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Abstract

Chondrules and chondrites provide unique insights into early solar system origin and history, and iron plays a critical role
in defining the properties of these objects. In order to understand the processes that formed chondrules and chondrites, and
introduced isotopic fractionation of iron isotopes, we measured stable iron isotope ratios *Fe/**Fe and *’Fe/>*Fe in metal
grains separated from 18 ordinary chondrites, of classes H, L and LL, ranging from petrographic types 3—6 using multi-col-
lector inductively coupled plasma mass spectrometry. The 8°°Fe values range from —0.06 =+ 0.01 to +0.30 == 0.04%, and &°’Fe
values are —0.09 £ 0.02 to +0.55 £ 0.059, (relative to IRMM-014 iron isotope standard). Where comparisons are possible,
these data are in good agreement with published data. We found no systematic difference between falls and finds, suggesting
that terrestrial weathering effects are not important in controlling the isotopic fractionations in our samples. We did find a
trend in the *Fe/>*Fe and >’Fe/>*Fe isotopic ratios along the series H, L and LL, with LL being isotopically heavier than
H chondrites by ~0.3%, suggesting that redox processes are fractionating the isotopes. The **Fe/**Fe and >’Fe/**Fe ratios
also increase with increasing petrologic type, which again could reflect redox changes during metamorphism and also a tem-
perature dependant fractionation as meteorites cooled. Metal separated from chondrites is isotopically heavier by ~0.31%, in
33Fe than chondrules from the same class, while bulk and matrix samples plot between chondrules and metal. Thus, as with
so many chondrite properties, the bulk values appear to reflect the proportion of chondrules (more precisely the proportion of
certain types of chondrule) to metal, whereas chondrule properties are largely determined by the redox conditions during
chondrule formation. The chondrite assemblages we now observe were, therefore, formed as a closed system.
© 2008 Published by Elsevier Ltd.

1. INTRODUCTION

Iron, the ninth most abundant element in the universe, is
found in chondritic meteorites in a variety of phases and re-
dox states, making it a particularly important element in
attempting to deduce chondrite origins, history and
taxonomy.

The observation that iron occurs in three phases in
chondritic meteorites (sulphide, metal and silicates) dates
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to the very origins of modern meteorite research (Howard,
1802), but it was Prior (1916) who first described the oxida-
tion-reduction trends in chondrites and pointed out their
potential genetic significance. “Prior’s Laws” (the greater
the FeO in the silicates the less the amount of metal and
the higher that metal was in Ni) stood for almost 40 years,
until Urey and Craig (1953) discovered that accompanying
these oxidation or reduction trends, were changes in the to-
tal amount of Fe, the responsible process frequently being
called the “metal-silicate fractionation”. This gave rise to
the familiar major chondrite classes, such as H, L, LL.

To a large extent, understanding the origin and history
of chondrites amounts to understanding their redox trends
and metal-silicate fractionation (Sears, 2004). The redox
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trends are frequently assumed to be associated with chond-
rules—sub-millimetre spherules—some of which are refrac-
tory and highly reduced. The formation of large and
abundant metal grains was probably also associated with
chondrule formation (Larimer and Anders, 1967). Metal-
silicate fractionation is frequently assumed to reflect the
physical separation of metal and silicates. There are a wide
variety of proposed mechanisms for both chondrule forma-
tion and metal-silicate fractionation, with very little consen-
sus of opinion, but they can be broadly separated into those
occurring in the nebula prior to agglomeration of the pres-
ent rocks e.g., Wood (1963), Whipple (1966), Blander and
Katz (1967), and Wasson (1972) and those that occur on
the parent body e.g., Fredriksson (1963), Dodd (1971),
Dodd (1981), Hutchison (2006) and Sears (2004). Neverthe-
less, chondrites are widely understood to be “cosmic sedi-
ments”, collections of diverse components that seem to
owe their origins to a wide variety of processes in the early
solar system.

Overlaid on the mineralogical and composition trends
are meteorite-wide changes caused by processes such as
aqueous alteration, thermal metamorphism and shock
metamorphism. The most pervasive for the ordinary (H,
L and LL) chondrites is thermal metamorphism, which is
described in terms of petrographic types 3.0-3.9, 4, 5 and
6 (Van Schmus and Wood, 1967; Sears et al., 1980).

With the introduction of the high-resolution multi-col-
lector inductively-coupled plasma mass spectrometer
(MC-ICP-MS) it has become possible to measure the small
natural variations in the iron isotope ratios of chondrites
(e.g., Zhu et al., 2001). These isotopic properties hold the
potential to shed new insights into the origin and history
of these meteorites, and thus early solar system materials
in general.

Critical to understanding the iron isotope fractionations
in chondrites are laboratory data. Polyakov and Mineev
(2000) used the second order Doppler (SOD) shift in the
Maossbauer spectra from various iron minerals to determine
the isotopic reduced partition function ratio as a function
of temperature over the range of 0-1000 °C. Changes in
S7Fe/**Fe by as much as 10%, at 0 °C are predicted in some
cases. Laboratory measurements of redox-related iron iso-
tope fractionations have recently also been described (An-
bar et al., 2000; Johnson et al., 2002; Welch et al., 2003),
where °Fe/>*Fe fractionations of up to ~79%, were
observed.

Several authors have determined iron isotope ratios in
meteorites in order to establish their initial solar nebula
abundance, degree of homogeneity and to explore nebular
processes (Zhu et al., 2000a; Alexander and Wang, 2001;
Kehm et al., 2003; Mullane et al., 2005; Poitrasson et al.,
2005; Poitrasson et al., 2006). Zhu et al. (2001), Kehm
et al. (2003) and Mullane et al. (2005) reported Fe isotope
fractionation in silicate phases of ordinary chondrites and
found them to be enriched in the lighter isotopes compared
with bulk fractions of the host meteorites and CI chondrite
values. Alexander and Wang (2001) reported the iron iso-
tope composition of olivines from individual chondrules
and suggested that their wide range in forsterite content
was not due to evaporation under Rayleigh conditions.

This would indicate an initial homogeneous iron reservoir
with mass fractionation occurring during chondrule and
parent body formation.

The present paper reports the first detailed measure-
ments of the Fe isotope composition of metal grains sepa-
rated from the major classes and petrographic types of
ordinary chondrite meteorites. Preliminary reports of our
work have been published as abstracts (Gildea et al.,
2005, 2006, 2007). We investigate how Fe isotope composi-
tion of the metal grains relates to class and petrographic
type, and assess whether terrestrial weathering has affected
the primary Fe isotope ratios.

2. SAMPLES AND METHODS
2.1. Samples

Our samples were metal grains extracted from 18 chon-
dritic meteorites: eleven H chondrites, six L chondrites and
one LL chondrite. The samples range in petrographic types
3-6 and include falls and finds. The list of samples, their
sources, catalogue numbers and other information is given
in Table 1. Except for Barwell, the metal grains were ob-
tained as magnetic separates that were originally prepared
for thermoluminescence studies (Sears and Mills, 1974;
Sears and Durrani, 1980) and metallographic studies (Sears
and Axon, 1975; Sears and Axon, 1976). The original sam-
ples were from the interior portions of the meteorites in or-
der to avoid any obvious terrestrially contaminated and
weathered material, or material altered by atmospheric pas-
sage. The Barwell sample consisted of chips that were then
crushed and the metal removed for this study. The hand-
picked metal grains were examined under a microscope
and appeared to be free of signs of oxidation.

2.2. Sample preparation and dissolution

The metal grains were further purified by crushing under
acetone with an agate mortar and pestle, and then hand-
picked with the aid of a binocular microscope to be visibly
free of any adhering silicate material. The metal grains were
then dissolved in 10% nitric acid solution on a hot plate (at
~50 °C). Once the solutions had cooled they were then di-
luted with 18.2 MQ water to reduce the nitric acid concen-
tration to 2%.

Previous analyses of Fe isotope ratios in meteorite sam-
ples have used chromatography to separate iron from other
elements that were also present in the solutions. Elements
that may cause analytical difficulties for the precise determi-
nation of Fe isotope ratios are those that cause mass inter-
ferences such as >*Cr which is isobaric with **Fe or elements
such as Mg and Ca which in solution can change plasma
conditions in the MC-ICP-MS instrument causing variable
instrumental fractionation (i.e. matrix effects, Kehm et al.,
2003).

However, chromatographic separation of iron can induce
fractionation of Fe isotopes which could mask any Fe iso-
tope fractionation inherent in the samples (Anbar et al.,
2000). We therefore wished to avoid chromatographic tech-
niques and used a method which dissolved the iron grains
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Table 1
Samples analysed in this study
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Samples Source and Catalogue no. (where known) Class Fe/Si (m) (a/a) Fe/Si (sil +sul) (a/a) References Sample size pg
Bremervorde BM33910 H3 0.35 0.44 4] 32
Clovis (No. 1) USNM 2170 H3 0.41 0.38 [3], [6] 57
Beaver Creek BM73646 H4 0.54 0.35 [2], [6], [7] 27
Elm Creek S and H H4 0 0.66 [6] 75
Faucett S and H H4 0.44 0.44 [6], [11] 159
Acme H5 No data No data 7
Gilgoin S and H HS5 No data No data [6] 759
Jilin CAS HS5 0.73 0.39 [12 126
Plainview (1917) BM1959,805 HS5 0.43 0.46 [61, [14] 130
Estacado S and H H6 0.49 0.40 [61, [7] 254
Kernouve BM43400 Ho6 0.64 0.31 6], (71, [13] 60
Bluff (a) L5 0.19 0.44 [8] 29
Crumlin BMS86115 L5 0.22 0.42 [13, [6], [9] 92
Etter AML L5 0.12 0.50 [6], [10] 6
Barwell BM1965,57 L6 0.16 0.43 [5], [6] 456
Calliham AML L6 No data No data [6] 2
De Nova S and H L6 No data No data [6] 169
Aldsworth BM61308 LLS 0.01 0.52 1] 3

BM, British Museum, Natural History; CAS, Chinese Academy of Sciences; Guiyang, China. USNM, National Museum of Natural History,
Smithsonian Institution, Washington, D.C.; AML, Dr. G Huss, American Meteorite Lab. S and H, Prof H.E. Suess and Dr. M. Hendon. [1]
(Sears and Mills, 1974) [2] (Sears et al., 1980) [3] (Jarosewich, 1966) [4] (Dodd et al., 1967) [5] (Jobbins et al., 1966) [6] (Sears and Durrani,
1980) [7] (Urey and Craig, 1953) [8] (Mason and Wiik, 1967) [9] (Jarosewich and Dodd, 1985) [10] (Rubin et al., 1983) [11] (King et al., 1977)
[12] (Yanai et al., 1995) [13] (Hutchison et al., 1981) [14] (Fodor and Keil, 1976).

taking the minimum of other elements into solution. Matrix
effects from elements other than iron in solution and their
evaluation are described in the next section.

2.3. MC-ICP-MS analysis

3Fe/**Fe and >"Fe/>*Fe isotopic ratios were determined
using a Nu Instruments high resolution (HR) double focus-
ing multi-collector inductively-coupled plasma mass spec-
trometer (MC-ICP-MS). Sample solutions  were
introduced with a CETAC ASX-100 auto-sampler and
Nu Instruments DSN-100 desolvating nebuliser to reduce
isobaric interferences from ArN' (which interferes with
54Fe), ArO" (*°Fe) and ArOH™" (*’Fe) ions. These interfer-
ences were further reduced by operating the MC-ICP-MS in
pseudo high resolution by decreasing the entrance slit to
~30um. This is sufficient to ensure that the iron isotopes
and the interfering isobaric interferences are resolved as flat
topped peaks with iron ‘shoulders’ to the low mass side of
the peak (Weyer and Schwieters, 2003). Elemental interfer-
ences, such as >*Cr, were monitored and corrected for by
monitoring **Cr and assuming a terrestrial ratio of
34Cr/*3Cr = 0.2489. Levels of chromium were monitored
during Fe isotopic analysis and found to be negligible.

The Fe isotopic data are reported using the conventional
delta notation, relative to the IRMM-014 iron isotope stan-
dard (Institute of Reference Materials JRC Reference Lab-
oratory for Isotopic Measurements >’Fe/**Fe = 15.69786,
STFe/**Fe = 0.36257):

8°°Fe = [(*°Fe /> Feqmpie/ *Fe /> Fegandara) — 1] x 1000
and

5 "Fe = [(*"Fe/**Fewumpte /" Fe/**Fegundara) — 1] x 1000

where *Fe/>*Fequmpie and *Fe/**Fegandara refer to the isoto-
pic ratios for sample and IRMM-014 standard,
respectively.

2.4. Fe isotope measurements

The sample-standard bracketing method (Belshaw et al.,
2000) was used to correct for possible instrumental frac-
tionation with 5-6 sample-standard measurements made
for each analysis.

Both standard and sample were signal strength matched
to within 10% using 1 and 2 ppm solutions. Acid washes,
used to prevent sample-standard crossover, were checked
for iron content after analysis and found to contain less
than 1 ppb. Prior to measurements, the analyte was allowed
110s to equilibrate and stabilise before beginning data
acquisition. Each analyte measurement began with mass
scanning at m/z 54 to locate the low mass >*Fe shoulder.
Zero readings were measured while deflecting the ion beams
away from the collector region by increasing the ESA volt-
age. Following this 50 readings were taken using 3 s inte-
gration times at m/z 53 (Cr), 54, 56 and 57 using Faraday
detectors.

For each sample analysed, the mean isotopic ratios and
standard errors were calculated from each set of 5-6 sam-
ple/standard measurements, and repeat analysis of some
samples was carried out 2-3 times throughout the study
period. All Fe isotope values are reported relative to the
IRMM-014 iron isotope standard (which is —0.09 and
—0.11%, relative to bulk Earth for 8°°Fe and 5°"Fe, respec-
tively (Beard and Johnson, 2004a)). Errors reported in this
work are 2¢ standard errors of multiple measurements
made on each sample of the difference between the sample
and the standard. These were typically in the range 0.02—
0.11%, in 8°°Fe.
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Table 2

External reproducibility for Fe isotope analyses between the JM Fe standard and the IRMMO014 Fe isotope standard for period 2005/2006
Method 5%Fe (%) SD (lo) 8%Fe (%) SD (10)
Average ‘dry’ plasma at 1 ppm for 2005 0.35 0.07 0.52 0.17
Average ‘wet’ plasma at 5 ppm for 2005 0.35 0.05 0.50 0.08
Average ‘dry’ plasma at 1 ppm for 2006 0.34 0.06 0.52 0.06

‘Dry’ plasma refers to the analyte being introduced by desolvating nebuliser to reduce the carrier solution (2% HNO3) and thereby moderate
isobaric interferences. Wet plasma refers to the analyte being introduced straight into the spray chamber.

The long term reproducibility of the MC-ICP-MS has
been monitored by analysing a Johnson—Matthey Plc
(JM) Fe internal standard against the IRMM-014 Fe iso-
tope standard and the results are summarised in Table 2.
Results are shown for measurements using both a conven-
tional spray chamber (‘wet’ plasma) and desolvating nebul-
iser (‘dry’ plasma) to compare plasma conditions, however
all samples analysed in this study were obtained under dry
plasma conditions. Over a two and half year period of con-
tinuous operation, these measurements give mean and stan-
dard errors (20) of &°Fe=0.35+002%, and
8%7Fe = 0.51 & 0.02%,.

2.5. Sample purity and matrix corrections

2.5.1. Sulphides

Troilite (FeS) is a possible contaminant in the Fe grains
and there is isotopic fractionation of iron in sulphides com-
pared to metallic iron (Poitrasson et al., 2005; Weyer et al.,
2005, 2007; Needham et al., 2006; Poitrasson, 2007). It was,
therefore, important to determine whether there was a sig-
nificant sulphide content in any of the metal grains. During
the preparation phase any grains showing a yellow colour-
ation were discarded and no sulphurous (e.g. H,S, SO,)
odour was observed during dissolution, a very sensitive test.
To more accurately assess whether sulphide was present, a
fraction of the hand picked metal grains was separated for
each class and petrographic type of meteorite and prepared
for compositional analysis by scanning electron micros-
copy. The grains were mounted on glass slides using resin
and their surfaces were polished to reveal fresh metal.
The scanning electron microscope used for this analysis
was the Philips XL30 Environmental Scanning Electron
Microscope FEG at 20 kV. Metal grains from Bremervorde
(H3), Faucett (H4), Gilgoin (H5), Estacado (H6), Crumlin
(L5) and Barwell (L6) were analysed to determine whether
any of the metal grains may have contained sulphides.
Numerous spot analyses conducted on each grain revealed
that the only metal phases present in all six meteorite sam-
ples were kamacite and taenite.

2.5.2. Matrix effects

It was not possible to obtain pure metal separates due to
the fine-scale of silicate-metal intergrowth and we did not
want to purify the samples by anion exchange chromatog-
raphy due to isotopic fractionation that is possible in the
column (Anbar et al., 2000). The presence of other cations
influences Fe isotope fractionation in the MC-ICP-MS by
matrix effects so it is important to quantify the level of this
effect.

Fe isotope fractionation was measured in solutions of
our internal Fe isotope standard (JM) mixed with Mg to
give Mg/Fe v/v ratios of between 2 and 0.1. The results
are displayed in Fig. la and b and show a linear decrease
in 8°°Fe and 8°’Fe with Mg/Fe ratio. Thus, Fe isotope ra-
tios from the meteorite samples can be corrected once the
Mg concentration of the solution is known. For example
correction of 8°°Fe is given by:

656Fe = 856Femeas - (556Femeas + m*Mg/FemeaS) (1)

Where 8°°Fe e, and Mg/Fepneas are the measured 5°°Fe
and Mg/Fe ratio of the sample and m = 0.342, the slope
of the correlation in Fig. la. In fact, most sample Mg/Fe
ratios were found to be low from 4 x 107%to 5 x 107>,
requiring an insignificant correction (<0.01%, 5°°Fe). Two
exceptions were Calliham and Etter both having Mg/
Fe = 0.1 which required corrections to 5°°Fe and §°’Fe of
0.06 and 0.1%,, respectively.

Similar matrix effects are also caused by the presence of Ni
and Co within the sample solutions. In order to ascertain
whether any corrections should also be applied based on
the concentrations of Ni and Co present within the samples,
similar experiments to those done with Mg were carried-out
using a JM nickel standard and a JM cobalt standard.

The results showed that increasing the concentrations of
Ni and Co reduces the Fe isotope ratio, so that the iron iso-
tope compositions are apparently more enriched in the
lighter isotopes. Fig. 1c and d show the negative correlation
between (Co + Ni)/Fe ratio and iron isotope composition,
however, the trend for 8°°Fe is much stronger than for
5°"Fe. If this is a matrix effect and, therefore, mass depen-
dant, 8°’Fe should be affected by 1.5 x §°°Fe. Although
this does not appear to be the case for °’Fe we have as-
sumed that the reason for this is due to the increase in error
given that 8°’Fe is much less abundant and more prone to
interference and noise. The correction to measured &°°Fe
for matrix effects from Co and Ni has been carried out
using an average of the slope (m) of the correlation in
Fig. lc and the slope (m) in Fig. 1d (multiplied by 0.75
assuming mass dependant fractionation, as 8°°Fe shows a
correlation but &’Fe does not) and the measured
(Co+Ni)/Fe ratio of the sample using an analogous correc-
tion to Eq. (1). The same was done for 5°'Fe with the slope
obtained for the (Co+Ni)/Fe vs 8°°Fe correlation being an
average of both the §°’Fe and 5°°Fe (multiplied by 1.5
assuming mass dependent fractionation).

Table 3 shows the concentrations of Mg, Co and Ni
present in the meteorite samples and gives their ratio rela-
tive to Fe. However, only Calliham and Aldsworth con-
tained significant Co and Ni contents with (Co+Ni)/Fe
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Fig. 1. The effect of varying the Mg/Fe and (Co+Ni)/Fe ratios in solution on the iron isotope ratios. The ratios were volumetrically
determined using mixtures of Johnson-Matthey Mg, Ni, Co and Fe standards relative to the IRMMO14 iron isotope standard. The influence
of the Mg causes a negative linear correlation between (a) the 8°°Fe values and (b) 8°’Fe values, with increasing Mg/Fe value. Error bars are
to 2¢. The influence of Co and Ni also causes a negative linear correlation between (c) 5°°Fe values and (d) 3°’Fe values. This implies that for
samples with a Mg/Fe ratio <0.1 and (Co+Ni)/Fe ratio <0.32 the iron isotope composition does not need to be corrected for but anything

over these ratios the isotope ratio can be re-calculated accordingly.

ratios of >0.358, thus requiring a correction of +0.049, and
+0.05Y%,, respectively, for 8>°Fe and +0.07%, for both sam-
ples for 8Fe.

3. RESULTS

The results are listed in Table 4 and plotted as a three-
isotope diagram in Fig. 2. Some meteorites were analysed
2-3 times over the course of the analytical period. For these
samples the error weighted mean isotopic values have been
calculated and are considered the most representative value.
Results shown in Table 4 include data for individual runs as
well as average values. Out of the eleven samples that were
repeated, four show reproducibilities in §°°Fe of 0.08-
0.17%,, one shows a difference of 0.059,, and six vary by
only 0.02%, or less (Table 4).

With the exception of Bluff (a), the 8°°Fe values range
from —0.02 & 0.01%, to +0.30 %+ 0.04%, and our &°’Fe val-
ues range from —0.03 & 0.069, to +0.55 £ 0.05%,. Bluff (a)
is an L5 and has the lowest iron isotope values measured of
the entire sample set, with a §°°Fe of —0.06 + 0.01%,, and a
83 7Fe of —0.09 & 0.02 %,. The results from this sample are
discussed separately below.

Fig. 2 shows a plot of §°°Fe vs. 8°’Fe for iron grains
from all meteorites. The data define a linear correlation
with slope 1.50 + 0.24, within error of the expected slope
of 1.48 for the mass fractionation line for this system. There
is no evidence for the presence of radiogenic or nucleosyn-
thetic components in this stable isotope system.

5°°Fe values of meteorite falls of —0.02 +0.01%, to
+0.30 + 0.02%,, and &°Fe values of —0.03 + 0.06%, to
+0.49 + 0.099, are similar to the ranges for finds of 5°°Fe
from +0.01 £ 0.01%, to +0.30 & 0.04%, and 8°’Fe from
—0.01 £ 0.05%, to +0.55 £ 0.05%,. The lack of any isotopic
difference between falls and finds indicates that weathering
is not affecting iron isotopic composition of the metal phase.

There does, however, appear to be a relationship be-
tween chemical class and iron isotope composition with
increasing 8°°Fe and &Fe in order of H<L<LL
(Fig. 3). There is also a relationship between petrographic
type and iron isotope composition with 8°°Fe and 5°'Fe
values increasing in order of 3 <4 <5<6 (Fig. 4). How-
ever, metal from type 6 chondrites shows the widest range
of Fe isotope values with §°Fe between —0.02 + 0.01%,
and +0.30 + 0.04%, and 8> ’Fe between —0.03 + 0.06%,
and +0.55 4 0.059%,.
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Table 3
Concentrations of matrix elements (Mg, Co and Ni) present in sample solutions and their ratio relative to Fe
Meteorite Fe (ppm) Mg (ppb) Mg/Fe ratio Co (ppb) Ni (ppb) (Co + Ni)/Fe
Bremervorde H3 1.4 27.10 0.019 7.81 183.16 0.14
Clovis (No. 1) H3 2.6 33.48 0.013 14.82 277.92 0.11
Beaver Creek H4 1.3 24.82 0.019 6.68 198.15 0.16
Elm Creek H4 4.0 61.90 0.015 23.90 387.91 0.10
Faucett H4 2.1 41.27 0.020 11.94 235.41 0.12
Acme HS5 1.1 27.10 0.025 12.72 248.75 0.24
Gilgoin H5 2.3 63.26 0.028 12.55 232.18 0.11
Jilin H5 2.3 63.64 0.028 12.05 220.25 0.10
Plainview (1917) H5 22 41.73 0.019 13.06 247.87 0.12
Estacado H6 2.4 27.88 0.012 13.31 247.15 0.11
Kernouve H6 2.7 25.62 0.009 14.58 303.65 0.12
Bluff (a) L5 2.5 36.21 0.014 15.62 568.21 0.23
Crumlin L5 2.4 45.00 0.019 18.35 511.93 0.22
Etter L5% 1.2 72.29 0.060 10.20 230.15 0.20
Barwell L6 2.1 42.33 0.020 19.96 241.96 0.12
Calliham L6 1.1 69.86 0.064 85.58 350.91 0.40
De Nova L6 2.5 32.69 0.013 21.25 292.85 0.13
Aldsworth LL5% 1.3 27.99 0.022 23.65 453.81 0.37

@ Samples, where a correction to 8°°Fe and &°’Fe was applied for effects of matrix elements on iron isotope composition.

4. DISCUSSION

Fig. 5 is a diagrammatic representation of our data
sorted by meteorite class and petrographic type. Trends
are evident as the meteorite isotopic compositions increase
from H through L to LL and also from petrographic type
3-6. There are a number of processes that may explain these
trends and we will discuss them in terms of the effects of
weathering, chemical class and petrographic type.

Following Van Schmus and Wood (1967), chondritic
meteorites are considered to be uniquely described by a
combination of chemical class and petrographic type,
although other parameters (such as shock stage) are occa-
sionally included. This classification, although purely
descriptive, is widely thought to capture the critical ele-
ments of chondrite formation and history. All data dis-
cussed from this point will refer only to the 8°°Fe values
as these are most commonly reported in previous studies
of iron isotopes in meteorites. In any event, 3°’Fe and
8°°Fe are linearly related (Fig. 2), so 8°'Fe may be readily
inferred from the 8°°Fe value.

4.1. Weathering

Weathering is a perpetual problem in studies of all finds
and some falls and is a particular challenge with respect to
the large numbers of meteorites being found in the hot and
cold deserts (Bland, 2006). While there do not appear to be
systematic effects in 5°°Fe composition between falls and
finds analysed here, it is instructive to consider the magni-
tude of the isotope effects associated with terrestrial weath-
ering and their possible influence on the primary
composition of the metal grains in chondrites.

Weathering causes the oxidation and hydrolysis of metal
and sulphide, and it leaches certain elements from the whole
rock. The analysis of Mossbauer data for iron minerals by
Polyakov and Mineev (2000) predicts that isotopic fraction-

ation between ferric and ferrous Fe-bearing species at low
temperatures could be as much as ~109%,. Fig. 6a shows
the inter-mineral fractionation between iron and goethite
and also olivine and goethite at ~25 °C. The plot indicates
that an expected equilibrium fractionation of at least
+0.589%, in the case of iron to goethite and +1.519, between
olivine and goethite should be present if terrestrial weather-
ing had caused any fractionation of the iron isotopes.
Fig. 6b shows the temperature dependence of the fraction-
ation partition coefficients for a number of different miner-
als commonly found in meteorites. Both plots are based on
data in Polyakov and Mineev (2000).

Laboratory experiments by Johnson et al. (2002) and
Welch et al. (2003), showed differences of ~3.09,, during
equilibrium fractionation between aqueous Fe(II) and
Fe(III). Anbar et al. (2000) showed that incomplete extrac-
tion of iron during ion-exchange chromatography of FeCl
complexes could also fractionate the iron isotopes by a
few per mil. Early fractions were enriched in the heavier iso-
tope (8°°Fe>0) while later fractions were depleted
(8°°Fe < 0). Overall differences of 3.6 to —3.4%, were ob-
served. However, fractionation obtained from experimental
data appear to be much smaller than those calculated by
Polyakov and Mineev (2000), with the amount of fraction-
ation dependant on the partitioning process, rate, pH and
temperature. Measured effects are on the order of §>°Fe
~49, for natural systems (Zhu et al., 2000b; Beard et al.,
2003; Johnson et al., 2003; Anbar, 2004; Beard and John-
son, 2004b). We are unaware of any iron isotope studies
of chondrite weathering, but in terrestrial systems, in the
absence of metal, weathering does appear to result in small
fractionations in 8°°Fe (Fantle and DePaolo, 2004; Berg-
quist and Boyle, 2006).

Neglecting leaching, we can consider weathering to be
described as

Fe’ + H,0 + 1/20, — Fe(OH),,
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Table 4

Fe isotope data with 2¢ uncertainties

Meteorite sample Class/Pet-Type/Fall or Find 5%Fe 20 5°"Fe 26
Bremervorde H3 Fall —0.01 0.07 —0.02 0.11
Clovis (No. 1) H3 Find 0.01 0.02 —0.09 0.12
Clovis (No. 1) (d) H3 Find 0.03 0.05 0.04 0.08
Clovis (No. 1) ave H3 Find 0.01 0.01 —0.01 0.05
Beaver Creek H4 Fall 0.08 0.07 0.12 0.16
Beaver Creek (d) H4 Fall 0.07 0.07 0.17 0.13
Beaver Creek ave H4 Fall 0.08 0.03 0.15 0.07
Elm Creek H4 Find 0.12 0.04 0.21 0.10
Elm Creek (d) H4 Find 0.12 0.05 0.22 0.09
Elm Creek ave H4 Find 0.12 0.02 0.21 0.04
Faucett H4 Find 0.08 0.04 0.04 0.15
Faucett (d) H4 Find 0.06 0.11 0.15 0.04
Faucett ave H4 Find 0.08 0.03 0.14 0.03
Acme H5 Find 0.19 0.09 0.27 0.11
Acme (d) H5 Find 0.08 0.03 0.10 0.04
Acme ave HS5 Find 0.10 0.02 0.12 0.03
Gilgoin HS5 Find 0.12 0.03 0.15 0.03
Jilin H5 Fall 0.06 0.02 0.19 0.09
Jilin (d) H5 Fall 0.11 0.04 0.23 0.08
Jilin ave H5 Fall 0.07 0.02 0.21 0.04
Plainview (1917) H5 Find 0.10 0.11 0.20 0.31
Plainview (1917) (d) H5 Find 0.09 0.02 0.17 0.07
Plainview (1917) ave HS5 Find 0.09 0.02 0.17 0.06
Estacado H6 Find 0.13 0.07 0.21 0.11
Kernouve H6 Fall —0.01 0.03 0.02 0.18
Kernouve (d) H6 Fall —0.03 0.02 —0.04 0.09
Kernouve ave H6 Fall —-0.02 0.01 —-0.03 0.06
Bluff (a) L5 Find —0.09 0.05 —0.04 0.18
Bluff (a) (d) L5 Find —0.01 0.06 —0.01 0.11
Bluff (a) (d) L5 Find —0.07 0.02 —0.11 0.04
Bluff (a) ave L5 Find —0.06 0.01 —0.09 0.02
Crumlin L5 Fall 0.19 0.05 0.36 0.11
Crumlin (d) L5 Fall 0.06 0.06 0.13 0.09
Crumlin ave L5 Fall 0.14 0.03 0.23 0.05
Etter” L5 Find 0.25 0.05 0.46 0.04
Barwell L6 Fall 0.33 0.04 0.55 0.16
Barwell (d) L6 Fall 0.16 0.08 0.22 0.12
Barwell ave L6 Fall 0.30 0.02 0.34 0.10
Calliham” L6 Find 0.30 0.04 0.55 0.05
De Nova L6 Find 0.21 0.02 0.32 0.09
Aldsworth” LL5 Fall 0.28 0.07 0.49 0.09

The bold entries reflect the calculated error weighted mean for meteorites which have more than one individual set of measurements and they
are also the data that have been plotted in Fig. 2. (d, duplicate of sample re-analysed at different time; ave, average result error weight

corrected; * isotopic ratio correction applied for matrix effects).

and Fe silicate oxidation:
2FeQSiO4 + 2H20 + 02 ad 4FCO(OH) + 2Si02(aq).

Fractionation of iron isotopes caused by weathering should
therefore be readily detectable within experimental uncer-
tainties. Yet we see little or no evidence for this in that falls
and finds do not show consistent differences in Fe isotope
composition. We presume this is because either the iron
grains were unweathered, having been selected from inte-
rior portions of the meteorites, or that the iron isotope sys-
tem was effectively closed during weathering and sample
preparation, with any weathering products being fully sam-
pled during acid dissolution. The lack of any significant dif-
ference in Fe isotope ratios between falls and finds suggests
that weathering has not had a major influence on the data.

4.2. Chemical classes

As discussed above, Prior (1916) and Urey and Craig
(1953) have given us the modern chondrite classification
scheme which embraces the dual effects of decreasing metal
and increasing oxidation along the series H - L — LL.
This is shown in Fig. 7, with the present samples—where
data are available—also plotted.

We observe an increase in 5°°Fe and 8°’Fe values along
the series H — L ~ LL suggesting that iron isotopes were
fractionated during metal silicate fractionation, or by
increasing oxidation/reduction of iron (Fig. 3). We will first
discuss the metal-silicate fractionation and then the
oxidation process as possible causes of iron isotope
fractionation.
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Urey and Craig (1953) originally suggested that metal-
silicate fractionation was the igneous process of differentia-
tion. Subsequent workers have recognized that chondrites
are not igneous products but sediments of highly diverse
primary components. Thus, a number of mechanisms for
separating metal and silicate without melting have been
proposed. All rely on the physical properties of metal and
silicates, such as magnetism, ductility, grain size, and den-
sity (Donn and Sears, 1963; Whipple, 1966; Harris and To-
zer, 1967; Orowan, 1969; Larimer and Anders, 1970; Rowe
et al., 1972; Dodd, 1976a; Dodd, 1976b; Weidenschilling,
1977). More recently, Huang et al. (1996) and Akridge
and Sears (1999) suggested that gravity and density sorting
in a thick regolith of a small asteroid would produce metal-
silicate separations of the sort observed in the ordinary
chondrites. These physical processes would separate the
iron from the silicates without undergoing chemical
changes and would not result in the isotopic fractionations
observed in Fig. 3.

The oxidation state differences between the classes are
thought to reflect the reduction of Fe-rich silicates to metal-
lic iron, most probably associated with the formation of
chondrules. Such reactions as:

2FGZSiO4(1) + MgZSiO4(1) + 5H2(g)
— 2MgSiOs) + 4Fe) + SiO() + SH2O(g

are thought to take place during chondrule formation and
result in the formation of metallic iron, as fine dusty grains
that coagulate into larger particles during secondary events.

The fractionation of iron isotopes during this process is
not well-known, but the data from Polyakov and Mineev
(2000), (Fig. 6b), can be used to estimate the expected iso-
topic variation (depending on temperature) for Fe*" sili-
cates relative to metallic iron. At low temperatures
(~15°C), the isotopic difference A*°Fe between enstatite
and metal iron is predicted to be as much as +29,,. At high-
er temperatures of 1500 °C+ (shown in Fig. 8), the isotopic

partition function is approaching equilibrium and A*Fe is,
therefore, much smaller—only 0.02%, for enstatite-metal
iron fractionation and 0.09, for diopside—metal iron, the
former being just resolvable within the precision of the Fe
isotope measurements.

Fig. 5 shows how the isotopic compositions of the mete-
orites increase through each of the three groups. The data
set which shows this most clearly is from type 5 meteorites
since it is the most complete. Meteorite class H has an aver-
age 8°°Fe of 0.09%,, L (excluding Bluff (a)) has an average
3%°Fe of 0.2%, and the only LL sample has a 3°°Fe of
0.28%,. The overall variation is 0.18%, which would seem
consistent with the formation of metal by the reduction of
silicates and not simply temperature dependant fraction-
ation. There is also some experimental data on this topic,
Roskosz et al. (2006) produced metallic iron by the reduc-
tion of a silicate melt and found that at sub-liquidus tem-
peratures the metal iron is initially enriched in the lighter
iron isotope as kinetics govern the fractionation before
the system finally reaches a state of equilibrium in which
the metal iron is isotopically heavier than the remaining sil-
icate melt by +0.2 4 0.15%,/amu. Thus both the M&ssbauer
data and the Roskosz et al. (2006) experimental data are
consistent with reduction during chondrule formation being
the cause of the isotopic fractionation as observed between
Fe in metal and chondrules.

4.3. Petrographic type

Chondrites respond to metamorphism in many ways.
Heterogeneous minerals become homogeneous, fine grains
of dusty metal and sulphide coarsen to become large inter-
grown grains, glass can crystallize to produce feldspar and
mafic minerals and water and inert gases can be lost. These
qualitative changes are recognized in the petrographic types
3-6, for which various geothermometers suggest the follow-
ing closure temperatures: type 3, <600 °C; type 4, 600-
700 °C; type 5, 700-750 °C; type 6, 750-950 °C (McSween
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et al., 1988; Sears, 2004; Wlotzka, 2005; Huss et al., 2006).
The highly quantitative technique of thermoluminescence
enables subdivision of type 3 into 3.0-3.9, with 3.5 corre-
sponding to a temperature of ~600 °C (Sears et al., 1980;
Guimon et al., 1985). To quantify the amount of iron iso-
tope fractionation that would be expected at the above clo-
sure temperatures we have used Polyakov and Mineev’s
(2000) data to plot the mineral fractionation factors for sil-
icates (olivine and enstatite) and the metal iron. For petro-
graphic type 3 with a metamorphic temperature range of
between 300 and 600 °C the isotopic variation between
the silicates and the metal iron (assuming the original iron
reservoir was the same) should be between 0.26 and 0.109,;
for type 4 with a temperature range of 600-700 °C the var-
iation is 0.11-0.08%; for type 5 over the temperature range
of 700-750 °C the variation is 0.09-0.07%,; and for type 6
between 750 and 950 °C the variation is 0.08 and 0.059,.

We observe a positive correlation between enrichment of
the heavier iron isotopes and increasing petrographic type
(except Bluff (a)). There are several discussions in the liter-
ature stating that small changes in the oxidation state occur
with increasing metamorphism, although authors disagree
on whether this is due to oxidation, which is the suggested
cause for changing modal abundances of olivine and pyrox-
ene (McSween and Labotka, 1993) or reduction, as carbon
is lost as CO or CO, (Sears and Weeks, 1983; Brett and
Sato, 1984; Clayton et al., 1995):

2F625i04(1) + MgZSiO4(1) + ZC(g)
— 2Mg8103(1) + FeSiO_g(g) + 3Fe<g) + ZCO(g)
This reaction has been linked to changes in oxygen isotope

composition with metamorphism in the type 3 ordinary
chondrites (Sears and Weeks, 1983; Sears and Weeks,
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1986). Thus, as with oxidative weathering, one might expect
changes in iron isotope composition with petrographic type
based on these reactions, however, isotopic fractionation is
also a function of temperature and given that these meteor-
ites have undergone different degrees of heating during
metamorphism this may have superimposed temperature-
related isotope fractionation effects on their original isoto-
pic compositions. Fig. 6b shows that even at high tempera-
tures where isotopic fractionation is approaching
equilibrium there is still sufficient variation of between
+0.05%, and 0.19,, to increase the spread of results across
the different petrographic types.

Fig. 8 shows our 8°°Fe values plotted onto the predicted
enstatite-metal iron and olivine-metal iron isotope fraction-
ation curves using data from Polyakov and Mineev (2000).

To illustrate the petrographic correlation, the H chondrite
samples, which are the most complete data set (Fig. 5),
show an overall increase in 3°°Fe going from types 3-6.
The H3 meteorites show values close to 0.09, equivalent
to isotope temperatures >2000 °C. However, metamorphic
temperatures for type 3 meteorites peak at ~600 °C (McS-
ween et al., 1988; Sears, 2004; Wlotzka, 2005; Huss et al.,
2006) leading to an expected isotopic variation of around
0.1 to 0.26%,. Clearly Fe isotope fractionation in H3 chon-
drites does not record metamorphic temperatures either be-
cause the temperature was not high enough to allow
isotopic exchange, or the meteorites cooled too quickly to
allow equilibrium fractionation. In either case it would ap-
pear that these meteorites have retained their pre-metamor-
phic Fe isotopic composition.
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Fig. 5. Diagrammatic representation of Fe isotope composition relative to meteorite class and petrographic type. The isotopic ratios of the
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For the H4 (8°°Fe=0.08 to 0.12%,) and the HS5
(8%°Fe = 0.07 to 0.12%,) chondrites the isotopic tempera-
tures are 560-800 °C and 560-850 °C, respectively, which
is in reasonable agreement with the literature values of
600-750 °C (McSween et al., 1988; Sears, 2004; Wlotzka,
2005; Huss et al., 2006). For the two type H6 chondrites
(8°°Fe = —0.02 and 0.13%,) the correlation with metamor-
phic temperatures is not as clear because Kernouve
(—0.029,) shows disequilibrium fractionation and Estacado
(0.13%,) yields an Fe isotope temperature of ~530 °C.
However, Kernouve has not undergone heating any higher
than ~700 °C during metamorphism (Hutchison et al.,
1980) and so may retain the original nebula isotope compo-
sition similar to the type 3’s whilst the temperature for Esta-
cado may reflect a cooling temperature. Equally, if redox
processes were occurring during this phase then this may
also have produced a small range of original Fe isotope
compositions within each meteorite class, which may have

led to Estacado having an Fe isotope ratio of around
+0.02 to +0.05%, even as the temperature began to affect
the fractionation of the isotopes. The effect of this would
be to reduce A°°Fe ineralmetar a0d thus increase the temper-
ature recorded by this meteorite.

Although we do not have a full data set for all the pet-
rographic types of the L or the LL groups, the L meteorites
(except for Bluff (a)) show fractionations for L5’s of be-
tween 0.14 and 0.259,, corresponding to temperatures of
300-500 °C, assuming a starting composition 0.0%,. This
temperature range is lower than literature values of
~700 °C (McSween et al., 1988; Sears, 2004; Wlotzka,
2005; Huss et al., 2006) but since there is a slight increase
in Fe isotope composition going from the H to L groups
resulting from reduction processes, as discussed in the pre-
vious section, the original Fe isotope composition of the L
group would be >0.0%, and the isotope temperatures could,
therefore, be higher.
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The metal grains in chondrites consist essentially of
kamacite (low-Ni, body-centred cubic—a-phase) and
taenite (high-Ni, face-centred cubic—y-phase). These
phases are known to have isotopically distinct Fe in iron
meteorites, with the Fe in kamacite being isotopically
heavier than the Fe in taenite (Poitrasson et al., 2005;
Needham et al., 2006). The Fe-Ni phase diagram (Owen
and Liu, 1949; Goldstein and Ogilvie, 1965) shows that
as the metal initially cools to sub-solidus temperatures
all the metal is in the y-phase. As it cools still further,
the a-phase precipitates from the y-phase in an amount
that is determined by the bulk composition of the metal.
Non-representative sampling of the two phases could af-
fect the present data, but given that the iron isotope
composition of the metal was established prior to phase

precipitation and that metal grains contained both o and
v phases, the bulk iron isotope composition is unlikely
to be influenced by variations in the proportions of
these phases.

4.4. Bluff (a)

Metal in Bluff (a) has unusually low 8°°Fe and 8°"Fe val-
ues (Fig. 2). At present, we do not have an explanation for
these data which are based upon three repeat measure-
ments. It is noted that Bluff (a) is highly shocked (shock
stage 6 according to (McCoy et al., 1995) and heavily
weathered, and it is possible that these features, or a com-
bination of them, may have altered the original Fe isotope
composition.
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4.5. Fe isotope comparison of metal, chondrules, and
chondrites

In Fig. 9 we compare the present data with literature
data, which mostly comprises separated chondrules, matrix
samples and bulk samples. To a reasonable approximation,
bulk and matrix samples have similar iron isotope compo-
sitions and are therefore grouped together for our present
discussion.

Data for the H chondrites are the most complete and
present the most straightforward picture, namely that

metal is enriched in the heavier isotopes of Fe, the major-
ity of chondrules are enriched in the lighter isotopes, and
bulk and matrix samples are intermediate (Fig. 9a).
These data imply that there is a simple mass balance in
which it is the proportion of metal and chondrules that
determine the bulk composition. In this respect, the iron
isotopes reflect the same processes that govern much
about chondrites, i.e. that their bulk properties are a
reflection of the properties and proportions of their com-
ponents. But this is a simplified picture, and there is al-
most certainly fine detail in the components.
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dependant fractionation on slope of 0.75. (b) L chondrites: the present metal data for two L5 and three L6 chondrites are isotopically heavier
than the bulk samples of three L5 chondrites which generally plot near the origin (Zhu et al., 2001; Schoenberg and von Blanckenburg, 2006).
(c) LL chondrites, bulk and matrix samples lie in the middle of the chondrule range (aside from one matrix outlier) with our only metal sample
from Aldsworth (LL5) plotting near the top of the chondrule range. Separates are from Chainpur LL3.4 (Zhu et al., 2001; Mullane et al.,
2005), and bulk values are for Dar Al Garni 298 (Schoenberg and von Blanckenburg, 2006). References: [1] This study; [2] (Zhu et al., 2001) [3]
(Kehm et al., 2003) [4] (Schoenberg and von Blanckenburg, 2006) [5] (Mullane et al., 2005).

Chondrules are not uniform in composition according to We have no data for chondrules from L chondrites, but
Mullane et al. (2005), who observed that FeO-rich again the metal grains are more enriched in the heavier iso-
chondrules are more enriched in the lighter Fe isotopes topes than the bulk samples and the bulk samples plot close
than the FeO-poor chondrules. This is also consistent to the origin in Fig. 9b. In this respect, the data for L chon-

with a redox control on the data.

drites resemble those for H chondrites.
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For the LL chondrites (Fig. 9¢), our single metal grain
measurement is more enriched in the heavier isotopes rela-
tive to the bulk and matrix samples, and the majority of
bulk and matrix samples plot near the origin, with the
exception of one outlier (Zhu et al., 2001). In this respect,
this class also resembles H chondrites. However, chondrules
from this highly oxidized class of chondrites plot either side
of the origin and overlap with our metal grain. In fact, the
LL chondrites show a very large range in their level of oxi-
dation (Sears and Axon, 1975) and some fine structure is to
be expected. Further measurements should help to resolve
this.

Low-FeO chondrules are those showing reduction, most
probably during chondrule formation, and they will be de-
pleted in the heavier isotopes. It is the proportion of these
types of chondrule that will affect mass balance; FeO-rich
chondrules will not. Most of the chondrules in LL chon-
drites are FeO-rich. (All of the LL chondrules from Mul-
lane et al. (2005) are FeO-rich.)

(Cohen et al., 2006) has determined that during reduc-
tion experiments of silicate melts, kinetic isotope fraction-
ation dominates for 60 min or so before equilibrium
isotope fractionation regains control. Cohen et al. (2006)
also shows an initial enrichment of **Fe in the metal iron
produced from the reduced silicate melt by up to around
—0.159, from the starting composition. They consider that
the lighter isotope is diffused to the surface of the silicate
melt and, thereby, incorporated into the iron metal, much
faster than the other isotopes. These results agree with pre-
vious work carried out by Roskosz et al. (2006).

The Fe isotope composition of metal grains in ordinary
chondrites show the reverse of these experiments, with me-
tal iron grains having positive 8°°Fe values. Previous stud-
ies show silicates to be generally depleted in the heavier
isotope. Thus, it must be assumed that equilibrium fraction-
ation has been attained and is controlling Fe isotope parti-
tioning during these early solar processes.

5. CONCLUSION

In this first study of the iron isotope properties of metal
grains extracted from ordinary chondrites we have found
that 8°Fe wvalues range from —0.06+0.01 to
+0.30 + 0.04%, and &Fe values are —0.094+0.02 to
+0.55 £ 0.059, (relative to IRMM-014 iron isotope stan-
dard). There are no systematic differences in the Fe isotopes
between falls and finds, although laboratory data indicates
that weathering should fractionate Fe isotopes. We con-
clude that either these samples are only marginally weath-
ered or that the weathering products and original metal
are a closed system and sampling of the metal and weather-
ing products was representative. >°Fe/>**Fe and *"Fe/**Fe
varies along the series H, L and LL in a manner expected
on the basis of their differences in oxidation state. Similarly,
56Fe/>*Fe and *"Fe/>*Fe ratios also increase with increasing
petrographic type, which again could reflect redox changes
occurring during metamorphism or simple temperature
dependant fractionation also during metamorphic re-heat-
ing. Metal separated from chondrites is isotopically heavier
by ~0.31%, in *°Fe/**Fe than chondrules from the same

class, while bulk and matrix samples plot between chond-
rules and metal. Thus, as with so many chondrite proper-
ties, the bulk values appear to reflect the proportion of
chondrules (more precisely the proportion of certain types
of chondrule) to metal, where chondrule properties are lar-
gely determined by chondrule formation processes.
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