18. 9. 2024

.org/10. 48350/ 199584 | downl oaded:

https://doi

sour ce:

Journal Pre-proofs

Isotopic evidence for a common parent body of IIG and IIAB iron meteorites

Aryavart Anand, Fridolin Spitzer, Timo Hopp, Richard Windmill, Pascal
Kruttasch, Christoph Burkhardt, Nicolas Dauphas, Richard Greenwood, Beda
Hofmann, Klaus Mezger, Thorsten Kleine

PII:
DOI:
Reference:

To appear in:

Received Date:
Accepted Date:

Please cite this article as: Anand, A., Spitzer, F., Hopp, T., Windmill, R., Kruttasch, P., Burkhardt, C., Dauphas,
N., Greenwood, R., Hofmann, B., Mezger, K., Kleine, T., Isotopic evidence for a common parent body of IIG and
ITAB iron meteorites, Geochimica et Cosmochimica Acta (2024), doi: https://doi.org/10.1016/j.gca.2024.07.025

This is a PDF file of an article that has undergone enhancements after acceptance, such as the addition of a cover
page and metadata, and formatting for readability, but it is not yet the definitive version of record. This version
will undergo additional copyediting, typesetting and review before it is published in its final form, but we are
providing this version to give early visibility of the article. Please note that, during the production process, errors

S0016-7037(24)00371-5
https://doi.org/10.1016/j.gca.2024.07.025
GCA 13501

Geochimica et Cosmochimica Acta

18 April 2024
22 July 2024

Geochimica et
Cosmochimica Acta

Gl cAL
D THE METEORITICAL SOCIETY

may be discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

© 2024 The Author(s). Published by Elsevier Ltd.



https://doi.org/10.1016/j.gca.2024.07.025
https://doi.org/10.1016/j.gca.2024.07.025

Isotopic evidence for a common parent
body of IIG and IIAB iron meteorites

*Aryavart Anand?® ®
Fridolin Spitzer?
Timo Hopp® ¢
Richard Windmill¢
Pascal Kruttasch®
Christoph Burkhardt®
Nicolas Dauphas©
Richard Greenwood‘
Beda Hofmann® ©
Klaus Mezger®

Thorsten Kleine?

aMax Planck Institute for Solar System Research, Gottingen, 37077, Germany.
b Institut fiir Geologie, Universitidt Bern, Bern, 3012, Switzerland.

¢Origins Laboratory, Department of the Geophysical Sciences and Enrico Fermi Institute,
The University of Chicago, Chicago, 60637, USA.

dPlanetary and Space Sciences, The Open University, Milton Keynes, MK7 6AA, UK.

¢ Naturhistorisches Museum Bern, Bern, 3005, Switzerland.

Submitted to: Geochimica et Cosmochimica Acta

Keywords: Magmatic iron meteorites, Isotopic anomalies, Core formation.

Corresponding author:



Aryavart Anand

(anand@mps.mpg.de)

Declaration of interests

The authors declare that they have no known competing financial interests or personal
relationships that could have appeared to influence the work reported in this paper.

[] The author is an Editorial Board Member/Editor-in-Chief/Associate Editor/Guest Editor for
[Journal name] and was not involved in the editorial review or the decision to publish this article.

[ The authors declare the following financial interests/personal relationships which may be
considered as potential competing interests:

Abstract

Magmatic iron meteorites are thought to sample the metallic cores of differentiated
planetesimals and are subdivided into several chemical groups, each representing a distinct
parent body. The only exceptions are the groups IIAB and IIG, which have been proposed to
sample two immiscible melts from the same core. To test this model, we report the first Fe, Ni,
O, and Cr isotope data for IIG iron meteorites and the first high-precision O isotope data for
ITAB iron meteorites. The new data demonstrate that IIG iron meteorites belong to the non-
carbonaceous (NC) meteorites. This is evident from the isotope anomaly of each of the four
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elements investigated, where the IIG irons always overlap with the compositions of NC
meteorites but are distinct from those of carbonaceous (CC) meteorites. Moreover, among the
NC meteorites and in particular, the NC irons, the isotopic composition of the IIG irons
overlaps only with that of the IIAB irons. The combined Fe-Ni-O-Cr isotope data for [IAB and
IIG iron meteorites, therefore, reveal formation from a single isotopic reservoir, indicating a
strong genetic link between the two groups. The indistinguishable isotopic composition of the
IIAB and IIG irons, combined with chemical evidence for the formation of IIG irons as late-
stage liquids of the ITAB core, strongly suggests that both groups originate from the same core.
The results underscore the strength of utilizing multiple elements to establish genetic links
among meteorites, rather than using a single element. They also highlight the significance of
integrating multiple geochemical tracers and petrologic observations to accurately determine
genetic relationships and the formation of meteorites within the same parent body.

1. Introduction

Magmatic iron meteorites are thought to derive from the metallic cores of differentiated
planetesimals and, based on their chemical composition, are subdivided into several groups,
that may represent distinct parent bodies (e.g., Scott and Wasson, 1975). In detail, magmatic
irons that exhibit similar elemental fractionation trends (in logarithmic element-element
diagrams) are chemically grouped into four categories, each designated by a Roman Numeral
(i.e., I to IV) based on the abundances of moderately volatile siderophile elements, in particular
Ga and Ge (Goldberg et al., 1951; Lovering et al., 1957). These categories are further
subdivided into lettered groups based on Ga, Ge, Ni, and Ir concentrations (Wasson, 1967,
Wasson and Kimberlin, 1967), resulting in the eleven currently known groups of magmatic
irons (not counting the non-magmatic groups IAB and IIE) (e.g., Goldstein et al., 2009). Two
of these groups are IIAB and IIG, which while having similar Ga and Ge concentrations, are
otherwise chemically distinct and have vastly different numbers of individual members
(Wasson and Choe, 2009). Whereas group IIAB is the second largest magmatic group with
more than 140 members, group IIG has only six members (Auburn, Bellsbank, Guanaco, La
Primitiva, Tombigbee River, Twannberg), which is just above the minimum number of samples
necessary to define an iron meteorite group (Wasson, 1974). Despite their chemical differences,
an origin of both ITAB and IIG irons from two immiscible liquids in the same core has been
proposed (Wasson and Choe, 2009).

Fractional crystallization modelling suggests that the IIAB core had relatively high
concentrations of S (15-17 wt. %) (Chabot, 2004; Zhang et al., 2024), P (0.1-1 wt. %) (Jones
and Drake, 1983; Zhang et al., 2024), and other volatile siderophile elements. This is evident
from (1) a high abundance of trapped sulfide melt in evolved IIAB irons, (2) high
concentrations of Ga and Ge relative to other magmatic iron groups, and (3) a steeply negative
trend in the log-Ir vs. log-Au diagram (Wasson et al., 2007; Chabot et al., 2004; Hilton et al.,
2022). Based on the high inferred S and P concentrations of the IIAB core, Wasson et al. (2007)
proposed that during the later stages of crystallization, a buoyant immiscible S-rich liquid rose
to the top of the S-poor core, ultimately resulting in complete separation of an upper S-rich and
a lower P-rich (and S-poor) melt within the core. On this basis, Wasson and Choe (2009)
suggested that the IIG iron meteorites, which are characterized by low S contents but the
highest known bulk P contents among iron meteorites, sample the P-rich magma of the late-
stage IIAB core. In this model, the characteristic high abundance of schreibersite in IIG iron



meteorites is the result of entrapment of melt with relatively high P contents. The apparent
association of I[IAB and IIG iron meteorites is corroborated in element-Au diagrams where all
IIG irons are typically located close to the high-Au end of the IIAB trend, beyond the
compositions of late-crystallized IIAB irons (Wasson and Choe, 2009). Nevertheless, more
quantitative modelling attempts aimed at matching the composition of solid IIG metal to the
composition of late-stage IIAB irons have not been successful (Chabot et al., 2020).

A more direct link between IIAB and IIG iron meteorites can be established by
measurements of their isotope compositions. For instance, O isotopes have widely been used
to identify genetic links among and between meteorites, such as, between IAB irons and
winonaites (Clayton and Mayeda, 1996; Greenwood et al., 2017), IIIAB irons and main-group
pallasites (Clayton and Mayeda, 1996), IIE irons and H ordinary chondrites (Clayton et al.,
1983; McDermott et al., 2016), and IVA irons and L or LL ordinary chondrites (Clayton et al.,
1983). However, since O-bearing phases (i.e., chromites, phosphates, and silicates) are quite
rare or even absent in the majority of iron meteorites, O isotope data for iron meteorites are
scarce. In particular, no high-precision O isotope data are available for the IIAB and IIG irons
that can be used to confirm or refute the IIAB-IIG relationship.

Over the last decade, a large-scale isotopic dichotomy between non-carbonaceous (NC)
and carbonaceous (CC) meteorites has been identified (Warren, 2011; Budde et al., 2016;
Kruijjer et al.,, 2017). This NC-CC dichotomy has been revealed on the basis of using
nucleosynthetic isotope anomalies in meteorites, which reflect the heterogeneous distribution
of isotopically anomalous presolar components derived from several stellar nucleosynthetic
sources (see Bermingham et al., 2020; Kleine et al., 2020 and Kruijer et al., 2020 for some
recent reviews). Since these anomalies do not result from mass-dependent isotope
fractionation, they are not modified by parent body processes such as differentiation, fractional
crystallization, or volatile depletion, and hence are powerful tools for identifying potential
genetic links among and between different classes and groups of meteorites. Of the elements
showing nucleosynthetic isotope variability, the siderophile elements Mo (e.g., Dauphas et al.,
2002; Burkhardt et al., 2011; Worsham et al., 2017), Ru (Chen et al., 2010; Fischer-Godde et
al., 2015; Worsham et al., 2019), Ni (Regelous et al., 2008; Steele et al., 2011; Nanne et al.,
2019), and Fe (Schiller et al., 2020; Cook et al., 2021; Hopp et al., 2022a) have most extensively
been used for assessing genetic links among iron meteorites. However, although the strong
chemical link between ITAB and IIG irons suggests that group IIG belongs to meteorites of the
NC-type, this has yet not been demonstrated through isotope measurements. Genetic links
between iron meteorites may also be evaluated using Cr isotopes, which show widespread 3*Cr
anomalies among meteorites (Trinquier et al., 2007; Yamakawa et al., 2010; Qin et al., 2010;
Zhu et al., 2020). This large variability combined with the current analytical uncertainty on
4Cr measurements allows inter-group resolutions for almost all of the meteorite groups. In
addition, the combined £*Cr-A!'’0 two-dimensional approach has proven very valuable for
identifying genetic links among different meteorite groups (Warren, 2011). Chromium isotope
variations in iron meteorites predominantly reflect spallation on Fe during cosmic ray exposure
(CRE) (Qin et al., 2010). Consequently, nucleosynthetic >*Cr signatures in iron meteorites can
only be reliably determined if minerals with low Fe/Cr ratios, such as chromites, are available
(Anand et al., 2021). However, chromites are extremely rare in iron meteorites. Therefore,
similar to O isotopes, only a small number of iron meteorites have been studied for their
primary Cr isotope compositions unaffected by spallogenic contributions (Anand et al., 2021).

In this study, new Fe, Ni, Cr, and O isotope data for group IIAB and IIG iron meteorites
are used to determine whether the IIG irons are of the NC-type and to reassess the potential



ITAB-IIG genetic relationship. The isotopic variations for Fe and Ni, in particular, are relatively
small; therefore, it is difficult to distinguish among NC iron groups using only these elements.
This problem is overcome by combining isotope data for four elements. When any of these
elements are plotted against each other, the NC-CC dichotomy and the resolved isotopic
variations among NC meteorites become visible. This makes it possible to unequivocally
determine whether the IIAB and IIG irons share a common isotopic composition distinct from
other iron meteorites and, hence, may derive from a common planetesimal core.

2. Samples and analytical methods

2.1 Samples and sample preparation

The isotope compositions of the samples were determined on either separated mineral
phases (O, Cr) or bulk meteorite samples (Fe, Ni). Iron and Ni isotope compositions were
determined for three IIG iron meteorites (Bellsbank [NHM London BM.1961,403], La
Primitiva [NHM London BM.1927,77], Tombigee River [NHM London BM.84646]).
Additionally, Ni isotope compositions were determined for six IIAB iron meteorites,
(Ainsworth, Braunau, Coahuila, Mt. Joy, North Chile, Sikhote Alin), one IC iron meteorite
(Chihuahua City), and one IIIAB iron meteorite (Cape York) that were previously analyzed for
their Fe, Mo, and Pt isotope compositions (Hopp et al., 2022a; Spitzer et al., 2020). For these
analyses, ~600 mg of sample material each was digested in 6M HCI (+ trace conc. HNO3) on
a hotplate set to 130 °C for at least 24 h. Aliquots of these digestions corresponding to ~1000—
2000 pg Fe and 40-100 pg Ni were processed through purification chemistry to obtain pure
separates.

Chromite and/or troilite fractions were obtained each from Sikhote Alin (ITAB),
Agoudal, Cape York (ITIAB; Agpalilik mass), and Twannberg (IIG) iron meteorites, from the
Natural History Museum Bern (NMBE) collection (see Table 3 for collection numbers) and
from two independent samples of Sikhote Alin from the Vernadski Museum, Moscow and from
NMBE. Examination of many slabs of Twannberg revealed a single inclusion of chromite
associated with the phosphate maricite. Chromite inclusions in the samples were first identified
using an optical microscope and isolated as small fragments with attached metal-sulphide
matrix. These fragments were digested in aqua regia on a hotplate set to 90 °C for 48 h to
completely dissolve the matrix, leaving behind residual chromite grains. Troilite inclusions
were separated from the iron meteorites using a Dremel® micro drill and were digested
completely in aqua regia on a hot plate set to 90 °C for 48 h.

A fraction of the chromite extracted each from Sikhote Alin and Agoudal, and all of the
recovered chromite fraction from Twannberg were used for O isotope analysis. Chromite
fractions from Sikhote Alin, Agoudal and Cape York, and troilite fractions from Twannberg
and Cape York were used to measure Cr isotopes. Of these, the Cr isotope data for the chromite
fractions were previously reported in Anand et al. (2021), while the troilite fractions were
analyzed as part of this study.



2.2 Chemical separation and purification

Iron was separated following the procedure described in Tang and Dauphas (2012) and
Hopp et al. (2022a, b). The sample aliquots were loaded in 0.25 ml 10 M HCI onto 10.5 cm
long PFA columns filled with 3 ml pre-cleaned anion resin (AG1-X8, 200-400 mesh). Iron was
retained on the resin while Ni and other major elements were eluted in 5 ml 10 M HCI. Other
possible contaminants such as Cr were washed off using 30 ml 4 M HCI. Iron was eluted using
9 ml 0.4 M HCI, dried down, and re-dissolved in 10 M HCI for repetition of the procedure. The
final purified Fe eluates were dried down and dissolved in 0.3 M HNO; for isotope
measurements. The total procedural blank relative to the total Fe processed is negligible (~70
ng) and the overall Fe yields were >99 %. The interfering elements Cr (**Cr on *#Fe) and Ni
(°®Ni on %Fe) were present at low levels (Cr/Fe < 1.7x10 and Ni/Fe < 2x10%) which allow
accurate Fe isotope ratio measurements.

The chemical separation of Ni involves a 3-step ion-exchange chromatography
following the protocols described in Nanne et al. (2019), which are based on the method of
Chernonozhkin et al. (2015). Sample solutions were loaded in 10 ml of 0.6 M HCI-90%
acetone onto PFA columns filled with 2 ml pre-cleaned and conditioned BioRad AG 50WX4
cation exchange resin (200400 mesh). Most of the sample matrix (e.g., Fe, Cr) was eluted
with an additional 35 ml 0.6 M HCI-90% acetone and 10 ml 0.6 M HC1-95% acetone before
Ni was collected in 6 ml 0.6 M HCI-95% acetone—0.1 M dimethylglyoxime (DMG). The
second and third columns use BioRad AG1 X8 resin (100—200 mesh) and AG MP-1 X4 (100—
200 mesh) anion exchange resins, respectively, to remove the remaining interfering elements
(Ti, Fe, and Zn). The final purified Ni eluates were dried down and dissolved in 0.3 M HNO;
for isotope measurements. The total procedural blank relative to the total Ni processed is
negligible (<10 ng) and the overall Ni yields were ~80 %. The interfering elements Fe (°®Fe on
38Ni) and Zn (°*Zn on **Ni) were present at sufficiently low levels which allowed accurate Ni
isotope ratio measurements (Render et al., 2018; Nanne et al., 2019).

The procedure for Cr separation involves a 3-step ion-exchange chromatography
modified after Schoenberg and von Blanckenburg (2005), Trinquier et al. (2008a), and
Yamakawa et al. (2009). The sample aliquots were loaded in 1 ml 6 M HCl onto 7.5 mL PFA
columns filled with 2 ml pre-cleaned anion resin (AG1-X8, 100-200 mesh). The Cr eluates
from the first columns were dried down, re-equilibrated, and loaded onto second columns filled
with 2 ml cation resin (AG 50W-X8 200-400 mesh). The second column produced a solution
with mostly Cr but incompletely separated from Ti and V. The Cr eluates from the second
columns were dried down, transformed into nitrate form and loaded onto third columns
containing 0.5 ml cation resin (AG 50W-X8 200400 mesh) to obtain pure Cr separates, free
of Tiand V. The total procedural blank relative to the total Cr processed is negligible (~20 ng)
and the overall Cr yields were >80 %.

2.3 Isotopic analyses

Oxygen isotopes were analysed on a MAT 253 dual inlet mass spectrometer at the Open
University following the protocol given in Greenwood et al. (2017).



Iron isotope measurements were performed at the University of Chicago on a Thermo
Scientific Neptune MC-ICP-MS. Ion beams of 3*Fe, °Fe, 5'Fe, and 8Fe were measured in
static mode on Faraday collectors using a 10'°Q amplifier for *°Fe and 10''Q amplifiers for the
other Fe isotopes. Possible isobaric interferences from *Cr and *¥Ni were measured
simultaneously by monitoring >3Cr and ®*Ni using Faraday cups connected to 10'>Q amplifiers.
The measurements were made on the flat-topped peak shoulder in medium-resolution (MR)
mode to resolve interferences from argide ions. The purified Fe solutions (10 pg/g in 0.3 M
HNOs3) were introduced into the MC-ICP-MS at an uptake rate of ~100 pl/min using a cyclonic
glass spray chamber and Pt sampler and H skimmer cones. Typical >°Fe+ ion signal intensities
were ~140 V (10'° Q resistor). Sample and standard measurements consisted of 50 cycles of
8.369 s each and sample analyses were bracketed by measurements of the reference material
IRMM-524a. On peak zero intensities were measured at the beginning of each sequence using
the same acid solution used for the sample and standard solutions and were subtracted from all
individual measurements. Instrumental and natural mass fractionation was corrected by
internal normalization to °’Fe/*’Fe=0.023095 using the exponential law (Dauphas and
Schauble, 2016). All data are reported in the p-notation, i.e., the parts-per-million deviation of
the internally normalized ratios relative to the mean value of the IRMM-524A solution
standards that were analyzed bracketing the sample measurements. The reported p-values
represent the mean of pooled solution replicates (N = 10-25), and uncertainties are reported as
2 standard errors (2 s.e.). Additionally, mass-dependent isotopic variations are monitored,
which allow to monitor possible spurious effects on internally normalized isotope ratios
introduced by natural mass fractionation (Tang and Dauphas, 2012).

Nickel isotope measurements were performed at the Institut fiir Planetologie,
University of Miinster on a Thermo Scientific Neptune Plus MC-ICP-MS using the established
measurement protocols described in earlier studies from this laboratory (Nanne et al., 2019;
Spitzer et al., 2022). Ion beams of *¥Ni, °Ni, ¢INi, ©Ni, and **Ni were analyzed in static mode
on Faraday collectors using a 10'°Q amplifier for *®Ni and 10''Q amplifiers for the other Ni
isotopes. Measurements were made on a flat top section of the left-peak shoulder using MR
mode to avoid possible interferences on mass 3’Fe from “°Ar!0OH or 4°Ar'’0O and '32Xe?" on
%67n (Makhatadze et al., 2023; Tang and Dauphas, 2012). The purified Ni solutions (1-2 pg/g
in 0.3 M HNOs;) were introduced into the MC-ICP-MS at an uptake rate of ~50 pl/min using a
Aridus II desolvator and standard sampler and X skimmer cones. Typical ¥Ni* ion signal
intensities were ~100 V (10'° Q resistor). Sample and standard measurements consisted of 50
cycles of 8.4 s integrations each and sample analyses were bracketed by measurements of the
reference material SRM 986. Prior to each sample or standard measurement, baselines were
measured as on peak zeros (OPZ) for 20 x 8.4 s using the same acid solution used for the
sample and standard solutions. Instrumental and natural mass fractionation was corrected by
internal normalization to either ¢'Ni/*®Ni = 0.016744 or ®°Ni/*'Ni = 3.1884 using the
exponential law (Gramlich et al., 1989). All data are reported in the p-notation relative to the
mean value of the SRM 986 solution standards that were analyzed bracketing the sample
measurements. The reported p-values represent the mean of pooled solution replicates (N =
10-15) and uncertainties are reported as 2 s.e. The accuracy and precision of the isotope
measurements were assessed by repeated analyses of the NIST 361 metal standard (Spitzer et
al., 2022).

Chromium isotope measurements were performed at the Institute of Geological
Sciences, University of Bern on a Thermo Scientific Triton Plus TIMS. Ton beams of °Cr, 'V,
32Cr, 3Cr, >*Cr, »Mn, and *°Fe were analyzed in static mode on Faraday collectors using 10''Q
amplifiers (Trinquier et al., 2008a). Isobaric interferences of *Fe on **Cr were corrected by



measuring °Fe. The 3'V intensities were not resolved from background intensities for all
samples, demonstrating the successful separation of V from Cr during column
chromatography. Two to three pg of purified Cr was loaded onto each single filament and
measured at a 2Cr signal intensity between 7 and 10 V (10! Q resistor). A typical run for a
single filament load consisted of 24 blocks with 20 cycles each (integration time = 8.389 s).
Gain calibration was done once, at the beginning of every analytical session. The baseline was
measured (30 cycles, each of 1.05 s), and the amplifiers were rotated after every block. The Cr
standard reference material NIST SRM 979 was used as a terrestrial reference material. The
3Cr/*2Cr and >*Cr/>*Cr ratios were normalized to >2Cr/°°Cr = 19.28323 (Shields et al., 1966)
by applying the exponential mass fractionation law. All data are reported in the e-notation, i.e.,
the parts-per-ten-thousand deviation of the internally normalized ratios relative to the mean
value of the standard reference material (NIST SRM 979) measured along with the samples in
each measurement session (single turret). The reported €'Cr for any sample represents the mean
of the replicate measurements and the uncertainties reported as 2 s.e. The uncertainties (2
standard errors, n = 8) for the standard reference material (NIST SRM 979) in each
measurement session was ~0.05 for ¢33Cr and ~0.11 for €**Cr.

The Cr, Mn, and Fe concentrations of troilite and chromite fractions were determined
on digestion aliquots, taken before the Cr purification, using a 7700x Agilent ICP-MS at the
Institute of Geography, University of Bern. Uncertainties on >>Mn/>>Cr and Fe/Cr ratios are
reported in 2 s.e. of the replicate measurements (n = 5) and remained <5 % for all the samples.

3. Results

The Fe isotope compositions of the IIG iron meteorites are given in Table 1 and shown
in Fig. 1. All three samples have resolvable isotope anomalies in u>*Fe relative to IRMM-524a,
but no resolvable variations in u’®Fe. The weighted averages for p3*Fe and p®Fe are +13 + 3
and —1 £ 7, respectively. The same samples display no significant mass-dependent variations
in 8°%Fe relative to IRMM-524, indicating that any spurious effects on the internally normalized
Fe isotope ratios can be excluded (Tang and Dauphas, 2012). As shown in Fig. 1, the measured
w4Fe for IIAB irons except for Ainsworth (data from Hopp et al., 2022a) are indistinguishable
from those of the IIG irons of this study but are shifted towards slightly negative u>8Fe values
(Fig. 1). As discussed by Hopp et al. (2022a), these small shifts reflect CRE (see below).
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Figure 1: Diagram of p3*Fe and p®Fe in IIAB and IIG iron meteorites. The p>*Fe and p*8Fe
compositions of the IIAB iron meteorite Ainsworth show significant effects from CRE and
together with the other IIAB iron meteorites define a linear correlation between unirradiated
and irradiated samples (Hopp et al. 2022a). The Fe isotope compositions of the three IIG iron
meteorites do not show any intra-group variations in p3*Fe and no resolvable p*®Fe values. The
weighted average of the IIG iron meteorites is within uncertainties similar to the pre-exposure
values of the IIAB iron meteorite parent body. GCR model is from Cook et al. (2020).

The Ni isotope data for the studied irons are reported in Table 2 and shown in Fig. 2.
When normalized to ®'Ni/*®Ni all samples display negative u®Ni, u®2Ni, and u®Ni values,
which is the characteristic composition of NC meteorites. The new Ni isotope data for
Chihuahua City (IC), Cape York (IIIAB), and the analyzed ITAB irons agree with previously
published values for samples from these groups of meteorites (Regelous et al., 2008; Steele et
al., 2011; Tang and Dauphas, 2012; Nanne et al., 2019). There are no resolved Ni isotope
variations among the six IIAB irons analyzed in this study, although these samples are
characterized by very different CRE times and associated secondary neutron capture effects,
as is evident from their variable Pt isotope anomalies (Table 2). The three IIG irons of this
study also have indistinguishable Ni isotope compositions with mean u®Ni, u®Ni, and p®Ni
values of =4 £2,-13 £ 5, and -39 + 8, respectively (Table 2). These values are identical to the
mean values for the IIAB irons but are distinct from all other NC irons such as the IC irons
(Table 2).
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Figure 2: u%Ni/s8) vs. n6?Nie1/58) compositions for the major iron meteorite groups. Samples
plot along a line with a slope of ~3 (Steele et al., 2011; Nanne et al., 2019). Data are from this
study and compiled from the literature (Steele et al., 2011; Tang and Dauphas, 2012, Cook et
al., 2020; Nanne et al., 2019; Cook et al., 2021).

The new Cr isotope data for troilite from Twannberg and Cape York alongside data for
chromite and daubréelite for IIAB and IIIAB irons from Anand et al. (2021) are listed in Table
3 and plotted in Fig. 3. The Fe/Cr and 3*Mn/3*Cr of Cape York troilite agree within analytical
uncertainties with the measurements of the ‘evenly distributed troilite component’ reported in
Jochum et al. (1975). The Fe/Cr ratio of ~353 measured in Twannberg troilite is lower than the
Fe/Cr of ~850 for the troilite fraction from Cape York. The high Cr content of Twannberg
troilite might be due to daubréelite intergrowths within the sampled troilite. The Cape York
troilite displays higher £3Cr and €>*Cr compared to previously reported values for chromite
from this iron meteorite (Anand et al., 2021), which are also higher than the values for
chromites from IIAB irons reported in the same study. The troilite from Twannberg exhibits
even higher £3Cr and €*Cr than the Cape York troilite. As will be shown below, these
differences most likely reflect the effects of CRE.



£54Cr

Figure 3: (a) €*Cr vs. €3Cr and (b) &*Cr vs. Fe/Cr plots for the iron meteorite
chromite/daubréelite/troilite fractions. The dashed lines in (a) show spallogenic Cr contribution
correction for the troilite fractions. The pre-exposure £*Cr of Twannberg iron meteorite is
determined assuming the same pre-exposure £3Cr compositions of ITAB and IIG iron
meteorites and a slope of ~2.6 for the coupled &>3Cr and &3*Cr spallogenic excesses given by
Cape York troilite-chromite pair. Error bars represent 2 s.e. uncertainties.

The new O isotope data for chromites from the IIAB irons Sikhote-Alin and Agoudal,
and the IIG iron Twannberg are given in Table 3 and plotted in Fig. 4. All three meteorites
have similar A'7O compositions. Figure 4 compares the A'’O data of IIAB and IIG irons with
that of other iron meteorite groups that contain an O-bearing mineral. The A'7O of IIAB iron
meteorites Sikhote-Alin and Agoudal is analytically indistinguishable from that of the
Twannberg I1G meteorite and suggests a similar source reservoir in the solar nebula for both
iron meteorite groups. The variations in 8!70 and 3'30 between different meteorites and within
Sikhote Alin reflect possible mass dependent isotope fractionation.
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Figure 4: A7O composition of IIAB iron meteorites Sikhote-Alin and Agoudal, and IIG iron
meteorite Twannberg investigated in the present study and other iron meteorites groups from
the literature (Clayton and Mayeda, 1996; Wang et al., 2004; McDermott et al., 2016; Corrigan
et al., 2022). Error bars are smaller than the data points.



Table 1: Fe isotope compositions of IIG iron meteorites.

Sample N2 p*Feb 2s.e.c p¥Fe® 2s.e. 8%Fed 2s.e. Reference

1IG iron meteorites

Bellsbank 15 14 5 -6 11 0.04 0.02  This study
La Primitiva 25 11 5 4 12 0.07 0.02  This study
Tombigee River 10 14 4 0 12 0.03 0.02  This study
Weighted Average 13 3 -1 7 0.05 0.02

pre-exposure [IAB 16 4 -9 9 - - a

References: (a) Hopp et al. (2022a).
aNumber of individual analyses.

YFe isotopic composition internally normalized to ’Fe/>°Fe = 0.023095 and expressed as p-notation defined as the parts-per-million deviation of the **Fe/5Fe ratio in the sample relative to the
two IRMM-524a standard solution bracketing measurements.

“Uncertainties were calculated using ot s, n—1/vn.

dMass-dependent Fe isotope composition calculated by sample-standard bracketing and given as 8-notation defined parts-per-thousands deviation of the 5Fe/>*Fe ratio of the sample relative to
the IRMM-524a standard solution.



Table 2: Ni isotope compositions of iron meteorites analyzed in this study.

llﬁoNi(m/s 2 ],162Ni(61/5 2 u64Ni(6]/5 2 ussNi(ﬁzlﬁ 2 u60Ni(62/6 2 H“Ni(ﬁz/g 2 Referenc gl%p 95% Referenc
Sample N 8) s.e. 3) s.e. 3) s.e. 1 s.e. n s.e. 1) s.e. e t Cl e

1IG iron meteorites

1 This

Bellsbank 5 -4 3 -14 8 -35 14 -42 24 -17 10 5 16 study - -
1 This

La Primitiva 5 -4 4 -9 7 -37 12 -28 21 -13 10 -11 15 study - -
1 This

Tombigee River 4 -6 4 -17 9 -53 18 -54 28 -24 13 -2 14 study - -

Weighted

Average -4 2 -13 5 -39 8 -39 13 -17 6 -3 8

1IAB iron

meteorites
1 This

Ainsworth 2 -4 4 -19 8 -35 18 -28 24 -14 12 -8 18 study 1.09 0.06 a
1 This

Braunau 2 -7 5 -10 11 -40 21 -32 33 -17 15 -10 17 study -0.03 0.06 a
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References: (a) Spitzer et al. (2020), (b) Tang and Dauphas (2012), (c) Steele et al. (2011).

The weighted average for IC and IIIAB irons includes literature data from Nanne et al. (2019), Steele et al. (2011), and Tang and Dauphas (2012).

Table 3: Cr and O isotope compositions, Fe/Cr ratios, and CRE ages of [IAB and IIG iron meteorites.

CRE age 5Mn/52C  Fe/C 2 2 AV 2 Referenc  £3C 2 £54C 2 Referenc
Sample (Ma) Mineral r r 680 se. 870 s (o) s.e. e r s.e. r s.e. e
1IAB iron meteorites
0.005 - - - This
Sikhote-Alin (NMBE 43380) Chromite 0.41 2.05 2.23 1.16 study -0.23  0.03 -092 0.05 a
Sikhote-Alin (Vernadski - - This
1821) Chromite 0.53 0.08 0.88 0.05 1.16 0.01 study
0.005 - - This
Agoudal (NMBE 43830) Chromite 0.37 0.64 0.85 1.18 study -0.21  0.02 -0.78 0.06 a
Daubreéelit 0.004
NWA 11420 (NMBE 43837) e 0.59 - - - -0.20 0.05 -0.77 0.06 a



Average 1.17  0.03 -0.21  0.03 -0.83 0.17 a

1IG iron meteorites

- - - This

Twannberg (TW342) 193 +43 Chromite 0.69 1.46 1.10 study a

0.148 This
Twannberg (TW1) 193 +43 Troilite 352 - - - 0.01 0.02 -0.31 0.04 study

This

Pre-exposure Twannberg - - - -022  0.06 -090 0.15 study
1114 B iron meteorites

0.006 -
Cape York (NMBE 33137) 82+7 Chromite 0.46  2.03 0.77 0.30 b -0.20 0.04 -0.78 0.06 a

0.170 This
Cape York (NMBE 33137) 82+7 Troilite 850 - - - -0.07 0.04 -046 0.09 study

References: (a) Anand et al. (2021), (b) Clayton and Mayeda (1996). References for CRE ages: Twannberg (Smith et al., 2019), Cape York (Mathew and Marty, 2009).

The reproducibility of 3Mn/32Cr and Fe/Cr ratios is better than 5%. The pre-exposure £33Cr and €**Cr abundances represent the spallogenic Cr-corrected Twannberg troilite data (and propagated
uncertainties).



4. Discussion

4.1  Assessment of cosmogenic effects on the isotopic composition of IIG iron meteorites

In addition to nucleosynthetic variability, the isotope composition of meteorites may be
modified by CRE. Nuclear reactions induced by the interactions of cosmic ray particles with
target atoms produce new cosmogenic nuclides, resulting in isotopic variations superimposed
on the original nucleosynthetic variability among meteorites. These effects can be particularly
significant for iron meteorites, which typically have longer CRE times compared to most other
meteorite groups. For instance, significant CRE effects on the isotope compositions of the
siderophile elements W (e.g., Kruijer et al., 2012), Mo (e.g., Worsham et al., 2017; Spitzer et
al., 2020), Pt (e.g., Kruijer et al., 2013; Wittig et al., 2013), and Os (e.g., Walker, 2012) have
been shown to predominantly reflect secondary neutron capture reactions. Recent model
calculations for Fe and Ni have shown that potential CRE-induced isotope shifts in these two
elements are also dominated by secondary neutron capture reactions (Cook et al., 2020). By
contrast, Cr CRE-induced effects in iron meteorites are predominantly caused by spallation
reactions on Fe (e.g., Qin et al., 2010). Given this evidence for ubiquitous CRE effects in iron
meteorites, it is important to assess any such effects on the Fe-Ni-Cr isotope compositions of
the IIAB and IIG irons of this study before these data are interpreted in terms of potential
genetic links among these samples.

Cook et al. (2020) showed that while CRE effects on Fe isotopes in iron meteorites are
expected to be small, they may be significant for samples with extremely long CRE. This is
consistent with observations of Hopp et al. (2022a), who found resolvable CRE effects on Fe
isotopes in IIAB irons, which compared to the pre-exposure composition resulted in higher
w4Fe and lower p*8Fe values (Fig. 1). These authors also showed that the CRE effects on Fe
isotopes can be corrected using Pt isotopes measured as an in-situ neutron dosimeter in the
same samples (Hopp et al., 2022a). However, Hopp et al. (2022a,b) also showed that within
current analytical precision, meteorites display no nucleosynthetic anomalies for p>®Fe;
therefore, CRE-induced shifts in p>*Fe can be corrected using the measured p’8Fe of a sample
together with the p3*Fe-p38Fe slope observed for CRE-induced shifts. The three 1IG irons of
this study do not show any variations in p>*Fe and have no anomaly on p*8Fe (Fig. 1), indicating
that CRE-effects on Fe isotopes are absent for these samples. The mean Fe isotope composition
of these samples is, therefore, representative of the composition of the IIG irons.

For Ni isotopes, prior studies have shown that the absolute magnitude of CRE effects
is minimal and smaller than the current analytical precision of the Ni isotope measurements
(Cook et al., 2020; Nanne et al., 2019). This is supported by the new Ni isotope data for IIAB
irons presented here, which include data for Ainsworth, one of the most strongly irradiated
irons. When combining the Ni isotope data presented here with previously published Pt isotope
compositions for the same samples (Spitzer et al., 2020) no significant variations outside the
analytical uncertainties is observed, which is consistent with model predictions (Fig. 5). Thus,
no CRE-correction is needed for the IIG samples of this study and their weighted mean Ni
isotopic composition is representative for the composition of the IIG iron meteorite parent
body.
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Figure 5: Diagram of p®Nigy/ss) vs. 1Pt for IIAB iron meteorites illustrating that Ni isotope
measurements of even highly irradiated samples like Ainsworth are not significantly affected
by CRE effects within the current analytical precision. This agrees with theoretical models of
CRE effects by Cook et al. (2020) and demonstrates that there is no need for correction.

For Cr isotopes the situation is more complicated, as cosmogenic Cr can be produced
by spallation of Fe, Ni, and Cr, and by neutron capture of Cr itself. For iron meteorites,
spallation on Fe is the dominant source of cosmogenic Cr, where the amount of cosmogenic
Cr produced depends on (1) CRE duration, (2) Fe/Cr ratio, and (3) the shielding of a sample
(Birck and Allegre, 1985; Shima and Honda, 1966; Liu et al., 2019). Thus, unlike the other
aforementioned elements, CRE effects on Cr isotopes also depend on the chemical composition
of samples and as such cannot easily be corrected using an in-situ monitor for these effects. In
particular, the metal phase of iron meteorites cannot be used to reliably determine
nucleosynthetic Cr isotope signatures because the high Fe/Cr ratios (>100,000) lead to
significantly elevated spallogenic coupled *3Cr and >*Cr excesses on the order of 100s of &-
units with a best-fit line of €*Cr = (3.90 £ 0.03) x £3Cr (e.g., Liu et al., 2019). The correlated
nature of the CRE-induced £33Cr and £**Cr excesses potentially allows for the correction of
these effects if the pre-exposure values of either £3Cr or €3*Cr are known. However, the 33Cr—
e>4Cr slope of the CRE-induced variations depends on the sample matrix, and modelling yields
a slightly shallower slope of 3.6 + 0.2 for metal and a higher slope of ~5.4 for olivine in stony
meteorites (Liu et al., 2019). Moreover, Mougel et al. (2018) reported a much shallower slope
of ~2.62 for lunar samples, and these authors argued that secondary neutron capture reactions
rather than spallation are responsible for the CRE effects on Cr isotopes in lunar samples.

In contrast to metal, chromite and daubréelite inclusions in iron meteorites have low
Fe/Cr ratios (~0.5), thus cosmogenic contributions of Fe spallation to 3*Cr and >*Cr are minor
to absent (Trinquier et al., 2008b; Liu et al., 2019). Consequently, the pre-exposure Cr isotopic
compositions of iron meteorites are best determined on chromite or daubréelite inclusions from



these samples (Anand et al., 2021a). However, chromite and daubréelite are both extremely
rare in iron meteorites. In their absence, troilite, which is another substantial Cr carrier phase,
is the second-best choice for determining pre-exposure Cr isotope compositions, but given its
elevated Fe/Cr of ~500, correction for CRE effects is required. For this correction, the Cr
isotope data for chromite (Anand et al., 2021a) and troilite (this study) from the IIIAB iron
meteorite Cape York were used. The CRE effect on Cr isotopes can be approximated by (Qin
etal., 2010):

elCr* « A x (Fe/Cr) x 1/f(d) Eq. (1)

where €/Cr" is the change due to CRE effects, A is the CRE age of a sample, and f(d) is the
shielding factor, which is a function of the distance ‘d’ of a sample from the pre-atmospheric
surface of the parent meteoroid. For each sample, €Cr” can also be calculated as the difference
in €!Cr between troilite and chromite, because owing to their low Fe/Cr, the measured €'Cr of
chromites provides the pre-exposure value of a sample:

ICe* — ol i
E.CFO - E.Crtroilite - E_CI‘ chromite(pre—exposure) Eq- (2)

Combining and rearranging Eq. (1) and Eq. (2) for Twannberg and Cape York iron
meteorites, yields:

Fe

ATwannbergX(_)

Cr X _f(d) Cape York

i(C.Pre—exposure _ _j~ Troilite i(C*
€ CrTwannberg =€ CrTwamnberg —& CI'Cape York X

Twannberg

X f(d)Twannberg

Eq. (3)

e

F
A X (—)
Cape York Cr/ Cape York

Using the £>#Cr and £°3Cr values and Fe/Cr ratios for troilite and chromite fractions and

exposure ages for Cape York and Twannberg iron meteorites from Table 3 and assuming

f(d) Twannberg . L. .
I A wanliberg 53 =
T cape vore 1, the pre-exposure Cr isotope composition of Twannberg is £ Crryannberg = —

f(d)'l‘wannberg

0.11 + 0.07 and &**Crryanmberg = — 0.63 £ 0.13 (Fig. 3). However, if D cape yorr > 1, then

d wannber;
£ Crryambers > — 011+ 0.07 and 6%Cryuompery > — 0.63 % 0.13. Similarly, if G < |

then, €3Crryannpere < — 0.11 +0.07 and £3*Crryannperg < — 0.63 £ 0.13. Thus, since the shielding

1 f(d) wannber;
factors for the respective samples from Twannberg and Cape York are unknown, —anmnert
f(d)Cape York

cannot be quantified with certainty and the pre-exposure €/Cr values of Twannberg cannot be
determined precisely using this approach.

An alternative approach is to use the Cr isotope compositions of the Cape York troilite
and chromite fractions to determine the slope of the coupled spallogenic €3Cr and &£3*Cr



excesses in these low Fe/Cr samples. This yields a slope of ~2.6 which is lower than the slope
of 3.9 determined for the much higher Fe/Cr metal phases in iron meteorites (Liu et al., 2019),
but agrees with the slope of ~2.62 determined for lunar samples, which are also characterized
by low Fe/Cr ratios (Mougel et al., 2018). This slope can be used to determine the pre-exposure
Cr isotopic composition of Twannberg from the measured composition for troilite and by
assuming a pre-exposure value for either £33Cr or £3*Cr. A prior study (Anand et al. 2021) has
shown that the pre-exposure £3Cr of magmatic iron meteorites, determined on chromite
samples, reflect the time of Mn-Cr fractionation during core formation and that the £33Cr values
among the IIAB, IIIAB, and IVA irons vary only from —0.27 to —0.16. Assuming that the pre-
exposure €3Cr of Twannberg falls within this range of values and using a slope of ~2.6
(obtained from Cape York troilite-chromite pair) for the coupled spallogenic €°3Cr and €*Cr
excesses, the pre-exposure £*Cr of Twannberg is —0.90 + 0.15. This value agrees with the
average £*Cr =—0.83 + (.17 for the IIAB iron meteorites.

4.2  NC origin of I1G irons and a common parent body for IIG and IIAB iron meteorites
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Figure 6: (a)-(d) Oxygen, Cr, Fe, and Ni isotope compositions of different iron meteorite
groups. The combined multi-isotope composition of [IAB and IIG iron meteorites show a clear
overlap indicating that their parent bodies originated within the same isotopic reservoir.

The Fe-Ni-O-Cr isotope data of this study provide two key observations. First, the IIG
irons, as expected, are of the NC type. This is evident from the isotope anomalies of each of
the four elements investigated, where the IIG irons in all cases overlap with the compositions
of NC meteorites but are distinct from those of CC meteorites. This is also evident when either
of these four elements is plotted against the other. In these plots, the IIG irons plot within, but
close to one end of the NC field (Fig. 6). As such, the IIG iron meteorite group is not only the
last of the iron meteorite groups for which the association to either the NC- or CC-type has
been established, but together with IIAB iron meteorites and ureilites, they also define one
endmember composition of the isotopic range among the NC meteorites. Second, among the
NC meteorites and in particular NC irons the isotope compositions of the IIG irons overlaps
only with that of the IIAB irons. This is not always clearly resolved for individual elements (in
particular not for 3*Fe and °*Cr), but is particularly evident when considering O isotopes.
However, element-element plots of Fe, Ni, Cr, and O isotope anomalies show that for either
element pair the I1G irons in all cases overlap with the composition of the IIAB irons and are
distinct from all other meteorites. Thus, the combined Fe-Ni-O-Cr isotope data for IIAB and
IIG iron meteorites unequivocally reveal the formation of their parent bodies in a common
isotopic reservoir, indicating a strong genetic link between the IIAB and IIG iron meteorites
rather than a mere accidental association.

Although indistinguishable isotope compositions between meteorite groups can
indicate an origin from a common isotopically distinct reservoir, determining whether these
meteorite groups are derived from a common parent body also requires an evaluation of their
petrologic and chemical similarities. There are a few examples of isotopic links between
distinct meteorite groups, such as for the IAB irons and winonaites (Clayton and Mayeda, 1996;
Greenwood et al., 2017), the IITAB, IIIE irons and main-group pallasites (Scott et al, 1973;
Clayton and Mayeda, 1996; Kruijer et al., 2022), the IIE irons and H chondrites (Clayton et al.,
1983; McDermott et al., 2016), and the IVA irons and L/LL chondrites (Clayton et al., 1983).
However, differences in petrology, chemical compositions, and formation times indicate that
despite the isotopic links, all these meteorites formed in different parent bodies. For the [TAB
and IIG irons this situation is different because, in addition to the strong isotopic link
established in this study, these two groups of iron meteorites are also chemically linked. In
particular, prior studies emphasized that the trace element composition of the I1G irons plot
near the high-Au end (late-crystallized samples) of the IIAB field and on this basis argued that
the I1G irons might be related to the late-stage metal liquid of the IIAB core after encountering
liquid immiscibility (Wasson and Choe, 2009; Chabot et al., 2020). This combined with the
new Fe-Ni-O-Cr isotope data of this study suggests strongly that the IIAB and IIG irons formed
within the same asteroidal core.

The only other meteorite group with a similar isotope composition to the ITAB-IIG irons
are the ureilites (Fig. 7). Although it is tempting to try to link silicate-dominated meteorites to
the silicate mantle of iron meteorite parent bodies, such a link is not supported for the ureilites
and IIAB-IIG irons. While the IIAB-IIG parent body formed within the first ~0.5—1 Ma of the
solar system (Kruijer et al., 2014), the ureilite parent body probably formed only ~1 Ma later
(Budde et al., 2015). The ureilite parent body remained incompletely differentiated (Collinet
and Grove, 2020), while the IIAB-IIG iron meteorites sample the metallic core of a fully



differentiated parent body (Wasson et al., 2007; Wasson and Choe, 2009). Moreover, ureilites
contain significant amounts of carbon (~3 wt% on average) which is interpreted as a primary
constituent of the ureilite parent material (Goodrich and Berkley, 1986). Due to its siderophile
character, most of the C should differentiate into the core. However, IIAB iron meteorites are
estimated to have derived from a relatively C-poor parent body (Grewal and Asimow, 2023).
Finally, there is no evidence suggesting that the ureilite parent body was initially as P-rich as
the ITAB-IIG parent body (Wasson et al., 2007; Wasson and Choe, 2009). These examples
highlight that a strong isotopic link among differentiated meteorites does not imply formation
within the same parent body, making the strong chemical and isotopic link between IIAB and
IIG iron meteorites rather exceptional.
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Figure 7: Oxygen and Cr isotopic anomalies of non-carbonaceous iron meteorites, chondrites,
and achondrites. Literature data are from Sanborn et al. (2019) and references therein.

5. Conclusions

This study reports the first Fe, Ni, O, and Cr isotope data for IIG iron meteorites as well
as the first high-precision O isotope data for IIAB irons. The new data demonstrate that the IIG
irons belong to the NC meteorites, making group IIG the last iron meteorite group for which
the association to either the NC- or CC-type has been determined. The combined Fe-Ni-Cr-O
isotope data demonstrate that group IIAB and IIG iron meteorites have identical isotopic
compositions but are distinct from all other NC meteorites. This isotopic link underscores the
strength of utilizing multiple elements to establish genetic links among meteorites, rather than



using a single element. The identical isotope composition of the [IAB and IIG irons combined
with chemical evidence for the formation of IIG irons as late-stage liquids of the IIAB core
suggests strongly that the iron meteorites from both groups formed within the same
planetesimal core. This highlights the significance of integrating multiple isotopic and
geochemical tracers with petrologic observations to accurately determine genetic relationships
and formation within the same parent body. This approach could prove particularly valuable
for examining the substantial quantity of ungrouped iron meteorites (>100) to deepen the
understanding of the origin and extent of nucleosynthetic variability in planetary materials,
genetic relations of planetary bodies, the timing of planetary core formation in different disk
regions, and the mixing processes within the solar accretion disk.
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