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Abstract

Various iron and stony-iron meteorites have been characterized for their Ni and Fe isotopic compositions using multi-
collector inductively coupled plasma-mass spectrometry (MC-ICP-MS) after sample digestion and chromatographic separa-
tion of the target elements in an attempt to further constrain the planetary differentiation processes that shifted these isotope
ratios and to shed light on the formational history and evolution of selected achondrite parent body asteroids. Emphasis was
placed on spatially resolved isotopic analysis of iron meteorites, known to be inhomogeneous at the lm to mm scale, and on
the isotopic characterization of adjacent metal and silicate phases in main group pallasites (PMG), mesosiderites, and the IIE
and IAB complex silicate-bearing iron meteorites. In a 3-isotope plot of 60/58Ni versus 62/58Ni, the slope of the best-fitting
straight line through the laterally resolved Ni isotope ratio data for iron meteorites reveals kinetically controlled isotope frac-
tionation (bexper = 1.981 ± 0.039, 1 SD), predominantly resulting from sub-solidus diffusion (with the fractionation exponent
b connecting the isotope fractionation factors, as a62=58 ¼ ab60=58). The observed relation between d56/54Fe and Ir concentration
in the metal fractions of PMGs and in IIIAB iron meteorites indicates a dependence of the bulk Fe isotopic composition on
the fractional crystallization of an asteroidal metal core. No such fractional crystallization trends were found for the corre-
sponding Ni isotope ratios or for other iron meteorite groups, such as the IIABs. In the case of the IIE and IAB silicate-
bearing iron meteorites, the Fe and Ni isotopic signatures potentially reflect the influence of impact processes, as the degree
of diffusion-controlled Ni isotope fractionation is closer to that of Fe compared to what is observed for magmatic iron mete-
orite types. Between the metal and olivine counterparts of pallasites, the Fe and Ni isotopic compositions show clearly resolv-
able differences, similar in magnitude but opposite in sign (D56/54Femet-oliv of +0.178 ± 0.092‰ and D60/58Nimet-oliv of �0.212
± 0.082‰, 2SD). As such, the heavier Fe isotope ratios for the metal (d56/54Fe = +0.023‰ to +0.247‰) and lighter values for
the corresponding olivines (d56/54Fe = �0.155‰ to �0.075‰) are interpreted to reflect later-stage Fe isotopic re-equilibration
between these phases, rather than a pristine record of mantle-core differentiation. In the case of mesosiderites, the similarly
lighter Ni and Fe isotopic signatures found for the silicate phase (�0.149‰ to +0.023‰ for d60/58Ni, �0.214‰ to �0.149‰
for d56/54Fe) compared to the metal phase (+0.168‰ to +0.191‰ for d60/58Ni, +0.018‰ to +0.120‰ for d56/54Fe) likely result
from Fe and Ni diffusion. Overall, the Fe and Ni isotopic compositions of iron-rich meteorites reflect multiple, often super-
http://dx.doi.org/10.1016/j.gca.2016.04.050

0016-7037/� 2016 Elsevier Ltd. All rights reserved.

⇑ Corresponding author.
E-mail address: Frank.Vanhaecke@UGent.be (F. Vanhaecke).

http://dx.doi.org/10.1016/j.gca.2016.04.050
mailto:Frank.Vanhaecke@UGent.be
http://dx.doi.org/10.1016/j.gca.2016.04.050
http://crossmark.crossref.org/dialog/?doi=10.1016/j.gca.2016.04.050&domain=pdf


S.M. Chernonozhkin et al. /Geochimica et Cosmochimica Acta 186 (2016) 168–188 169
imposed, processes of equilibrium or kinetic nature, illustrating convoluted parent body histories and late-stage interaction
between early-formed planetesimal reservoirs.
� 2016 Elsevier Ltd. All rights reserved.
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1. INTRODUCTION

At present, natural stable isotope fractionation has been
shown to affect elements with P2 isotopes. Generally, dif-
ferences of the order of �1‰ are observed for the isotope
ratios on the bulk meteorite scale, with usually even larger
effects for lighter elements. The overwhelming part of these
isotope fractionations exhibit a mass-dependent character,
indicating that the extent of the observed isotope fraction-
ation, caused by chemical reaction or phase change,
depends on the masses of the isotopes. Based on the under-
lying natural process, the distinction is made between equi-
librium and kinetic mass-dependent fractionation.
Equilibrium mass-dependent isotope fractionation occurs
during exchange between compounds (or between phases)
as a result of differences in the equilibrium reaction con-
stants for different isotopes, which arise from slightly differ-
ent vibrational energy levels for the molecules that contain
these different isotopes. As such, equilibrium isotope frac-
tionation largely depends on the bonding environment of
the atom and the temperature of the governing process.
In contrast, kinetic mass-dependent isotope fractionation
arises without achieving equilibrium in the system, as a
result of the different rates at which the isotopes with differ-
ent masses are involved in a process (either physical rates,
as in the case of diffusion, or chemical reaction rates). A
classical example of kinetic isotope fractionation is the irre-
versible evaporation to the vacuum of an element, where
the rate constants depend on the isotopic masses
(Alexander and Wang, 2001; Dauphas et al., 2004;
Richter et al., 2009a). For ordinary chondrites, isotopic
variations of Ni, Cu and Zn have been suggested to result
from vapor-solid reactions, followed by mineral sorting
during accretion (Moynier et al., 2007). Similarly, the iso-
tope ratios of the elements taking part in chemical or ther-
mal diffusion can be affected, due to the fact that isotopes
tend to diffuse at dissimilar rates as a result of differences
in their masses (Richter et al., 2009b). Equilibration of
the isotope ratios between two adjacent phases is achieved
via diffusive isotopic exchange, which, in its turn, is associ-
ated with kinetic isotope effects. During slow cooling of
mineral assemblages, diffusion will effectively stop at a par-
ticular temperature. In some cases, when equilibrium can-
not be achieved, some degree of the kinetic control on the
isotope ratios will be preserved, dependent on, for instance,
the cooling rate, the target element and the mineral assem-
blage studied (e.g., Mueller et al., 2010). In practice, the dis-
tinction between kinetic and equilibrium mass-dependent
isotope effects can be made by calculating the theoretical
fractionation exponents b for equilibrium and kinetic iso-
tope control, and by comparing these to the experimental
slope obtained from the corresponding 3-isotope plot
(Young et al., 2002):

beq ¼
ð1=m58 � 1=m62Þ
ð1=m58 � 1=m60Þ ð1Þ

bkin ¼
lnðm58=m62Þ
lnðm58=m60Þ ð2Þ

In the Early Solar System, the intense heating of initially
undifferentiated planetesimals as a result of short-lived b�

isotope decay of 26Al led to the differentiation of these bod-
ies with the formation of silicate-dominated mantles and
iron-rich cores, from which iron-rich achondritic meteorites
derive (Grimm and Mcsween, 1993). These planetary frac-
tionation processes not only affected the elemental compo-
sition, but also the isotopic composition of the meteorite
parent bodies (Moynier et al., 2007). In the case of iron-
rich meteorites, Fe and Ni can experience resolvable equi-
librium isotope fractionation in the processes associated
with the melting of undifferentiated precursors and subse-
quent segregation of metal from silicate. The degree of
equilibrium isotope fractionation between the co-existing
phases depends on the temperature at which these processes
occurred. Under the temperature and pressure conditions in
asteroid-size parent bodies, heavier Fe isotopic composi-
tions for the metal core and lighter isotope ratios for silicate
phases relative to the initial isotopic composition of the pre-
cursor material are expected (Polyakov, 2009). Trace ele-
ment concentration trends within most iron meteorite
groups reflect fractional crystallization (Scott, 1972;
Goldstein et al., 2009), which confirms the formation of
�2 to 100 km sized metallic cores within differentiated
meteorite parent bodies (Chabot and Haack, 2006). How-
ever, another class of iron meteorites, known as the IAB
complex and IIE silicate-bearing groups (previously desig-
nated ‘‘non-magmatic”), shows no compositional trends
indicative of fractional crystallization. Instead, these mete-
orites contain enclosed silicates and are interpreted to have
formed as a result of planetesimal collision. For instance,
the IAB meteorite complex is thought to result from impact
on a partially differentiated asteroid that experienced less
peak heating and in part preserved a chondritic composi-
tion (Goldstein et al., 2009; Ruzicka, 2014). If this pre-
sumed model is correct, the expected Fe-Ni isotopic
variations in silicate-bearing iron meteorites arising due to
impact processing should be different from those resulting
from magmatic processing and core formation in the purely
magmatic iron meteorites groups. Impact processing poten-
tially includes preferential evaporation of light isotopes in a
process similar to the modeled evaporation to vacuum, with
an associated shift to heavier isotopic compositions. In
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contrast to magmatic processes, for which Fe and Ni iso-
tope ratios depend on crystal chemistry constraints and
on the corresponding fractions that went into the silicate
and metal fractions, the relative isotope ratio shifts for Fe
and Ni in the case of impact should be of similar magni-
tude, given the comparable element volatilities. CB chon-
drites are thought to have some components that formed
by condensation in impact plumes (Tang and Dauphas,
2012; Richter et al., 2014; Weyrauch et al., 2015).

However, later-stage processes leading to Fe and Ni iso-
tope fractionation in iron meteorite parent bodies, such as
sub-solidus diffusion during the Widmanstätten pattern
growth, also need to be considered. This diffusion results
from the growth of Ni-poor kamacite (bcc a-iron) from
taenite (fcc c-iron) during the slow (a few to thousands
�CMyr�1 (Goldstein et al., 2014); cooling of iron meteorite
parent bodies and the dissimilar diffusivities for the different
isotopes. During cooling, initially stable taenite decomposes
to form intergrown kamacite and taenite lamellae via solid
state diffusion of Ni and Fe atoms, a process that is accom-
panied by kinetic isotope fractionation. The fractionation
of Fe and Ni isotopes during the growth of kamacite out
of taenite during the formation of the Widmanstätten pat-
tern has been modeled for a set of cooling rates ranging
from 25 to 500 �CMyr�1 (Dauphas, 2007). As equilibrium
fractionation of Fe and Ni isotopes due to the redistribu-
tion between a and c phases following crystal chemistry
constraints is also possible, the contributions of kinetic
and equilibrium isotope fractionation need to be evaluated.
The cooling histories of the iron meteorite parent bodies are
reflected in the metallographic cooling rates determined for
the iron meteorite group members. For instance, IVA iron
meteorites are characterized by a wide range of cooling
rates between 100 and 6600 �C Myr�1 (1500 �CMyr�1 for
Gibeon) (Goldstein et al., 2014). These cooling rates depend
on the size of the parent body, the depth within the core
and prevalence and thickness of any covering mantle.

Stony-iron meteorites, consisting of pallasites and meso-
siderites, are closely related to iron meteorites. Both mete-
orite groups are composed of nearly equal parts of metal,
derived from the metal core of a differentiated asteroid,
and a silicate counterpart. This silicate is made up of
mantle-derived olivine crystals in the case of pallasites or
brecciated remains of basaltic minerals of predominantly
crustal origin in the case of mesosiderites. Besides the obser-
vation that the parent bodies of both meteorite groups
show extensive evidence for processes related to impact
and collision, there is no data to support a common origin
from the same parent body (Greenwood et al., 2006). For
instance, the D17O oxygen isotopic compositions of olivines
in pallasites and mesosiderites differ by �0.06‰
(Greenwood et al., 2015). An alternative hypothesis for
mesosiderite formation envisions mixing of brecciated
basaltic/pyroxenic silicates (Ruzicka et al., 1994) derived
from igneous differentiated asteroid crust/regolith with
asteroidal core fragments upon impact (Wasson and
Rubin, 1985; Hassanzadeh et al., 1990). Although the exact
formational mechanism of pallasites is still heavily debated,
a model involving collision with a substantially molten par-
ent body, which separated a partially solidified core and
mantle containing olivine and silicate melt, remains a com-
pelling possibility (Ruzicka, 2014). In a ‘‘hit and run”
impact scenario, molten metal and silicate mantle material
from the core-mantle boundary would be mixed and re-
accreted (Yang et al., 2010). Poitrasson et al. (2005)
reported heavy Fe isotopic compositions for the metal part
of pallasites (d57/54Fe of �0.020‰ to +0.237‰) and light
Fe isotopic compositions for the corresponding olivine frac-
tions (d57/54Fe of �0.090‰ to +0.021‰). If the conditions
for Fe isotopic equilibration between the adjacent olivine
and metal phases are fulfilled, the resulting Fe isotope ratio
signatures can be used as an isotope geothermometer, rely-
ing on the temperature dependence of the distribution of Fe
isotopes between the phases (Polyakov, 2009; Dauphas
et al., 2012). However, it remains unclear whether the
olivine-metal Fe isotope equilibration and the correspond-
ing temperatures were fully achieved in the process of initial
metal-silicate segregation of the parent body, or if such
equilibrium was altered during later re-equilibrating ther-
mal events.

In this work, new stable Fe and Ni isotope ratio data are
provided for 4 pallasites and 4 magmatic iron meteorites,
permitting one to study the isotope fractionation of these
elements between adjacent silicate-metal and metal-metal
phases and to provide insight into the formation history
and evolution of their parent bodies. Stable isotope frac-
tionation of Fe and Ni was also studied in 3 mesosiderites
and 5 silicate-bearing iron meteorites, including IAB-ung
Udei Station. Although the stable Fe and Ni isotope signa-
tures of these meteorites are not related to core formation
processes, they could potentially reveal links with the cool-
ing histories of these meteorite parent bodies, or late-stage
collision events. Different to previous work, the current
study focuses on the isotopic analysis of both Ni and the
relatively well-understood Fe, of the same meteorite sub-
sample digestions. This strategy provides additional con-
straints on the processes that lead to Fe-peak element stable
isotope fractionation. The previously studied occurrence of
nucleosynthetic anomalies or the radiogenic ingrowth of Ni
isotopes are not addressed in this work (Dauphas et al.,
2008; Regelous et al., 2008; Steele et al., 2011; Tang and
Dauphas, 2014).

2. EXPERIMENTAL

2.1. Samples

In total, 4 iron meteorite specimens (Henbury IIIAB,
Campo del Cielo IAB-MG, Gibeon IVA and Canyon Dia-
blo IAB-MG) as well as 3 main group pallasites (Seymchan,
Fukang and Esquel) were purchased from commercial
meteorite vendors. Four iron meteorites (Chinga IVB-an,
Sikhote-Alin IIB, Elga IIE and Darinskoe IIC) were
obtained from the Central Siberian Geological Museum,
V. S. Sobolev Institute of Geology and Mineralogy, Russia.
A selection of these iron meteorites was characterized for
major and trace element concentrations in a previous work
(Chernonozhkin et al., 2014). Three mesosiderites, EET
87500, RKPA 79015 and QUE 93001 and main group pal-
lasite CMS 04071 were provided from the Antarctic mete-
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orite collection by the National Aeronautics and Space
Administration (NASA). Three ordinary chondrites A
10224 (L3), A 09135 (LL3) and A 09436 (H3) were pro-
vided by the Royal Belgian Institute of Natural Sciences
(RBINS) from their Antarctic meteorite collection. OKUM
is a certified reference material of an ultramafic komatiite
(Geosciences Laboratories, Sudbury, Ontario, Canada).
PCC-1 and BHVO-1 are certified reference materials of
peridotite and basalt (United States Geological Survey,
Denver, Colorado, USA).
2.2. Reagents and labware

Only high-purity reagents and acids were used through-
out the experiments. Pro analysis grade nitric acid (65%,
Chem-Lab, Belgium) was further purified through sub-
boiling in PFA equipment. Optima-grade hydrochloric
(37%, Seastar Chemicals Inc., Canada) and trace-metal
grade hydrofluoric (47–51%, Seastar Chemicals Inc.,
Canada) acids were used as such. Ultrapure water (resistiv-
ity P 18.2 MO cm) was obtained from a Milli-Q Element
water purification system (Millipore, France). Purissima
grade acetone, ultrapure 9.8 M H2O2 and dimethylglyoxime
(DMG) were purchased from Sigma Aldrich (Belgium).
SavillexTM Teflon� beakers were pre-cleaned by alternating
24 h soaking steps in pro-analysis 6 M HCl and 7 M
HNO3 at 110 �C (4 times). All the Teflon� recipients, dis-
posable plastic tubes and pipette tips used for the sample
preparation were additionally cleaned by soaking in 10%
pro-analysis HCl for 48 h at 110 �C. The chromatographic
isolation of the target elements, hot-plate evaporation and
labware cleaning procedures were performed under class-
10 clean lab conditions to reduce airborne contamination.
2.3. Sub-sampling and sample preparation

The allocated mesosiderite chips were first broken into
smaller pieces and manually ground in an agate mortar
that was pre-cleaned by grinding pro-analysis quartz
grains to powder 3 times, rinsing with ultrapure water,
and drying. The ground mesosiderites were separated into
non-magnetic (150–200 mg) and magnetic (350–600 mg)
fractions using a hand magnet. These fractions are called
silicate and metal fractions, respectively, hereafter,
although this magnetic fraction might contain magnetic
species other than metal, such as oxides. A diamond disk
saw was used to cut 100–200 mg fragments from the bulk
mass of the pallasite metal. Visibly oxidized surfaces were
removed by cleaning with silicon carbide sandpaper, etch-
ing with dilute HNO3 in an ultrasonic bath, and finally
rinsing with ethanol to avoid contamination of the sur-
face. The olivine crystals (200–300 mg) closely attached
to the sampled metal parts were split from the pallasites
using stainless steel tweezers. The olivine crystals were
collected into an agate mortar and manually ground with
an agate pestle. Any remaining minor metal was removed
using a hand magnet.

Five iron meteorites (Gibeon, Henbury, Canyon Diablo,
Campo del Cielo and Chinga) were further sub-sampled via
computer-assisted micro-drilling under an optical micro-
scope. Sampling positions for 3 of these meteorites are
shown in the two-dimensional (2D) distribution maps of
the Ni Ka intensity obtained by micro X-ray fluorescence
spectrometry (lXRF) (Fig. 1A–C). The uniform distribu-
tion maps obtained for Campo del Cielo and Chinga are
not shown. Sampling pure taenite phases was difficult
because the drill bit diameter is larger than the taenite
lamellae. In addition, drilling can mix phases vertically.
As a result, drilling resulted in phase mixtures characterized
by different taenite/kamacite ratios. In the case of Canyon
Diablo, bright Ni-rich veinlets were not attributed to taen-
ite, as they also contain elevated contents of P. These vein-
lets were avoided during sampling.

Approximately 400 lm deep pits were drilled in a pol-
ished thick section of the iron meteorites at 1750 rpm in
the presence of a 10 ll droplet of ultrapure water. The
wet sample powder was collected with a pipet into a Sav-
illexTM Teflon� beaker. The surface of the sample was
cleaned with ethanol under a microscope after each spot
drilling to avoid cross-contamination. The potential con-
tamination from the material of the drill bit (tungsten car-
bide, WC) was controlled by monitoring the W content in
the digested samples using sector field ICP-MS (SF-ICP-
MS). The presence of W, predominantly present in the
WC drill bit, and relatively depleted in iron meteorite mate-
rial, was either below the detection limit, or negligible com-
pared to the contents of Fe and Ni. As such, any
contamination of meteorite material with Fe and Ni from
the drill bit is considered to be insignificant. In addition,
to evaluate potential isotope fractionation resulting from
melting that may occur during the drilling, several micro-
drillings of the Chinga IVB homogeneous ataxite were sam-
pled and the resulting Fe and Ni isotope ratios were com-
pared to bulk sample measurements. As the results were
indistinguishable within analytical uncertainty, isotope
fractionation during micro-drilling was considered to be
insignificant. The ordinary chondrite material (50–100 mg)
was sampled by drilling multiple 1–2 mm deep holes from
the inside of the samples provided using a 1 mm diameter
WC drill bit at low rotation speeds. The fusion crusts of
the same samples were collected separately (10–20 mg), by
drilling shallow (0.5–1 mm) spots at the exterior of these
meteorites.

The metal fractions of pallasites and mesosiderites were
digested using 6 ml of freshly prepared aqua regia (1.5 ml
HNO3 and 4.5 ml HCl) in closed SavillexTM Teflon� beakers
at 90 �C for 96 h. Micro-drilled sub-samples of iron mete-
orites were digested in a similar way using 1 ml of aqua

regia only. As the metal fractions of mesosiderites were
not digested completely (silicate particles might have been
captured during magnetic separation), centrifugation was
used to separate the residue. The chondrites and the silicate
counterparts of stony-iron meteorites were first digested in
3 ml of 14 M HNO3 at 90 �C for 24 h in closed SavillexTM

Teflon� beakers. Subsequently, the mixtures thus obtained
were transferred into microwave Teflon vials and further
digested via a two-step microwave-assisted acid digestion.
In a first step, a combination of HF and HNO3 is used to
break down the silicates, while, following evaporation to
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dryness at 90 �C, the digestion is completed in aqua regia to
dissolve insoluble fluorides (Chernonozhkin et al., 2015).
Finally, all solutions were evaporated to incipient dryness
in open vessels at 90 �C, 0.1 ml of 12 M HCl was added
to all the digests, and the solutions were evaporated again
to dryness at 90 �C. This last step was repeated 3 times to
convert all nitrates to chlorides before the isolation proce-
dure. The meteorite digests were divided in 3 parts to per-
form (i) element analysis, (ii) isotopic analysis of Ni, and
(iii) isotopic analysis of Fe. The bulk digestions of iron
meteorites, previously used for Ni isotopic analysis
(Chernonozhkin et al., 2015), were used in this study to
determine Fe isotope ratios. Small aliquots of the digested
meteorites were taken and diluted in 3 % HNO3 for the
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quantitative determination of the target elements using SF-
ICP-MS.

The Ni isolation from the iron and silicate matrices was
carried out using a 3-step ion exchange chromatographic
procedure, previously described in detail (Chernonozhkin
et al., 2015). In a first step, Ni is separated from the main
part of the matrix using Dowex 50WX4 cation exchange
resin in a medium of HCl-acetone-dimethylglyoxime. A sec-
ond step utilizes a column packed with AG1X8 anion
exchange resin in HCl-HF medium to separate Ni from
Ti, while a third anion exchange isolation step is used for
final clean-up of the Ni fraction from traces of Fe and Zn
in 6 M HCl. The Fe isolation from the iron meteorites
and silicate matrices relies on anion exchange column chro-
matography using AGMP-1 strong anion exchange resin in
HCl medium. An adaptation of the chromatographic isola-
tion method first described for geological samples was uti-
lized (Maréchal et al., 1999; Van Heghe et al., 2012). The
Ni and Fe concentrations were also determined in the iso-
lated fractions to verify quantitative recoveries and the pur-
ity of the fractions.

2.4. Instrumentation and measurement protocols

The 2D element distribution maps of the thick iron
meteorite sections were obtained using a Bruker M4 Tor-
nado XRF instrument at the Vrije Universiteit Brussel,
equipped with a 30 W Rh-anode X-ray source (50 kV oper-
ating voltage, operating current 150 lA) and a Be side-
window. The X-rays are focused to a 25 lm spot (measured
for Mo Ka) using a polycapillary lens. The instrument is
equipped with two Silicon Drift Detector (SDD) spectrom-
eters (30 mm2, 145 eV energy resolution for Mn Ka), sym-
metrically placed relative to the sample. Measurements
were performed under a vacuum of 20 mbar. To acquire
the 2D elemental distribution maps, a motorized sample
stage moves at a speed of 25 mm s�1 (1 ms per pixel), scan-
ning the surface for 8 cycles.

The 2D element distribution maps of pallasite olivines
were obtained using a 193 nm Teledyne Cetac Technologies
Photon Machines Analyte G2 ArF* excimer-based laser
ablation (LA) system with a double-volume ablation cell
coupled to a SF-ICP-MS unit (see below) at Ghent Univer-
sity. The maps were acquired at 9 lm s�1 translation speed,
20 lm spot diameter, 3.54 J cm-2 energy fluence, and cov-
ered a square area of 1450 � 600 lm from the metal-
olivine margin in the direction of the olivine cores. The
He carrier gas was mixed with the Ar sample gas down-
stream of the ablation cell, and introduced into the ICP-
MS unit, operated at low mass resolution and cold plasma
conditions. Wash-out times were typically less than 1 s. The
signal was acquired in the ‘‘speed mode” of the instrument,
at 1.94 s per scan total scanning speed. The spatial resolu-
tion achieved was approximately 20 � 20 lm. Quantifica-
tion relied on a combination of external calibration
(versus the synthetic glasses NIST SRM 612, NIST SRM
614 and artificial and natural CRM glasses from the USGS
GSD-1G, GSE-1G, BHVO-2G and BIR-1G) and internal
sum normalization using the intensities of Mg, Fe and Si
and relying on the empirical formula of the olivine mineral.
A solid sampling system Merchantek MicroMill
equipped with a drill mounted on a video microscope
assembly and a set of motorized stages was used for the
micro-drilling and milling of the samples at the Vrije
Universiteit Brussel. A 300 lm diameter WC drill bit
(Komet dental) was used.

For the acid digestion of the samples, a MLS-1200
MEGA Microwave digestion system (Milestone, Italy)
was used at Ghent University.

Element concentrations were determined using a
Thermo Scientific Element XR SF-ICP-MS unit operated
in low and medium resolution modes, using In as an inter-
nal standard, at Ghent University.

The isotopic analysis of Ni and Fe was performed in sep-
arate measurement sessions using a Thermo Scientific Nep-
tune multi-collector ICP-MS (MC-ICP-MS) unit equipped
with a jet interface and dual spray chamber, consisting of
a cyclonic and a Scott-type sub-unit, with a 100 ll min�1

concentric nebulizer in medium resolution mode. For the
detailed description of the instrument settings, the reader
is referred to the electronic supplementary information
(ESI). Measurement of Ni and Fe isotope ratios was per-
formed in a sample-standard bracketing (SSB) sequence rel-
ative to the NIST SRM 986 and IRMM-014 isotopic
reference materials, respectively. The concentrations of Fe
and Ni were adjusted to 400 ng g�1 using 3 % HNO3 and
doped with Cu and Ni internal standards, respectively.
Mass bias correction relied on the internal isotopic stan-
dard, according to the Russell equation revised by Baxter
et al., 2006, which corrects for both the mass- and time-
dependent functional parts of the instrumental mass dis-
crimination. After the internal mass bias correction, the iso-
tope ratios are reported as delta values, relative to the
bracketing isotopic reference material to correct for minor
drift of the instrumental parameters:

dx=58Ni ¼ ð xNi=58NiÞCu corr;smp
ð xNi=58NiÞCu corr;NISTSRM986

� 1

" #
� 1000 ð3Þ

dx=54Fe ¼ ð xFe=54FeÞNi corr;smp
ð xFe=54FeÞNi corr;IRMM014

� 1

" #
� 1000 ð4Þ

where x is 60, 61, 62 or 64 for Ni and 56 or 57 for Fe, and
the subscripts denote that the ratios were first corrected by
an exponential model. For further details, the reader is
referred to previous publications of our group (Van
Heghe et al., 2012; Chernonozhkin et al., 2015).
3. RESULTS

The Ni concentration of and 2D distribution in various
iron meteorites (Gibeon, Henbury, Canyon Diablo, Campo
del Cielo and Chinga) were characterized using lXRF.
Among these meteorites, Gibeon shows the widest taenite
lamellae, less than 0.5 mm in width, with distinctive M-
shaped Ni concentration profiles reaching a maximum of
11.06–12.22 wt% Ni (Fig. 1), with 6.09–6.35 wt% Ni in
the neighboring kamacite. Even higher Ni concentrations
are predicted in the taenite that is in direct contact with
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kamacite according to the phase diagram, so the concentra-
tions shown here are affected by insufficient spatial resolu-
tion (Yang et al., 1996). Henbury shows wide kamacite
bands (5.76–6.23 wt% Ni) surrounded by subordinate, thin
(<100 lm) taenite lamellae (10.17–11.70 wt% Ni), with
large triangular or trapezoidal plessitic areas (6.73–6.92 wt
% Ni on average). A Ni concentration profile through kama
cite-taenite-plessite-taenite-kamacite is shown in Fig. 1B.
Canyon Diablo exhibits a homogeneous Ni distribution in
its metal. Campo del Cielo and Chinga demonstrate uni-
form Ni distribution maps, indicating that these are fully
homogeneous in terms of Ni. The range of Ni concentra-
tions in the micro-drilled iron meteorite sub-samples varies
from 0.04 wt% (Chinga) to 0.8 wt% (Henbury), consistent
with the values reported in the literature for bulk samples.

The results of the Fe and Ni isotope ratio determination
are summarized in Table 1. The d56/54Fe values for the 3
ordinary chondrites analyzed vary from �0.008‰ to
+0.015‰, which is in good agreement with the range
reported in literature (see a compilation by Barrat et al.,
2015). Unfortunately, the amount of Ni stable isotope data
published in literature for chondrites is limited. For 46 ordi-
nary chondrites, Moynier et al. reported a d60/58Ni range of
0.49‰, while for 6 carbonaceous chondrites and 6 enstatite
chondrites, these authors found a range of 0.27‰ and
0.26‰, respectively (Moynier et al., 2007). It should be
noted that the values in that paper are reported relative
to an in-house Ni standard, as NIST SRM 986 was not
commercially available at that time. The recalculated
d60/58Ni values for 6 chondrites reported by Cook et al.
vary from +0.05‰ to +0.44‰ (Cook et al., 2007). In the
study referred to, all these d60/58Ni values are not reported
directly due to the possibility of non-mass dependent iso-
tope effects on 60Ni. As such, these values were recalculated
from the d62/58Ni values assuming the equilibrium fraction-
ation law. Because the largest absolute non-mass dependent
isotope effects reported for d60/58Ni in iron meteorites are
on the order of 0.02‰ (Cook et al., 2006), comparable to
the precision attained in this work, these effects were
assumed to be negligible. The results of d60/58Ni for 3 ordi-
nary chondrites, presented in this work vary from +0.149‰
to +0.242‰. This demonstrates the non-chondritic isotopic
composition of the NIST SRM 986 Ni isotopic standard,
which appears to have shifted during Ni purification by
the Mond process (Tanimizu and Hirata, 2006; Steele
et al., 2011). The isotopic composition of both Fe and Ni
in the fusion crusts of the chondrites characterized coin-
cides with their measured bulk compositions within analyt-
ical uncertainty, different from the work of Hezel et al.,
2015, who observed that the fusion crusts of ordinary chon-
drites are enriched in heavy Fe isotopes. This could either
result from our sampling technique, by mixing bulk mete-
orite material, unaffected by atmospheric entry, with sam-
ple from the fusion crust, or could alternatively represent
the effect of terrestrial weathering on fusion crusts. Hezel
et al. (2015) selected the samples based on their size and
the presence of visibly unaltered crusts to avoid Fe isotope
exchange with the terrestrial environment. In this work,
only Antarctic chondrites were analyzed and the fusion
crusts of the selected samples appeared relatively fresh.

d56/54Fe values of iron meteorites range from �0.080‰
to +0.161‰, while d60/58Ni shows a wider variability,
between �0.054‰ and +0.551‰. The average d56/54Fe
value for individual iron meteorites (bulk digestions and
averaged sub-samples) varies from +0.015‰ to +0.139‰,
which is similar to or higher than the chondrite values
reported in literature (d56/54Fe of �0.05‰ to +0.1‰ for
the majority of chondrites, e.g., d56/54Fe of +0.018‰ for
Allende CV3; Barrat et al., 2015). Average d60/58Ni values
for individual iron meteorites (bulk digestions and averaged
sub-samples) vary from +0.102‰ to +0.420‰, within the
reported range of 0.05–0.44‰ for bulk metal of ordinary,
carbonaceous and enstatite chondrites with an average
d60/58Ni of +0.26‰, as recalculated from d62/58Ni data for
6 chondrites (Cook et al., 2007). The average d60/58Ni
results reported in the present work for Gibeon
(+0.14‰), Henbury (+0.22‰), and Canyon Diablo
(+0.22‰ for micro-drilled sub-samples and +0.29‰ for
bulk analysis) correspond well with the recalculated results
of Cook et al. (2007) (+0.19‰ for Gibeon, +0.19‰ to
+0.22‰ for Henbury, and +0.26‰ for Canyon Diablo).

In the metal part of pallasites, Fe is always isotopically
heavier than in the corresponding olivine fraction. In con-
trast, Ni in pallasite metal is always isotopically lighter than
in the corresponding olivine (Table 1). For 3 pallasites,
Fukang, Esquel and CMS 04071, d60/58Ni is negative, below
the range observed for iron meteorites (Table 1). This is in
agreement with the observed light Ni isotopic compositions
of the metal parts of pallasites in previous work (d60/58Ni
between �0.18‰ and +0.07‰, recalculated based on
d62/58Ni assuming equilibrium-controlled isotope fractiona-
tion and neglecting possible non-mass dependent input
from 60Fe decay; Cook et al., 2007).

For the mesosiderites analyzed in this study, the metal
fractions are characterized by relatively heavier Fe iso-
topic compositions (d56/54Fe of +0.018‰ to +0.120‰;
Table 1), while the corresponding silicate parts exhibit
relatively light Fe isotopic compositions (d56/54Fe of
�0.214‰ to �0.149‰). Similar to Fe, Ni is isotopically
heavier in the metal fractions of mesosiderites (d60/58Ni
between +0.168‰ and +0.191‰) in comparison to the
silicate fractions, which have relatively lighter Ni isotopic
signatures (d60/58Ni between �0.149‰ and +0.023‰;
Table 1).

Our results for the Fe isotope ratios in BHVO-1 and
PCC-1 are in full agreement with values reported previously
in literature (Dauphas et al., 2009; Telus et al., 2012).
OKUM is a new reference material of powdered ultramafic
komatiite that has been certified for major and trace ele-
ment abundances only. As d56/54Fe values of komatiites
have previously been found to be near-chondritic
(+0.044‰ on average), indicating minor fractionation dur-
ing komatiite magma genesis (Dauphas et al., 2010), the
�0.003‰ result obtained for OKUM is in agreement with
the conclusions of Dauphas et al. (for more information
the reader is referred to Fig. D1 in the ESI).



Table 1
Ni and Fe isotopic compositions of chondrites, stony-iron, magmatic iron, silicate-bearing iron meteorites and reference materials.

d56/54Fe ± SD, ‰ d57/54Fe ± SD, ‰ d60/58Ni ± SD, ‰ d61/58Ni ± SD, ‰ d62/58Ni ± SD, ‰ d64/58Ni ± SD, ‰ Ni, wt%

Ordinary chondrites

A-10224 (L3), bulk �0.005 ± 0.032 �0.017 ± 0.053 +0.242 ± 0.007 +0.411 ± 0.072 +0.487 ± 0.016 –
A 10224 (L3), fusion crust �0.004 ± 0.022 +0.052 ± 0.153 +0.133 ± 0.009 +0.242 ± 0.031 +0.266 ± 0.015 –
A 09135 (LL3), bulk +0.015 ± 0.062 �0.011 ± 0.089 +0.149 ± 0.012 +0.291 ± 0.027 +0.305 ± 0.016 –
A 09135 (LL3), fusion crust +0.010 ± 0.045 +0.031 ± 0.052 +0.220 ± 0.016 +0.367 ± 0.031 +0.436 ± 0.032 –
A 09436 (H3), bulk �0.008 ± 0.013 �0.001 ± 0.091 +0.200 ± 0.018 +0.313 ± 0.020 +0.373 ± 0.025 –
A 09436 (H3), fusion crust �0.035 ± 0.038 �0.054 ± 0.014 +0.214 ± 0.016 +0.321 ± 0.020 +0.396 ± 0.050 –

Pallasites

Seymchan PMG, olivine �0.155 ± 0.040 �0.192 ± 0.028 +0.667 ± 0.069 +0.98 ± 0.15 +1.25 ± 0.14 +1.69 ± 0.60
Seymchan PMG, metal +0.0229 ± 0.0063 �0.008 ± 0.040 +0.455 ± 0.053 +0.60 ± 0.10 +0.82 ± 0.11 +1.01 ± 0.55
Fukang PMG, olivine �0.0746 ± 0.0074 �0.129 ± 0.026 +1.221 ± 0.029 +1.836 ± 0.047 +2.381 ± 0.019 +4.11 ± 0.18
Fukang PMG, metal +0.2474 ± 0.0091 +0.332 ± 0.032 �0.81 ± 0.15 �1.21 ± 0.37 �1.55 ± 0.41 –
Esquel PMG, olivine �0.095 ± 0.017 �0.127 ± 0.023 +0.554 ± 0.056 +0.80 ± 0.17 +1.06 ± 0.17 +0.917 ± 0.023
Esquel PMG, metal +0.095 ± 0.013 +0.175 ± 0.037 �0.246 ± 0.052 �0.35 ± 0.12 �0.531 ± 0.077 �1.07 ± 0.80
CMS-04071 PMG, olivine �0.090 ± 0.027 �0.126 ± 0.046 +0.764 ± 0.024 +1.182 ± 0.060 +1.515 ± 0.070 +1.96 ± 0.15
CMS-04071 PMG, metal +0.121 ± 0.038 +0.188 ± 0.016 �0.069 ± 0.010 �0.094 ± 0.050 �0.127 ± 0.016 �0.046 ± 0.082

Mesosiderites

EET 87500 mesosiderite, silicate �0.214 ± 0.022 �0.318 ± 0.045 +0.023 ± 0.047 �0.086 ± 0.083 �0.01 ± 0.12 �0.58 ± 0.31
EET 87500 mesosiderite, metal +0.102 ± 0.052 +0.071 ± 0.040 +0.168 ± 0.075 +0.24 ± 0.22 +0.32 ± 0.16 +0.12 ± 0.51
QUE 93001 mesosiderite, silicate �0.149 ± 0.025 �0.233 ± 0.025 �0.149 ± 0.064 �0.25 ± 0.17 �0.28 ± 0.17 �1.28 ± 0.45
QUE 93001 mesosiderite, metal +0.018 ± 0.031 �0.021 ± 0.036 +0.191 ± 0.049 +0.32 ± 0.19 +0.40 ± 0.25 –
RKPA 79015 mesosiderite, metal +0.120 ± 0.016 +0.241 ± 0.026 +0.175 ± 0.019 +0.276 ± 0.023 +0.344 ± 0.020 +0.666 ± 0.014

Silicate-bearing iron meteorites

Udei Station IAB-ung, silicate �0.232 ± 0.020 �0.365 ± 0.020 +0.077 ± 0.011 +0.107 ± 0.046 +0.163 ± 0.035 –
Udei Station IAB-ung, metal +0.158 ± 0.039 +0.238 ± 0.039 +0.167 ± 0.014 +0.240 ± 0.062 +0.343 ± 0.047 –
Canyon Diablo (bulk digestion 1) +0.055 ± 0.089 +0.104 ± 0.083 +0.262 ± 0.013 +0.407 ± 0.011 +0.523 ± 0.024 +0.67 ± 0.22
Canyon Diablo (bulk digestion 2) +0.102 ± 0.021 +0.157 ± 0.057 +0.408 ± 0.012 +0.63 ± 0.11 +0.805 ± 0.023 +1.36 ± 0.44
Canyon Diablo (bulk digestion 3) +0.108 ± 0.029 +0.145 ± 0.059 +0.191 ± 0.010 +0.301 ± 0.056 +0.370 ± 0.032 +0.590 ± 0.025

Canyon Diablo IAB-MG bulk
digestions average

+0.088 ± 0.029 +0.136 ± 0.028 +0.29 ± 0.11 +0.45 ± 0.17 +0.57 ± 0.22 +0.87 ± 0.42

Canyon Diablo (micro-drilled #1) +0.101 ± 0.011 +0.1886 ± 0.0046 +0.2242 ± 0.0017 +0.372 ± 0.041 +0.438 ± 0.034 +1.0102 ± 0.0085 6.771 ± 0.061
Canyon Diablo (micro-drilled #2) +0.080 ± 0.029 +0.133 ± 0.054 +0.191 ± 0.011 +0.359 ± 0.028 +0.369 ± 0.042 +1.103 ± 0.029 6.83 ± 0.14
Canyon Diablo (micro-drilled #3) +0.081 ± 0.029 +0.146 ± 0.060 +0.330 ± 0.012 +0.509 ± 0.043 +0.624 ± 0.013 +1.22 ± 0.40 6.973 ± 0.092
Canyon Diablo (micro-drilled #3-2) +0.109 ± 0.033 +0.166 ± 0.070 +0.2909 ± 0.0070 +0.457 ± 0.048 +0.543 ± 0.033 +1.056 ± 0.030 6.761 ± 0.092
Canyon Diablo (micro-drilled #4) +0.038 ± 0.024 +0.065 ± 0.062 +0.2340 ± 0.0068 +0.376 ± 0.025 +0.462 ± 0.020 +1.011 ± 0.072 6.635 ± 0.056
Canyon Diablo (micro-drilled #4-2) +0.110 ± 0.032 +0.147 ± 0.073 +0.1838 ± 0.0047 +0.277 ± 0.036 +0.354 ± 0.030 +1.059 ± 0.017 6.50 ± 0.10
Canyon Diablo (micro-drilled #5) +0.107 ± 0.038 +0.160 ± 0.079 +0.274 ± 0.013 +0.425 ± 0.040 +0.590 ± 0.079 +1.007 ± 0.030 6.749 ± 0.078
Canyon Diablo (micro-drilled #5-2) +0.117 ± 0.037 +0.181 ± 0.026 +0.327 ± 0.012 +0.491 ± 0.032 +0.589 ± 0.037 +1.08 ± 0.16 6.665 ± 0.158
Canyon Diablo (micro-drilled #6-1) +0.108 ± 0.014 +0.182 ± 0.041 +0.137 ± 0.017 +0.201 ± 0.032 +0.267 ± 0.036 +0.88 ± 0.31 6.719 ± 0.10
Canyon Diablo (micro-drilled #6-2) +0.126 ± 0.035 +0.221 ± 0.038 +0.039 ± 0.010 +0.061 ± 0.031 +0.089 ± 0.034 +0.57 ± 0.48 6.838 ± 0.099

Canyon Diablo IAB-MG average of
micro-drilled samples

+0.098 ± 0.025 +0.159 ± 0.042 +0.223 ± 0.090 +0.35 ± 0.14 +0.43 ± 0.17 +1.00 ± 0.17 6.98a

(continued on next page)
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Table 1 (continued)

d56/54Fe ± SD, ‰ d57/54Fe ± SD, ‰ d60/58Ni ± SD, ‰ d61/58Ni ± SD, ‰ d62/58Ni ± SD, ‰ d64/58Ni ± SD, ‰ Ni, wt%

Campo del Cielo (micro-drilled #1) +0.0983 ± 0.0076 +0.188 ± 0.023 +0.150 ± 0.015 +0.226 ± 0.048 +0.262 ± 0.040 +0.462 ± 0.053 6.536
Campo del Cielo (micro-drilled #2) +0.140 ± 0.024 +0.216 ± 0.026 +0.0630 ± 0.0080 +0.115 ± 0.045 +0.076 ± 0.030 +0.27 ± 0.12 6.564
Campo del Cielo (micro-drilled #3) +0.157 ± 0.055 +0.231 ± 0.054 +0.0680 ± 0.0001 +0.129 ± 0.091 +0.165 ± 0.051 +0.16 ± 0.24 6.324
Campo del Cielo (micro-drilled #4) +0.161 ± 0.057 +0.241 ± 0.056 +0.1250 ± 0.0090 +0.231 ± 0.057 +0.211 ± 0.042 +0.294 ± 0.065 6.289

Campo del Cielo IAB-MG average of
micro-drilled samples

+0.139 ± 0.029 +0.219 ± 0.023 0.102 ± 0.043 0.175 ± 0.062 +0.179 ± 0.079 +0.30 ± 0.12 6.62b

Elga IIE (bulk digestion) +0.032 ± 0.028 +0.071 ± 0.022 +0.238 ± 0.020 +0.334 ± 0.043 +0.478 ± 0.036 +0.66 ± 0.64

Magmatic iron meteorites

Darinskoe IIC (bulk digestion) +0.016 ± 0.036 +0.047 ± 0.056 +0.229 ± 0.020 +0.311 ± 0.070 +0.478 ± 0.039 +0.57 ± 0.21
Sikhote Alin (bulk digestion 1) +0.093 + 0.018 +0.164 + 0.024 +0.192 ± 0.019 +0.289 ± 0.063 +0.389 ± 0.050 +0.51 ± 0.56
Sikhote Alin (bulk digestion 2) +0.098 ± 0.041 +0.177 ± 0.076 +0.267 ± 0.015 +0.459 ± 0.092 +0.513 ± 0.043 +0.68 ± 0.22

Sikhote Alin IIAB average +0.0952 ± 0.0038 +0.1706 ± 0.0089 +0.230 ± 0.053 +0.37 ± 0.12 +0.451 ± 0.088 +0.60 ± 0.12
Henbury (micro-drilled #1) +0.091 ± 0.052 +0.11 ± 0.150 +0.263 ± 0.011 +0.413 ± 0.046 +0.487 ± 0.032 +0.83 ± 0.12 7.115
Henbury (micro-drilled #2) +0.123 ± 0.038 +0.211 ± 0.162 +0.128 ± 0.014 +0.200 ± 0.038 +0.224 ± 0.021 +0.46 ± 0.22 7.273
Henbury (micro-drilled #3) +0.120 ± 0.10 +0.195 ± 0.095 +0.0310 ± 0.0050 +0.035 ± 0.053 +0.038 ± 0.028 �0.015 ± 0.049 7.255
Henbury (micro-drilled #4) +0.151 ± 0.088 +0.210 ± 0.135 +0.089 ± 0.011 +0.138 ± 0.048 +0.126 ± 0.015 +0.256 ± 0.056 7.261
Henbury (micro-drilled #5) �0.009 ± 0.059 +0.04 ± 0.11 +0.4250 ± 0.0090 +0.650 ± 0.037 +0.817 ± 0.024 +1.189 ± 0.082 6.889
Henbury (micro-drilled #6) +0.010 ± 0.047 �0.054 ± 0.062 +0.551 ± 0.014 +0.849 ± 0.043 +1.098 ± 0.022 +1.53 ± 0.17 7.056
Henbury (micro-drilled #7) +0.03 ± 0.12 �0.07 ± 0.22 +0.026 ± 0.011 +0.030 ± 0.025 +0.055 ± 0.031 �0.007 ± 0.084 7.774

Henbury IIIAB average of
micro-drilled samples

+0.074 ± 0.062 +0.09 ± 0.12 +0.22 ± 0.19 +0.33 ± 0.29 +0.41 ± 0.38 +0.61 ± 0.53 7.47c

Gibeon (micro-drilled #1) �0.080 ± 0.040 �0.146 ± 0.010 +0.4130 ± 0.0090 +0.595 ± 0.037 +0.810 ± 0.021 +1.14 ± 0.18 7.651
Gibeon (micro-drilled #2) +0.029 ± 0.028 +0.0903 ± 0.0010 +0.0670 ± 0.0040 +0.105 ± 0.058 +0.1120 ± 0.0050 +0.02 ± 0.12 7.753
Gibeon (micro-drilled #3) +0.109 ± 0.047 +0.196 ± 0.055 +0.1150 ± 0.0070 +0.175 ± 0.033 +0.221 ± 0.014 +0.273 ± 0.074 7.686
Gibeon (micro-drilled #4) �0.002 ± 0.019 �0.028 ± 0.025 +0.1840 ± 0.0030 +0.311 ± 0.061 +0.348 ± 0.040 +0.415 ± 0.038 7.723
Gibeon (micro-drilled #5) +0.078 ± 0.010 +0.157 ± 0.023 �0.0540 ± 0.0080 �0.074 ± 0.050 �0.104 ± 0.014 �0.16 ± 0.10 7.880
Gibeon (micro-drilled #6) �0.04 ± 0.11 �0.064 ± 0.043 +0.2260 ± 0.0030 +0.350 ± 0.033 +0.485 ± 0.028 +0.61 ± 0.14 7.793
Gibeon (micro-drilled #7) +0.02 ± 0.11 �0.00 ± 0.17 �0.0005 ± 0.0080 +0.0390 ± 0.0060 +0.012 ± 0.030 �0.049 ± 0.045 7.809

Gibeon IV average of
micro-drilled samples

+0.015 ± 0.065 +0.03 ± 0.12 +0.14 ± 0.14 +0.21 ± 0.21 +0.27 ± 0.28 +0.32 ± 0.42 7.93d

Chinga (bulk digestion) +0.031 ± 0.063 +0.045 ± 0.041 +0.222 ± 0.015 +0.329 ± 0.064 +0.476 ± 0.042 +0.77 ± 0.38
Chinga (micro-drilled #1) +0.025 ± 0.014 +0.061 ± 0.044 +0.248 ± 0.015 +0.385 ± 0.028 +0.513 ± 0.037 +1.04 ± 0.13 16.48 ± 0.22
Chinga (micro-drilled #2) +0.038 ± 0.028 +0.080 ± 0.017 +0.239 ± 0.013 +0.393 ± 0.010 +0.527 ± 0.025 +0.950 ± 0.042 16.52 ± 0.10

Chinga IVB-an average +0.0314 ± 0.0065 +0.062 ± 0.018 +0.236 ± 0.013 +0.369 ± 0.035 +0.505 ± 0.026 +0.92 ± 0.14 16.5e

Other materials

OKUM komatiite CRM �0.003 ± 0.029 +0.040 ± 0.054 +0.580 ± 0.070 +0.680 ± 0.070 +1.13 ± 0.13 –
BHVO-1 basalt CRM +0.138 ± 0.013 +0.207 ± 0.041 +0.081 ± 0.034 +0.19 ± 0.20 +0.130 ± 0.093 +0.14 ± 0.10
PCC-1 peridotite CRM +0.048 ± 0.060 +0.111 ± 0.096 +0.166 ± 0.048 +0.25 ± 0.14 +0.342 ± 0.065 +0.62 ± 0.39

Every sample was measured 3–5 times during at least 2 different measurement sessions. The results are presented in per mille deviations versus the corresponding reference material (NIST SRM
986 for Ni and IRMM-014 for Fe). The Ni isotopic compositions in geological reference materials and in bulk digests of iron meteorites have been reported previously (Chernonozhkin et al.,
2015), while the Fe isotopic composition was determined using the same solutions of these digested meteorites. The Ni concentration data has been taken from the following references: (a) (Scott,
1977a, (b) (Wasson, 1970b) (c) (Pernicka and Wasson, 1987) (d) (Rasmussen et al., 1988) and (e) (Rasmussen et al., 1984).
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Fig. 2. Isotope plots for d56/54Fe and d60/58Ni. Open diamonds represent fusion crusts of the corresponding ordinary chondrites. The values
for GRMs BHVO-1, OKUM and PCC-1 are taken from literature (Dauphas et al., 2009; Chernonozhkin et al., 2015). The data of d56/54Fe in
OKUM are from this work.
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4. DISCUSSION

4.1. Equilibrium isotope fractionation of Fe in pallasites

Resolvable enrichment of the metal fractions of palla-
sites in heavy Fe isotopes and corresponding depletion in
olivines has previously been attributed to equilibrium frac-
tionation during core-mantle differentiation (Poitrasson
et al., 2005). Fig. 2 shows the Fe isotope fractionation
between native metal and silicate phases in the 4 pallasites
and 3 mesosiderite meteorites analyzed in this work (for
the three-isotope plots of stony-iron meteorites, the reader
is referred to Fig. B1, provided in the ESI). The literature
data available for Esquel (d57/54Femetal = +0.237
± 0.055‰, d57/54Feolivine = �0.084 ± �0.051‰)
(Poitrasson et al., 2005) validates the results obtained here
(see the discussion below). Both the petrography and the
distribution of trace elements suggest that the olivine and
metal phases are in equilibrium (Boesenberg et al., 2012).
As such, the fractionation factors a can be related to the
equilibrium constant K for the isotopic exchange between
the olivine and metal:
57Feoliv þ 54Femet�54Feoliv þ 57Femet;

K ¼
57=54Femet

57=54Feoliv
¼ a ¼ expð�DG=kT Þ; ð5Þ

Here, subscripts denote the phases between which Fe
isotopes are exchanged, G represents the free energy, k is
the Boltzmann constant and T is temperature. In turn,
the difference in free energy is associated with a difference
in the vibrational motions of the crystal lattice due to the
difference in isotope masses. More details on the theoretical
background of this equation can be found in the literature
(O’Neil, 1986; Hoefs, 2009; Young et al., 2015). Hence, the
distribution of isotopes between phases depends on the
crystal chemistry constraints, leading to an enrichment of
the heavier isotopes in the phase where the chemical bonds
are stiffer and the coordination number is low (Young et al.,
2015). Importantly, the distribution of isotopes also
depends on the equilibration temperature, which makes
Fe isotope ratios in equilibrated phases useful as an isotopic
geothermometer. Fig. 3 compares the measured Fe isotope
ratio data for pallasites to the isotherms calculated for the
Fe isotope partitioning between metal and olivine, based
on the temperature dependence of the fractionation factors
a, as determined using Mössbauer spectroscopy (Polyakov
and Mineev, 2000) and nuclear resonance inelastic X-ray
scattering (NRIXS) (Dauphas et al., 2012, 2014). Previous
applications of Mössbauer spectroscopy for isotope
geothermometry were criticized as the results obtained are
sensitive to a number of complications inherent to this
method (e.g., second-order Doppler shift or hyperfine field
parameters caused by changes in chemical or magnetic nat-
ure), and NRIXS is preferred as a more robust method.
Comparison between the Mössbauer and NRIXS calibra-
tion (Fig. 3) indicates that the latter systematically yields
equilibration temperatures approximately 100 �C higher
for the low-temperature region (200-400 �C) and 200 �C
higher for the high-temperature region. As the difference
between the Mössbauer (Polyakov and Mineev, 2000) and
NRIXS (Dauphas et al., 2012, 2014) calibrations of
metal-olivine only slightly exceeds the analytical uncer-
tainty of isotope ratio measurements, the following conclu-
sions are independent of the calibration method applied. It



Fig. 3. d57/54Femetal versus d57/54Feolivine plot for pallasites. Geothermometric isotherms for metal-olivine equilibration at different
temperatures are calculated (A) using parameters of Mössbauer spectroscopy for olivine and native iron (Polyakov and Mineev, 2000) and (B)
using parameters of NRIXS for olivine and c-Fe (fcc) (Dauphas et al., 2012, 2014). The reference values for pallasites are taken from (Zhu
et al., 2002; Poitrasson et al., 2005).
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should also be noted that the model used here to calculate
the metal-olivine Fe isotope isotherms is simplified, because
it is not accounting for a range of minor parameters that
can potentially affect the measured equilibrium tempera-
tures, such as pressure, oxygen fugacity and the effect of
minor solute elements (P, S, C, Ni) on the crystallographic
constraints (Shahar et al., 2008; Polyakov, 2009).

Although the absolute Fe isotopic composition data for
the Esquel pallasite reported by Poitrasson et al. do not
coincide with the data obtained in this work within the
associated analytical uncertainty, both results fall on the
same isotherm for an equilibration temperature of 475 �C
(or 370 �C in the case of Mössbauer isotope thermometry
calibration), demonstrating similar isotope ratio differences
between the olivine and metal and initial Fe isotopic hetero-
geneity within this meteorite. The Fukang pallasite equili-
brated at approximately 340 �C (or 255 �C for
Mössbauer), while the final metal-silicate isotopic equilibra-
tion in Seymchan took place at 715 �C (550 �C for Möss-
bauer). Similarly, the reported variation of d57/54Femetal

versus d57/54Feolivine indicates that Marjalahti, Springwater
and Imilac last equilibrated at 1300 �C (1100 �C for Möss-
bauer), 800 �C (680 �C for Mössbauer) and 600 �C (500 �C
for Mössbauer) respectively, while CMS 04071, Eagle Sta-
tion and Esquel fall on a similar trend line that represents
a final metal-silicate isotopic equilibration at 475 �C
(370 �C for Mössbauer) (data from Zhu et al., 2002;
Poitrasson et al., 2005).

Although the minor parameters that are not accounted
for in this thermometric model, such as oxygen fugacity,
and the effect of solutes on the crystal chemistry and the
strength of the chemical bonds, can potentially affect the
absolute temperature values produced in this model, these
effects are expected to be nearly similar for all PMGs as a
result of their formation at the relatively thin core-mantle
boundary layer of the PMG parent body and their nearly
similar compositions. As such, the broad range of the
olivine-metal equilibration temperatures (340–1300 �C or
255–1100 �C depending on the thermometric calibration
applied) is difficult to explain in terms of a formation
model, in which pallasites form at a quiescent core-mantle
boundary following parent body metal-silicate segregation
(Boesenberg et al., 2012). On the other hand, the equilibra-
tion temperature of 1100–1300 �C obtained for Marjalahti
(Poitrasson et al., 2005) appears realistic, close to the
schreibersite and Fe-FeS eutectic temperatures
(Boesenberg et al., 2012; McKibbin et al., 2016). As such,
the equilibrium isotope fractionation observed here and in
previous works could be attributed to a later-stage, pre-
sently unidentified (possibly incomplete) re-equilibration
event, different from the core-mantle segregation. This pro-
cess clearly disturbed the Fe isotopic composition of the ini-
tially equilibrated metal and olivine. Possibly, a collisional
event and large scale melting was followed by the removal
of the solidified core, after which the pallasites (incom-
pletely) equilibrated at various temperatures, buried at dif-
ferent depths in a secondary-accreted parent body (Yang
et al., 2010; Ruzicka, 2014). Aqueous alteration may be
another process that re-distributed Fe isotopes between oli-
vine and accessory minerals in small cracks and veinlets
(Telus et al., 2016).

Alternatively, a potential explanation for the low equili-
bration temperature measured for Fukang could be the sen-
sitivity of the thermometric method to sampling, as the
measured isotopic composition of the metal fraction might
not be fully representative of its bulk-metal isotopic compo-
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Fig. 4. (A) d60/58Ni and d57/54Fe versus Ir concentration in metal fractions of pallasites and IIIAB irons, suggested they share a genetic link.
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sition (e.g., by sampling a larger fraction of isotopically
heavier taenite, which shifts the equilibration temperature
obtained to the colder side of the plot). But even if the low-
est temperature determined for Fukang is disqualified as
unrealistically low and is considered to result from over-
sampling of isotopically heavy taenite, unrepresentative
sampling cannot account for another ‘‘cold” PMG –
Esquel, for which the Fe isotope temperature coincides with
that reported in a previous publication (Poitrasson et al.,
2005) and is confirmed by the analysis of other pallasites
(CMS 04071, Eagle Station).

The equilibration temperatures of 475 �C have previ-
ously been noted to be unrealistically low for pallasites
(Poitrasson et al., 2005), because it is unlikely that cm-
sized olivine crystals reached full equilibration with their
surrounding metal in terms of Fe isotopes. Based on the dif-
fusion data of Jaoul et al., 1995, the full equilibration at
such temperatures has been estimated to take an unrealistic
amount of time, on the order of several Gyr. Such low tem-
peratures for some pallasites were explained by incomplete
equilibration and disturbance by diffusion effects. However,
more refined studies of diffusion demonstrate that diffusion
coefficients highly depend on multiple parameters, such as
crystallographic orientation, making estimations of equili-
bration time highly imprecise (Dohmen et al., 2007;
Dohmen and Chakraborty, 2007). Additionally, previously
measured electron microprobe (EMPA) concentration pro-
files have shown that olivines in the Esquel pallasite are
compositionally uniform, with only slight <0.5 mol% zon-
ing of fayalite (Fa = Fe/(Mg + Fe); Miyamoto, 1997).
Whether this abundance gradient is correlated with isotopic
zoning is a task for more detailed in situ work, but it seems
unrealistic that such limited concentration profile is accom-
panied by a shift in the d57/54Fe value of olivine by approx-
imately 0.2‰, needed to obtain more realistic equilibration
temperatures (e.g., see Oeser et al., 2015 or Sio et al., 2013).
Besides faster cooling, the higher abundance of olivine to
metal in Imilac, Eagle Station and Esquel compared to
Marjalahti and Springwater has been suggested to be
another factor limiting isotopic re-equilibration, because
of the larger average distance the Fe atoms have to diffuse
into olivine to equilibrate with the adjacent metal (Zhu
et al., 2002; Poitrasson et al., 2005).

4.2. Isotope fractionation of Fe in IIIAB and PMG

meteorites as a result of fractional crystallization of

asteroidal cores

IIIAB iron meteorites are known to form a fractional
crystallization sequence, with decreasing concentrations of
Ir (and particular other elements) as the crystallization pro-
ceeds, and the compositions of PMG (e.g., Au-As trends)
are broadly compatible with late-stage crystallization of a
core with IIIAB-like composition, suggesting a possible
genetic relationship (although additional explanations are
needed to explain Ga and Ge trends) (Scott, 1977b,c;
Wasson and Choi, 2003). There are currently several argu-
ments pro and contra- a shared origin of these meteorites.
Potential evidence for a common origin of IIIAB and pall-
asite metal is based on similar oxygen three-isotope compo-
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Fig. 5. 2D element distribution map of Ni in olivine of Seymchan PMG. The map was produced in the direction from the metal-olivine
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sitions for pallasites and chromite inclusions in particular
IIIAB irons, although this is not the case for Cape York
IIIAB, having significantly distinct oxygen isotope signa-
tures (Franchi et al., 2013). Similarly, the Mo isotopic sig-
natures for the metal phases (Dauphas et al., 2002) and
the Hf-W short-lived isotopic decay system (Quitté et al.,
2005) suggest a common origin for IIIAB and PMG mete-
orites. On the other hand, the Re-Os isotope chronometer
has produced a whole-rock pallasite isochron distinct from
those of iron meteorites, indicating that iron meteorites
underwent fractional crystallization processes �60 Myr
later than pallasite metals (Chen et al., 2002). Metallo-
graphic studies of metal phases imply that below 975 K,
IIIAB irons experienced faster cooling rates than pallasites
and that different pallasites cooled at disparate rates, prob-
ably because this cooling took place at a different depth in
the parent body (Yang et al., 2010; Goldstein et al., 2014).
Although the range of non-mass-dependent W isotopic sig-
natures within the IIIAB iron group is narrower than for
whole iron meteorites (Markowski et al., 2006), which
makes the genetic link between pallasites and IIIAB iron
meteorites elusive, mass-dependent W isotopic composi-
tions of IIIAB and pallasites fall on the same mass-
dependent isotope fractionation line (Fukami et al., 2010).
Negative correlation of W isotope fractionation to Ir sug-
gests that W stable isotopes in IIIAB and pallasites frac-
tionated during fractional crystallization of liquid metal
(Fukami et al., 2010).

Fig. 4 plots the Ni and Fe isotope compositions for
PMG and IIIAB against their Ir concentrations. Fig. 4B
indicates a trend between the Fe isotope ratio and the Ir
content, as a result of fractional crystallization of the parent
body core(s). The trends for PMG and IIIAB iron mete-
orites are similar, with heavier Fe isotope ratios as the Ir
concentration decreases. As d57/54Fe in PMG and IIIAB
group meteorites display a nearly identical trend versus
Ir, this might indicate similar crystallization processes in
their parent bodies, and could confirm a shared parent
body for PMGs and IIIAB iron meteorites. In contrast to
IIIAB and metal fractions of PMGs, no trend was found
for IIAB iron meteorites in a plot of d57/54Fe versus Ir con-
tent (ESI, Fig. B3). The fact that IIAB irons do not show a
similar trend is indeed enigmatic, and we have to invoke
possible effects of initial concentrations of minor elements,
the size of the parent bodies and corresponding cooling
rates or later disturbances of the Fe isotope signatures.
The ESI contains more detailed modeling of Fe isotope
fractionation during metal differentiation.

4.3. Isotope fractionation of Ni in pallasites: equilibrium or

kinetic in nature?

The Ni isotopic composition of stony-iron meteorites is
presented in Fig. 2. Different to Fe, the light Ni isotopic
composition of pallasite metals in comparison to iron mete-
orites argues against a derivation of pallasites from the
IIIAB iron meteorite parent body that are reported to have
heavier Ni stable isotope signatures (this study, Cook et al.,
2007). This contrasts the trend observed for Ir concentra-
tions versus Fe isotope ratios.

Fractional crystallization of a molten metal core in the
PMG-IIIAB parent body cannot explain the light Ni iso-
topic signatures measured. Any trends in a plot of 60Ni/58Ni
ratios versus Ir concentrations remain elusive, which
demonstrates the limited preservation of fractional crystal-
lization effects on the Ni isotopic compositions of the PMG
metal fraction (Fig. 4). Also, scenarios admixing Ni from
external sources during PMG formation appear unlikely,
as Ni is a major element and unrealistically high amounts
are needed to account for a shift in the metal Ni isotopic
signatures to lighter values. The light isotopic composition
in the metal phase of the PMG can also not be explained by
condensation from a vapor phase in a Rayleigh-like pro-
cess, for instance as a result of planetary collision, because
in that case, a matched enrichment in light isotopes of Fe
would be found, which is not the case.

Several possible scenarios can be invoked to explain the
light isotopic composition of Ni in the metal fractions of
pallasites compared to a heavier Ni isotopic signature in
the adjacent olivine:

(i) The sampling of metal might not be representative for
the bulk Ni isotopic composition. Light Ni isotopic compo-
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sitions can be caused by oversampling of particular metal
phases, e.g., taenite or swathing kamacite, which is not
reflected in the Fe isotopes due to the higher overall abun-
dance of Fe and smaller isotopic differences between kama-
cite and taenite. However, the light stable isotopic
signatures of Ni measured in metals are in full agreement
with those previously reported for the metal fractions of 3
other pallasites (Cook et al., 2007).

(ii) The heavy Ni stable isotopic composition of olivine
and the comparatively lower values for the corresponding
metal could result from equilibrium isotope fractionation
during core-mantle segregation. In this case, the reversed
character of metal-olivine fractionation factors for Ni and
Fe is striking, while these 2 elements possess nearly similar
physical properties, such as volatilities and ionic radii. One
characteristic, which differentiates Ni from Fe, is its inabil-
ity to take on a 3+ oxidation state. As such, a redox mech-
anism that reverses the fractionation factor of Fe with
respect to that of Ni might hypothetically be involved, for
instance if charge-balancing is needed for Fe substitution
of trivalent ions in olivine. Different to Fe, the theoretical
silicate-metal fractionation factors for Ni are scarcely stud-
ied, but experimental work did indicate an enrichment of
heavy Ni isotopes in metal relative to talc at temperatures
of 500–950 �C and pressures of 0.8–1.3 GPa (Lazar et al.,
2012). To clarify the equilibrium fractionation constraints,
the crystal chemistry of Ni in olivine should be studied in
more detail, because the bonding environment is a factor
affecting the isotope fractionation strongly. Different to
Fe, Ni is a trace element in olivine, and can either substitute
Fe in the crystal lattice of olivine, be compensated for by
vacancies, or be concentrated in inclusions. Fig. 5 presents
a 2D LA-ICP-MS distribution image of Ni in olivine of
Seymchan, representative for all PMGs evaluated in this
study. The veins with elevated concentrations of P and Ni
probably have a shock origin (Desrousseaux et al., 1997).
The concentration of Ni in bulk olivine is of the order of
10 lg g�1, while Ni concentrations of up to several thou-
sands lg g�1 are found in the veinlets. This indicates that
a significant part of the Ni is contained in the veins of the
bulk silicate. If the process that formed these features also
led to Ni exchange between metal, olivine and veins, after
the initial olivine/metal Ni isotopic equilibration, this could
have led to a significant shift in the Ni isotopic composition
of the bulk silicate (olivine + vein).

(iii) Light Ni stable isotopic signatures of metal and
heavy signatures of adjacent olivine could result from dise-
quilibration of the initial isotopic signatures. The initial iso-
topic composition of metal and olivine can be affected by a
later thermal event, such as impact or internal heating, and
disturbed by kinetic isotope fractionation during solid-state
diffusion of Ni between metal/olivine/veins. However, the
fact that Ni in silicate is consistently isotopically heavier
than that in the adjacent metal indicates the direction of
possible Ni diffusion from olivine into the metal as light iso-
topes diffuse faster, which is opposite to the concentration
gradient. However, taking into account that Ni is a sidero-
phile element, the chemical potential gradient can easily be
opposite to the concentration gradient in the case of the
metal-olivine boundary, which would allow for self-
diffusion of Ni isotopes. Previous work has presented con-
centration gradients of doubly charged ions in pallasitic
olivines due to solid-state diffusion (Tomiyama and Huss,
2006; McKibbin et al., 2013). These profiles are suggested
to reflect re-equilibration of olivine and metal, mixed as a
result of an impact, that is followed by fast cooling. How-
ever, taking mass-balance considerations into account, it
is unlikely that diffusion of Ni isotopes from olivine into
the metal could explain light Ni isotope signatures of the
metal phase, because of its several orders of magnitude
lower content in olivine compared to metal.

As the mechanism of the Ni distribution between metal
and olivine remains unclear, more spatially resolved in situ

isotopic analyses of closely associated metal, olivine and
possibly Ni contained in veins, are needed to shed light
onto the Ni isotope fractionation mechanism.

4.4. Origin of metal and silicate in mesosiderites

Mesosiderites have enigmatic formation histories, with
most models suggesting that they formed by mixing of
material from two different parent bodies. Silicate clasts
of mesosiderites indicate their origin from the evolved crust
of a differentiated asteroid (Stewart et al., 1994; Haack
et al., 2003; Greenwood et al., 2015), potentially linking it
to the crust of asteroid 4 Vesta (McSween et al., 2011).
Mesosiderites have a restricted range of metal composi-
tions, suggesting that the metal did not undergo fractional
crystallization and that the metal was molten when mixed
with the colder silicates (Hassanzadeh et al., 1990). The
compositional range of the metallic portions of mesosider-
ites suggests that mesosiderite metal may have crystallized
from a core with an original melt composition similar to
IIIAB and H-group chondrite metal (Wasson et al.,
1974). Differences between slow metallographic cooling
rates at 500 �C (Goldstein et al., 2014) and fast cooling of
pyroxene clasts at peak metamorphic temperatures above
800 �C (Ruzicka et al., 1994; Schwandt et al., 1998), prob-
ably due to equilibration of mixed hot and cold fragments,
suggest a change of cooling regime when mesosiderites were
buried deep in a re-accreted parent body (Bogard and
Garrison, 1998).

The 56/54Fe isotopic compositions of the metal fractions
of 3 Antarctic mesosiderites vary between +0.018‰ and
+0.120‰ (Fig. 2, Table 1), which is close to the values
for chondritic (this study; Barrat et al., 2015) and iron mete-
orites (this study; Poitrasson et al., 2005; Williams et al.,
2006) (Fig. 2, Table 1). The Ni isotopic composition of
the metal fractions is comparable to or slightly lighter than
that of chondrites and iron meteorites (Fig. 2). The Fe and
Ni stable isotope signatures in the metal fractions of meso-
siderites are within the range of chondrites or iron mete-
orites, which is in agreement with the trace element
compositions, suggesting that the metal in mesosiderites
shares an origin with chondrites or asteroidal metal cores
(Wasson et al., 1974).

The isotopic signatures of both Fe and Ni in the silicate
portions of mesosiderites are relatively light (Fig. 2,
Table 1). These signatures can either be derived from the
basaltic regolith of the differentiated asteroid, from which



Fig. 6. Three-isotope plots based on data from the laterally resolved isotopic analyses of Fe and Ni in magmatic and silicate-bearing iron
meteorites (micro-drilled sub-samples). The experimental fractionation exponent bexp was extracted from the laterally resolved data of all
single microdrilled iron meteorites using the approach described by Young et al. (2002). The slope of the regression line in a d0 � d0 three-
isotope plot is equal to the fractionation exponent b between the corresponding isotope ratios. By definition d0x/58Ni = ln[(xNi/58Ni)smp/
(xNi/58Ni)std] � 1000.
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the silicate fraction of mesosiderites originates, or be
acquired during the evolution of the mesosiderites. As
stable Ni isotope data for asteroidal crusts in literature
are rare, this is hard to evaluate in the case of Ni. However,
the negative Fe isotopic signatures in the silicate portions of
mesosiderites may indicate that these result from late-stage
evolution and isotope fractionation, because all the terres-
trial and extraterrestrial crust silicates reported to date have
either chondritic or heavy Fe isotopic compositions (e.g.,
Barrat et al., 2015). Therefore, the light Fe and associated
light Ni isotopic signatures of mesosiderites are more likely
to result from diffusion of light Fe and Ni isotopes out of
hot metal into silicates that initially showed chondritic or
heavier isotope ratios following the formational mixing
event. The Fe and Ni isotopic signatures of the metal
phases might not have been affected significantly by this dif-
fusion because of the higher overall concentrations of Fe
and Ni, and thus remained unchanged.

4.5. Kinetic isotope fractionation of Fe and Ni in iron

meteorites due to sub-solidus diffusion

The Toluca IAB iron meteorite was extensively studied
for Fe–Ni isotope fractionation as a result of Wid-
manstätten pattern growth (Poitrasson et al., 2005;
Dauphas, 2007; Cook et al., 2007). Due to slow cooling
of meteorite parent bodies, taenite changes into this struc-
ture of kamacite/taenite. If kamacite and taenite are in full
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equilibrium, isotope fractionation is controlled by the crys-
tal chemistry constraints and temperature in a manner sim-
ilar to that described for pallasites. At the same time,
kamacite grows via sub-solidus diffusion of Fe and Ni
atoms, and as light isotopes tend to diffuse faster than
heavy ones, a factor of kinetic control is added to the iso-
tope fractionation mechanism. For a detailed description
of the isotope fractionation mechanism during disequilib-
rium crystal-growth phenomena, also for the particular case
of Widmanstätten pattern growth, the reader is referred to
earlier publications (Dauphas, 2007; Watson and Müller,
2009; Mueller et al., 2014).

However, Toluca belongs to the IAB complex silicate-
bearing iron meteorite group, which has experienced impact
processing during its formation history (Goldstein et al.,
2009; Ruzicka, 2014). To expand the pool of data available,
two magmatic iron meteorites of different groups (Henbury
IIIAB and Gibeon IVA) with distinct cooling histories were
also studied in this work. Four to 10 drillings on each
etched sample surface were performed to represent the
spread of isotope ratios contained in the inhomogeneous
iron meteorite body. Because the drilling is done with a
finite spot size (300 lm diameter) and because the phase
composition cannot be controlled with the depth of the dril-
ling (400 lm), all of the micro-drilled samples represent
mixtures of kamacite and taenite in different proportions
(including the plessitic fine mixture of both minerals). The
highest and the lowest isotope ratios measured in this way
can be assumed to approximate the lowest and highest esti-
mates of isotopic compositions in the center of the kamacite
and taenite phases, respectively. However, given the large
number of local measurements, a fractionation line can be
constructed with higher precision. Fig. 6 provides three-
isotope plots based on data from spatially resolved analyses
of iron meteorites for their Fe and Ni isotopic composi-
tions. The theoretical equilibrium (beq) and kinetic (bkin)
fractionation factors can be calculated (Young et al.,
2002; Wombacher and Rehkamper, 2003). The experimen-
tal fractionation factor, extracted from d62/58Ni – d60/58Ni
data (bexp = 1.981 ± 0.039) corresponds best to kinetically
controlled isotope fractionation. This confirms that the
contribution of sub-solidus diffusion prevails over a control
by equilibrium isotope fractionation (Dauphas, 2007). The
fractionation factors bexp for Fe and the other Ni isotopes
show less precision as a result of the limited amount of
Fe isotope fractionation or the lower abundance of the cor-
responding Ni isotopes, preventing their use in this context.
It is interesting to note that the average of the data obtained
for 7 spatially resolved analyses of the Henbury IIIAB iron
meteorite measured in this study (d60/58Ni = +0.22‰) cor-
responds well to previously reported bulk rock data, vary-
ing between +0.22‰ and +0.19‰ (Cook et al., 2007).

Magmatic iron meteorite groups exhibit element trends
compatible with fractional crystallization, initiated by the
cooling of molten asteroid cores. The silicate-bearing
groups (IIE group and the IAB complex, which includes
the former IIICD) are believed to have formed through
impact on melted bodies, and, as such, experienced a differ-
ent crystallization and cooling history (Ruzicka, 2014). The
range of stable isotope signatures of Ni is wider than that of
Fe in laterally resolved samples due to the effect of sub-
solidus diffusion and the lower concentration of Ni relative
to Fe. However, for the silicate-bearing IAB-MG iron
meteorite Canyon Diablo, and especially for Campo del
Cielo, this effect is less pronounced. This could result from
impact processing, when the isotope ratios of both Fe and
Ni in silicate-bearing irons were first shifted to heavier val-
ues as a result of evaporation following impact (the 50%
condensation temperatures in a Solar System composition
gas are 1353 and 1334 K for Ni and Fe, respectively;
Lodders, 2003). Subsequently, the Fe and Ni isotopes were
fractionated between kamacite/taenite as a result of sub-
solidus diffusion, although to a lesser degree than experi-
enced by the magmatic groups, as a result of faster cooling
rates (Goldstein et al., 2014). The cooling rate will affect the
degree of kinetic fractionation because of its effect on diffu-
sive closure and because it will control the growth rate of
the exsolution features. However, it is impossible to deter-
mine the timing of the impact from the Fe–Ni isotopic sig-
natures. The effect of impact processing on the isotopic
composition of Ge has previously been described for
silicate-bearing iron meteorites, which show lower and
more variable Ge isotopic compositions than magmatic
irons (Luais, 2007).

The Udei Station meteorite consists of a mixture of
metal and silicates. However, it is classified as IAB-
ungrouped according to the Meteoritical Bulletin, based
on the composition of its metal fraction (Wasson, 1970a),
the petrographic characteristics of the silicates (Mason,
1967), and the higher metallographic cooling rates com-
pared to mesosiderites (Powell, 1969). The Fe and Ni iso-
topic signatures in the metal phase of Udei Station are
close to those of other iron meteorites, but negative in the
silicate fraction. These negative signatures are unlikely to
derive from the initial parent material of the silicates, as
there is strong evidence for a chondritic origin (Choi
et al., 1995; Wasson and Kallemeyn, 2002). Consequently,
the isotopic signatures of the Udei Station silicate might
result from Fe and Ni diffusion out of the metal phase of
this meteorite, similar to what has been observed for meso-
siderites. On the other hand, recent work suggests that the
silicates in Udei Station experienced low degrees (3–10%) of
partial melting, which could potentially have fractionated
the Fe and Ni isotopes (Ruzicka and Hutson, 2010).

5. SUMMARY

This study contributes high-precision Fe and Ni isotope
ratio data for bulk magmatic and silicate-bearing iron, pal-
lasite, and mesosiderite meteorites obtained via MC-ICP-
MS to the existing literature. Importantly, co-occurring sil-
icate and metal portions for various stony iron meteorites
were compared in terms of their Fe and Ni isotopic compo-
sitions. For this purpose, relatively large sample aliquots
(generally >100 mg) guaranteed representative sampling
considering the isotopic heterogeneity at the micrometer
to millimeter scale that generally reflects sub-solidus diffu-
sion. In the case of magmatic and silicate-bearing iron
meteorites, micro-drilling using a 300 lm diameter drill
bit also allowed laterally resolved isotopic analysis of Fe
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and Ni. Unlike chondrites, for which the Fe and Ni isotope
signatures result from nebular processes and the isotopic
range is limited to �0.2‰ (Moynier et al., 2007;
Craddock and Dauphas, 2011), metal-rich achondritic
materials such as iron and stony-iron meteorites typically
exhibit much wider ranges of up to 0.6‰ for d56/54Fe and
�2‰ for d60/58Ni between the metal and silicate phase in
stony irons. By comparing the magnitude and sign of the
Fe and Ni isotope stable isotope shifts between meteorite
groups and fractions, it becomes clear that the stable iso-
tope signatures of these achondrites result from unique
combinations of distinct planetary processes, such as metal
segregation and fractional crystallization during core for-
mation, primary equilibration between planetary reservoirs
of pristine parent bodies, evaporation during collisional dis-
ruption, diffusive re-equilibration during re-accretion on
secondary parent bodies, and subsequent diffusion during
prolonged cooling histories. As such, stable isotope signa-
tures can also be used to highlight possible genetic relations
(e.g., between pallasite metal and IIIAB irons).

The stable isotope fractionation of Fe and Ni related to
sub-solidus diffusion exhibits a narrower range for silicate-
bearing than for magmatic iron meteorites. This is inter-
preted to reflect the slower cooling rates experienced by
the latter. Additionally, impact volatilization may also have
played a role in the Ni and Fe isotopic signatures of silicate-
bearing iron meteorites. In contrast, Fe isotopes of the
PMG and in the IIIAB parent bodies’ metal core(s) frac-
tionated in the process of fractional crystallization, as
revealed by the Ir concentration – d56/54Fe trend. No such
Fe fractional crystallization trend is found for the IIAB
iron meteorite group, the only other iron meteorite group
for which enough high-precision Fe isotope data exists.
Unlike Fe, Ni isotopes do not indicate fractionation cou-
pled to the fractional crystallization of the parent body
core.

In the case of mesosiderites, light Ni and Fe isotopic sig-
natures were observed in the silicate portions analyzed rel-
ative to the heavier, near-chondritic signatures of the
corresponding metal phases. These compositions likely
result from diffusion of Ni and Fe from the metal into the
silicate portion of these meteorites, following the mixing
between an impactor and the original parent body.

The metal and olivine portions of pallasites show resolv-
able Fe isotope fractionation. However, if the Fe isotopes
did originally achieve equilibrium, the extension of the wide
range of derived equilibration temperatures (255–340 �C to
1100–1300 �C) for different groups of pallasites suggests
that Fe isotope fractionation is not the result of a core-
mantle segregation event, but rather represents later re-
equilibration at different depths in a secondary parent
body. Nickel shows an isotope fractionation factor between
metal and olivine in pallasites that is reversed compared to
that of Fe, with lighter isotopic compositions for metal
(d60/58Ni from �0.81‰ to +0.455‰) and heavier composi-
tions for the corresponding olivine (d60/58Ni from +0.554‰
to +1.221‰). This result is unlikely to derive from equilib-
rium isotope fractionation during core-mantle segregation,
as Fe and Ni generally exhibit similar chemical properties.
Similarly, a control by kinetic isotope fractionation linked
to Ni diffusion out of the olivine into the metal phase would
not explain the light Ni isotopic signatures in pallasite
metal. Because the crystal chemistry constraints on Ni
remain unclear and large portions of silicate Ni was found
to reside in inclusions, additional in situ analyses are needed
to shed light on the actual mechanism of Ni isotope
fractionation.
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The calculations made in the appendix contributed from
the data of (Cameron and Vance, 2014; Cameron et al.,
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et al., 2013; Gueguen et al., 2013; Poitrasson et al., 2004;
Porter et al., 2014; Ratié et al., 2015; Shahar et al., 2008;
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Maréchal C. N., Télouk P. and Albarède F. (1999) Precise analysis
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