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Various chemical elements including nickel (Ni) exhibit mass-independent isotope heterogeneity on a
bulk meteorite level, which is generally accepted to reflect the heterogeneous distribution of presolar car-
rier(s) from different nucleosynthetic sources. Thus, understanding the nature of the carriers can help
decipher the origin of the observed nucleosynthetic variability, which remains elusive. In this study,
we present the first high precision measurements of mass-independent and mass-dependent Ni isotope
compositions for step-leaches of the CI chondrite Ivuna and Efremovka CAIs supplemented by bulk chon-
drite measurements. Step-leaches record highly anomalous Ni isotope signatures that can be attributed
to at least four diverse nucleosynthetic sources. The most anomalous leachates show either large deficits
(up to 0.1 %) in the neutron-poor 58Ni and 60Ni nuclides (L11, thought to contain mainly s-process derived
Ni) or minor enrichments and deficits (�100 ppm) in 60Ni or 64Ni (L6, L8, L9 and L10, all thought to derive
mainly from supernovae). Pristine CAIs record Ni isotope compositions typified by enrichments in 58Ni of
up to 400 ppm. Our new data for bulk chondrites agree with earlier work and emphasize the appropri-
ateness of using the 62Ni/61Ni ratio for internal normalization. Based on the compositional relations
between the step-leaches data, CAIs, and bulk meteorites, we show that 60Ni variability is consistent with
being of nucleosynthetic origin as opposed to reflecting variable Fe/Ni ratios in the presence of live 60Fe.
Finally, we infer that the observed Ni nucleosynthetic disk variability is predominantly driven by a com-
bination of processes separating different nucleosynthetic carriers in the disk from each other, including
thermal processing and size-based sorting.

� 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Nucleosynthetic isotope heterogeneity has been observed in
various Solar System solids, asteroids, and planets for a number
of elements including nickel (e.g. Elliott and Steele, 2017). The
presence of this diverse isotope variability provides unique signa-
tures that can be used to track mass transport in the protoplane-
tary disk during planet formation (e.g. Warren, 2011; Dauphas,
2017; Kruijer et al., 2017; Schiller et al., 2018; Burkhardt et al.,
2021) and allows us to better understand the early Solar System’s
interactions with its surrounding star-forming region during its
formative stage (e.g., Brennecka et al., 2013). Successful application
of nucleosynthetic variability as a tool in studying early Solar Sys-
tem processes, however, requires understanding of the principal
cause that generated the isotopic variability. In particular, it is
important to understand if the isotopic variability is an inherited
feature from the parental molecular cloud core (Cameron and
Truran, 1977; Kruijer et al., 2020; Lichtenberg et al., 2021) or a pro-
duct of the Solar System processes that separated nucleosynthetic
components based on physical and/or chemical properties of their
carriers (Trinquier et al., 2007, 2009; Steele et al., 2012; Paton et al.,
2013; Ek et al., 2020). In this respect, nickel is of particular interest
for a number of reasons: (1) Nickel is an iron-peak element, and, as
such, one should expect that, similar to other iron-peak elements
such as chromium (Trinquier et al., 2007), its nucleosynthetic iso-
tope variability in meteorites is a product of variability in its
neutron-rich isotopes. Contrary to this expectation, however, pub-
lished data on nickel isotopes in meteorites have been interpreted
to reflect isotope variability in its neutron-poor isotopes (Steele
et al., 2012). If correct, this would make nickel stand apart from
other iron peak elements such as Ca, Cr and Ti. (2) Nickel isotopes
can be produced both in supernovae and by asymptotic giant
branch (AGBs) stars (Kobayashi et al., 2020), which gives us an
opportunity to consider the importance of either source in gener-
ating the nucleosynthetic isotope variability present in Solar Sys-
tem solids. (3) Aside from the nucleosynthetic isotope variability,
one of the nickel isotopes, 60Ni can also be produced via the decay
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of the short-lived 60Fe (half-life of 2.62 My (Audi et al., 2017)) and,
as such, has the potential to provide chronological information
about early Solar System processes and its possible interactions
with nucleosynthetic sources of 60Fe. (4) Lastly, nickel is an abun-
dant siderophile element that is present in primitive and differen-
tiated Solar System solids in quantities that allow for precise
isotope analysis in a wide range of early Solar System products.

Early measurements of the mass-independent isotope composi-
tion of Ni in meteorites were conducted by thermal ionization
mass spectrometry (TIMS) and focused on refractory inclusions.
Correlated anomalies in 60Ni, 62Ni and 64Ni using the 61Ni/58Ni ratio
for normalization (Shimamura and Lugmair, 1983; Birck and
Lugmair, 1988) were reported and interpreted to reflect a late
injection of supernova material into our nascent Solar System.
The enhanced ionisation efficiency afforded by plasma source mass
spectrometry opened the possibility of measuring Ni isotope in a
wide range of different meteorite materials, including iron mete-
orites and sulphides, chondrules, refractory inclusions, martian
meteorites, and bulk chondrites (e.g. Regelous et al., 2008; Steele
et al., 2011; Tang and Dauphas, 2012, 2014). Using the 61Ni/58Ni
ratio as the normalizing isotope pair, Tang and Dauphas (2012)
inferred that the initial Solar System 60Fe/56Fe ratio was (11.5 ± 2.
6) � 10-9, indicating that the 60Fe nuclides were inherited from
Galactic background. These studies also suggested that nucleosyn-
thetic variability was not only recorded by Calcium-Aluminium-
rich Inclusions (CAIs) but also by most other early Solar System
solids, with the largest effects being observed in CAIs. Moreover,
(Steele et al., 2012) concluded that based on their high precision
mass-independent and mass-dependent Ni isotope measurements,
including 64Ni, that the bulk of the nucleosynthetic variability is
due to the neutron-poor 58Ni isotope as opposed to neutron-rich
62Ni and 64Ni. Subsequent studies confirmed this interpretation
but argued that effects could be present in both neutron-poor
and neutron-rich Ni isotopes (Render et al., 2018; Nanne et al.,
2019). Although there is consensus that in early Solar System
solids and bodies most nucleosynthetic variability can be attribu-
ted to abundance variations of 58Ni, the presence, origin and mag-
nitude of nucleosynthetic variability on the other Ni isotopes is still
debated. As for the initial abundance of the short-lived 60Fe, the
debate is ongoing and later studies presented estimates different
by up to three orders of magnitude from each other (e.g., Cook
et al., 2021; Kodolányi et al., 2022).

Several models have been proposed so far to account for the
observed nucleosynthetic variability, which can be broadly divided
into two groups: (1) imperfect mixing of the various nucleosyn-
thetic components or (2) unmixing of those components due to
processes in the Solar System. Late injection of a nearby super-
nova’s material (Brennecka et al., 2013) and change in the compo-
sition of the infalling material from the parental molecular cloud
(Nanne et al., 2019) are examples of the first, while thermal pro-
cessing (Trinquier et al., 2009) and sorting based on radiation pres-
sure and Poynting-Robertson drag (Steele et al., 2012) are
examples of the second. Whereas late supernova injection has been
disregarded as a model based on, among other evidence, 60Fe abun-
dance estimates (e.g. Dauphas et al., 2008), other potential causes
of nucleosynthetic heterogeneity require further evaluation. As
such a better understanding of the nature of the carriers responsi-
ble for the bulk Ni isotope meteorite heterogeneity may help to
discriminate between the different models.

In this study, we search for the signatures of the carriers of
nickel from various nucleosynthetic sources by analysing the prod-
ucts of a step-leaching experiment of the Ivuna CI1 chondrite. CI
chondrites are one of the most primitive and the least thermally
processed meteorites available (Scott and Krot, 2014), which
makes them an ideal target for such studies. We supplement these
data by analyses of bulk chondrites, CAIs, and a terrestrial stan-
18
dard. We use CAIs from the Efremovka CV3red-chondrite (for which
petrological descriptions can be found in Connelly et al., 2012),
given that Ni is fluid mobile and thus may have been equilibrated
with the host meteorite due to later aqueous alteration on a parent
body in more oxidized chondrites such as, for example, the CV3ox
chondrite Allende (Brearley and Krot, 2013). Our new data are
compared with literature data from bulk chondrites, iron mete-
orites and CAIs from the literature to better constrain the various
stellar sources that contributed to the Ni isotope heterogeneity in
our Solar System.
2. Materials and methods

Sample preparation was performed in HEPA-filtered laminar
flow hoods in a clean room laboratory. HF, NH4OH (manufactured
by Merck) and H2O2 (manufactured by Seastar Chemicals) were
purchased as ultrapure, HCl and HNO3 were cleaned through distil-
lation in sub-boiling Teflon stills and water was purified via Milli-Q
system running at 18.2 MX�cm@25 �C.

2.1. Samples and digestion

To isolate signatures of different carriers contributing to the
nucleosynthetic variability in the early Solar System, we studied
the products of a step leaching experiment of the CI chondrite
Ivuna. This is the same sample set that has been studied before
at the Centre for Star and Planet Formation for a number of ele-
ments including Sr (Paton et al., 2013), Cr (Schiller et al., 2014),
Ca & Mg (Schiller et al., 2015) and Fe (Schiller et al., 2020). The
CI chondrite Ivuna was chosen because CI chondrites are chemi-
cally the most representative of the bulk Solar System and they
belong to the least thermally processed chondrites and thus pro-
vide us with an opportunity to study a wider variety of presolar
phases. Detailed description of the stepwise dissolution technique
can be found in Schiller et al. (2015) and a summary of the leaching
procedure is presented in Table 1. The Ni content in the leaching
steps was measured by Thermo Scientific XSeries 2 ICP-MS.

CAI samples 31E and 32E are aliquots of the same CAIs that have
been previously studied for Pb-Pb dating (Connelly et al., 2012).
We used new digestions of fresh pieces from the remaining CAI
fraction. For each sample we hand-picked several aliquots of
approximately 5 mg (corresponding to 58, 19, 58 and 7 lg of Ni
for 31E-1, 31E-2, 31E-4 and 32E-2, respectively) each to be able
to ensure that the isotopic composition of each CAI were not signif-
icantly affected by variable contributions of host meteorite Ni. Ali-
quots of CAIs and bulk chondrites were digested in a mixture of
concentrated HF and HNO3 on a hot plate at 130 �C for 3 days
and then evaporated with addition of HNO3 and then HCl until
any fluorides were removed. For the bulk chondrites the amount
of solution processed through chemistry was chosen to provide
�100 lg of Ni.

2.2. Nickel purification

To separate nickel from the matrix we used a multistage chem-
istry protocol that was adjusted subject to the specific sample type
processed (summarized in Table 2). Special attention was paid to
Fe and Zn, since they produce direct isobaric interferences on
58Ni and 64Ni, respectively. As such, minimizing Fe/Ni and Zn/Ni
ratios is critical to minimize the impact on the precision on the
Ni isotope composition introduced by the correction for these
interferences. The shortest protocol was applied to the step-
leaches that were previously collected as Ni-cuts from step five
in the Mg purification chemistry described in Bizzarro et al. 2011
and, as such these Ni cuts were already purified from several



Table 1
Description of the leaching steps for the Ivuna CI chondrite (Schiller et al., 2015).

Step Solvent Temperature, �C Time Ni, mg

L1 H2O 20 30 min 2.42
L2 0.4 M Acetic acid 20 30 min 3.05
L3 8.6 M Acetic acid 20 24 h 11.41
L4 0.5 M HNO3 20 10 min 2.13
L5 1 M HNO3 20 1 h 2.31
L6 4 M HNO3 20 24 h 6.10
L7 8 M HNO3 20 24 h 0.28
L8 6 M HCl 20 24 h 0.08
L9 6 M HCl 130 24 h 0.15
L10 3 M HCL, 13 M HF 130 96 h 0.02
L11 17 M HF + 16 M HNO3 130 240 h 0.03
L12 17 M HF + 16 M HNO3 150 (pressure bomb) 24 h n.d.

Table 2
Ni-purification procedure for various types of samples (BM - bulk meteorite or terrestrial standard, LS - Ivuna leaching step, CAI - Calcium-Aluminium-rich Inclusion). Chemistries
were conducted in order of appearance in table. Collection of a Ni cut happens during the steps with ‘‘col.” in superscript in the comments. Notes: a) sample was preconditioned in
conc. HCl at 130 �C overnight and then diluted with MQ water to the desired molarity; b) sample was dissolved in HCl-solution and then its pH was adjusted to �9 with NH4OH
right before loading on the column to avoid its precipitation from the solution.

Reagent Volume, ml Comments Sample type

Fe-clean-up: BM CAI
AG 1-X8 100–200 mesh 1 resin
6 M HCl 5 conditioning
6 M HCl 1 samplecol.

6 M HCl 4 elutioncol.

Ca-clean-up: CAI
TODGA resin 2 resin
2 M HNO3 4 conditioning
2 M HNO3 1 samplecol.

2 M HNO3 4 elutioncol.

Cr-clean-up: BM
AG 50 W-X8 200–400 mesh 1 resin
0.5 M HCl 5 conditioning
0.5 M HCl 2.4 samplea

0.5 M HNO3 20 elution
6 M HCl 10 elutioncol.

Al-Cr-Ti-clean-up: CAI
AG 50 W-X8 200–400 mesh 1 resin
0.5 M HCl 5 conditioning
0.5 M HCl 2.4 samplea

0.5 M HNO3 � 0.05 M HF 20 elution
6 M HCl 10 elutioncol.

Ni-chemistry (Mg-clean-up): BM LS CAI
Ni-specific resin 1 resin
0.2 NH4OH � 0.15 M HCl 4 conditioning
0.2 NH4OH � 0.15 M HCl 4 sampleb

0.2 NH4OH � 0.15 M HCl 6 elution
3 M HNO3 4 elutioncol.

Zn-Ti-clean-up: BM LS CAI
AG 1-X8 100–200 mesh 2 resin
0.5 M HF � 1 M HCl 5 conditioning
0.5 M HF � 1 M HCl 2 sample col.

0.5 M HF � 1 M HCl 7 elution col.

Zn-Fe-clean-up: BM LS CAI
AG 1-X8 100–200 mesh 0.25 resin
6 M HCl 2 conditioning
6 M HCl 0.25 samplecol.

6 M HCl 1 elutioncol.
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elements. For further purification, we used Ni-resin for the general
matrix (including Mg) removal adapted from (Bizzarro et al., 2011),
followed by two chemistries adapted from (Chernonozhkin et al.,
2015), i.e. an anion resin chemistry step targeting removal of Ti
and Zn and a final Fe and Zn clean up. L10 was additionally sub-
jected to an additional Cr removal step (see below). Bulk chon-
drites were subjected to a slightly expanded protocol, where we
first used anion resin to remove Fe (Schiller et al., 2020), and an
additional step to remove Cr that uses cation resin (Larsen et al.,
2016, 2018). CAIs experienced the most elaborate purification pro-
cedure where we additionally applied Ca-removal with TODGA
19
resin (Schiller et al., 2012) and a step to remove Al, Ti and Cr
slightly modified from the Cr removal chemistry used for
chondrites, where traces of HF were added in the matrix elution
step (Table 2). Chemistry-steps were repeated when necessary,
resulting in the final Mg/Ni, Cr/Ni and Ti/Ni lower than 10-2 and
Fe/Ni and Zn/Ni lower than 7 � 10-4 and 6 � 10-5, respectively.
Purity checks were performed using a Thermo Scientific iCAP RQ
ICP-MS. We estimate the total yields of the Ni purification proce-
dures to be over 90 % for most samples based on 50 micrograms
of Ni processed through the chemistry. Procedural blanks are
estimated to be 10 ng of Ni or less.



Table 3
Nickel isotope data obtained in this study. Mass-independent data in l-notation is in ppm, mass-dependent data in d-notation is in per mille. Errors reported are 2SE of n
measurements apart from 32E to 2 where a 2SE of the single measurement is shown and the mean of DTS-2b measurements where 2SD is presented to estimate the external
reproducibility of the data.

Sample Type n l60Ni61/58 l62Ni61/58 l64Ni61/58 d60/58Ni

DTS-2b Standard 10 �1.2 ± 2.9 5.6 ± 4.7 18.1 ± 8.5 0.151 ± 0.013
repeat 10 �2.0 ± 2.8 2.7 ± 5.1 8.4 ± 5.5 0.157 ± 0.019
repeat 10 �0.9 ± 2.7 4.3 ± 7.2 10 ± 11 0.142 ± 0.013
repeat 10 �3.2 ± 2.7 0.1 ± 7.0 14 ± 15 0.153 ± 0.024
repeat 10 �1.5 ± 2.4 �0.3 ± 2.9 3 ± 11 0.083 ± 0.019
repeat 10 �0.5 ± 1.9 8.2 ± 5.4 20.3 ± 5.9 0.178 ± 0.025
Mean DTS-2b 6 �1.6 ± 1.9 3.4 ± 6.6 12 ± 13 0.144 ± 0.064
Ivuna L1 Step-leach 10 2.1 ± 1.4 24.0 ± 3.7 74.1 ± 5.8 0.883 ± 0.004
Ivuna L2 Step-leach 10 3.7 ± 3.1 28.9 ± 5.7 80 ± 13 0.699 ± 0.009
Ivuna L3 Step-leach 10 �0.1 ± 2.2 19.6 ± 3.8 60.4 ± 9.7 0.385 ± 0.035
Ivuna L4 Step-leach 10 1.4 ± 1.5 24.3 ± 3.6 69.7 ± 7.2 0.111 ± 0.014
Ivuna L5 Step-leach 10 �3.1 ± 2.6 18.4 ± 3.0 31.3 ± 7.1 �0.472 ± 0.013
Ivuna L6 Step-leach 10 3.0 ± 1.9 32.3 ± 4.0 13.0 ± 9.3 �0.741 ± 0.009
Ivuna L7 Step-leach 10 �13.5 ± 2.0 28.0 ± 3.2 70.0 ± 7.2 �0.274 ± 0.034
Ivuna L8 Step-leach 10 �2.2 ± 2.1 29.7 ± 5.1 153.9 ± 9.0 �0.167 ± 0.016
Ivuna L9 Step-leach 10 �26.8 ± 2.3 24.8 ± 4.2 167 ± 11 �0.530 ± 0.018
Ivuna L10 Step-leach 3 �170.6 ± 8.5 33.7 ± 8.7 95 ± 45 1.09 ± 0.27
Ivuna L11 Step-leach 10 �825.8 ± 3.3 �346.4 ± 3.5 �762.9 ± 5.5 �0.040 ± 0.015
Allende CV 10 �15.7 ± 2.7 6.6 ± 2.9 22 ± 12 0.262 ± 0.010
Sahara 97,096 EH 10 �3.8 ± 2.3 2.7 ± 3.4 28.5 ± 9.1 0.212 ± 0.011
Ivuna CI 10 0.7 ± 2.7 28.0 ± 4.5 73.0 ± 8.2 0.180 ± 0.020
Mighei CM 10 �14.9 ± 2.4 8.6 ± 2.6 47.7 ± 7.1 0.308 ± 0.012
NWA 753 R 10 �7.2 ± 1.6 �5.2 ± 2.8 �8 ± 10 0.183 ± 0.010
NWA 7837 CR 10 �12.3 ± 1.7 2.7 ± 4.3 15.4 ± 9.3 0.251 ± 0.012
Wells LL 10 �5.7 ± 1.3 �3.6 ± 2.7 �9.8 ± 9.5 0.109 ± 0.011
31E-1 CAI 9 76.2 ± 2.4 147.6 ± 5.5 348 ± 13 1.330 ± 0.023
31E-2 CAI 5 75.2 ± 6.9 146 ± 12 359 ± 11 1.769 ± 0.033
31E-4 CAI 10 61.9 ± 2.2 118.8 ± 5.0 299.3 ± 9.4 1.271 ± 0.036
32E-2 CAI 1 �13 ± 6 18 ± 12 92 ± 17 0.08 ± 0.02

Sample Type n l58Ni62/61 l60Ni62/61 l64Ni62/61 d62/61Ni

DTS-2b Standard 10 17 ± 14 4.5 ± 7.5 5.5 ± 6.2 0.078 ± 0.009
repeat 10 9 ± 16 0.3 ± 7.9 3 ± 14 0.078 ± 0.006
repeat 10 13 ± 22 �5.3 ± 8.1 5 ± 18 0.073 ± 0.009
repeat 10 0 ± 22 6.0 ± 7.8 13 ± 15 0.080 ± 0.018
repeat 10 �1.0 ± 9.1 �2.2 ± 4.7 2.7 ± 8.0 0.037 ± 0.011
repeat 10 26 ± 17 8.2 ± 6.7 �10 ± 12 0.095 ± 0.014
Mean DTS-2b 6 11 ± 21 1.9 ± 10.4 3 ± 15 0.073 ± 0.039
Ivuna L1 Step-leach 10 75 ± 12 25.9 ± 4.9 6 ± 15 0.448 ± 0.004
Ivuna L2 Step-leach 10 90 ± 18 33.2 ± 8.7 �6 ± 14 0.360 ± 0.006
Ivuna L3 Step-leach 10 61 ± 12 19.5 ± 5.8 �4.2 ± 10.0 0.205 ± 0.016
Ivuna L4 Step-leach 10 75 ± 11 26.2 ± 5.1 �3 ± 12 0.077 ± 0.006
Ivuna L5 Step-leach 10 57.3 ± 9.4 14.4 ± 7.1 �19 ± 13 �0.208 ± 0.007
Ivuna L6 Step-leach 10 100 ± 12 36.1 ± 6.1 �82 ± 10 �0.325 ± 0.005
Ivuna L7 Step-leach 10 87.0 ± 10.0 15.4 ± 4.4 �12.7 ± 8.5 �0.101 ± 0.017
Ivuna L8 Step-leach 10 92 ± 16 27.8 ± 7.0 64 ± 10 �0.057 ± 0.008
Ivuna L9 Step-leach 10 77 ± 13 �2.1 ± 6.3 87 ± 13 �0.214 ± 0.011
Ivuna L10 Step-leach 3 105 ± 27 �135 ± 18 �15 ± 18 0.64 ± 0.12
Ivuna L11 Step-leach 10 �1075 ± 11 �1178.8 ± 6.8 263.9 ± 6.3 0.033 ± 0.006
Allende CV 10 20.6 ± 9.1 �7.6 ± 5.1 8 ± 13 0.138 ± 0.003
Sahara 97,096 EH 10 8 ± 11 0.2 ± 5.1 28.6 ± 6.9 0.105 ± 0.006
Ivuna CI 10 87 ± 14 31.7 ± 6.3 �7.6 ± 9.2 0.111 ± 0.014
Mighei CM 10 26.8 ± 8.0 �5.8 ± 4.9 23.9 ± 6.2 0.164 ± 0.004
NWA 753 R 10 �16.3 ± 8.8 �12.7 ± 4.3 7.3 ± 9.9 0.086 ± 0.005
NWA 7837 CR 10 8 ± 13 �10.9 ± 7.0 10.8 ± 8.0 0.128 ± 0.005
Wells LL 10 �11.2 ± 8.3 �9.2 ± 3.9 4 ± 12 0.047 ± 0.009
31E-1 CAI 9 458 ± 17 227.0 ± 7.7 �89 ± 11 0.748 ± 0.013
31E-2 CAI 5 452 ± 36 224 ± 19 �70 ± 28 0.956 ± 0.019
31E-4 CAI 10 369 ± 15 184.2 ± 9.4 �58 ± 14 0.701 ± 0.020
32E-2 CAI 1 57 ± 36 6 ± 17 36 ± 26 0.06 ± 0.01
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2.3. Measurements

High precision Ni isotope analysis was performed using the
Thermo Scientific Neptune Plus MC-ICP-MS at the Centre for Star
and Planet Formation (Globe Institute, University of Copenhagen).
Our measurements were obtained in medium resolution with a
mass resolving power (M/DM) > 5000, using a Jet sample cone
and a skimmer X-cone to maximize sensitivity. Purified Ni samples
were dissolved in a 2.5 % HNO3 solution and introduced into the
20
plasma using an ESI Apex IR desolvating nebulizer fitted with an
Actively Cooled Membrane Desolvation Module (ACM) and N2

was added as a supplementary gas. Typical aspiration rate was
40 ll/min, which resulted in a 58Ni signal of �32 V for 1 ppm solu-
tions, while samples were typically measured as 0.9 to 1.3 ppm
solutions (with the standard solution matching the sample within
5 %). Signals were collected in a total of seven Faraday Cups (57Fe,
58Ni, 60Ni, 61Ni, 62Ni, 64Ni and 66Zn) connected to amplifiers with
1011 X or 1012 X (for 57Fe and 66Zn) feedback resistors. 57Fe and
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Fig. 1. Peak scan of a standard Ni solution with measurement position indicated. All intensities are normalised as % of maximum intensity on a respective channel, which are
noted in the legend.
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66Zn were used to correct for isobaric interferences on 58Ni and
64Ni with typical measured signals of �0.05 and �0.2 mV, respec-
tively. While the 58Fe interference is negligible, Zn doping test
showed that the magnitude of correction introduced effects does
not exceed the uncertainty of analyses of the individual samples
up to Zn/Ni = 5 � 10-5. Samples were generally analysed 10 times
(exceptions being L10 and CAIs, see Table 3) with each analysis
consisting of 100 � 16.67 s integrations bracketed by a standard
measurement of the same length. On peak backgrounds were mea-
sured for 25 � 16.67 s prior to each sample or standard analysis in
the same HNO3-solution used for dilution. Samples were measured
within analytical session that each typically corresponded to 28 to
55 h (two to four samples) of continuous measurement without
adjusting the instrument’s tuning parameters. Peak centres were
performed at the beginning of each analytical session. Measure-
ments were performed on the low-mass side of the peak shoulder
to avoid gas-based interferences on 57Fe, 58Ni and 66Zn (Fig. 1). All
data reduction was conducted off-line using the Iolite software
version 4. Background intensities (typically �5 mV on 58Ni) were
interpolated using a smoothed cubic spline or a linear fit and the
measured standard ratios were interpolated using the smoothed
cubic spline or a step linear fit in cases where the signal was less
stable. Iolite’s Smooth spline auto choice was used in most cases,
which determines a theoretically optimal degree of smoothing
based on variability in the reference standard throughout an ana-
lytical session. For each analysis the mean and standard error of
the measured ratios were calculated using a 2SD threshold to reject
outliers. Sample analyses were combined to produce an average.
All errors reported are 2SE of the mean of the n measurements
apart from sample 32E-2 for which a 2SE of a 100 individual cycles
of a single measurement is reported.

3. Results

Mass-dependent data are reported in the d-notation as devia-
tions from NIST SRM 986 (which was used as the bracketing stan-
dard) in per mille and presented as dx/yNi, where xNi/yNi is the ratio
reported (Table 3). The average internal uncertainty (2SE of the
repeated measurements) for the d60/58Ni was 0.02 ‰. Mass-
21
independent data are presented in l-notation as deviations from
NIST SRM 986 in parts per million (ppm). The mass-independent
component was calculated using the exponential law to correct
for mass-dependent fractionation. We report mass-independent
data internally normalized to two different Ni-isotope ratios:
61Ni/58Ni as a conventional normalization pair, which allows com-
parison to published data and, in addition, 62Ni/61Ni as a normal-
ization pair given the proposal that the neutron-poor 58Ni may
record nucleosynthetic diversity between Solar System reservoirs
(Steele et al., 2012). Normalization values used were
0.016744215 and 3.1884 for 61Ni/58Ni and 62Ni/61Ni, respectively
(Gramlich et al., 1989). All mass-independent data are presented
as lxNiy/z, where xNi/zNi is the ratio reported and yNi/zNi is the
ratio used for internal normalization. For samples where sufficient
Ni was present for a full analysis, the average uncertainties for
l60Ni61/58, l62Ni61/58, l64Ni61/58 and l58Ni62/61, l60Ni62/61,
l64Ni62/61 were 2, 4, 9 and 12, 6, 10 ppm, respectively.

Here we consider our data normalized by the 61Ni/58Ni ratio
(Fig. 2). Bulk chondrites Mighei (CM), NWA 7837 (CR) and Allende
(CV) are clustered together with an average l60Ni61/58 deficit of
�13.7 ± 0.6 and l62Ni61/58 and l64Ni61/58 excesses of 6.9 ± 1.3
and 33.3 ± 10.4, respectively. The Ivuna CI chondrite is character-
ized by a terrestrial composition for l60Ni61/58 and excesses of
28.0 ± 4.5 and 73.0 ± 8.2 for the l62Ni61/58 and l64Ni61/58 values,
respectively. Wells (LL) and NWA 753 (R) chondrites are indistin-
guishable from each other having average deficits of �6.3 ± 0.4,
�4.4 ± 1.3 and �8.9 ± 16.7 for l60Ni61/58, l62Ni61/58, and
l64Ni61/58, respectively. The EH chondrite Sahara 97,096 records
values intermediate between those of Ivuna and Wells with NWA
753. Two out of three samples of the 31E CAI (samples 1 and 2)
record comparable excesses for l60Ni61/58, l62Ni61/58, and
l64Ni61/58 of 76.1 ± 1.4, 147.3 ± 7.4 and 354 ± 25 on average,
respectively, whereas the third aliquot (31E-4) exhibits propor-
tionally diminished excesses on all three ratios. The second CAI
32E (32E-2) has l60Ni61/58 and l62Ni61/58 signatures indistinguish-
able from the bulk composition of the CV chondrite Allende but
records a resolved excess of 92 ± 17 on l64Ni61/58, which can
potentially be explained by an underestimated uncertainty of the
64Ni value since the CAI sample was only analysed once. Out of



Fig. 2. Variation diagrams in 61Ni/58Ni-normalized spaces presenting the nickel isotope data from this (opaque) and earlier (transparent) studies for bulk chondrites,
terrestrial standards, iron meteorites, CAIs and Ivuna step-leaches (Steele et al., 2012; Tang and Dauphas, 2012, 2014; Render et al., 2018, Nanne et al., 2019; Cook et al.,
2021). Coloured arrows denote direction towards the step-leaches and CAIs outside of the range of the respective diagram.
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11 step-leaches, five record highly anomalous compositions rela-
tive to the bulk Ivuna, while the remainder cluster around the bulk
composition of Ivuna. The steps that show resolved differences rel-
ative to the bulk composition include L6 and L8 to L11. In detail, L6
displays a l64Ni61/58 excess of 13.0 ± 9.3 (which is lower than bulk
Ivuna), whereas L8 and L9 exhibit large l64Ni61/58 excesses with an
average of 159.2 ± 16.8. L10 is characterized by a l60Ni61/58 deficit
of �170.6 ± 8.6 and the Ni isotope composition of L11 records large
deficits of �825.8 ± 3.3, �346.4 ± 3.5 and �762.9 ± 5.5 on
l60Ni61/58, l62Ni61/58, and l64Ni61/58, respectively. Other Ni iso-
topes for these leaches record compositions comparable to that
of bulk Ivuna. When normalized to 62Ni/61Ni (Fig. 3 and Fig. 4 for
CAIs) the general patterns of the data variability essentially mimic
those present for the 61Ni/58Ni-normalisation.

Finally, we consider the mass-dependent isotope compositions
of the samples studied expressed as d60/58Ni (Fig. 5 for chondrites,
Fig. 6 for CAIs and Fig. 7 for leaches as dx/yNi�amu-1). The d60/58Ni
values of bulk chondrites vary from 0.109 ± 0.011 to 0.308 ± 0.01
2. The three 31E aliquots have highly fractionated d60/58Ni compo-
sitions ranging from 1.271 ± 0.036 to 1.769 ± 0.033, while 32E-2 is
22
essentially unfractionated with a value of 0.08 ± 0.02. Step-leaches
have a wide range of compositions from �0.741 ± 0.009 to
1.09 ± 0.27. L1-L4 and L10 have isotopically ‘‘heavy” compositions
whereas the rest have isotopically ‘‘light” compositions.

4. Discussion

4.1. Data accuracy and comparison to earlier studies

To evaluate the quality of the Ni isotope data generated here,
we compare our data for the terrestrial standard DTS and for the
bulk samples of chondrites with that obtained in earlier studies
(mass-independent in Fig. 2 and mass-dependent in Fig. 5) and
in Table 4 we compare existing 61Ni/58Ni-normalized and stable
isotope data specifically for DTS, CV chondrite Allende and CI chon-
drites. We choose this normalization scheme in this instance as
this allows for comparison with the majority of published Ni iso-
tope data. As it can be seen, our data is in favourable agreement
with earlier work. However, some minor level of discrepancy is
observed for Allende across the different studies, which likely



Fig. 3. Variation diagrams in 62Ni/61Ni-normalized spaces presenting the nickel isotope data from this (opaque) and earlier (transparent) studies for bulk chondrites,
terrestrial standards, iron meteorites, 31E CAI and Ivuna step-leaches (Render et al., 2018; Nanne et al., 2019; Regelous et al., 2008; Steele et al., 2011, 2012; Tang and
Dauphas, 2012, 2014 as reported by Nanne et al., 2019). Coloured arrows denote direction from the bulk CI chondrite Ivuna to the step-leaches and CAIs outside of the range
of the respective diagram.
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reflects sample heterogeneity as has been shown by Stracke et al.
(2012) for major and trace element chemistry of CV chondrites.
Indeed, Allende contains abundant CAI material, which have
anomalous Ni isotope compositions. As such, variable amounts of
CAI material in individual samples may account for the small-
scale Ni isotope heterogeneity observed between the different
studies. Our Ni isotope values for the CI chondrite Ivuna are mar-
ginally more anomalous than those previously reported for the CI
chondrite Orgueil (Steele et al., 2012; Tang and Dauphas, 2014).
Some of the compositions agree within analytical uncertainty
and the remaining small differences are readily explained by corre-
lating errors and/or a slight underestimation of the uncertainty. All
data presented for other groups is in good agreement with each
other.

Additionally, we compare a calculated ‘‘bulk” composition of
the Ivuna sample based on the data of the compositions deter-
mined for individual dissolution steps of the step-leaching experi-
ment with the bulk CI data available (‘‘Step-leaches” in Table 4).
The bulk composition was calculated as a weighted average of
the step-leaches where the proportion of the total Ni was used as
23
a weight. Remarkably, aside from the recalculated stable isotope
data, the weighted average of the Ivuna step-leaching data (Table 4)
agrees well with the available data for bulk CI chondrites, consid-
ering the external reproducibility of our method (see below). The
small difference in stable isotope composition can be accounted
for considering that leaches experienced an extensive history of
column chemistry which could lead to some degree of Ni isotope
fractionation and moreover leaching itself is a mostly low-
temperature process with a potential to introduce isotope effects.
Finally, we consider the repeated measurements of the terrestrial
standard DTS-2b (Table 3). Based on six repeats we can assess
the external reproducibility (2SD) of our measurements to be 1.9,
6.6, 13, 0.064, 21, 10.4, 15 and 0.039 for l60Ni61/58, l62Ni61/58,
l64Ni61/58, d60/58Ni, l58Ni62/61, l60Ni62/61, l64Ni62/61 and d62/61Ni,
respectively.

4.2. 62Ni/61Ni as a preferred normalization ratio

In the interpretation of the origin of nucleosynthetic anomalies
in meteorites, it is critical to consider the possibility of effects on



Fig. 4. Variation diagrams for 62Ni/61Ni-normalized data for CAIs and bulk CV
chondrites from this study (opaque) and earlier studies (transparent) (Tang and
Dauphas, 2014 as reported by Nanne et al., 2019; Render et al., 2018; Nanne et al.,
2019).

Fig. 5. Mass-dependent Ni isotope data (as d60/58Ni in per mille) for chondrites from
this study (opaque) in comparison with previously published data (transparent) for
the same groups (C + 09 for Cameron et al., 2009; G + 17 for Gall et al., 2017; K + 20
for Klaver et al., 2020; W + 21 for Wang et al., 2021). In each case the values plotted
directly beneath samples from this study belong to the same chondritic group.

Fig. 6. Mass-dependent Ni isotope isotope data compared to the mass-independent
data for CAIs and bulk CV chondrites from this study (opaque) and earlier studies
(transparent) (Render et al., 2018). For the legend see Fig. 4.
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all the isotopes of the studied element. Since anomalies are typi-
cally reported as mass-independent ratios, it requires normaliza-
tion to an isotope pair that does not display nucleosynthetic
variability across different Solar System materials. In earlier stud-
ies (e.g. Birck and Lugmair, 1988; Quitte et al., 2007), nucleosyn-
thetic anomalies of nickel isotopes in meteorites were attributed
to varying abundances of neutron-rich isotopes, namely 62Ni and
64Ni, using the 58Ni and 61Ni as the normalizing isotope pair. This
normalization scheme is still commonly used. Other studies also
reported data normalized to 62Ni/58Ni (e.g. Tang and Dauphas,
2014). However, by combining high precision mass-independent
and mass-dependent Ni isotope data, including 64Ni, Steele et al.
(2012) showed that nucleosynthetic anomalies in bulk meteorites
are primarily due to variations in the abundance of the neutron-
poor 58Ni isotope. This led some of the later studies (e.g. Nanne
et al., 2019) to additionally report data normalized on 62Ni/61Ni.
However, Steele et al. advocated for normalizing with 58Ni/61Ni
due to it being a conventional normalization scheme and because
it allowed to achieve higher precision on the normalized ratios.
24



Fig. 7. Mass-dependent Ni isotope data for Ivuna leaching steps presented as
deviations of the respective isotope ratio from the terrestrial standard SRM 986 in
per mille normalized on the mass difference of the isotopes. The shaded areas
represent variation (shown as 1SD) of each value. It is apparent that the 62Ni/61Ni
varies the least out of the three isotope ratios considered.
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Subsequently, Render et al. (2018) studied Ni isotopes in calcium-
aluminium-rich inclusions (CAIs) and argued that these objects
exhibit Ni isotope anomalies on both neutron-poor and neutron-
rich isotopes.
Table 4
Mass-independent 61Ni/58Ni-normalised and mass-dependent Ni isotope data for the terres
in previous studies (S + 11: Steele et al., 2011; T + 12: Tang and Dauphas, 2012; S + 12: Ste
Nanne et al., 2019). Step-leaches refers to the estimated bulk composition of the leached
amount of Ni in each step was used as weights (the uncertainties of these measurements w
2SE.

Sample n l60Ni61/58 l62Ni61/58

DTS-2b 10 �1.2 ± 2.9 5.6 ± 4.7
repeat 10 �2.0 ± 2.8 2.7 ± 5.1
repeat 10 �0.9 ± 2.7 4.3 ± 7.2
repeat 10 �3.2 ± 2.7 0.1 ± 7.0
repeat 10 �1.5 ± 2.4 �0.3 ± 2.9
repeat 10 �0.5 ± 1.9 8.2 ± 5.4
DTS-2 4 �0.7 ± 3.2 3.8 ± 6.3
DTS-2 14 0 ± 3 7 ± 8
DTS-02 13 0 ± 4 1 ± 7
Allende CV 10 �15.7 ± 2.7 6.6 ± 2.9
Allende CV 13 �9 ± 6 14 ± 9
Allende CV 17 �14 ± 3 11 ± 7
Allende CV 6 �11 ± 5 9 ± 13
Allende CV 16 �11 ± 3 12 ± 6
Allende CV 4 �9.8 ± 1.6 13.1 ± 1.9
Step-leaches 11 �0.2 ± 2.2 23.8 ± 4.0
Ivuna CI 10 0.7 ± 2.7 28.0 ± 4.5
Orgueil CI 4 �0.8 ± 1 20.3 ± 3.1
Orgueil CI 13 �3 ± 4 14 ± 7
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The identification of significant nucleosynthetic variability in
the Ivuna leaches provides an opportunity to further investigate
which normalization scheme is the most appropriate. Out of the
five nickel isotopes, two are not suited for normalization irrespec-
tive of the location of nucleosynthetic anomalies. 60Ni can be pro-
duced radiogenically from the decay of the short-lived 60Fe nuclide,
which introduces additional source of isotope variations that is
dependent both on nucleosynthesis and on Fe/Ni-ratio. 64Ni is
not suited because of a direct isobaric interference from 64Zn that
cannot be resolved by modern MC-ICP-MS and, thus, even small
amounts of Zn significantly diminish the precision of 64Ni-data.
Thus, only 58Ni, 61Ni and 62Ni are available as normalizing isotopes.
The most appropriate isotope pair for normalization is one which
exhibits the least amount of nucleosynthetic variability. To dis-
criminate between nucleosynthetic and mass-dependent variabil-
ity in our leachate data we compare the d62/58Ni, d58/61Ni and
d62/61Ni to each other. Specifically, we normalise these values by
mass-difference as dx/yNi/(Mx-My) yielding delta-values per amu
and then for each isotope ratio we calculate their mean for all
step-leaches (excluding L10 due to a large analytical uncertainty)
and standard deviation. In this instance standard deviation repre-
sents variability of the data and as such, when normalised by
mass-difference, in a hypothetical case of absence of mass-
independent variability all three ratios’ standard deviations should
be identical. However, instead we observe that for d62/58Ni, d58/61Ni
and d62/61Ni per amu their variability expressed as two standard
deviations (2SD) are 0.557, 0.585 and 0.510, respectively (Fig. 7).
The differences between variability of the delta-values per amu
are due to nucleosynthetic variability, which demonstrates that
the 62Ni/61Ni is subject to the least amount of nucleosynthetic vari-
ability as its standard deviation is lower compared to that of other
ratios. This is in line with considerations of the nucleosynthetic
sources of Ni. All five Ni isotopes are produced by explosive silicon
burning but apart from 58Ni, the remaining isotopes are also pro-
duced by the s-process. Thus, the presence of nucleosynthetic vari-
ability of 58Ni is somewhat unsurprising and supports the
observation that the variability of any isotope ratio in our leachate
data set involving 58Ni is larger than that of ratios where 58Ni is not
considered.

As such, our data support previous findings by Steele et al.
(2012) and confirm that nucleosynthetic nickel isotope diversity
between the Solar System solids is primarily caused by 58Ni isotope
trial standard DTS, CV chondrite Allende and CI chondrites obtained in this study and
ele et al., 2012; T + 14: Tang and Dauphas, 2014; R + 18: Render et al., 2018; N + 19:
sample of Ivuna CI chondrite calculated as a weighted mean of the steps where the
ere propagated using a Monte Carlo simulation as 2SD). All other errors reported are

l64Ni61/58 d60/58Ni Source

18.1 ± 8.5 0.151 ± 0.013 This study
8.4 ± 5.5 0.157 ± 0.019 This study
10 ± 11 0.142 ± 0.013 This study
14 ± 15 0.153 ± 0.024 This study
3 ± 11 0.083 ± 0.019 This study
20.3 ± 5.9 0.178 ± 0.025 This study
16.1 ± 10.0 0.128 ± 0.080 S + 11

T + 12
�5 ± 12 T + 14
22 ± 12 0.262 ± 0.010 This study
39 ± 17 T + 14
30 ± 10 T + 12
24 ± 27 R + 18
29 ± 13 N + 19
32.4 ± 3.6 S + 12
51.8 ± 9.9 0.11 ± 0.04 This study
73.0 ± 8.2 0.180 ± 0.020 This study
58.5 ± 8.9 0.185 ± 0.024 S + 12
51 ± 12 T + 14



Table 5
Nucleosynthetic models which yields were used for mixing lines in Figs. 8, 9, 10 and 11. All AGB models are final compositions, all CCSN models are total yields.

Type Source Models used

AGB Cristallo et al., 2016 (F.
R.U.I.T.Y.)

C + 16 1.3, 1.5, 2, 2.5, 3, 4, 5 and 6 M☉ models for Z = 0.006, 0.008, 0.01, 0.014 and 0.02 with a standard 13C pocket;
1.5 M☉ models for Z = 0.006 and 0.01 with IRV of 0 and 60, and 2 M☉ models for Z = 0.006 with IRV of 0, for
Z = 0.01 with IRV of 0 and 60, and for Z = 0.014 with IRV of 0 for an extended 13C pocket

AGB Pignatari et al., 2016
(NuGrid)

P + 16 1.65, 2, 3 and 5 M☉ models for Z = 0.01 and 0.02

AGB Battino et al., 2019
(NuGrid updated)

B + 19 m2z1m2, m3z1m2, m2z2m2, m3z2m2, m2z3m2, m3z3m2, m3z2m2-hCBM, m3z3m2-hCBM

CCSN Rauscher et al., 2002 R + 02 S15, S19, S20, S21, S25, S25P, N15, N20, N25, H25
CCSN Nomoto et al., 2013 N + 13 13, 15, 18, 20, 25, 30 and 40 M☉ for Z = 0.008
CCSN Nomoto et al., 2006 N + 06 13, 15, 18, 20, 25, 30 and 40 M☉ for Z = 0.02
CCSN Limongi and Chieffi,

2003
L + 03 13B, 15C, 20C, 25C, 30C and 35E for Z = 0.02

CCSN Pignatari et al., 2016
(NuGrid)

P + 16 15, 20, 25 M☉ delayed and rapid (explosion models) for Z = 0.01; 15, 20, 25, 32 M☉ delayed and rapid and
60 M☉ delayed for Z = 0.02

Ia SN Woosley, 1997 W97 NCD2A, NCD4A, NCD6A, NCD7A, NCD8A, NCD2B, NCD4B, NCD6B, NCD7B, NCD8B, NCD8D
Ia SN Leung and Nomoto,

2018
L + 18 Z = 0, 0.1Z☉, and 0.5Z☉ for C/O = 1, c3 flame and densities of 109 g/cm3, 3x109 g/cm3 and 5x109 g/cm3

Ia SN Maeda et al., 2010 M + 10 W7, C-DEF, C-DDT, O-DDT, C-DDT/def., O-DDT/def.
Ia SN Travaglio et al., 2004 T + 04 c3_2d_512b, c3_3d_256b, c3_3d_256c, b5_3d_256c, b30_3d_768c
Iax SN Leung and Nomoto,

2020
L + 20 All CO WD models with densities of 109 g/cm3 and higher

ECSN Wanajo et al., 2013 W + 13 e8.8
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variability. However, unlike Steele et al. (2012), we argue that
using 62Ni/61Ni as a normalization pair is beneficial for the ease
of comparison with models of nucleosynthesis and as such, we pri-
oritise using it in this study.

4.3. Nucleosynthetic homogeneity of the CAI reservoir

We present in Fig. 4 our Ni isotope data for CAIs from the
reduced Efremovka chondrite and compare these with previously
published compositions for CAIs and some bulk chondrites. Most
of the previous data for CAIs stem from inclusions from the CV
chondrite Allende but also includes a number of CAIs from other
CV and CK chondrites (Render et al., 2018). We only present the
CAI data of Render et al. (2018) given their data is in agreement
with other data (Birck and Lugmair, 1988; Quitte et al., 2007) but
of higher precision. The two CAIs studied here were fragments of
the 31E and 32E CAIs, which record identical Pb-Pb ages corre-
sponding to a mean of 4567.30 ± 0.16 Myr (Connelly et al.,
2012). Both 31E and 32E are coarse-grained Type B1 CAIs and
the petrology and chemistry of these samples is described in detail
by Connelly et al. (2012). The two CAIs have contrasting Ni isotope
compositions, with the composition of 32E being similar to bulk
CVs whereas the three aliquots of 31E record compositions similar
to the most anomalous CAIs (Render et al., 2018). Both 31E and 32E
are igneous CAIs, which are typically characterized by enrichment
in heavy isotopes of moderately refractory elements such as Mg
due to loss during evaporative melting. Indeed, 31E is character-
ized by a heavy stable isotope composition for Mg corresponding
to a d25Mg value of > 5 per mille (Larsen et al., 2011), which is mir-
rored in the Ni stable composition of the three aliquots analysed
that define d60/58Ni values of �1.2, �1.3 and �1.7. In contrast,
32E records a Ni stable isotope composition that is similar to bulk
CV values. In combination with the mass-independent Ni isotope
data, this observation suggests that the original Ni isotope compo-
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Fig. 8. Mixing lines between the bulk Solar System approximated by the CI
composition (high-precision absolute ratio measured by Steele et al., 2012) and
various models of AGB-produced nickel (C + 16: Cristallo et al., 2016; P + 16:
Pignatari et al., 2016; B + 19: Battino et al., 2019, for specific models refer to the
Table 5) in comparison with Ivuna step-leaches and 31E CAI on variation diagrams
for 62Ni/61Ni-normalized data. In all cases the final compositions were used.
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Fig. 9. Mixing lines between the bulk Solar System approximated by the CI
composition (high-precision absolute ratio measured by Steele et al., 2012) and
various models of CCSN-produced nickel (R + 02: Rauscher et al., 2002; L + 03:
Limongi and Chieffi, 2003; N + 06: Nomoto et al., 2006; N + 13: Nomoto et al., 2013;
P + 16: Pignatari et al., 2016, for specific models refer to the Table 5) in comparison
with Ivuna step-leaches and 31E CAI on variation diagrams for 62Ni/61Ni-normal-
ized data. In all cases total yields were used.
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Fig. 10. Mixing lines between the bulk Solar System approximated by the CI
composition (high-precision absolute ratio measured by Steele et al., 2012) and
various models of type Ia sN- and ECSN-produced nickel (W97: Woosley, 1997;
T + 04: Travaglio et al., 2004; M + 10: Maeda et al., 2010; W + 13: Wanajo et al.,
2013; L + 18 and L + 20: Leung and Nomoto, 2018, 2020, for specific models refer to
the Table 5) in comparison with Ivuna step-leaches and 31E CAI on variation
diagrams for 62Ni/61Ni-normalized data.
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sition of 32E has been overprinted by parent body processes or,
alternatively, the aliquot investigated was contaminated by minor
amounts of matrix material. Considering the studied Efremovka
CAIs have been shown to avoid extensive parent body alteration
(Connelly et al., 2012), the latter seems more likely. A simple esti-
mate shows that it will only take < 0.5 mg of matrix material to
overprint a nucleosynthetic signature of a 5 mg of a CAI sample.
As such, we only consider the composition recorded by 31E as
the primary CAI endmember. The identified overprinted signature
of 32E also raises the possibility that the variability in CAI compo-
sition described in earlier studies may reflect equilibration with
the host meteorite by parent processes, especially as these studies
were based mostly on the oxidized Allende meteorite. The correlat-
ing mass-dependent and mass-independent Ni isotope data pub-
lished by Render et al. (2018) supports this observation (Fig. 6).
Finally, we note that partial reequilibration with the host meteorite
cannot explain the composition of the CAI AI02 reported by Render
et al. (2018), which is characterized by a large deficit in l58Ni62/61.
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As we point out later in this study, this composition is consistent
with the anomalous component recorded by the L11 fraction. Thus,
it is plausible that this CAI contains a highly anomalous L11-like
presolar grain, similarly to that reported for the Curious Marie
Allende CAI (Pravdivtseva et al., 2020).
4.4. Overview of nickel nucleosynthesis

To understand the origin of nucleosynthetic nickel isotope vari-
ations in meteorites and their components, it is important to first
consider the nucleosynthesis of Ni isotopes and how well this is
understood. As mentioned previously, nickel is mainly produced
by two nucleosynthetic processes: explosive silicon burning (all
five stable isotopes) and s-process (all but 58Ni) (Clayton, 2003).
Subject to the peak density, entropy and temperature explosive sil-
icon burning can have different outcomes (Hix and Thielemann,
1999). Nickel is produced mainly after nuclear statistical equilib-
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rium phase (NSE) via alpha-rich freeze-out (low density and high
entropy) and normal freeze-out (high density and low entropy, clo-
ser in conditions to the NSE) (Woosley et al., 1973; Meyer et al.,
1996). Alpha-rich freeze-out is typical for core-collapse super-
novae (CCSNe) whereas normal freeze-out is typical for Type Ia
supernovae (exploding white dwarfs in close binaries) (Hix and
Thielemann, 1999) and electron-capture supernovae (ECSNe)
which are a subtype of CCSNe occurring when the progenitor has
a relatively low mass (approximately 8–9 solar masses) (Wanajo
et al., 2011). For the s-process, both its components, i.e. main
(Kobayashi et al., 2020) and weak (Woosley et al., 2002; Clayton,
2003), contribute to the Ni production. Although the exact propor-
tions of those four sources of nickel are not agreed upon, the dom-
inance of supernova-derived nickel over AGB-derived is well
established (Woosley et al., 2002; Clayton, 2003; Kobayashi et al.,
2020).

As for the nickel isotope signatures of the different nucleosyn-
thetic sources, the models presented by different studies are not
in a good agreement with each other in most of the cases. We con-
sider the effects of mixing the bulk Solar System (approximated by
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CI chondrites as the most primitive Solar System material avail-
able) and various nucleosynthetic sources of nickel in l64Ni62/61-
and l60Ni62/61-l58Ni62/61 space. We used a wide list of nucleosyn-
thetic models to compare to (Table 5), covering a variety of sources
and authors. We consider nucleosynthetic effects in all isotopes of
Ni, including 60Ni, because it is possible that its variability is caused
in part by nucleosynthetic effects. Calculating mixing lines
between extremely different isotope compositions in a mass-
independent isotope space can be challenging. Unlike Dauphas
et al. (2004), Steele et al. (2012) and Hopp et al. (2022) that analyt-
ically calculated the slope of the mixing line in the vicinity of the
mixing lines’ origin, we implemented an approach similar to that
of Simon et al. (2009) where we first calculated ‘‘absolute” isotope
compositions of mixtures of different proportions, which then
were normalised to obtain mass-independent compositions that
we can compare to the data. Based on this, we can make the fol-
lowing observations. The isotope composition of nickel produced
by AGBs is relatively well understood (Fig. 8). In all AGB models
considered here (only final compositions were used), apart from
a single F.R.U.I.T.Y. model of a 1.3 M☉ star of solar metallicity which
is thought to be of lower mass than the major AGB contributors to
the Solar system’s nucleosynthetic build-up (Cristallo et al., 2020),
nickel is enriched in 64Ni and depleted in 58Ni and 60Ni relative to
the solar value. Notably, the spread in the l60Ni62/61-l58Ni62/61-
space between the different models is quite tight, suggesting that
the models are robust in explaining this relation. The spread in
the l64Ni62/61-l58Ni62/61-space is larger and may be attributed to
the uncertainties in the 64Ni production rate, which is highly
dependent on the assumed 63Ni neutron capture cross sections
(Weigand et al., 2015).

As for core-collapse supernovae-produced nickel, the models do
not agree well with each other (Fig. 9). Most models agree on cor-
related effects of 58Ni with 60Ni and anti-correlated effects with
64Ni. However, models disagree drastically on whether CCSNe
under- or overproduce 58Ni relative to the solar composition. In
case of the models by Rauscher et al. (2002) and Pignatari et al.
(2016), the same models for different stellar masses provide oppo-
site results. One of the possible explanations is that the nickel iso-
tope composition of the SN ejecta (as opposed to the material that
is incorporated into the newly formed neutron star/black hole) is
highly dependent on the explosion mechanism and, especially,
the mass-cut ratio that was used by the model authors, the ade-
quate choice of which requires a better understanding of the explo-
sion mechanism of the CCSNe (Kobayashi et al., 2020). The mass-
cut has this particularly significant effect on Ni (and iron peak ele-
ments in general) because most of the explosive Ni nucleosynthe-
sis occurs in the innermost part of the supernova while Ni in the
outer shells is dominated by the weak s-process-produced Ni.
Hence, some Ni compositions produced by SN models can be dom-
inated by the weak s-process component (e.g. Nomoto et al., 2013)
while others are dominated by Ni generated during explosive sili-
con burning (e.g. Rauscher et al., 2002).

Most type Ia SNe and ECSN models agree on a general overpro-
duction of 58Ni and 60Ni, and most also point to the depletion or
near-solar production of 64Ni (Fig. 10). The few models that give
inconsistent results are models of the rarer types of Ia-SNe. To
summarize, the contextually important points about the nickel
isotope composition of various nucleosynthetic sources are:
(1) The 64Ni yields from AGBs and Ia-SNe models are highly vari-
able, (2) the nucleosynthetic composition of AGB-derived nickel
is the best constrained, (3) nickel yields from CCSN are sensitive
to the selected mass-cut and can be either s-process- or explosive
Si-burning-dominated, and (4) given the uncertainty in Ni-yields
from CCSN it can be hard to distinguish this signature from both
AGB- and Ia sN-produced nickel.
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4.5. Nucleosynthetic components recorded by step-leaches and CAIs

We consider the Ni isotope variability in the Ivuna step-leaches
and the three samples of the Efremovka CAI 31E as reflecting the
presence or absence of carriers of distinct nucleosynthetic signa-
tures. While we only plotted the mixing lines between the Solar
System and the modelled nucleosynthetic sources, it is important
to note that as the Solar System contains many carriers, they can
potentially be separated and unmixed from the bulk Solar System,
resulting in compositions on the ‘‘negative” side of the mixing line
(which we didn’t plot as to avoid clutter on the diagrams). In both
l64Ni62/61- and l60Ni62/61-l58Ni62/61 spaces (Fig. 11), L11 plots
slightly below (being depleted in 64Ni and 60Ni) the mixing lines
with AGB models. Considering the facts that (1) AGB models are
well constrained and that (2) L110s composition is constrained
given the magnitude of the isotope effect and the analytical preci-
sion, it makes it unlikely that L11 is defined by an enrichment of a
pure AGB component, even though we expect SiC to be the major
phase in this step-leach given the chemical resilience of SiC. The
other option that can produce an isotope signature to account for
the composition of L11 is a CCSN. This is, in particular true for a
CCSN signature derived from a mixture of Si/S and outer shells,
as proposed by Steele et al. (2012), who used this composition to
explain correlated 64Ni-58Ni variability of bulk meteorites. How-
ever, considering that the majority of SiCs that have been studied
have an AGB origin (Zinner, 2014), we suggest that the Ni isotope
composition of L11 most likely reflects a mixture of two compo-
nents, namely AGB and CCSN. Since L11 is a bulk analysis of refrac-
tory grains (presumably dominated by SiCs), this implies that there
is also either an abundant refractory carrier of CCSN-produced
nickel or if these carriers are not abundant, they contain Ni isotope
compositions that deviate from the AGB-produced majority of
grains enough to significantly alter the bulk composition of the
step-leach. This could be, for instance, X-type SiC, for which studies
show that the grains are typically polycrystalline with individual
crystal sizes being in the range of 10 to 200 nm (Zinner, 2014),
which makes it likely for small and hard to detect grains to consti-
tute a larger portion of SiCs than is observed in studies using in situ
methods (i.e. SIMS or NanoSIMS). Finally, there is also a possibility
for the Ni isotope composition of L11 to be noticeably affected by
radiogenic effects on 60Ni when compared to the model yields as
Fe and Ni can be fractionated from each other during condensation
of presolar grains which can happen before or after 60Fe decay.
However, this is unlikely for 2 reasons. First, that SiCs typically
have low Fe/Ni ratios (Marhas et al., 2008) and second, the 60Fe
yields for AGB and CCSN models are not high enough (see refer-
ences in the captions of Figs. 8 and 9), such that collectively it is
difficult to produce effects of large enoughmagnitude to noticeably
affect the slopes produced by different models, especially consider-
ing the wide range of variations between different models.

For all other step-leaches, the most significant heterogeneity
observed is on l60Ni62/61 and l64Ni62/61, with the most extreme
compositions defined by L6, L8, L9 and L10, where L6 is depleted
in 64Ni, L8 and L9 are enriched in 64Ni, and L10 is depleted in
60Ni. This suggests that this heterogeneity is produced dominantly
by various contributions of the CCSN-produced components to
these leaching steps since both AGB and Ia SN are expected to also
generate 58Ni variability. This broadly agrees with the Ca isotope
data for the same leaches (Schiller et al., 2015) that suggests a mul-
titude of diverse supernova derived carriers being preserved in
Ivuna. On the other hand, Sr isotope data for L10 (Paton et al.,
2013) implies an AGB produced signature. However, this can be
easily explained by varying concentrations of Sr and Ni in different
carriers and by the fact the most of the Sr is primarily produced in
AGB (Kobayashi et al., 2020) making it unlikely for its signature to
be noticeably affected by a supernova-derived carrier. It is also
29
worth mentioning that in these samples, l60Ni62/61 and l64Ni62/61
signatures do not co-vary, which indicates the presence of at least
three distinct nucleosynthetic components. Similarly to the possi-
bility of a radiogenic 60Ni component in L11, there could also be a
radiogenic effect recorded by the Ni isotope composition of L10.
Generating the measured deficit would require an initial Solar Sys-
tem 60Fe/56Fe ratio to be at least 2x10-6, and although it agrees
with an earlier value obtained from a study of CAIs (Quitte et al.,
2007), it is much higher than current estimates, which suggest that
the initial 60Fe/56Fe of the Solar System was 6.4x10-7 (Cook et al.,
2021) or even lower (Tang and Dauphas, 2012). Consequently,
we suggest that, at least partially, the l60Ni62/61-heterogeneity is
of nucleosynthetic nature. The remaining leaching steps either
record small or unresolved nucleosynthetic Ni isotope signatures
relative to the composition of bulk CIs. Notably, this observation
is subject to the choice of CI composition since there appears to
be a minor heterogeneity among CI chondrites (see Table 4). Of
these samples with limited nucleosynthetic Ni isotope variability,
L5 exhibits the lowest l58Ni62/61 and L2 the highest, with the rest
of the leaches in between those values. This can be interpreted as a
consequence of a varying content of nickel from different nucle-
osynthetic sources, where L1, L2, L7 and L4 are slightly enriched
in Ni originating from a Type Ia sN- and/or CCSN, and L5 being
slightly enriched in AGB- and/or CCSN-produced nickel. With our
choice of the origin for the mixing lines in Figs. 8–11, L30s compo-
sition is identical to it within uncertainty.

Pristine CAIs are significantly enriched in 58Ni and bear a signa-
ture of a type Ia SNe and/or CCSNe (especially ECSNe) contribution.
However, we do not observe a signature with the same enrichment
in any of the leaching steps and, thus, we cannot associate the
observed signature with an enrichment in a carrier of sN-derived
Ni. Instead, a possible explanation for the CAIs’ Ni isotope compo-
sition is correlated depletion in some of the carriers preserved in
leaches L6, L8-L9, L10 and L11 (i.e., a combination of AGB and CCSN
components), which resulted in shifting the CAIs’ composition
away from those components on the diagrams.

4.6. Origin of nickel isotope heterogeneity in bulk meteorites

In Sections 4.4 and 4.5 we characterized the nucleosynthetic
components of nickel present in the Solar System and now we con-
sider the origin of the anomalies in bulk meteorites. Before we dis-
cuss their nucleosynthetic origin, we consider the possibility that
the observed anomalies on 60Ni are not of nucleosynthetic origin
but instead radiogenic, due to decay of 60Fe in materials with vary-
ing Fe/Ni. However, the inferred Solar System initial 60Fe abun-
dance is low, corresponding to an initial 60Fe/56Fe of (11.5 ±
2.6) � 10-9 (Tang and Dauphas, 2012). For CAIs, which have sub
chondritic Fe/Ni ratios (Nazarov et al., 1982) and an age of 4567.
30 ± 0.16 Myr (Connelly et al., 2012), this results in sub ppm effects
on l60Ni62/61 that are not resolvable. Bulk meteorites display a
more limited range of Fe/Ni ratios, meaning that the effects are
even smaller in their case. Additionally, L10 has a highly anoma-
lous l60Ni62/61-composition of an arguably nucleosynthetic origin
and, thus, offers an opportunity to explain the bulk l60Ni62/61 vari-
ability in meteorites by a heterogeneous distribution of a L10-like
component.

Bulk meteorites exhibit a complex mass-independent nickel
isotope heterogeneity and show a weakly correlated variability
between l64Ni62/61- and l60Ni62/61-l58Ni62/61 (Fig. 3), while some
degree of clustering of noncarbonaceous and carbonaceous materi-
als can be observed. Additionally, CAIs plot roughly on the contin-
uation of the bulk meteorite correlation trend. This heterogeneity
has been interpreted to reflect a supernova injection (Shimamura
and Lugmair, 1983; Birck and Lugmair, 1988; Quitte et al., 2007),
inheritance from the parental GMC (Quitté et al., 2010), a change
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in the infalling material (Nanne et al., 2019), or a physical sorting of
carriers, mostly by radiation-based mechanisms (Regelous et al.,
2008; Steele et al., 2012). Our new data for the step-leaches can
help to further shed light on the origin of the nucleosynthetic
heterogeneity.

We first consider the nature of the nucleosynthetic component(s)
responsible for the Ni isotope heterogeneity between bulk Solar Sys-
tem objects. Based on the slope of the bulk meteorite heterogeneity
and on the CAI data, it was suggested that variable distribution of
supernova-derived nickel is causing heterogeneity (e.g. Quitte et al.,
2007; Steele et al., 2012; Nanne et al., 2019). However, none of the
highly anomalous nucleosynthetic components revealed by the
step-leaching experiments can fully account for the observed corre-
lation trend. Assuming that our data is representative of the Solar
System’s nucleosynthetic inventory, this means that a combination
of nucleosynthetic sources is needed to account for the heterogeneity
(Render et al., 2018). Whether the apparent agreement of the corre-
lation defined by meteorites and that predicted by variable addition
of the supernova-derived nickel is a coincidence, or there actually
was a component that falls on the same correlation trend is difficult
to evaluate. Indeed, while we have not detected/resolved this compo-
nent, it could easily be carried by a phase that is rather susceptible to
parent body and nebular processing such as Fe-Ni metal (Lodders
and Fegley, 1999), which is especially likely given that Ni is easily
mobile under the conditions of CI chondrite parent body aqueous
alteration (Bullock et al., 2005; Berger et al., 2016).

Secondly, we discuss which processes may have caused the Ni
isotope heterogeneity. In the absence of a supernova carrier with
a signature that could account for the observed correlation trend
makes a late supernova injection origin of the heterogeneity unli-
kely. Since core-collapse supernovae can produce both 58Ni-
enrichment and -depletion, we consider both cases. In the case of
the 58Ni-depletion, the X-type SiC-component suggested by
Steele et al. (2012) and potentially observed in this study in L11
can account for the correlated l58Ni62/61- l64Ni62/61 variability.
However, it cannot account for the l60Ni62/61-anomalies, which
were explained by Steele et al. (2012) as a result of 60Fe decay in
materials with variable Fe/Ni-ratios. In contrast, our data requires
that the observed l60Ni62/61-depletion in L10 is at least partially
of nucleosynthetic origin, and the Ni carrier preserved in it could
account for the observed l60Ni62/61-heterogeneity of bulk mete-
orites without involving radiogenic effects. If we consider the
58Ni-enriched supernova-component, the type Ia SNe or ECSNe
provide the best match. However, type Ia SNe are the product of
a protracted stellar evolution and thus they are not typically asso-
ciated with star-forming regions. Even though the stellar evolution
of ECSNe are shorter (Doherty et al., 2017), they are comparable to
the lifetime of a star-forming region (Murray, 2011), which makes
it also unlikely that injection of ECSN material into the Solar Sys-
tem occurred. Finally, late supernova injection would introduce
live 60Fe into the Solar System, and even though the 60Fe abun-
dance at the start of the Solar System is still actively debated
(e.g., Cook et al., 2021), there is significant evidence that its abun-
dance was broadly consistent with its inheritance from the Galac-
tic background (Tang and Dauphas, 2012). It has been proposed
that a change in the composition of the infalling material during
the early formative stages of the Solar System resulted in the
observed Ni isotope heterogeneity. However, we note that this
model is not consistent with the distribution of anomalous Nd
between CAIs, carbonaceous and non-carbonaceous chondrites
(Frossard et al., 2021; Saji et al., 2021). Moreover, numerical simu-
lations have shown that the composition of the infalling material
during the first few kyr of disk evolution will remain isotopically
homogeneous within a few A.U. (Kuffmeier et al., 2016).

Collectively, our data and interpretation require a disk mecha-
nism(s) that created broadly correlated isotopic heterogeneity via
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unmixing of presolar carriers. Several mechanisms have been sug-
gested, including thermal processing (Trinquier et al., 2009), and
radiation pressure-based sorting (Steele et al., 2012). We interpret
the fact that the CAIs have a composition that lies on the continu-
ation of the correlation trend of bulk meteorites in l64Ni62/61- and
l60Ni62/61-l58Ni62/61 space as strong evidence that the CAI reser-
voir formed by the same process as the one that produced the
heterogeneity of bulk meteorites. One possibility is that the heat-
ing and consequential evaporation of material that later formed
CAIs depleted the rest of the inner Solar System reservoir in
supernova-derived nuclides. This is consistent with the prediction
that, relative to AGBs, supernovae are more likely to produce rela-
tively volatile carriers (Lodders and Fegley, 1999). This view is also
in an agreement with the models presented in e.g. (Schiller et al.,
2015; Ek et al., 2020). However, the alignment of the CAIs and bulk
meteorites is not perfect, and the heterogeneity of the bulk mete-
orites is more complex than can be explained by this process alone.
This issue can be overcome, however, if the highly anomalous com-
ponents represented by leaches L6, L8-L9, L10 and L11 are also dis-
tributed heterogeneously in combination with the fact that
individual leaches are not pure nucleosynthetic end-members
but mixtures. The example of this would be separating compo-
nents preserved in the L11, namely mainstream SiC grains and
X-type SiC grains, which have the same mineralogy, but can have
systematically different grain size, and hence could be separated
by e.g. aerodynamic drag (Hutchison et al., 2022). Thus, it is likely
that the observed complexity of nucleosynthetic heterogeneity
reflects a number of different mechanisms, with thermal process-
ing and size sorting of presolar carriers as dominant processes.

5. Conclusions

We have obtained a set of high-precision mass-dependent and
mass-independent nickel isotope data for a representative set of
chondrites, four samples of the Efremovka reduced CV chondrite
CAIs and 11 step-leaches of the Ivuna CI chondrite. The main con-
clusions of our work can be summarized as follows:

1. Our data support previous suggestions that the 58Ni is the most
heterogeneously distributed Ni isotope (Steele et al., 2012), and
that superimposed on the 58Ni heterogeneity, there are addi-
tional contributions to the neutron-rich isotopes (Render
et al., 2018).

2. Our data imply that the observed anomalies on 60Ni are primar-
ily of nucleosynthetic origin, as opposed to being radiogenic and
reflecting the varying Fe/Ni in different materials.

3. Together with earlier published results our data demonstrate
that 62Ni/61Ni-ratio is the most appropriate to use for normaliz-
ing mass-independent Ni data.

4. With the step-leaching data, we have identified multiple highly
anomalous early Solar System nucleosynthetic components.
However, none of these can individually be responsible for
the bulk meteorite heterogeneity without involving processes
that would distribute these components in a correlated manner.

5. Based on the Ni isotope data available, we suggest that a com-
bination of thermal processing and physical sorting in the pro-
toplanetary disk are the most likely mechanisms to account for
the complicated nickel isotope heterogeneity observed in bulk
meteorites.
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