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Abstract–Silicon and iron isotope compositions of different physically separated components
of enstatite chondrites (EC) were determined in this study to understand the role of nebular
and planetary scale events in fractionating Si and Fe isotopes of the terrestrial planet-
forming region. We found that the metal–sulfide nodules of EC are strongly enriched in
light Si isotopes (δ30Si≥�5.61� 0.12‰, 2SD), whereas the δ30Si values of angular metal
grains, magnetic, slightly magnetic, and non-magnetic fractions become progressively
heavier, correlating with their Mg# (Mg/(Mg+Fe)). White mineral phases, composed
primarily of SiO2 polymorphs, display the heaviest δ30Si of up to +0.23� 0.10‰. The data
indicate a key role of metal–silicate partitioning on the Si isotope composition of EC. The
overall lighter δ30Si of bulk EC compared to other planetary materials can be explained by
the enrichment of light Si isotopes in EC metals along with the loss of isotopically heavier
forsterite-rich silicates from the EC-forming region. In contrast to the large Si isotope
heterogeneity, the average Fe isotope composition (δ56Fe) of EC components was found to
vary from �0.30� 0.08‰ to +0.20� 0.04‰. A positive correlation between δ56Fe and Ni/S
in the components suggests that the metals are enriched in heavy Fe isotopes whereas
sulfides are the principal hosts of light Fe isotopes in the non-magnetic fractions of EC. Our
combined Si and Fe isotope data in different EC components reflect an inverse correlation
between δ30Si and δ56Fe, which illustrates that partitioning of Si and Fe among metal,
silicate, and sulfidic phases has significantly fractionated Si and Fe isotopes under reduced
conditions. Such isotope partitioning must have occurred before the diverse components
were mixed to form the EC parent body. Evaluation of diffusion coefficients of Si and Fe in
the metal and non-metallic phases suggests that the Si isotope compositions of the silicate
fractions of EC largely preserve information of their nebular processing. On the other hand,
the Fe isotopes might have undergone partial or complete re-equilibration during parent
body metamorphism. The relatively uniform δ56Fe among different types of bulk chondrites
and the Earth, despite Fe isotope differences among their components, demonstrates that
the chondrite parent bodies were not formed by random mixing of chondritic components
from different locations in the disk. Instead, the chondrite components mostly originated in
the same nebular reservoir and Si and Fe isotopes were fractionated either due to gas–solid
interactions and associated changes in physicochemical environment of the nebular reservoir
and/or during parent body processing. The heavier Si isotope composition of the bulk
silicate Earth may require accretion of chondritic and/or isotopically heavier EC silicates
along with cumulation of refractory forsterite-rich heavier silicates lost from the EC-forming
region to form the silicate reservoir of the Earth.
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INTRODUCTION

Silicon and iron are among the most common rock-
forming elements of the Earth with abundances
of approximately 14% and 30% g g�1, respectively
(McDonough & Sun, 1995). Most of the Si budget of the
Earth resides in its crust and mantle, which combined is
referred as bulk silicate Earth (BSE). On the other hand,
>90% of the planet’s Fe inventory resides in the core of the
Earth (Allègre et al., 1995; Palme & O’Neill, 2014). Seismic
studies indicate that the Earth’s core should contain ∼6–10
wt% of light elements (Si, S, N, O, C) to explain its density
deficit relative to pure Fe-Ni alloy (Birch, 1964). Among
the light elements, silicon is argued to be a particularly
important constituent of the core because of its unique
siderophile behavior at conditions relevant to terrestrial
core formation, that is, high temperature (T > 2000K),
high pressure (≥40GPa), and low oxygen fugacity
(Gessmann et al., 2001; Shahar et al., 2011). The super-
chondritic Mg/Si ratio of BSE further suggests that Fe-Ni-
Si alloy might form a major phase of the Earth’s core
(Allègre et al., 1995; Rubie et al., 2011; Wade &
Wood, 2005). The distribution of Si and Fe in both metallic
and silicate fractions of the Earth implies that the two
elements must have remained in close association with each
other during various stages of planetary accretion and
differentiation. The redox reaction involving the coupling
between Si and Fe to form Fe-Si alloy is given by the
following Equation (Javoy et al., 2010):

SiO2 Silicateð Þ þ 2Fe Metalð Þ ¼ Si Metalð Þ þ 2FeO Silicateð Þ (1)

Such processes involving mass transfer and redox
reactions are often accompanied by changes in the
bonding environment of Si and Fe. The resultant
variation of bond strength among crystals, liquids, and
gases can induce a shift in the stable isotope composition
of Si and Fe, even at high temperature (Schauble, 2004;
Sossi et al., 2016; Young et al., 2015). Therefore,
comparing the distribution of stable isotopes of Si and Fe
in BSE and chondritic meteorites (often considered as
proxies of the building blocks of the Earth) forms a useful
tracer of the accretionary and evolutionary history of
terrestrial planets and their metallic cores.

A possible approach to provide constraints on the
fractionation processes of the terrestrial planet-forming
region is through the analyses of Si and Fe isotope
composition in different components of enstatite
chondrites (EC), which were accreted at shorter
heliocentric distances compared to carbonaceous
chondrites (CC) and ordinary chondrites (OC) (Kallemeyn
& Wasson, 1986). EC are the most reduced group of
meteorites whose mineral inventories are dictated by very

low oxygen (fO2) and high sulfur (f S2) fugacities (El
Goresy et al., 2017; Grossman et al., 2008). Due to
formation under exceptionally reducing conditions, EC are
the only naturally available undifferentiated meteorites that
incorporates a substantial abundance of Si (up to 5 wt%)
in their metallic phases (Horstmann et al., 2014;
Ringwood, 1960), and thus, Si in bulk EC is partitioned
between silicate and Fe-Ni metals (Weyrauch et al., 2018).
Iron, on the other hand, is mostly distributed among the
metallic (Fe-Ni) and sulfidic phases (troilite, FeS) of EC,
and only a minor amount of FeO (<1 wt%) resides in its
silicate fractions (Kallemeyn &Wasson, 1986).

The mass-dependent Si isotope composition (δ30Si,
which expresses the deviation of sample’s 30Si/28Si ratio
relative to NBS-28 glass reference material in parts per
1000) of EC is significantly lighter compared to OC, CC,
achondrites, and terrestrial and lunar basalts (Armytage
et al., 2011; Fitoussi & Bourdon, 2012; Georg et al., 2007;
Savage & Moynier, 2013; Zambardi et al., 2013).
Additionally, the Mg/Si ratio of EC (0.70� 0.07) is also
lower than BSE (1.20� 0.02), CC (0.91� 0.04), and
OC (0.81� 0.03) (McDonough & Sun, 1995). The
discrepancies between EC and BSE in terms of their overall
chemical composition, Mg/Si ratio, and Si isotope
composition have been used to argue against any major
contribution of EC as Earth-forming materials (Fitoussi &
Bourdon, 2012). This conclusion apparently contradicts
evidence from mass-independent variations of oxygen and
several metal isotopes in EC, which are similar to the
Earth, and forms the basis for assuming that EC or similar
materials played a major role in the formation of terrestrial
planets (Dauphas, 2017; Javoy et al., 2010; Piani et al.,
2020). A solution to this conundrum might be either (i) the
mass-dependent Si isotope composition of EC or that of
the Earth reflect processes that are decoupled from other
isotope systems, or (ii) the mass-independent isotopic
variations in meteorites are independent of their bulk
chemical compositions, or alternatively (iii) there was more
chemical variance in the solar system for a given mass-
independent isotopic composition compared to the
variance constrained by meteoritic record. A corollary of
the last point is that the Earth and other terrestrial planets
may contain materials that do not occur among the known
planetary sample suite (Drake & Righter, 2002; Fischer-
Gödde et al., 2020). Chondritic meteorites are composed of
diverse components that typically reflect a multistage
evolution of the proto-planetary disk (Scott & Krot, 2014),
and therefore, it is difficult to constrain the origin of
chondrites and their parent bodies using only whole rock
isotope data. In situ Si isotope data (Kadlag et al., 2019)
and Si isotope analyses in phases enriched in silicate and
metallic fractions of EC (Savage & Moynier, 2013; Sikdar
& Rai, 2020) indicate considerable Si isotope heterogeneity
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within EC. For example, the reported δ30Si of EC silicates
ranges from values similar to CC-OC and/or heavier
whereas δ30Si of EC metals can be as low as �8‰ (Kadlag
et al., 2019). Similarly, there are evidences of heterogeneous
Fe isotope compositions (expressed as δ56Fe, which is per
mill deviation of sample’s 56Fe/54Fe ratio relative to
IRMM-014 reference material) among the magnetic and
non-magnetic (NM) fractions of EC, with δ56Fe ranging
from �0.34� 0.04‰ to +0.20� 0.07‰ (Wang et al.,
2014). Since both Si and Fe are major mineral-forming
elements of EC, a combined study of Si and Fe isotopes in
its different physically separated components is expected to
provide insights into the physicochemical conditions and
kinetics of gas–solid interaction processes that prevailed in
the reduced planet-forming region of the inner solar
system. So far, combined high precision Si and Fe isotope
data from the same components of EC are not available,
and hence, the origin of Si and Fe isotope heterogeneity in
EC has remained poorly constrained. In the present
contribution, we have attempted to address the possible
nebular and planetary scale pathways through which the
reduced inner solar system materials (akin to EC parent
bodies) were accreted by analyzing Si and Fe isotope
composition of a spectrum of different physically separated
components of EC.

SAMPLES AND ANALYTICAL METHODS

The chondritic components analyzed for Si and Fe
isotope composition were obtained from two EH3
chondrites (Sahara 97072 and Kota-Kota, both are
finds), one EH4 chondrite (Indarch, Fall), one EH4
impact melt breccia (Abee, Fall), and one EL3 chondrite
(MAC 88184, Find). Silicon and Fe isotope analyses
were also carried out in bulk meteorite fractions and
magnetic phase separates of an ungrouped chondrite
(NWA 5492, Find). Additionally, Fe isotope analyses
were performed on the whole rock and magnetic
fractions of two OC (WSG 95300 and QUE 97008) to
understand isotope fractionation in planetary bodies
that were formed at relatively higher oxygen fugacity
(IW� 2 to IW+ 1, where “IW” stands for iron–wüstite
buffer) compared to that of EC (IW� 5.8 to IW� 6.6)
(Cartier et al., 2014).

The chondrites were first broken into pieces using a
mortar–pestle set made of diamonite (i.e., composed of
synthetic Al2O3) and any visible weathered or rusty
materials were removed. The larger pieces of the EH3
chondrites, that is, Kota-Kota and Sahara 97072,
weighing ∼1 g were crushed, and their various components
were physically separated under a binocular microscope.
Metals in the least equilibrated EH3 chondrites occur in
two dominant textural forms, that is, rounded metal–
sulfide nodules (MSNs) and angular metal grains (AMGs).

MSN are round to subround, concentrically layered
objects of typically ∼50 to 800 μm in size and are
dominantly composed of Si-bearing kamacite (α-(Fe,Ni)),
perryite (Ni,Fe)5(Si,P)2, troilite (FeS) with minor fractions
of other phases such as niningerite (MgS), daubréelite
(FeCr2S4), schreibersite ((Fe,Ni)3P), sinoite (Si2N2O),
graphite (C), enstatite (MgSiO3) etc. (El Goresy et al.,
2017). Two size fractions of MSN were considered in the
present study, that is, >250 μm and <250 μm. AMGs
represent angular to subangular isolated grains of metals
found in close association with MSNs, with size varying
from ∼50 to 100 μm. White mineral phases (WMPs)
are referred to the fine-grained, bright white-colored,
inherently non-magnetic mineral phases found mostly in
the matrices of unequilibrated (EH3) EC. Enstatite and
cristobalite comprise approximately 45 and 30 vol% of
the non-magnetic mineral phases in the matrices of
EH3 chondrites (Lehner et al., 2014). The examination
of physical and optical properties of WMPs (milky
white color, brittle tenacity, and vitreous luster) hints
that cristobalite or other SiO2 polymorphs might
represent the main constituent of WMPs. We have
examined the Si isotope composition of such WMPs
for the first time in this study. Owing to the
predominant sizes and distinct textures of MSNs,
AMGs, and WMPs, we were able to sample these
components from broken meteorite sections after their
visual inspection under a binocular microscope. Plastic
tweezers were used to mechanically pick up MSNs,
AMGs, and WMPs. Matrix materials attached to the
studied components were removed as much as possible
to limit the risk of contamination.

A separate piece of Kota-Kota, Sahara 97072,
and whole rock pieces of all other chondrites (weighing
∼300–400 mg) were crushed into fine homogeneous
powder using diamonite mortar and pestle. One fraction
of the well-mixed powdered samples was considered a
representative of the bulk meteorite (BM) composition
whereas the other part was further separated into
magnetic (M), slightly magnetic (SM), and non-magnetic
(NM) fractions using a hand magnet based on decreasing
magnetic susceptibility. The magnetic fractions were
predominantly composed of metals, which might be
derived partly from MSNs, AMGs, and fine-grained
metals intergrown with sulfides and minor silicates. Since
such magnetic fractions are mostly derived from metals
found dispersed in the matrices of chondrites, we have
referred these magnetic phases as matrix metals. The SM
and NM fractions, on the other hand, were mostly
composed of matrix silicates, silicate clasts, chondrule
fragments, and sulfides with minor and negligible metal
content, respectively. Figure 1 provides a flow chart
describing the different chondrite components analyzed in
this study.
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The different fractions of chondritic components were
further separated into two aliquots for their respective Si
and Fe isotope analyses. Sample digestion and purification
of Si and Fe by ion exchange column chromatography
were carried out at Freie Universität Berlin. High precision
Si and Fe isotope analyses were performed using a Thermo
Scientific Neptune Plus Multi-Collector Inductively-
Coupled-Plasma Mass Spectrometer (MC-ICPMS) at the
German Research Centre for Geosciences (GFZ), Potsdam
following established protocols (Oelze et al., 2016;
Schoenberg & von Blanckenburg, 2005). Aliquots of the
digested solutions (in 0.3M HNO3 and doped with 1000
ppm Cs) were analyzed by inductively coupled optical
emission spectrometry (ICP-OES, Varian 720-ES) to
determine major element concentrations in sample
solutions. The elements of interest, that is, Mg, Fe, Ni, and
S were measured at wavelengths of 279.5, 238.2, 216.5, and
181.9 nm, respectively. USGS rock standard BHVO-2 was
used for calibration. The dilution factor of the samples was
kept at 16. Blank contribution of the elements of interest
was typically lower than 30 ng. We have not weighed the
chondrite components to avoid contamination while
handling their small volume, and therefore, we have not
reported their mass fractions in this study. Instead,
elemental ratios such as Mg/(Mg+Fe) and Ni/S have been
used to provide an estimate of the relative contributions of
silicate, metal, and sulfide phases in the studied chondritic
components.

Sample Preparation and Mass Spectrometry for Si

Isotope Analyses

The finely powdered samples were digested in 22 mL
teflon vials (Savillex™) using a modified alkali flux

digestion technique (Sikdar & Rai, 2017). Approximately
0.2–1.0 mg of finely homogenized sample powder was
mixed with ∼60–80 times the sample weight of suprapure
NaOH flakes in digestion vial. The sealed vial was heated
at ∼190°C on a hot plate for ∼48 h. After cooling, ∼1 mL
Milli-Q was slowly added to the flux–sample mixture with
subsequent addition of approximately 2 mL concentrated
HCl. The volume and proportions of HCl and MQ were
adjusted in such a way that the pH of the solution prior
to loading on the ion exchange column was ∼1.5. The
sample solution was subsequently ultrasonicated, allowed
to cool to room temperature, and left undisturbed to
equilibrate for at least 18 h.

Chromatographic purification of Si from reference
materials (NBS-28, Diatomite, Big-Batch, BHVO-2),
BM, and NM fractions of chondrites was carried out
following published procedures (Georg et al., 2006; Oelze
et al., 2016; Sikdar & Rai, 2017; Zambardi &
Poitrasson, 2011) using 2 mL BioRad cation-exchange
resin AG 50W-X12 (200–400 mesh, H+ form) filled in
BioRad poly-prep columns (10 mL reservoir volume and
2mL bed volume). The resin was precleaned by rinsing
with MQ, 3M HCl, 6 M HCl, 7M HNO3, and 10M
HCl. Samples containing ∼3–10 μg of Si (in diluted
NaOH-bearing hydrochloric digestion solution at pH 1.5)
were loaded on the resin and Si was eluted using 7–8 mL
of Milli-Q at neutral pH (Georg et al., 2006). The purified
Si solution was acidified to yield 0.1M HCl solution for
mass spectrometry. In order to use the 25Mg/24Mg ratio
for mass bias drift correction, Mg solution from Alfa
Aeser Specpure (evaporated and dissolved in 0.1M HCl)
was added to both sample and the bracketing standard
for obtaining an Si:Mg mass ratio of 1:1. Before isotope
analyses, quantitative recovery of Si (column yield

FIGURE 1. Flow chart describing the different chondrite components considered in this study. (Color figure can be viewed at
wileyonlinelibrary.com)
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>98%) and purity of the sample solutions (>97% Si)
were checked by ICP-OES analysis. The total procedural
blank (from dissolution and column chemistry) was
below the ICP-OES detection limit, that is, <20 ng Si
compared to typical Si sample amounts of 4.5–10 μg.
Owing to the high Fe-Ni content of EC metals,
chromatographic purification of Si from magnetic
fractions of EC was modified in the present study, which
is detailed in the next section.

For Si isotope analyses, the sample and standard
solutions (in 0.1M HCl) were introduced into Neptune
MC-ICPMS using an ESI APEX-Q desolvator. Jet sample
and H skimmer cones were used. Ion optics was operated
in medium resolution mode with a mass resolving power of
∼7500 (m/Δm as defined by the peak edge width from 5%
to 95% full peak height) to resolve Si signals from isobaric
interferences of N-O molecules. The measurement of Si
isotope ratios was performed in multidynamic mode
(magnet jump alternating between Si and Mg isotopes),
whereby instrumental mass bias was corrected using
sample-standard bracketing (with NBS-28 as bracketing
standard and 0.1M HCl as blank solution) and internal
standardization using Mg doping. The concentrations of
both Si and Mg in samples and standards (0.6 μgmL�1 for
both Si and Mg) were matched to <5% difference. The 28Si
and 24Mg signal intensities reached ∼11 and ∼20V,
respectively, with an acid background of <20mV on 28Si.
Si isotope measurements were obtained in 30 cycles of data
acquisition with an integration time of 4 s per cycle, and
each sample was measured at least three times during the
sequence. The typical precision for Si isotope
measurements based on n= 30 cycles of individual
standard–sample–standard bracketing measurement was
better than �0.10‰ (2SD) for δ30Si (30Si/28Si) and
�0.07‰ (2SD) for δ29Si (29Si/28Si). Based on repeat sample
dissolutions and measurements of reference materials, the
long-term reproducibility of Si isotope analyses at GFZ
has been estimated to be �0.11‰ (2SD) on δ30Si and
�0.08‰ (2SD) on δ29Si. The robustness of our analytical
and measurement protocol for Si isotope measurements
was checked by the accuracy of the following well-
characterized reference materials: Diatomite, Big-Batch,
RGM-2, and BHVO-2. Our results for δ30SiDiatomite

=+1.13� 0.12‰, δ30SiBig-Batch=�10.67� 0.14‰,
δ30SiRGM-2=�0.34� 0.03‰, and δ30SiBHVO-2=�0.27�
0.11‰ are in good agreement with the published values of
these secondary standards (Armytage et al., 2011; Oelze
et al., 2016; Zambardi & Poitrasson, 2011).

Modified Column Chromatography for Purification of Si
from Metals

Despite the simple matrix of EC metals
(predominately Fe, Ni, S, and Si), it is not
straightforward to purify Si from metal-rich fractions of

EC via the traditional single-step cation exchange
chromatography because the removal of excessive Fe-Ni
matrices requires repetition of the column chemistry
several times. In this study, we modified the
chromatographic protocol for purification of Si from
metals by using 3 mL AG 50W-X12 (200–400 mesh, H+

form) cation exchange resin in 7.5 mL Spectrum®104704
polypropylene columns (referred here as “long column”).
The resin was preconditioned with 3M HCl, 6M HCl, 7
M HNO3, 10M HCl, and MQ. Subsequently, purified Si
was eluted using 15–30 mL MQ. Owing to the narrower
column geometry, higher aspect ratio, and slower flow
rate, separation of Si from metal-rich matrices was found
to be more effective through the long column (LC) and
clean Si was typically obtained after two or three column
passes.

Aliquots of BHVO-2 purified via LC chemistry
yielded mean δ30SiBHVO2-LC =�0.31� 0.12‰, which is in
good agreement with the Si isotope composition of
BHVO-2 purified via traditional column chemistry
obtained in this study (�0.30� 0.10‰) and its published
value of �0.27� 0.10‰ (Savage et al., 2010) (Figure 2).
The indistinguishable Si isotope composition of BHVO-2
processed through LC and traditional column chemistry
indicates that the modified column procedure has not
generated any artificial Si isotope fractionation. To
further evaluate the effect of Fe-Ni-S matrices on Si
isotope measurements, we doped purified NBS-28
solution with pure Ni and Fe (dissolved in 0.1M HCl) to
obtain Ni/Si and Fe/Si ratios of 0.1. The average δ30Si of

FIGURE 2. Plot shows good agreement between Si isotope
composition of BHVO-2 purified using long column (3 mL
resin volume) with the δ30Si value of BHVO-2 purified via
traditional column (1.8 mL resin volume), thereby
demonstrating the robustness of our modified protocol to
purify Si from metals. Error bars represent 2SD of individual
measurement. The medium-dashed line represents the average
δ30Si of BHVO-2 purified by long column (δ30Si=�0.31�
0.12) and the dotted line represents the published Si isotope
composition of BHVO-2 (�0.27� 0.10) by Savage et al.
(2010). (Color figure can be viewed at wileyonlinelibrary.com)
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this mixture was determined to be 0.00� 0.03‰ and
�0.08� 0.04‰, respectively. Considering the long-term
δ30Si reproducibility of �0.11‰, the above results
demonstrate that the matrix effect of Fe and Ni on Si
isotope measurements using MC-ICPMS is negligible. To
avoid complexities, Si isotope measurements were carried
out only when the Fe/Si and Ni/Si of the purified samples
were lower than 0.02.

One additional problem of Si isotope analyses in
metallic fractions of EC is the high abundance of sulfides
and phosphides associated with Si-bearing kamacite
(Weisberg & Kimura, 2012). The cation exchange ion
chromatography procedure does not effectively remove S
and P from Si, and therefore, an overabundance of these
anions in the samples might have an influence on the
measured Si isotope composition (Chen et al., 2017; van
den Boorn et al., 2009). The matrix effect of anions on
mass spectrometric analyses of Si was tested at GFZ by
doping purified NBS-28 solution with phosphate, sulfate,
and nitrate anions to produce different [anion]/[Si] mass
ratios (μg μg�1) from 0.01 to 6.4 (Oelze et al., 2016). Oelze
et al. (2016) reported that technical configurations such as
external doping of Mg for Si isotope analyses and the use
of Apex-Q desolvator along with Neptune Jet interface
make the δ30Si measurements less susceptible to matrix-
induced bias caused by the presence of anionic impurities
(PO3�

4 , SO2�
4 , and NO�

3 ) at an uncertainty of �0.14‰,
2SD. To avoid mass bias caused by the presence of anions
in the samples, we have used the above-mentioned
configuration and have not analyzed any samples with
[SO4]/[Si] mass ratio outside the range tested by Oelze
et al. (2016). Since the lightest Si isotope value of EC metal
determined in this study (i.e., δ30SiMSN=�5.61� 0.12‰)
is close to the published data on EC metals (Kadlag et al.,
2019; Sikdar & Rai, 2020), we can suggest that our
measurement protocol with combined standard-sample
bracketing and Mg doping has not generated any matrix-
induced bias on Si isotope data.

Sample Preparation and Mass Spectrometry for Fe

Isotope Analyses

The finely powdered samples weighing ∼0.2–20 mg
were digested in Savillex® PFA vials by sequential reflux
and evaporation with a mixture of 4 mL concentrated
HF–HNO3 and 30% H2O2, 1 mL 6M HCl, and
concentrated HNO3 at 120°C on a hot plate for several
days. HNO3–H2O2 was used to oxidize carbon species
from the samples. Fe was fully oxidized to its trivalent
state by repeated cycles of dissolution of all samples in
concentrated HNO3 followed by heating at 150°C
and evaporating to dryness. Finally, all digested samples
were dissolved in 1 mL 6M HCl for chromatographic
Fe separation. Iron in dissolved form was purified using

1 mL anion-exchange resin AG-1X8 (200–400 mesh)
following procedures detailed elsewhere (Schoenberg &
von Blanckenburg, 2005; Schuessler et al., 2016). The
resin was pre-conditioned with 6M HCl before sample
loading, and matrix elements from the samples were
removed using 6M HCl. Fe was eluted from the sample
solution with 4 mL MQ and 5mL 5M HNO3. The Fe
eluent was dried down and treated with 1 mL
concentrated HNO3 to decompose any resin particles
removed from the columns. Samples were finally
dissolved in 0.3M HNO3 for mass spectrometry.
Aliquots of solutions before and after column chemistry
were measured by ICP-OES to determine the recovery
and purity of Fe after column chemistry. For certain
samples, the entire procedure was repeated twice to
ensure the removal of all matrix elements. The total
procedural Fe blank from sample dissolution and column
chromatography were determined to be <30 ng, which is
negligible compared to the amount of Fe extracted from
the samples, that is, ∼30–80 μg.

For high precision Fe isotope analyses, samples were
introduced into the mass spectrometer via 100 μLmin�1

PFA MicroFlow nebulizer and stable sample
introduction system (SIS). MC-ICPMS was equipped
with Nickel sampler and H skimmer cones, and the
instrument was operated in medium resolution mode with
a mass resolving power of 8200. Iron isotope
measurements were performed on the flat top Fe peak
shoulder to avoid polyatomic interferences from argide
molecules on various isotopes of Fe. Instrumental mass
bias was corrected using sample-standard bracketing with
IRMM-014 as bracketing standard. Isotope analyses
were acquired in a single block consisting of 25 cycles,
and individual samples were measured two to four times
to obtain the average δ56Fe value reported in this study.
The Fe concentrations of samples and standards ranged
between 3 to 4 ppm at a sensitivity of ∼7 V ppm�1 and
acid background of <3 mV on δ56Fe. The same batch of
0.3M HNO3 was used for dilution of all solutions,
including standards (IRMM-014) and blanks to ensure
perfect matching in molarity and purity of sample and
standard solutions. The Fe concentrations of sample and
reference material (IRMM-014) were matched to within
5%. The mass spectrometric stability, repeatability, and
accuracy of our Fe isotope analyses were evaluated
during every analytical session by measuring Fe isotope
composition of an in-house Fe standard at GFZ-Potsdam
(HanFe standard, δ56Fe= 0.301� 0.046‰). The Fe
isotope composition of rock standards such as RGM-2
(δ56Fe= 0.132� 0.035‰) and BR-1 (δ56Fe = 0.122�
0.013‰) is in agreement with their published values of
∼0.1‰ (Craddock & Dauphas, 2011; Poitrasson et al.,
2004; Schoenberg & Blanckenburg, 2006), thereby
demonstrating the robustness of our chemical and mass
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spectrometric protocol. Based on repeat measurements of
reference materials, the long-term reproducibility of Fe
isotope analyses at GFZ was estimated to be �0.05‰
(2SD) on δ56Fe.

RESULTS

The Si and Fe isotope compositions of reference
materials, bulk EC, and its physically separated
components are reported in Tables 1 and 2, respectively.
Analytical uncertainties associated with isotope
measurements are given as 2 standard deviations (2SD) of
the mean in the text. The Si isotope composition of
different physically separated components of EC
(Table 1) was found to be strongly heterogeneous, with
the mean δ30Si ranging from �5.61� 0.12‰ to �3.28�
0.05‰ for MSNs; �1.51� 0.04‰ to �1.45� 0.08‰ for
AMGs; �1.03� 0.08‰ to �0.66� 0.05‰ for magnetic
fractions; �0.48� 0.17‰ to �0.32� 0.08‰ for SM
fractions; �0.48� 0.05‰ to �0.32� 0.06‰ for NM
fractions; and 0.05� 0.12‰ to +0.23� 0.10‰ for the
WMPs (SiO2). Thus, the physically separated
components of EC possess distinct δ30Si values, which are
clearly resolvable within the uncertainty of our analytical
precision. The δ30Si values of the BM fractions of EC
(�0.74� 0.10‰ to �0.59� 0.12‰) lie between their
magnetic and NM phase separates.

The mean δ56Fe of different EC components was
found to range from +0.089� 0.032‰ to +0.196�
0.038‰ for MSNs, +0.072� 0.035‰ to +0.114�
0.042‰ for AMGs, �0.023� 0.053‰ to +0.140�
0.046‰ for magnetic fractions, �0.041� 0.041‰ to
+0.042� 0.009‰ for SM fractions, and �0.305�
0.077‰ to +0.032� 0.020‰ for the NM fractions
(Table 2). On average, the δ56Fe values of MSNs were
slightly heavier than the AMGs and matrix-bound
magnetic fractions (i.e., matrix metals), which were in
turn heavier compared to their SM and NM
counterparts. Overall, the magnetic fractions of EC have
systematically heavier δ56Fe by at least ∼0.1‰ compared
to the corresponding NM (sulfides+silicates) fractions.
The δ56Fe values of the BM fractions of the studied EC
range from 0.001� 0.060‰ to 0.058� 0.023‰.

It is emphasized that physical separation of
chondritic components is not always perfect as fine
metals often adhere to non-metals (silicates and sulfides)
and vice versa. Since the abundance of isotopically
distinct magnetic and NM phases can be significantly
variable in the sampled chondritic components,
incomplete separation of metals from silicates or sulfides
and vice versa can dramatically influence the isotope
composition of the separated chondrite fractions, thereby
leading to sampling bias. Therefore, the data reported
here may not represent the true endmembers of Si and Fe

isotope heterogeneity in EC, which is expected to be more
extreme, at least on the metallic side of δ30Si and on the
sulfidic side of δ56Fe. It is noted that Si isotope analyses
could not be performed for some samples such as MF
and SM fractions of Kota-Kota and NM fraction of
Indarch, etc. (Table 1). Similarly, the SM fraction of
Indarch and the NM fraction of Abee could not be
measured for their Fe isotope composition (Table 2). This
was either because of low Si or Fe concentrations in their
sample solution or the chromatographically purified
samples did not pass the requisite purity and yield test.

DISCUSSION

Despite the significant variations of Si and Fe isotope
composition in different physically separated components
of EC, all data points follow single mass-dependent
fractionation lines on three-isotope diagrams of δ29Si
versus δ30Si (Figure 3) and δ56Fe versus δ57Fe (Figure 4),
respectively. The lack of any resolvable deviation from
mass fractionation lines indicate that the EC components
have undergone mass-dependent Si and Fe isotope
fractionation, and any nucleosynthetic anomalies
inherited by the EC parent bodies from different stellar
sources are below our analytical uncertainties.
Chondrites are cosmic agglomerates of diverse materials
and the heterogeneous composition of its different
components was established through repeated heating,
evaporation, and condensation cycles during proto-
planetary disk evolution, which may have been modified
later by processes on their parent bodies (Scott &
Krot, 2007, 2014). Here, we first evaluate the origin of the
observed mass-dependent Si and Fe isotope
fractionations among diverse EC components (see
“Origin of Si and Fe Isotope Heterogeneity in EC”
Section). Subsequently, we discuss the implications of the
observed isotope fractionations on gas–solid interaction
processes in the nebula (see “Gas–Solid Interaction
Processes in Reduced Nebular Environment” Section),
lateral mixing between inner and outer solar system
bodies (see “Homogeneous δ56Fe of the Solar System”
Section), and on the mass-dependent Si and Fe isotope
composition of the Earth (see “Implications for Si and Fe
Isotope Composition of the Earth” Section).

Origin of Si and Fe Isotope Heterogeneity in enstatite

chondrites

The potential pathways to generate Si and Fe isotope
fractionation in chondritic components include terrestrial
weathering, diverse parent body processes (aqueous
alteration, impact melting, thermal metamorphism), and
nebular scale processes (gas–solid interactions in the
nebula and/or changes in redox conditions of the
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TABLE 1. Si isotope composition of reference materials, bulk enstatite chondrites, and their physically separated
components.

Meteorite name/sample ID Range of δ30Si (‰)� 2SE Average δ30Si (‰)� 2SE 2SD Mg# N

Reference materials

Diatomite +1.08 (�0.08) to +1.27 (�0.09) 1.13 (0.04) 0.12 – 9

Big Batch �10.75 (�0.08) to �10.62 (�0.08) �10.67 (0.08) 0.14 – 3
RGM-2 �0.35 (�0.12) to �0.33 (�0.08) �0.34 (0.02) 0.03 – 2
BHVO-2 (traditional col-I) �0.35 (�0.08) to �0.19 (�0.08) �0.27 (0.04) 0.11 – 6
BHVO-2 (traditional col-II) �0.39 (�0.13) to �0.30 (�0.09) �0.34 (0.03) 0.08 – 7

BHVO-2 (long column) �0.41 (�0.08) to �0.25 (�0.09) �0.31 (0.05) 0.12 – 6
Bulk meteorites

Sahara 97072 (EH3) �0.59 (�0.08) �0.59 (0.08) 0.12a 0.23 1

MAC 88184 (EL3) �0.72 (�0.07) to �0.67 (�0.08) �0.70 (0.04) 0.06 0.15 2
Abee (EH4) �0.74 (�0.08) to �0.70 (�0.09) �0.72 (0.03) 0.04 0.12 3
Indarch (EH4) �0.80 (�0.11) to �0.70 (�0.11) �0.74 (0.06) 0.10 0.26 3

Metal–sulfide nodules

Kota-Kota Nod 1 (>250 μm) �5.36 (�0.09) to �5.27 (�0.08) �5.31 (0.09) 0.12 0.012 2
Nod 2 (>250 μm) �5.01 (�0.08) to �4.98 (�0.09) �5.00 (0.03) 0.04 0.011 2

Nod 3 (>250 μm) �5.61 (�0.08) �5.61 (0.08) 0.12a 0.006 1
Sahara 97072 Nod 1 (<250 μm) �3.31 (�0.09) to �3.25 (�0.08) �3.28 (0.03) 0.05 0.024 4

Nod 2 (<250 μm) �3.39 (�0.12) to �3.17 (�0.08) �3.28 (0.09) 0.18 0.025 4
Nod 3 (>250 μm) �5.13 (�0.13) �5.13 (0.13) 0.12a 0.006 1

Angular metal grains (AMGs)

Kota-Kota �1.54 (�0.07) to �1.48 (�0.07) �1.51 (0.02) 0.04 0.023 4
Sahara 97072 AMG #1 �1.51 (�0.10) to �1.49 (�0.07) �1.50 (0.02) 0.03 0.061 2

AMG #2 �1.50 (�0.08) to �1.43 (�0.08) �1.45 (0.05) 0.08 0.098 3
Magnetic fractions

Sahara 97072 �1.08 (�0.09) to �1.01 (�0.08) �1.03 (0.04) 0.08 0.143 3

MAC 88184 �0.69 (�0.09) to �0.64 (�0.09) �0.66 (0.03) 0.05 0.281 3
Indarch �0.99 (�0.10) to �0.96 (�0.09) �0.98 (0.03) 0.04 0.216 2

Slightly magnetic fractions

Sahara 97072 �0.35 (�0.06) to �0.29 (�0.09) �0.32 (0.06) 0.08 0.615 2
Abee �0.38 (�0.10) �0.38 (0.10) 0.12a 0.503 1
Indarch �0.54 (�0.09) to �0.42 (�0.11) �0.48 (0.12) 0.17 0.757 2

Non-magnetic fractions

Kota-Kota �0.34 (�0.07) to �0.29 (�0.09) �0.32 (0.03) 0.06 0.748 3
Sahara 97072 NM #1 �0.46 (�0.08) to �0.43 (�0.09) �0.45 (0.03) 0.04 0.738 2

NM #2 �0.48 (�0.07) to �0.34 (�0.07) �0.41 (0.13) 0.19 0.750 2

NM #3 �0.36 (�0.07) to �0.32 (�0.08) �0.34 (0.02) 0.04 0.825 3
MAC 88184 �0.50 (�0.09) to �0.45 (�0.07) �0.48 (0.03) 0.05 0.563 3
Abee �0.32 (�0.08) �0.32 (0.08) 0.12a 0.592 1

White mineral phases (SiO2)
Kota-Kota 0.05 (�0.09) 0.05 (0.09) 0.12a 0.821 1
Sahara 97072 +0.18 (�0.11) to +0.27 (�0.09) 0.23 (0.06) 0.10 0.924 3

NWA 5492 (UNG chondrite)

Bulk meteorite #1 �0.45 (�0.09) to �0.43 (�0.08) �0.44 (0.02) 0.03 – 2
#2 �0.42 (�0.08) to �0.34 (�0.09) �0.39 (0.05) 0.09 – 3

Average (bulk NWA 5492) �0.42 (0.05) 0.07 – 2*
Non-magnetic fraction #1 �0.47 (�0.09) to �0.39 (�0.08) �0.44 (0.05) 0.09 – 3

#2 �0.50 (�0.10) to �0.46 (�0.08) �0.48 (0.03) 0.05 – 2
Average (NM NWA 5492) �0.46 (0.04) 0.06 – 2*

Note: The Si isotope composition of non-magnetic and bulk meteorite fractions of an ungrouped chondrite NWA 5492 is also provided. Mg#=
molar Mg/(Mg+Fe2+). The bold values represent average values of BM and NM fraction of NWA 5492.
aIn case of single measurement, that is, n= 1, uncertainty has been estimated based on repeat measurements of reference material BHVO-2. N

refers to the number of repeat analyses of the same digestion aliquot of a sample. For average values, N* has been provided, which refers to the

total number of samples representative of each category. Since metals often adhere to non-metals (silicates and sulfides) and vice versa, the data

provided here may not represent the true end-members of Si isotope heterogeneity among EC components.
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TABLE 2. Fe isotope composition and elemental ratios [i.e., Mg#=molar Mg/(Mg+Fe2+) and Ni/S] of reference
materials, bulk enstatite chondrites, and their physically separated components.

Meteorite name/sample ID Range of δ56Fe (‰)� 2SE Average δ56Fe(‰)� 2SE 2SD Mg# Ni/S N

Reference materials

HanFe +0.258 (�0.023) to +0.348 (�0.040) 0.301 (0.001) 0.046 – – 21

RGM-2 +0.115 (�0.051) to +0.156 (�0.052) 0.132 (0.002) 0.035 – – 4
BR-1 +0.117 (�0.044) to +0.131 (�0.041) 0.122 (0.001) 0.013 – – 4

Bulk meteorite fractions

Kota-Kota (EH3) +0.024 (�0.028) to +0.063 (�0.033) 0.040 (0.016) 0.033 0.23 0.43 4

Sahara 97072 (EH3) +0.022 (�0.025) to +0.036 (�0.024) 0.030 (0.001) 0.015 0.22 0.45 3
MAC 88184 (EL3) �0.024 (�0.055) to +0.041 (�0.041) 0.001 (0.029) 0.060 0.48 0.16 4
Abee (EH4) +0.020 (�0.038) 0.020 (0.038) 0.046a 0.53 0.03 1

Indarch (EH4) +0.050 (�0.022) to +0.066 (�0.025) 0.058 (0.016) 0.023 0.25 0.32 2
Metal–sulfide nodules

Kota-Kota Nod 1 (>250 μm) +0.123 (�0.017) to +0.142 (�0.023) 0.131 (0.011) 0.020 0.01 1.53 3

Nod 2 (<250 μm) +0.071 (�0.025) to +0.139 (�0.028) 0.115 (0.030) 0.061 0.01 1.33 4
Sahara 97072 Nod 1 (<250 μm) +0.071 (�0.023) to +0.107 (�0.027) 0.089 (0.015) 0.032 0.02 0.85 4

Nod 2 (>250 μm) +0.177 (�0.020) to +0.222 (�0.024) 0.196 (0.018) 0.038 0.02 1.44 4

Angular metal grains

Kota-Kota +0.047 (�0.025) to +0.084 (�0.025) 0.072 (0.017) 0.035 0.02 0.95 4
Sahara 97072 +0.091 (�0.023) to +0.136 (�0.019) 0.114 (0.021) 0.042 0.06 0.53 4

Magnetic fractions

Kota-Kota +0.123 (�0.056) to +0.136 (�0.049) 0.129 (0.012) 0.018 – – 2
Sahara 97072 +0.119 (�0.044) to +0.142 (�0.060) 0.130 (0.022) 0.032 0.13 0.85 2
MAC 88184 �0.045 (�0.046) to +0.006 (�0.050) �0.023 (0.030) 0.053 0.28 0.61 3

Abee +0.017 (�0.020) to +0.042 (�0.019) 0.032 (0.014) 0.026 0.14 1.01 3
Indarch +0.121 (�0.049) to +0.172 (�0.050) 0.140 (0.022) 0.046 0.13 0.59 4

Slightly magnetic fractions

Kota-Kota +0.039 (�0.024) to +0.046 (�0.024) 0.042 (0.007) 0.009 0.37 0.11 2
Sahara 97072 �0.065 (�0.020) to �0.027 (�0.025) �0.041 (0.023) 0.041 0.61 0.07 3
MAC 88184 �0.027 (�0.023) �0.027 (0.023) 0.046a 0.33 0.56 1

Abee �0.006 (�0.020) to +0.019 (�0.027) 0.007 (0.025) 0.036 0.50 0.03 2
Non-magnetic fractions

Kota-Kota +0.018 (�0.019) to +0.041 (�0.019) 0.032 (0.001) 0.020 0.81 0.02 4
Sahara 97072 �0.054 (�0.022) to �0.049 (�0.024) �0.052 (0.006) 0.018 0.74 0.08 4

MAC 88184 �0.272 (�0.048) to �0.355 (�0.048) �0.305 (0.038) 0.077 0.88 0.05 4
Indarch �0.213 (�0.050) to �0.292 (�0.051) �0.255 (0.045) 0.080 0.78 0.003 4

NWA 5492 (UNG chondrite)

Bulk meteorite +0.042 (�0.020) 0.042 (0.020) 0.046a 0.12 6.02 4
Magnetic fraction +0.168 (�0.040) to +0.247 (�0.043) 0.206 (0.032) 0.065 0.02 13.9 4
Non-magnetic fraction #1 �0.107 (�0.023) to �0.160 (�0.021) �0.128 (0.023) 0.048 – – 4

#2 �0.122 (�0.022) to �0.149 (�0.023) �0.134 (0.011) 0.023 – – 4
Average NM fraction �0.131 0.008 – –

Ordinary chondrites

WSG 95300 (H3)

Magnetic fraction +0.148 (�0.053) to +0.242 (�0.047) 0.198 (0.054) 0.095 0.15 4.29 3
Non-magnetic fraction #1 �0.190 (�0.046) to �0.273 (�0.054) �0.233 (0.036) 0.072 0.56 0.04 4

#2 �0.113 (�0.045) to �0.195 (�0.056) �0.158 (0.033) 0.068 0.59 0.02 4

#3 �0.181 (�0.045) to �0.61 (�0.045) �0.170 (0.011) 0.020 0.43 – 3
QUE 97008 (LL 3.05)
Magnetic fraction +0.265 (�0.043) to +0.308 (�0.043) 0.286 (0.043) 0.062 0.18 – 2

Note: Fe isotope composition of magnetic and non-magnetic phase separates of an ungrouped chondrite and two ordinary chondrites is also

provided.
aIn case of single measurement, that is, n= 1, the uncertainty has been estimated based on repeat measurements of reference material HanFe. N

refers to the number of repeat analyses of the same digestion aliquot of a sample. Note that the data provided here may not represent the true

end-member Fe isotope composition of metal and sulfide fractions of EC due to the possibility of sampling bias during physical separation of

chondrite components.
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FIGURE 3. In a δ29Si versus δ30Si plot, all components of enstatite chondrites analyzed in this study lie on a mass-dependent
fractionation line with a best-fit slope of 0.523� 0.006, 2 SE. The error bars represent 2SD of the mean. The calculated slopes
for mass-dependent equilibrium (0.518) and kinetic fractionation (0.509) are also plotted. (Color figure can be viewed at
wileyonlinelibrary.com)

FIGURE 4. δ56Fe versus δ57Fe plot shows that all components of the studied enstatite chondrites lie on a mass-dependent
fractionation line with best-fit slope of 0.67. The error bars represent 2SD of the mean. (Color figure can be viewed at
wileyonlinelibrary.com)
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chondrite forming region). These pathways are discussed
in detail in the following subsections.

Terrestrial Weathering and Aqueous Alteration
Among the five ECs analyzed in this study, Sahara

97072, Kota-Kota, and MAC 88184 are finds with low
degrees of weathering, whereas Abee and Indarch are
observed falls. The average δ30Si of the finds (i.e., Sahara
97072, Kota-Kota, and MAC 88184) and falls (i.e., Abee
and Indarch) are �0.64� 0.15‰ and �0.73� 0.03‰,
respectively. The average δ56Fe of the studied finds and
falls are 0.023� 0.040‰ and 0.039� 0.053‰,
respectively. Thus, there are no obvious difference in the
δ30Si and δ56Fe values between falls versus finds, which
suggests that the Si and Fe isotope compositions of the
studied chondrites were not significantly affected by
terrestrial weathering. In general, terrestrial weathering
and formation of fusion crusts on meteorites are known
to enrich meteorites in heavy Fe isotopes by up to 0.1‰
(Hezel et al., 2015; Saunier et al., 2010). This is
significantly smaller compared to the total range of δ56Fe
measured in EC components (i.e., ∼0.4‰), which
indicates that terrestrial weathering cannot explain the
observed isotope fractionation. Furthermore, the
chondritic components were carefully sampled only from
their fresh interior portions to make sure the studied
phases are free from fusion crusts, alteration products,

and terrestrial contamination. Additionally, the ECs
analyzed here do not display any evidence of aqueous
alteration or clay formation in their fine-grained matrices.
Given this, we can suggest that the stable Si and Fe
isotope variations in EC components most likely record
processes that occurred at higher temperatures, either in
the nebula and/or on the EC parent bodies.

Metal–Silicate–Sulfide Partitioning at Low Oxygen
Fugacity

The geochemical affinities of Si and Fe to get
partitioned among metal–silicate–sulfidic phases can
significantly fractionate Si and Fe isotope composition.
The major host phases of Si in EC are the silicate
minerals (i.e., enstatite, forsterite, silica, plagioclase) and
Si-bearing Fe-Ni metal. The studied EC components
display a positive correlation between δ30Si and Mg
number (Mg# =molar Mg/(Mg+Fe)), Figure 5, which
indicates that δ30Si becomes progressively heavier from
metal-rich components (i.e., MSN, AMG, matrix-bound
magnetic fractions, and SM fractions) towards the
silicate-rich components (i.e., the NM fractions and
WMPs). This observation illustrates a key role of metal–
silicate partitioning in fractionating Si isotopes in EC-like
reduced planetary bodies. Our results are consistent with
previous Si isotope data in EC phase separates (Kadlag
et al., 2019; Sikdar & Rai, 2020; Ziegler et al., 2010),

FIGURE 5. Plot of δ30Si versus Mg# (=Mg/(Mg+Fe)) in different components of enstatite chondrites shows that δ30Si becomes
progressively heavier with decreasing metal content. The color codes used are as follows, Yellow: Sahara 97072, Red: Kota-
Kota, Pink: MAC 88184, Green: Abee, and Blue: Indarch. Gray-colored symbols indicate literature data. (Color figure can be
viewed at wileyonlinelibrary.com)
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results from high temperature–pressure experiments
(Shahar et al., 2011), and ab initio calculations (Javoy
et al., 2012), which have demonstrated that reduced
metals are enriched in light Si isotopes compared to the
corresponding silicate fractions.

The variable δ30Si of metal- and silicate-rich fractions
could be related to incomplete separation of the fine-
grained metallic and silicate endmembers during their
physical separation process and/or could be inherited
from isotopically variable precursor materials. We found
that the δ30Si values of MSNs vary according to the
respective size fractions of the individual nodules, that is,
the coarser MSNs of Sahara 97072 (size >250 μm)
possess lighter Si isotope composition (average δ30Si
=�5.13� 0.12‰, n= 1) compared to the smaller nodules
(<250 μm, average δ30Si=�3.28� 0.00‰, n= 2). With
decrease in the size of metal grains, the possibility of
sampling pure metallic end-members (while avoiding
dilution from surrounding silicates) also decreases.
Therefore, the smaller nodules tend to have a higher
proportion of isotopically heavier silicates attached to
them, which could be a possible explanation for the
heavier δ30Si of smaller MSNs compared to that of the
larger nodules. Thus, mixing of different proportions of
isotopically distinct metals and silicates can provide a

viable explanation of the observed δ30Si variations among
EC components.

We also observed a negative correlation between
δ56Fe and Mg# in the EC components (Figure 6), which
suggests that Fe isotope fractionation is mostly associated
with the partitioning of Fe between metals in the magnetic
fractions and silicates/sulfides in the NM fractions. In the
NM fractions of EC, Fe is hosted predominantly by
troilite (FeS), whereas the silicate phases contain only a
minor fraction of Fe (Kallemeyn & Wasson, 1986). For
example, on average, the metal and sulfide phases contain
approximately 49.5 and 49.4 wt% of all Fe in EC, whereas
the silicate phases account for only 1.06 wt% of total Fe in
EC (Wang et al., 2014). Because the abundance of Fe in
EC silicates is minor, mass balance suggests that the
silicates should not have a significant contribution on the
δ56Fe values of EC. In this study, we have used the Ni/S
ratio (determined using ICP-OES in the same digestion
aliquot used for Fe isotope analyses) to provide a measure
of the relative contributions of metal and sulfides in the
studied samples. Nickel has been considered instead of Fe
because Ni exhibits the most siderophile character among
all major elements, and therefore, Ni has lesser tendency
to partition into sulfides compared to Fe (Chabot et al.,
2017). Additionally, the Ni content in troilite grains of EH

FIGURE 6. Negative correlation between δ56Fe and Mg# in EC components indicates that Fe isotope fractionation was
governed by the partitioning of Fe between metal and non-metallic fractions of enstatite chondrites. The color codes used are as
follows, Yellow: Sahara 97072, Red: Kota-Kota, Pink: MAC 88184, Green: Abee, and Blue: Indarch. The larger uncertainty
associated with NM fraction of Indarch and MAC 88184 could be due to low Fe content in these samples. These two samples
were still measured because they passed the requisite yield and purity test. (Color figure can be viewed at wileyonlinelibrary.com)
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and EL chondrites is negligible, ranging from 0.07� 0.01
to 0.11� 0.02 wt% (Lin & Kimura, 1998; Patzer et al.,
2004). Because of the low abundance of Ni in troilite, the
Ni/S ratio of the physically separated fractions of EC is
strongly affected by its metal–sulfide mass ratio. Our
observation that the δ56Fe of EC components become
progressively heavier with increasing Ni/S ratio (Figure 7)
suggests that sulfides are the main host of light Fe isotopes
in the NM fractions of EC. This observation agrees well
with theoretical predictions and experimental studies,
which have demonstrated that troilites are enriched in
lighter Fe isotopes compared to the co-existing magnetic
phases at 1000°C or below (Schauble et al., 2001;
Schuessler et al., 2007; Williams et al., 2006). Thus, the
distinct δ56Fe values of diverse physically separated
components of EC, coupled with the negative correlation
between δ56Fe and Mg# (Figure 6) and positive
correlation between δ56Fe and Ni/S (Figure 7), reflect that
the observed Fe isotope fractionation is mostly associated
with the partitioning of Fe among metal and sulfidic
phases of EC, and not with metal–silicate Fe isotope
partitioning.

Upon combining both Si and Fe isotope data, we
observed an inverse correlation between δ30Si and δ56Fe
among the different physically separated fractions of EC
(Figure 8). For example, the coarser MSNs of Sahara
97072, with the lightest δ30Si composition (�5.61�

0.12‰) possess the heaviest δ56Fe (+0.196� 0.038‰). On
the other hand, its NM fractions possess relatively heavier
Si (average δ30SiEC_NM=�0.40� 0.11‰, n= 3) and
lighter Fe isotope composition (δ56FeEC_NM=�0.052�
0.018‰). This trend of lighter δ30Si and heavier δ56Fe in
the magnetic fractions compared to that in their NM
counterparts was also observed in the component
separates of Kota-Kota (EH3), Abee (EH4), Indarch
(EH4), and MAC 88184 (EL3). The δ30Si and δ56Fe
values of AMGs, magnetic fractions, and BM fractions
vary between MSNs and NM fractions depending on the
relative proportions of Si and Fe content in the separated
mineral mixtures. Comparing the results of high-
temperature isotope exchange experiments by Hin
et al. (2014) and Shahar et al. (2015) reflects that the
directions of metal–silicate equilibrium isotope
fractionation factors of silicon and iron are opposite of
each other, which is consistent with the inverse correlation
between δ30Si and δ56Fe observed in diverse EC
components. Thus, metal–silicate Si isotope partitioning
and metal–sulfide Fe isotope partitioning at low oxygen
fugacity provide a first-order explanation of the anti-
correlated Si and Fe isotope variations observed in
EC components (Figure 8). However, the formation
conditions (temperature, pressure, oxygen fugacity, etc.)
of EC were significantly different than the experimental
conditions, and given the differences in the magnitude of

FIGURE 7. Correlated variation between δ56Fe and Ni/S in EC components demonstrates that Fe isotopes in EC were
predominantly affected by metal–sulfide fractionation. The color codes used are as follows, Yellow: Sahara 97072, Red: Kota-
Kota, Pink: MAC 88184, Green: Abee, and Blue: Indarch. (Color figure can be viewed at wileyonlinelibrary.com)
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Si and Fe isotope fractionation between experimental
results and EC data, it is unlikely that mixing of
isotopically distinct phases in variable proportions alone
can explain the observed isotope fractionation. Instead,
the Si and Fe isotope distributions in EC must have
contributions from isotopically variable precursor
materials or they were affected by different parent body
processes or both.

Nebular Origin of the lighter δ30Si of Bulk enstatite
chondrites

The Si isotope compositions of bulk EC (average
δ30SiBM=�0.69� 0.14‰, this study) plot between its
metal-rich and silicate-rich endmembers (Figure 5). The
most straightforward interpretation of this observation is
that the lighter δ30Si of bulk EC compared to OC and CC
(average δ30SiCC-OC =�0.46� 0.02‰, 2SE, Zambardi
et al., 2013) is governed by the significantly lighter Si
isotopic composition of EC metals (Kadlag et al., 2019;
Savage & Moynier, 2013; Sikdar & Rai, 2020, this study).
However, the average abundance of Si in EC metals is
significantly lower (∼3 wt% Si, Ringwood, 1960)
compared to that in silicates (∼97 wt%). Hence, mass
balance requires that Si isotope composition of the
silicate phases has an important control on the Si isotope

composition of bulk EC. To evaluate the degree of Si
isotope homogeneity in EC silicates, three different
aliquots of NM fractions from Sahara 97072 were
processed and analyzed separately. Within the limits of
our analytical uncertainties, it is evident that the different
NM fractions of Sahara 97072 are not homogeneous,
with δ30Si varying from �0.45� 0.04‰ to �0.34�
0.04‰. The δ30Si values of the NM fractions of Kota-
Kota, Abee, and MAC 88184 ranged from �0.48�
0.05‰ to �0.32� 0.06‰, indicating that the silicates of
EC can have δ30Si values similar to bulk OC-CC and/or
heavier. Additionally, we found that the WMPs, which
are also silicates composed predominantly of SiO2,
possess the heaviest δ30Si among all studied components.
Since the δ30Si values of the NM fractions of EC are
largely independent of the metal content and Mg/Fe
ratio, we suggest that the incorporation of light Si in EC
metals alone cannot explain the overall lighter δ30Si of
bulk EC (Kadlag et al., 2019, this study).

In addition, the δ56Fe of five bulk EC analyzed in this
study (0.03� 0.04‰, n= 5) was found to be
indistinguishable from that of OC and CC (Craddock &
Dauphas, 2011; Poitrasson et al., 2004; Wang et al.,
2014). The uniform δ56Fe among bulk chondrites further
reflects that the light δ30Si of EC cannot be a sole

FIGURE 8. Inverse correlation between δ30Si and δ56Fe among different components of EC, that is, δ30Si becomes heavier from
magnetic to non-magnetic fractions whereas δ56Fe becomes progressively lighter. The color codes used are as follows, Yellow: Sahara
97072, Red: Kota-Kota, Pink: MAC 88184, Green: Abee, and Blue: Indarch. Gray-colored symbols refer to literature data. The
horizontal and vertical bars represent the range of Si and Fe isotope variations in BSE, which has an average δ30Si of �0.29� 0.08‰
(Savage et al., 2010) and δ56Fe of +0.015� 0.018‰ (Weyer et al., 2005). (Color figure can be viewed at wileyonlinelibrary.com)
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consequence of arbitrary addition of metal with
extremely low δ30Si. This is because random accretion of
isotopically variable metals is expected to generate
scattered, non-chondritic δ56Fe values in bulk EC, which
is not observed. Given this rather tight constraint, it is
clear that processes that led to the light Si isotope
composition of bulk EC did not disturb their bulk Fe
isotope compositions, which implies that Si isotopes were
mostly fractionated before the accretion of EC parent
body, probably in their reservoir stage. Previous studies
have shown that the loss of isotopically heavier forsterite
silicates from the EC-forming region could have
contributed to the characteristically low Mg/Si and
lighter δ30Si of bulk EC compared to OC and CC
(Dauphas et al., 2015; Kadlag et al., 2019). Since EH
chondrites are depleted in refractory elements and Mg
relative to Fe, Ni, and Si (as indicated by their low Al/Si
of 0.60 and Mg/Si ratio of 0.73 (Wasson et al., 1988)), it
is likely that the isotopically heavy forsterite-rich silicates
were lost simultaneously with the refractory elements
from the nebular region where EC parent bodies were
formed (Dauphas et al., 2015; Kadlag et al., 2019).

Influence of Redox Conditions on Si and Fe Isotope
Fractionation

To access the significance of metal–silicate–sulfide
partitioning in generating isotope fractionation in
reduced versus oxidized planetary environments, we have
carried out Si and Fe isotope analyses in the bulk and
magnetic phase separates of Northwest Africa (NWA)
5492, which is a metal-enriched (>20 vol% metal)
ungrouped chondrite, presumably from the inner solar
system (Weisberg et al., 2012, 2015). The silicates of
NWA 5492 are composed primarily of nearly pure
enstatite and are more reduced than the silicates of OC
and CC (Weisberg et al., 2012, 2015). The average δ30Si
of bulk NWA 5492 was found to be �0.42� 0.07‰,
which is indistinguishable from the Si isotope
composition of CC and OC (average δ30SiCC-OC

=�0.46� 0.02‰ (Zambardi et al., 2013)). In addition,
no significant δ30Si differences were observed between
bulk NWA 5492 (i.e., δ30SiBM=�0.42� 0.07‰) and its
NM fraction (δ30SiNM=�0.46� 0.06‰), which is in
contrast to the Si isotope differences observed between
bulk EC and its NM fraction (Table 1). This result can be
explained by the fact that despite FeO-poor silicate
minerals, the metals of NWA 5492 are not reduced
enough to incorporate significant amounts of Si. Thus,
due to negligible metal–silicate Si isotope fractionation in
the formation region of NWA 5492, its bulk and NM
fractions have preserved δ30Si similar to that of OC and
CC.

On the other hand, significant δ56Fe variations exist
between magnetic and NM fractions of NWA 5492. Iron

in NWA 5492 is distributed among its silicate (composed
dominantly of pyroxene with modal abundances of 44.7
vol%), sulfide (2.5 vol%), and Fe-Ni metal (modal
abundances of 22.6 vol%) phases (Weisberg et al., 2012).
The average Fe isotope composition was found to vary
systematically from M to NM fractions in the following
order: δ56FeM (0.206� 0.065‰)> δ56FeBM (0.042�
0.046‰)> δ56FeNM (�0.131� 0.008‰). The direction
and magnitude of Fe isotope fractionation between
magnetic and NM phases of NWA 5492, that is,
Δ56FeM-NM= 0.34� 0.065‰, overlap with the reported
Δ56FeMetal-Troilite of OC (0.24� 0.39‰), EC (0.26�
0.04‰, Qingzhen), pallasites (∼0.28‰), and iron-
meteorites (0.32� 0.23‰, Odessa) (Needham et al., 2009;
Wang et al., 2014; Weyer et al., 2005; Williams et al.,
2006). Given this, our Fe isotope data of NWA 5492
suggest that stable Fe isotopes have undergone significant
fractionation among its magnetic and NM phases in
diverse meteorite groups irrespective of the
physicochemical conditions and oxygen fugacity under
which their last thermal processing and isotopic
fractionation have occurred, which is not the case for Si
isotopes.

A key feature observed upon comparing the Fe
isotope composition of the matrix-derived magnetic
fractions (i.e., matrix metals, MM) of the studied EC with
that of two unequilibrated OCs and an ungrouped
chondrite was the distinct Fe isotope composition of the
two groups. The average δ56Fe of the matrix metals of
NWA 5492, WSG 95300, and QUE 97008 were 0.206�
0.065‰, 0.198� 0.095‰, and 0.286� 0.062‰,
respectively. The average δ56Fe values of the matrix metals
of EC were 0.129� 0.018‰ (Kota-Kota), 0.130� 0.032‰
(Sahara 97072), �0.023� 0.053‰ (MAC 88184), 0.032�
0.026‰ (Abee), and 0.140� 0.046‰ (Indarch). Although
based on a small data set (n= 8), Student’s t-tests indicate
that the δ56Fe values of the matrix metals of the studied
OC and NWA 5492 (average δ56FeOC/UNG_MM= 0.230�
0.097‰) are significantly heavier compared to that of EC
(average δ56FeEC_MM= 0.082� 0.146‰) at 95%
confidence level. This observation can be explained by the
fact that the matrix metals of EC often contain a
significantly higher abundance of intergrown sulfides,
which is reflected in their Ni/S ratio (ranges from 0.59 to
1.01) compared to that of OC and NWA 5492 (Ni/S >4,
Table 2). Since sulfides are enriched in light Fe isotopes, its
minor contribution can dramatically change the measured
δ56Fe of the studied phases. Given this, we suggest that the
heavier δ56Fe of the magnetic fractions of NWA 5492 and
OC is probably because of the lesser abundance of
intergrown sulfides in their metallic fractions compared to
that in EC. To conclude, the significant Si isotope
fractionation between metal and silicates in only restricted
to highly reduced EC whereas stable Fe isotopes have
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undergone fractionation between metal, troilite, and/or
silicates in almost all undifferentiated meteorites.

Diffusion during Parent Body Metamorphism
The chondrites analyzed in this study have a

metamorphic grade of 3 (Sahara 97072, Kota-Kota, MAC
88184) and 4 (Abee, Indarch). Analyses of noble gases in
presolar diamonds suggest that the maximum equilibration
temperatures of EH3 and EH4 chondrites are ∼800 and
∼900K, respectively (Huss & Lewis, 1994). At 900K, the
diffusion length of Si in enstatite is calculated to be ∼10�6

to 10�2 μm in case of internal heating for a time period of
100Ma (Dohmen et al., 2002). At similar time-scale, the
diffusion length of Si in Fe-Si metals is ∼103 μm (Riihimäki
et al., 2008), which implies that the rate of self-diffusion of
Si in silicates is at least five times slower compared to that
in metals. Thus, although the metallic fractions of EC are
likely to have undergone Si diffusion during thermal
metamorphism, diffusion of Si isotopes among the silicate
minerals of unequilibrated ECs should not be highly
effective. Diffusion slows down further at temperature of
800K or below, and therefore, Si isotope equilibration
during thermal metamorphism in chondrite parent body is
not expected to alter the δ30Si values of the silicate phases
of EH3 chondrites. Since silicates act as a major reservoir
of Si in EC and it is difficult to diffuse Si in silicate minerals
during planetary heating processes, the Si isotope
variations observed among the silicate fractions of EH3
chondrites most likely preserve the Si isotope signatures of
the gas and solid (silicate or metal) interaction processes in
the reduced nebula.

Owing to the higher diffusivity of Fe relative to Si,
the Fe isotopic composition of the metal and sulfide
fractions of EC may have been affected by impact
melting or radioactive heating of parent body if such late
heating events had lasted for a longer period. At 900K,
the average Fe-Mg interdiffusion coefficient in
orthopyroxenes is 10�26 m2 s�1 (Dohmen et al., 2016),
which indicates that Fe diffusion in enstatite is extremely
slow at 900 K. However, at similar temperature, the self-
diffusion coefficients of Fe are larger in metals and
sulfides, which vary from approximately 10�20 m2 s�1 in
solid Fe-alloys (Zhang, 2014) to 10�9 m2 s�1 in ferrous
sulfide (Condit et al., 1974). Therefore, isotope
homogenization of a 50 μm solid iron alloy at 900 K
requires a time-scale of approximately 1000 years, and it
takes only few seconds for ferrous sulfides to re-
equilibrate. Given this, if we consider diffusion distances
to be on the order of 50–80 μm, diffusion is expected to
re-equilibrate the Fe isotope distribution between metals
and sulfides in planetary bodies during the time-scale of
parent body metamorphism, that is, millions of years
(Huss et al., 2006). Hence, we can state that the δ56Fe of
metal and sulfide grains of the EC matrix might have re-

equilibrated, partially or completely, as a result of
heating processes on the parent body.

Summarizing this section, here we have shown that
the EC components are characterized by significant
metal–silicate Si isotope fractionation, and the overall
lighter δ30Si of bulk EC compared to CC and OC can be
attributed to the presence of light Si isotopes in its
metallic phases and loss of heavier forsterite-rich silicates
from the EC formation region. The slow self-diffusion of
Si in enstatite reflects that the Si isotope composition of
the silicate fractions of EH3 chondrite preserves
information of nebular processing of the reduced EC–
forming reservoir. On the other hand, the Fe isotopes in
EC were mostly fractionated because of metal–sulfide Fe
isotope partitioning. The higher diffusivity of Fe in
sulfides suggest that the δ56Fe variations among EC
components were most likely affected by parent body
heating processes such as impact melting and
metamorphism. We have also demonstrated that
measurable Fe isotope fractionation always occurs
between metal and sulfides during typical nebular and/or
planetary processes irrespective of the oxygen fugacity of
the region where parent body processes took place,
whereas Si isotope fractionation between metal and
silicates is strongly affected by the fO2 of nebular region.

Gas–Solid Interaction Processes in Reduced Nebular

Environment

During the early stages of nebular evolution, processes
such as evaporation, condensation, and gas–solid or gas–
melt reactions generated important chemical fractionations,
leading to chemical diversity among planetary bodies. In
this section, we discuss how interaction of condensing
solids with the surrounding reduced gas might have led to
strong Si and Fe isotopic fractionation in the EC-forming
region.

Silicon Isotope Evolution
EH chondrites are rich in Si-bearing Fe-Ni metal and

it is believed that Fe-Ni metals of the most primitive EC
represent direct condensation products of the solar
nebula (Campbell et al., 2005). Therefore, condensation
of Fe-Ni metal is expected to have played a key role in
the generation of the observed Si and Fe isotope
fractionation in EH3 components. In both equilibrium
and non-equilibrium situations, ab initio calculations
have shown that Fe-Ni metals condensing from reduced
SiO and SiS nebula should be significantly enriched in
lighter Si isotopes whereas the silicate phases become
isotopically heavier (Javoy et al., 2012), which is
supported by the present and previous studies (Kadlag
et al., 2019; Sikdar & Rai, 2020). Because parent-body
processes cannot explain the Si isotope variations in EC
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(see “Origin of Si and Fe Isotope Heterogeneity in EC”
Section), the positive correlation between δ30Si and Mg#
(or Mg/Fe) (Figure 5) likely reflects metal–silicate Si
isotope fractionation during nebular processes. Here, we
investigate the formation conditions of EC components
by utilizing the temperature dependency of stable isotope
fractionation and the magnitude of Si isotope
fractionation predicted between SiOgas and solid species
(Javoy et al., 2012).

We assume that the condensed solids were in
equilibrium with the surrounding gas and the δ30Si values
of the silicate phases of unequilibrated EH3 chondrites
preserve pristine signatures of gas–solid interaction
processes of the nebula (discussed in previous section).
Considering the average δ30Si of the silicate phases of EH3
chondrites to be �0.43� 0.25‰ (calculated based on data
obtained in this study; Fitoussi & Bourdon, 2012; Kadlag
et al., 2019; Savage & Moynier, 2013; Sikdar & Rai, 2020)
and the average mineral equilibration temperature of EH
chondrites of 980� 150K (Javoy et al., 2012), the δ30Si of
SiO(gas) of the EC-forming region can be estimated to be
�4.8� 0.6‰ (Appendix A). This δ30Si value of SiO(gas) is
expected to be already fractionated due to forsterite
condensation because when forsterite fully condenses,
approximately half of Si remains in the gaseous phase and
the rest is in forsterite with δ30SiForsterite of +0.71‰,
suggesting an important role of the removal of heavy Si
isotope-rich forsterite precursors in the generation of
lighter Si isotope composition of bulk EC (Dauphas et al.,
2015). As enstatites are mostly formed from the residual
gas left after forsterite condensation, the episode of
forsterite removal must have occurred before EC
formation.

Now we consider the EC components that display
the most extreme δ30Si values, that is, the Fe-Ni metals
and the WMP silicates. In case of metals, we have not
restricted our calculations to MSNs because their δ30Si
could be associated with magmatic processes on
differentiated bodies (Horstmann et al., 2014), and thus,
MSNs might not record condensation processes. Rather,
we have considered the mean Si isotope composition of
bulk Fe-Ni metals of EH3 chondrites (i.e., �6� 0.3‰),
which has been estimated by averaging the δ30Si values of
EC metals (ranging from �8.24� 0.12‰ to �4.11�
0.13‰) acquired in this study and literature data (Kadlag
et al., 2019; Sikdar & Rai, 2020). For δ30SiEH3 Metal of
�6� 0.3‰, the magnitude of Δ30SiMetals-SiO(gas) requires
that the metals of EH3 chondrites were condensed at a
higher temperature of 1200� 200K (Appendix B). Next,
we consider the WMPs from Sahara 97072 (δ30SiWMPs

=+0.23� 0.10‰) that display the heaviest δ30Si values
(Table 1). As discussed earlier, cristobalite or amorphous
SiO2 should represent the main constituent mineral of the
WMPs. In a gas of solar composition, silicon monoxide

(SiO) is the dominant silicon-bearing molecule
(Chaussidon et al., 2008; Javoy et al., 2010, 2012), and
SiO2 can condense in the EC-forming region through
disproportionation of SiO (Javoy et al., 2012):

2SiO ! SiO2 þ SiFe�metal (2)

Considering δ30SiSiO(gas) to be �4.8� 0.6‰, the δ30Si
of WMPs of Sahara 97072 (+0.23� 0.10‰) requires
that these phases were formed by equilibrium
condensation from the solar nebula at a lower
temperature of 960� 50 K (Appendix C). At this
temperature, SiO2 was probably condensed from the
reduced, supersaturated gas left after the condensation
of metals at higher temperatures. Given this, our Si
isotope data suggests that the Fe-Ni metals of EC-
forming region were condensed earlier than the
isotopically heavier silicates, lending support to the EC
formation models that have argued for substantial
differences in condensation temperature of metals and
silicates/oxides at high-C/O nebular environments
(Larimer & Bartholomay, 1979). We emphasize that
this conclusion assumes that the EC components
underwent equilibrium Si isotope fractionation between
gas and condensed solids in the nebula. However, the
decoupling between δ30Si and Mg/Fe ratio among EC
silicates requires that kinetic effects, probably during
cooling of chondrules and dust particles, might have
played a role as well in the generation of the observed
Si isotope fractionation in EC (Kadlag et al., 2019).
To add, the light Si isotope enrichments (δ30Si ranging
from �9‰ to �1‰) of Mg-rich olivine grains in
amoeboid olivine aggregates (AOAs) of CC (Marrocchi
et al., 2019) are at odds with the positive 2‰/amu
fractionation expected from olivine-gas equilibrium
scenario (Dauphas et al., 2015; Javoy et al., 2012),
thereby hinting towards kinetic fractionations during
condensation and gas–melt interactions in the
formation region of CC. However, the magnitude to
which kinetically controlled Si isotope fractionation has
affected the EC components is not yet known and can
be evaluated by Si isotope analyses in olivine separates
of EH3 chondrites.

Iron Isotope Evolution
Although the Fe isotope fractionation observed in

EC components was influenced by parent body heating
processes (discussed in “Diffusion During Parent
Body Metamorphism” Section), nebular Fe isotope
fractionation should be also measurable. At the
maximum metamorphic temperatures estimated for EH3
and EH4 chondrites of 800–900 K (Huss & Lewis, 1994),
the expected values of Δ56Femetal–sulfide (=δ56Femagnetic�
δ56Fenon-magnetic) range from 0.28� 0.02‰ to 0.22�
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0.03‰, respectively (calculated based on fractionation
factors predicted by theoretical calculations (Polyakov
et al., 2007, Equation 3)).

Δ56Femetal�sulfide ¼ 0:1774� 106

T2
þ 5:6912� 109

T 4

þ 0:2605� 1012

T 6
(3)

The metal–sulfide Fe isotope fractionation (Δ56Femetal–sulfide)
of EC determined in this study ranges from 0.25‰ to
0.39‰. If we consider Δ56Femetal–sulfide of 0.25� 0.04‰,
the Fe isotope difference suggests that the metals and
sulfides were equilibrated at a temperature of ∼850� 100
K. The Δ56Femetal–sulfide of 0.39� 0.05‰, however,
requires that metal–sulfide equilibration occurred at lower
temperature of 700� 50K. Although the lower limit of
Δ56Femetal–sulfide in EC (0.25‰) overlaps with the
equilibrium metal–sulfide Fe isotope fractionation factors
predicted by theoretical calculations at 800–900K
(Polyakov et al., 2007; Polyakov & Soultanov, 2011), its
upper limit (i.e., 0.39‰) is larger than the theoretical
predictions. These results illustrate that kinetic processes
during planetary metamorphism or during repeated
heating and cooling episodes of chondrule formation have
modified any possible equilibrium Fe isotope fractionation
inherited from the nebula. Overall, we suggest that the Si
and Fe isotopic composition of ECs was affected by a
range of physicochemical conditions that prevailed during
early nebular evolution.

Homogeneous δ56Fe of the Solar System

Despite the relatively strong Fe isotope heterogeneity
among different EC components (ranging from �0.305�
0.077‰ to 0.196� 0.038‰), the Fe isotope composition
of the five bulk EC (0.03� 0.04‰, n= 5) analyzed in this
study overlaps with the δ56Fe of diverse types of bulk
chondrites (EH, EL, Ungr, H, L, LL, CV, CM, and CI)
and most achondrites (HEDs, SNCs, Ureilites,
Brachinites), Figure 9 (Needham et al., 2009; Poitrasson
et al., 2004; Wang et al., 2013, 2014; Weyer et al., 2005).
In the Fe–Si isotope space (Figure 9), most planetary
materials cluster at δ56Fe of ∼0.0‰ (Craddock &
Dauphas, 2011; Poitrasson et al., 2004; Weyer et al.,
2005), with the exception of aubrites, volatile-depleted
angrites, and lunar igneous rocks (Pringle et al., 2014;
Wang et al., 2012). The Fe isotope composition of the
later may have been affected by igneous differentiation
processes or evaporative loss of light Fe isotopes during
the magma ocean stage (Pringle et al., 2014). We found
that the δ56Fe of ungrouped NWA 5492 is also
indistinguishable from bulk planetary materials, which
support previous conclusions that Fe isotopes were

already well homogenized in the early nebula before the
onset of planetesimal accretion (Zhu et al., 2001). Such
homogeneity in δ56Fe rules out any significant
redistribution and mixing of isotopically fractionated Fe
phases such as metals, sulfides, or chondrules across the
proto-planetary disk prior to the formation of their
parent bodies (Johansen et al., 2021). This is because to
maintain chondritic δ56Fe in diverse types of bulk
planetary materials from variable heliocentric distances,
the isotopically distinct Fe phases need to be
redistributed in a very specific proportion, for which no
evidence exists. Instead, the homogeneous δ56Fe suggest
that during local heating and cooling cycles, the metals,
silicates, and sulfides were retained in their local nebular
domains. Thus, we can suggest that the solar system
bodies that display homogeneous and chondritic δ56Fe,
yet variable compositional characteristics (e.g., variations
in the abundance of refractory elements, volatile
depletion pattern, or specific mass-independent isotope
composition) likely represent planetesimals that were
accreted from local feeding zones in the disk. Assuming
rapid initial growth of planetesimals in these feeding zones,
the proposed narrow gaps and fine-scale ring structures in
the disk (Izidoro et al., 2021) must have existed after the
partial or entire condensation of Fe in the inner solar
system and before the episodes of gas dissipation. During
this time, the lateral mixing between inner and outer
solar system dust remained limited, either because of the
growth of Jupiter (Batygin & Laughlin, 2015; Kruijer
et al., 2017) or because of the changing dynamics of the
proto-planetary disk (Lichtenberg et al., 2021). Due to
such restricted movements, the chondritic components
were probably retained in spatially restricted feeding
zones. Overall, we suggest that the significant Fe isotope
fractionation observed among EC components must be an
outcome of local thermal processing at a range of
physicochemical conditions in the nebula and/or in the
parent body.

Implications for Silicon and Iron Isotope Composition of

the Earth

The Si isotope composition of the BSE is heavier than
chondrites by at least ∼0.1‰ (Armytage et al., 2011;
Fitoussi & Bourdon, 2012; Georg et al., 2007; Zambardi
et al., 2013). Three major processes are considered as
possible explanation: (i) Equilibrium Si isotope
fractionation between metal and silicate during core–
mantle segregation (Armytage et al., 2011; Georg et al.,
2007; Zambardi et al., 2013), (ii) preferential evaporation
of light Si isotopes into space during vapor loss from
molten planetesimal precursors (Hin et al., 2017; Pringle
et al., 2014), and (iii) Si isotope fractionation associated
with interaction between gaseous SiO and solid forsterite

Si and Fe isotopes in EC 995



in the nebula (Dauphas et al., 2015; Kadlag et al., 2019).
The second and the third processes may involve a
combination of metal–silicate Si isotope fractionation at
nebular conditions and evaporative loss of light Si isotopes
into space during high-energy collisions among growing
planetesimals (Sikdar & Rai, 2020).

Chemical accretion and core formation models of
terrestrial planets hypothesize that the Earth underwent
heterogeneous accretion, with the initially accreting
materials being similar to highly reduced EC (Rubie et al.,
2015; Wood et al., 2006). Given the chondritic to
superchondritic δ30Si of EC silicates, it is likely that
heterogeneous accretion of EC silicates after the
aggregation of a light Si-enriched metallic proto-core can
explain the heavier δ30Si of BSE without requiring any
significant Si isotope fractionation at high-temperature
core-forming conditions. However, the formation of the
mantle of a large terrestrial planet like the Earth without
equilibration with its core is not a feasible scenario. In
addition, BSE has a considerably larger abundance of
forsterite and a higher Mg/Si ratio of 1.25 (McDonough &
Sun, 1995) compared to that of EC silicates, which makes
it unlikely that materials similar to EC silicates were solely
responsible for the current Si isotope and chemical
composition of the BSE. Since the similar nucleosynthetic

isotope composition between BSE and EC for several
elements indicates accretion of EC parent bodies and
the Earth from the same isotopic reservoir of the solar
system (Dauphas, 2017), a viable explanation for the
characteristic Si isotope and elemental composition of the
BSE can be provided by the formation of the silicate
reservoir of the Earth via accretion of (i) silicates similar to
that of EC and (ii) unsampled inner solar system materials
lost from the EC-forming or nearby regions that were
enriched in heavy Si isotopes and refractory lithophile
elements (see “Nebular Origin of the Lighter δ30Si of Bulk
EC” Section of this study).

Similar to Si isotopes, the heavier Fe isotope
composition of terrestrial basalts relative to chondrites by
∼0.1‰ has been interpreted to reflect either metal–silicate
equilibrium Fe isotope fractionation during core–mantle
segregation, or evaporative loss of light Fe isotopes
during impact erosion, or isotope fractionation during
partial mantle melting and fractional crystallization
(Poitrasson et al., 2004; Polyakov, 2009; Schoenberg &
Blanckenburg, 2006; Sossi & Moynier, 2017). Although
terrestrial basalts have a non-chondritic δ56Fe, the stable
Fe isotope composition of fertile mantle peridotites is
indistinguishable from bulk chondrites (Craddock et al.,
2013; Wang et al., 2013; Weyer & Ionov, 2007). Since

FIGURE 9. Si and Fe isotope composition of diverse planetary materials compiled from published data (Armytage et al., 2011;
Barrat et al., 2015; Dauphas et al., 2015; Fitoussi & Bourdon, 2012; Needham et al., 2009; Savage et al., 2010; Savage &
Moynier, 2013; Wang et al., 2012, 2013, 2014; Weyer et al., 2005; Zambardi et al., 2013) and results of EC from this study. In
Si-Fe isotope space of bulk planetary materials, most Fe isotope data cluster at around �0.00‰ whereas Si isotope values
display heterogeneous distribution. The larger uncertainty in the δ56Fe value of Aubrites is due to significant Fe isotope
difference between main group aubrite and Shallowater meteorite. (Color figure can be viewed at wileyonlinelibrary.com)
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the heavier δ56Fe of terrestrial basalts relative to
peridotites could be generated during partial melting and
fractional crystallization (Weyer et al., 2005; Weyer &
Ionov, 2007), it is likely that the chondritic Fe isotope
composition of mantle peridotites was not significantly
affected by post-nebular processes. Given this, we
conclude that the governing reactions that fractionated
Earth’s Si and Fe isotope composition was mostly set at
nebular temperature–pressure conditions, possibly
through metal–silicate–sulfide–gas phase fractionation
and removal of refractory components, and the Earth
has mostly inherited its Si and Fe isotopic signature
predominantly from the mixture of its precursor
materials. This would in turn imply that the Si and Fe
isotope composition of the BSE has not been
significantly modified by high temperature–pressure
core–mantle equilibration of the Earth.

CONCLUSIONS

The physically separated components of EH3 and
EH4 enstatite chondrites display considerable mass-
dependent Si and Fe isotope fractionation, which is partly
affected by incomplete separation of different chondrite
phases and predominantly reflects nebular/parent body
processes. The correlated variation between (i) δ30Si and
Mg# and (ii) δ56Fe and Ni/S among EC components
coupled with the (iii) inverse correlation between δ30Si and
δ56Fe suggest that metal–silicate Si isotope partitioning and
metal–sulfide Fe isotope partitioning at low oxygen
fugacity provides a first-order explanation of the observed
isotope variations in EC components. The Fe isotope
distribution in EH3 and EH4 chondrites was affected by
late diffusive exchange of Fe isotopes during parent body
heating processes whereas the δ30Si values of their silicate
phases mostly preserves nebular signature. Fe isotope
analyses in magnetic phase separates of two OC, an
ungrouped chondrite, and published data on chondrites
show that Fe isotopes have undergone considerable metal–
sulfide fractionation in most planetary bodies irrespective
of the oxygen fugacity under which their parent planets
were accreted, which is not the case for Si isotopes. The
relatively strong Fe isotope fractionation between metals
and sulfides during nebular and parent body processes is in
contrast with the homogeneous δ56Fe of bulk planetary
materials from different domains of the proto-planetary
disk, indicating that arbitrary mixing of chondrules with
troilite and metals from various heliocentric distances is
not a feasible accretion scenario. The observation further
illustrates that the components of a particular planetesimal
were formed and retained in spatially restricted feeding
zones, and the Fe isotope fractionation observed between
metals and sulfides mostly reflect local changes in the
physicochemical conditions of their evolutionary

environments. Another corollary of the uniform δ56Fe
among bulk chondrites is that the light δ30Si of EH3
chondrites cannot be a sole consequence of arbitrary
addition of metal with extremely low δ30Si because this
would have led to scattered, non-chondritic δ56Fe in bulk
EC, which is not observed. Rather, the lighter δ30Si of EH
chondrites must be a property of the protoplanetary disk
where EC parent bodies were formed. It is likely that early
loss of isotopically heavier refractory silicates has
influenced the end-member Si isotope compositions of EH3
and EH4 chondrites. Our Si and Fe isotope data in EC
components suggest that the characteristic isotope
signature of the Bulk Silicate Earth was carried over from
its precursor materials, whereby the isotopically heavier EC
silicates and forsterite-rich refractory silicates lost from the
EC-forming regions could have contributed to the growing
silicate Earth. The accretion of such refractory components
can explain not only the heavier δ30Si of BSE but also its
higher Mg/Si ratio and enriched refractory element
abundances.
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APPENDIX A

Δ30SI OF SIO(GAS) IN THE EC-FORMATION

REGION

The δ30Si value of SiO(gas) was calculated considering
the following parameters:

• δ30Si of the silicate phases (composed predominantly
of enstatite) of unequilibrated enstatite chondrites:
�0.43� 0.25‰ (This study + Literature Data).

• Average formation temperature of EH chondrite:
980� 150 K.

The equilibrium isotopic fractionation factor as a
function of temperature T (K) for T> 500 K is given by
Equation (A1):
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1000� ln αð Þ ¼ axuþ bxu2 þ cxu3, u ¼ 106=T2 (A1)

The coefficients of the polynomial fit for 30Si/28Si
isotope fractionation between enstatite and SiO(gas) as a
function of temperature are as follows (Javoy et al.,
2012):

a b c

4.1877 �0.056078 �0.0002044

Considering the coefficient values and the average
temperature of EH in Equation (A1), we get

δ30SiEnstatite�δ30SiSiO

¼ 4:1877� 106

980� 150ð Þ2 �0:056078

� 106

980� 150ð Þ2
 !2

�0:0002� 106

980� 150ð Þ2
 !3

Putting the δ30Si of the silicate phases of EH3
chondrites and rounding off, we get

δ30SiSiO ¼ �4:8� 0:6‰

APPENDIX B

CONDENSATION TEMPERATURE OF METALS

IN EC-FORMATION REGION

The condensation temperature of metals in EC-
forming region was calculated considering the following
parameters:

δ30SiSiO ¼ �4:8� 0:6‰

Average δ30Si of bulk metals of EH3 chondrite:
�6� 0.3‰.

Average temperature of EH chondrite: 980� 150 K.
The coefficients of the polynomial fit for 30Si/28Si

isotope fractionation between FeSi and SiO(gas) as a
function of temperature are as follows (Javoy et al.,
2012):

a b c

�1.7251 0.10443 �0.0026672

Considering these coefficient values in
Equation (A1), we get

δ30SiFeSi�δ30SiSiO ¼ �1:7251� 106

T2
þ 0:10443

� 106

T2

� �2

�0:0026672 � 106

T2

� �3

Substituting the values of δ30SiFeSi and δ30SiSiO in the
above equation, we get

TFeSi ¼ 1200� 200 K

APPENDIX C

CONDENSATION TEMPERATURE OF SIO2 IN EC-

FORMATION REGION

The condensation temperature of SiO2 was calculated
assuming that white mineral phases (WMPs) of EH3
chondrites are the best representative of SiO2 in the EC-
forming region. The following parameters were taken into
consideration.

δ30SiSiO ¼ �4:8� 0:6‰

δ30Si of WMP from Sahara 97072 =+0.23� 0.10‰.
Average temperature of EH chondrite: 980� 150 K.
The coefficients of the polynomial fit for 30Si/28Si

isotope fractionation between Quartz (SiO2) and SiO(gas)

as a function of temperature are as follows (Javoy et al.,
2012):

a b c
4.6409 �0.056228 0.00041

Considering these coefficient values in
Equation (A1), we get

δ30SiQuartz�δ30SiSiO ¼ 4:6409� 106

T2
�0:056228

� 106

T2

� �2

þ 0:00041� 106

T2

� �3

TSiO2
¼ 960� 50K

Si and Fe isotopes in EC 1001
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