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M Consolidating the isotopic trichotomy of planetary materials with
new evidence
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I Abstract https://doi.org/I0.7185/geochemlet.2538
50 - Nucleosynthetic isotope anomalies in planetary materials reveal three reservoirs
a0 [C Rlhnaris] - Carbo | in the protoplanetary disk: one in the inner Solar System, represented by non-

© porenares + Sa carbonaceous chondrites (NC), and two in the outer Solar System, represented by
o 30 | O Chondites + . ‘\ | Ivuna-type carbonaceous chondrites (CI) and other carbonaceous chondrites (CC).
%, 20 . . Separation of the CC and Cl reservoirs has been debated, with some suggesting that
0 ° + % + # certain carbonaceous achondrites might bridge the isotopic gap between these two

-

groups. Our new Fe isotope data for NC and CC achondrites together with so far
uncharacterised chondrite groups show that, while three ungrouped CC achondrites

share O, Ti and Cr isotopic similarities with CI chondrites, their Fe isotopic compo-
{00 0 uHCr 100 200  sitions differ, spanning the range observed in CC meteorites. These findings reaffirm

the existence of a distinct isotopic reservoir represented by CI chondrites, supporting
their formation in a distinct region of the protoplanetary disk or alteration of the constituents of CC and CI parent bodies by
nebular processes. The absence of CI-like differentiated bodies could be due to their parent bodies incorporating ice during
formation, which limited heating.
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¥ Introduction

Nucleosynthetic anomalies are defined as variations in isotopic
ratios that depart from mass-dependent fractionation and
cannot be explained by radioactive decay or nucleogenic/
cosmogenic reactions (Dauphas and Schauble, 2016). Such
isotopic anomalies, commonly found in meteorites, have offered
fundamental insights into material transport and mixing proc-
esses in the early Solar System. They help reveal genetic links
between planets and their building blocks and delineate the
regions of the protoplanetary disk from which these materials
originated (Warren, 2011; Kruijer et al., 2017, Dauphas et al.,
2024). Trinquier et al. (2007) first showed that non-carbonaceous
(NC) and carbonaceous (CC) chondrite groups had distinct
O-Cr isotopic anomalies. Warren (2011) demonstrated that this
dichotomy spanned several isotopic systems and all meteorite
groups. Kruijer et al. (2017) later revealed that the NC/CC
dichotomy extended to iron meteorites, which formed earlier
than chondrites, implying that the two reservoirs were spatially
separated from the beginning. Ivuna-type (CI) carbonaceous
chondrites define an endmember within the broader carbona-
ceous chondrite (CC) group in Ti-Cr isotopic space. However,
the Fe isotopic compositions of ClIs fall within the range of NCs,
not CCs (Schiller et al.,, 2020; Hopp et al., 2022; Gattacceca
et al., 2025).
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Hopp et al. (2022) studied the Fe isotopic compositions of
carbonaceous chondrites and samples from the Cb-type asteroid
Ryugu, which were returned to Earth by JAXA’s Hayabusa2
mission (Yokoyama ef al., 2022). They found that CI and
Ryugu exhibit distinct isotopic signatures, separate from both
CC and NC. This finding was confirmed through statistical
analysis of other isotopic systems (Dauphas et al, 2024;
Shollenberger et al., 2025). Similarly, the study of the Ni isotopic
composition of Ryugu and meteorites revealed that CI chon-
drites are distinct from other carbonaceous chondrites in their
Ni isotopic anomalies (Spitzer et al., 2024). This isotopic tri-
chotomy could either reflect the existence of a third isotopic res-
ervoir located in the outer region of the planetary accretion zone
(Hopp et al., 2022), or the temporal evolution of the CC reservoir
through fractionation of isotopically anomalous Fe-Ni grains
(Spitzer et al., 2024).

Yap and Tissot (2023) argued that CI chondrites lie on
extrapolated correlations of Fe, Cr and Ti isotopic anomalies in
CC meteorites, implying that CI chondrites would have formed
within the CC reservoir. They predicted that some carbonaceous
primitive achondrite meteorites would bridge the isotopic gap
between CI and CC, as these achondrites exhibit p>’Ti and
uOCr isotopic anomalies approaching those observed in CI
chondrites (Fig. 1). Marrocchi et al. (2023) supported this obser-
vation by correlating mass-dependent fractionation of Te iso-
topes with nucleosynthetic Fe isotope anomalies. To evaluate
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Figure 1 Plots of u*°Ti vs. u>*Cr (a), u*°Ti vs. A0 (b), and p>*Cr vs.

A0 (c) for NC (open red circles for chondrites and diamonds for
achondrites), non-Cl carbonaceous chondrites (open dark blue
circles), Ryugu/Cl (light blue triangles), CC achondrites analysed
in this study (dark orange diamonds) and other CC achondrites
(light orange diamonds). The average Ti, Cr and O isotopic compo-
sitions of non-carbonaceous (NC) and carbonaceous (CC) meteorite
groups are from the data compilation by Dauphas et al. (2024).
Data for CC achondrites are from Yamaguchi et al. (2002),
Trinquier et al. (2009), Gardner-Vandy et al. (2012), Gopel et al.
(2015), Hibiya et al. (2019), and Williams et al. (2020).

the idea put forward by Yap and Tissot (2023), we present Fe iso-
topic data for NC and CC achondrites, as well as previously
unstudied chondrite groups. Our results reveal that CC achon-
drites exhibit y>*Fe anomalies within the same range as those
observed in CC chondrites. These findings refute previous claims
that CC achondrites bridge the CI-CC gap and corroborate the
existence of a distinct isotopic reservoir for CI chondrites.

! Results

The samples analysed in this study include three carbonaceous
achondrites—Northwest Africa (NWA) 011 and NWA 6704
(both ungrouped achondrites) and Tafassasset (CR6), along
with other CC and NC chondrites, including Coolidge (CL),
Bencubbin (CB), Renazzo (CR), Erg Chech 002 (andesitic achon-
drite) and NWA 5400 (ungrouped achondrite). The iron isotopic
data are reported in Tables 1 and S-1. Achondrites and carbona-
ceous chondrites have small mass-dependent fractionation with
8°°Fe values relative to reference material IRMM524A, ranging
from —0.11+0.02 to +0.07 +0.02 %o. Primitive carbonaceous
achondrites NWA 011, NWA 6704 and Tafassasset show
mass-independent variations with p54Fe=+21+5, +36 =11,
and +33 + 6, respectively. These values are within the same
range as was previously measured for CC groups CM, CO,
CV, CK, CR and CH (Schiller et al., 2020; Hopp et al., 2022).
One sample from the CR group, Renazzo (CR2), shows a CC-like
1>*Fe value of 433 + 8. All CRs measured in this study, including
Tafassasset (CR6), have p>*Fe values consistent with those of
previously reported CR chondrites (Hopp et al, 2022).
Similarly, Bencubbin (CBa) exhibits a p>‘Fe value of 436 =6,
supporting a genetic link between CR, CB and CH chondrites
(Weisberg et al., 1995). We also analysed the iron isotopic
composition of meteorite groups that had not previously been
measured, including Coolidge (CL), which yield p>*Fe values
of 420 + 8. The iron isotopic composition of the oldest andesitic
achondrite, Erg Chech 002 (Barrat et al.,, 2021), is p54Fe = +10 + 6,
while the Brachinite-like ungrouped achondrite NWA 5400
has p>4Fe = +9+ 8.

I Discussion

Hierarchical cluster analysis of meteoritic isotope data. To
uncover underlying patterns in the Cr-Ti-Fe isotopic space,
we use hierarchical cluster analysis (HCA), implemented with
Ward’s minimum variance method as the linkage criterion
(see Supplementary Information). This approach groups sam-
ples based on their pairwise similarity, minimising within-cluster
variance at each step. The number of clusters is not set before-
hand in this approach but is decided afterward based on an

Table 1 Iron isotopic composition of primitive CC achondrites, carbonaceous chondrites and non-carbonaceous achondrites analysed in this

study. Uncertainties are reported as 95 % confidence intervals.

Sample N p>*Fe (7/6) + 8%Fe (%o) +
NWA 6704 CC Achondrite 14 36 11 0.01 0.02
NWA 011 CC Achondrite 12 21 5 0.03 0.03
Tafassasset CC Achondrite 15 33 6 —-0.06 0.02
Coolidge CL 15 20 8 —-0.04 0.02
Bencubbin CB 15 36 6 -0.11 0.02
Renazzo CR 15 33 8 0.01 0.02
Erg Chech 002 NC achondrite 15 10 6 0.07 0.02
NWA 5400 Achondrite ung. 13 9 8 -0.02 0.03
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evaluation of the clustering structure. Instead of applying this
approach to all isotopic anomalies (Dauphas et al., 2024), focus-
ing only on the Cr-Ti—Fe isotopic space allows us to cover a larger
number of meteorites for which we have a complete dataset
(Shollenberger et al., 2025). This also enables us to statistically
evaluate clustering in spaces where the notions of dichotomy
or trichotomy have been disputed (Hopp et al., 2022; Yap and
Tissot, 2023).

Our statistical analysis encompasses the major meteorite
groups, including CI/Ryugu, CM, CO, CV, CK, CR, CH, CB, CL,
H, L, LL, R, EH, EL, HED, Ureilite, IIAB, IIIAB, IVA and CC
achondrites. We normalised the isotopic anomalies for Fe, Cr
and Ti using Z-score normalisation, and performed HCA using
Ward’s method. Hierarchical clustering using Ward’s method
starts with each object as its own cluster and progressively
merges clusters until a single cluster remains. At each step,
the Euclidean distance between cluster centroids is calculated,
and the pair of clusters that produces the smallest increase in
variance is merged. This produces a hierarchical structure of
groupings across scales. Although HCA produces this hierarchy,
it does not define the final number of clusters. To determine the
optimal number of clusters in the dataset, we applied the elbow
method. This method involves plotting the within-cluster sum of
squares (WCSS), which is the sum of squared Euclidean distan-
ces between each point and the centroid of its assigned cluster,
against the number of clusters (k). The optimal number of clus-
ters corresponds to the inflexion point (the “elbow”) in the
WCSS curve, where adding further clusters results in only mar-
ginal reductions in the WCSS. We conducted this analysis using
Fe, Cr and Ti isotopic systems. We identified an elbow at k=3,
suggesting that three clusters best capture the structure of the
data (Fig. S-1). These clusters correspond to NC meteorites, CC
meteorites and CI/Ryugu (Fig. 2a,b). Because neither Ward’s
clustering nor the elbow method account for the uncertainties
in group compositions, we assessed the robustness of the clus-
tering results using Monte Carlo simulations (MCS). These sim-
ulations involved allowing each meteorite group composition to
vary according to a normal distribution, with standard deviation
set by its reported uncertainty. We re-ran the clustering algo-
rithm for each realisation and determined the optimal number
of clusters using the elbow method. The elbow method consis-
tently points to three as the optimal number of clusters (Fig. S-1).

Across simulations, CI and Ryugu samples co-clustered in
~100 % of simulations, NC samples in ~100 % and CC samples
in ~76 % (see SI). This analysis demonstrates that both the
three-cluster solution and group assignments are robust, despite
compositional uncertainties.

Persistence of the NC-CC-CI trichotomy. Previous work
on the NC-CC dichotomy has shown that planetesimals formed
in the inner and outer Solar System carry distinct isotopic finger-
prints (Warren, 2011; Kruijer et al., 2017). The possible existence
of a third formation region (isotopic reservoir) for planetesimals,
not sampled by NC and CC groups, was proposed by Hopp et al.
(2022) based on high precision Fe isotopic analyses of samples
from the Cb-type asteroid Ryugu. Using principal component
analysis to examine isotopic anomalies in chondrites, Dauphas
et al. (2024) found that the first principal component separated
meteorites into NC and CC groups, while the second principal
component isolated CI chondrites. Shollenberger et al. (2025)
conducted a similar analysis but restricted the elements consid-
ered to Ca, Ti, Cr, Fe, Ni and Zn, as well as chemical composi-
tions, allowing them to consider more meteorite groups. They
also concluded that three distinct isotopic endmembers existed
in the solar nebula. Recent Ni isotopic measurements have fur-
ther confirmed that CI chondrites possess distinct isotopic com-
positions compared to CC chondrites (Spitzer et al., 2024). Yap
and Tissot (2023) challenged this view by hypothesising that
Fe isotopic anomalies measured in CC achondrites would bridge
the gap between Ryugu/Cl and CC chondrites. The authors
argued that a trend exists in the Ti-Cr—O isotopic space, extend-
ing from Ryugu/CI to other CC chondrites, indicating that these
meteorites originated from a single reservoir (Marrocchi et al.,
2023; Yap and Tissot, 2023) (Fig. 1). By assuming that Ryugu/
CI belong to the CC reservoir, Yap and Tissot (2023) conducted
linear regressions through Ryugu, CI chondrites and CC chon-
drites in both the Fe-Cr and Fe-Ti isotopic spaces, and pre-
dicted mean p3*Fe values for CC achondrites of +14.2 +4.3
(2SE) and +13.1+ 7.1 (2SE), respectively. The authors argue
that there is no need to invoke an additional reservoir to explain
the large scale isotopic architecture of the early Solar System, as
CCachondrites are likely to fill the isotopic gap between Ryugu/
CI and CC chondrites. The CC achondrites NWA 6704/6926/
6693, NWA 011 and Tafassasset were suggested candidates
to bridge this isotopic gap because they only show slight
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Figure2 Hierarchical cluster analysis (HCA) of meteorite groups based on (a) u>*Fe vs. u>*Cr and (b) pu>*Fe vs. u*°Ti (see main text for details
and references). Isotopic values are plotted as Z-scores to normalise the differing ranges of variation and to enable consistent distance met-
rics for clustering. HCA was performed using Ward's method. Included groups are Cl/Ryugu, CM, CO, CV, CK, CR, CH, CB, CL, H, L, LL, R, EH, EL,
HED, Ureilite, IIAB, IlIAB and IVA, as well as Erg Chech 002 (EC 002), NWA 5400 and the CC achondrites analysed in this study. Samples mea-
sured in this study are shown in bold, and literature data are shown with empty symbols.
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Figure 3 Plots of (a) u>*Fe vs. u>*Cr and (b) p>*Fe vs. u*°Ti, showing carbonaceous achondrites measured in this study (orange and blue
diamonds), including Tafassasset, NWA 6704 and NWA 011, compared to predicted isotopic compositions (P). Dashed lines connect measured
and predicted values. Diamond symbols indicate achondrites, while circles indicate chondrites. Red open symbols represent NC meteorites,
blue open symbols represent CC meteorites, and filled blue symbols represent Ryugu and Cl. Yap and Tissot (2023) predicted that some CC
achondrites would exhibit p>*Fe values intermediate between CC and Cl. However, our new data show that these achondrites have pu>*Fe
values consistent with other CC meteorites, reaffirming the isotopic trichotomy among meteorite groups.

deviations from the CI isotopic composition in Ti—Cr isotope
space (Fig. 1a), with u*°Ti ranging from +201 +54 to 4283 +
19 (Trinquier et al., 2009; Hibiya et al., 2019; Sanborn et al.,
2019; Williams et al., 2020) and p*Cr ranging from +137 +9
to +156+10 (Gopel et al., 2015; Sanborn et al., 2019;
Williams et al., 2020), while CI have y3°Ti and p5*Cr values of
+189+15 and +155+7, respectively (Shukolyukov and
Lugmair, 2006; Trinquier et al., 2007, 2009; Williams et al.,
2020). Given the importance of this question’s bearing on
material transport and planetary genetics, we have decided
to test the hypothesis formulated by Yap and Tissot (2023),
that some CC achondrites would fill the isotopic gap between
CCand CL

Our results reveal that the Fe isotopic compositions of CC
achondrites (NWA 6704, NWA 011 and Tafassasset) have p>*Fe
values ranging from +21 + 5 to 436 + 11. Our measured Fe iso-
topic compositions of CC achondrites fall within the same range
as that previously measured for CC chondrites and are clearly
distinct from CI (Schiller et al, 2020; Hopp et al, 2022)
(Figs. 2,3). Thus, contrary to the predictions of Yap and Tissot
(2023), the new Fe isotopic analyses of CC achondrites clearly
anchor them in the CCreservoir (Fig. 3a,b), reaffirming the exist-
ence of a trichotomy in isotopic anomalies between NC, CC and
CI (Hopp et al., 2022).

The reason why CI chondrites stand apart from CC chon-
drites remains uncertain. One possibility is that, relative to CC,
CI chondrites formed farther out in the protoplanetary disk, in
the same region as Oort cloud comets, and were then implanted
into the main asteroid belt after being dynamically excited by
Uranus and Neptune (Hopp et al, 2022; Nesvorny et al,
2024). Such implantation requires the presence of nebular gas
to dampen eccentricities. In this context, the absence of isotopic
anomalies intermediate between CC and CI could be explained
by the dynamics of planetesimals in the region between the gas
and ice giant planets. These planetesimals could have had iso-
topic compositions intermediate between CC and CI, as sug-
gested by Yap and Tissot (2023), but they were dynamically
excited by giant planets after the dissipation of nebular gas, hin-
dering their implantation into the main asteroid belt. An alter-
native explanation is that CC and CI chondrites formed in the
same reservoir but at a different time or by different processes,
leading to their distinct isotopic signatures. Recently, Spitzeret al.
(2024) proposed that the accretion of CI chondrite parent bodies

L]

was triggered by photoevaporation at the end of the disk lifetime,
and incorporated a higher fraction of hypothetical Fe-Ni metal
alloy with exotic isotopic composition (Spitzer et al., 2024).

As shown here, achondrites associated with carbonaceous
meteorites have isotopic anomalies that are distinctly different
from those of CI chondrites (Fig. 3). While it is likely that we have
not yet accessed the full inventory of Solar System materials, the
Cl-like isotopic signature has, to date, only been observed in
primitive objects that appear to have escaped 2°Al-induced melt-
ing. The absence of differentiated CI bodies could be explained
by late formation of CI parent bodies preventing production of
enough heat by decay of 2°Al required for differentiation
(Spitzer et al.,, 2024). However, whether CI chondrite/Ryugu
parent bodies accreted late is still debated (McCain et al.,
2023; Tanaka et al., 2024). Hopp et al. (2022) and Nesvorny et al.
(2024) proposed that CI chondrites likely formed in the same
region of the protoplanetary disk as Oort cloud comets, mean-
ing that they would have accreted significant amounts of ice.
Others have also proposed a genetic link between CI chon-
drites and comets (Gounelle, 2011). The fact that CI parent
bodies avoided heating and differentiation may be attributed
to the presence of water ice in the parent body. Indeed, simu-
lations of the thermal evolution of ice-bearing planetesimals
(Grimm and Mcsween, 1989; Wakita and Sekiya, 2011) have
demonstrated that heating in such bodies is limited by several
factors: (i) the melting of ice, which absorbs significant amounts
of radioactive heat as latent heat; and (ii) hydrothermal circu-
lation, which transports heat from the interior to the surface,
where it is radiated away. Additionally, under low lithostatic
pressure, processes such as ice sublimation and liquid water
vaporisation can also absorb substantial heat. These mecha-
nisms may account for the absence of differentiated objects
within the CI-clan (Hopp et al., 2022; Dauphas et al., 2024),
as such objects likely formed further out in the disk and pos-
sessed a higher ice-to-rock ratio compared to CC meteorites
(Hopp et al. 2022; Nesvorny et al., 2024).
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