
lighter than unspiked P1. Its composition lies vertically displaced from
the P1 drift line, reflecting its differing isotopic composition.

Table 2 shows the results of analyses of various spike standards.
Quoted uncertainties are 2� and represent the in-run precision of the
measurement. The measured compositions are shown as deviations in
parts/103 (delta values) from the unspiked P1 standard for both 58Fe/
54Fe and 56Fe/54Fe. Agreement in Table 2 is generally excellent, with
only hints of a discrepancy for the measured 58Fe/54Fe ratio in GS20.
The results in Table 2 indicate that little mass fractionation occurs on
the anion separation columns and confirms the ability to precisely
resolve relatively subtle isotopic shifts with the cold plasma ICP-MS
technique.

3. RESULTS

3.1. Reproducibility: Repeated Measurements of the
Kil1919 Basalt Reference Sample

To assess the external precision of our iron analyses tech-
nique, repeated measurements of a terrestrial igneous rock
reference sample were performed. The Hawaiian basalt
Kil1919 (Rhodes, 1996) was adopted for this work. Iron was
chemically separated from aliquots of a powdered Kil1919
sample and measured by cold plasma ICP-MS. Data from this
series of measurements were acquired during a nine-month
span, representing seven different column chemistry batches.
These data are depicted on a three-isotope plot in Figure 4,
where 56Fe/54Fe and 58Fe/54Fe ratios are expressed as delta
value deviations from the composition of P1 on the ordinate
and abscissa, respectively. The dashed line represents the array
of Fe compositions that can arise from mass-dependent frac-
tionation assuming all samples had the same starting composi-
tion. Plotted uncertainties are 1� and represent the internal
precision of each measurement. Data analyzed using SSB and
MEDC are distinguished by open and closed symbols, respec-
tively.

Fig. 2. Suppression of ion extraction efficiency due to iron auto-
matrix effect. Iron-56 count rate is plotted versus the nominal iron
concentration in the analyte solution. Count rates are normalized to the
30 ppm Fe solution. Points would fall on the dashed line if an increase
in concentration yielded an equivalent increase in the 56Fe signal.

Table 2. Analyses of spiked standards.

Known
Composition

Measured
Composition

� 56Fe � 58Fe � 56Fe � 58Fe

GS 00 
 0 
 0 �0.03 (4) �0.01 (2.6)
GS 5.1 �0.49 �0.49 �0.50 (4) �0.7 (5)
GS 5.2 �0.49 �0.49 �0.49 (7) �0.2 (9)
GS 10.1 �0.98 �0.97 �1.07 (7) �1.2 (3)
GS 10.2 �0.98 �0.97 �1.03 (3) �1.2 (4)
GS 20 �1.94 �1.92 �1.93 (9) �2.5 (4)

� iFe 	 1000 � [(iFe/54Fespiked P1)/(iFe/54FeP1)�1] where i 	 56 or
58.
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The composition of P1 lies at the origin of Figure 4 on the
upper right, significantly displaced from the Kil1919 average
by about 0.2 ‰ amu�1. A priori it is expected that rocks of
igneous origin are unfractionated with respect to the average
terrestrial iron composition, and indeed previous measurements
tend to support this assumption (Beard and Johnson, 1999). As
discussed below, the apparent mass fractionation separating P1
from Kil1919 strongly suggests that P1 is not an isotopically
representative sample of terrestrial Fe. This is not surprising
considering that P1 was subjected to a number of potentially
low-yield, industrial purification stages during processing, any
one of which may have induced isotopic mass fractionation.

Relative to the P1 standard, the error-weighted mean com-
position of Kil1919 is �56Fe 	 �0.428 � 0.008, �58Fe 	
�0.96 � 0.07 (1 sigma error in mean). Ignoring the outlying
data point, the error-weighted mean is �56Fe 	 �0.411 �
0.009, �58Fe 	 �0.92 � 0.07. (The slightly improved uncer-
tainty in the mean �56Fe value when the outlier is included is
the result of the relatively small uncertainty associated with the
outlier; in this case, inclusion of the well-constrained point
reduces the uncertainty in the error-weighted mean.) These
values are within two sigma of being consistent with pure mass
fractionation. Ignoring the outlying point, the 1-� standard
deviations, which represent the day-to-day reproducibility of
the �56Fe and �58Fe values, are 0.06 ‰ and 0.25 ‰ respec-
tively. While no efforts were made to assess the absolute Fe

composition of Kil1919 in this study, a priori it should corre-
spond roughly to the Earth-Moon igneous average determined
by Beard and Johnson (1999), who employed a double-isotope
spike TIMS technique: 56Fe/54Fe 	 15.703 (4) and 58Fe/54Fe 	
0.04807 (2).

3.2. Meteorite Measurements

The iron compositions of six bulk chondrites (two ordinary
chondrites and four carbonaceous chondrites), three bulk irons,
silicate and iron from two different pallasites and eight indi-
vidual chondrules separated from an ordinary chondrite were
measured by cold plasma ICP-MS. The results of these analy-
ses are recorded in Table 3 and plotted in a three-isotope plot
in Figure 5. Though all measurements were performed with P1
as a standard, for the sake of simplicity, the delta values have
been re-referenced to the measured mean composition of
Kil1919, our proxy for the terrestrial average Fe composition,
in Figure 5 and Table 3. The quoted uncertainties are either the
1-� external precisions derived from repeated analyses of the
Kil1919 basalt, or the in-run statistical uncertainties of the
measurement, whichever is larger. For a few samples, replicate
measurements were performed and the calculated uncertainties
are correspondingly smaller. As in Figure 4, the dashed line
delineates the range of compositions that are related by mass
fractionation.

4. DISCUSSION

The iron isotope compositions of the bulk chondrites, irons
and pallasites all lie within two sigma of the Kil1919 basalt
average. This includes the CI chondrite Orgueil for which a
mass fractionated Fe composition of �56Fe 	 0.38 � 0.06 (2
sigma) relative to the IRMM-14 standard was previously re-
ported (Zhu et al., 2001). Multiple meteorite parent bodies are
represented in Figure 5. Carbonaceous chondrites have bulk

Fig. 4. Results of multiple analyses of the Kil1919 terrestrial basalt
reference sample plotted on a three isotope plot. Data are reported as
delta value deviations from the isotopic composition of P1: � iFe 	
1000 � [(iFe/54FeKil1919)/(iFe/54FeP1)�1] where i 	 56 or 58. Ac-
cordingly, P1 lies at the point �56Fe 	 �58Fe 	 0 on the upper right of
the plot. Samples corrected for instrumental mass bias using SSB and
MEDC are identified by open and filled squares, respectively (see text
for discussion). Plotted uncertainties are 1-�, derived from internal
statistics for each measurement. The dashed line delineates the array of
compositions related to P1 by isotopic mass fractionation. Evident in
the figure is that P1 is isotopically heavier than the Kil1919 basalt
sample. The displacement in these compositions suggests that P1
experienced significant isotopic mass fractionation, presumably during
an industrial purification process, or that it is derived from a reservoir
with an isotopic composition distinct from the Kil1919 basalt.

Table 3. Iron isotope ratios in various meteorites*.

Sample Description � 56Fe � 58Fe

Allende bulk Bulk Chondrite (CV3) �0.06 � 0.01 �0.05 � 0.13
ALHA 77216 Bulk Chondrite (L3) �0.09 � 0.02 �0.19 � 0.25
ALHA 77278 Bulk Chondrite (LL3) �0.02 � 0.06 �0.04 � 0.25
Leoville Bulk Chondrite (CV3) �0.13 � 0.06 �0.28 � 0.25
Admire Pallasite, silicate �0.05 � 0.06 �0.01 � 0.25
Murchison Bulk Chondrite (CM) �0.12 � 0.06 �0.10 � 0.25
Orgueil Bulk Chondrite (CI) �0.04 � 0.06 �0.05 � 0.28
Grant Iron (IIIB) �0.05 � 0.06 �0.33 � 0.25
Old Woman Iron (IIB) �0.02 � 0.06 0.49 � 0.25
Canyon Diablo Iron (IA) �0.02 � 0.07 �0.11 � 0.25
Brenham Pallasite, metal 0.04 � 0.06 0.61 � 0.25
Tchon1 Tieschitz Chondrule 0.00 � 0.06 0.21 � 0.40
Tchon2 Tieschitz Chondrule �0.33 � 0.02 �0.71 � 0.15
Tchon3 Tieschitz Chondrule �0.16 � 0.06 �0.28 � 0.30
Tchon4 Tieschitz Chondrule �0.17 � 0.06 �0.39 � 0.25
Tchon5 Tieschitz Chondrule �0.45 � 0.06 �0.98 � 0.25
Tchon6 Tieschitz Chondrule �0.09 � 0.06 �0.16 � 0.25
Tchon7 Tieschitz Chondrule �0.23 � 0.06 �0.46 � 0.25
Tchon8 Tieschitz Chondrule �0.19 � 0.06 �0.46 � 0.25

* Compositions reported as deviations from the composition of the
Kil1919 terrestrial basalt: � iFe 	 1000 � [(iFe/54Fesample)/(

iFe/
54FeKil1919) � 1] where i 	 56 or 58.
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chemical compositions similar to the solar photosphere and are
probably derived from undifferentiated parent bodies that
formed in the solar nebula (Anders, 1971). Irons and pallasites
are from parent objects that experienced metal-silicate differ-
entiation. The data in Figure 5 include both magmatic (IIB,
IIIB) and non-magmatic irons (IA), the former presumably
representing core material from a differentiated asteroid. On the
other hand, the Kil1919 Hawaiian basalt samples iron from the
Hawaiian mantle plume. Similarity between the iron isotope
ratios from these diverse sources suggests that there was no
significant large-scale iron isotope fractionation in the solar
nebula.

As shown in Figure 5 and Table 3, data from one of the iron
meteorites (Old Woman-IIB) and metal from one pallasite
(Brenham) plot more than 1-� from the mass fractionation line.

However, the 2-� error ellipses for both of these points overlap
the mass fractionation line. That both plot with apparent 58Fe
enrichments is probably fortuitous; a careful examination of the
raw data from those runs revealed no evidence of systematic
effects that could explain the apparent shift. It should be noted
that such effects are not unexpected for a data set of this size,
assuming that there are no isotopic anomalies present (this
assumption is consistent with the results of Zhu et al., 2001). It
is therefore argued that the apparent divergence of these data
from the mass fractionation line does not constitute evidence
for a 58Fe-enriched composition in these meteorites. Confirma-
tion of this conclusion awaits repeated analyses.

There are some apparent inconsistencies between these re-
sults and those of Zhu et al. (2001), who observed variable Fe
isotopic fractionation among bulk meteorite samples, especially

Fig. 5. Three isotope plot of Fe isotope compositions of several bulk meteorites and suite of ordinary chondrite
chondrules. Data are taken from Table 3. Plotted values have been re-referenced to the mean composition of the Kil1919,
a proxy for the terrestrial average. Plotted error bars are 1-� external uncertainties. The bulk meteorites, including the
primitive carbonaceous chondrite Orgueil, have compositions identical, within error, of the terrestrial basalt. The ordinary
chondrite chondrules have compositions consistent with mass fractionated chondritic Fe.
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for undifferentiated meteorites. Though not pointed out in their
paper, among measurements of materials from chondrites, Zhu
et al. (2001) observed isotopically heavy Fe in fractions that
presumably experienced more aqueous alteration, such as the
matrices of Allende and Chainpur (LL3), and Orgueil whole
rock. Their results appear to fit with a scenario in which
aqueous activity led to heavy isotope enrichments in altered
phases, perhaps by equilibrium isotope partitioning between
Fe(II)- Fe(III)-bearing compounds (Polyakov, 1997; Schauble
et al., 2001). Without measurements of separated chondrite
matrices, we are unable to corroborate this result. Some assess-
ment of the degree of aqueous alteration, especially in studied
chondrules (see below), would be valuable in future Fe isotope
studies of meteorites.

The reason for the difference in the results for Orgueil
between the two labs remains unclear and bears further study.
The Zhu et al. (2001) measurements show Orgueil to be frac-
tionated by about 0.4 ‰ from their terrestrial standard
(IRMM-14 reference Fe) for �56Fe, whereas our analysis of
Orgueil shows it to have a composition identical to Kil1919,
within uncertainties. It is unlikely that this is due to differences
between the compositions of Kil1919 and the IRMM-14 refer-
ence standard. For one thing, if the composition of IRMM-14
differed significantly from chondritic or from igneously pro-
cessed terrestrial Fe, a systematic offset in the delta value
deviations would have been detected. Also, Zhu et al. measured
nearly identical iron isotopic compositions for bulk Allende
and Murchison, which were indistinguishable within uncertain-
ties from the composition of the IRMM-14 standard. Likewise,
we measure identical compositions for Kil1919, Allende bulk
and Murchison bulk.

As one reviewer points out, Orgueil is known to be chemi-
cally and mineralogically heterogeneous on the � 100 �m
scale (Endre� and Bischoff, 1996; Morlok et al., 2001). More-
over, the carbonaceous chondrites, particularly Orgueil, have
been heavily altered by parent body fluids (e.g., Zolensky and
McSween, 1988), and in addition, Orgueil shows evidence of
having interacted with terrestrial hygroscopic water absorbed
since its fall in 1864 (Gounelle and Zolensky, 2001). Isotopic
heterogeneity is also apparent in Orgueil; various minerals
within Orgueil appear to be in disequilibrium with respect to
oxygen isotopes (e.g., Rowe et al., 1994). Thus, it is conceiv-
able that the different Fe isotope compositions measured by the
two labs could be a sampling effect. The Orgueil sample
analyzed in the present work was generously supplied by
Ghislaine Crozaz and Robert Walker at Washington University
and consisted of several fragments 1–5 mm in size totaling 10
mg in mass. The relatively large size of the sample dissolved in
the present work, and the similarity between its Fe isotopic
composition and those of the irons, pallasites and other chon-
drites suggests that our results are reflective of the Orgueil
average.

Assuming that Kil1919 is a reasonable proxy for the bulk
terrestrial iron isotopic composition, and if Orgueil is similarly
a reasonable representative of the primitive iron composition in
the solar nebula, it can be concluded from our results that the
bulk 56Fe/54Fe for the Earth is identical to the chondritic value
to within about a part in ten thousand. Similarity between these
reservoirs and those of the magmatic and non-magmatic irons
suggests that planetary differentiation does not significantly

fractionate iron isotopes. This conclusion is consistent with the
work of Beard and Johnson (1999) and Sharma et al. (2001)
who observed isotopically identical iron in igneous samples
from the Earth and moon, and the Earth and the Canyon Diablo
iron meteorite, respectively.

Measurements of individual chondrules extracted from Ti-
eschitz, an unequilibrated ordinary chondrite (H3.6), reveal a
tendency toward isotopically light compositions (Fig. 5). The
most fractionated Tieschitz chondrule in Figure 5 has �56Fe �
�0.5 ‰, referenced to Kil1919 basalt. Previously Alexander
and Wang (2001) determined that �57Fe in chondrules from
another unequilibrated ordinary chondrite, Chainpur (LL3.4),
are normal to within their measurement uncertainty (� 1–2 ‰)
using an ion microprobe. However, cold plasma ICP-MS offers
a considerable improvement in precision over the ion micro-
probe technique, permitting the resolution of isotopic fine struc-
ture in Tieschitz.

Iron isotopic fractionation between matrix and chondrules in
Allende (CV3) and Chainpur (LL3) were detected by Zhu et al.
(2001) using ICP mass spectrometry. Similarly, Mullane et al.
(2001) reported isotopic variability among Allende chondrules.
In contrast to the Zhu et al. results, which show both positive
and negative mass fractionation in chondrules from Allende,
our results for Tieschitz show a single trend toward isotopically
lighter compositions. This may suggest that the mechanism(s)
for fractionation is different in these two meteorites. It is
possible that iron fractionation in Tieschitz chondrules oc-
curred as a result of a single stage process.

It is widely assumed that chondrules formed by the melting
of precursor material in the solar nebula (e.g., Taylor et al.,
1983), although competing models are still under discussion
(Boss, 1996). A key question is whether the iron compositions
observed in Tieschitz chondrules are related to the chondrule
formation process or evolved subsequently as a result of parent
body alteration. Previous analyses of isotope systematics in
Tieschitz chondrules provide no clear answer on this point.
Mass fractionated Mg isotopes (�26Mg ranging from � �2 to
�1 ‰) were observed in individual Tieschitz chondrules by
Alexander et al. (1998). It was assumed that these compositions
were produced by kinetic effects during evaporation and/or
condensation in the solar nebula, or were inherited from pro-
cessed chondrule precursor material. However, Ash et al.
(1998) observed no significant isotopic mass fractionation of
oxygen in Tieschitz chondrules, but did see tentative evidence
of isotopic exchange between chondrules and 18O-rich fluids on
the ordinary chondrite parent body. Parent body isotope redis-
tribution was previously inferred from radioisotope studies.
I-Xe ages for ordinary chondrite chondrules (including Ties-
chitz) span a range of � 50 Ma, often postdating the expected
end of chondrule formation by tens of millions of years (Ni-
chols et al., 1991; Swindle et al., 1991a; Swindle et al., 1991b;
Swindle, 1998; Gilmour et al., 2000). These results and the
highly variable I/Xe ratios in the chondrules imply resetting of
the I-Xe system by parent body alteration (Swindle, 1998).
Even later isotopic redistribution in Tieschitz is indicated by
Sm-Nd and Ar-Ar measurements. Krestina et al. (1996) ob-
served a bimodal distribution of Sm-Nd ages among Tieschitz
chondrules. One subset had formation ages of 4.55 Ga, while
other chondrules yielded ages of � 2 Ga. Ar-Ar studies of bulk
Tieschitz during stepwise Ar extraction show a high-tempera-
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ture Ar release plateau with a low apparent age (� 2 Ga)
(Turner et al., 1978). In light of the Sm-Nd chondrule ages,
Hutchison et al. (1998) recently interpreted the Ar-Ar results as
evidence of aqueous alteration at � 2 Ga. A disturbance at 2 Ga
could be indicative of an impact on the Tieschitz parent body,
although Tieschitz does not appear to have been heavily
shocked (Kallemeyn et al., 1989). Nonetheless, there is textural
and chemical evidence of secondary aqueous alteration in Ti-
eschitz chondrules (Hutchison et al., 1998). Chemical ex-
change, for example, between chondrules and matrix or rim
material under such conditions can lead to isotopic mass frac-
tionation. This is a plausible explanation for the observed range
of iron isotopic compositions observed in Tieschitz. Comple-
mentary chemical and petrographic characterization would be
required to address this possibility.

Assuming chondrules formed in the solar nebula by flash
heating, it is also possible to explain iron mass fractionation in
Tieschitz chondrules by evoking kinetic effects associated with
partial evaporation of precursor solids and/or recondensation.
Evaporation of chondrule precursors under Rayleigh conditions
(open system evaporation with an isotopically well-mixed liq-
uid melt) tends to enrich heavy isotopes in the residual liquid as
lighter isotopes preferentially enter the gas phase. The lack of
positive mass fractionation of Tieschitz chondrules suggests
that either (1) evaporative loss of iron was not significant, (2)
Rayleigh conditions were not met during evaporation, (3) the
record of evaporative mass fractionation was erased by subse-
quent isotopic re-equilibration between the melt reservoir and
the gas in the nebula, or (4) the record of evaporative fraction-
ation was erased by parent body alterations. Alexander and
Wang (2001) tried to explain the lack of observable positive
mass fractionation of iron in Chainpur chondrules in the con-
text of the variable FeO concentrations in chondrules. They
interpreted their data as evidence that either iron evaporation
was suppressed due to rapid cooling following flash heating, or
that significant iron evaporation did occur, but the associated
Rayleigh fractionation was subsequently erased during back
reactions between the molten chondrule and the nebular gas.
The latter was previously suggested as a mechanism for erasing
evaporation-induced mass fractionation of K in chondrules
from the ordinary chondrites Semarkona (Alexander and
Grossman, 2000) and Bishunpur (Alexander et al., 2000), and
would appear to require a relatively high partial pressure of
isotopically normal iron in the gas. Similarly Galy et al. (2000)
evoked high ambient gas pressures (P � 100 Pa) in the chon-
drule-forming region of the solar nebula to explain observed
correlations between chondrule size and Mg/Al ratios, and
25Mg/24Mg ratios. Our data are qualitatively consistent with
these scenarios, but offer no additional constraints on the evap-
oration modeling other than providing more strict upper limits
that rule out preserved evaporative mass fractionation in Ties-
chitz chondrules.

According to the kinetic theory of gases, condensation can,
in principle, cause isotopic mass fractionation when lighter
isotopes preferentially enter the condensate. This occurs be-
cause, in a sufficiently diffuse gas, the molecular deposition
rate over some arbitrary area is proportional to the mean
thermal velocity, which is a function of M�1/2. Fractionation is
preserved provided that the condensate does not maintain equi-
librium with the gas during condensation and does not subse-

quently diffusively re-equilibrate with the gas. Such conditions
could be the result of flash heating followed by high cooling
rates, where condensates form rapidly from a large, well-
mixed, super cooled gas reservoir. In this case, condensation of
Fe atoms or FeO could produce �56Fe values as large as �10
to �20 ‰ (assuming deposition rates proportional to M�1/2), a
range that is consistent with the chondrule compositions we
measured in Tieschitz. If correct, it implies that the chondrules
record the final condensation event before incorporation onto
the Tieschitz parent body.

A final possibility is that the range of compositions in the
Tieschitz chondrules simply reflects isotopic heterogeneity in
the precursor materials. Mullane et al. (2001) recently sug-
gested this mechanism to explain the apparent correlation be-
tween the degree of iron isotopic mass fractionation and FeO
content in Allende chondrules. In this case, the lack of evidence
of positive mass fractionation in the Tieschitz chondrules may
reflect the fact that condensation reactions, rather than partial
evaporation, play a more prominent rule in fixing the isotopic
composition of the Tieschitz chondrules as they are recycled in
the nebula. Alternatively, Tieschitz chondrules may have con-
densed from a gas with an isotopically fractionated composi-
tion. Establishing a fractionated gas reservoir could be achieved
by partial evaporation of chondritic material in a flash-heating
event; Rayleigh fractionation during partial evaporation would
enrich the local gas reservoir in light Fe isotopes. Gas-solid
separation, plausibly resulting from poor dynamical coupling
between the gas flow and the solids, would separate the two
components before significant re-equilibration. In the absence
of the original solids, the cooling gas would condense a new
generation of solids with a composition reflecting that of the
isotopically light gas. Such a scenario would require the exis-
tence of a complementary reservoir of material with positive
�56Fe. Our observations reveal no such heterogeneities among
bulk meteorites, which means that if such a process occurred at
all, it was not important for establishing the bulk iron compo-
sitions of the meteorite parent bodies. However it is interesting
to note that Zhu et al. (2001) observed some degree of isotopic
complementarity between the iron compositions of chondrules
and matrix from Allende and Chainpur. Determining the pos-
sible relationship between the iron compositions of chondrules
and matrix material in Tieschitz is one of the focuses of our
ongoing investigations.

5. SUMMARY AND CONCLUSIONS

We have developed a technique for precisely measuring the
isotopic composition of iron using cold plasma multi-collector
inductively coupled plasma mass spectrometry. Reduced power
plasma operation helps to eliminate pervasive molecular inter-
ferences from Ar complexes associated with conventional ICP-
MS. Mass bias corrections are achieved by either sample stan-
dard bracketing, or external mass bias drift correction using a
Cu standard analyzed simultaneously with the Fe. The external
reproducibility, as indicated by repeated measurements of a
terrestrial basalt reference sample, is � 0.06 ‰ for �56Fe and
� 0.25 ‰ for �58Fe (1 �).

Using the cold plasma technique, the iron compositions of
six bulk chondrites (two ordinary chondrites and four carbona-
ceous chondrites), three bulk irons, silicate and iron separated
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from two different pallasites and eight individual chondrules
separated from an ordinary chondrite were analyzed. We ob-
serve no significant variability in the iron isotope compositions
of the bulk meteorites; all have compositions within two sigma
of the Hawaiian basalt reference sample. This observation
suggests that large-scale mass fractionation mechanisms for
iron were non-existent in the solar nebula. Furthermore, simi-
larity between the differentiated meteorites, chondrites and the
terrestrial basalt indicates that physical and chemical differen-
tiation of planetesimals does not significantly alter the isotopic
composition of iron.

Isotopically light compositions were measured in eight chon-
drules from the unequilibrated ordinary chondrite Tieschitz
(�0.5 ‰ � �56Fechondrules � 0.0 ‰). Mechanisms for produc-
ing the mass fractionated compositions in these chondrules
probably operated on a local scale and could include kinetic
effects in the nebula during chondrule processing or chemical
fractionation on the meteorite parent body during secondary
alteration. Alternatively, Tieschitz chondrules may reflect iso-
topic heterogeneity in the chondrule precursor material that was
not entirely erased by nebular and subsequent parent body
processing.

The large abundance of chondrules in primitive chondrites
indicates that the chondrule-forming event was an important
process that may be central to understanding the evolution of
the nebula. However, the mechanism responsible for forming
chondrules in the early solar system continues to evade theo-
rists. In this effort, isotopic measurements help to constrain
various models for chondrule formation and processing. The
behavior of iron is particularly important in that it is the most
volatile of the major elements in chondrules. Our continuing
research will include studies of iron variations that occur in
chondrules and other internal components in Tieschitz as well
as other chondritic meteorites. One focus will be determining
whether iron variations correlate with indicators of parent body
alteration such as the presence of secondary phases in chon-
drules. Also important in this effort will be quantifying the
behavior of other elements with differing volatilities and chem-
ical properties. Different elements will vary in their response to
kinetic mass fractionation conditions and the combined data set
may harbor clues that will enable us to pinpoint the physical
and chemical conditions in which chondrules formed.
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APPENDIX
The purpose of the present discussion is to justify the use of Eqn. 4

as a general mass fractionation law. Together, Eqn. 1 and (3) state that
the measured ion intensity of an isotope, si, is related to the true
intensity, Si, by the following equation:

Si 	 Sig(t)
�

mo

mi

mn dm

(AP1)

The integral in the exponent depends on ‘n’ , which is an adjustable
parameter that usually takes on integer values �2 � n � 0 as described
below. The time dependence of g represents instrumental mass bias
drift. Two simultaneously measured isotopes of mass mi and mj then
give the expression in Eqn. 4:

rji 	 Rjig
�

mi

mi

mndm

(AP2)

where rji and Rji are the measured and true isotope abundance ratios,
respectively, for isotopes j and i.

Eqn. 4 reduces to commonly-used mass fractionation laws for spe-
cific values of n. For example, setting n 	 0 gives
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rji 	 Rjig
mj�mi 	 Rjig

�m (A1)

This is the so-called power law as expressed by Russell et al. (1978).
A first order Taylor expansion of Eqn. A1 gives rji � Rji (1 - constant
� �m), which is the linear fractionation law. Setting n 	 �1 in Eqn.
4 gives

rji 	 Rjig
1n[mj/mi] 	 Rji[mj/mi]

p (A2)

where p 	 ln[g]. This is the exponential law as expressed by Russell et
al. (1978).

We note that Eqn. 4 is similar in appearance to the so-called
‘generalized power law’ derived by Maréchal et al. (1999). How-
ever the presence of the integral mass factor in the exponent in Eqn.
4 provides a more straightforward way to derive the exponential
law.
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