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The isotopic composition of meteorites reveals a fundamental dichotomy between non-carbonaceous 
(NC) and carbonaceous (CC) meteorites. However, the origin of this dichotomy—whether it results from 
processes within the solar protoplanetary disk or is an inherited heterogeneity from the solar system’s 
parental molecular cloud—is not known. To evaluate the origin of the NC–CC dichotomy, we report Ni 
isotopic data for a comprehensive set of iron meteorites, with a special focus on groups that have not 
been analyzed before and belong to the CC group. The new Ni isotopic data demonstrate that the NC–
CC dichotomy extends to Ni isotopes, and that CC meteorites are characterized by a ubiquitous 58Ni 
excess over NC meteorites. These data combined with prior observations reveal that, in general, the 
CC reservoir is characterized by an excess in nuclides produced in neutron-rich stellar environments, 
such as 50Ti, 54Cr, 58Ni, and r-process Mo isotopes. Because the NC–CC dichotomy exists for refractory 
(Ti, Mo) and non-refractory (Ni, Cr) elements, and is only evident for nuclides produced in specific, 
neutron-rich stellar environments, it neither reflects thermal processing of presolar carriers in the disk, 
nor the heterogeneous distribution of isotopically anomalous Ca–Al-rich inclusions (CAI). Instead, the 
NC–CC dichotomy reflects the distinct isotopic composition of later infalling material from the solar 
system’s parental molecular cloud, which affected the inner and outer regions of the disk differently. 
Simple models of the infall process by themselves can support either infall of increasingly NC-like 
material onto an initially CC-like disk, or infall of increasingly CC-like material in the absence of disk 
evolution by spreading. However, provided that CAIs formed close to the Sun, followed by rapid outward 
transport, their isotopic composition likely reflects that of the earliest infalling material, implying that 
the composition of the inner disk (i.e., the NC reservoir) is dominated by later infalling material, whereas 
the outer disk (i.e., the CC reservoir) preserved a compositional signature of the earliest disk. The isotopic 
difference between the inner and outer disk was likely maintained through the rapid formation of Jupiter, 
which prevented complete homogenization between material from inside (NC reservoir) and outside (CC 
reservoir) its orbit.

© 2019 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND 
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The isotopic composition of meteorites reveals a fundamen-
tal dichotomy in their genetic heritage, distinguishing between 
non-carbonaceous (NC) and carbonaceous (CC) meteorites. This di-
chotomy was first recognized by Warren (2011), who observed that 
the Cr, Ti, and O isotopic compositions of meteorites define two 
distinct clusters. Subsequent work has shown that this dichotomy 
extends to Mo isotopes and includes both chondrites and differ-
entiated meteorites, including iron meteorites (Budde et al., 2016;
Kruijer et al., 2017). The latter derive from bodies that accreted 
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within ∼1 Ma after formation of Ca,Al-rich inclusions (CAI) (Kruijer 
et al., 2014), implying that the distinct isotopic compositions of the 
NC and CC reservoirs had been established by this time (Kruijer 
et al., 2017). As chondrites, which derive from parent bodies 
that accreted up to ∼3–4 Ma later than the iron meteorite par-
ent bodies (e.g., Budde et al., 2018; Kita and Ushikubo, 2012;
Kleine et al., 2018; Krot et al., 2009; Nagashima et al., 2017;
Ushikubo et al., 2013; Villeneuve et al., 2009), display the same 
fundamental dichotomy as the iron meteorites, the NC and CC 
reservoirs must have coexisted in the early solar nebula for at least 
∼3–4 Ma without any significant exchange of material between 
the two reservoirs. This prolonged spatial separation of the NC and 
CC reservoirs is most likely attributable to the early formation and 
growth of Jupiter’s core, which prevented material exchange be-
tween inside (NC) and outside (CC) its orbit (Budde et al., 2018;
le under the CC BY-NC-ND license 
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Kruijer et al., 2017). However, the origin of the NC–CC dichotomy 
and the processes that led to the establishment of two isotopically 
distinct reservoirs are not understood.

With the exception of O, the isotopic dichotomy between NC 
and CC meteorites is nucleosynthetic in origin, reflecting the het-
erogeneous distribution of isotopically diverse presolar compo-
nents. The NC–CC dichotomy is most clearly seen in the isotopic 
compositions of Ti, Cr, and Mo, where the CC reservoir is char-
acterized by enrichments in the neutron-rich isotopes 50Ti, 54Cr, 
and in Mo isotopes produced in the rapid neutron capture pro-
cess (r-process) of stellar nucleosynthesis (Budde et al., 2016;
Kruijer et al., 2017; Poole et al., 2017; Warren, 2011; Worsham et 
al., 2017). There are two general categories of processes by which 
the distinct isotopic composition of the NC and CC reservoirs may 
have been generated. One possibility is that this reflects thermal 
processing, transport, and mixing of presolar carriers within the 
solar protoplanetary disk (Burkhardt et al., 2012; Trinquier et al., 
2009). Intriguingly, the isotope characteristics of the CC reservoir 
resemble those found in CAIs, and so it has been suggested that 
the NC–CC dichotomy reflects a larger proportion of CAI-like mate-
rial in the CC compared to the NC reservoir (Budde et al., 2016;
Gerber et al., 2017). Another possibility is that the NC–CC di-
chotomy does not result from processes within the disk itself, but 
reflects heterogeneities in the solar system’s parental molecular 
cloud. The distance where mass is added to the disk from the col-
lapsing protostellar envelope grows with time (Hueso and Guillot, 
2005), and so different areas of the disk received different propor-
tions of material infalling at different times. Thus, changes in the 
isotopic composition of the infalling material may have generated 
heterogeneities in the disk as a function of heliocentric distance 
(Dauphas and Schauble, 2016).

Nickel isotopes are well suited to distinguish between these 
possibilities and, hence, to constrain the processes by which the 
distinct isotopic compositions of the NC and CC reservoirs were 
established. Nickel belongs to the Fe-peak elements and contains 
five stable isotopes (58Ni, 60Ni, 61Ni, 62Ni, and 64Ni) that are 
dominantly produced during nuclear statistical equilibrium (the 
e-process) in both type Ia and type II supernovae (Burbidge et 
al., 1957). Nickel is a moderately siderophile element and a ma-
jor component in both stony and iron meteorites, meaning that, 
unlike for elements like Cr and Ti, it can be analyzed in essentially 
all meteorite groups. Perhaps most importantly with regard to the 
NC–CC dichotomy, Ni is non-refractory and therefore not enriched 
in CAIs. Thus, if the NC–CC dichotomy exists for Ni, then this di-
chotomy cannot be the result of a minor amount of CAI addition 
to the CC reservoir.

Prior studies have shown that bulk meteorites exhibit nucle-
osynthetic Ni isotope anomalies, and that these anomalies seem 
to be distinct for NC and CC meteorites (Regelous et al., 2008;
Steele et al., 2012, 2011; Tang and Dauphas, 2014, 2012). Specif-
ically, group IVB iron meteorites seem to be genetically linked 
to carbonaceous chondrites, whereas some other groups (IC, IIAB, 
IIIAB, IVA) are more similar to ordinary and enstatite chondrites 
(Regelous et al., 2008). However, with the exception of the IVB 
irons, no Ni isotope data for iron meteorites belonging to the CC 
suite (i.e., groups IIC, IID, IIF, and IIIF) have been reported, yet these 
irons are essential for assessing whether the NC–CC dichotomy 
holds for Ni isotopes, because they record the onset time at which 
the NC–CC dichotomy was established.

Here, Ni isotopic data for several iron meteorite groups are pre-
sented, with emphasis on CC iron meteorite groups for which no 
Ni isotopic data have been previously reported. The new data are 
used to assess whether the NC–CC dichotomy holds for Ni isotopes, 
and, ultimately, to identify the processes by which the distinct 
isotopic compositions of the NC and CC reservoirs were estab-
lished.
2. Samples and analytical methods

2.1. Sample selection and preparation

For this study, 19 different iron meteorites from the chemical 
groups IC, IIC, IID, IIIE, IIF, IIIF, and IVA were selected. Except for 
the IC and IVA irons, no samples from these groups have previ-
ously been investigated for Ni isotope systematics. Moreover, the 
selected samples include both carbonaceous (IIC, IID, IIF, IIIF) as 
well as non-carbonaceous irons (IC, IIIE, IVA), as determined based 
on their Mo isotope systematics. In addition to the iron meteorites, 
the NIST steel SRM361, USGS Hawaiian basalt BHVO-2 and the CV3 
chondrite Allende (‘MS-A’, prepared from a bulk piece of ∼100 g) 
were analyzed. Nickel isotopic data for these three samples were 
reported in previous studies, facilitating comparison of the results 
between this and previous studies.

All iron meteorite samples (∼0.3–0.6 g) were cut using a dia-
mond saw, polished with abrasives (SiC) and ultrasonically cleaned 
in ethanol. Further, to remove any surficial contamination, sam-
ples were leached in 6 M HCl for 10 minutes at ∼70 ◦C. After-
wards, they were digested in 6 M HCl with traces of HNO3 in 
Teflon beakers placed on a hot plate at 130 ◦C for 24–48 h. Small 
aliquots of these digestion solutions (corresponding to ∼20–25 μg 
of Ni) were further processed for the Ni isotope measurements. 
The SRM361 steel was digested and aliquoted in the same way as 
the iron meteorites.

BHVO-2 and Allende were digested in a 2:1 mixture of HNO3
and HF in Teflon beakers for 48 h at 180 ◦C. After digestion, the 
samples were evaporated to dryness and re-dissolved in HNO3. 
This step was repeated three times. Subsequently, the samples 
were re-dissolved in reverse aqua regia and fluxed for 72 h at 
150 ◦C. Finally, the samples were taken up in 6 M HCl for column 
chemistry. In addition, an aliquot of the Ni standard solution NIST 
SRM 986 was dried down, re-dissolved in 6 M HCl, and processed 
alongside the samples.

2.2. Chemical separation

Chemical purification of Ni was achieved by a 3-step ion 
exchange chromatographic procedure following the method of 
Chernonozhkin et al. (2015). Samples were first loaded in 10 ml 
0.6 M HCl–90% acetone onto BioRad polyprep columns filled with 
2 ml pre-cleaned and conditioned BioRad AG 50WX4 cation ex-
change resin (200-400 mesh). Most of the sample matrix (e.g., Fe, 
Cr) was eluted with additional 35 ml 0.6 M HCl–90% acetone and 
10 ml 0.6 M HCl–95% acetone, before Ni was collected in 6 ml 
0.6 M HCl–95% acetone–0.1 M dimethylglyoxime (DMG). After dry-
ing down the Ni fractions with the addition of 14 M HNO3, the 
samples were fluxed twice in 0.3 ml 14 M HNO3–0.1 ml 30% H2O2
for 2–3 h at 140 ◦C, and in 0.4 ml aqua regia for 3 h at 140 ◦C. 
This procedure resulted in efficient destruction of organic material 
from the cation resin. The main purpose of the second chemistry 
is the removal of any Zn and Ti from the sample solutions. For 
this chemistry, the Ni fractions were evaporated to dryness and 
re-dissolved several times in 10 M HCl, and finally taken up in 
2 ml 0.5 M HF–1 M HCl. This solution was loaded onto BioRad 
polyprep columns filled with 2 ml pre-cleaned and conditioned 
BioRad AG1X8 anion exchange resin (100–200 mesh). On this col-
umn, Ni was eluted with addition of 7 ml 0.5 M HF–1 M HCl. 
The Ni cut was dried down and re-dissolved several times with 
10 M HCl. Finally, to remove residual Zn and Fe, the Ni cuts from 
the second chemistry were re-dissolved in 1 ml 6 M HCl–0.01% 
H2O2 and loaded onto BioRad polyprep columns filled with 2 ml 
of pre-cleaned and conditioned AG MP-1X4 anion exchange resin 
(100–200 mesh). Again, Ni was eluted with addition of 5 ml 6 M 
HCl–0.01% H2O2. The final Ni solution was evaporated to dryness 
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Table 1
Ni isotopic data.

Sample Class ε196Pt N Norm. 61Ni/58Ni Norm. 62Ni/61Ni

μ60Ni (±2σ ) μ62Ni (±2σ ) μ64Ni (±2σ ) μ58Ni (±2σ ) μ60Ni (±2σ ) μ64Ni (±2σ )

Terrestrial samples
NIST SRM 986 n.d. 20 −1 ± 2 1 ± 4 −2 ± 8 3 ± 11 0 ± 4 −5 ± 12
NIST SRM 361 #1 n.d. 17 0 ± 3 4 ± 6 −3 ± 12 12 ± 16 4 ± 6 −15 ± 18
NIST SRM 361 #2 n.d. 10 −2 ± 2 1 ± 6 3 ± 7 3 ± 16 −1 ± 6 0 ± 17
BHVO-2 n.d. 15 0 ± 3 3 ± 9 3 ± 16 9 ± 24 3 ± 9 −6 ± 27

Carbonaceous chondrites
Allende CV3 n.d. 16 −11 ± 3 12 ± 6 29 ± 13 37 ± 16 1 ± 6 −6 ± 19

Carbonaceous iron meteorites
Kumerina IIC 0.02 21 −18 ± 3 9 ± 6 21 ± 13 28 ± 16 −9 ± 6 −6 ± 19
Perryville #1 IIC 0.05 16 −16 ± 5 20 ± 9 52 ± 29 62 ± 24 4 ± 9 −7 ± 33
Perryville #2 IIC 0.05 16 −16 ± 3 20 ± 5 55 ± 12 62 ± 14 4 ± 5 −4 ± 16
Unter−Mässing IIC 0.12 15 −14 ± 3 16 ± 5 33 ± 11 50 ± 14 2 ± 5 −14 ± 16
Wiley IIC 0.06 16 −17 ± 3 13 ± 5 34 ± 10 40 ± 14 −4 ± 5 −4 ± 15

Bridgewater #1 IID −0.01 15 −12 ± 3 22 ± 6 41 ± 12 68 ± 16 10 ± 14 −24 ± 13
Bridgewater #2 IID −0.01 15 −10 ± 2 16 ± 3 31 ± 12 50 ± 8 6 ± 7 −16 ± 12
N’Kandhla IID 0.01 16 −9 ± 3 18 ± 6 38 ± 9 56 ± 16 9 ± 14 −15 ± 10

Del Rio IIF 0.04 13 −9 ± 1 9 ± 4 17 ± 11 28 ± 11 0 ± 9 −10 ± 11

Clark County #1 IIIF 0.06 20 −14 ± 3 17 ± 7 36 ± 14 53 ± 19 3 ± 16 −14 ± 15
Clark County #2 IIIF 0.06 13 −10 ± 3 11 ± 5 26 ± 16 34 ± 14 1 ± 12 −7 ± 16
Oakley IIIF 0.48 16 −9 ± 4 9 ± 7 18 ± 10 28 ± 19 0 ± 16 −9 ± 12

Non-carbonaceous iron meteorites
Arispe IC 0.33 16 −8 ± 3 −7 ± 5 −29 ± 9 −22 ± 14 −15 ± 12 −8 ± 10
Bendego IC 0.50 14 −7 ± 2 −10 ± 7 −37 ± 15 −31 ± 19 −17 ± 16 −7 ± 16
Chihuahua City IC 0.07 16 −5 ± 2 −2 ± 7 −16 ± 18 −6 ± 19 −7 ± 16 −10 ± 18
Mount Dooling IC 0.00 13 −4 ± 4 −2 ± 5 −10 ± 12 −6 ± 14 −6 ± 12 −4 ± 12
Murnpeowie IC 0.32 15 −5 ± 3 −4 ± 6 −17 ± 12 −12 ± 16 −9 ± 14 −5 ± 13

Burlington IIIE 0.07 16 −6 ± 2 −4 ± 4 −14 ± 10 −12 ± 11 −10 ± 9 −2 ± 10
Coopertown IIIE 0.02 14 −8 ± 2 −8 ± 5 −25 ± 13 −25 ± 14 −16 ± 11 −1 ± 13
Paneth’s iron IIIE 0.09 16 −5 ± 3 −9 ± 5 −33 ± 12 −28 ± 14 −14 ± 12 −6 ± 12
Willow Creek #1 IIIE 0.13 15 −9 ± 4 −4 ± 8 −20 ± 18 −12 ± 22 −13 ± 18 −8 ± 19
Willow Creek #2 IIIE 0.13 16 −4 ± 3 −10 ± 5 −38 ± 12 −31 ± 14 −14 ± 12 −8 ± 12

Gibeon #1 IVA 0.13 15 −9 ± 4 −14 ± 6 −32 ± 18 −43 ± 16 −23 ± 14 9 ± 18
Gibeon #2 IVA 0.13 15 −6 ± 3 −1 ± 5 −15 ± 13 −3 ± 14 −7 ± 12 −12 ± 13

μiNi = ([iNi/58Ni]sample/[iNi/58Ni]SRM986 − 1) × 106 for the 61Ni/58Ni normalization.

μiNi = ([iNi/61Ni]sample/[iNi/61Ni]SRM986 − 1) × 106 for the 62Ni/61Ni normalization.
Uncertainties are 95% confidence intervals.
ε196Pt values from Kruijer et al. (2017) and Matthes et al. (2018).

N = number of measurements.
and re-dissolved several times in HNO3, before taking the solution 
up in 0.3 M HNO3 for analysis by MC-ICP-MS. The final 58Fe/58Ni 
and 64Zn/64Ni ratios of the purified Ni cuts of all samples were 
<9 × 10−6 and <9 × 10−4, respectively, and sufficiently low for 
accurate correction of isobaric interferences (Render et al., 2018).

This 3-step column procedure was tested and calibrated by pro-
cessing the Ni standard solution SRM 986, the steel standard SRM 
361, the iron meteorite Gibeon, and BHVO-2. For all samples, con-
sistent elution profiles were obtained and the final Ni cuts were 
sufficiently clean for isotopic analyses. The total yield of the en-
tire procedure for processed samples was ∼90%. Total procedure 
blanks were <15 ng Ni and, hence, negligible given the amount of 
Ni analyzed for each sample.

2.3. Isotope measurements

Nickel isotope measurements were performed on the Thermo 
Scientific Neptune Plus MC-ICP-MS at the Institut für Planetologie. 
The purified Ni fractions were dissolved in 0.3 M HNO3 and intro-
duced into the mass spectrometer using a Savillex C-Flow PFA neb-
ulizer connected to a Cetac Aridus II desolvator at an uptake rate 
of ∼50 μL/min. A combination of standard sampler and X-skimmer 
cones were used, and measurements were made at medium mass 
resolution on the left shoulder of the peak plateau to avoid pos-
sible interferences on mass 57 from 40Ar16OH or 40Ar17O (Tang 
and Dauphas, 2012). Using this set-up, the instrument sensitivity 
for 58Ni was ∼110 V/ppm. Samples and standards were typically 
measured with ∼95 V on mass 58, as intensities were limited due 
to the use of a 1011 � resistor on mass 60 (for which signals 
were <40 V). Ion beams at masses 58, 60, 61, 62 and 64 were 
simultaneously collected in a single cycle. In addition to the Ni 
masses, ion beams at masses 57 and 66 were also monitored to 
correct for potential isobaric interferences from 58Fe and 64Zn. All 
ion beams were collected in Faraday cups connected to amplifiers 
with 1011 � feedback resistors, except for 58Ni (1010 � resistor) as 
well as 57Fe and 66Zn (1012 � resistors). Prior to each sample or 
standard measurements, baselines were measured as on peak ze-
ros (OPZ) for 30 × 8.4 s using the same acid solution used for the 
sample and standard dilutions. Each sample or standard measure-
ment consisted of 50 cycles of 8.4 s integrations each, and each 
sample solution was analyzed 10–21 times, bracketed by analy-
ses of the Ni solution standard SRM 986. The Ni concentrations of 
the sample solutions were matched to within 5% of the SRM 986 
solution.

All samples and standards are mass bias-corrected by inter-
nal normalization to either 61Ni/58Ni = 0.016744 or 62Ni/61Ni =
3.1884 (Gramlich et al., 1989) using the exponential law. The data 
are reported as μ values, which are the parts-per-million devia-
tion relative to the mean Ni isotopic composition measured for 
NIST SRM 986 before and after each sample (Table 1). Uncertain-
ties are reported as 95% confidence limits of the mean of pooled 
solution replicates.
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Fig. 1. Nickel isotope compositions, normalized to 61Ni/58Ni, for iron meteorites (filled symbols) and chondrites (open symbols). Data from this study are shown in red (NC 
meteorites) and blue (CC meteorites). Literature data are shown in grey (Steele et al., 2012, 2011; Tang and Dauphas, 2014, 2012). The Ni isotopic data reveal that, for 
normalization to 61Ni/58Ni, NC meteorites are characterized by deficits in μ60Ni, μ62Ni and μ64Ni, whereas CC meteorites have coupled μ62Ni and μ64Ni excesses and 
larger μ60Ni deficits. As in previous studies, the μ62Ni and μ64Ni are correlated with a slope of 2.76 ± 0.20 (2σ ). (For interpretation of the colors in the figure(s), the reader 
is referred to the web version of this article.)
3. Results

The Ni isotopic data are reported in Table 1 and plotted in 
Fig. 1. Data obtained for NIST SRM 986, steel reference material 
NIST SRM 361, and BHVO-2 (not shown in Fig. 1), are all within 
analytical uncertainty of zero (Table 1), attesting to the accuracy 
of the analytical protocol. Furthermore, the results for the IVA iron 
meteorite Gibeon and CV3 chondrite Allende are in good agree-
ment with those reported previously for these two samples (Steele 
et al., 2012; Tang and Dauphas, 2014, 2012).

There are resolved Ni isotope variations among the iron me-
teorites analyzed, but samples from a given chemical group of 
irons have indistinguishable Ni isotope compositions. For nor-
malization to 61Ni/58Ni, all samples exhibit small μ60Ni deficits 
and either have coupled μ62Ni and μ64Ni deficits or excesses 
(Fig. 1). The IC and IIIE irons have Ni isotope anomalies simi-
lar to those reported previously for IIAB, IIIAB and IVA irons as 
well as enstatite and ordinary chondrites (Regelous et al., 2008;
Steele et al., 2012, 2011; Tang and Dauphas, 2014, 2012). By con-
trast, the Ni isotope anomalies of the IIC, IID, IIF, and IIIF irons 
are similar to those previously reported for IVB irons and carbona-
ceous chondrites (Fig. 1). As in previous studies (Steele et al., 2012;
Tang and Dauphas, 2014, 2012), the μ62Ni and μ64Ni anomalies 
are strongly correlated and plot on a single line with a slope of 
∼3 (Fig. 1b).
4. Discussion

4.1. Ni isotope dichotomy between non-carbonaceous and 
carbonaceous meteorites

Several prior studies have shown that Ni isotope anomalies in 
iron meteorites are predominantly nucleosynthetic in origin and 
can be used to establish genetic links among planetary objects 
(Regelous et al., 2008; Steele et al., 2011; Tang and Dauphas, 2012). 
Nevertheless, before utilizing the Ni isotopic data from this study 
in this manner, it is useful to assess the magnitude of potential 
radiogenic 60Ni variations, as well as effects resulting from the in-
teraction with galactic cosmic rays (GCR). Given the limited range 
of Fe/Ni ratios in bulk iron meteorites (from ∼5 to ∼15), and the 
low solar system initial 60Fe/58Fe ratio of ∼1 × 10−8 (Tang and 
Dauphas, 2014, 2012), potential radiogenic μ60Ni variations among 
bulk iron meteorites are <0.3 ppm and, hence, insignificant. Cos-
mic ray-induced isotope variations in iron meteorites are well doc-
umented for several elements (e.g., Pt, W) (Kruijer et al., 2013;
Qin et al., 2015; Wittig et al., 2013), but for Ni are generally small. 
They have so far only been identified for one of the most strongly 
irradiated meteorites, the IVB iron Tlacotopec (Steele et al., 2011). 
This sample has lower μ60Ni, μ62Ni, and μ64Ni values compared 
to other, less strongly irradiated IVB irons. However, all irons an-
alyzed in the present study have much smaller GCR-effects than 
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Fig. 2. μ64Ni versus ε196Pt for iron meteorites analysed in this study. Positive 
anomalies in ε196Pt are indicative of GCR-induced neutron capture effects. There 
is no correlation between Ni isotopic compositions and ε196Pt, demonstrating that 
GCR-effects are minor to absent. Three IC irons (Murnpeowie, Arispe, Bendego) and 
the IIIF iron Oakley have ε196Pt > 0.3 and tend to have slightly lower μ64Ni com-
pared to other samples from the same groups and with smaller ε196Pt. However, 
for no group are these variations resolved, demonstrating that within the analytical 
uncertainty of the Ni isotope measurements there are no resolved GCR-effects.

Tlacotepec, as is evident from their smaller Pt isotope anomalies 
(Table 1). Also, samples from this study with larger GCR-effects 
(e.g., Bendego, Oakley) do not display resolvable Ni isotope devia-
tions from other, less strongly affected samples of the same group 
(Fig. 2). Thus, within the analytical uncertainty of the Ni isotope 
measurements, there are no resolvable GCR-effects in the sam-
ples of this study. The observed Ni isotope variations, therefore, 
are solely nucleosynthetic in origin.

Samples from a given group of magmatic iron meteorites most 
likely formed by fractional crystallization of isotopically homoge-
neous metallic magmas. As such, there should be no nucleosyn-
thetic isotope heterogeneity within a given chemical group. This is 
consistent with the Ni isotopic data from this and previous stud-
ies, which reveal no resolvable isotope variations among samples 
from a given chemical group. This observation, together with the 
absence of significant cosmogenic and radiogenic effects, allows 
the data for each group to be averaged. Fig. 3 shows the mean 
Ni isotopic composition for the different groups of iron meteorites, 
calculated using the Ni isotopic data from this study combined 
with data from previous studies (see supplement for a summary 
of all data). Both in μ60Ni–μ62Ni and μ64Ni–μ62Ni space, the iron 
groups fall into two compositionally distinct clusters. One cluster is 
characterized by μ60Ni, μ62Ni and μ64Ni deficits and is comprised 
of several iron groups (IC, IIAB, IIIAB, IIIE, IVA) as well as ordi-
nary and enstatite chondrites. The other cluster is characterized by 
Fig. 3. Nickel isotope compositions normalized to 61Ni/58Ni. Except for CI chondrites, group means are shown (see Table S1). The data define two distinct clusters, where the 
same iron meteorite groups that based on their Mo isotopic signatures are genetically linked to carbonaceous chondrites (IIC, IID, IIF, IIIF, IVB) define one cluster, whereas iron 
meteorites with non-carbonaceous Mo isotope signatures (IC, IIAB, IIIAB, IIIE, IVA) define the other cluster. As in prior studies, in the μ62Ni versus μ64Ni plot the anomalies 
plot along a line with a slope of 2.84 ± 0.57 (2σ ), consistent with the Ni anomalies mainly residing on 58Ni.
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Fig. 4. Nickel isotope compositions normalized to 62Ni/61Ni. Except for CI chondrites, group means are shown (see Table S1). CC meteorites are characterized by a fairly 
uniform 58Ni excess over NC meteorites, whereas no 60Ni or 64Ni differences are resolvable between the NC and CC groups.
slightly larger μ60Ni deficits, but μ62Ni and μ64Ni excesses. This 
cluster also contains several iron groups (IIC, IID, IIF, IIIF, IVB) as 
well as carbonaceous chondrites (Fig. 3).

A key observation from the Ni isotopic data is that they re-
veal the same fundamental dichotomy as observed for Mo isotopes. 
That is, the same iron meteorite groups that based on their Mo 
isotopic signatures are genetically linked to carbonaceous chon-
drites (IIC, IID, IIF, IIIF, IVB), also define the carbonaceous group in 
Ni isotope space (Fig. 3). Likewise, the same iron meteorites with 
non-carbonaceous Mo isotope signatures (IC, IIAB, IIIAB, IIIE, IVA) 
define the non-carbonaceous group in Ni isotope space. Thus, the 
Ni isotopic data confirm the dichotomy between non-carbonaceous 
and carbonaceous meteorites defined on the basis of Mo isotopes 
(Budde et al., 2016; Kruijer et al., 2017), and originally identified 
using Cr and Ti isotope anomalies in chondrites and differentiated 
achondrites (Warren, 2011).

4.2. Excess 58Ni in carbonaceous meteorites

Understanding the origin of the Ni isotope dichotomy between 
non-carbonaceous and carbonaceous meteorites requires identify-
ing the Ni isotope(s) on which the anomalies reside. Earlier work 
on Ni isotope anomalies reported excesses in 62Ni and 64Ni and on 
this basis inferred that the anomalies are in the neutron-rich iso-
topes of Ni (Birck and Lugmair, 1988; Quitté et al., 2007). While 
this is, at least in part, true for Ca, Al-rich inclusions (Render et al., 
2018), the anomalies in bulk meteorites seem to have a different 
origin. Steele et al. (2012) argued that the approximate 3:1 rela-
tionship between μ62Ni and μ64Ni observed for bulk meteorites is 
consistent with an anomaly on 58Ni alone. These authors also re-
ported absolute Ni isotope ratios for two chondrites (obtained by 
the double spike method), which support the conclusion that the 
Ni isotope anomalies predominantly reside on 58Ni.

As in previous studies, the Ni isotopic data of the present study 
also reveal a μ62Ni–μ64Ni correlation with a slope of ∼3 (Fig. 1b, 
3b), consistent with variable anomalies on 58Ni. Moreover, when 
internally normalized to a fixed 62Ni/61Ni (Table 1; Fig. 4), there 
is a consistent offset in μ58Ni between carbonaceous and non-
carbonaceous meteorites (Fig. 4). By contrast, there are no resolved 
anomalies in μ60Ni and μ64Ni between these two groups of me-
teorites, although the carbonaceous meteorites tend to have higher 
μ60Ni compared to the non-carbonaceous meteorites (Fig. 4). Over-
all, these data are, therefore, consistent with anomalies predomi-
nantly residing on 58Ni. Note that the uncertainties on the Ni iso-
topic data are too large to resolve potential 58Ni variations among 
the different members of the NC and CC groups. Nevertheless, the 
μ58Ni difference between the NC and CC groups is well resolved, 
and the difference between the mean μ58Ni values of both groups 
is ∼60 ppm (Fig. 4). Thus, the CC reservoir is characterized by a 
fairly homogeneous 58Ni excess over the NC reservoir.

Prior work has shown that the CC reservoir is characterized 
by excesses in 54Cr and 50Ti (Trinquier et al., 2007; Trinquier et 
al., 2009; Warren, 2011), and r-process Mo isotopes (Budde et al., 
2016). These nuclides have in common that they are produced in 
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Fig. 5. μ58Ni versus ε95Mo for iron meteorites and chondrites. Mo isotopic data are from the literature (Budde et al., 2016; Kruijer et al., 2017; Render et al., 2017). Of the 
carbonaceous chondrites, only CV chondrites are shown, because only for those have Mo and Ni isotopic data been obtained on the same sample (i.e., Allende MS-A; Budde 
et al., 2016 and this study). Grey dashed line is a mixing line between an average NC composition (μ58Ni = −22; ε95Mo = 0.25) and CAIs; for the CAIs μ58Ni = 413 
and ε95Mo = 2 were assumed (Render et al., 2018). The μ58Ni is the largest anomaly reported for CAIs, whereas ε95Mo = 2 is the average value for coarse-grained CAI 
(Brennecka et al., 2013; Burkhardt et al., 2011). The upper mixing line assumes 120 ppm Ni in CAI, whereas the lower line assumes 2000 ppm Ni; these two concentrations 
cover the range of Ni concentrations reported for CAIs (Birck and Lugmair, 1988). The other assumed concentrations are 8 ppm Mo in CAIs, and 1 ppm Mo and 16 wt-% Ni 
in bulk chondrites (Burkhardt et al., 2011; Wasson and Kallemeyn, 1988).
neutron-rich stellar environments, such as supernovae. This is con-
sistent with the 58Ni excess of the CC reservoir observed in the 
present study, because, although 58Ni is a neutron-poor Ni isotope 
itself, it is produced during supernova nuclear burning. The general 
characteristic of the CC compared to the NC reservoir, therefore, is 
a relative enrichment of nuclides produced in neutron-rich stellar 
environments.

4.3. Origin of the NC–CC dichotomy by infall

The isotopic difference between the NC and CC reservoirs could 
in principle result from processes within the disk itself, such as 
transport of isotopically anomalous components or thermal pro-
cessing of presolar carriers, which may have been different in 
different areas of the disk. Alternatively, the NC–CC dichotomy 
may be an inherited isotopic heterogeneity from the solar system’s 
parental molecular cloud core. The Ni isotopic data of the present 
study, together with isotopic data from previous studies, can be 
used to explore these different possibilities.

Many of the isotopic characteristics of the CC reservoir, such as 
the enrichment in 54Cr, 50Ti, and r-process Mo, can also be found 
in CAIs. Thus, addition of CAIs to the CC reservoir could in prin-
ciple account for the distinct Mo isotope compositions of the NC 
and CC reservoirs. Assuming that CAIs formed close to the Sun, 
such a model would require disk wide transport of CAI to the CC 
region, which presumably was located beyond the orbit of Jupiter. 
However, the Ni isotope dichotomy observed in the present study 
cannot be explained in this manner, because CAIs contain too lit-
tle Ni to have a significant effect on the Ni isotopic composition 
of the CC reservoir. By contrast to Mo, which is a refractory ele-
ment (T 50% = 1590 K) and strongly enriched in CAIs (∼10 × CI), 
Ni is not refractory (T 50% = 1353 K) and condenses together with 
the main mass of the condensable matter (the ‘main component’) 
(Lodders, 2003). As such, Ni is depleted in CAIs compared to bulk 
chondrites, meaning that addition of CAI-material has a negligible 
effect on the Ni isotopic composition of bulk meteorites and is not 
the cause for excess 58Ni in CC materials. This is illustrated in a 
plot of 58Ni versus 95Mo, where the CC and NC meteorites form 
two distinct clusters, showing that the CC reservoir is character-
ized by excesses in 95Mo and 58Ni over the NC reservoir (Fig. 5). 
The very different Mo/Ni ratios in CAIs and bulk chondrites result 
in strongly curved mixing lines in this diagram, illustrating that 
whereas the 95Mo excess of the CC reservoir could be reproduced 
by the addition of ∼5–10% CAI-like material, the 58Ni composition 
of this mixture remains unchanged (Fig. 5). Thus, the Ni isotopic 
data rule out that the distinct isotopic compositions of the NC and 
CC reservoirs solely reflect an overabundance of CAI-like material 
in the latter.

The compositional difference between the NC and CC reservoirs 
is also unlikely to reflect removal of isotopically anomalous mate-
rial from the NC reservoir, for instance through thermal processing. 
This would require the very efficient removal of presolar com-
ponents that were likely hosted in different carriers over a wide 
range of volatility (Mo, Ni, Cr, Ti). It would also require that carri-
ers formed in neutron-rich stellar environments were preferentially 
affected, while the effects of thermal processing depend on the 
thermal stability of a given presolar carrier, and not on the stellar 
environment in which this carrier formed.

Thus, the most straightforward interpretation is that the NC–
CC dichotomy reflects the addition of isotopically distinct material 
whose bulk chemical composition was broadly similar to average 
solar system matter, because such material would have affected 
refractory and non-refractory elements in a similar manner. Ei-
ther bulk material containing a larger fraction of presolar carriers 
enriched in nuclides produced in neutron-rich environments (i.e., 
r-process Mo, 58Ni, 50Ti, 54Cr) was added primarily to a region 
that became the CC reservoir or, alternatively, bulk material de-
pleted in these carriers was added primarily to the region that 
became the NC reservoir. In both cases, no selective processing of 
several specific carriers is necessary, because the isotopic differ-
ence between the NC and CC reservoirs solely reflects a temporal 
or spatial change in the composition of the material that is ac-
creted to the disk during infall from the collapsing protostellar 
envelope. The isotopic composition of the infalling material may 
have changed over time because this material derives from differ-
ent parts of a compositionally heterogeneous parental molecular 
cloud, or because the composition of the cloud itself changed over 
time. Either way, formation of the NC–CC dichotomy during infall 
implies that the nucleosynthetic isotope difference between the 
NC and CC reservoirs is inherited from the solar system’s parental 
molecular cloud.
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4.4. Effects of infall on the isotopic composition of the disk

To assess how a change in the isotopic composition of the in-
falling material would affect the composition of the disk, we con-
sidered two simple early nebula models with ongoing infall, based 
on Hueso and Guillot (2005). This model shows that disks grow 
larger even without allowing for viscous expansion as the angular 
momentum of the infalling material increases over time. Our sim-
ple models neglect viscous spreading (e.g., Yang and Ciesla, 2012) 
and diffusive radial mixing (Visser et al., 2009), so should be re-
garded only as a crude indication of how infall might affect the 
local composition of the disk.

Two cases were considered, which primarily differ in the as-
sumption of whether or not rapid viscous radial expansion of 
early-infalling material occurred. This rapid expansion is expected 
due to viscosity or gravitational instability (e.g., Cassen and Moos-
man, 1981; Hueso and Guillot, 2005; Yang and Ciesla, 2012), and 
would have essentially formed a pre-existing disk onto which ma-
terial later falls. In the first case considered, no pre-existing disk 
is assumed and material remains where it falls; this is the invis-
cid endmember of models by Hueso and Guillot (2005). A change 
in the composition of infalling material would naturally result in 
a larger effect in the outer disk than the inner disk precisely be-
cause there is no prior material there to mix with. The disk gets 
larger only by accumulating newly infalling material with higher 
angular momentum, so that more distant regions of the disk are 
more sensitive to the later composition of infalling material. Fig. 6a 
demonstrates this effect, where the solid lines show the disk sur-
face density at four different times, and illustrate the radial growth 
of the disk directly from infalling material. The crosses show the 
fraction of material delivered to a particular location after 0.22 Ma. 
In the outer disk, all material is delivered after this time, but in 
the inner disk, most of the material is delivered earlier. As a re-
sult, a change in composition of the infalling material at 0.22 Ma 
would have a much larger effect on the outer disk (Fig. 6a). The 
radius at which the strongest radial variation occurs is where ma-
terial is currently infalling, which is the so-called centrifugal radius 
(Hueso and Guillot, 2005) and depends on the uncertain angular 
momentum per unit mass of the parent cloud. Note that the time 
of 0.22 Ma, as well as the individual time steps, are arbitrary and 
only serve to illustrate the effect of late infall on the composition 
of the outer disk. The NC–CC dichotomy in this case requires the 
later infalling material to have a CC-like composition, because the 
composition of the outer disk (i.e., the CC reservoir) is determined 
by the late infall.

The second case uses the same infall model, but now assumes 
an initial disk is present, with a radial distribution proportional to 
r−1/2. This initial disk represents about 4% of the total final mass 
of the disk, and is merely a convenient proxy for material em-
placed there due to rapid viscous radial expansion at earlier times. 
The crosses now show the mass fraction delivered after the start 
of infall (Fig. 6b), demonstrating that in the inner disk all the mass 
comes in with the infall, but in the outermost disk all the mate-
rial is from the earlier rapid spreading. The NC–CC dichotomy in 
this case requires later infall to be relatively depleted in nuclides 
produced in neutron-rich stellar environments (i.e., those nuclides 
that are enriched in the CC reservoir). The results shown in Fig. 6b 
are supported by more sophisticated models by Yang and Ciesla
(2012; their Fig. 7). These authors have shown that the abundance 
of early, high-temperature material inside of the centrifugal ra-
dius is diluted by addition of new material that has never been 
strongly heated. These authors also showed that the abundance 
of high-temperature material is greater again at larger heliocentric 
distance, outside of the centrifugal radius. This result is consis-
tent with ours, shown in Fig. 6b, indicating that the outermost 
disk retains its composition (resulting from early viscous spread-
Fig. 6. Growth of disk surface density with time, using the expressions for infall rate 
in Hueso and Guillot (2005) and neglecting disk viscous evolution. In this example 
we took the disk temperature to be 10 K and the cloud angular frequency to be 
5 × 10−15 rad s−1, but the qualitative result is not affected by these parameter 
choices. The constant mass accretion rate is 1.68 solar masses/Ma. (a) No initial 
disk was present. The crosses denote the fraction of mass delivered after 0.22 Ma to 
a particular distance. (b) An initial disk was present with a flatter surface density 
distribution as in (a), representing about 4% of the total final mass. The crosses 
denote the mass fraction delivered after the start of the infall. In the inner disk 
essentially all the mass comes in with the infall, whereas in the outermost disk the 
material is still from the original, pre-existing disk.

ing), whereas the composition of the inner disk is modified by later 
infall.

Although the results of Fig. 6 are based on very simplified 
calculations, they nevertheless show at least qualitatively that a 
compositional change of the infalling material affects different ar-
eas of the disk differently, potentially resulting in the formation 
of the isotopically distinct NC and CC reservoirs. The calculations 
also show that the outcome is very sensitive to the assumption 
of whether or not a pre-existing disk (resulting from rapid earlier 
expansion) was present. Although more sophisticated disk mod-
els than those used here exist, 1D models likely oversimplify the 
complicated processes of disk formation and evolution (Visser et 
al., 2009). As such, there is little hope that models as simple as 
those shown in Fig. 6 alone will be able to distinguish between 
the two cases considered above. However, as will be shown be-
low, the distinct isotopic compositions of components in NC and 
CC chondrites, and especially the isotopic composition of CAIs, pro-
vide important clues.

4.5. Evidence from the genetic link between CAIs and the CC reservoir

As noted above, many of the isotopic characteristics of the CC 
reservoir can also be found in CAIs, which are known to have 
formed very early (Connelly et al., 2012; MacPherson et al., 2012). 
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Thus, there is an obvious genetic link between CAIs—the oldest 
dated solids of the solar system which are commonly thought to 
have formed close to the Sun—and the CC reservoir, which pre-
sumably was located in the outer solar system and contains some 
of the latest-formed meteorite parent bodies. These seemingly con-
tradictory observations hold important clues as to how the NC–CC 
dichotomy ultimately formed.

The two models considered above for the formation of the NC–
CC dichotomy by infall make very different predictions about the 
formation location of CAIs. The first case, where the CC reservoir 
formed from late-infalling material, necessitates that CAIs formed 
in the outer solar system because this is where material with the 
isotopic characteristic of CAI is infalling in this model. Moreover, 
in this particular model, there is no viscous spreading of the disk, 
and so there is no mechanism for transporting CAIs from near 
the Sun to the CC region where they were incorporated into car-
bonaceous chondrite parent bodies. However, formation of CAIs 
requires high temperatures (>1300 K; Grossman, 1972), which are 
commonly thought to have persisted only close to the Sun (<1 
AU; Yang and Ciesla, 2012). As to whether such high tempera-
tures existed elsewhere in the disk is unknown, but regardless 
the most obvious high-temperature environment in the early so-
lar system is close to the Sun. Moreover, in this model CAIs would 
have formed from late-infalling material and, therefore, after the 
inner disk (i.e., the NC reservoir) had already formed. As such, 
there should be material in the NC reservoir which is older than 
CAIs, however, there is no evidence in the meteorite record that 
such material existed. It is possible that such earlier material has 
been completely reprocessed and included into later formed ob-
jects, but this interpretation is quite ad hoc. Given these problems, 
combined with the requirement that early viscous expansion of 
the disk was completely lacking, the scenario in which the CC 
reservoir represents the late-infalling material seems less plausi-
ble.

In the second case, where an initial disk formed by rapid ra-
dial expansion of early-infalling material, CAIs would have formed 
close to the Sun and were subsequently transported outwards, pre-
sumably by the same process that produced the underlying disk 
upon which NC-like material later falls. The strength of this model 
is that it naturally accounts (i) for the formation of CAIs close to 
the Sun, (ii) for their outward transport, and (iii) for the isotopic 
link between CAIs and the CC reservoir, by essentially the same 
process, namely the rapid radial expansion of early-infalling mate-
rial.

It is noteworthy that CAIs are extremely rare in the NC reser-
voir, which might imply that the outward transport process was 
very efficient. Alternatively, as most of the mass of the inner disk 
would derive from the later infall of NC material, any pre-existing 
CAIs in the inner disk may have simply been strongly diluted. 
These two processes are not mutually exclusive and provide vi-
able mechanisms for why NC chondrites are virtually devoid of 
CAIs. Consistent with this, the few CAIs that exist in NC chon-
drites are isotopically indistinguishable from CAIs in carbonaceous 
chondrites, indicating derivation from a common source reser-
voir and hence formation location in the disk (Ebert et al., 2018;
McKeegan et al., 1998; Russell et al., 1996). Of note, some NC 
chondrules—i.e., Na-Al-rich chondrules from ordinary chondrites—
show evidence for the incorporation of CAI-like refractory material 
into their precursors. Surprisingly though, these chondrules do not 
show the typical 50Ti excesses observed for CAIs, implying that 
there has been refractory material within the NC reservoir that is 
distinct from known CAIs (Ebert et al., 2018). One possibility is 
that this refractory component formed slightly later than known 
CAIs, at a time when the inner disk already had a NC composition. 
For instance, Yang and Ciesla (2012) have shown that formation 
of refractory components may have occurred over several hun-
dred thousand years out to 1 AU (their Fig. 3); thus, if during this 
process the isotopic composition of the inner disk changed from 
CAI-like to NC, then later-formed refractory components may have 
had a NC composition.

Fig. 7 is a cartoon illustrating our preferred scenario for the 
compositional evolution of the disk during infall and the forma-
tion of the NC–CC dichotomy. In this model, CAIs formed close to 
the Sun during the earliest stage of infall, and were transported 
outwards by rapid radial expansion of the early infalling mate-
rial. Later infalling material, which provides most of the mass of 
the inner disk, was isotopically distinct and, compared to the ear-
lier infalling material, depleted in supernova-derived nuclides of 
elements like Cr, Ti, Ni, and Mo. As most of the material in the in-
ner disk derives from this infall, this later infalling material likely 
had a NC-like composition. In the outer disk, beyond the radius at 
which material is infalling, the composition of the initial disk is 
preserved, but likely became diluted through mixing between in-
ner and outer disk material. The final isotopic composition of the 
CC reservoir can therefore be regarded as being intermediate be-
tween the initial isotopic composition of the earliest disk and the 
composition of the inner disk as given by the NC reservoir. Al-
though the initial isotopic composition of the disk is unknown, it 
probably was similar to that measured for CAIs, most of which 
display stronger enrichments in 50Ti, 54Cr, and r-process Mo than 
the CC reservoir. Note that although CAIs may represent the iso-
topic composition of the earliest disk, their chemical composition is 
drastically different.

After the infall of material ceased, the proto-Sun continued to 
accrete material from its disk, as a result of inward transport of 
mass and outward movement of angular momentum (Hueso and 
Guillot, 2005; Yang and Ciesla, 2012). Thus, to avoid complete ho-
mogenization and to maintain an isotopic difference between the 
CC and NC reservoirs, the inward transport of outer disk material 
must have been at least partially blocked before planetesimal for-
mation in the CC reservoir had begun (i.e., prior to ∼1 Ma after 
CAI formation). This most likely occurred when Jupiter’s core grew 
large enough to prohibit significant material exchange between 
material inside (the NC reservoir) and outside (the CC reservoir) 
its orbit (Kruijer et al., 2017). Further work is needed to assess 
how nebula gas can be allowed to drain into the Sun over a frac-
tion of a Ma, even while solids remain isolated in their separate 
regions.

4.6. Origin of the isotopic change of infalling material

It seems tempting to link the early infall of material enriched in 
supernova-derived nuclides to the proposed supernova-trigger for 
the formation of the solar system (Cameron and Truran, 1977). In 
such a model, the early-infalling material would derive from the 
supernova trigger, whereas the later-infalling material would de-
rive from the molecular cloud itself. It is important to recognize, 
however, that the enrichment in supernova-derived nuclides for 
elements like Cr, Ti, Ni and Mo does not provide any constraint 
on the relative timing of the supernova and the formation of the 
solar system. Unlike for short-lived radionuclides (e.g., 26Al, 60Fe), 
the abundances of these nuclides do not decrease after their pro-
duction, and so the supernova-enriched material may have been 
injected into the molecular cloud at any time prior to collapse and 
solar system formation. As such, the isotopic variation of the in-
falling material cannot be linked to a specific event around the 
time of solar system formation, but instead reflects an isotopic 
heterogeneity within the solar system’s parental molecular cloud, 
which has been maintained within the solar accretion disk because 
material infalling at different times derives from different parts of 
the parent cloud.
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Fig. 7. Cartoon illustrating the formation of the NC–CC dichotomy by late infall of isotopically distinct material (not to scale). Rapid expansion of early infalling material 
by viscous spreading produces an initial disk, whose isotopic composition may be recorded in CAIs. Later infalling material dominates the composition of the inner disk 
and in this case has a NC composition, i.e., it is depleted in supernova-derived nuclides such as 50Ti, 54Cr, 58Ni, r-process Mo. Mixing within the disk likely reduced the 
initial isotopic difference between solids from the inner and outer disk, but the rapid formation of Jupiter’s core prevented complete homogenization, maintaining an isotopic 
difference between the NC and CC reservoirs.
5. Conclusions

Carbonaceous meteorites exhibit a fairly uniform 58Ni excess 
over non-carbonaceous meteorites. Combined with prior obser-
vations for other elements, this indicates that the CC reservoir 
contains a larger fraction of presolar carriers enriched in nuclides 
produced in neutron-rich stellar environments (i.e., r-process Mo, 
58Ni, 50Ti, 54Cr), and that the NC–CC dichotomy exists for both 
refractory (Ti, Mo) and non-refractory (Ni, Cr) elements. These ob-
servations are best accounted for if the NC–CC dichotomy reflects a 
compositional change of the infalling material from the solar sys-
tem’s protostellar envelope.

Many of the isotopic characteristics of the CC reservoir can 
also be found in CAIs, but with smaller enrichments. This ob-
servation, combined with evidence that CAIs formed close to the 
young Sun, suggests that CAIs are representative of the isotopic 
composition of the earliest disk, which formed by rapid viscous 
expansion during early infall. The composition of the inner disk 
would then be dominated by the later infall of material depleted 
in supernova-derived nuclides, resulting in the formation of the NC 
reservoir. By contrast, some signature of the earliest disk is pre-
served, in diluted form, as the composition of the CC reservoir. 
Once the infall ceased, diffusive mixing and radial drift of solids 
would have homogenized the isotopic difference between the NC 
and CC reservoirs. This homogenization was likely prevented by 
the rapid formation of Jupiter’s core, which maintained an iso-
topic difference between solid material inside (NC reservoir) and 
outside (CC reservoir) its orbit. The NC–CC dichotomy, therefore, 
reflects an inherited isotopic heterogeneity from the solar system’s 
parental molecular cloud, which was established during infall from 
the Sun’s protostellar envelope and has been preserved through 
the rapid formation of Jupiter.
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