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 A B S T R A C T

All carbonaceous chondrites are variably depleted in moderately volatile elements (MVEs) relative to CI 
chondrites, which closely match the bulk composition of the Solar System. This MVE depletion is thought 
to reflect mixing between a CI-like matrix and an MVE-depleted non-matrix component. Since the non-matrix 
component is primarily composed of chondrules, constraining the extent of MVE depletion in the non-matrix 
component is critical for understanding chondrule formation. Two approaches have been applied previously to 
estimate MVE abundances in the non-matrix component, yielding differing predictions. The first relies solely 
on chondrite compositions, while the second combines chondrite compositions with matrix mass fractions. 
The latter, which has gained wide acceptance, predicts that the abundances of MVEs with 50% nebular 
condensation temperatures below ∼750 K (the so-called ‘‘plateau’’ MVEs) in the non-matrix component are 
∼0.13×CI. These estimated abundances have been further used to constrain the mass-dependent isotopic 
compositions of MVEs in the non-matrix (or chondrule) component. However, the matrix mass fractions 
employed in these fits have been challenged by detailed analyses of several carbonaceous chondrite groups. In 
this study, we use the revised matrix mass fractions to re-assess the MVE contents of the non-matrix component 
in carbonaceous chondrites. The results suggest that many MVEs occur in the non-matrix component at levels 
below ∼0.13×CI abundances, consistent with the first approach that does not use matrix mass fractions as input 
data. Based on our new results, the mass-dependent isotopic fractionations for ‘‘plateau’’ MVEs such as Zn and 
Te between matrix and non-matrix components are inferred to be larger than previously estimated. We discuss 
the possible origins of the elemental and isotopic compositions of the non-matrix component and suggest that 
they can be explained by chondrule formation alone, without invoking inheritance from chondrule precursors.
1. Introduction

Moderately volatile elements (MVEs) are elements with 50% nebu-
lar condensation temperatures below Mg silicates and Fe-Ni metal but 
above those of highly volatile elements such as H, C, N, and noble 
gases (e.g., Palme et al., 2014). Although some studies define MVEs 
as elements with 50% condensation temperatures higher than ∼650 K, 
we adopt the broader definition to include more volatile elements 
such as Zn and Te. MVE depletion patterns in primitive meteorites 
provide key constraints on early Solar System processes. Carbonaceous 
chondrites, which are undifferentiated meteorites representing the bulk 
compositions of outer Solar System planetesimals, exhibit systematic 
variations in MVE abundances among different groups. CI chondrites 
closely match the bulk Solar System composition, whereas all other 
carbonaceous chondrite groups exhibit variable MVE depletions rela-
tive to CI (e.g., Davis, 2006; Palme et al., 2014). This variation has 
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been attributed to two-component mixing of low-temperature, volatile-
rich CI-like matrix and high-temperature, volatile-depleted non-matrix 
materials (e.g., Anders, 1964; Larimer and Anders, 1967; Alexander, 
2005, 2019; Braukmüller et al., 2018, 2025; Hellmann et al., 2020). 
This two-component mixing model has been particularly successful in 
quantitatively reproducing both MVE abundances and isotopic vari-
ations across carbonaceous chondrite groups (e.g., Alexander, 2019; 
Hellmann et al., 2020, 2023; Nie et al., 2021; Morton et al., 2024; 
Wölfer et al., 2025).

The non-matrix fraction of carbonaceous chondrites comprises chon-
drules and refractory inclusions. Because refractory inclusions account 
for only a small fraction of the non-matrix component and are almost 
MVE-free, the MVE budget of the non-matrix component is dominated 
by chondrules. Accurately constraining MVE abundances and isotopic 
compositions in the non-matrix component provides critical constraints 
on chondrule formation (e.g., Hellmann et al., 2020; Nie et al., 2021; 
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Braukmüller et al., 2025; Jacquet et al., 2026), a long-standing problem 
in planetary science (e.g., Alexander and Ebel, 2012; Desch et al., 2012; 
Connolly and Jones, 2016; Marrocchi et al., 2024; Stewart et al., 2025).

All components of carbonaceous chondrites have been modified 
by aqueous alteration and/or thermal metamorphism in their parent 
bodies (e.g., Grossman and Brearley, 2005; Brearley and Krot, 2013; 
Alexander, 2019; van Kooten et al., 2024). Therefore, their primitive 
MVE abundances and isotopic compositions may not be easily obtained 
by direct measurements. Instead, these values can be inferred indirectly 
from comparing bulk compositions of different chondrite groups. Two 
different approaches have been used for this purpose. Alexander (2019) 
fitted the bulk compositions of carbonaceous chondrite groups and 
inferred the compositions of their constituent components by mini-
mizing the misfit in bulk data, treating the component mass fractions 
as fitting parameters rather than inputs. In contrast, Hellmann et al. 
(2020) combined the bulk chondrite MVE abundances with estimated 
matrix mass fractions to derive correlations between MVE concen-
trations and matrix mass fractions, which were then extrapolated to 
zero matrix mass fraction to infer MVE abundances in the non-matrix 
component. The two studies yielded different estimates for several 
MVEs. For instance, Hellmann et al. (2020) suggested that the non-
matrix component contains a Zn abundance of ∼0.13×CI (as part of 
a ‘‘plateau’’ representing nearly constant CI-normalized abundances 
for MVEs with 50% condensation temperatures lower than ∼750 K), 
whereas Alexander (2019) suggested that the Zn concentration of the 
non-matrix component is nearly zero.

These differences are important for constraining the physicochem-
ical conditions of chondrule formation. Hellmann et al. (2020) inter-
preted the presence of a ‘‘plateau’’ in the non-matrix component as 
evidence against elemental and isotopic fractionation during chondrule 
formation. However, if the lower abundances proposed by Alexander 
(2019) are adopted, this argument would not hold. The differing es-
timates also have major implications for the isotopic compositions of 
the ‘‘plateau’’ MVEs in the non-matrix (or chondrule) component. There 
is an intrinsic trade-off between the estimated abundance and isotopic 
composition of an MVE in the non-matrix component. To reproduce 
the observed offset of bulk carbonaceous chondrites from the CI-like 
matrix isotopic composition, an MVE in the non-matrix component can 
be assigned either a relatively high abundance with a modest isotopic 
fractionation, or a low abundance with a correspondingly large iso-
topic fractionation. For instance, assuming the non-matrix abundance 
proposed by Hellmann et al. (2023), the non-matrix δ66∕64Zn has been 
estimated to be ∼0.4–0.6h lower than CI chondrites (Nie et al., 2021; 
Morton et al., 2024). However, the same data can also be explained 
by a non-matrix abundance as low as ∼0.005×CI if the fractionation 
between the non-matrix and matrix components is as large as the theo-
retical limit of pure kinetic condensation (Braukmüller et al., 2025). 
As isotopic fractionation during volatile loss and recondensation is 
sensitive to the physicochemical conditions of the chondrule-forming 
environment (e.g., Nie et al., 2021; Jacquet et al., 2026), accurately de-
termining the non-matrix MVE abundances is critical for understanding 
chondrule formation.

Given that the approach of Hellmann et al. (2020) has been widely 
adopted in subsequent studies (e,g., Hellmann et al., 2023; Nie et al., 
2021; Morton et al., 2024; Wölfer et al., 2025), it is critical to evaluate 
the validity of their input data. Among the model parameters, the 
matrix mass fractions of the carbonaceous chondrite groups carry the 
largest uncertainty. Hellmann et al. (2020) estimated these fractions 
from measured volume fractions and assumed component densities. 
Recently, Patzer et al. (2021, 2022, 2023) determined the mass frac-
tions of different components in CM, CO, and CR chondrites more 
rigorously, obtaining matrix mass fractions of ∼54%, ∼30%, and ∼22%, 
which are notably higher than those (∼41%, ∼20%, and ∼9%) estimated 
by Hellmann et al. (2020) (see Appendix  A for details). It remains 
unclear (i) how the MVE estimates would be affected if these revised 
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matrix mass fractions are used, (ii) how the updated results would com-
pare with those of Alexander (2019), and (iii) what implications these 
updates would have for the isotopic compositions of chondrules. In this 
study, we re-assess the MVE contents of the non-matrix component of 
carbonaceous chondrites, quantify their associated uncertainties, and 
discuss the implications of this re-assessment.

2. Methods

2.1. MVE concentrations and matrix fractions of carbonaceous chondrite 
groups

We follow the approach of Hellmann et al. (2020), examining the 
relationships between MVE concentrations and carbonaceous chondrite 
matrix mass fractions. Hellmann et al. (2020) estimated matrix mass 
fractions based on measured volume fractions of individual compo-
nents, measured densities of bulk chondrites, and assumed densities for 
each component. This method provides reasonable first-order estimates, 
and the resulting values have been widely used in recent studies on 
MVEs in carbonaceous chondrites (e.g., Hellmann et al., 2023; Nie 
et al., 2021; Morton et al., 2024; Wölfer et al., 2025). However, both 
the component volume fractions and densities involve considerable 
uncertainties, and the accuracy of some of their estimates have been 
challenged by more detailed analyses (Patzer et al., 2021, 2022, 2023).

Hellmann et al. (2020) considered six groups of carbonaceous chon-
drites: CI, CM, CV, CO, CR, and C2-ungrouped Tagish Lake. For the 
CM, CO, and CR, updated matrix mass fractions provided by Patzer 
et al. (2021, 2022, 2023) are 54.2±10.1% (CM), 31.1±11.0% (CO), and 
17.1 ± 7.1% (CR, with Renazzo being excluded; see Appendix  A). These 
values are substantially different from those reported by Hellmann 
et al. (2020), 40.9 ± 11.8% (CM), 22.9 ± 11.6% (CO), and 8.9 ± 5.1%
(CR) (uncertainties represent two standard deviations). For these three 
groups, we adopt the updated values of Patzer et al. (2021, 2022, 2023) 
(also Appendix  A for detailed discussion). For CI chondrites, which are 
generally considered to be entirely matrix, the matrix mass fraction is 
assumed to be 100% as in Hellmann et al. (2020). For CV chondrites, 
no detailed study equivalent to that of Patzer et al. (2021, 2022, 2023) 
exists. Nevertheless, CV chondrites exhibit broadly similar matrix vol-
ume fractions and MVE abundances to CO chondrites (Alexander, 2019; 
Hellmann et al., 2020). Since MVE contents correlate positively with 
the matrix mass fractions, and CV-CO differences in MVE concentra-
tions are typically within analytical uncertainties (Fig.  1), we consider 
the CV matrix mass fraction to be comparable to that of CO chondrites. 
As the Hellmann et al. (2020) estimate for CV chondrites (30.5 ± 7.3%) 
closely matches the updated CO value (31.1 ± 11.0%), we retain the 
CV group estimate from Hellmann et al. (2020) (also see Appendix  A 
for more discussion). The case for Tagish Lake is more problematic. 
The value used by Hellmann et al. (2020) was estimated without any 
density correction (i.e., the matrix volume fraction was directly used as 
mass fraction). Moreover, the matrix volume fraction was calculated as 
the average of only a few samples that exhibit large variations (Blinova 
et al., 2014), calling into question the representativeness of the volume 
fraction value itself. Given the lack of more detailed analyses for Tagish 
Lake samples, it is difficult to assign them a reliable matrix mass 
fraction. Thus, we exclude it from our fitting. The matrix mass fractions 
adopted in this study and their uncertainties are summarized in Table 
1.

We consider the concentrations of a wide suite of MVEs, including 
Na, S, K, Mn, Cu, Zn, Ga, Ge, As, Se, Rb, Ag, Cd, In, Sn, Te, Cs, 
and Tl. To ensure consistency in data sources for different elements, 
we take the concentrations of all MVEs (except Ge) from Braukmüller 
et al. (2018, 2019, 2025). Some apparently anomalous data, such as 
the Na concentrations of several CM chondrite samples, are excluded 
(see Appendix  B). For Ge, which was not measured by Braukmüller 
et al. (2018, 2019, 2025), the concentrations are taken from Wölfer 
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Fig. 1. MVE abundances in carbonaceous chondrite groups versus updated matrix mass fractions. The white circles are concentrations used in this study, the red 
and blue symbols are the concentrations used in Alexander (2019) and Hellmann et al. (2020), respectively. The black lines and the gray regions are the best-fit 
results and the error envelopes of the fitting. The values shown on the y-axes are normalized by the mean CI chondrite concentrations given in Table  2 (after 
the sulfate oxygen correction). The CI chondrite concentrations used in Alexander (2019) and Hellmann et al. (2020) do not plot at one on the 𝑦-axis because 
they are not identical to the CI concentrations used here for the normalization.
et al. (2025). For CI chondrites, we make an additional revision to 
account for the effect of secondary sulfates. Most CI chondrite samples 
analyzed by previous studies contain abundant sulfates, with sulfate 
oxygen contributing ∼7.35% of the total mass (Alexander, 2019). These 
sulfates are now recognized as products of terrestrial oxidation of sul-
fides due to the absence of sulfates in samples returned from asteroids 
Ryugu and Bennu (which are chemically and isotopically similar to 
CI chondrites) as well as the fresh CI chondrite find, Oued Chebeika 
002 (e.g., Yokoyama et al., 2023; Lauretta et al., 2024; Gattacceca 
et al., 2025). Hence, the sulfate oxygen in CI chondrites is presumably 
terrestrial, and the true concentrations of other elements in them should 
be 100∕(100 − 7.35) ≈ 1.08 times the previously reported values. We 
correct all MVE concentrations in CI chondrites by a factor of 1.08. This 
correction is consistent with the observation that the concentrations of 
most elements in Ryugu samples are higher than those in CI chondrites 
by a factor of ≳1.1 (Yokoyama et al., 2023).
3 
2.2. MVE concentrations and isotopic compositions of the non-matrix com-
ponent

We fit the data with a two-component mixing model, 
𝑐 = 𝑘𝑓 + 𝑏, (1)

where 𝑐 is the concentration of an element in a given chondrite, 𝑓
is the matrix mass fraction, and 𝑘 and 𝑏 are the slope and 𝑦-axis 
intercept of the linear relation, which can be expressed in terms of the 
concentrations in the matrix and non-matrix components, 𝑐M and 𝑐NM, 
as 
𝑘 = 𝑐M − 𝑐NM, 𝑏 = 𝑐NM. (2)

To account for uncertainties in both 𝑐 and 𝑓 , we apply the York 
method (York et al., 2004), which is described in detail in Appendix 
C, assuming that the errors in the two variables are uncorrelated. The 
fitting yields estimates and uncertainties of the parameters, which can 
be used to construct their posterior probability distributions conditional 
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Fig. 2. The MVE concentrations of the non-matrix (chondrule) component versus the 50% condensation temperatures at total nebular pressure 10−4 bar from Wood 
et al. (2019) (a) and  Lodders et al. (2025) (b). The green and yellow symbols indicate lithophile and siderophile/chalcophile elements. The vertical bars give 
the uncertainties of the non-matrix (chondrule) concentrations obtained from the fitting. The concentrations are normalized by the CI chondrite concentrations 
given in Table  2.
on the data. In the standard fitting, no prior constraints are imposed and 
the posterior distributions are normal (Gaussian); for each parameter, 
the mode, median, and mean of the posterior are identical and define 
the same ‘‘best estimate’’. Here, we are interested in the intercept 𝑏, 
which represents the non-matrix concentration of the considered MVE 
and thus must be positive. With this prior constraint, the negative part 
of the posterior distribution must be truncated. If the estimated value is 
comparable to or smaller than its uncertainty, the resulting distribution 
becomes asymmetric. In this case, the mode, mean, and median of 
the posterior are not identical, and the choice of the ‘‘best estimate’’ 
becomes somewhat ambiguous, although the differences among these 
values are within the fitting uncertainty.

We are also interested in the isotopic compositions of MVEs in the 
non-matrix component. The mixing of two components with distinct 
elemental and isotopic compositions leads to a linear relation between 
𝛿 and 1∕𝑐 of the mixture, 
𝛿 = 𝛼∕𝑐 + 𝛽, (3)

where 𝛿 is the isotopic composition of the bulk chondrite expressed 
in 𝛿-notation. For a bulk carbonaceous chondrite, 𝛼 = −𝑐NM𝑐M(𝛿NM −
𝛿M)∕(𝑐NM − 𝑐M) and 𝛽 = (𝑐NM𝛿NM − 𝑐M𝛿M)∕(𝑐NM − 𝑐M), where 𝛿M and 
𝛿NM represent the isotopic compositions of the matrix and non-matrix 
components, respectively. Here, 𝛿NM is not known a priori, and 𝛼 and 
𝛽 need to be obtained by fitting the 𝛿 and 𝑐 data. In contrast to the 
𝑐-𝑓 relation, which can only be fitted with data for average chondrite 
groups because reliable matrix mass fraction estimates for individual 
samples are scarce, the 𝛿-1∕𝑐 relation can be fitted using data from 
individual samples because isotopic compositions are typically reported 
together with concentrations. When data from individual samples are 
used, no information is lost, and the parameters 𝛼 and 𝛽 can be better 
constrained. Hence, we fit the 𝛿 and 1∕𝑐 data for individual samples. 
The data sources for isotopic compositions of MVEs are described in 
Appendix  B. Again, we apply the York method (York et al., 2004). With 
𝛼 and 𝛽 obtained from the 𝛿-1∕𝑐 fitting, 𝛿NM can be calculated from 𝑐NM
following 
𝛿NM = 𝛼∕𝑐NM + 𝛽. (4)

The uncertainty in 𝛿NM arises from those of 𝛼, 𝛽, and 𝑐NM. The last 
parameter can be particularly important, perhaps dominant, for ele-
ments like Zn and Te, for which (i) large numbers of measurements 
are available, making 𝛼 and 𝛽 well constrained, and (ii) 𝑐NM is small, 
such that 𝛿NM is extremely sensitive to small changes in 𝑐NM (see 
Section 3.3). Focusing on the contribution of 𝑐  uncertainty, we can 
NM
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Table 1
Matrix mass fractions of carbonaceous chondrite groups used in Hellmann 
et al. (2020) (H20) and this study.
 CI CM CV CO CR  
 H20 100% 40.9 ± 11.8% 30.5 ± 7.3% 20.2 ± 11.6% 8.9 ± 5.1%  
 This Study 100% 54.1 ± 10.1% 30.5 ± 7.3% 30.1 ± 11.0% 17.1 ± 7.1% 
Notes: The uncertainties are given as two standard deviations. The matrix mass fractions 
of CM, CO, and CR chondrites are estimated from the values ‘‘corrected for mixed 
analyses’’ provided by Patzer et al. (2021, 2022, 2023). For CR chondrites, the results 
for Renazzo are excluded. For CV chondrites, we use the value from H20. See Section 2 
and Appendix  A for detailed discussion.

transform the posterior distribution of 𝑐NM to that of 𝛿NM. As this trans-
formation is nonlinear, it shifts the position of the distribution mode. 
Consequently, the modes of the posterior distributions of 𝑐NM and 𝛿NM
do not form a pair that satisfies Eq. (4) (Fig.  D.8), and choosing the 
modes as ‘‘best estimates’’ would lead to an inconsistency. In contrast, 
because the relation defined by Eq. (4) is monotonic, the median of 
𝑐NM naturally corresponds to the median of 𝛿NM, i.e., the medians of 
𝑐NM and 𝛿NM naturally form a consistent pair (Appendix  D). For all 
elements, we choose the medians of the posterior distributions of 𝑐NM
as the best estimates and calculate the confidence intervals from the 
cumulative distributions. For 𝛿NM, we calculate the best estimates from 
the medians of 𝑐NM, and evaluate the confidence intervals considering 
the uncertainties in 𝑐NM, 𝛼, and 𝛽 (see Appendix  D for details).

2.3. MVE versus Zn concentrations

In addition to the 𝑐-𝑓 relations, it is also helpful to examine the 
inter-correlations among the concentrations of different elements. This 
is because several limitations remain in obtaining precise data of group-
averaged matrix mass fractions (and potentially elemental concentra-
tions). One issue arises from intra-group variations in element concen-
trations and matrix mass fractions of carbonaceous chondrite samples. 
The matrix mass fraction and element concentration data should ide-
ally be obtained from the same samples, but this is rarely possible. 
Moreover, the matrix mass fractions are obtained from a fundamentally 
different approach than the concentrations. Thus, combining the data 
for MVEs and matrix mass fractions may itself introduce a degree of 
self-inconsistency.

The problem of self-inconsistency can be addressed by examining 
the relationships between different elements. As the concentrations all 
correlate linearly with the matrix mass fraction, they should also cor-
relate linearly with each other. By directly examining the correlations 
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Fig. 3. Comparison of the non-matrix (chondrule) concentrations obtained in this study and those obtained by Hellmann et al. (2020) (a) and Alexander (2019) 
(b). All concentrations are normalized by the CI chondrite values given in Table  2. In Alexander (2019), the concentration of Zn in the ‘‘chondrule’’ component 
is assumed to be zero; to plot it here in log scale, we set it to be 10 μg∕g, a value that can be considered small enough to be indistinguishable from zero in 
the Alexander (2019) model.
Table 2
MVE abundances of CI chondrites (after the sulfate oxygen correction) and the non-matrix (NM) component from Alexander 
(2019) (A19), Hellmann et al. (2020) (H20), and matrix-based and Zn-based fittings of this study. In the Zn-based fitting, the 
non-matrix concentration of Zn is taken as the ‘‘best estimate’’ from the matrix-based fitting.
 CI NM (A19) NM (H20) NM (Matrix) NM (Zn, ‘‘best’’)
 b.e. b.e. b.e. 95% c.i. b.e. 95% c.i. b.e. 95% c.i.  
 Na (mg∕g) 5.3 2.8 2.4 (2.0, 2.8) 1.8 (1.6, 2.1)  
 S (mg∕g) 52 2.6 6.5 (4.1, 8.9) 2.1 (0.1, 5.9) 2.7 (1.4, 4.0)  
 K (μg∕g) 442 210 200 (174, 226) 195 (176, 213)  
 Mn (mg∕g) 2.2 1.5 1.2 (1.1, 1.3) 1.3 (1.2, 1.4)  
 Cu (μg∕g) 152 94 89 (78, 100) 84 (78, 91)  
 Zn (μg∕g) 355 0 37 (22, 52) 11 (1, 31) 11 –  
 Ga (μg∕g) 9.7 4.4 4.9 (3.2, 6.6) 3.0 (2.4, 3.7) 2.7 (2.4, 3.0)  
 Ge (μg∕g) 37 10 15 (10, 20) 6.0 (3.8, 8.1) 8.3 (6.1, 11)  
 As (μg∕g) 1.9 1.7 1.7 (1.4, 1.9) 1.5 (1.4, 1.6)  
 Se (μg∕g) 22 1.5 3.5 (2.4, 4.6) 1.3 (0.1, 2.8) 1.8 (1.2, 2.3)  
 Rb (μg∕g) 2.1 0.72 0.94 (0.80, 1.08) 0.83 (0.63, 1.02) 0.80 (0.73, 0.88) 
 Ag (ng∕g) 228 49 27 (17, 37) 8.7 (0.5, 24) 9.2 (4.0, 14)  
 Cd (μg∕g) 0.75 0.10 (0.07, 0.13) 0.03 (0.00, 0.07) 0.03 (0.01, 0.05) 
 In (ng∕g) 87 9 (6, 12) 2.0 (0.1, 6.3) 2.4 (0.5, 4.3)  
 Sn (μg∕g) 1.6 0.25 0.21 (0.14, 0.28) 0.10 (0.01, 0.20) 0.09 (0.05, 0.12) 
 Te (μg∕g) 2.5 0.29 0.35 (0.25, 0.45) 0.14 (0.02, 0.29) 0.16 (0.10, 0.21) 
 Cs (ng∕g) 179 35 47 (39, 55) 34 (22, 46) 30 (25, 36)  
 Tl (ng∕g) 151 19 (13, 25) 6.4 (0.5, 16) 6.0 (2.6, 9.4)  
between different elements, we can avoid the matrix mass fraction data, 
which represent the main source of potential inconsistency. Also, by 
considering the inter-correlations of different elements, we can directly 
use the data from individual samples to maximize the use of available 
information. Furthermore, by plotting all data from individual samples, 
we can better examine the origins of intra-group variability, which can 
only be treated as error bars when the group averages are used, to 
examine whether they represent random errors or intrinsic factors such 
as varying matrix mass fractions.

Here, we choose Zn as the reference element (x-axis) for several 
reasons previously pointed out by Alexander (2019): First, its abun-
dances in bulk chondrites are sufficiently high to allow precise and 
reproducible measurements. Second, Zn is not significantly affected 
by terrestrial contamination (unlike Pb) or parent body thermal meta-
morphism and shock processes (unlike Cd). Third, its abundance in 
the non-matrix component is much lower than that in the matrix, 
making it a sensitive tracer of the matrix mass fraction. For all mea-
surements, the two-standard-deviation uncertainty is taken to be 10% 
of the concentrations.

Despite the advantages, this approach also has a key shortcoming: to 
calculate the non-matrix MVE concentrations, its Zn concentration must 
be assumed. We choose several values within the confidence interval 
5 
provided by the matrix-based fitting. Thus, the estimates for the non-
matrix component are still dependent on the matrix mass fraction data, 
but this practice allows us to evaluate the consistency of the results 
across different elements from the matrix-based fitting. It also provides 
an opportunity to assess the matrix mass fractions of CV and Tagish 
Lake, which are either assumed or excluded in the matrix-based fitting.

3. Results

3.1. MVE concentrations: Matrix-based fitting

Similar to Hellmann et al. (2020), we find that the concentrations 
of MVEs in carbonaceous chondrites exhibit strong linear correlations 
with the matrix mass fractions (Fig.  1). The concentrations of MVEs in 
the non-matrix component derived from our fitting are reported along 
with previous data in Table  2. As expected, the concentrations show 
a decreasing trend with condensation temperature (Fig.  2), consistent 
with previous findings (Alexander, 2019; Hellmann et al., 2020). In 
contrast to Hellmann et al. (2020), who suggested that the non-matrix 
concentrations of MVEs with condensation temperatures lower than 
∼750 K all cluster around (0.13 ± 0.03)×CI chondrite values, our results 
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Fig. 4. MVE concentrations versus Zn concentrations of individual carbonaceous chondrite samples normalized by the CI chondrite values. The ‘‘fall’’ samples 
are shown in white, and the ‘‘find’’ samples are shown in light blue.
extend to much lower values (Fig.  2). For instance, our fits yield non-
matrix concentrations of 2.1+3.8−2.0 mg∕g for S and 11+20−10 μg∕g for Zn (95% 
confidence intervals; for comparison, the values from Hellmann et al. 
(2020) are 6.5 ± 2.4 mg∕g and 37 ± 15 μg∕g), corresponding to CI-
normalized values of 0.041+0.073−0.038 and 0.030+0.059−0.028, respectively (Figs.  2–3, 
Table  2). Although our inferred non-matrix MVE abundances differ 
systematically from those of Hellmann et al. (2020), they are strikingly 
similar to the ‘‘chondrule’’ component inferred by Alexander (2019) 
(Fig.  3).

3.2. MVE concentrations: Zn-based fitting

In general, the MVE and Zn concentrations exhibit good linear 
correlations. For the most volatile MVEs (Se, Ag, S, Te, Sn, Cs, Cd, In, 
and Tl), nearly all data points fall on straight lines (Figs.  4i–q). For 
other MVEs, especially Na (Fig.  4c) and K (Fig.  4f) in CM chondrites, 
the data exhibit notable scatter. The implications are discussed in 
Section 4.2.

Given an assumed Zn concentration for the non-matrix component, 
we can also infer the non-matrix MVE concentrations from the Zn-
based fitting. If we assume a Zn concentration of 11 μg∕g (from the 
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matrix-based fitting), the inferred MVE concentrations agree very well 
with those obtained from the matrix-based fitting (Table  2, Fig.  5a). 
When higher Zn concentrations are assumed, the inferred non-matrix 
concentrations increase substantially for the most volatile MVEs, but 
only modestly for other elements (Fig.  5). If we assume a Zn concentra-
tion of 30 μg∕g (which is close to the upper bound of the matrix-based 
confidence interval), the inferred concentrations of the most volatile 
MVEs also get close to the upper bounds of their respective matrix-
based confidence intervals (Fig.  5d, in which the right ends of the 𝑥-axis 
error bars for the most volatile MVEs fall close to the 1:1 line). These 
results demonstrate the good consistency between the matrix- and Zn-
based fittings, in terms of both best estimates and confidence intervals. 
Apparent discrepancies between the two approaches are observed for 
Na and Ge (Fig.  5), and they are discussed further in Section 4.2.

3.3. Isotopic compositions

Previous studies have demonstrated that 𝛿 correlate linearly with 
1∕𝑐 for Te, K, Rb, Zn, Cd, and Ge (Hellmann et al., 2020, 2023; Nie 
et al., 2021; Morton et al., 2024; Wölfer et al., 2025). We also include 
the data of Cu (Luck et al., 2003; Paquet et al., 2023) and Ga (Kato 
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Fig. 5. Comparison of non-matrix MVE concentrations obtained from the matrix-based fitting and Zn-based fitting, under the assumptions of different non-matrix 
Zn concentrations (𝑐ZnNM) within the confidence interval given by the matrix-based fitting.
and Moynier, 2017). We show the results in the 𝛿-𝑐 space (Fig.  6) to 
illustrate the sensitivity of 𝛿NM to the uncertainty in 𝑐NM (which is 
given in 𝑐 rather than 1∕𝑐), especially for Zn, Te, and Cd, although the 
fitting is done for the linear 𝛿-1∕𝑐 relation. For Rb, Zn, Te, Ge, and 
Cu, the fitted relations well capture the 𝛿-𝑐 relations (Fig.  6b,c,d,e,g). 
For K and Cd, the data show some scatter, but the overall trend is still 
well described by the fitted relation (Fig.  6a,f). For Ga, the data match 
the general trend that chondrites with low concentrations exhibit light 
isotopic signatures, but the data are not captured well by the fitted 
relation: The theoretical relation yields simultaneous changes in 𝛿 and 
𝑐, while the data exhibit first variation in 𝑐 but not 𝛿 from CI to CM, 
and then variation in 𝛿 but not 𝑐 from CV to CO chondrites (Fig.  6h). 
This implies that more measurements are required to better describe the 
variations in Ga isotopic compositions among carbonaceous chondrites.

The fitted 𝛿-𝑐 relations, together with the estimated 𝑐NM values, lead 
to estimates of the non-matrix isotopic compositions, 𝛿NM (Fig.  6, Table 
3), as well as the isotopic fractionations between the matrix and non-
matrix components, 𝛥NM = 𝛿M − 𝛿NM (Fig.  7, Table  3). (Here, we use 
the non-matrix concentrations and confidence intervals obtained from 
the matrix-based fitting, which yields broader confidence intervals for 
the isotopic compositions; further details of the calculations and uncer-
tainty estimation are provided in Appendix  D.) For K, Rb, and Ge, the 
𝛿NM and 𝛥NM values estimated here are similar to those from Nie et al. 
(2021) and Wölfer et al. (2025) (Fig.  7). For Zn, Te, and Cd, compared 
to previous studies (Hellmann et al., 2020; Nie et al., 2021; Morton 
et al., 2024), the 𝛿NM values are estimated to be much lower, and 
the fractionations 𝛥NM are estimated to be much larger (Table  3, Fig. 
7). Although these estimates have large uncertainties, the conclusion 
that the isotopic fractionations are substantially larger than previously 
inferred remains robust.
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For Cu, the fractionation 𝛥NM is estimated to be similar to those 
of Zn, Te, Ge, and Cd after normalization by relative isotopic mass 
difference (Fig.  7b). For Ga, taking the fitted result at face value, the 
inferred fractionation is moderate, smaller than those of Zn, Te, Cd, Cd, 
and Cu, but larger than those of K and Rb (Fig.  7b). However, given 
that the data do not conform closely to the theoretical trend of two-
component mixing (Fig.  6h), the reliability of the inferred Ga isotopic 
composition and fractionation remains uncertain.

4. Discussion

4.1. Comparison with Hellmann et al. (2020) and Alexander (2019)

A key step in interpreting our results is to compare them with pre-
vious estimates of non-matrix MVE abundances derived by Hellmann 
et al. (2020) and Alexander (2019), which represent the two princi-
pal approaches to modeling carbonaceous chondrite compositions. We 
adopted the same overall framework as Hellmann et al. (2020), but 
with updated matrix mass fractions from Patzer et al. (2021, 2022, 
2023). Our inferred non-matrix concentrations are systematically lower 
than those reported by Hellmann et al. (2020). For the most volatile 
MVEs (or the ‘‘plateau’’ elements, such as Zn and Te), our fits suggest 
non-matrix abundances of a few percent of the CI chondrite values 
(Fig.  2), much lower than those (∼0.13×CI) reported by Hellmann et al. 
(2020) (Fig.  3a). The difference arises because the updated matrix 
mass fractions are higher than those applied by Hellmann et al. (2020) 
(Table  1). Increasing the matrix fraction would shift the data points 
rightward in the concentration versus matrix mass fraction plots (such 
as Fig.  1), which would in turn lower the 𝑦-axis intercepts of the fitted 
linear relations. This can be illustrated intuitively by considering an 
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Fig. 6. The relationships between MVE concentrations and isotopic compositions for K (a), Rb (b), Zn (c), Te (d), Ge (e), Cd (f), Cu (g), and Ga (h). The black 
curves and gray areas are the best-fits and error envelopes obtained by fitting the linear relation between 𝛿 and 1∕𝑐. The blue squares show the estimated matrix 
isotopic compositions according to the fitting results, which are in good consistency with the measured CI chondrite values (expect for Ga). The red squares show 
the estimated values of the non-matrix component.
end-member case: If an MVE has a near zero abundance in the non-
matrix component, its CI-normalized abundance in a chondrite would 
basically reflect the matrix mass fraction. A chondrite with ∼30 wt%
matrix would show an abundance of ∼30% the CI value for such an 
MVE. Conversely, if the matrix mass fraction is underestimated to be 
∼20%, the same bulk abundance would require a higher non-matrix 
abundance of ∼10% of the CI chondrite value. As Hellmann et al. (2020) 
likely underestimated the matrix mass fractions of CM, CO, and CR 
chondrites by ∼10% (Table  1), their model can be expected to yield 
a ‘‘plateau’’ of ∼0.1×CI for the most volatile MVEs in the non-matrix 
component. The comparison of our results with those of Hellmann 
et al. (2020) highlights how matrix mass fractions strongly influence 
the inferred non-matrix MVE abundances.

In contrast, our results show much closer agreement with the 
‘‘chondrule’’ component derived by Alexander (2019) (Fig.  3b). Strictly 
speaking, Alexander (2019) considered four components – chondrule, 
refractory inclusions, anhydrous matrix, and water. The anhydrous 
matrix and water together correspond to the matrix component in our 
model, while refractory inclusions are a minor component and basi-
cally MVE-free. Hence, for problems concerning MVEs, the chondrule 
component of Alexander (2019) effectively represents the non-matrix 
component. Although our predicted MVE abundances differ from those 
of Alexander (2019) for Ga, Ge, Ag, Te, and Sn (Table  2, Fig.  3b), these 
differences can be largely attributed to the different bulk chondrite 
group concentrations used in the fitting (Fig.  1e,g,k,m,n; to compare 
the chondrite compositions used in the two studies, one should focus 
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on CM, CO, and CV chondrites, because we have introduced a sulfate 
oxygen correction for CI chondrites, and Alexander (2019) used the 
Renazzo values for CR chondrites).

Unlike this study and Hellmann et al. (2020), Alexander (2019) did 
not treat the mass fractions of the components as input data. Instead, 
they were optimized as fitting parameters to minimize the overall mis-
fit in element concentrations. This approach avoids the uncertainties 
associated with matrix mass fractions. From this perspective, the close 
similarity between our results and those of Alexander (2019) provides 
independent support for the revised matrix mass fractions provided 
by Patzer et al. (2021, 2022, 2023).

4.2. Insights from the Zn-based fitting

The data reported by Braukmüller et al. (2018, 2019, 2025) include 
multiple CM samples that exhibit variations in all MVE concentrations. 
Understanding the origins of such variations is critical for proper in-
terpretation and application of the data. The observation that the most 
volatile MVEs covary closely with Zn (Figs.  4i–q) suggests that these 
variations are primarily caused by differences in matrix mass fraction 
among the CM samples rather than measurement errors. In contrast, 
the alkali elements (Na, K, and Rb, though not necessarily Cs) in these 
CM chondrite samples do not correlate well with Zn (Figs.  4c,f,h), 
implying that the variations in alkalis among CM chondrites cannot be 
simply attributed to differing matrix mass fractions. Instead, they likely 
reflect parent-body aqueous alteration, which has also been invoked 



Z. Zhang and D.S. Grewal Icarus 452 (2026) 117049 
Fig. 7. The magnitudes of mass-dependent isotopic fractionations between the matrix and non-matrix components versus the non-matrix abundances of MVEs 
from the literature (Hellmann et al., 2020; Nie et al., 2021; Morton et al., 2024; Wölfer et al., 2025) (a) and this study (b). The abundances are normalized by 
the CI values, and the isotopic fractionations are normalized by the relative mass differences 𝛿𝑀∕𝑀 .
to explain the intra-group K isotopic variability (e.g., Jiang et al., 
2021; Hu et al., 2024). Terrestrial modification may also contribute. 
Although ‘‘fall’’ samples show similar scatter with ‘‘find’’ samples (Figs. 
4c,f,h), this does not necessarily rule out a terrestrial contribution. For 
example, rapid terrestrial alteration has been observed on timescales of 
days to months in the fall CM chondrite Winchcombe (Jenkins et al., 
2024), including the formation of halite (NaCl). Such processes also 
introduce additional complexity in interpreting K isotopic variations 
among carbonaceous chondrites (see Appendix  B).

In Figs.  4i–q, the data points of CV and CO chondrites almost en-
tirely overlap, implying that the two groups of carbonaceous chondrites 
have nearly identical matrix mass fractions and thereby justifying our 
assumption for the matrix mass fraction of CV chondrites. The Tagish 
Lake sample lies close to the highest Zn concentration data point of the 
CM cluster, indicating that its matrix mass fraction is slightly higher 
than that of the most matrix-rich CM chondrite.

Regarding the non-matrix concentrations of MVEs, apparent dis-
crepancies between the matrix- and Zn-based fittings are observed for 
Na and Ge (Fig.  5a, Table  2). These can be mostly attributed to the dif-
ferences in the data used in the two fittings. For Na, several anomalous 
CM chondrite samples are excluded (Appendix  B). In the matrix-based 
fitting, excluding these data points does not affect the 𝑥-axis data 
(matrix mass fraction), which are available only as group average. In 
the Zn-based fitting, the data points correspond to individual samples, 
and the x- and 𝑦-axis data are included or excluded simultaneously. For 
Ge, the samples measured by Wölfer et al. (2025) only partially overlap 
with those analyzed by Braukmüller et al. (2018). In the matrix-based 
fitting, all Ge data reported by Wölfer et al. (2025) are used to calculate 
group averages, whereas in the Zn-based fitting, only samples also 
measured by Braukmüller et al. (2018) can be included. In particular, 
no CR samples are included in the Zn-based fitting because the CR 
samples measured by Wölfer et al. (2025) and Braukmüller et al. (2018) 
do not overlap. In the matrix-based fitting, the CR data point lies below 
the fitted line (Fig.  1), implying that the inferred non-matrix abundance 
would likely increase if this point were excluded from the fitting. This 
is consistent with the result that the Zn-based fitting yields higher non-
matrix Ge concentrations (Fig.  5). The discrepancies observed for Na 
and Ge further emphasize the importance of data consistency.

The inter-correlation between estimates of different MVEs (Fig.  5) 
may also provide a way to more tightly constrain non-matrix MVE 
concentrations if some of the most volatile MVEs can be limited to 
a narrower interval than that given by the matrix based fitting. Con-
sidering the correlation between the concentration of Zn and those of 
organic C and presolar grains (which occur exclusively in the matrix 
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component with nearly constant abundances), Alexander (2019) sug-
gested that the non-matrix concentration of Zn is close to zero. This 
implies that the lower values (e.g., 11 μg∕g) should be more relevant 
than the higher values (e.g., 30 μg∕g).

Additional constraints may be provided by measurements of chon-
drules. Kong and Palme (1999) measured Zn concentrations of chon-
drules and matrix in the CR chondrite Renazzo. The chondrules show 
large variations in Zn concentration, with a mass-weighted average of 
approximately 30 μg∕g. This value has likely been affected by aqueous 
alteration in the parent body, which redistributed elements between 
matrix and chondrules (as can be expected from the general effects of 
chondrule-matrix exchange; e.g., Grossman and Brearley, 2005; Alexan-
der, 2019). The pre-alteration value was almost certainly lower. The 
reported Zn concentration in the matrix (∼250 μg∕g) is substantially 
lower than the CI chondrite value (∼350 μg∕g; Table  2), implying that 
a significant portion of Zn that was originally in the matrix migrated 
into the chondrules. Among the measured chondrules, those with K 
concentrations of ≲200 μg∕g (i.e., comparable to our inferred non-
matrix value and therefore likely affected least by aqueous alteration) 
exhibit Zn concentrations of ≲15 μg∕g, close to the matrix-based best 
estimate, 11 μg∕g.

Patzer et al. (2022) reported S concentrations in chondrules of 
multiple CR chondrites, with an average value of 4.0 mg∕g. If the 
value from EET 92042 chondrules (6.2 mg∕g), which is substantially 
higher than those in chondrules of other CR samples, is excluded, the 
average decreases to 3.5 mg∕g, which corresponds to 0.067 times the 
CI chondrite value and is consistent with the Zn-based fitting assuming 
a Zn concentration of ∼15 μg∕g (Fig.  5b). This value may effectively 
represent the non-matrix component, as contributions from refractory 
inclusions and isolated grains are negligible (Patzer et al., 2022). As 
previously discussed for Zn, this value has likely been influenced by 
aqueous alteration and S redistribution, and the original concentration 
was almost certainly lower. If the above arguments are valid, the Zn 
concentration of the non-matrix component can be constrained to be 
lower than ∼15 μg∕g, and the estimates based on the assumption of 
11 μg∕g Zn given in Fig.  5a and the last column of Table  2 (with fairly 
narrow confidence intervals) can be considered reasonable.

4.3. Isotopic fractionations between matrix and non-matrix components

For K, Rb and Ge, the isotopic fractionations estimated in this study 
are similar to the values suggested by previous studies (Nie et al., 
2021; Wölfer et al., 2025), whereas for Zn, Te, and Cd, the isotopic 
fractionations estimated here are much larger than the previous esti-
mates (Hellmann et al., 2020; Nie et al., 2021; Morton et al., 2024) (Fig. 
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7). These differences in isotopic fractionations are caused by those in 
the estimated abundances of the MVEs. In general, we estimate lower 
non-matrix MVE abundances than previous studies using the matrix 
mass fractions from Hellmann et al. (2020) (Fig.  3a). As 𝛿NM correlates 
positively with 𝑐NM (Fig.  6), the isotopic compositions of the non-
matrix component estimated here are generally lighter than previously 
suggested. For K, Rb, and Ge, this effect is limited because their non-
matrix concentrations (after CI-normalization) are relatively high, and 
the sensitivity of 𝛿NM to 𝑐NM is correspondingly weak (Fig.  6). For Zn, 
Te, and Cd, our estimates shift the value into a regime where 𝛿NM is 
highly sensitive to 𝑐NM, and thus estimated fractionations become much 
larger. Although the estimated isotopic compositions are associated 
with large uncertainties (due to the extreme sensitivity of 𝛿NM to 𝑐NM
and the limited ability of the 𝑐-𝑓 regression to precisely constrain 
𝑐NM), the conclusion remains robust that the isotopic fractionations are 
substantially larger than previously inferred.

It is instructive to compare our estimates with measurements of 
carbonaceous chondrite components. For example, Zn isotopic compo-
sitions have been measured in CV chondrite components (Pringle et al., 
2017; van Kooten and Moynier, 2019; van Kooten et al., 2021). van 
Kooten et al. (2021) reported that the Zn isotopic compositions of 
the ‘‘cores’’ of chondrules in Leoville (a weakly altered sample) are 
∼1.3h lighter than those of CI chondrites. This measured composition 
is heavier than our best estimate for 𝛿NM, but lighter than the upper 
bound of its confidence interval (which are ∼2.6h and ∼0.8h lighter 
than CI, respectively; Table  2). It is noteworthy that the igneous rims of 
the chondrules have heavier Zn isotopic compositions (van Kooten and 
Moynier, 2019; van Kooten et al., 2021), implying that bulk chondrules 
would exhibit an even smaller isotopic fractionation. This comparison 
between the direct measurements and our estimate may indicate either 
that the actual fractionation is closer to the lower end of our estimated 
confidence interval, or that the chondrules were shifted toward heavier 
Zn isotopic compositions through chondrule-matrix exchange (Gross-
man and Brearley, 2005; Alexander, 2019). Meanwhile, the measured 
Zn isotopic compositions of the CV matrix are close to but lighter than 
the CI value (Pringle et al., 2017; van Kooten and Moynier, 2019; 
van Kooten et al., 2021). This may imply that both chondrules and 
matrix were modified, and the chondrule-matrix exchange may at least 
partly account for the deviation between our preferred estimate and the 
direct measurements. Evidence for significant exchange exists even in 
the least altered samples, particularly for oxygen isotopes (Kita et al., 
2010) and alkali elements (Grossman and Brearley, 2005). Despite this 
potential complexity, petrological constraints on chondrite components 
remain critical for understanding the inferred elemental and isotopic 
compositions of the non-matrix component. For example, observations 
of diffusion profiles in metal grains (Humayun, 2012) and relict grains 
in chondrules (Jones, 2012) provide important insights into the mech-
anisms for the isotopic fractionations, as discussed in the following 
subsection.

4.4. Possible mechanisms of the inferred isotopic fractionations

Having estimated the isotopic fractionations between the matrix and 
non-matrix components, a natural question is their origin: Do these 
fractionations reflect chondrule formation or were they inherited from 
chondrule precursors? For K and Rb, Nie et al. (2021) demonstrated 
that the fractionations can be explained by re-condensation under 
reasonable conditions during chondrule cooling. For Zn, Te, Cd, Ge, and 
Cu, the fractionations are much larger (Fig.  7b), and it remains unclear 
whether they can be explained by re-condensation alone. Nevertheless, 
another mechanism may also play a role during the re-condensation 
of these elements: diffusion from the surfaces into the interiors of 
chondrules or metal grains (Alexander, 2005; Alexander et al., 2022).

The role of diffusion can be understood as follows: During cooling, 
MVEs in the gas condense onto the surfaces of chondrules or metal 
grains. Without diffusion into the interior, the condensed elements 
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would accumulate at the surface, increasing their surface concentra-
tions and thus the equilibrium vapor pressure, which would inhibit 
further condensation (Alexander, 2005; Alexander et al., 2022). K and 
Rb condense at relatively high temperatures and have relatively high 
diffusion coefficients (e.g., Zhang et al., 2021). As a result, the diffusion 
of these two elements can be sufficiently rapid that isotopic fraction-
ation is primarily controlled by the re-condensation process (Jacquet 
et al., 2026), consistent with the assumption of Nie et al. (2021). 
However, for other elements, the effects of diffusion can be much 
greater.

Cu, Ga, and Ge are siderophile MVEs, and they condense mostly 
into metal. In carbonaceous chondrite chondrules that are strongly 
depleted in sulfur, metal is expected to solidify early during cooling, at 
temperatures near the melting point of Fe (∼1800 K). Thus, Cu, Ga, and 
Ge that condense below that temperature need to diffuse into grains 
of solid metal. In this case, the overall condensation is controlled by 
the slow solid-state diffusion, as implied by the diffusion profiles of Cu 
and Ga preserved in CR chondrite metal grains (Humayun, 2012). Zn 
likely behaves as a lithophile MVE and condenses into silicate melts 
during chondrule cooling (Singerling et al., 2021). However, compared 
with K and Rb, Zn exhibits stronger volatility and condenses at lower 
temperatures (e.g., Sossi et al., 2019). Moreover, Zn is a divalent cation 
and therefore diffuses more slowly than monatomic cations such as 
K and Rb in silicate melts at given temperature (Zhang et al., 2010). 
For these two reasons, the diffusion of Zn during its condensation can 
be expected to be much slower than that of K and Rb. Hence, for the 
lithophile Zn, the overall rate of condensation during chondrule cooling 
may also be controlled by the diffusion step.

The process of diffusion can lead to significant isotopic fractiona-
tion. As an illustration, we consider the simplest example of diffusion 
from a surface with fixed concentration into a half-space with zero 
initial concentration. If the diffusion coefficient is 𝐷 and the diffusion 
time is 𝑡, the integrated diffusive flux is proportional to 

√

𝐷𝑡. For 
two isotopes 𝑖 and 𝑗 with diffusion coefficients 𝐷𝑖 and 𝐷𝑗 , the ratio 
of their integrated fluxes is √𝐷𝑖∕𝐷𝑗 , and the fractionation factor is 
𝛥 = 1000h × (

√

𝐷𝑖∕𝐷𝑗 − 1). Assuming a mass dependence of diffusion 
coefficient described by 𝐷𝑖∕𝐷𝑗 = (𝑀𝑗∕𝑀𝑖)𝛽 , where 𝑀𝑖 and 𝑀𝑗 are 
the masses and 𝛽 is a coefficient (e.g., Richter et al., 1999, 2009; 
Watkins et al., 2017), we write the fractionation factor as 𝛥 = 1000h×
((𝑀𝑗∕𝑀𝑖)𝛽∕2 − 1) ≈ 1000h × (𝛿𝑀∕𝑀)(𝛽∕2), in which 𝛿𝑀∕𝑀 = (𝑀𝑗 −
𝑀𝑖)∕𝑀𝑖 is the relative mass difference. The diffusion into chondrules 
or metal grains during chondrule cooling is more complicated than this 
extreme example, but the maximum fractionation induced by diffusion 
can still be expected to be 𝛥 ≈ 1000h × (𝛿𝑀∕𝑀)(𝛽∕2). The coefficient 
𝛽 varies with the diffusing element and the system. In silicate melts, 
𝛽 can be up to ∼0.2, while in metals, 𝛽 can be up to ∼0.4 (Richter 
et al., 2009; Watkins et al., 2017). Thus, in principle, for lithophile 
and siderophile elements, the fractionations after normalization by the 
relative mass difference can be up to ∼0.1 and ∼0.2, respectively. We 
note that our calculations oversimplify the kinetic processes of MVE 
recondensation during chondrule cooling. This is particularly impor-
tant in the context of petrological observations (e.g., the presence of 
relict grains) which suggest that some chondrules underwent multiple 
melting events (e.g., Jones, 2012), such that their isotopic compositions 
may represent cumulative results of repeated fractionations. However, 
regardless of the details, the end-member calculations suggest that the 
relatively large isotopic fractionations inferred from our fitting (Fig.  7) 
may possibly be explained by diffusion in chondrules and metal grains 
during re-condensation upon chondrule cooling.

4.5. Origin of volatile depletion in chondrules

The origin of volatile depletion in chondrules holds important im-
plications for the long standing problem of chondrule formation. Hell-
mann et al. (2020) suggested a ∼0.13×CI ‘‘plateau’’ for MVEs with 50% 
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condensation temperatures lower than ∼750 K in the non-matrix (chon-
drule) component of carbonaceous chondrites. The authors argued that 
this ‘‘plateau’’ requires bulk condensation of a gas with CI-like relative 
proportions of these elements. In this case, the process of chondrule 
formation does not cause elemental or isotopic fractionation, and the 
compositions of chondrules largely reflect those of their precursors.

In this study, we suggest that the ‘‘plateau’’ is likely an artifact of 
their underestimated matrix mass fractions, as discussed in Section 4.1. 
Our revised non-matrix composition exhibits substantial variation in 
the CI-normalized concentrations of these elements (Figs.  2, 3, and 5a). 
The concentrations of these elements do not show clear correlation 
with their 50% condensation temperatures. However, this is probably 
because the 50% condensation temperature describes the behaviors 
of elements in the canonical nebular environment rather than the 
chondrule-forming environment. As discussed in Section 4.3, the iso-
topic compositions of the non-matrix component may be explained 
by mass-dependent fractionation processes during chondrule forma-
tion. Therefore, we suggest that the elemental and mass-dependent 
isotopic compositions of MVEs in carbonaceous chondrite chondrules 
may be explained by chondrule formation without invoking inheritance 
from chondrule precursors, although more detailed investigations are 
certainly required to test this hypothesis.

5. Conclusions

In this study, we re-assess the concentrations of MVEs in the non-
matrix component of carbonaceous chondrites. We update the matrix 
mass fractions using the measurements reported by Patzer et al. (2021, 
2022, 2023) and fit the relations between MVE abundances and matrix 
mass fractions across the carbonaceous chondrite groups. The revised 
MVE abundances in the non-matrix component are broadly consistent 
with those inferred by Alexander (2019), but systematically lower than 
the estimates of Hellmann et al. (2020). Unlike Hellmann et al. (2020), 
who inferred a ∼13% CI chondrite level ‘‘plateau’’ for elements with 
condensation temperatures lower than ∼750 K, our results suggest 
lower abundances (e.g., a few percent of the CI chondrite values) for 
these elements in the non-matrix component.

In addition to the concentration-matrix mass fraction relations, we 
also examine the correlations between the concentrations of Zn and 
other MVEs. This practice provides useful insights into the data and the 
fitting results. The almost perfect correlation of the most volatile MVEs 
with Zn indicates that the significant intra-group variations among the 
CM chondrites reported by Braukmüller et al. (2018) can primarily be 
attributed to differing matrix mass fractions. Nevertheless, the scattered 
results for alkalis (especially Na and K) imply that they were affected 
by either parent-body alteration or terrestrial modifications. Assum-
ing non-matrix Zn concentrations within the matrix-based confidence 
interval, we also infer the non-matrix abundances of MVEs from this 
Zn-based fitting. The comparison between the matrix- and Zn-based 
fittings illustrates good consistency for most elements in terms of both 
the best estimate and the confidence interval. Apparent discrepancies 
are observed for Na and Ge, for which the samples included in the 
calculation of group-average concentrations differ from those of other 
MVEs due to data availability or exclusion of anomalous data. This 
further demonstrates the importance of data self-consistency.

The revised non-matrix (or chondrule) abundances of MVEs have 
profound implications for both chondrule formation and planetary 
accretion. By combining the revised estimates of non-matrix MVE 
abundances with existing isotopic data, we obtain new constraints on 
isotopic compositions of the non-matrix component. While the results 
for K, Rb, and Ge compare well with previous studies, our inferred 
fractionations (between matrix and non-matrix components) for Zn, 
Te, and Cd are substantially larger than previously estimated. This is 
because our re-assessment suggests much lower abundances for these 
elements in the non-matrix component. Considering the origin of these 
inferred isotopic compositions, we suggest they may be explained by 
11 
Table 3
The inferred values and 95% confidence intervals of the isotopic compositions 
of the non-matrix component (𝛿NM) and the fractionations and between matrix 
and non-matrix components (𝛥NM) for K, Rb, Zn, Te, Ge, Cd, Cu, and Ga.
 𝛿NM 95% c.i. 𝛥NM 95% c.i  
 K −0.50 (−0.68,−0.34) 0.45 (0.30, 0.62) 
 Rb 0.00 (−0.10, 0.07) 0.16 (0.10, 0.26) 
 Zn −2.17 (−14.8,−0.35) 2.62 (0.82, 15.3) 
 Te −1.32 (−7.69,−0.52) 1.47 (0.68, 7.84) 
 Ge −3.82 (−6.95,−2.33) 4.75 (3.26, 7.89) 
 Cd −1.40 (−17.3,−0.14) 1.82 (0.62, 17.7) 
 Cu −1.40 (−2.03,−0.90) 1.83 (1.33, 2.45) 
 Ga −0.51 (−0.75,−0.33) 0.60 (0.41, 0.85) 
Notes: The isotopic compositions and fractionations are given in h. For Zn, Te, and 
Cd, the upper limit of fractionation is taken as the theoretical value of pure kinetic 
condensation, 𝛥 = 1000h × |

√

𝑀𝑗∕𝑀𝑖 − 1|, where 𝑀𝑖 and 𝑀𝑗 are the masses of the 
heavy and light isotopes.

the fractionations associated with the diffusion of these MVEs from 
the surfaces to the interiors of chondrules or metal grains upon their 
re-condensation during the cooling stage of chondrule formation. This 
possible explanation, together with the newly revised, non-uniform 
CI-normalized concentrations of the most volatile MVEs, implies that 
the MVE abundances and isotopic compositions of chondrules may be 
attributed to chondrule formation alone without invoking precursor 
signatures.
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Appendix A. Matrix mass fractions

In Hellmann et al. (2020), the matrix mass fractions were estimated 
from previously reported component volume fractions, previously re-
ported chondrite bulk densities, and assumed densities of chondrule, 
metal, sulfide, and refractory inclusions (but not matrix). The results 
provided good first-order approximations of the matrix mass fractions, 
but are prone to problems from several factors, such as (i) intra-
group variations in component volume fractions and bulk chondrite 
densities, which may be measured from different samples, (ii) errors 
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in assumed component densities or variations in component densities 
among different groups or different samples within the same group, and 
(iii) inconsistent definitions of ‘‘component volume fractions’’ across 
different studies. We take CR chondrites as an example to discuss 
these issues. (i) CR chondrites exhibit significant variations in bulk 
density (Macke et al., 2011) and component volume fractions (Schrader 
et al., 2011), and taking group-average values from different studies 
(which may be based on different samples) could lead to errors. (ii) 
The densities of chondrite components, as demonstrated by Patzer et al. 
(2021, 2022, 2023) vary among chondrite samples, and they may not 
be accurately described by fixed values. (iii) Hellmann et al. (2020) 
obtained a particularly low matrix mass fraction for the CR group 
largely because they adopted a quite large volume fraction (∼10 vol%) 
of metal, which was considered part of the non-matrix component. The 
measurements of Schrader et al. (2011) (the source cited by Hellmann 
et al. (2020) for CR component volume fractions) suggested ∼10 vol%
opaque minerals, and that value includes oxide, rust, metal, and sulfide 
(instead of just metal). Howard et al. (2015) determined the modal 
mineralogy of CR chondrite samples and reported metal fractions of 
∼3–7 vol%, with an average of ∼5 vol%. Therefore, the matrix mass 
fraction for CR chondrites has likely been underestimated.

Other attempts to estimate matrix mass fractions indeed resulted in 
higher values. Bryson and Brennecka (2021) assumed that the grain 
density (i.e., porosity-free density) of the matrix is the same as that 
of the non-matrix component and obtained a matrix mass fraction of 
∼29% for CR chondrites. However, this value is still very assumption-
dependent. So far, the most robust estimates are provided by Patzer 
et al. (2021, 2022, 2023), which carefully examined the volume frac-
tions and detailed mineral compositions of each component for CM, 
CO, and CR chondrites. For these three groups, we estimate the average 
matrix mass fractions from the values reported for individual samples 
(specifically, the values from ‘‘corrected for mixed analyses’’) by Patzer 
et al. (2021, 2022, 2023), and evaluate the uncertainties by calculating 
their two standard deviations. For CMs and COs, the values reported 
for individual samples exhibit moderate intra-group variations, with 
ranges of 51–62% for CMs and 26–37% for COs. For these two groups, 
we include all samples in the calculation.

Among the CR chondrite samples studied by Patzer et al. (2022), 
the matrix mass fraction varies from 13% to 35%, and the S content 
varies from 0.86 wt% to 1.65 wt%. Patzer et al. (2022) did not measure 
Zn contents, but measurements from previous studies (Kallemeyn and 
Wasson, 1982; Kong et al., 1999; Hewins et al., 2014) for meteorites 
used in the Patzer et al. (2022) analyses suggested a variation from 
less than ∼60 μg∕g to ∼100 μg∕g. This large intra-group variation war-
rants additional caution when estimating the group average, especially 
because we need to combine data (matrix mass fraction and concentra-
tions) from different sources; self-consistency is critical in this process. 
In the two CR samples analyzed by Braukmüller et al. (2018, 2019), the 
S and Zn concentrations are ∼1.0 wt% and ∼60 μg∕g, respectively. Patzer 
et al. (2022) examined six CR samples, EET 92042, MET 00426, MIL 
090657, QUE 99177, and two sections of Renazzo. MIL 090657 and 
QUE 99177 exhibit similar matrix mass fractions (15.1% and 13.1%) 
and S contents (0.94 wt% and 0.86 wt%), which are both lower than 
∼1.0 wt% but close. EET 92042 and MET 00426 exhibit almost identical 
matrix mass fractions (19.6% and 20.5%). Their S contents (1.46 wt%
and 1.29 wt%) are both higher than 1.0 wt%, but the Zn content of 
EET 92042 (∼61 μg∕g; Kong et al., 1999) is almost identical to the 
values (∼60 μg∕g) reported by Braukmüller et al. (2018). Renazzo, in 
contrast, exhibits S content (∼1.6 wt%; Patzer et al., 2022) and Zn 
content (∼100 μg∕g; Kallemeyn and Wasson, 1982; Hewins et al., 2014) 
substantially higher than the values reported by Braukmüller et al. 
(2018, 2019). Therefore, we exclude the two Renazzo sections from 
the average-CR matrix mass fraction estimate.

The matrix mass fraction of CV chondrites may also be problematic. 
This is because: (i) as discussed in Section 2.1, there is not yet a 
detailed matrix mass fraction estimate equivalent to those of Patzer 
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et al. (2021, 2022, 2023); and (ii) CV chondrites include oxidized and 
reduced subgroups and exhibit a relatively wide range in matrix volume 
fraction (e.g., Gattacceca et al., 2020) and MVE concentrations (e.g., 
Wasson et al., 2013). The measurements of Braukmüller et al. (2018) 
include three CV samples: two pieces of Allende (CV-oxidized) and 
one piece of Vigarano (CV-reduced). Although these samples belong to 
different subgroups, their MVE concentrations differ only slightly. For 
example, their Zn concentrations only range from 112 μg∕g for Vigarano 
to 123 μg∕g and 127 μg∕g for the two Allende samples. In general, 
as shown in Fig.  4 (where individual samples are plotted) and in the 
data compiled in the Supplementary Material, the CV chondrite sam-
ples included in our fitting exhibit limited variability, and their MVE 
concentrations broadly overlap with those of CO samples (although 
the CV–CO comparison varies among different MVEs). Therefore, we 
suggest that, for the dataset employed in the present study, it is suffi-
cient to retain the estimate of 30.5± 7.3% from Hellmann et al. (2020), 
which closely matches the updated CO value (31.1 ± 11.0%). However, 
this may not hold for future studies if additional CV measurements 
with greater variability are included. This highlights the need for more 
investigations of CV chondrites.

Appendix B. Elemental and isotopic compositions

To maximize the internal consistency of the data, we take most of 
the concentration data from Braukmüller et al. (2018), including the 
concentrations of Na, K, Mn, Cu, Zn, Ga, As, Rb, Ag, Cd, In, Sn, Cs, 
and Tl. For S, Se, and Te, we take the data from Braukmüller et al. 
(2019, 2025), although they were also reported by Braukmüller et al. 
(2018), because the later measurements have better precisions. For Ge, 
we take the data from Wölfer et al. (2025) because this element was 
not included in the Braukmüller et al. (2018) measurements. Some data 
are apparently anomalous. For example, the Na concentrations of CM 
samples Murray, Murchison, EET 96029, LON 94102, SCO 06043, and 
MET 01070 are lower than those of other CM samples by approximately 
a factor of two or more. These anomalous data are excluded. The 
concentration data used in the fitting are listed in Table S2. For S, 
Se, Te, and Ge, fewer data points are shown in Fig.  4 because the 
subsequent studies measured fewer samples than Braukmüller et al. 
(2018). The Ge data from Wölfer et al. (2025) are paired with the Zn 
data from Braukmüller et al. (2018) if the measurements were from 
samples of the same meteorites. In the MVE versus Zn fitting, the 
two-standard-deviation uncertainties are uniformly assumed to be 10% 
of the reported concentrations. Repeated measurements of the Ivuna 
sample by Braukmüller et al. (2018) indicate that relative uncertainties 
vary among different elements, and the value adopted here is close to 
the upper bound of those reported uncertainties.

In this study, we consider the isotopic variations of K, Rb, Zn, Te, 
Ge, Cd, Cu, and Ga. We use data of K and Rb from Nie et al. (2021) 
(see below for discussion), Zn from Luck et al. (2005), Pringle et al. 
(2017), and Paquet et al. (2023), Te from Hellmann et al. (2020), Ge 
from Wölfer et al. (2025) and Luais and Florin (2025), Cd from Baker 
et al. (2010) and Morton et al. (2024), Cu from Luck et al. (2003) 
and Paquet et al. (2023), and Ga from Kato and Moynier (2017). For 
Cd, we only include data from the CI, CM, and CR groups, because 
the elemental and isotopic compositions of Cd can be easily affected 
by thermal metamorphism (Morton et al., 2024). All these studies re-
ported concentrations and isotopic compositions simultaneously, so in-
ternal consistency is naturally guaranteed. The two-standard-deviation 
uncertainties of the concentrations are assumed to be 10% the re-
ported values if the uncertainties were not reported together with the 
measurements. The data are given in Tables S3–S10.

The abundances and isotopic compositions of K exhibit signifi-
cant intra-group variations, likely due to parent-body aqueous alter-
ation (e.g., Jiang et al., 2021; Hu et al., 2024) or perhaps terrestrial 
modification. Even within the same meteorite samples, such as Ivuna 
(CI), Murchison (CM), and Allende (CV), substantially different values 
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have been reported (e.g., Jiang et al., 2021; Hu et al., 2024). The 
elemental and isotopic variations caused by aqueous alteration are not 
expected to follow the 𝛿-𝑐 relationship derived from a two-component 
mixing model, and their influence should be minimized. To determine 
pre-alteration K abundances and isotopic compositions in carbonaceous 
chondrites is challenging and beyond the scope of this study. To facil-
itate comparison with previous results and to isolate the effect of our 
revised non-matrix abundances, we adopt the same K (and Rb) dataset 
as Nie et al. (2021).

Appendix C. York fitting and posterior parameter distribution

Here, we briefly describe the York method for fitting a linear 
relation with errors in both coordinates (York et al., 2004). Assuming 
that we have 𝑁 data points (𝑋𝑖, 𝑌𝑖) associated with uncertainties ex-
pressed as standard deviation (𝜎𝑋,𝑖, 𝜎𝑌 ,𝑖), and the errors in 𝑋 and 𝑌  are 
uncorrelated. The two variables are expected to follow a linear relation 

𝑌 = 𝜔𝑋 + 𝜃. (C.1)

In this case, the estimated values of 𝜔 and 𝜃 are expected to follow 

𝜇𝜔 =

( 𝑁
∑

𝑖=1
𝑊𝑖𝛤𝑖𝑉𝑖

)( 𝑁
∑

𝑖=1
𝑊𝑖𝛤𝑖𝑈𝑖

)−1

, (C.2)

𝜇𝜃 = 𝑌 − 𝜇𝜔𝑋̄, (C.3)

where 𝜇𝜔 and 𝜇𝜃 are the estimated values of 𝜔 and 𝜃, and 𝑊𝑖, 𝑋̄, 𝑌 , 
𝑈𝑖, 𝑉𝑖, and 𝛤𝑖 are defined as 

𝑊𝑖 =
(

𝜎2𝑌 ,𝑖 + 𝜇2
𝜔𝜎

2
𝑋,𝑖

)−1
, (C.4)

𝑋̄ =

( 𝑁
∑

𝑖=1
𝑊𝑖𝑋𝑖

)( 𝑁
∑

𝑖=1
𝑊𝑖

)−1

, 𝑌 =

( 𝑁
∑

𝑖=1
𝑊𝑖𝑌𝑖

)( 𝑁
∑

𝑖=1
𝑊𝑖

)−1

, (C.5)

𝑈𝑖 = 𝑋𝑖 − 𝑋̄, 𝑉𝑖 = 𝑌𝑖 − 𝑌 , (C.6)

𝛤𝑖 = 𝑊𝑖

(

𝜎2𝑌 ,𝑖𝑈𝑖 + 𝜇𝜔𝜎
2
𝑋,𝑖𝑉𝑖

)

. (C.7)

Particularly, 𝑊𝑖 represents the weight of data point (𝑋𝑖, 𝑌𝑖), 𝑋̄ and 𝑌  are 
weighted averages of 𝑋 and 𝑌  data, 𝑈𝑖 and 𝑉𝑖 describe the difference 
between the data point and the weighted averages, and 𝛤𝑖 gives the 
difference between the ‘‘adjusted’’ 𝑋 value (see below for details) and 
𝑋̄. Because 𝑊𝑖, 𝑋̄, 𝑌 , 𝑈𝑖, 𝑉𝑖, and 𝛤𝑖 depend on 𝜇𝜔, Eqs. (C.2) and (C.3) 
are not explicit expressions of 𝜇𝜔 and 𝜇𝜃 . Hence, the values of 𝜇𝜔 and 𝜇𝜃
need to be solved with an iterative scheme. After obtaining the values 
of 𝜇𝜔 and 𝜇𝜃 , their variance and covariance can be calculated as 

𝜎2𝜔 =

( 𝑁
∑

𝑖=1
𝑊𝑖(𝛤𝑖 − 𝛤 )2

)−1

, (C.8)

𝜎2𝜃 = (𝑋̄ + 𝛤 )2
( 𝑁
∑

𝑖=1
𝑊𝑖(𝛤𝑖 − 𝛤 )2

)−1

+

( 𝑁
∑

𝑖=1
𝑊𝑖

)−1

, (C.9)

𝜎𝜔,𝜃 = −(𝑋̄ + 𝛤 )

( 𝑁
∑

𝑖=1
𝑊𝑖(𝛤𝑖 − 𝛤 )2

)−1

, (C.10)

where 𝛤 = (
∑𝑁

𝑖=1 𝑊𝑖𝛤𝑖)∕(
∑𝑁

𝑖=1 𝑊𝑖) is the weighted average of 𝛤𝑖.
The above results can be derived both from the least-squares method 

and the maximum-likelihood method (York et al., 2004). In the
maximum-likelihood method, the results are obtained by maximizing 
the likelihood function  given by Titterington and Halliday (1979) 
ln =  − (1∕2)𝜒2, (C.11)

where  is a constant, and 𝜒2 is expressed as 

𝜒2 =
𝑁
∑

[

(

𝑥𝑖 −𝑋𝑖
)2

+
(

𝜔𝑥𝑖 + 𝜃 − 𝑌𝑖
)2

]

, (C.12)

𝑖=1 𝜎𝑋,𝑖 𝜎𝑌 ,𝑖
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where 𝑥𝑖 is the true 𝑋 value of the 𝑖-th data point, whose observed value 
is 𝑋𝑖. The likelihood function can be derived under the assumption 
that (i) the deviations between the observed values, 𝑋𝑖 and 𝑌𝑖, and 
the true values 𝑥𝑖 and 𝑦𝑖 = 𝜔𝑥𝑖 + 𝜃, follow normal distributions 
with standard deviations 𝜎𝑋,𝑖 and 𝜎𝑌 ,𝑖, and (ii) the errors in the two 
variables are uncorrelated, such that 𝑥𝑖 − 𝑋𝑖 ∼  (0, 𝜎2𝑋,𝑖) and 𝜔𝑥𝑖 +
𝜃 − 𝑌𝑖 ∼  (0, 𝜎2𝑌 ,𝑖). (In general, 𝜉 ∼  (𝜇𝜉 , 𝜎2𝜉 ) means that variable 
𝜉 follows a normal distribution with mean 𝜇𝜉 and standard deviation 
𝜎𝜉 .) In this case, the likelihood function is basically the joint proba-
bility distribution function of the data conditional on the model, and 
 = −(1∕2)

∑𝑁
𝑖=1

[

ln(2𝜋𝜎2𝑋,𝑖) + ln(2𝜋𝜎2𝑌 ,𝑖)
]

. To maximize , one needs to 
minimize 𝜒2. For given 𝜔 and 𝜃, the minimum 𝜒2 is obtained when 
𝜕𝜒2∕𝜕𝑥𝑖 = 0, which is obtained when 𝑥𝑖 takes the value of 
𝑥̃𝑖 = 𝑋̄ + 𝛤𝑖, (C.13)

where 𝑥̃𝑖 is the adjusted value of 𝑋𝑖, and 𝑋̄ and 𝛤𝑖 are given by 
Eqs. (C.5) and (C.7) if 𝜇𝜔 and 𝜇𝜃 are considered as 𝜔 and 𝜃 (Titterington 
and Halliday, 1979; York et al., 2004). Substituting 𝑥𝑖 = 𝑥̃𝑖 into 
Eq. (C.12), the expression of 𝜒2 becomes 

𝜒2 =
𝑁
∑

𝑖=1

(𝜔𝑋𝑖 + 𝜃 − 𝑌𝑖)2

𝜎2𝑌 ,𝑖 + 𝜔2𝜎2𝑋,𝑖

, (C.14)

where 𝜒2 is the ‘‘plug-in’’ value of 𝜒2. As shown in Titterington and 
Halliday (1979) and York et al. (2004), 𝜒2 is minimized at 𝜔 = 𝜇𝜔 and 
𝜃 = 𝜇𝜃 with 𝜇𝜔 and 𝜇𝜃 given by Eqs. (C.2)–(C.7).

The uncertainties of the parameters should be characterized by their 
posterior probability distributions, i.e., the probability distributions 
conditional on the data. In Bayesian statistics, the posterior probability 
is proportional to the product of the prior and the likelihood. If we take 
𝑥𝑖 = 𝑥̃𝑖 to evaluate the likelihood, the posterior of (𝜔, 𝜇) is expressed as 

𝜙(𝜔, 𝜃) = 𝑝(𝜔, 𝜃)̃(𝜔, 𝜃), (C.15)

where 𝜙(𝜔, 𝜃) and 𝑝(𝜔, 𝜃) are the posterior and prior probability dis-
tribution functions of (𝜔, 𝜃),  is a normalizing factor, and ̃ is the 
‘‘plug-in’’ likelihood, 
ln ̃(𝜔, 𝜃) =  − (1∕2)𝜒2, (C.16)

In the standard fitting, there are no prior constraints, and 𝑝(𝜔, 𝜃)
can be considered constant (or broad enough so that it is effec-
tively constant when 𝜔 and 𝜇 are not extremely far from the 𝜇𝜔
and 𝜇𝜃). At (𝜇𝜔, 𝜇𝜃), which leads to maximum likelihood, 𝜕 ln∕𝜕𝜔 =
𝜕 ln∕𝜕𝜃 = 0. In the vicinity of (𝜇𝜔, 𝜇𝜃), ln can be approximated 
using a Taylor expansion as the sum of ln(𝜇𝜔, 𝜇𝜃) and a quadratic 
term in (𝜔 − 𝜇𝜔, 𝜃 − 𝜇𝜃). With the covariance matrix of the param-
eters, the posterior is approximately a bivariate normal distribution, 
𝜙(𝜔, 𝜃) ∝ exp

(

−(1∕2)(𝜔 − 𝜇𝜔, 𝜃 − 𝜇𝜃)𝜮−1(𝜔 − 𝜇𝜔, 𝜃 − 𝜇𝜃)⊺
)

, where 𝜮 =
[𝜎2𝜔, 𝜎𝜔,𝜃 ; 𝜎𝜔,𝜃 , 𝜎

2
𝜃 ] is the covariance matrix given in Eqs. (C.8)–(C.10). 

When considering a single parameter, 𝜔 or 𝜃, one can calculate its 
posterior as 𝜙(𝜔) = ∫ ∞

−∞ 𝜙(𝜔, 𝜃)d𝜃 ∝ exp
(

−(1∕2)(𝜔 − 𝜇𝜔)2∕𝜎2𝜔
) and 

𝜙(𝜃) = ∫ ∞
−∞ 𝜙(𝜔, 𝜃)d𝜔 ∝ exp

(

−(1∕2)(𝜃 − 𝜇𝜃)2∕𝜎2𝜃
) where 𝜙(𝜔) and 𝜙(𝜃)

are the posterior probability distributions of 𝜔 and 𝜃; these suggest that 
𝜔 ∼  (𝜇𝜔, 𝜎2𝜔) and 𝜃 ∼  (𝜇𝜃 , 𝜎2𝜃 ).

In this study, the problem of interest is somewhat different from 
the standard fitting problem because there is a prior constraint that the 
intercept must be positive. In this case, the prior probability is still con-
stant when 𝜃 is positive but takes the value of zero when 𝜃 is negative. 
The posterior distribution of (𝜔, 𝜃) becomes a truncated normal distri-
bution, i.e., 𝜙(𝜔, 𝜃) ∝ exp

(

−(1∕2)(𝜔 − 𝜇𝜔, 𝜃 − 𝜇𝜃)𝜮−1(𝜔 − 𝜇𝜔, 𝜃 − 𝜇𝜃)⊺
) if 

𝜃 is positive and 𝜙(𝜔, 𝜃) = 0 if 𝜃 is negative. The posterior probability 
distribution of 𝜃 is given by 𝜙(𝜃) = ∫ ∞

−∞ 𝜙(𝜔, 𝜃)d𝜔, such that 𝜙(𝜃) ∝
exp

(

−(1∕2)(𝜃 − 𝜇𝜃)2∕𝜎2𝜃
) if 𝜃 is positive and 𝜙(𝜃) = 0 if 𝜃 is negative.

To assess the posterior distributions, we can also run Markov chain 
Monte Carlo (MCMC) simulations using the Metropolis–Hastings algo-
rithm with the following steps:
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(1) Choose an initial point, (𝜔, 𝜃) = (𝜔1, 𝜃1).
(2) For the 𝑡-th step, propose a perturbed ‘‘candidate’’, (𝜔′

𝑡 , 𝜃
′
𝑡 ) =

(𝜔𝑡, 𝜃𝑡) + (𝜖𝜔,𝑡, 𝜖𝜃,𝑡).
(3) Calculate the acceptance ratio as 𝜆 = ̃(𝜔′

𝑡 , 𝜃
′
𝑡 )∕̃(𝜔𝑡, 𝜃𝑡), where 

̃(𝜔, 𝜃) is the ‘‘plug-in’’ likelihood (i.e., the maximum likelihood at 
given 𝜔 and 𝜃 values) given by Eq. (C.16). (Considering the ‘‘plug-in’’ 
likelihood with the ‘‘adjusted’’ 𝑋𝑖 given by Eq. (C.16), instead of the 
‘‘latent’’ 𝑥𝑖 as an additional random variable in the simulation, may 
slightly underestimate the uncertainties of the parameters. However, 
this would guarantee the posterior to be maximized at the value given 
by the York regression, in which the ‘‘adjusted’’ 𝑋𝑖 values are used.)

(4) Generate a uniformly distributed random number 𝑟 ∈ (0, 1), 
accept the perturbation and set (𝜔𝑡+1, 𝜃𝑡+1) = (𝜔′

𝑡 , 𝜃
′
𝑡 ) if 𝜆 > 𝑟, or reject 

it and set (𝜔𝑡+1, 𝜃𝑡+1) = (𝜔𝑡, 𝜃𝑡) if 𝜆 ⩽ 𝑟.
(5) Repeat steps (2)–(4) until 𝑡 reaches a large enough number, 

and discard the samples from an initial ‘‘burn-in’’ period if necessary. 
If there is a priori constraint that the intercept must be positive, we 
should also discard all the samples with negative 𝜃. Then, from the 
samples collected from the iteration, one can calculate the posterior 
distributions of the parameters.

The analyses in this section assume that the data errors are normally 
distributed. Strictly speaking, this assumption may be questionable, 
because the numbers of measurements contributing to the average con-
centration and matrix mass fraction for each carbonaceous chondrite 
group are limited. In principle, the errors should be described by stu-
dent’s t distributions, which would result in broader error distributions 
and larger uncertainties for the estimated parameters compared with 
those obtained under the normal distribution assumption. However, 
assuming t distributions would introduce additional complexity in mod-
ifying the widely applied methods of regression and error estimation, 
which is beyond the scope here. Moreover, the confidence intervals 
provided here, particularly those for the isotopic compositions, are 
already fairly broad from a practical perspective. For these reasons, 
we retain the assumption of normally distributed errors, despite the 
potential caveat discussed above.

Appendix D. Estimations of parameters and confidence intervals

Fitting the 𝑐 and 𝑓 data under the linear relation provided in 
the main text with the York method, we obtain the estimates of the 
parameters, 𝜇𝑘 and 𝜇𝑏, together with their variance and covariance, 
𝜎2𝑘, 𝜎2𝑏 , and 𝜎𝑘,𝑏. From the discussion in Appendix  C, we can write 
the posterior distribution function of the non-matrix concentration (the 
intercept 𝑏) as 

𝜙(𝑐NM) =

⎧

⎪

⎨

⎪

⎩

(1∕𝛷) exp
(

−(1∕2)
(

𝑐NM − 𝜇𝑏
)2 ∕𝜎2𝑏

)

if 𝑐NM > 0,

0 if 𝑐NM < 0,
(D.1)

where 𝜙(𝑐NM) is the posterior probability distribution function of 𝑐NM =
𝑏 conditional on the data, and 𝛷 is a normalizing factor given by 
𝛷 = ∫ ∞

0 exp
(

−
(

𝑏 − 𝜇𝑏
)2 ∕(2𝜎2𝑏 )

)

d𝑏. When 𝜇𝑏 is large compared to 𝜎𝑏, 
the distribution of Eq. (D.1) reduces to a normal distribution. In this 
case, 𝜇𝑏 gives the mode, expectation, and median of the distribution, 
and this value unambiguously gives the best estimate of parameter 
𝑏. When 𝜇𝑏 is comparable to or smaller than 𝜎𝑏 (which could be the 
case for elements strongly depleted in the non-matrix component), the 
mode, expectation, and median of the distribution are no longer the 
same.

To further illustrate this effect, we show in Fig.  D.8 (upper panel) 
the posterior distribution of 𝑐NM calculated from the Eq. (D.1) together 
with that calculated from a MCMC simulation using the data of Zn. For 
the MCMC simulation, the initial choice of parameter is set as (𝑘1, 𝑏1) =
(𝜇𝑘, 𝜇𝑏), where 𝜇𝑘 and 𝜇𝑏 are the values suggested by the York fitting. 
The perturbations are set to follow 𝜖𝑘,𝑡 ∼  (0, 𝜎2𝜖 ) and 𝜖𝑏,𝑡 ∼  (0, 𝜎2𝜖 ), 
where 𝜎  is set to 0.05 times the Zn concentration of the CI chondrite. 
𝜖

14 
The choice of the perturbations affects the efficiency of sampling but 
not the final distributions of the parameters as long as the number of 
iterations is sufficiently large. The number of iteration is set here to be 
106. As we start with the maximum-likelihood estimation, we do not 
discard any initial samples. Since the intercept 𝑏 must be positive, we 
discard samples with 𝑏 < 0. As shown in Fig.  D.8, the MCMC-generated 
posterior distribution is similar to the analytical expression of Eq. (D.1).

The relation between the non-matrix elemental concentration 𝑐NM
and non-matrix isotopic composition 𝛿NM follows 𝛿NM = 𝛼∕𝑐NM + 𝛽. 
Considering the uncertainty in 𝛿NM, we first focus on the contribution 
of 𝑐NM, which is the dominant source for elements like Zn and Te (Fig. 
6). Assuming for now that 𝛼 = 𝜇𝛼 and 𝛽 = 𝜇𝛽 are exact, we have 
𝛿NM < 𝛿′NM < 𝛿NM + d𝛿NM ⇔ 𝑐NM < 𝑐′NM < 𝑐NM + d𝑐NM, where 
𝑐NM = 𝜇𝛼∕(𝛿NM − 𝜇𝛽 ) and d𝑐NM = −𝜇𝛼∕(𝛿NM − 𝜇𝛽 )2d𝛿NM, such that 
𝑃 (𝛿NM < 𝛿′NM < 𝛿NM + d𝛿NM) = 𝜑(𝛿NM)d𝛿NM = 𝑃 (𝑐NM < 𝑐′NM <
𝑐NM+d𝑐NM) = 𝜙(𝑐NM)d𝑐NM, where 𝑃 (𝐴) is the probability of event 𝐴 and 
𝜑(𝛿NM) is the probability distribution function of 𝛿NM. Hence, 𝜑(𝛿NM) is 
calculated as
𝜑(𝛿NM) = 𝜙(𝑐NM)(d𝑐NM∕d𝛿NM)

= 𝜙(𝜇𝛼∕(𝛿NM − 𝜇𝛽 ))(−𝜇𝛼∕(𝛿NM − 𝜇𝛽 )2). (D.2)

An example calculated from the data of Zn is given in the right panel 
of Fig.  D.8, where the results of Eq. (D.2) and the MCMC simulation 
are both provided and exhibit good agreement. (For the MCMC simu-
lation, the samples in 𝛿NM are calculated from those in 𝑐NM following 
𝛿NM = 𝛼∕𝑐NM + 𝛽.) Due to the nonlinear transformation, the mode of 
the distribution 𝜙(𝑐NM) does not occur at 𝜇𝛼∕𝜇𝑏 + 𝜇𝛽 . Calculating the 
derivative d𝜑∕d𝛿NM, one can find that the mode of the distribution 
𝜑(𝛿NM) occurs at 𝜇𝛼∕

(

𝜇𝑏∕2 +
√

(𝜇𝑏∕2)2 + 2𝜎2𝑏

)

+ 𝜇𝛽 , whose value is 
larger than 𝜇𝛼∕𝜇𝑏 + 𝜇𝛽 given that 𝜇𝛼 is negative. The discrepancy 
between the two modes is clear from the example shown in Fig.  D.8, in 
which the (𝑐NM, 𝛿NM) point defined by the modes of 𝜙(𝑐NM) and 𝜑(𝛿NM)
do not fall on curve 𝛿NM = 𝜇𝛼∕𝑐NM+𝜇𝛽 . This discrepancy is particularly 
significant when 𝜇𝑏 ≲ 𝜎𝑏. With this concern, in addition to the modes, 
we also consider the medians of the two distributions, 𝑐mNM and 𝛿mNM, 
which are obtained from 

𝑃 (𝑐NM < 𝑐mNM) = ∫

𝑐mNM

0
𝜙(𝑐NM)d𝑐NM = 0.5, (D.3)

𝑃 (𝛿NM < 𝛿mNM) = ∫

𝛿mNM

−∞
𝜑(𝛿NM)d𝛿NM = 0.5. (D.4)

The relation between 𝑐NM and 𝛿NM is monotonic; thus, 𝑐NM < 𝑐mNM ⇔

𝛿NM < 𝜇𝛼∕𝑐mNM + 𝜇𝛽 . This guarantees the consistency between the two 
medians, i.e., 𝛿mNM = 𝜇𝛼∕𝑐mNM + 𝜇𝛽 . This is also illustrated in Fig.  D.8, 
where (𝑐mNM, 𝛿mNM) falls exactly on the curve 𝛿NM = 𝜇𝛼∕𝑐NM + 𝜇𝛽 .

If the 𝑐-𝑓 fitting leads to 𝜇𝑏 ≫ 𝜎𝑏, the mode and median of 𝜙(𝑐NM)
are both 𝜇𝑏. If the fitting leads to 𝜇𝑏 ≲ 𝜎𝑏, the mode and median of 
𝜙(𝑐NM) are different, but their difference is not significant. From the 
property of the normal distribution function, one can show that the 
difference is less than ∼0.7𝜎𝑏 as long as 𝜇𝑏 is positive. Either way, 
the 𝑐-𝑓 fitting does not distinguish between the mode and median 
values; meanwhile, the consistency between 𝑐NM and 𝛿NM is guaranteed 
when we choose the medians of both quantities as the best estimates. 
For these reasons, we choose the medians, 𝑐mNM and 𝛿mNM, as the best 
estimates for the elemental concentration and isotopic composition of 
the non-matrix component.

Now we consider the confidence intervals of 𝑐NM and 𝛿NM. From 
Eq. (D.1), we estimate the 95% confidence interval of 𝑐NM, denoted by 
(𝑐llNM, 𝑐ulNM), through 

∫

𝑐llNM

0
𝜙(𝑐NM)d𝑐NM = ∫

∞

𝑐ulNM

𝜙(𝑐NM)d𝑐NM = 0.025. (D.5)

Here, superscripts ‘‘ll’’ and ‘‘ul’’ represent lower limit and upper limit, 
respectively. From the confidence interval of 𝑐 , we can further assess 
NM
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Fig. D.8. An example for the relation between the concentration (𝑐NM) and isotopic composition (𝛿NM) of the non-matrix component. The main panel shows their 
relation constrained by isotopic measurements of chondrite samples, 𝛿NM = 𝜇𝛼∕𝑐NM + 𝜇𝛽 . The upper panel shows the posterior probability distribution function 
(PDF) of 𝑐NM from the 𝑐-𝑓 fitting. The black curve gives the analytical PDF of Eq. (D.1), and the histogram gives the results from a Markov chain Monte Carlo 
(MCMC) simulation (see Appendix  D for details). The dashed blue and black lines give the mode and median of the analytical distribution. The right panel gives 
the PDF of 𝛿NM. The black curve gives the analytical result of Eq. (D.2), and the histogram gives the MCMC simulation results. The dashed red and black lines 
give the mode and median of the analytical distribution. The values of 𝜇𝑏, 𝜎𝑏, 𝜇𝛼 , and 𝜇𝛽 are given in the figure and are from the fitting for Zn.
that of 𝛿NM. So far, we have treated the estimates of 𝛼 and 𝛽 as exact. 
Under this assumption, the 95% confidence interval of 𝛿NM, (𝛿llNM, 𝛿ulNM), 
is determined solely by that of 𝑐NM, such that 𝛿llNM = 𝜇𝛼∕𝑐llNM + 𝜇𝛽 and 
𝛿ulNM = 𝜇𝛼∕𝑐ulNM+𝜇𝛽 . Then, we also account for the uncertainties in 𝛼 and 
𝛽, which are characterized by their variance and covariance obtained 
from the York fitting, 𝜎2𝛼 , 𝜎2𝛽 , and 𝜎𝛼,𝛽 . Focusing on the uncertainties in 
𝛼 and 𝛽, the 95% confidence interval of 𝛿mNM = 𝛼∕𝑐mNM + 𝛽 is expressed 
as (𝜇𝛼∕𝑐mNM + 𝜇𝛽 − 2𝜁m𝛿 , 𝜇𝛼∕𝑐mNM + 𝜇𝛽 + 2𝜁m𝛿 ), where 𝜁m𝛿  is the standard 
error of prediction at 𝑐NM = 𝑐mNM given by 

𝜁m𝛿 =
√

(1∕𝑐mNM)2𝜎2𝛼 + 𝜎2𝛽 + (2∕𝑐mNM)𝜎𝛼,𝛽 . (D.6)

As discussed in Appendix  D, we ignore the potential effects of t distri-
butions and assume normal distributions for the errors, such that the 
95% confidence interval corresponds to the range of 𝜇𝛼∕𝑐mNM+𝜇𝛽 ±2𝜁m𝛿 . 
Including contributions of 𝑐NM, 𝛼, and 𝛽, we estimate 𝛿llNM and 𝛿ulNM as 
(

𝛿llNM − 𝛿mNM
)2 =

[

𝜇𝛼(1∕𝑐llNM − 1∕𝑐mNM)
]2 + (2𝜁m𝛿 )2, (D.7)

(

𝛿ulNM − 𝛿mNM
)2 =

[

𝜇𝛼(1∕𝑐ulNM − 1∕𝑐mNM)
]2 + (2𝜁m𝛿 )2. (D.8)

Applying the 𝛿-1∕𝑐 relation and the 𝑐NM value, we estimate the 
mass-dependent isotopic fractionation between the CI-like matrix and 
isotopically light non-matrix component as 
𝛥m
NM = 𝛿mM − 𝛿mNM = 𝜇𝛼(1∕𝑐mM − 1∕𝑐mNM), (D.9)

where 𝑐mM is the concentration in matrix component and is taken as 
that of the average CI chondrite value, as listed in Table  1. The second 
equality assumes that 𝛿mM = 𝜇𝛼∕𝑐mM + 𝜇𝛽 , i.e., the isotopic composition 
of the matrix component is calculated from the fitted 𝛿–1∕𝑐 relation 
together with the CI chondrite concentration. As shown in Fig.  6, except 
15 
for Ga, the calculated 𝛿mM matches very well with the measured isotopic 
compositions of CI chondrites. We also estimate the 95% confidence 
interval of 𝛥NM, (𝛥ll

NM, 𝛥ul
NM), following 

(

𝛥ll
NM − 𝛥m

NM
)2 =

[

𝜇𝛼(1∕𝑐ulNM − 1∕𝑐mNM)
]2 + 4

(

1∕𝑐M − 1∕𝑐mNM
)2 𝜎2𝛼 , (D.10)

(

𝛥ul
NM − 𝛥m

NM
)2 =

[

𝜇𝛼(1∕𝑐llNM − 1∕𝑐mNM)
]2 + 4

(

1∕𝑐M − 1∕𝑐mNM
)2 𝜎2𝛼 , (D.11)

Here, we have neglected the uncertainty in 1∕𝑐M because it is typically 
small compared to that in 1∕𝑐NM. For Zn, Te, and Cd, because of the 
very low values of 𝑐llNM, the confidence intervals of 𝛥NM extend to 
unrealistically high values. For these elements, we consider the upper 
limit in the mass-dependent fractionation as the theoretical value of 
the kinetic condensation limit, 𝛥ul

NM = 1000h × |

√

𝑀𝑗∕𝑀𝑖 − 1|, where 
𝑀𝑖 and 𝑀𝑗 are the molar masses of the heavy and light isotopes, 
respectively (e.g., Richter, 2004). For the confidence intervals of 𝛿NM, 
we also discard the values that lead to fractionations greater than the 
kinetic condensation limit.

Appendix E. Supplementary data

Supplementary material related to this article can be found online 
at https://doi.org/10.1016/j.icarus.2026.117049.

Data availability

All data needed to evaluate the conclusions in the paper are present 
in the paper and/or the Supplementary Material.
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