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ARTICLE INFO ABSTRACT

Editor: Dr O Mousis Differentiated meteorites sample planetesimals formed earlier than the parent bodies of chondritic meteorites. To
evaluate whether these two generations of planetesimals formed from the same or distinct materials, we have
analyzed the Fe and Ni isotopic compositions for a large set of differentiated meteorites, representing approxi-
mately 26 distinct parent bodies. Most of these samples are genetically related to the carbonaceous chondrite
(CC)-type reservoir, which is thought to represent some portion of the outer disk. The new data reveal that early
and late CC planetesimals cover a similar range of Fe and Ni isotopic compositions, indicating that all these
bodies accreted from the same mixture of dust components, either in a long-lived pressure structure of the disk or
in different substructures containing the same materials. Many differentiated meteorites have an isotopic
composition similar to the late-formed CR chondrites, indicating that the CR chondrite reservoir was established
early and remained isolated for essentially the entire disk lifetime. Finally, CI chondrites are the only CC
chondrites whose isotopic composition is not represented among differentiated meteorites. Thus, planetesimals
with CI chondrite-like isotopic compositions represent a late burst of planetesimal formation and possibly formed
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by a distinct mechanism and/ or in a different location from the other CC planetesimals.

1. Introduction

Planetesimals are gravitationally bound objects typically 1-500 km
in size that are widely considered to represent the first planetary bodies
to form in accretion disks around young stars (Blum, 2018). They are
thought to have formed by streaming instabilities (SI) in the circumsolar
disk at locations with a dust-to-gas ratio of about unity (Youdin and
Goodman, 2005). Such increased dust-to-gas ratios can be achieved in
dust drift barriers related to pressure maxima that form in the vicinity of
growing planetary cores (Bitsch et al., 2018), or at the sublimation fronts
of solids (Drazkowska and Alibert, 2017; Izidoro et al., 2022; Morbidelli
et al., 2022).

In the solar system, planetesimal formation can be studied by
analyzing meteorites, which derive from main belt asteroids and sample
left-over planetesimals. Meteorites exhibit nucleosynthetic isotope
anomalies, which arise from the heterogeneous distribution of presolar
matter in the solar accretion disk. This makes these anomalies powerful
tracers for identifying the formation location of individual objects and
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for establishing genetic links among distinct meteorite parent bodies.
The nucleosynthetic isotope heterogeneity among meteorites has pro-
vided two key observations. First, there is a fundamental dichotomy
between non-carbonaceous (NC) and carbonaceous (CC) meteorites,
indicating that meteorite parent bodies formed in two spatially distinct
reservoirs, which have been interpreted to represent the inner and outer
disk, respectively, separated by the early formation of proto-Jupiter
(Budde et al., 2016; Kruijer et al., 2017; Warren, 2011). In addition,
the uniquely distinct Fe and Ni isotope composition of the Ivuna-type
(CI) chondrites has been used to argue that these chondrites formed
farther out in the disk (Hopp et al., 2022a; Spitzer et al., 2024), but as to
whether they sample a third, spatially separated reservoir (Hopp et al.,
2022a) is debated (Spitzer et al., 2024).

The second key observation is that both NC and CC are comprised of
meteorites from early- and late-formed parent bodies (Kruijer et al.,
2017). The former are represented by differentiated meteorites
(achondrites and iron meteorites), which derive from parent bodies that
accreted within the first ~1.5 million years (Ma) of the solar system
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(Kleine et al., 2005; Kruijer et al., 2014). The late-formed objects are the
undifferentiated chondrite parent bodies, which accreted between ~2-4
Ma after solar system formation (Krot and Bizzarro, 2009). While the
early-accreted bodies melted and chemically differentiated due to
heating from decay of 2°Al, the later-formed chondrite parent bodies
contained too little 2°Al to melt and differentiate (Hevey and Sanders,
2006; Kleine et al., 2005). As such, these bodies still contain some of the
distinct dust components from which they accreted. For instance,
carbonaceous chondrites contain variable abundances of chondrules
(silicate spherules formed by melting of dust aggregates in the disk),
refractory inclusions (high-temperature condensates thought to have
formed close to the young Sun), Fe-Ni metal, and fine-grained matrix (a
mixture of thermally processed and unprocessed dust, rich in volatile
elements, organics, and presolar grains) (Scott and Krot, 2013). Some of
these components formed at different times and different locations in the
disk, and so their occurrence in the carbonaceous chondrites bears tes-
timony to the transport and mixing of these materials in the disk. It has
been suggested that the carbonaceous chondrites formed in a pressure
bump located outside of proto-Jupiter’s orbit, where the varying
abundances of the distinct components reflect their different accretion
efficiencies within this structure (Desch et al., 2018; Hellmann et al.,
2023). This raises the question of whether the early-formed, differenti-
ated CC planetesimals accreted from the same materials and in the same
pressure bump as the later-formed carbonaceous chondrite parent
bodies. Obtaining this information is of considerable interest, as it would
help constrain the extent and efficiency of transport, mixing, and storage
of different dust populations in the evolving solar accretion disk. Con-
trary to the chondrites, any primary textural information on the mate-
rials accreted into early planetesimals is lost due to their melting by
heating from 2°Al-decay. However, information about the dust mixtures
forming the first generation of planetesimals can be derived indirectly
by comparing their nucleosynthetic isotope signatures to those of
chondrites (Bryson and Brennecka, 2021).

The isotope anomalies in Fe and Ni are well-suited for assessing
whether early- and late-formed CC-type meteorites formed from the
same or different materials because NC and CC meteorites have distinct
Fe and Ni isotopic compositions and because there are isotopic varia-
tions among carbonaceous chondrites and in particular CI chondrites
and samples returned from the Cb-type asteroid Ryugu by the Hay-
abusa2 mission have Fe and Ni isotopic compositions well resolved from
any other carbonaceous chondrite (Hopp et al., 2022a; Spitzer et al.,
2024). Moreover, as siderophile elements, Fe and Ni are abundant in
iron meteorites and so their isotopic compositions can readily be
analyzed in these samples. This is important because iron meteorites
constitute the largest set of differentiated meteorites and derive from a
large number of distinct parent bodies (Goldstein et al., 2009; Spitzer
et al., 2025). Here, we present new Fe and Ni isotopic data for iron
meteorites and achondrites derived from ~26 different early-formed
bodies. These data are used to quantify the extent of Fe and Ni iso-
topic variability among CC-type meteorites and to assess whether this
variability is different for early- and late-formed objects in the CC
reservoir. Together, the new data provide important constraints for
understanding planetesimal formation in the outer disk, including the
unique process that formed CI chondrite-like objects.

2. Samples and methods

This study is focused on ungrouped iron meteorites. These do not
appear to be directly related to any of the 13 major iron meteorite
groups and likely represent the only known samples of their parent
bodies. Thus, by analyzing ungrouped iron meteorites, the isotopic
signatures for a large number of parent bodies can be obtained. Previous
Fe and Ni isotope studies have largely focused on the major iron mete-
orite groups, and so the Fe and Ni isotope systematics of ungrouped irons
have until now remained unexplored. For this study, 27 ungrouped irons
were selected. All these samples were already characterized for their Mo
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isotope signatures (defining their genetic association to either NC or CC)
and '8?Hf-'82W core formation chronology (Spitzer et al., 2025).
Collectively, these data show that 9 of the ungrouped irons are NC and
17 are CC (Spitzer et al., 2025). Most ungrouped CC irons have Hf-W
core formation model ages of ~3 Ma after solar system formation,
indicating that these samples derive from objects that accreted within
<1 Ma of solar system formation (Spitzer et al., 2025). Thus, all these
samples derive from parent bodies that formed much earlier than the CC
chondrites, which have parent body accretion ages of ~2-4 Ma after
solar system formation (Krot and Bizzarro, 2009). In addition to the
ungrouped irons, samples from the IIC, IIF, IIIE, IIIF, and IVB iron
meteorite groups (all CC-type except for group IIIE) were also included
in this study because for some of these groups, no, or only very few Fe
and Ni isotopic data were available. Finally, four ungrouped CC
achondrites were analyzed, for which CI chondrite-like °°Ti or >*Cr
isotopic compositions were reported (Ma et al., 2022; Sanborn et al.,
2019; Williams et al., 2020).

The sample preparation and chemical separation of Fe and Ni fol-
lowed our previously established protocols (Hopp et al. 2022a,b; Spitzer
et al. 2022, 2024). The isotopic compositions were measured at the
University of Miinster, the University of Chicago, and the Max Planck
Institute for Solar System Research, Gottingen, using a ThermoScientific
Neptune Plus (Chicago, Miinster) or Neoma MC-ICP-MS (Gottingen), and
are reported in the y-notation, which is the parts-per-million deviation
from the terrestrial standard after mass-bias correction to ®'Ni/>®Ni,
52Ni/%INi, or °’Fe/*°Fe, using the exponential law. Planetary and
nebular processes are expected to follow mass-dependent isotopic frac-
tionation, so all materials derived from the same homogeneous reservoir
are expected to have identical u-values. Iron meteorites tend to have
long cosmic ray exposure (CRE) ages of up to one billion years (Herzog
and Caffee, 2014) and, therefore, it is necessary to quantify potential
secondary modifications of the original isotopic composition due
CRE-induced secondary neutron capture effects. Such CRE effects can be
corrected by also measuring Pt isotopic compositions in the same sam-
ples, which serve as an in-situ neutron dosimeter (Kruijer et al., 2013;
Wittig et al., 2013). Previous studies showed that Ni isotopes are not
significantly affected by CRE and, thus, do not require any correction
(Anand et al., 2024; Cook et al., 2020). However, the Fe isotope com-
positions of iron meteorites are modified during CRE and therefore
require correction (Cook et al., 2020; Hopp et al., 2022b). For this
correction, we use the Pt isotope compositions of the same samples and
the empirically determined piFe-pu!°®Pt slopes, where i stands for 54 or
58, respectively (Hopp et al., 2022b). The Pt isotopic compositions of the
ungrouped irons of this study are from Spitzer et al. (2025), whereas
those for samples of the IIC, IIF, IIIE, and IIIF groups are from this study.

The chemical purification of Pt followed our previously established
protocols (Kruijer et al., 2014, 2013; Spitzer et al., 2025), and Pt isotope
compositions were measured on the Neoma MS/MS MC-ICP-MS at the
Max Planck Institute for Solar System Research in Gottingen. Platinum
was introduced into the mass spectrometer using an Apex 2 IR at an
uptake rate of ~70ul/min. The MS/MS was set to transmission mode (i.
e., slid 100 % open) using an E-field of 43.3 V and a B-field of 10 %.
Sample solutions were measured at 100 ppb, resulting in signal in-
tensities of ~6 V on '°>Pt. One measurement consisted of 100 repeats of
4 s each. Instrumental mass bias was corrected relative to °%Pt/1%pt
(0.2145) or 1°°pt/195pt (0.7464) using the exponential law. Os/Pt ratios
of the samples were <2.4 x 10~* and, thus, within the range where
isobaric interferences of '°20s on !°?Pt can be accurately corrected
(Kruijer et al., 2013). For most samples, significant amounts of Ir
remained in the final Pt cuts, causing tailing effects on °2Pt and **pt
from '°'Ir and 1*°Ir, respectively, which were monitored and corrected
by repeated measurements of Ir-doped Pt solution standards during each
session (Kruijer et al., 2013). The accuracy and precision of the new
measurement routine have been tested by re-measuring the purified Pt
cuts of the ungrouped iron Reed City from Spitzer et al. (2025) and by
measuring the NIST SRM 129c¢ doped with Pt and other Pt-group metals
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(Alfa Aesar®) (Tables A2-3).
3. Results

The new Ni and Fe isotopic data are reported in Tables 1 and A1. The
new Pt isotopic data used to correct for any CRE effects are reported in
Table 2. All samples of this study plot in either the NC or CC fields as
previously defined based on analyses of the different meteorite groups
(Fig. 1). Importantly, the association of the ungrouped irons to either NC
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or CC is consistent with the genetics of these samples inferred from their
Mo isotope signatures (Spitzer et al., 2025). The ungrouped irons display
more scatter compared to the compositions of the iron meteorite groups,
which, at least in part, reflects the larger associated uncertainties of the
individual ungrouped irons compared to the well-defined means of the
iron groups which are based on analyses of several individual samples.

Although the Fe and Ni isotopic compositions show little variations
within the NC and CC reservoirs, two observations stand out. First, the
isotopic compositions of CI chondrites and Ryugu are unmatched by any

Table 1

Fe and Ni isotopic compositions of differentiated meteorites.
D Sample Type N* pwNi  2se. p®Ni 2se. p®Ni 2se.  N° WPecor.” 2se. 1PFecon”  2se.
Non-carbonaceous meteorites
MPS-38 Burlington IIE 15° 11 6 -18 10
MPS-39  Paneth’s iron IIIE 15° 7 7 -1 7
MPS-40  Coopertown IIIE 30 7 7 -5 8
UI-02 Butler Iron ungr. 12¢ -8 4 -11 8 -38 12 15' 11 8 -7 8
UI-03 Cambria Iron ungr. 16" —6 4 -9 8 -30 14 15" 7 —6 13
UI-07 Reed City Iron ungr. 23° -4 2 -6 5 —22 10 15’ 14 7 —4 15
UI-09 Zacatecas (1792) Iron ungr. 15¢ -8 3 -11 8 —-27 17 15! 13 5 -5 9
UI-10 Guin Iron ungr. 16" —4 4 2 8 -3 19 15" 7 7 0 15
UI-15 Santiago Papasquiero Iron ungr. 24° —6 3 —4 5 -11 7 15 11 4 -2 8
UI-17 Washington County Iron ungr. 20¢ —6 3 -5 5 -21 12 15" 12 6 —6 11
UI-19 EET 83230 Iron ungr. 16¢ -11 3 -8 6 -14 11 15' 11 6 6 12
UI-26 NWA 859 Iron ungr. 15* -9 4 -1 7 -27 12 150 11 5 -14 11
Carbonaceous meteorites
ADO03-1 Skookum IVB 26%¢ -17 3 8 6 30 14
ADO03-2 Skookum IVB 28¢ -11 2 15 5 36 11
ADO03-3 Skookum IVB 520¢ -14 2 7 3 19 6
ADO03-4 Skookum IVB 244 -15 3 9 7 29 11
GeA41 Unter-Massing IIC 20° -17 3 12 5 41 10 15° 34 8 13 17
GeA49 Kumerina IIc 16° -17 3 15 5 45 8 15° 29 7 5 14
GeA40 Corowa IIF 16° -11 3 1 4 9 15°¢ 30 6 1 12
GeA50 Balambala IIF 16° -9 2 2 6 7 10 15° 18 8 -5 15
AG0O4 Moonbi IIIF 15° -9 3 11 4 22 9 15° 17 8 4 9
AGO5 St. Genevieve County IIIF 16° -10 2 3 5 9 7 15° 24 6 —4 10
UI-01 Babb’s Mill (Troost’s Iron) Iron ungr. (SBT) 16 -12 3 6 7 9 19 15' 25 5 0 15
UI-04 Grand Rapids Iron ungr. 22° -10 2 5 6 12 9 15 29 7 -1 9
UI-06 Pinon Iron ungr. 15° -11 3 4 5 17 10 15' 21 4 9 13
UI-08 Tucson Iron ungr. 12¢ -12 5 7 10 19 19 15' 17 5 8 13
UI-11 Mbosi Iron ungr. 144 -14 6 6 10 8 16 15 20 4 3 16
UI-12 New Baltimore Iron ungr. 12° —-16 2 17 7 44 9 15 24 7 10 16
UI-13 Nordheim Iron ungr. 12¢ -18 4 10 6 30 17 15" 38 5 0 11
UI-14 NWA 6932 Iron ungr. 24° -10 3 8 4 12 7 15 26 7 —4 12
Ul-16 Tishomingo Iron ungr. 12¢ -18 3 9 6 32 12 15 30 7 8 10
UI-18 ALHA 77255 Iron ungr. 16¢ -21 4 9 6 31 16 15" 29 8 4 9
UI-20 Guffey Iron ungr. 15¢ —-20 3 11 8 30 15 15' 29 7 5 14
UI-21 Hammond Iron ungr. 15° -16 3 17 5 48 10 15 41 7 5 8
UI-22 ILD 83500 Iron ungr. (SBT) 16° -11 3 10 5 19 8 15" 26 7 4 14
UI-23 Illinois Gulch Iron ungr. 18° -14 3 16 6 41 11 15' 40 5 2 11
Ul-24 La Caille Iron ungr. 20° -19 3 12 6 36 9 15 29 7 11 11
UI-25 N’Goureyma Iron ungr. 12¢ -14 2 15 3 41 13 15' 35 7 10 9
ADO1 Chinga Iron ungr. 21¢ -17 3 7 4 21 12
DI28 NWA 6926 Achondrite ungr. 13° -18 2 10 4 30 8 15° 41 6 -1 7
AGO02 NWA 6704 Achondrite ungr. 20° -15 2 7 5 22 10 14° 34 6 10 9
AGO1 Tafassasset metal Achondrite ungr. 16 -19 2 10 3 32 6 15¢ 32 5 3 11
DIS3 NWA 8548 Achondrite ungr. 17¢ -13 2 10 3 31 8 15° 23 7 -1 11
Mixed NC-CC composition
UI-05 Nedagolla“ Iron ungr. 20¢ 0 3 9 4 22 9 12f —4 4 13 16
UI-05¢ Nedagolla® Iron ungr. 19¢ 1 3 10 8 12 13 128 1 14 -8 13

Notes. All data are reported in the y-notation (i.e. parts-per-million deviations from terrestrial standard values) after mass-bias correction to the terrestrial ®'Ni/>®Ni
(= 0.016744) and >’Fe/*°Fe (= 0.023095) using the exponential law. Reported y-values represent the mean of N pooled solution replicates, and uncertainties are
reported as two standard errors (2 s.e.). Babb’s Mill (Troost’s Iron) and ILD 83500 belong to the South Byron Trio and likely derive from the same parent body (SBT;

Hilton et al., 2019).
& Number of measurements.

b The measured values have been corrected for CRE effects using the Pt isotopic composition measured for the same digestion from this study and Spitzer et al. (2025)
and the empirically determined weighted mean p'Fe-u!°°Pt slopes from IC and TIAB iron meteorites (Hopp et al., 2022b). This correction also takes a small nucleo-
synthetic anomaly on u!®Pt into account (Spitzer et al., 2021). The associated uncertainties induced through this correction were propagated into the final reported

uncertainties of the Fe isotope ratios.
¢ Ni isotope data as reported by Spitzer et al. (2022).

4 Data were obtained using the Neptune MC-ICP-MS at the University of Miinster.
¢ Data were obtained using the Neoma MC-ICP-MS at the Max Planck Institute for Solar System Research in Gottingen.

f Data were obtained using the Neptune MC-ICP-MS at the University of Chicago.
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Table 2

Pt isotopic compositions of grouped iron meteorites.
D Sample Type N' e'%Ptes (£20) &Pt (£20) e'PPtess) (£20) e'9%Pgs (£20) &Pt (£20) '%Ptgs) (£ 20)
GeA41 Kumerina 1c 2 0.82 0.73 —0.05 0.15 —0.01 0.24 0.81 0.86 —0.05 0.10 0.00 0.08
GeA49 Unter-Massing IIC 1 6.44 0.73 0.35 0.15 —0.42 0.24 6.02 0.86 0.21 0.10 0.14 0.08
GeA40 Corowa IIF 2 3.96 0.73 0.35 0.15 —0.69 0.24 3.27 0.86 0.12 0.10 0.23 0.08
GeA50 Balambala IIF 2 17.15 0.73 1.38 0.15 —2.05 0.24 15.10 0.86 0.69 0.10 0.68 0.08
AGO4 Moonbi IITF 4 5.59 0.56 1.50 0.17 -1.81 0.16 3.78 0.50 0.90 0.13 0.60 0.05
AGO5 St. Genevieve County IIIF 4 7.65 0.67 0.69 0.11 -1.13 0.11 6.52 0.57 0.31 0.08 0.38 0.04
MPS-38 Burlington IIIE 5 0.29 0.53 0.13 0.23 —0.33 0.36 —0.04 0.21 0.03 0.11 0.11 0.12
MPS-39 Paneth’s Iron IIIE 5 0.70 0.28 0.21 0.09 -0.39 0.13 0.32 0.21 0.09 0.05 0.13 0.04
MPS-40 Coopertown IIIE 7 0.09 0.31 —0.04 0.05 —0.08 0.18 0.01 0.37 —0.06 0.03 0.03 0.06

All data are reported in the e-notation (i.e., parts-per-lO4 deviations from terrestrial standard values) after mass-bias correction to °®Pt/'%°Pt = 0.2145 (8/5) or
196pt/195pt — 0.7464 (6/5) using the exponential law. For samples analyzed several times, reported e-values represent the mean of pooled solution replicates, and
uncertainties are reported as two standard errors (2 s.d.) for N < 4 based on the external reproducibility or as student-t 95 % confidence intervals (95 % CI) for N > 4.

# Number of measurements.

of the iron meteorites and achondrites (Fig. 1 and 2). Second, the CR
chondrites have the highest u”>*Fe and p®°Ni values, different from all
other carbonaceous chondrites. But unlike CI chondrites, this composi-
tion is found in many (~50 %) of the ungrouped CC irons of this study,
indicating that the specific CR chondrite-like isotopic composition is
prevalent among differentiated meteorites. This also includes three of
the ungrouped achondrites of this study, whose Fe and Ni isotopic
compositions most closely resemble those of the metal-rich carbona-
ceous chondrites (CR, CH, CB) but are distinct from CI chondrites (Fig. 2
and 3). Thus, although these samples have similar °°Ti and >*Cr isotopic
compositions as CI chondrites, the Fe and Ni isotopic data indicate they
are not genetically related. This multimodality of meteorite isotopic
anomalies is most clearly visible in p>*Fe-u®°Ni isotope space (Fig. 3),
where CI chondrites/Ryugu and the other CC meteorites seem to fall into
three distinct clusters. A k-means clustering algorithm confirms the
presence of three statistically significant clusters based on the elbow
method and silhouette analysis. The CI-, CC-, and CR-clusters deter-
mined in this way are highlighted in Fig. 3.

4. Discussion

Two key observations can be made from the new Fe and Ni isotopic
data. First, the Fe and Ni isotopic compositions of CI chondrites and
Ryugu are not matched by any of the differentiated meteorites. Given
that data are now available for ~26 early-formed CC objects, it is un-
likely that the absence of CI-chondritic Fe and Ni isotopic compositions
among these bodies reflects a sampling bias (cf. Yap and Tissot 2023).
This in turn implies that planetesimals with the specific CI-chondritic Fe
and Ni isotopic composition did not differentiate. Second, with the sole
exception of the CI chondrites/Ryugu, early- and late-formed planetes-
imals (i.e., parent bodies of differentiated meteorites and chondrites,
respectively) from both the NC and CC reservoirs cover the same range
of isotope anomalies. This implies that in each reservoir, early- and
late-formed planetesimals formed from similar mixtures of dust com-
ponents having the same or similar isotopic compositions. These two
observations combined provide essential information on the nature of
planetesimal formation in the solar system and on the lifetime of distinct
dust components in the disk.

4.1. Formation of early and late planetesimals from the same dust
components

As noted above, isotopic variations among CC chondrites have been
attributed to variable mixing among chondrules, refractory inclusions
[Ca-Al-rich inclusions (CAls) and amoeboid olivine aggregates (AOAs)],
and matrix, all having distinct isotopic compositions (Alexander, 2019;
Hellmann et al., 2023). The success of this mixing model is reflected in
two main observations. First, the isotopic variations among the CC
chondrites correlate with the inferred matrix mass fraction of each

chondrite, demonstrating that a CC chondrite’s isotopic composition
systematically varies with the relative abundances of its constituent
components. Second, the isotopic variations among the CC chondrites
can be quantitatively reproduced using the observed isotopic composi-
tions of refractory inclusions, chondrules, and CI-like matrix (Alexander,
2019; Hellmann et al., 2023). This mixing model is predominantly based
on isotopic anomalies in (mostly) lithophile elements (i.e., A0, 30Ti,
54Cr) together with elemental and mass-dependent isotopic variations in
moderately volatile elements (e.g., Te, Zn, Rb, K, Ge) (Hellmann et al.,
2020; Nie et al., 2021; Pringle et al., 2017; Wolfer et al., 2025). How-
ever, this model cannot easily account for the observed Fe and Ni isotope
varations, because CI chondrites, which are almost pure matrix, have
different isotopic anomalies than the matrix of other carbonaceous
chondrites as inferred indirectly using correlations of Ni isotopic com-
positions with °°Ti and >*Cr isotope anomalies and matrix mass fractions
(Spitzer et al., 2024). To account for these observations, Spitzer et al.
(2024) argued that the isotopic difference between CI and the CC
chondrites reflects that all non-CI chondrites lost a small fraction of
isotopically anomalous FeNi metal grains.

If the isotopic variations among all CC chondrites (except CI) reflect
mixing of the same components, then the similar ranges of Fe and Ni
isotopic compositions of differentiated and chondritic CC meteorites
imply that they all formed from similar mixtures of these components.
The variable abundances of components among the CC chondrites is
thought to reflect their formation in a pressure trap in the disk, possibly
located just outside Jupiter’s orbit, where the accretion efficiencies of
the individual dust components varied over time due to their distinct
aerodynamic properties (Desch et al., 2018; Hellmann et al., 2023). For
instance, during a streaming instability, particles with higher Stokes
numbers (i.e., the largest and densest grains) are preferentially incor-
porated into the growing planetesimals (Bai and Stone, 2010), depleting
the reservoir in these components. Thus, planetesimals formed in
consecutive phases of streaming instabilities would have incorporated
different proportions of these components. This is consistent with the
observation that earlier-formed CC chondrites (e.g., CV, CO chondrites)
are richer in refractory inclusions and chondrules than their
later-formed counterparts (e.g., CM chondrites) (Hellmann et al., 2023).
Consquently, our finding that the parent bodies of differentiated CC
meteorites formed from the same principal components as the CC
chondrites implies that these components were already present in the CC
region of the disk within one Ma after CAI formation (the inferred ac-
cretion age of the CC irons), and that the fractionation among these
components during parent body accretion occurred similarly. Thus, the
accretion process of early- and late-formed CC parent bodies was similar,
because otherwise the range of Fe and Ni isotopic compositions among
early- and late-formed CC meteorites would not be expected to be
similar.

Refractory inclusions (CAIs and AOAs) are thought to have formed in
a short time interval close to the young Sun and were subsequently
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Fig. 1. Combined Fe and Ni isotopic compositions of differentiated and undifferentiated meteorites. The anomalies of the ungrouped iron meteorites overlap with
those of the major magmatic iron meteorite groups and adhere to the NC and CC clustering (a-d). In u>*Fe—u®°Ni space, all meteorites define a negative correlation
with a slope of ~ —2 (c; Spitzer et al., 2024). The unique isotopic signature of Ryugu is best illustrated when u>*Fe or u®’Ni is plotted against u®Ni (b, d). Fe and Ni
literature data as compiled in Hopp et al. (2022a) and Spitzer et al. (2024) with additions from Anand et al. (2024).

transported to the outer disk, from where they drifted back towards the
Sun (Ciesla, 2007; Desch et al., 2018; Yang and Ciesla, 2012). As such,
their occurrence in the relatively late-formed CC chondrites is attributed
to accumulation in a dust drift barrier, which may had formed just
outside of proto-Jupiter’s core (Desch et al., 2018; Hellmann et al.,
2023; Yang and Ciesla, 2012). Models of disk evolution show that some
pile-up of refractory inclusions in such a structure may have already
occurred early, within <1.5 Ma after their formation (see Fig. 8 in Desch
et al., 2018), and so it is conceivable that these refractory inclusions
were already available for accretion into the early-formed CC parent
bodies. By contrast, the vast majority of chondrules are thought to have
formed more than ~2 Ma after solar system formation and, thus, after
accretion of the parent bodies of the differentiated CCs (e.g., Marrocchi

et al., 2024). The rare occurrence of chondrules with older inferred
formation ages (Bollard et al., 2017; Connelly et al., 2012; Piralla et al.,
2023; Villeneuve et al., 2009), and the identification of relict chondrules
in some primitive achondrites (Ma et al., 2022; Tomkins et al., 2020)
suggest that there might have been an earlier generation of chondrules
that was incorporated into the differentiated CC parent bodies. Never-
theless, the nucleosynthetic isotope signatures would be the same for
chondrules and their precursors because these signatures do not change
during the melting that produced the chondrules. Thus, our finding that
early- and late-formed CC parent bodies incorporated similar mixtures
of components only requires that the precursor dust of chondrules, and
not chondrules themselves, were present during the accretion of the
early CC bodies. This is consistent with the expectation that chondrule
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Fig. 2. Diagrams of u®Nig; 55 (a) and p>*Fes;,s6 (b) versus u*°Ti for CC me-
teorites, respectively. Although some CC achondrites display CI-like Ti (and Cr)
isotopic compositions, they are distinct from CI chondrites concerning their Fe
and Ni isotopic compositions. This illustrates the unique Ni and Fe isotopic
composition of CI chondrites and Ryugu samples. No published Ti data are
available for NWA 6926 and NWA 8548 (grey data points), which is why we
plot the Ti data of NWA 6704 and Tafassasset, respectively, because they were
proposed to be genetically related (Ma et al., 2022). TD — Tarda. TL — Tag-
ish Lake.

precursors consist of dust aggregates which themselves formed by the
accumulation of early condensates, including refractory inclusions and
dust grains that condensed at lower temperatures (Marrocchi et al.,
2024).

Altogether, these observations imply that the first generation
(differentiated meteorites) and second generation (chondrites) of CC
planetesimals formed either in the same long-lived pressure structure of
the disk or in different substructures that contained the same dust
components. The former might require replenishment of CAls from some
other area of the disk after the formation of the iron meteorite parent
bodies ceased (and consumed most of the available CAls) and before the
recurrent onset of CC chondrite formation. Preservation of the dust
components that formed CC bodies over an extended period (i.e., up
until ~4 Ma after CAI formation, the accretion time of the CR chon-
drites) demonstrates that there must have been an efficient dust drift
barrier that prevented the loss of these components into the Sun. This is
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Fig. 3. Diagram of p>*Fes;/s¢ vs. u®Nig1,ss for CC meteorites. The combined
Fe-Ni isotope systematics highlight the unique isotopic signature of CI chon-
drites and Ryugu samples. Furthermore, ~50 % of the ungrouped iron mete-
orites, as well as the investigated ungrouped achondrites (except NWA 8548),
display Fe-Ni isotopic compositions overlapping with those of CR chondrites
and IIC iron meteorites.

consistent with the effective isolation of the NC reservoir, which is
located closer to the Sun, from contamination with inward drifting CC
dust from the outer disk (Budde et al., 2016; Burkhardt et al., 2021;
Dauphas et al., 2024; Hopp et al., 2022b; Kruijer et al., 2017; Spitzer
et al., 2020; Warren, 2011; Yap and Tissot, 2023).

4.2. Early formation of CR planetesimals in a distinct outer region of the
disk

The CR chondrites, like the CI chondrites, formed relatively late, at
~4 Ma after CAI formation (Budde et al., 2018; Schrader et al., 2017).
Several of the differentiated CC meteorites of this study have Fe and Ni
isotopic compositions similar to the CR chondrites, indicating that
planetesimals with a CR chondrite-like isotopic composition already
formed early. Of note, about half of the ungrouped CC irons of this study
are isotopically similar to CR chondrites (Fig. 3). This is different from
the CC iron meteorite groups, which except for the IIC irons are isoto-
pically distinct from CR chondrites (Fig. 3). Thus, a substantial number
of early-formed objects are genetically related to the CR chondrites. This
is consistent with the results of Ma et al. (2022), who argued on petro-
logical, isotopic, and chronological grounds that some ungrouped
primitive achondrites (which they collectively termed Tafassites) are
genetically related to the CR chondrites but derive from objects that
accreted earlier than these chondrites. Consistent with this, three of the
four ungrouped achondrites of this study have Fe and Ni isotopic com-
positions indistinguishable from those of the CR chondrites (Fig. 2).

Among the CC chondrites, the CR chondrites stand out by several
notable features. First, their nucleosynthetic °°Ti and >*Cr signatures are
similar to those of the CI chondrites, yet unlike the CI chondrites, they
are relatively poor in matrix. As a result, the CR chondrites are the only
CC chondrites not plotting on the correlations between >°Ti and >*Cr
anomalies and matrix mass fraction (Marrocchi et al. 2022). This has
been attributed to the distinct isotopic compositions of CR chondrules,
which have more elevated y>*Cr values than chondrules from the CV,



F. Spitzer et al.

CO, and CM chondrites (see Table A2 in Hellmann et al., 2023). Based on
the textural and isotopic characterization of type I CR chondrules, it has
been proposed that large CR chondrules formed by re-melting of
pre-existing CM-CV-CO-like chondrules and during this event incorpo-
rated Cl-like dust, implying that the original CR reservoir contained
more matrix (~70-80 vol. %) than presently found in most CR chon-
drites (Bryson and Brennecka, 2021; Marrocchi et al., 2022). The pres-
ence of differentiated CR-like parent bodies, therefore, implies either
that matrix-rich planetesimals already formed early or that chondrules
(or their precursors) with a CR chondrite-like isotopic composition
already existed earlier. Either way, the observation that in Fe-Ni isotope
space the CR chondrites (and related differentiated meteorites) plot
furthest away from CI chondrites indicates that the matrix in the CR
chondrites is distinct from CI chondrites and may represent the matrix
accreted by the non-CI carbonaceous chondrites.

Second, CR chondrites display low modal abundances of CAIs (0.6
vol.%), consistent with their Cl-like Ti isotopic compositions (Fig. 2;
Hellmann et al., 2023; Ma et al., 2022; Sanborn et al., 2019; Williams
etal., 2020), and their low A%Mo values—indicative of a relative deficit
in r-process-derived nuclides (Budde et al., 2018; Wolfer et al., 2023)—
that extend to CR-related achondrites (Budde et al., 2019), and the
CR-like iron meteorites (Spitzer et al., 2025). The existence of early- and
late-formed bodies with CR-like isotopic compositions, therefore, in-
dicates the presence of a long-lived reservoir poor in refractory in-
clusions (Fig. Al), in contrast to other non-CI carbonaceous chondrites,
in most of which refractory inclusions constitute an important
component.

Third, bulk CR chondrites and CR chondrules are characterized by
26Mg deficits (Luu et al., 2019; Van Kooten et al., 2024, 2016), which
either reflects formation from materials poor in the parent radionuclide
26A1 or, as for >*Cr, is due to a different nucleosynthetic make-up of CR
compared to other chondrules (e.g., Olsen et al., 2016). For instance, it
has been suggested that CR chondrites formed in a spatially separated
reservoir beyond the orbit of Saturn and that their Mg isotope signatures
reflect addition of pristine, 2°Al-poor material originating from the
outermost disk (i.e., the comet-forming region) by late accretion
streamers ~2-3 Ma after CAI formation (Van Kooten et al., 2024, 2020).
However, this model is inconsistent with our finding of an early plane-
tesimal population genetically related to the CR chondrites. First, since
these data indicate that the isotopic composition of the CR chondrite
reservoir was established early, it cannot simply reflect the addition of
fresh material by late streamers to the outer disk. Second, the abundant
presence of differentiated objects within the CR chondrite reservoir in-
dicates that this reservoir initially cannot have been 2°Al-poor. This is
because the decay of 2Al is the only viable heat source for melting
planetesimals, indicating that the CR planetesimals must have contained
an appreciable amount of 2°Al. This is consistent with the good agree-
ment among Al-Mg, Hf-W, and Pb-Pb ages of CR chondrites, which
strongly argue for a homogeneous distribution of 2°Al throughout the
disk, and including the CR chondrite reservoir (Budde et al., 2018).

In summary, the presence of differentiated bodies with CR chondrite-
like isotope signatures indicates that despite the late formation time of
the CR chondrites, a disk reservoir having a CR chondrite-like isotopic
composition was established early and remained isolated until accretion
of the CR chondrite parent body at ~3.7 Ma after CAI formation (Budde
et al., 2018; Schrader et al., 2017) and thus for essentially the entire ~4
Ma lifetime of the disk (Wang et al., 2017). This reservoir was poor in
refractory inclusions (<1 vol. %), contained matrix distinct from CI
chondrites but similar to the matrix in other non-CI carbonaceous
chondrites, and contained chondrules (or their precursors) with a
distinct isotopic composition from chondrules in other carbonaceous
chondrites. The characteristic >N and deuterium enrichments of the CR
chondrites suggest that this reservoir was located at a greater helio-
centric distance than those of most other carbonaceous chondrites
(Alexander et al., 2012; Fiiri and Marty, 2015; Piani et al., 2021).
However, the exact location of this reservoir and whether it was
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originally located beyond Saturn remains essentially unknown. Clearly,
a better understanding of how disk substructures form and how efficient
they are in separating disk dust reservoirs is needed to link the formation
of the CR chondrite reservoir to a specific region of the disk.

4.3. Distinct formation mechanism for CI chondrites

The CI chondrites stand out as the only carbonaceous chondrites
whose Fe and Ni isotopic composition is unmatched by any of the
differentiated CC meteorites. Spitzer et al. (2024) proposed that the
distinct Fe and Ni isotopic composition of the CI chondrites reflect a
more efficient accretion of small (um-sized) FeNi metal grains, which are
depleted in all other CC chondrites. These authors further suggested that
these different efficiencies for incorporating FeNi metal grains reflect a
distinct accretion mechanism for CI chondrites compared to the other CC
chondrites; while formation of the latter involved dust pile-up in one or
more pressure structure(s) of the disk, the CI chondrites formed by a
distinct burst of planetesimal formation triggered by photoevaporation
of the disk (Carrera et al., 2017). This mechanism is not tied to a specific
region of the disk, and so would have caused planetesimal formation
over a wide range of heliocentric distances. One key prediction of this
model is that bodies with CI chondritic Fe and Ni isotopic compositions
only formed late because dust enrichment by photoevaporation only
occurred at the end of the disk’s lifetime (Spitzer et al., 2024). Based on
meteorite paleomagnetism, the lifetime of the solar gaseous disk is ~4
Ma (Wang et al., 2017), and so since at this time there was insufficient
26A] remaining to trigger melting and differentiation of planetesimals
(Hevey and Sanders, 2006), there should be no differentiated CC bodies
having a CI chondrite-like Fe and Ni isotopic composition (Spitzer et al.,
2024). This is consistent with our finding that none of the early-formed
differentiated CC bodies have CI chondritic Fe and Ni isotopic
compositions.

A different explanation for the distinct isotopic signature of CI
compared to other CC chondrites is their formation in another spatially
isolated reservoir, which may have been ice-rich and located beyond
Saturn and potentially in the same region of the solar system as comets
(Hopp et al., 2022a). In this model, the latter were ejected outwards to
the Oort cloud by Uranus and Neptune, while CI chondrites were ejected
inwards by the same process but through interaction with nebular gas
were implanted into the main asteroid belt (Hopp et al., 2022a; Nes-
vorny et al., 2024). The CI chondrites may have lost their ice during
passage close to the Sun on their originally highly elliptical orbits.
Within this framework, the lack of differentiated bodies with CI-like Fe
and Ni isotopic compositions could reflect that these bodies never
differentiated because the presence of significant amounts of water ice
(~30-50 wt. %) could have acted as a thermal buffer, absorbing heat
released by 2°Al-decay as latent heat of melting and vaporization,
dilution of the 2°Al mass fraction, and heat transport by migration of
melted water (Grimm and McSween Jr., 1989). Models of planetesimal
melting suggest that early-formed and icy planetesimals would only
escape differentiation if they were small (radii <15 km) (Lichtenberg
et al., 2021). Yet, the streaming instability naturally produces a
power-law size distribution of planetesimals, meaning that most of the
mass is concentrated in larger planetesimals (~100 km in diameter), but
smaller objects are more numerous (Klahr and Schreiber, 2020). Thus, if
the CI chondrites in our collections were to derive from such small,
ice-rich, early-formed planetesimals, we would expect to also sample the
larger CI-like planetesimals that formed alongside the smaller ones. This
is because the larger objects have a higher chance of long-term survival
due to their lower susceptibility to collisional destruction, inward
migration, and dynamical ejection. However, these larger objects would
likely have differentiated, even if they were rich in water ice
(Lichtenberg et al., 2021). Consequently, the lack of differentiated
meteorite parent bodies having CI-like Fe and Ni isotopic compositions
is more readily accounted for if CI-like bodies formed late.

The late formation of CI chondrite-like bodies is also favored by our
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current understanding of planetesimal formation. The streaming insta-
bility prefers pebbles with higher Stokes numbers, which is not only a
function of the size and density of the dust grains but also the gas density
(Youdin and Goodman, 2005). Thus, the formation of planetesimals rich
in fine-grained material (like CI chondrites) is easier late in disk history
when gas densities are lower. As CI chondrites represent agglomerates
almost exclusively made of fine-grained dust, it seems unlikely that their
formation via the streaming instability could have also been triggered
<1 Ma after CAI formation (the time of iron meteorite parent body ac-
cretion) because the high gas density at that time would require these
fine-grained dust grains to aggregate into larger dust agglomerates.
Evaluating whether this was possible would require better knowledge of
the sticking properties of such grains, which are poorly constrained
(Blum, 2018). Altogether, these observations suggest that ClI-like plan-
etesimals accreted late in disk history, consistent with the idea that their
formation was facilitated by gas removal during photoevaporation of the
disk (Spitzer et al., 2024).

5. Conclusions

The same range of Fe and Ni isotopic compositions for early- (iron
meteorites and achondrites) and late-formed (chondrites) CC-type
planetesimals indicates that both generations of objects formed from
similar mixtures of the same dust components (refractory inclusions,
chondrule precursors, FeNi metal, and matrix). This is also true for the
CR chondrites, which represent some of the latest CC planetesimals.
However, many differentiated meteorites have a CR chondrite-like iso-
topic composition, indicating that this reservoir must have been estab-
lished early and maintained for essentially the entire disk lifetime. In
general, the recurrent formation of CC planetesimals for approximately
3-4 Ma suggests that there must have been an effective dust drift barrier
that prevented the loss of these materials into the Sun. This barrier may
have been a long-lived pressure structure in the disk in which both early
and late CC planetesimals formed or was comprised of different sub-
structures, which all contained the same dust components, albeit
possibly in different proportions.

The CI chondrites are the only CC chondrites whose Fe and Ni iso-
topic compositions are not recorded in the early-formed differentiated
meteorites, suggesting that planetesimals having CI-chondritic isotopic
compositions only formed late. This is consistent with the idea that the
CI chondrite parent bodies formed by a distinct accretion mechanism
than other CC planetesimals and that their formation may have been
triggered by the photoevaporative removal of the gas towards the end of
the disk’s lifetime (Spitzer et al., 2024). The origin of the uniquely
distinct Fe and Ni isotopic compositions of the CI chondrites may be
related to this different accretion mechanism (Spitzer et al., 2024)
and/or reflects formation in a spatially separated reservoir of the disk in
the outer regions of the solar system (Hopp et al., 2022a).
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