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A B S T R A C T

Nucleosynthetic isotope anomalies allow distinguishing between non-carbonaceous (NC) and carbonaceous (CC) 
type meteorites, and have revealed correlated isotope variations especially among NC bodies. Understanding the 
origin of this NC trend is important for identifying the processes that produced the NC isotope heterogeneity, and 
for using these isotope anomalies to reconstruct the early evolution of the solar protoplanetary disk. We report 
mass-independent Ti, Cr, and Mo isotope compositions for a comprehensive set of previously not or only poorly 
investigated meteorites, as well as acid leachates obtained from the sequential digestion of primitive ordinary 
chondrites. Some of the samples investigated in this study fill previously identified apparent gaps in the NC trend, 
suggesting these gaps reflect unrepresentative sampling of a more continuous isotopic trend. Bulk meteorites and 
leachates exhibit distinct isotope systematics, indicating that the NC isotope variability does not reflect selective 
thermal processing of presolar carriers in the disk. The NC trend also cannot reflect the continuous addition of CC 
dust from the outer to the inner disk, because early- and late-formed NC meteorites display largely overlapping 
isotopic compositions. Instead, we find that the NC isotope heterogeneity is best accounted for by fractionation 
and mixing among chemically and isotopically distinct dust components, similar to the processes that produced 
the isotopic variability among carbonaceous chondrites. On this basis we argue for the presence of substructures 
in the inner disk, which facilitated fractionation and mixing among distinct dust components, and helped pre
serve a long-lived dust reservoir from which NC planetesimals accreted over an extended period of time.

1. Introduction

Nucleosynthetic isotope anomalies allow distinguishing between 
non-carbonaceous (NC) and carbonaceous chondrite (CC) type meteor
ites, which have been suggested to derive from bodies formed in the 
inner and outer solar accretion disk, respectively. These anomalies result 
from the heterogeneous distribution of isotopically anomalous matter 
derived from different nucleosynthetic sources, and occur among indi
vidual components of primitive meteorites as well as at the bulk mete
orite and planetary scale. This makes these isotope anomalies powerful 
tracers of genetic relationships among and between meteorites and their 
components, of the extent of mixing and fractionation of dust compo
nents in the solar nebula prior to parent body accretion, and of the 
provenance of planetary building materials (see reviews by Kleine et al., 
2020; Kruijer et al., 2020; Bermingham et al., 2020; Kleine and Nimmo, 
2025; Tissot et al., 2025).

Nucleosynthetic isotope anomalies in Ti, Cr, and Mo are particularly 
important because they have been instrumental for defining the NC-CC 
dichotomy (e.g., Trinquier et al., 2007; Warren, 2011a; Budde et al., 
2016). A large body of isotopic data exists for these three elements, 
including data for bulk meteorites as well components of primitive 
chondrites (e.g., Trinquier et al., 2007, 2009; Qin et al., 2010; Zhang 
et al., 2012; Budde et al., 2016, 2019; Gerber et al., 2017; Spitzer et al., 
2020; Williams et al., 2020; Schneider et al., 2020; Zhu et al., 2021b, 
2023; Rüfenacht et al., 2023; Yokoyama et al., 2023; Jansen et al., 
2024). These data, in addition to defining the NC-CC dichotomy, reveal 
correlated isotopic variations within each reservoir (e.g., Yokoyama 
et al., 2019; Spitzer et al., 2020; Burkhardt et al., 2021; Render et al., 
2022; Zhu et al., 2023; Tissot et al., 2025). Among the carbonaceous 
chondrites, these correlated isotope variations are thought to reflect 
varying abundances of their constituent components, namely refractory 
inclusions, chondrules, matrix, and Fe-Ni metal (Alexander, 2019; 

* Corresponding author at: Max Planck Institute for Solar System Research, Justus-von-Liebig-Weg 3, 37077 Göttingen, Germany.
E-mail address: woelfer@mps.mpg.de (E. Wölfer). 

Contents lists available at ScienceDirect

Geochimica et Cosmochimica Acta

journal homepage: www.elsevier.com/locate/gca

https://doi.org/10.1016/j.gca.2026.08.021
Received 18 December 2025; Accepted 18 August 2026  

Geochimica et Cosmochimica Acta 430 (2026) 31–48 

Available online 19 August 2026 
0016-7037/© 2026 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ). 

https://orcid.org/0000-0001-9147-0646
https://orcid.org/0000-0001-9147-0646
https://orcid.org/0000-0002-6952-5783
https://orcid.org/0000-0002-6952-5783
https://orcid.org/0000-0003-0762-779X
https://orcid.org/0000-0003-0762-779X
https://orcid.org/0000-0001-9729-695X
https://orcid.org/0000-0001-9729-695X
https://orcid.org/0000-0003-4657-5961
https://orcid.org/0000-0003-4657-5961
mailto:woelfer@mps.mpg.de
www.sciencedirect.com/science/journal/00167037
https://www.elsevier.com/locate/gca
https://doi.org/10.1016/j.gca.2026.08.021
https://doi.org/10.1016/j.gca.2026.08.021
http://crossmark.crossref.org/dialog/?doi=10.1016/j.gca.2026.08.021&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Hellmann et al., 2023; Spitzer et al., 2025b; Gurrutxaga et al., 2026). 
However, the origin of isotopic variations among the NC meteorites is 
less well understood. They have been suggested to reflect (i) thermal 
processing of presolar components (Trinquier et al., 2009; Ek et al., 
2020), (ii) a temporal evolution of the inner disk’s isotopic composition 
through the continuous addition of inward-drifting CI chondrite-like 
pebbles (e.g., Schiller et al., 2018), and (iii) mixing between two pri
mordial disk reservoirs (e.g., Spitzer et al., 2020; Burkhardt et al., 2021).

Although Ti, Cr, and Mo isotopic data exist for many different 
meteorite groups, several groups especially from the NC reservoir, and a 
large number of ungrouped meteorites, have not or only poorly been 
investigated, and lack data for one or several of these elements. To better 
understand the full range of isotopic variations within the NC reservoir 
and, ultimately, the origin of isotope variability within the inner pro
toplanetary disk, we obtained Ti, Cr, and Mo isotopic data for a 
comprehensive set of previously not, or only scarcely, investigated NC 
and some CC meteorites. In addition, we present the first Ti isotopic data 
for acid leachates obtained by the sequential digestion of ordinary 
chondrites, for which Mo isotopic data have been reported previously 
(Budde et al., 2019). The leachate data provide information on the in
ternal isotopic heterogeneity among the components of primitive 
chondrites and, as such, on the link between this internal isotopic 
variability and the isotope variations among bulk meteorites (e.g., 
Trinquier et al., 2009; Burkhardt et al., 2019). Altogether, the new data 
provide new constraints on genetic relationships among NC bodies and 
the origin and nature of the correlated isotope variations among inner 
solar system objects.

2. Materials and methods

2.1. Samples

A total of 66 samples have been selected for this study, of which 38 
have an NC and 28 a CC heritage (Table 1). We report Ti isotopic data for 
all of these samples, Cr isotope data for 22 of these samples, and Mo 
isotopic data for five of these samples. Further Mo isotope data for 26 of 
these samples have been reported in Worsham et al. (2017), Budde et al. 
(2019), and Hopp et al. (2020). All measurements have been performed 
on aliquots of the same sample powders or digestion solutions (Table 1).

The bulk NC meteorite samples include various achondrites (i.e. 
acapulcoite-lodranites, brachinites, mesosiderites, ureilites, aubrites, 
angrites, HEDs, winonaites), Rumuruti chondrites (RC), and one 
Kakangari chondrite (KC) (Table 1). In addition, two ungrouped chon
drites (NWA 5492, NWA 13202) and six ungrouped NC achondrites 
(NWA 1058, NWA 2526, NWA 5400, NWA 6112, GRA 06128) were 
analyzed. The new data substantially expand the existing Ti-Cr-Mo 
isotope data set for NC meteorites, including samples for which the 
genetic association to specific groups of meteorites is uncertain. For 
instance, we report the first Ti and Mo and only the second Cr isotopic 
data for KCs (Zhu et al., 2023). We also report the first Mo isotopic data 
for ungrouped NC chondrites (NWA 13202, NWA 5492) and the un
grouped NC achondrite (GRA 06128). Three samples (GRA 06128, NWA 
5400, NWA 6112) feature chemical and petrologic similarities to bra
chinites (Day et al., 2012; Hasegawa et al., 2019), but their genetic as
sociation to this meteorite group is unknown. The unique primitive 
achondrite NWA 1058 shares chemical similarities with acapulcoite- 
lodranites and has also been classified as a winonaite or metal-rich 
diogenite, but its O isotope composition and cosmic ray exposure his
tory is different from these meteorite groups (Eugster and Lorenzetti, 
2005). The unique ungrouped metal-rich chondrite NWA 13202 is 
paired with NWA 12273 and NWA 12379 and shows petrographic 
similarities (e.g., lack of matrix, 70 vol% metal) to metal-rich CB 
chondrites and G chondrite grouplet (Jansen et al., 2019). However, 
multiple other characteristics of NWA 13202, including chondrule sizes 
and textures, as well as O isotopic and chemical compositions of chon
drules, are more similar to ordinary chondrites. Finally, the ungrouped 

metal-rich chondrite NWA 5492 has been related to the metal-rich 
chondrites of the G chondrite grouplet (Weisberg et al., 2015; Ivanova 
et al., 2020), but no nucleosynthetic isotope data have been reported for 
samples of this grouplet, except for one Cr isotopic measurement for 
GRO 95551 (Zhu et al., 2023).

The bulk CC meteorite samples of this study include (i) five samples 
of the major chondrite groups (CV, CM, CL), (ii) twelve, petrographically 
heterogeneous subsamples of the CV-type Allende chondrite, (iii) several 
ungrouped chondrites, some of which have previously been investigated 
for Cr and Ti isotopes (Hellmann et al., 2023), (iv) and one ungrouped 
achondrite (NWA 6926) (Table 2). The twelve Allende subsamples are 
characterized by different proportions of chondrules, matrix, and re
fractory inclusions and stem from powders originally prepared by 
Stracke et al. (2012) from 7 × 7 × 4 mm (~620 mg) cubes cut from a 
large slice of Allende. These samples have previously been analyzed for 
their chemical compositions and we here report their Ti isotopic com
positions. We report the first Mo isotopic data for recently established 
group of CL chondrites (Metzler et al., 2021), the first Ti isotopic data for 
some ungrouped carbonaceous chondrites (DaG 055, DaG 430), and the 
first Ti and Cr isotopic data for the ungrouped achondrite NWA 6926.

We also obtained Ti isotopic data for six leachate fractions each from 
two primitive ordinary chondrites that have previously been analyzed 
for their Mo isotopic compositions (Budde et al., 2019) (Table 3). The 
leachates were obtained by the sequential (six-step) digestion of sample 
powders of NWA 2458 (L3.2; 6.48 g) and WSG 95300 (H3.3; 4.35 g), 
with the strength of the acids successively increasing in the sequence 
(Table S1; Budde et al., 2019). As such, easily dissolvable mineral phases 
are enriched in the leaching steps L1 and L2, major silicate phases are 
dissolved in L3 and L4, whereas more acid-resistant, refractory phases 
are enriched in L5 and L6.

2.2. Sample preparation

Bulk meteorite samples (~0.5–1 g) were powdered in an agate 
mortar and aliquots of each sample were digested in concentrated HF- 
HNO3-HClO4 (2:1:0.05) at 180–200 ◦C (5 days), followed by aqua regia 
(3:1 concentrated HCl-HNO3) at 130–150 ◦C (2 days). The sample so
lutions of the investigated ureilites still contained finely dispersed par
ticles (e.g., graphite, spinel, rutile, ilmenite, titanite, and carbides; 
Warren, 2011b; Budde et al., 2015) after table-top digestion. Thus, the 
residues were further digested in concentrated HF-HNO3 (1:1) in steel- 
jacketed teflon Parr bombs at 190 ◦C (4 days). After this step, the re
sidual phases (e.g., spinels) were mostly in solution, but some finely 
dispersed material (e.g., graphite or carbides) were left, which poten
tially could affect the Ti isotopic composition of the bulk ureilites in the 
form of Ti-carbides (van Helden et al., 2000). For this reason, the sam
ples were further digested using inverse aqua regia inside sealed Carius 
tubes at 230 ◦C (3 days) (Shirey and Walker, 1995). However, those 
ureilites that have been dissolved via table-top digestion (Budde et al., 
2015,2019) show indistinguishable Ti and Cr isotopic compositions 
compared to those that have been digested by additional treatment in 
Parr bombs and Carius tubes (this study). Hence, the potential incom
plete dissolution of acid-resistant material during table-top digestions of 
ureilites is inconsequential for their measured Ti and Cr isotope 
anomalies.

For samples previously analyzed for Mo by Worsham et al. (2017), 
Budde et al. (2019), and Hopp et al. (2020), Ti was collected during the 
clean-up step of the two-stage anion exchange chromatography used for 
the separation of W, where Ti is eluted in 1 M HCl–2% H2O2. Aliquots 
(equivalent to ~30 µg Ti) were taken from these solutions and treated 
with aqua regia to destroy any organic compounds that might have 
formed during the W chemistry. Finally, Ti concentrations for all sample 
solutions were measured on small aliquots (0.5–1 vol%) on a Thermo
Scientific XSeries II quadrupole ICP-MS at the University of Münster.
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Table 1 
Titanium, Cr, and Mo isotope data for non-carbonaceous meteorites and terrestrial samples analyzed in this study.

Group Sample name Wt. s.aq. p.aq. Ti N ε46Ti ε48Ti ε50Ti Cr N ε53Cr ε54Cr Mo N ε94Mo ε95Mo Δ95Mo Ref.
(mg) (µg/g) (± 2σ) (± 2σ) (± 2σ) (µg/g) (± 2σ) (± 2σ) (µg/g) (± 2σ) (± 2σ) (± 2σ)

Terrestrial rocks
Ocean island basalt BHVO-2 16,368 61 –0.01 ± 0.04 0.02 ± 0.03 –0.10 ± 0.03 287 5 0.14 ± 0.09 0.20 ± 0.12 4.07 40 0.03 ± 0.04 0.04 ± 0.02 2 ± 3 [1]
Arc basalt JB-2 6994 127 –0.04 ± 0.02 0.01 ± 0.02 –0.02 ± 0.03 1.01 15 0.06 ± 0.07 0.13 ± 0.04 9 ± 6 [1]
Andesite JA-2 4013 13 –0.12 ± 0.07 0.01 ± 0.05 0.01 ± 0.09 425 9 0.04 ± 0.05 0.17 ± 0.12 0.58 17 0.09 ± 0.04 0.12 ± 0.04 7 ± 5 [1]
Dunite DTS-2a 16,003 6 0.08 ± 0.04 0.13 ± 0.16
​ DTS-2b 15,500 34 0.08 ± 0.04 0.07 ± 0.06 0.06 4 0.02 ± 0.24 0.10 ± 0.12 9 ± 19 [1]
​ replicate 15,500 8 0.05 ± 0.02 0.08 ± 0.13 0.06 4 0.02 ± 0.24 0.10 ± 0.12 9 ± 19 [1]

NC bulk meteorites
Rumuruti chondrites Rumuruti 30 573 12 –0.07 ± 0.08 –0.06 ± 0.03 –0.39 ± 0.07
​ NWA 753 s. aq. [1] 350 12 –0.10 ± 0.05 0.02 ± 0.06 –0.38 ± 0.08 3543 8 0.25 ± 0.05 –0.07 ± 0.09 0.57 3 0.65 ± 0.22 0.31 ± 0.15 –8 ± 20 [1]
​ NWA 6145 32 [1] 549 13 –0.10 ± 0.07 0.00 ± 0.05 –0.45 ± 0.13 3866 10 0.24 ± 0.05 –0.11 ± 0.14 0.72 3 0.49 ± 0.22 0.23 ± 0.15 –6 ± 20 [1]
​ NWA 6145 33 [1] 511 13 –0.10 ± 0.07 –0.09 ± 0.03 –0.44 ± 0.14 3437 10 0.18 ± 0.06 –0.13 ± 0.14 0.72 3 0.49 ± 0.22 0.23 ± 0.15 –6 ± 20 [1]
Kakangari chondrites LEW 87,232 526 408 16 –0.26 ± 0.06 –0.06 ± 0.06 –1.28 ± 0.08 1052 9 0.61 ± 0.04 –0.41 ± 0.09 1.41 6 0.94 ± 0.12 0.37 ± 0.09 –19 ± 11
Ungrouped chondrites NWA 13,202 25/168 615 10 –0.08 ± 0.04 –0.01 ± 0.03 –0.64 ± 0.05 3084 2 0.28 ± 0.19 –0.24 ± 0.17 2.39 4 0.69 ± 0.16 0.39 ± 0.16 –2 ± 19
​ NWA 13,202† 0.73 ± 0.16 0.45 ± 0.16 1 ± 19
​ NWA 5492 227 2.78 6 0.33 ± 0.16 0.18 ± 0.06 –2 ± 11
Acapulcoites Dho 125 s. aq. [1] 629 13 –0.28 ± 0.09 0.00 ± 0.03 –1.40 ± 0.06 3450 12 0.29 ± 0.04 –0.49 ± 0.12 0.91 5 0.94 ± 0.12 0.41 ± 0.07 –15 ± 10 [1]
​ NWA 11,048 s. aq. [2] 420 12 –0.30 ± 0.09 –0.03 ± 0.05 –1.42 ± 0.16 1.34 5 0.56 ± 0.11 0.28 ± 0.12 –5 ± 14 [2]
​ MET 01,195 s. aq. [2] 515 13 –0.23 ± 0.06 0.04 ± 0.03 –1.39 ± 0.09 4654 8 0.28 ± 0.10 –0.62 ± 0.06 1.14 5 0.89 ± 0.09 0.49 ± 0.03 –4 ± 6 [2]
Lodranites GRA 95,209 70 [3] 467 13 –0.31 ± 0.05 0.00 ± 0.02 –1.44 ± 0.07 2508 8 0.37 ± 0.05 –0.57 ± 0.11 1 1.10 ± 0.30 0.48 ± 0.15 –18 ± 23 [3]
​ NWA 7474 82 361 13 –0.33 ± 0.05 0.03 ± 0.04 –1.34 ± 0.06 1931 10 0.40 ± 0.09 –0.23 ± 0.12
​ NWA 7474† 0.32 ± 0.03 –0.55 ± 0.12
Brachinites NWA 3151 s. aq. [1] 58 13 –0.29 ± 0.09 –0.15 ± 0.03 –1.62 ± 0.08 4232 8 0.19 ± 0.08 –0.41 ± 0.09 0.47 3 1.14 ± 0.22 0.61 ± 0.15 –7 ± 20 [1]
​ NWA 4882 s. aq. [1] 63 11 –0.27 ± 0.08 0.00 ± 0.05 –1.27 ± 0.08 0.38 4 1.10 ± 0.21 0.56 ± 0.11 –10 ± 17 [1]
​ NWA 10,637 s. aq. [2] 136 11 –0.22 ± 0.07 –0.17 ± 0.08 –1.36 ± 0.10 3275 4 0.30 ± 0.07 –0.30 ± 0.01 1.05 7 1.22 ± 0.09 0.58 ± 0.07 –15 ± 9 [2]
Winonaites HaH 193 41 [2] 635 13 –0.05 ± 0.05 0.05 ± 0.05 –0.41 ± 0.13 853 11 0.55 ± 0.05 0.51 ± 0.14 0.43 3 0.29 ± 0.22 0.14 ± 0.15 –3 ± 20 [2]
​ HaH 193† 0.42 ± 0.05 –0.02 ± 0.14
​ replicate 80 [2] 856 9 0.55 ± 0.04 0.49 ± 0.09 0.43 3 0.29 ± 0.22 0.14 ± 0.15 –3 ± 20 [2]
​ replicate† 0.42 ± 0.05 –0.03 ± 0.09
Ureilites NWA 5938 561 98 14 –0.33 ± 0.06 0.02 ± 0.11 –1.87 ± 0.14 5105 9 0.24 ± 0.05 –0.70 ± 0.13
​ replicate 938 106 16 –0.41 ± 0.06 –0.01 ± 0.07 –2.19 ± 0.10
​ DaG 999 508 177 14 –0.35 ± 0.07 –0.01 ± 0.09 –1.88 ± 0.09
​ Sahara 98,501 539 161 14 –0.35 ± 0.05 0.08 ± 0.11 –1.98 ± 0.08
​ Dho 132 446 [1] 225 14 –0.34 ± 0.06 0.09 ± 0.08 –2.07 ± 0.08 4792 0.34 3 0.65 ± 0.22 0.35 ± 0.15 –4 ± 20 [1]
​ HaH 064 513 203 14 –0.34 ± 0.09 0.07 ± 0.09 –2.00 ± 0.11
​ MS-MU-16 940 334 12 –0.43 ± 0.12 –0.04 ± 0.05 –2.02 ± 0.08 4430 12 0.25 ± 0.06 –0.71 ± 0.12
​ MS-MU-17 s. aq. [1] 458 12 –0.35 ± 0.06 0.00 ± 0.03 –1.99 ± 0.11 0.13 1 0.93 ± 0.22 0.42 ± 0.15 –13 ± 20 [1]
​ MS-MU-20 s. aq. [1] 68 12 –0.44 ± 0.07 –0.05 ± 0.03 –2.10 ± 0.08 4820 10 0.20 ± 0.04 –0.74 ± 0.08 0.32 2 1.15 ± 0.22 0.51 ± 0.15 –18 ± 20 [1]
​ ALM-A 525 3864 12 –0.44 ± 0.10 0.03 ± 0.03 –1.94 ± 0.07
Prim. enst. achond. NWA 2526 s. aq. [2] 75 12 –0.03 ± 0.05 0.07 ± 0.06 –0.01 ± 0.13 700 9 0.17 ± 0.05 0.08 ± 0.11 0.6 4 0.60 ± 0.13 0.39 ± 0.13 3 ± 15 [2]
Ungrouped achond. NWA 1058 s. aq. [1] 406 12 –0.20 ± 0.04 –0.06 ± 0.05 –0.68 ± 0.10 1589 10 0.50 ± 0.07 –0.39 ± 0.06 1.41 6 1.31 ± 0.11 0.68 ± 0.09 –10 ± 11 [1]
​ GRA 06,128 549 411 19 –0.20 ± 0.06 –0.26 ± 0.13 –1.71 ± 0.06 146 11 1.24 ± 0.05 –0.63 ± 0.14 0.1 1 1.03 ± 0.22 0.60 ± 0.15 –1 ± 20
​ NWA 6112 s. aq. [2] 304 12 –0.27 ± 0.10 –0.07 ± 0.04 –1.44 ± 0.09 7132 14 0.24 ± 0.04 –0.60 ± 0.13 0.89 3 1.55 ± 0.22 0.79 ± 0.15 –13 ± 20 [2]

(continued on next page)
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2.3. Chemical separation and isotope measurements

The analytical procedure described below was the same for the 
newly digested samples as well as the aliquots taken from previous 
sample digestion from the studies of Worsham et al. (2017), Budde et al. 
(2015,2019), and Hopp et al. (2020). Titanium was separated from the 
sample matrix by two-stage anion exchange chromatography, following 
previously established protocols (Zhang et al., 2011; Torrano et al., 
2019). Yields were typically 90–95%, and procedural blanks were 
negligible throughout. The highest blanks were observed for the 
digestion of the ureilites as described above. These blanks were as high 
as ~10 ng Ti, which is still negligible compared to the 65–115 µg Ti 
processed per sample.

The Ti isotope measurements were performed on a ThermoScientific 
Neptune Plus MC-ICP-MS in the Institut für Planetologie at the Uni
versity of Münster. The analytical protocol was adapted from Zhang 
et al. (2011), Gerber et al. (2017), and Burkhardt et al. (2019). Sample 
solutions of ~600 ng/g Ti in 0.3 M HNO3–0.0014 M HF were introduced 
using a Savillex nebulizer (~60 μl/min uptake rate) and a Cetac Aridus 
II desolvator. With this setup, ion beam intensities of ~ 3.5 × 10− 10 A 
on 48Ti were obtained in high resolution mode. Instrumental mass bias 
was corrected by internal normalization to 49Ti/47Ti = 0.749766 using 
the exponential law. The Ti isotope composition is reported in the 
ε-notation (i.e. 0.01%) relative to bracketing analyses of the Origins Lab 
OL-Ti solution standard. For all samples, the reported data represent the 
mean of repeat measurements and the stated uncertainties reflect 
Student-t 95% confidence intervals (95% CI). The accuracy and repro
ducibility of the Ti isotope measurements were assessed by repeated 
analyses of geochemical reference basalts (BHVO-2 and JB-2), which 
were processed through the full chemical separation and analyzed 
together with each set of samples. The εiTi values obtained for the 
terrestrial rock standard JB-2 are indistinguishable from the OL-Ti so
lution standard (Millet and Dauphas, 2014), while repeated measure
ments of several digestions of BHVO-2 display small offsets of about 
–0.1 ε50Ti, consistent with results of previous studies (Gerber et al., 
2017; Render et al., 2019; Torrano et al., 2019, 2024; Rüfenacht et al., 
2023).

Chromium was collected during the first step of the anion exchange 
chromatography used for the separation of Ti, where Cr is eluted in 12 
M HNO3 together with most other matrix elements. For samples that 
have previously been analyzed for Mo isotopes, Cr was collected using 
0.5 M HCl–0.5 M HF during the first step of the anion exchange chro
matography used for the separation of W and Mo (Budde et al., 2019; 
Hopp et al., 2020). Chromium concentrations for all samples were 
measured on small aliquots (0.1 vol%) on a ThermoScientific XSeries II 
quadrupole ICP-MS at the University of Münster, and finally, aliquots 
(equivalent to ~30 µg Cr) were taken from the matrix cuts of either the 
Ti or the W/Mo chemistry. Chromium was separated from matrix ele
ments using a combination of anion and cation exchange columns 
(Schneider et al., 2020). The Cr yields as determined by ICPMS were 
typically ~80% and total procedural blanks (<20 ng) were negligible. 
The Cr isotope measurements were performed on the ThermoScientific 
Triton Plus TIMS in the Institut für Planetologie following the method 
described in Schneider et al. (2020). Each measurement consisted of a 
four-line data acquisition scheme, where all Cr isotopes as well as Ti, V, 
and Fe interference monitors on masses 49, 51, and 56 were measured. 
Instrumental mass bias was corrected by internal normalization to 
50Cr/52Cr = 0.051859 and using the exponential law. Measurements 
were performed with a stable ion beam of ~1 × 10− 10 A on 52Cr for >4 
h. The Cr isotope composition of a sample is given in the ε-notation 
relative to the session average of several runs of the NIST SRM3112a 
solution standard. For all samples, the reported data represent the mean 
of repeat measurements and the stated uncertainties reflect 95% CI. The 
accuracy and reproducibility of the Cr isotope measurements were 
assessed by analyses of terrestrial reference materials (BHVO-2, JA-2, 
DTS-2b), which were processed through the full chemical separation Ta
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described above and analyzed together with each set of samples. The 
εiCr values of these rocks are indistinguishable within uncertainty and 
display slightly elevated ε54Cr values of between ~0.07 and ~0.20 
(Table 1), consistent with results of previous studies (Trinquier et al., 
2007; Qin et al., 2010; Mougel et al., 2018; Zhu et al., 2021b; Xu et al., 
2023). This small offset likely reflects a non-exponential isotope frac
tionation of Cr in the standard.

Molybdenum isotopes have been measured for LEW 87232 (KC), 
NWA 5492 (GC), GRA 06128 (ungrouped achondrite), NWA 13400 (CL), 
and a metal separate of NWA 13202 (ungrouped chondrite). For these 
samples, Mo was separated from the sample matrix via anion exchange 
chromatography, following our previously established procedures 
(Budde et al., 2019, and references therein). Yields as measured by 
quadrupole ICP-MS were typically ~75%, and procedural blanks were 
negligible. The Mo isotope measurements were performed on the 
ThermoScientific Neptune Plus MC-ICP-MS in the Institut für Planet
ologie. Sample solutions of ~100 ng/g Mo were introduced through a 
Savillex nebulizer with an ~50 μl/min uptake rate attached to a Aridus 
II desolvating unit, resulting in total ion beam intensities of ~1.2 ×
10− 10 A. Instrumental mass bias was corrected by internal normalization 
to 98Mo/96Mo = 1.453173 using the exponential law. The Mo isotope 
data are reported in the ε-notation relative to the bracketing runs of the 
Alfa Aesar Mo solution standard. For all samples, the reported data 
represent the mean of repeat measurements. The stated uncertainties 
reflect 95% CI for samples with N > 3 or the external reproducibility (2 
s.d.) obtained from repeated analysis of BHVO-2 for samples with N ≤ 3 
[i.e. ± 0.22 for ε94Mo and ±0.15 for ε95Mo; data reported in Budde et al. 
(2019)]. The accuracy and precision of the Mo isotope measurements 
were assessed by repeated analyses of BHVO-2, for which we obtained 
εiMo values of ~0 throughout.

3. Results

3.1. Bulk meteorites

3.1.1. Ti isotopes
The Ti isotopic data obtained in this study for bulk meteorites and 

terrestrial rocks are provided in Tables 1 and 2. Consistent with results of 
prior studies, the bulk NC meteorites are characterized by negative and 
correlated ε46Ti and ε50Ti values (Fig. S1). With the exception of bra
chinites NWA 3151 and NWA 10637 and the brachinite-like achondrite 
GRA 06128, the samples show no resolved 48Ti isotope anomalies. 
Samples from a given group of NC meteorites usually have indistin
guishable Ti isotope compositions, where ureilites have the lowest ε46Ti 
and ε50Ti values. Other achondrites analyzed in this study (i.e. 
acapulcoite-lodranites, brachinites, angrites, HEDs, main group palla
sites, and mesosiderites) and the K chondrite have smaller Ti isotope 
anomalies (ε50Ti ≈ –1.3), which are then followed by R chondrites and 
winonaites (ε50Ti ≈ –0.4), and enstatite chondrites (EC) and aubrites 
(ε50Ti ≈ 0 to –0.2). The ungrouped NC chondrites and achondrites of this 
study fall within this range of Ti isotope compositions and, importantly, 
fill some of the apparent gaps in the ε50Ti range defined by the major 
meteorite groups (Fig. 1).

The CC meteorites of this study are characterized by positive and 
correlated ε46Ti and ε50Ti values, which is again consistent with results 
of prior studies (e.g., Trinquier et al., 2009). As for the NC meteorites, 
there are no clearly resolved 48Ti isotope anomalies. The CV, CM, and CL 
chondrites investigated here fall well within the ranges of previously 
reported Ti isotopic compositions for these groups (Table 4). The un
grouped chondrites are characterized by variable ε46Ti and ε50Ti values 
that nevertheless fall within the range of known Ti isotopic compositions 
defined by the major carbonaceous chondrite groups. The different 
Allende subsamples display variable Ti isotope compositions with a 
range of ~2 ε50Ti, as expected from the different amounts of Ca-Al-rich 
inclusions (CAIs) contained in them. Finally, NWA 6926 displays only a 
moderate 50Ti excess, consistent with Ti isotopic data for other 

ungrouped carbonaceous achondrites (Sanborn et al., 2019; Williams 
et al., 2020).

As for the NC meteorites alone, the ε50Ti and ε46Ti values of all bulk 
meteorites of this study are linearly correlated with a slope of 5.7 ± 0.1 
(95% CI, n = 66; Fig. 1), in agreement with the slope of 5.6 ± 0.1 defined 
by a previous combined regression of NC meteorites, CC meteorites, and 
CAIs (Torrano et al., 2019).

3.1.2. Cr isotopes
The Cr isotopic data for 22 of the bulk meteorite samples analyzed in 

this study are reported in Tables 1–2. The newly investigated samples 
fall within the range of Cr isotope anomalies previously reported for the 
major NC meteorite groups (e.g., Trinquier et al., 2007; Qin et al., 2010; 
Zhu et al., 2021) with ε54Cr values between ca. –0.74 for ureilite MS- 
MU-20 and ~0.08 for enstatite achondrite NWA 2526 (Fig. 2 and 
Fig. S2). Two samples of this study (winonaite sample HaH 193 and 
lodranite NWA 7474) show evidence for more elevated ε54Cr values 
induced by spallation reactions due to the interaction with galactic 
cosmic rays (GCR). After correction for this effect (see Supplementary 
Material), the Cr isotopic compositions of HaH 193 (ε54Cr = –0.03 ±
0.08) and NWA 7474 (ε54Cr = –0.55 ± 0.12) are consistent with ε54Cr 
values previously reported for these groups (Goodrich et al., 2017; Li 
et al., 2018; Rüfenacht et al., 2023). Consistent with results of prior 
studies, ε54Cr and ε50Ti values of the NC meteorites of this study are 
linearly correlated (Fig. 2).

The NC meteorites of this study also exhibit variable ε53Cr values, 
including very radiogenic compositions of 1.24 ± 0.05 for the un
grouped achondrite GRA 06128. The radiogenic 53Cr variations in some 
of the investigated meteorites (e.g., winonaites) can be used to infer the 
timing of Mn-Cr fractionation in their parent bodies.

Finally, the only CC sample for which we present new Cr isotope data 
(NWA 6926) displays an elevated ε54Cr value of 1.44 ± 0.11, consistent 
with Cr isotopic data for other ungrouped carbonaceous achondrites (e. 
g., Sanborn et al., 2019; Williams et al., 2020).

3.1.3. Mo isotopes
The new Mo isotope data for four bulk NC meteorites and one bulk 

CC meteorite are reported in Tables 1–2 (and Table S2). Also given in 
these tables are the Mo isotope data for the samples for which Cr and Ti 
isotopes were analyzed in this study on digestion aliquots from earlier 
Mo studies (Worsham et al., 2017; Budde et al., 2019; Hopp et al., 2020). 
The new Mo isotope data for NC samples cover the entire range of Mo 
isotope anomalies reported for bulk NC meteorites (Fig. 3; Table 4). The 
CL chondrite NWA 13400 displays elevated ε94Mo–ε95Mo values, similar 
to CV and CO chondrites and consistent with its affinity to the CC 
reservoir.

Overall, the NC meteorites exhibit correlated ε94Mo-ε46Ti-ε50Ti- 
ε54Cr variations (Fig. 4), where in particular the chondrites (but also 
some iron meteorites; Fig. 4D) plot on well-defined correlation lines. 
Most of the achondrites also plot on or close to these correlation lines, 
but some samples plot off these lines.

3.2. Ordinary chondrite leachates

The leachate fractions of the ordinary chondrites NWA 2458 and 
WSG 95300 display Ti isotopic variability ranging from negative ε50Ti in 
L1 to more positive ε50Ti values in later leaching steps (Table 3). For 
both meteorites the majority of Ti is released during leaching step L4 (e. 
g., ~80% for NWA 2458 and ~ 50% for WSG 95300; Fig. S3), which 
accordingly exhibits Ti isotopic compositions similar to bulk OCs (ε50Ti 
= –0.62 ± 0.04; Tables 3–4). The ε46Ti and ε50Ti values of the leachates 
are positively correlated, especially for WSG 95300 (Fig. 5A). Impor
tantly, this correlation is steeper than that defined by bulk meteorites.

For comparison, the Mo isotopic compositions (from Budde et al., 
2019) of the twelve OC leachate fractions investigated here for Ti are 
also provided in Table 3. Unlike for the bulk NC meteorites, there is no 

E. Wölfer et al.                                                                                                                                                                                                                                  Geochimica et Cosmochimica Acta 430 (2026) 31–48 

35 



Table 2 
Titanium, Cr, and Mo isotope data for carbonaceous meteorites analyzed in this study.

Group Sample name Wt. Ti N ε46Ti ε48Ti ε50Ti N ε53Cr ε54Cr Mo N ε94Mo ε95Mo Δ95Mo
(mg) (µg/g) (±2σ) (±2σ) (±2σ) (±2σ) (±2σ) (µg/g) (±2σ) (±2σ) (±2σ)

CC bulk meteorites ​
Bulk Allende Allende (MS-A) 32 895 12 0.70 ± 0.06 − 0.06 ± 0.04 3.21 ± 0.11

Allende (MS-A) 24 891 11 0.63 ± 0.09 − 0.02 ± 0.05 3.22 ± 0.08
Allende (MS-A) 31 901 16 0.50 ± 0.07 − 0.05 ± 0.07 3.39 ± 0.09

Allende subsamples A2 15 1019 13 0.64 ± 0.04 0.06 ± 0.05 3.80 ± 0.07
A4 30 779 13 0.47 ± 0.10 − 0.01 ± 0.02 2.22 ± 0.11
A6 26 809 11 0.36 ± 0.06 − 0.04 ± 0.02 2.35 ± 0.06
B1 22 755 13 0.44 ± 0.07 − 0.02 ± 0.04 2.84 ± 0.08
B6 11 803 11 0.41 ± 0.06 0.04 ± 0.04 2.90 ± 0.06
C5 23 1115 13 0.71 ± 0.08 − 0.01 ± 0.06 4.03 ± 0.07
D1 19 803 11 0.45 ± 0.06 − 0.12 ± 0.04 3.06 ± 0.06
D4 22 809 14 0.41 ± 0.07 0.00 ± 0.04 2.16 ± 0.10
E2 19 899 13 0.50 ± 0.05 0.01 ± 0.04 2.98 ± 0.09
F2 26 827 14 0.46 ± 0.07 − 0.06 ± 0.04 2.91 ± 0.10
G1 23 989 13 0.59 ± 0.07 − 0.06 ± 0.09 3.01 ± 0.06
G2 25 887 11 0.61 ± 0.07 0.06 ± 0.04 3.78 ± 0.08

CM Moapa Valley 43 631 14 0.48 ± 0.09 0.02 ± 0.05 2.94 ± 0.08
CL NWA 13,400 916 900 12 0.53 ± 0.08 − 0.05 ± 0.04 2.73 ± 0.11 1.32 9 1.14 ± 0.10 0.99 ± 0.06 31 ± 8
Ungrouped chondrites DaG 430 25 827 15 0.48 ± 0.06 − 0.01 ± 0.04 2.23 ± 0.12

DaG 055 49 761 5 2.84 ± 0.17
NWA 11,086 31 563 15 0.48 ± 0.07 − 0.07 ± 0.04 2.68 ± 0.11
NWA 12,957 14 519 14 0.42 ± 0.08 0.01 ± 0.02 3.05 ± 0.10
NWA 12,416 13 620 14 0.44 ± 0.09 0.00 ± 0.05 3.08 ± 0.07
NWA 5958 15 563 15 0.45 ± 0.06 0.01 ± 0.04 2.81 ± 0.11
Acfer 094 14 592 15 0.38 ± 0.07 0.05 ± 0.05 3.41 ± 0.09
GRO 95,577 13 522 15 0.32 ± 0.08 − 0.06 ± 0.03 1.91 ± 0.09
NWA 11,024 33 661 15 0.45 ± 0.07 0.00 ± 0.04 2.81 ± 0.10
Essebi 32 565 15 0.45 ± 0.04 0.02 ± 0.03 2.97 ± 0.09

Ungrouped achondrites NWA 6926† s. aq. 226 12 0.41 ± 0.09 − 0.09 ± 0.05 1.92 ± 0.13 9 0.26 ± 0.05 1.44 ± 0.11 0.91 8 1.48 ± 0.12 1.14 ± 0.07 26 ± 10

Titanium isotope ratios are internally normalized to 49Ti/47Ti = 0.749766 and reported relative to the OL-Ti bracketing standard; Cr isotope ratios are internally normalized to 50Cr/52Cr = 0.051859 and reported relative 
to the NIST SRM3112a standard; Mo isotope ratios are internally normalized to 98Mo/96Mo = 1.453173 and reported relative to the Alfa Aesar Mo standard. Δ95Mo = (ε95Mo – 0.596 × ε94Mo) × 100; The Δ95Mo notation 
reflects the ppm-deviation of a sample’s 94Mo and 95Mo isotope composition from an s-process mixing line passing through the origin in ε95Mo vs. ε94Mo space. Given uncertainties of individual samples are Student-t 95% 
confidence intervals (95% CI; i.e., (t0.95, N–1 × s.d.)/√N). N: number of analyses. Titanium and Mo concentrations as determined by quadrupole ICP–MS, which have an uncertainty of ~10%. † For NWA 6926, a solution 
aliquot equivalent to ~30 µg Ti was taken from the digestion of Hopp et al. (2020), who reported the Mo isotopic data of this sample.
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obvious correlation between ε94Mo (or ε95Mo) and ε50Ti (Fig. 5B).

4. Discussion

4.1. Planetary isotope genetics

4.1.1. NC chondrites
Kakangari chondrites: Isotopic data for members of the K chondrite 

grouplet are sparse. Their petrologic, bulk chemical, and O isotope 
characteristics show similarities to several of the major chondrite groups 
(Weisberg et al., 1996). For example, while chondrules in K chondrites 
have O isotopic compositions similar to ECs, the bulk chondrites and 
matrix are more 16O-rich. This is due to the ubiquitous presence of AOA- 
like 16O-rich grains, a feature also seen in the matrix of carbonaceous 
chondrites (Weisberg et al., 1996; Nagashima et al., 2015). Despite these 
CC-like features, the Ti, Cr, and Mo isotope anomalies reported here for 
LEW 87232 demonstrate that the K chondrites belong to the NC mete
orites. Importantly, their coupled Ti-Cr-Mo isotope signatures are more 
anomalous than those of other NC chondrite groups (Fig. 4, Table 4), and 
are more similar to those observed for brachinites, acapulcoites, and 
other NC achondrites. The H4 chondrite GRV 020043 has so far been the 
only chondritic sample showing large 50Ti–54Cr deficits (ε50Ti = –1.59 
± 0.24 and ε54Cr = –0.48 ± 0.10; Li et al., 2018; Williams et al., 2020), 
but it is unclear as to whether this sample is a chondrite or rather a 
primitive achondrite related to the acapulcoites-lodranites (Li et al., 
2018). Thus, at present the K chondrites represent the NC chondrites 

with the largest isotope anomalies and which substantially extend the 
range of isotope anomalies observed among NC chondrites (Fig. 4).

Rumuruti chondrites: The four investigated RC samples display only 
moderate 50Ti–54Cr deficits and 94Mo excesses, in-between those of the 
ECs and OCs, and similar to the isotopic composition of Mars (Zhu et al., 
2021a; Zhu et al., 2022a; Burkhardt et al., 2021; Rüfenacht et al., 2023) 
(Fig. 4). This contrasts with the RC’s endmember isotope signature for O 
(Bischoff et al., 2011) and implies that there is no simple relationship 
between nucleosynthetic isotope anomalies and mass-independent O 
isotopic variations among NC meteorites. This decoupling may reflect 
modifications of the O isotope composition by the interaction of the 
chondrite’s components with nebular gas (Clayton, 2008) or the addi
tion of 17,18O-enriched water to the precursors of the RCs, in line with 
their oxidized mineralogy (Bischoff et al., 2011).

Metal-rich chondrites: NWA 5492, together with GRO 95551 and Si
erra Gorda 009, has been assigned to the G chondrite (GC) grouplet 
(Weisberg et al., 2015; Ivanova et al., 2020). Unlike the metal-rich 
carbonaceous CB- and CH-type chondrites, G chondrites show mineral
ogical, petrological, as well as O, C, and N isotopic similarities to NC 
chondrites. The new Mo isotopic data of this study reveal an NC origin of 
metal in NWA 5492 most similar to ECs (Fig. 3), consistent with the 54Cr 
isotopic composition of the G chondrite GRO 95551 (Zhu et al., 2023). 
Due to their metal-rich nature and lack of matrix, it has been suggested 
that the GCs formed by a large-scale impact event analogous to the 
metal-rich CB/CH chondrites (Krot et al., 2005; Weisberg et al., 2015; 
Ivanova et al., 2020). Within this framework, the combined Mo and Cr 

Table 3 
Titanium and Mo isotope data for the ordinary chondrite leachate fractions analyzed in this study.

Sample Fraction Ti N ε46Ti ε48Ti ε50Ti Mo N ε94Mo ε95Mo Δ95Mo Ref.
(µg/ 
g)

(± 2σ) (± 2σ) (± 2σ) (µg/ 
g)

(± 2σ) (± 2σ) (±
2σ)

NWA 2458 L1 (70) 18 –0.40 ±
0.05

0.06 ± 0.04 –2.44 ±
0.10

(156) 1 5.30 ± 0.22 3.25 ± 0.15 9 ± 20 [1]

(L3.2) L2 (85) 18 –0.18 ±
0.07

–0.02 ±
0.03

–1.40 ±
0.09

(2078) 6 3.18 ± 0.08 1.87 ± 0.09 –3 ± 10 [1]

​ L3 (302) 14 –0.07 ±
0.06

–0.02 ±
0.04

–0.41 ±
0.07

(301) 2 1.70 ± 0.22 1.00 ± 0.15 –1 ± 20 [1]

​ L4 (2529) 25 –0.22 ±
0.07

0.05 ± 0.03 –0.68 ±
0.06

(495) 4 –2.57 ± 0.28 –1.82 ± 0.15 –29 ±
22

[1]

​ L5 (48) 18 –0.15 ±
0.08

–0.04 ±
0.03

1.31 ± 0.07 (737) 5 –1.36 ± 0.24 –0.89 ± 0.14 –8 ± 20 [1]

​ L6 (60) 17 –0.15 ±
0.07

–0.06 ±
0.05

–0.40 ±
0.07

(192) 2 –20.53 ±
0.22

–12.22 ±
0.15

2 ± 20 [1]

​ Total / Wtd. 
Av.

(3094) –0.21 0.04 –0.67 (3958) 0.44 0.20 –6 [1]

WSG 
95,300

L1 (81) 13 –0.46 ±
0.06

0.01 ± 0.08 –3.24 ±
0.04

(98) 1 –0.76 ± 0.22 –0.40 ± 0.15 5 ± 20 [1]

(H3.3) L2 (101) 15 –0.25 ±
0.06

–0.08 ±
0.03

–1.54 ±
0.08

(1198) 4 0.83 ± 0.13 0.52 ± 0.04 3 ± 9 [1]

​ L3 (132) 19 0.09 ± 0.07 –0.04 ±
0.03

1.66 ± 0.09 (523) 4 –3.30 ± 0.24 –2.10 ± 0.15 –13 ±
21

[1]

​ L4 (372) 18 –0.21 ±
0.11

0.02 ± 0.04 –0.56 ±
0.07

(1187) 6 –0.10 ± 0.14 –0.17 ± 0.12 –11 ±
15

[1]

​ L5 (10) 13 –0.03 ±
0.05

–0.04 ±
0.04

0.67 ± 0.06 (2021) 6 3.13 ± 0.11 1.89 ± 0.10 2 ± 12 [1]

​ L6 (34) 13 –0.15 ±
0.05

–0.01 ±
0.04

–0.25 ±
0.08

(109) 1 6.40 ± 0.22 4.32 ± 0.15 51 ± 20 [1]

​ Total / Wtd. 
Av.

(731) –0.19 –0.01 –0.56 (5137) 1.19 0.69 –1 [1]

​ Av. bulk OC [2] –0.14 ±
0.02

–0.01 ±
0.03

–0.62 ±
0.04

0.66 ± 0.12 0.26 ± 0.06 –13 ± 9

Titanium isotope ratios are internally normalized to 49Ti/47Ti = 0.749766 and reported relative to the OL-Ti bracketing standard; Mo isotope ratios are internally 
normalized to 98Mo/96Mo = 1.453173 and reported relative to the Alfa Aesar Mo standard. Δ95Mo = (ε95Mo – 0.596 × ε94Mo) × 100; The Δ95Mo notation reflects the 
ppm-deviation of a sample’s 94Mo and 95Mo isotope composition from an s-process mixing line passing through the origin in ε95Mo vs. ε94Mo space. Given uncertainties 
of individual samples are Student-t 95% confidence intervals (95% CI) for samples with N > 3 [i.e., (t0.95, N–1 × s.d.)/√N] or reflect the external reproducibility (2 s.d.) 
obtained from repeated analysis of the terrestrial standards for samples with N ≤ 3 (in case of Mo). For the Ti isotope analyses, solution aliquots (equivalent to ~ 30 µg 
Ti) were taken from the previously obtained leachate fractions from Budde et al. (2019). N: number of analyses. References: [1] Budde et al., 2019, [2] Rüfenacht et al., 
2023.
Titanium concentrations as determined by quadrupole ICP–MS, which have an uncertainty of ~10%. For the acid leachate fractions the amount of Ti (µg) and Mo (µg) 
released in each respective leaching step are reported.
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isotopic data would indicate that the collision occurred between two NC 
bodies. Similarly, the metal-rich, ungrouped chondrite NWA 13202 
displays petrologic properties similar to both CBs and OCs, and an 
impact origin has also been suggested for this chondrite (Jansen et al., 
2019). The Ti, Cr, and Mo isotopic compositions measured for NWA 
13202 in this study are indistinguishable from OCs, indicating an NC 
origin of NWA 13202 and—in case of an impact origin—of the colliding 
bodies that produced the NWA 13202 parent body.

4.1.2. CC chondrites
The CL chondrite group has only recently been defined (Metzler 

et al., 2021) and nucleosynthetic isotope anomaly data for this group 
has so far been limited to Ti and Cr. The Mo isotopic composition of the 
CL chondrite NWA 13400 determined in this study confirms a CC origin 
of this group and is most similar to CV and CO chondrites (Fig. 3). This is 
consistent with the similar 54Cr compositions of CL and CV/CO chon
drites. By contrast, the 50Ti composition of CL chondrites is different 
from CV chondrites, consistent with the ε50Ti value measured here for 
NWA 13400 (and in Metzler et al., 2021). The two ungrouped carbo
naceous chondrites DaG 055 (C3-ung) and DaG 430 (C3-ung) are 
probably paired (together with DaG 056) and show mineralogical and 
petrological similarities to both CL and CV chondrites (Scherer and 
Schultz, 2000). However, their Ti isotopic compositions as determined 
in this study suggest they are genetically related to CL rather than CV 
chondrites. As such, these samples may be the first identified type 3 

samples of the CL chondrite group.
One problem with using Ti isotope variations in carbonaceous 

chondrites to assess genetic relationships is that ε50Ti values may vary at 
the sampling scale owing to the heterogeneous distribution of CAIs. 
These have relatively large 50Ti excesses and owing to their elevated Ti 
abundance, exert a strong control on the Ti isotopic composition of a 
sample (e.g., Trinquier et al., 2009; Davis et al., 2018; Burkhardt et al., 
2019; Torrano et al., 2019, 2023; Zhu et al., 2025). This is evident from 
the ε50Ti variations observed among the subsamples of the Allende CV3 
chondrite investigated in this study. As can be seen in Fig. 1 of Stracke 
et al. (2012), the subsamples C5, G2, and A2 include visible CAIs. 
Consistent with this, these subsamples are also characterized by the 
largest 50Ti excesses of up to ε50Ti ≈ 4 together with the highest TiO2 
contents, which is a chemical proxy for the abundance of Ti-rich, re
fractory inclusions (especially CAIs; Fig. S4). By contrast, the other 
subsamples are mostly dominated by matrix and chondrules, and in 
particular subsamples A4, A6, and D4 show only moderate 50Ti excesses 
of ε50Ti ≈ 2.2 and low TiO2 contents. Together, these results imply that 
the Ti isotope compositions of individual CC chondrites obtained on 
small samples may not reflect the composition of the true bulk rock. As 
such it is important to recognize that both DaG 055 and DaG 430 exhibit 
similar ε50Ti versus TiO2 systematics as the Allende subsamples of this 
study (Fig. S4), introducing some uncertainty in assigning these samples 
to either the CL or CV chondrites.

Fig. 1. Titanium isotope compositions of non-carbonaceous (NC; red) and carbonaceous (CC; blue) meteorites obtained in this study. Chondrites are shown with 
open, achondrites with filled symbols. The dashed line represents a regression of the combined NC and CC data and was calculated using IsoplotR (95% CI error 
envelope). Literature data is included in the shaded ellipses (see Table 4 for details and references). Abbreviations: Bra – Brachinites, HED – Howardites-Eucrites- 
Diogenites, Ang – Angrites, Aub – Aubrites, Aca-Lod – Acapulcoite-Lodranites, Win – Winonaites, Ure – Ureilites, Mes – Mesosiderites, KC – Kakangari chondrites, RC 
– Rumuruti chondrites.
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Table 4 
Summary of Ti, Cr, and Mo isotope data for bulk planetary materials.

ε46Ti 
(± 2σ)

ε50Ti 
(± 2σ)

ε53Cr 
(± 2σ)

ε54Cr 
(± 2σ)

ε94Mo 
(± 2σ)

Carbonaceous chondrites
CI 0.32 ±

0.05
1.91 ±
0.06

0.29 ±
0.06

1.60 ±
0.08

0.79 ±
0.41

CM 0.51 ±
0.04

3.00 ±
0.11

0.19 ±
0.04

0.96 ±
0.06

4.82 ±
0.45

CO 0.63 ±
0.07

3.52 ±
0.44

0.10 ±
0.07

0.83 ±
0.18

1.29 ±
0.34

CV 0.60 ±
0.04

3.39 ±
0.17

0.10 ±
0.02

0.91 ±
0.05

1.27 ±
0.51

CL 0.49 ±
0.05

2.63 ±
0.14

0.07 ±
0.05

0.70 ±
0.08

1.14 ±
0.10

CK 0.61 ±
0.08

3.63 ±
1.05

0.07 ±
0.05

0.50 ±
0.11

1.62 ±
0.14

CR 0.41 ±
0.06

2.22 ±
0.24

0.23 ±
0.09

1.31 ±
0.07

2.86 ±
0.28

CB 0.33 ±
0.04

1.73 ±
0.18

0.07 ±
0.26

1.28 ±
0.25

1.30 ±
0.04

CH 0.36 ±
0.03

2.00 ±
0.08

0.16 ±
0.15

1.47 ±
0.10

1.79 ±
0.10

Tagish Lake 0.47 ±
0.10

2.74 ±
0.06

0.37 ±
0.47

1.25 ±
0.17

Tarda 0.44 ±
0.09

2.60 ±
0.09

0.23 ±
0.07

1.40 ±
0.16

Bells 0.15 ±
0.01

1.23 ±
0.07

Essebi 0.48 ±
0.07

2.91 ±
0.15

0.24 ±
0.05

1.44 ±
0.11

Flensburg 0.54 ±
0.01

3.15 ±
0.47

0.20 ±
0.01

1.01 ±
0.16

Ningqiang 0.11 ±
0.03

0.75 ±
0.08

Acfer 094 0.43 ±
0.14

3.08 ±
0.93

0.23 ±
0.06

1.39 ±
0.16

BUC 10,933 0.07 ±
0.04

0.86 ±
0.05

DaG 055 2.84 ±
0.17

DaG 429 0.02 ±
0.04

0.69 ±
0.03

DaG 430 0.48 ±
0.06

2.23 ±
0.12

0.04 ±
0.02

0.75 ±
0.04

DaG 978 0.09 ±
0.03

0.86 ±
0.08

EET 83,226 4.25 ±
0.15

0.93 ±
0.13

EET 83,355 3.11 ±
0.15

0.76 ±
0.13

GRO 95,566 3.50 ±
0.15

0.92 ±
0.13

GRO 95,577 0.32 ±
0.08

1.91 ±
0.09

LEW 85,332 2.42 ±
0.15

1.23 ±
0.13

MAC 87,300 4.67 ±
0.15

0.09 ±
0.02

0.73 ±
0.04

MAC 87,301 4.12 ±
0.15

0.10 ±
0.03

0.82 ±
0.03

MAC 88,107 3.03 ±
0.15

0.11 ±
0.03

0.90 ±
0.61

MIL 07,513 0.11 ±
0.03

0.93 ±
0.07

MIL 090,292 0.14 ±
0.02

1.26 ±
0.04

NWA 1152 0.10 ±
0.02

0.72 ±
0.04

NWA 1839 3.20 ±
0.51

1.03 ±
0.07

NWA 2994 1.31 ±
0.10

NWA 5958 0.48 ±
0.06

3.02 ±
0.57

0.19 ±
0.08

1.17 ±
0.04

NWA 11,024 0.47 ±
0.06

2.83 ±
0.05

0.24 ±
0.06

1.02 ±
0.16

Table 4 (continued )

ε46Ti 
(± 2σ) 

ε50Ti 
(± 2σ) 

ε53Cr 
(± 2σ) 

ε54Cr 
(± 2σ) 

ε94Mo 
(± 2σ)

NWA 11,086 0.44 ±
0.12

2.75 ±
0.20

0.14 ±
0.16

1.03 ±
0.16

NWA 12,416 0.45 ±
0.04

2.93 ±
0.44

0.16 ±
0.04

1.29 ±
0.31

NWA 12,957 0.44 ±
0.04

2.96 ±
0.27

0.27 ±
0.04

1.05 ±
0.11

QUE 99,038 0.06 ±
0.01

0.92 ±
0.01

WIS 91,600 0.47 ±
0.09

3.07 ±
0.05

0.14 ±
0.08

1.33 ±
0.22

Carbonaceous achondrites
Tafassasset 0.35 ±

0.10
2.03 ±
0.06

0.21 ±
0.04

1.41 ±
0.09

1.60 ±
0.16

NWA 2788 2.13 ±
0.51

0.00 ±
0.04

1.04 ±
0.12

NWA 2994 2.48 ±
0.96

NWA 2976 1.43 ±
0.07

NWA 3100 0.31 ±
0.13

1.91 ±
0.31

1.50 ±
0.11

NWA 3704 0.39 ±
0.05

1.56 ±
0.10

NWA 6693 0.31 ±
0.05

1.60 ±
0.10

NWA 6704 0.36 ±
0.16

2.08 ±
0.01

1.56 ±
0.10

1.48 ±
0.12

NWA 6926 0.41 ±
0.09

1.92 ±
0.13

0.26 ±
0.05

1.44 ±
0.11

1.48 ±
0.12

NWA 7822 2.13 ±
0.51

1.14 ±
0.08

NWA 8548 1.53 ±
0.10

Non-carbonaceous chondrites
EC –0.05 ±

0.05
–0.16 ±

0.06
0.17 ±
0.03

0.02 ±
0.03

0.41 ±
0.08

OC –0.14 ±
0.02

–0.62 ±
0.04

0.22 ±
0.05

–0.37 ±
0.02

0.66 ±
0.12

R –0.08 ±
0.05

–0.42 ±
0.07

0.23 ±
0.02

–0.07 ±
0.02

0.49 ±
0.32

K –0.26 ±
0.06

–1.28 ±
0.08

0.56 ±
0.16

–0.43 ±
0.04

0.94 ±
0.12

GRO 95,551 0.01 ±
0.03

–0.07 ±
0.08

GRV 020,043 –1.59 ±
0.24

–0.48 ±
0.10

LAP 04,757 –0.19 ±
0.15

–0.33 ±
0.13

LAP 04,773 –0.54 ±
0.15

–0.46 ±
0.16

MIL 15,362 0.18 ±
0.02

–0.37 ±
0.05

NWA 5492 0.33 ±
0.16

NWA 5717 –0.61 ±
0.07

0.22 ±
0.02

–0.34 ±
0.10

NWA 13,202 –0.08 ±
0.04

–0.64 ±
0.05

0.28 ±
0.19

–0.24 ±
0.17

0.73 ±
0.16

Non-carbonaceous achondrites
Winoniaites –0.04 ±

0.08
–0.34 ±

0.20
0.34 ±
0.28

–0.06 ±
0.14

0.22 ±
0.10

Aubrites –0.03 ±
0.07

–0.06 ±
0.06

1.27 ±
0.38

0.02 ±
0.07

0.53 ±
0.16

HEDs –0.26 ±
0.03

–1.24 ±
0.03

0.54 ±
0.17

–0.64 ±
0.08

Mesosiderites –0.24 ±
0.04

–1.24 ±
0.03

0.59 ±
0.69

–0.65 ±
0.11

1.03 ±
0.04

Acapulcoites- 
lodranites

–0.25 ±
0.05

–1.40 ±
0.06

0.27 ±
0.06

–0.61 ±
0.07

0.94 ±
0.30

(continued on next page)
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4.1.3. Achondrites
‘Brachinite-like’ achondrites: GRA 06128, NWA 5400, and NWA 6112 

display distinct ε50Ti values, and only NWA 6112 is characterized by a Ti 
isotopic composition (ε50Ti = –1.44 ± 0.09) typically observed for 
brachinites (ε50Ti ≈ –1.3, Table 4). By contrast, GRA 06128 shows a 
lower and NWA 5400 a higher ε50Ti than observed for brachinites. 
Likewise, the ε54Cr of all three samples, especially of GRA 06128 and 
NWA 6112 (ε54Cr = –0.63 ± 0.14 and –0.60 ± 0.13, respectively), are 
different from those observed for the brachinites investigated here 
(average ε54Cr = –0.35 ± 0.16). The ε94Mo values of all three samples 
are also distinct from each other and cover almost the entire range of Mo 
isotope variations observed among NC meteorites (Fig. 3); only the 
ε94Mo of GRA 06128 is similar to that of brachinites. Although some of 

this variability might be due to parent-body processes and terrestrial 
alteration (Yokoyama et al., 2019), the combined Ti-Cr-Mo anomalies 
suggest that the three ‘brachinite-like’ ungrouped achondrites sample 
distinct parent bodies.

Northwest Africa 1058: Based on petrologic and/or O isotopic simi
larities, this ungrouped achondrite has been genetically linked to 
acapulcoite-lodranites, diogenites, or winonaites (Eugster and 
Lorenzetti, 2005). However, while the 50Ti and 54Cr isotopic composi
tions of NWA 1058 determined in this study are distinct from these NC 
achondrites and more similar to those of ordinary chondrites, the Mo 
isotopic composition of NWA 1058 is distinct from the OCs but more 
similar to some NC achondrites (Fig. 3). Thus, NWA 1058 likely origi
nates from a distinct parent body than the other achondrites. Of note, 
winonaites themselves display distinct Ti, Cr, and Mo isotope anomalies 
compared to acapulcoite-lodranites, and so although these primitive 
achondrites share some textural and petrological characteristics 
(Weisberg et al., 2006; Dhaliwal et al., 2017; Keil and McCoy, 2018), 
they likely originate from genetically distinct parent bodies.

Northwest Africa 2526: As an enstatite-rich achondrite, NWA 2526 
has been interpreted as a partial melt residue from an EC-like parent 
body (Keil and Bischoff, 2008). Consistent with this, the Ti and Cr iso
topic compositions of this sample are indistinguishable from ECs and 
aubrites (Zhang et al., 2012; Zhu et al., 2021c). Likewise, NWA 2526 
exhibits an EC-like Ru isotope composition, although its Mo isotope 
anomalies are slightly distinct, possibly due to heterogeneous sampling 
or selective processing of s-process Mo carriers on the parent body (Hopp 
et al., 2020).

Northwest Africa 6926: The 50Ti and 54Cr excesses measured for this 
ungrouped achondrite are consistent with its CC heritage inferred from 
Mo isotopes (Hopp et al., 2020), and the Ti and Cr isotopic composition 
of its proposed paired meteorites NWA 6693 and NWA 6704 (Sanborn 
et al., 2019; Williams et al., 2020). Based on its O isotopic and bulk 
chemical composition NWA 6926 has been interpreted to represent an 
igneous cumulate from an unusually oxidized body distinct from other 
CC-type achondrites (Warren et al., 2013). In 54Cr–50Ti isotope space, 
however, NWA 6926 does not seem to be different from other CC-type 
achondrites, suggesting that the more oxidized nature of this sample 
reflects processes on the parent body rather than genetic differences.

4.2. Isotope anomalies in ordinary chondrite leachates versus bulk NC 
meteorites

The sequential digestion (leaching) of primitive chondrites is a 
powerful way of investigating the intrinsic, component-based isotopic 
variability of the disk at the time and place of the accretion of the 
chondrite parent bodies (Rotaru et al., 1992). Owing to their more 
primitive nature and thus higher abundance of presolar grains, this 
procedure has until now mostly been applied to carbonaceous chon
drites, although some isotope data for leachates of NC chondrites also 
exist (Wang et al., 2011; Qin et al., 2011; Budde et al., 2019; Kadlag 
et al., 2021; Frossard et al., 2022, 2024). However, none of these prior 
studies on NC chondrites have investigated Ti isotope variations, and so 
the Ti isotopic data of this study are the first to allow assessing the origin 
and nature of Ti isotope variations among the presolar components of 
the NC reservoir.

The total ~5 ε50Ti range among the OC leachates is smaller than the 
~11 and ~15 ε50Ti ranges observed among leachates of the CI chondrite 
Orgueil and the CM chondrite Murchison (Trinquier et al., 2009; Bur
khardt et al., 2019), most likely reflecting a higher degree of isotopic 
homogenization of the original presolar grain population during thermal 
metamorphism on the OC parent bodies, as well as an overall lower 
matrix content of OCs (Alexander et al., 1990; Barosch et al., 2022). 
Nevertheless, a common feature of the NC and CC leachates is that their 
Ti isotope anomalies do not follow the slope defined by bulk meteorites 
(Fig. 5A). Instead, the NC leachates define a steeper slope with some 
excess scatter, suggesting the presence of multiple isotopically distinct 

Table 4 (continued )

ε46Ti 
(± 2σ) 

ε50Ti 
(± 2σ) 

ε53Cr 
(± 2σ) 

ε54Cr 
(± 2σ) 

ε94Mo 
(± 2σ)

Angrites –0.21 ±
0.02

–1.17 ±
0.07

1.04 ±
0.77

–0.43 ±
0.06

0.75 ±
0.11

Brachinites –0.26 ±
0.09

–1.33 ±
0.23

0.25 ±
0.16

–0.40 ±
0.15

1.15 ±
0.12

Ureilites –0.36 ±
0.04

–2.01 ±
0.07

0.24 ±
0.07

–0.86 ±
0.04

0.96 ±
0.04

Erg Chech 002 –1.08 ±
0.30

0.35 ±
0.16

–0.66 ±
0.23

GRA 06,128 –0.20 ±
0.06

–1.58 ±
0.39

1.24 ±
0.05

–0.53 ±
0.28

1.03 ±
0.22

GRA 06,129 –1.55 ±
0.27

–0.46 ±
0.13

NWA 468 –1.54 ±
0.42

–0.59 ±
0.09

NWA 1058 –0.20 ±
0.04

–0.68 ±
0.10

0.50 ±
0.07

–0.39 ±
0.06

1.31 ±
0.11

NWA 2526 –0.03 ±
0.05

–0.01 ±
0.13

0.17 ±
0.05

0.08 ±
0.11

NWA 5363 –0.16 ±
0.06

–1.00 ±
0.14

0.23 ±
0.13

–0.31 ±
0.24

0.66 ±
0.22

NWA 5400 –0.17 ±
0.08

–1.01 ±
0.05

0.13 ±
0.12

–0.43 ±
0.08

0.66 ±
0.22

NWA 6112 –0.27 ±
0.10

–1.44 ±
0.09

0.24 ±
0.04

–0.60 ±
0.13

1.55 ±
0.22

NWA 7325 –1.58 ±
0.33

–0.61 ±
0.11

NWA 8054 –1.01 ±
0.38

–0.44 ±
0.08

Planets
Earth –0.05 ±

0.02
–0.03 ±

0.02
0.01 ±
0.02

0.03 ±
0.03

0.03 ±
0.05

Mars –0.11 ±
0.03

–0.41 ±
0.06

0.18 ±
0.01

–0.16 ±
0.03

0.50 ±
0.55

See data repository: https://doi.org/10.17632/pbdbzbsrvg.1 for a detailed 
compilation of individual meteorite data and corresponding references.
ε50Ti data: Trinquier et al., 2009; Zhang et al., 2011, 2012; Goodrich et al., 2017; 
Burkhardt et al., 2017, 2021; Gerber et al., 2017; Bischoff et al., 2017, 2019; 
Sanborn et al., 2019; Torrano et al., 2019, 2021; Williams et al., 2020, 2021; 
Metzler et al., 2021; Hellmann et al., 2023; Rüfenacht et al., 2023; Wölfer et al., 
2023; this study.
ε54Cr data: Shukolyukov and Lugmair, 2004, 2006; Trinquier et al., 2007, 
2008a, b; Qin et al., 2010; Yamakawa et al., 2010; Yamashita et al., 2010; Larsen 
et al., 2011; Petitat et al., 2011; Schiller et al., 2014; Jenniskens et al., 2014; 
Göpel et al., 2015; Van Kooten et al., 2016, 2020; Schmitz et al., 2016; Goodrich 
et al., 2017; Burkhardt et al., 2017, 2021; Mougel et al., 2018; Li et al., 2018; 
Sanborn et al., 2019; Zhu et al., 2019, 2020,2021a,b,2022, 2023; Pedersen et al., 
2019; Kadlag et al., 2019, 2021; Bischoff et al., 2019; Kruijer et al., 2020; Wil
liams et al., 2020; Torrano et al., 2021, 2023; Metzler et al., 2021; Anand et al., 
2022; Hellmann et al., 2023; Rüfenacht et al., 2023; Krestianinov et al., 2023; 
Wölfer et al., 2023; Frossard et al., 2024; Kruttasch et al., 2024; Yang et al., 
2025; this study.
ε94Mo data: Burkhardt et al., 2011, 2017, 2021; Budde et al., 2016, 2018, 2019; 
Render et al., 2017; Worsham et al., 2017; Bermingham et al., 2018; Yokoyama 
et al., 2019; Hopp et al., 2020; Wölfer et al., 2023; this study.
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Ti carriers (Trinquier et al., 2009; Steele and Boehnke, 2015; Burkhardt 
et al., 2019). Similarly, the combined ε50Ti–ε94Mo data for the OC 
leachates define no obvious correlation (Fig. 5B), unlike the bulk NC 
meteorites. While the lack of such a correlation for Ti and Mo may reflect 
the differential dissolution and redistribution of distinct isotopically 
anomalous carriers during parent body processes (e.g., Yokoyama et al., 
2023), these processes cannot account for the disparate slopes of isotope 
correlations for a single element, as observed in ε46Ti–ε50Ti space. Thus, 
consistent with inferences from CC leachates (Trinquier et al., 2009; 
Burkhardt et al., 2019), it appears that the presolar carriers still present 
in ordinary chondrites do not seem to be directly responsible for the 
correlated Ti isotope variations among the bulk NC meteorites.

4.3. Origin of the NC isotope trend

The NC meteorites display broadly correlated isotope anomalies for 
46Ti, 50Ti, 54Cr, and 94Mo (Fig. 4), where some differentiated meteorites 
(e.g., ureilites, some iron meteorites) plot on one end of these trends, and 
enstatite chondrites, aubrites, and winonaites on the other end, close to 
the composition of the BSE. There is scatter beyond analytical uncer
tainty along these trends, regardless of which of the three elements are 
plotted against each other. Importantly though, most of the scatter 
comes from the composition of achondrites, while chondrites (and also 
most iron meteorites) plot along reasonably well-defined correlation 
lines. This is particularly evident in a plot of ε50Ti vs. ε94Mo (Fig. 4C), 
where the ECs, OCs, RCs, and KCs together with the ungrouped chon
drite NWA 13202 plot along a single well-defined correlation line with 
no excess scatter (MSWD = 0.43; IsoplotR). While most achondrites also 
plot within uncertainty of this correlation line, several of them plot off 
the line, such as for example the winonaites, ureilites, and some 

ungrouped achondrites. A similar observation can be made from the 
ε54Cr–ε94Mo plot (Fig. 4D), where the NC chondrites also define a linear 
trend, albeit with more scatter (MSWD = 2.3; IsoplotR). Moreover, 
magmatic iron meteorites, which sample the metallic cores of differen
tiated planetesimals, also plot on this trend, while again some achon
drites plot off this trend.

There are at least two explanations for why achondrites appear to 
preferentially plot off of the linear NC isotope trends defined by chon
drites (and most iron meteorites). First, this may reflect selective pro
cessing of presolar carriers during partial melting on the parent bodies 
(Goderis et al., 2015). Although melting would be expected to homog
enize any pre-existing isotopic heterogeneity in an object, it is 
conceivable that partial melting associated with rapid melt migration 
led to the selective removal of thermally labile and isotopically anom
alous presolar host phases, thereby creating complementary isotope 
anomalies in the melting residues. This process was suggested to account 
for the strong enrichment of s-process Os in ureilites (Goderis et al., 
2015) and for the decoupling of s-process signatures for Mo and Ru in 
brachinites and some primitive achondrites (Hopp et al., 2020). 
Importantly, all the samples deviating from the ε50Ti–ε94Mo and 
ε54Cr–ε94Mo trends defined by NC chondrites are primitive achondrites 
and as such derive from parent bodies that underwent only partial 
melting. These samples deviate from the NC trend mostly towards more 
s-process-depleted compositions (i.e. more positive ε94Mo), and so if 
selective removal of presolar host phases during partial melting is 
responsible for this deviation, then s-process-rich Mo host phases must 
have been preferentially removed.

A second possibility is the heterogeneous distribution of chemically 
and isotopically distinct precursor materials among the NC parent 
bodies. For instance, isotopic variations among the carbonaceous 

Fig. 2. ε54Cr vs. ε50Ti for the NC meteorites investigated in this study. Chondrites are shown with open, achondrites with filled symbols. The red line represents a 
regression of the data (excluding terrestrial samples) calculated using IsoplotR (95% CI error envelope). Note that our data are consistent with literature data (see 
Table 4 for details and references). Abbreviations: Bra – Brachinites, Aca-Lod – Acapulcoite-Lodranites, Win – Winonaites, Ure – Ureilites, Mes – Mesosiderites, KC – 
Kakangari chondrites, RC – Rumuruti chondrites.
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chondrites are thought to reflect variable abundances of CAIs, chon
drules, and matrix, all of which have distinct nucleosynthetic signatures 
(Alexander, 2019; Hellmann et al., 2023). NC chondrites are strongly 
depleted in CAIs (Bischoff and Keil, 1983; Fagan et al., 2000; Dunham 
et al., 2023), so the CAIs still present in them had no measurable effect 
on the isotopic composition of the bulk sample. However, some or most 
of the initial CAI population may have been reprocessed into chondrules 
and so can only be identified using the chondrule’s chemical and iso
topic composition. The 50Ti and 54Cr isotopic compositions of NC 
chondrules provides no evidence for the substantial incorporation of 
CAIs with 50Ti and 54Cr excesses (the typical composition of CAIs from 
carbonaceous chondrites) (e.g., Gerber et al., 2017). However, Na-Al- 
rich chondrules in ordinary chondrites are enriched in refractory ele
ments and are characterized by 50Ti deficits, at one end of the NC trend 
and in some cases distinct from the 50Ti composition of their chondrite 
hosts (Ebert et al., 2018). Although the initial abundance of these re
fractory materials having 50Ti deficits is not known, it is conceivable that 
the heterogeneous distribution of these materials among different NC 
bodies produced some scatter along the NC trend. For instance, in the 
ε50Ti vs. ε54Cr plot (Fig. 4B), the K chondrites and the ‘acapulco-chon
drite’ GRV 020043 deviate from the trend defined by the ECs, RCs, OCs, 
and other ungrouped NC chondrites in a manner as expected for a higher 
abundance of a refractory component having a 50Ti deficit. As observed 
for CAIs, such a refractory component would be strongly enriched in Ti 
but not in Cr, and so its addition may change the ε50Ti of a sample 
without affecting its ε54Cr. There are several achondrites (e.g., angrites, 
brachinites, ungrouped achondrites) having a similar 50Ti–54Cr 
composition as the K chondrites and GRV 020043, and so one implica
tion of this model would be that the parent bodies of these achondrites 
were also enriched in this refractory component. Together these 

observations imply that the heterogeneous distribution of chemically 
and isotopically distinct precursor components may be responsible for 
some of the scatter observed along the NC trend, and for the isotopic 
variations along this trend.

4.4. Comparison of NC chondrites and differentiated meteorites

The samples of this study include previously not, or just poorly, 
investigated meteorite groups (e.g., RC, KC, acapulcoites-lodranites, 
brachinites, ureilites, winonaites, mesosiderites), and so the new Ti, 
Cr, and Mo isotopic data for these samples allow a much more 
comprehensive assessment of the overall range of isotope anomalies in 
the NC reservoir for a diverse set of parent bodies that formed over an 
extended period of time. A key observation from the new data is that the 
nucleosynthetic isotope signatures of NC chondrites span almost the 
same range of compositions as the differentiated NC meteorites 
(Figs. 1–4). Within this framework, the new data for K chondrites are 
particularly important, as they considerably extend the range of 50Ti 
anomalies among NC chondrites towards the more anomalous compo
sitions observed for some differentiated NC meteorites. Although there 
is considerable uncertainty in some of the accretion ages, there is broad 
agreement that differentiated and partially differentiated parent bodies 
formed within the first ~1.5 Ma of the solar system, i.e. during a time 
when the short-lived radionuclide 26Al was sufficiently abundant to 
induce parent body melting. This is consistent with accretion ages for 
iron meteorite and achondrite parent bodies inferred from Hf-W chro
nology of core formation in these bodies (Kleine et al., 2012; Kruijer 
et al., 2014; Touboul et al., 2015; Budde et al., 2015). Chondrites, by 
contrast, derive from parent bodies that did not melt and, therefore, 
almost certainly formed more than ~2 Ma after solar system formation, 

Fig. 3. Molybdenum isotope systematics of NC and CC meteorites. The five meteorites measured in this study (NWA 13400, GRA 06128, LEW 87232, NWA 13202, 
NWA 5492) are labelled. Mo isotope data from previous studies conducted on the same solution/powder aliquots as the Ti and Cr isotope measurements of this study 
are shown by the larger symbols, while the major NC and CC chondrite groups are shown for comparison with smaller symbols. Literature data is included in the 
shaded ellipses (see Table 4 for details and references). The slopes of the NC and CC lines are from Spitzer et al. (2025a) and Budde et al. (2019), respectively. 
Abbreviations: Bra – Brachinites, Ang – Angrites, Aub – Aubrites, Aca-Lod – Acapulcoite-Lodranites, Win – Winonaites, Ure – Ureilites, Mes – Mesosiderites, KC – 
Kakangari chondrites, RC – Rumuruti chondrites.
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when too little 26Al remained to induced melting and differentiation. 
This is consistent with chondrite parent body accretion ages inferred 
from the ages of the youngest chondrules from a given chondrite (e.g., 
Rudraswami and Goswami, 2007; Rudraswami et al., 2008; Villeneuve 
et al., 2009; Kita and Ushikubo, 2012; Pape et al., 2019; Siron et al., 
2021) and thermochronology of NC parent bodies (e.g., Trieloff et al., 
2003; Kleine et al., 2008; Sugiura and Fujiya, 2014; Blackburn et al., 
2017). We note, however, that unlike for other NC chondrites, there are 
no chronological data available for the K chondrites which would allow 
assessing their accretion age directly. Since these chondrites have the 
largest 50Ti deficits among the NC chondrites, the inference of a similar 
range of 50Ti compositions between differentiated and undifferentiated 
meteorites depends on the assumption that the K chondrites formed as 
late as other NC chondrites. Nevertheless, this assumption is reasonable, 
as available chronological data for chondrites generally indicate late 
accretion times and because there is no obvious reason why the K 
chondrites specifically should have formed earlier. We therefore 
conclude that despite their different accretion ages, early-formed 
differentiated meteorites and later-formed chondrites show a large 
overlap in their isotopic compositions (Fig. 4). The lack of any obvious 

temporal evolution of the NC isotopic composition implies that there 
was a significant dust-drift barrier isolating the NC and CC reservoirs for 
essentially the entire life-time of the disk. This is consistent with prior 
observations based primarily on the distinct Mo isotope signatures of NC 
and CC meteorites (e.g., Kleine et al., 2020; Spitzer et al., 2020).

The efficient isolation of the NC reservoir from inward-drifting CC 
dust implies that there was no significant late-stage replenishment of 
dust in the inner disk. This is problematic because any dust present in the 
inner disk is expected to have been lost on short timescales, either by 
accretion into an early generation of planetesimals or by drift into the 
Sun (e.g., Drążkowska et al., 2014; Birnstiel et al., 2016; Morbidelli 
et al., 2024). Thus, since there was no replenishment of dust from the 
outer disk, this raises the question from which dust the NC chondrites 
ultimately formed. One possibility is that this dust was produced by 
collisions among an earlier generation of planetesimals. However, the 
occurrence of presolar grains and the presence of isotope heterogeneities 
among chondrules from primitive NC chondrites (e.g., Ebert et al., 2018; 
Budde et al., 2019; Frossard et al., 2024; Marrocchi et al., 2024) imply 
that the NC chondrites formed from primitive dust that has escaped prior 
homogenization. This makes it unlikely that NC chondrites formed from 

Fig. 4. Multi-element (Ti, Cr, Mo) isotope plots illustrating the correlated isotope variations among non-carbonaceous (NC) meteorites. In each panel, meteorite 
groups are shown as composite points averaging multiple samples within each group [combination of literature data and data from this study see Table 4; ε54Cr data 
of NC irons as compiled in Tissot et al. (2025) and updated with the data from Yang et al. (2025a); ε94Mo data of NC irons as compiled by Spitzer et al. (2025a)]. As 
such, each data point represents an individual meteorite parent body. Chondrites are shown by open, achondrites by filled symbols. Note that there is scatter beyond 
analytical uncertainty along these trends, regardless of which of the three elements are plotted against each other. Most of the scatter comes from the composition of 
(primitive) achondrites, while chondrites (and also most iron meteorites) plot along reasonably well-defined correlation lines. Red lines represent linear regressions 
of NC chondrites, were calculated using IsoplotR (95% CI error envelopes). Kakangari chondrites and GRV 020043 were not included in the regression in panel (B); 
see main text for details.
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secondary dust produced by collisions among differentiated planetesi
mals. Instead, this dust would have to derive from an early generation of 
planetesimals that owing to their small size escaped melting and dif
ferentiation. While such planetesimals may have existed, it is unclear if 
they carried sufficient mass to be the precursors of the NC chondrites.

Another problem with producing NC chondrites from collisionally 
produced dust is that collisions involve mixing among bodies having 
distinct compositions, and so they would be expected to result in an 
overall smaller range of compositions as observed among the colliding 
bodies. However, as observed in this study and noted above, NC chon
drites exhibit a similar range of 50Ti isotopic compositions as the earlier- 
formed differentiated NC meteorites. It thus appears that both early- and 
late-formed NC planetesimals formed from the same long-lived pri
mordial population of dust. This in turn implies the existence of sub
structures in the inner disk that hampered complete loss of any NC dust 
that was not incorporated into the earlier generation of NC planetesi
mals. Similar to what has been proposed for the carbonaceous chon
drites (Hellmann et al., 2023), such substructures may have also led to 
different efficiencies with which chemically and isotopically distinct 
dust components were accreted into planetesimals, thereby contributing 
to the observed range of isotopic compositions among NC meteorites and 
the scatter observed along the NC trend.

4.5. Are there isotopic gaps within the NC reservoir?

Based on a smaller 50Ti isotope data set than used in the present 
study, Rüfenacht et al., (2023) argued that there are compositional gaps 
in the NC reservoir, producing distinct isotopic clusters. Specifically, 
these authors identified two clusters which they termed ‘Earth-Mars- 
like’ (with ε50Ti between 0 and –0.6), and Vesta-like (ε50Ti between –1 
and –1.5), and noted that there may be a third, ‘ureilite-like’ cluster 
characterized by an ε50Ti of –2. These clusters were inferred to represent 
distinct regions of the NC reservoir that were spatially isolated by sub
structures in the inner disk. However, as is evident in particular from the 

ε50Ti–ε46Ti (Fig. 1) and ε50Ti–ε54Cr plots (Figs. 2 and 4B), some of the 
samples of the present study appear to fill these gaps and exhibit isotopic 
compositions in between these apparent clusters. Thus, although 
compositional clusters exist, these more likely reflect non-representative 
sampling of an initially more continuous isotopic trend among NC 
planetesimals instead of planetesimal formation in spatially isolated 
regions of the inner disk. This does not mean that substructures did not 
exist in the inner disk and, as we argued above, they in fact appear to be 
needed for preserving late-stage dust in the inner disk and to facilitate 
the formation of NC chondrite parent bodies. However, our data suggest 
that these substructures did not produce spatially separated sub- 
reservoirs in the disk, but rather facilitated the preservation of a long- 
lived dust reservoir from which NC planetesimals accreted over an 
extended period of time. This scenario can account for the large isotopic 
variability observed among early-accreted, (fully) differentiated NC 
achondrites, and the similarly large variability among later-accreted, 
undifferentiated NC chondrites, as they solely sample distinct source 
regions with variable mixing ratios between isotopically distinct end
member compositions.

5. Conclusions

The new Ti, Cr, and Mo isotope data for previously not, or only rarely 
investigated bulk meteorites, combined with data from prior studies, 
provide genetic information for 17 distinct NC meteorite parent bodies. 
This allows a more comprehensive assessment of the origin of isotopic 
variations within the NC reservoir than previously possible. Consistent 
with prior results, our data reveal correlated Ti, Cr, and Mo isotope 
variations among NC meteorites, but also show that the Mo-Ti and 
46Ti-50Ti isotope variations among bulk NC meteorites differ from those 
seen in acid leachates from primitive ordinary chondrites. This indicates 
that the presolar components still present in ordinary chondrites are not 
directly responsible for the observed isotope variations, and implies that 
thermal processing of these presolar carriers in the disk was not the main 

Fig. 5. Diagrams of (A) ε50Ti vs. ε46Ti and (B) ε50Ti vs. ε94Mo for acid leachates of the two unequilibrated ordinary chondrites NWA 2458 (L3.2; white circles) and 
WSG 95300 (H3.3; black circles). Uncertainties are 95% CI and are smaller than the symbol sizes in (B). The dashed black line and associated error envelope (95% CI) 
in (A) is a linear regression through the WSG-leachates and was calculated using IsoplotR. The solid black line represents the correlation defined by bulk meteorites, 
which is shallower than the slope defined by the leachates. Red ellipses show the overall range of isotopic variations among bulk NC meteorites.
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cause for the NC isotope variability. Unlike in some prior proposals, this 
isotope variability also cannot reflect a continuous temporal isotopic 
evolution of the inner disk by the addition of CC-like dust from the outer 
disk, because early- and late-formed NC bodies (i.e., the parent bodies of 
differentiated and chondritic NC meteorites) display a similar range in 
isotopic compositions.

A key observation from the new data of this study is that the isotopic 
variations along the NC trend display more scatter than previously 
recognized. Some of this scatter may reflect selective processing and 
partial loss of presolar carriers during partial melting and rapid melt 
migration on their parent bodies. However, the heterogeneous distri
bution of chemically and isotopically distinct precursor materials among 
the NC parent bodies appears to provide the most plausible explanation 
for at least some of this scatter, and most notably for the 50Ti-54Cr 
isotope variations. As shown in prior studies, the carbonaceous chon
drites likely also have formed by heterogeneous mixing among geneti
cally diverse materials (e.g., Alexander, 2019; Hellmann et al., 2023), 
albeit with different isotopic compositions than for the components of 
the NC meteorites. Such mixing processes, therefore, appear to have 
been important for generating isotope variations within both the NC and 
CC reservoirs. Producing the NC isotope variability in this manner re
quires the presence of substructures in the inner disk (i.e. the NC 
reservoir) to facilitate fractionation of distinct dust components ac
cording to their aerodynamic properties. Substructures in the inner disk 
have previously been inferred based on apparent gaps in the Ti isotope 
composition among NC meteorites (Rüfenacht et al., 2023), but the data 
of the present study show that these compositional gaps more likely 
reflect unrepresentative sampling of planetesimals from an initially 
continuous isotopic trend. Thus, rather than producing compositional 
gaps, substructures instead appear to have been important for the 
preservation of a long-lived dust reservoir in the inner disk from which 
NC planetesimals accreted over an extended period of time. This sce
nario can also account for the similar range of isotopic compositions of 
early- and late-formed planetesimals in the NC reservoir.
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extended discussion on the correction of CRE effects on the Cr isotopic 
compositions of HaH 193 and NWA 7474. It also includes tables sum
marizing the leaching procedure applied to the ordinary chondrites as 
well as displaying detailed Mo isotopic data for the analyzed samples. In 
addition, it includes figures comparing the Ti and Cr isotopic data ob
tained in this study to previous studies, figures showing the Ti (isotope) 
systematics of the leachates and CC samples of this study, as well as a 
schematic evolution diagram of the Cr isotopic composition of HaH 193 
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