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Nucleosynthetic isotope anomalies of planetary materials provide insight into their genetic ties, informing our
understanding of early Solar System isotopic architecture and evolution. Isotope anomalies of non-carbonaceous
(NC) and carbonaceous (CC) materials in multi-element space suggests their variability primarily emerged from
mixing between several primordial nebular source regions in the nascent protoplanetary disk. In particular, it has
been suggested that the elemental and isotopic compositions of CC meteorites reflect admixtures of NC-like, CI-
like, and CAl-like components. Despite the plethora of elements for which isotope anomalies have been char-
acterized, no mixing model has quantitatively reproduced CC meteorite compositions for more than two
elements.

In this paper, we leverage the recent characterization of Fe isotope anomalies in NC and CC materials, as well
as CAls, to place new constraints on the evolution of the early Solar System and the origin of the CC chondrites.
We first respond to the recent proposal, based on Fe isotope analyses of returned samples from Cb-type asteroid
Ryugu, that Ryugu and CI chondrites are genetically distinct from NC and CC bodies, originating from a third “CI
reservoir” beyond the location of the CC reservoir. Namely, we propose that the appearance of such a trichotomy
in meteoritic heritages arises from the current lack of Fe isotope data for CC achondrites. We go on to present a
self-consistent mixing model that explains the Ti, Cr, Fe, and Ca concentrations and isotope anomalies of the CM,
CV, CO, CK, and CR chondrite groups via admixing of (i) elementally OC-like material, (ii) CI/Ryugu-like ma-
terial, (iii) isotopically CAl-like dust, and (iv) CAIs sensu stricto. We find that the CAI-like dust constitutes a major
and broadly constant fraction (~36%) of all CC chondrites, and identify the CI-like component with the bulk
composition of the Solar System’s parent molecular cloud, denoting it BMC for “Bulk Molecular Cloud.” We
interpret our results in the context of a qualitative model for early Solar System isotopic evolution.

1. Introduction

The isotopic compositions of meteorites shine light on the history of
the Solar System (SS), yielding constraints on the origin and evolution of
their parent bodies therein. Nucleosynthetic isotope anomalies, in
particular, constitute robust tracers of genetic links between meteorite
groups, resistant as they are to modifications by physicochemical pro-
cessing (Dauphas and Schauble, 2016). Such anomalies have established
that a fundamental dichotomy exists between non-carbonaceous (NC)
and carbonaceous (CC) SS materials, thought to be broadly associated
with inner and outer SS origins, respectively. This NC-CC dichotomy
reflects the heterogeneous distribution of presolar carriers in the pro-
toplanetary disk, and has been observed through the isotopes of ele-
ments with diverse geo- and cosmochemical behaviors. These include
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Cr, Ti (Warren, 2011), Fe (Schiller et al., 2020), Ca (Dauphas et al.,
2014), Mo (Budde et al., 2016), and Zn (Steller et al., 2022; Savage et al.,
2022), among many others (Burkhardt et al., 2021). Mass-independent
variations in O are suggested to originate from isotope-selective
photodissociation of CO in the solar nebula (Clayton, 2002), and
display a continuum between NC and CC bodies. Nonetheless, when
plotted against nucleosynthetic anomalies of other elements, they
contribute to defined inter- and intra-reservoir trends and maintain the
dichotomy, corroborating the finding that meteorites derive from two
isotopically distinct reservoirs. Hf-W chronology of iron meteorites
suggest that the NC and CC reservoirs were separated shortly (<1 Myr)
after the formation of Ca-Al-rich inclusions (CAIs) (Kleine et al., 2020).

Complementary to the study of meteorites, which arrive at Earth
bereft of information regarding their provenance, sample return
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missions such as Hayabusa2 (Watanabe et al., 2017) and OSIRIS-REx
(Lauretta et al., 2017) offer the potential to anchor well-characterized
meteorite groups to bodies visited by spacecraft, and thus aid in the
contextualization of their isotopic, elemental, and mineralogical com-
positions. Recent analyses of samples returned by Hayabusa2 from Cb-
type asteroid Ryugu showed that they bear the closest resemblance to
CI chondrites in chemistry, mineralogy, and isotope anomalies (Yada
et al., 2022; Yokoyama et al., 2022; Hopp et al., 2022a; Paquet et al.,
2022), and that in Ti-Cr-O isotope space, Ryugu and CI chondrites define
an endmember composition of the CC reservoir (Fig. 1). At the same
time, Ryugu and CI chondrites exhibit identical Fe isotope anomalies,
which appear distinct from those of other CC chondrites (Fig. 2). This
observation has led to the proposal that Ryugu and CI chondrites differ
from both NC and CC materials in genetic heritage, representing unique
specimens derived from a third, rarely sampled “CI” reservoir located at
greater heliocentric distances than the CC reservoir, in the vicinity of the
birthplaces of Uranus and Neptune (Hopp et al., 2022a). In this scenario,
limited material transport between the CI and CC reservoirs may be
attributed to the formation of Saturn or Uranus, just as the rapid for-
mation of Jupiter has been suggested to facilitate the separation between
the NC and CC reservoirs (Kruijer et al., 2017). Alternatively, the divi-
sion of disk materials into isotopically distinct reservoirs may simply
reflect preferential planetesimal formation at distinct radii, as dictated
by the position of principal sublimation lines (Lichtenberg et al., 2021;
Morbidelli et al., 2022).

Regardless of the number of early SS reservoirs or the exact mech-
anism by which they were separated, their isotopic variability likely
emerged from mixing between several primordial nebular source re-
gions. The isotopically distinct compositions of these regions were
controlled by presolar micron-sized dust, which were subsequently
incorporated into early-formed planetesimals/meteorite parent bodies
during the formation of the NC and CC reservoirs. Indeed, investigation
of bulk meteorite isotope anomalies in multi-element space suggests that
while intra- and inter-reservoir variability may reflect a plethora of su-
perposed nebular processes, they are largely governed by admixing
between such primordial components, during and/or immediately
following the collapse of the molecular cloud core (Burkhardt et al.,
2019, 2021; Nanne et al., 2019). In particular, previous studies have
collectively suggested that the isotopic and elemental composition of CC
meteorites reflect admixing of NC, ClI-like, and isotopically CAI-like
materials (including CAls sensu stricto) (e.g., Trinquier et al., 2009;

Icarus 405 (2023) 115680

Braukmiiller et al., 2018; Alexander, 2019b; Burkhardt et al., 2019).
Nonetheless, no model has synthesized the contributions from these
studies to quantitatively reproduce CC chondrite compositions for more
than two elements. Bryson and Brennecka (2021) demonstrated that Ti
and Cr isotope anomalies and concentrations in CC chondrite groups
may be reproduced from admixtures of ordinary/enstatite chondrite-
like (OC/EC-like) material, CI material, and CAls. As we will show,
however, this three-component model cannot be extended to Fe (a major
rock-forming element), inviting the development of a model that can
self-consistently reproduce Ti, Cr, and Fe isotope anomalies and con-
centrations in CC chondrite groups.

In this paper, we leverage the recent characterization of Fe isotope
anomalies in a range of NC and CC materials (Schiller et al., 2020; Hopp
et al., 2022a, 2022b), as well as CAls (Shollenberger et al., 2019) to
place new constraints on the origin of CC chondrites and the evolution of
the early SS. First, we closely examine the Ti-Cr-O-Fe isotope systematics
of NC and CC meteorites, and propose that the apparent gap in Fe
isotope anomalies between Ryugu/CI chondrites and other CC chon-
drites, and hence the appearance of a trichotomy in meteoritic heritages,
simply arises from the current lack of Fe isotope data for CC achondrites.
Given the CC intra-reservoir trend observed in Ti-Cr-O isotope space
extends to Fe, the Fe isotope anomalies of the CC achondrites are ex-
pected to bridge the said gap, thereby removing the need to invoke an
additional reservoir in discussing the large-scale isotopic architecture of
the early SS. Second, we present a mixing model exploring how the Ti,
Cr, and Fe composition of CC chondrite groups can be reproduced via
admixing between four components from three isotopically distinct
nebular source regions: (i) elementally OC-like material, (i) CI
chondrite-like (Ryugu-like) material, (iii) isotopically CAlI-like “dust,”
and CAIs sensu stricto. We show that our model can be extended to Ca
with modifications to the isotopic composition of the CAl-like dust and
discuss our findings within the context of a qualitative physical model
for how the NC and CC reservoirs came to be. Notably, we identify the
CI-like component in our mixing model with the bulk composition of the
SS parent molecular cloud, denoting it BMC for “Bulk Molecular Cloud.”

2. Predicted Fe isotope anomalies of the CC achondrites

To date, >20 achondrites have been designated as carbonaceous by
virtue of their Ti-Cr-O isotope systematics (Sanborn and Yin, 2019). It
bears mention that several of these CC achondrites (e.g., NWA 2994,
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Fig. 1. Plots of (a) ;45°Ti vs. ;454Cr, (b) A0 vs. ;454Cr, and (¢) A0 vs. ySOTi for NC (red) and CC (blue and orange) meteorites, the Bulk Silicate Earth (BSE), and
Ryugu. Circles represent chondrites, diamonds achondrites, and squares NC iron meteorites (red) and the BSE (green). Plotted data show meteorite group means and
standard errors (2SE) of the mean (95% CI). ;45°Ti and /454Cr values for CC chondrites, NC meteorites, and the BSE are taken from Yamashita et al. (2005, 2010),
Shukolyukov and Lugmair (2006), Trinquier et al. (2007, 2009), Shukolyukov et al. (2009), Yamakawa et al. (2010), Qin et al. (2010), Gopel and Birck (2010),
Petitat et al. (2011), Larsen et al. (2011), Zhang et al. (2011, 2012), Schiller et al. (2014), Sanborn and Yin (2015), Gopel et al. (2015), Van Kooten et al. (2016,
2020), Burkhardt et al. (2017), Goodrich et al. (2017), Gerber et al. (2017), Li et al. (2018), Mougel et al. (2018), Bischoff et al. (2019), Zhu et al. (2019, 2020, 2021),
Williams et al. (2020), Schneider et al. (2020), Anand et al. (2021), Torrano et al. (2021), Metzler et al. (2021), and Dey et al. (2021). A0 values for the CC
chondrites, NC meteorites, and the BSE, are taken from the data compilation of Dauphas (2017) Data for Ryugu are taken from Yokoyama et al. (2022). Data for the
CC achondrites (orange diamonds) are taken from sources provided in Supplementary Table 1.
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NWA 3100) have been found to possess rare and small relict chondrules,
similar to some primitive achondrites (i.e., acapulcoites and lodranites)
(e.g., Rubin, 2007; Neumann et al.,, 2018), and have been termed
“highly-equilibrated chondrites” (Sanborn et al.;, 2019). In Ti-Cr-O
isotope space, the CC achondrites are distributed along a common
trend that spans from Ryugu/CI chondrites to the other CC chondrites
(orange diamonds in Fig. 1; Table S1), with clear indication that all these
meteorites define a single reservoir. This trend provides sufficient reason
to expect the CC achondrites will exhibit Fe isotope anomalies between
those of Ryugu/CI chondrites and the other CC chondrites. Our analysis
here serves the purpose of stating this quantitatively, providing pre-
dicted/extrapolated ;°*Fe values for the CC achondrites.

While Hopp et al. (2022a) interpreted the apparent gap between
Ryugu/CI chondrites and CC chondrites as evidence that the two
represent distinct reservoirs (Fig. 2a, c), we assume a priori that they

belong in the same CC reservoir (Fig. 2b, d). To predict the u>*Fe of CC
achondrites, we performed linear regressions through Ryugu, CI chon-
drites, and CC chondrites in both Fe-Cr and Fe-Ti isotope spaces, and
then projected the measured ;°*Cr and ;°°Ti of the CC achondrites onto
these regression lines (Fig. 3). The regression slopes obtained in Fe-Cr
and Fe-Ti isotope spaces are ~—0.36 and +58.6, respectively. The pre-
dicted ;>*Fe from Fe-Cr isotope space range from +1.4 to +38.6, with a
mean of +14.2 + 4.3 (2SE), while those from Fe-Ti isotope space range
from +1.0 to +27.8, with a mean of +13.1 + 7.1 (2SE) (Table S3). Both
these means fall between the mean ;>*Fe of Ryugu/CI chondrites (~0.5)
and the CC chondrites (~22.8). The excellent agreement between the
ranges of predicted ;**Fe obtained in Fe-Cr and Fe-Ti isotope spaces
(Fig. 3) supports a genetic relationship between Ryugu/CI chondrites
and the other CC chondrites. A caveat to this proposition is that CC iron
meteorites, which represent the earliest formed bodies like the CC
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Fig. 3. Predicted y°*Fe values for the CC achondrites in plots of (a) u>*Fe vs. y>*Cr and (b) u>*Fe vs. y°°Ti.

Linear regressions through Ryugu, CI chondrites, and CC chondrites are performed accounting for errors in both y°*Cr and °°Ti values (York-fit). Regions in dark
(light) grey highlight the range of predicted mean x°*Fe values (with errors considered). Red dotted lines indicate the projection of errors from the points with the
highest and lowest ;>*Fe values onto the regression lines. Note the reversed x-axis scale in panel (b).
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achondrites, exhibit Fe anomalies that cluster around those of CC
chondrites and not the region between the CC chondrites and Ryugu/CI
chondrites (Hopp et al., 2022b). We eagerly await future measurements
of Fe anomalies in CC achondrites that will clarify this matter. As dis-
cussed below, while CI chondrites and Ryugu may not constitute a
reservoir of their own, they may nonetheless represent a major popu-
lation (and perhaps the earliest compositions) within the CC reservoir.

3. Mixing model for CC chondrites

CC chondrites have been suggested to originate from admixing of
NC-, CI-, and CAl-like materials. Burkhardt et al. (2019), for instance,
inferred that elemental and isotopic variations of refractory elements (e.
g, Ti, Sr, Ca) in bulk CC chondrites arise from mixing between OC/EC
material and an isotopically CAl-like, but elementally chondritic
component (denoted IC for Inclusion-like Chondritic). Similarly, the Ti
and Cr isotope anomalies in CC chondrules can be explained by the
addition of isotopically CAI- or Amoeboid Olivine Aggregate (AOA)-like
material to NC-like chondrule precursors or dust (Gerber et al., 2017;
Schneider et al., 2020). Braukmiiller et al. (2018) analyzed moderately
volatile and volatile elements in CC chondrites, and proposed that the
matrices of CC chondrites derive from primitive CI-like material in
addition to a more refractory “chondrule-related matrix.” The inference
that CC matrices consists of CI-like material is buttressed by more recent
studies of Te, Rb, and K concentrations and isotope systematics between
CC chondrite groups (Hellmann et al., 2020; Nie et al., 2021). Bryson
and Brennecka (2021) quantitatively explored how the Ti and Cr isotope
anomalies and concentrations in CC chondrite groups can be reproduced
with a mixing model involving admixtures of OC/EC (NC) material, CI
material, and CAls. In their model, the Ti and Cr compositions of CC
chondrite groups are treated as end products of two mixing steps—the
first between NC and CI material, and the second between the products
of NC-CI mixing (which we denote as "precursor" components) and CAls
(see also Trinquier et al., 2009).

Due to the low Fe concentration in CAls, the three-component model
of Bryson and Brennecka (2021) cannot be extended to Fe isotope
anomalies and concentrations. This is evident in Fe-Ti isotope space,
where the low Fe concentration would manifest as strongly curved
mixing lines between the precursor components and CAls, which would
not pass through the CC chondrite groups (Fig. 4a) (Burkhardt et al.,
2019). Even if the NC component is replaced with an NC-like component
farther away from the CI chondrites, so as to expand the possible range
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of positions for the precursor components, the model would yield un-
realistically large mass fractions of CAls (Fig. 4b). Moreover, in /454Fe Vs.
Si/Fe (isotope-concentration) space, where the Fe/Si ratio is taken as a
proxy for Fe enrichment, CAIs would plot far off to the right, away from
both NC and CC meteorites (Fig. 4c). The inability of this three-
component model (OC(EC)/CI/CAI) to explain the elemental and iso-
topic Fe systematics of CC chondrites indicate that an additional
component, such as the IC component suggested by Burkhardt et al.
(2019) or the similar Cryptic Refractory Dust (CRD) hypothesized by
Charlier et al. (2019), needs to be considered beyond CAls sensu stricto.

Most recently, Hellmann et al. (2023) demonstrated that the Te, Ti,
and Cr isotopic compositions of CC chondrite groups may be explained
by mixing between CI-like matrix material, chondrules, and refractory
inclusions (i.e., CAIs and AOAs). Instead of attributing variations in CC
chondrite bulk compositions to mixing between their physical constit-
uents, our model treats these variations as arising directly from mixing
between nebular source regions hosting isotopically distinct presolar
carriers in micron-sized dust. This amounts only to a philosophical dif-
ference. We make no assertion as to what physical form (chondrules,
matrix, inclusions) the isotopically distinct components of our model
take upon final incorporation into CC chondrite parent bodies, and are
concerned only with reproducing the final bulk composition of the CC
chondrites. The model proposed by Hellmann et al. (2023) can be
thought of as capturing an intermediate stage in our model, with say,
chondrules as a product of mixing between the nebular components
here. Notably, while our model is centered on reproducing CC chondrite
compositions, its broad framework also allows consideration of NC
intra-reservoir variability, and the development of our qualitative model
for early SS isotopic evolution later on.

3.1. Model description

The significance of Fe as a rock-forming element along with the
recent characterization of Fe isotope anomalies in NC and CC meteorites
(Schiller et al., 2020; Hopp et al., 2022a, 2022b) as well as in CAls
(Shollenberger et al., 2019) calls for a mixing model that can self-
consistently reproduce the Ti, Cr, and Fe isotope anomalies and con-
centrations in CC chondrite groups. To this end, we developed a mixing
model underpinned by the above studies to explore how admixtures of
(i) elementally OC-like (for Ti, Cr, Fe, and later, Ca) material, (ii) CI
material, (iii) isotopically CAlI-like dust (an IC-like component), and (iv)
actual CAls can reproduce the Ti, Cr, and Fe composition of the CM, CV,
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Fig. 4. Plots of 4>*Fe vs. 4°°Ti (a and b) and y>*Fe vs. Si/Fe using the three-component (OC/EC, CI, CAI) mixing model adopted by Bryson and Brennecka (2021). In
(a), the high Ti (and low Fe) abundance in CAls induces strongly curved mixing lines that do not pass through the CC chondrite groups. In (b), if the OC chondrites are
replaced by a NC-like component at high °*Fe (low 4°°Ti), unrealistically large mass fractions of CAls are required to explain the mixing of CC chondrites. Also, the
position of the NC-like component constitutes a upper (lower) limit in 4°°Ti (41>*Fe). Note that the lowest 4#°°Ti measured for a NC meteorite group is ~ —200. In (c),
the CAlIs plot far off to the right at high Si/Fe (~20.5), and precursor-CAI mixing lines do not pass through the CC chondrite groups. An alternative model is needed to

explain the Fe systematics of the CC chondrites.
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CO, CK, and CR chondrite groups. As mentioned above, these four
components are presumed to represent isotopically distinct nebular
dust, the mixing between which has established NC and CC intra- and
inter-reservoir trends observed today.

In our mixing model, the final elemental and isotopic composition of
each CC group is interpreted as the culmination of three mixing events,
each between two components: (i) mixing between the OC-like and CI
components into a so-called precursor component (Fig. 5a), (ii) mixing
between the precursor component and CAl-like dust into a so-called pre-
CAI component (Fig. 5b), and (iii) the addition of actual CAIs to the pre-
CAI component (Fig. 5c). Together, there are four endmember compo-
nents (i.e., OC-like, CI, CAl-like dust, and CAIs) and two intermediate
components (i.e., precursor and pre-CAI). Note that the particular order
in which these components are combined is irrelevant, having no effect
on the final proportions of the four endmembers in each CC group.

Model input parameters, namely the isotope anomalies and con-
centrations of the OC chondrites, CI chondrites, CC chondrites, and CAlIs,
as well as the mass fractions of CAls in each CC chondrite group, are
provided in Table S2. CAI mass fractions are also reported in Table 1.
Here, we outline the assumptions made in our mixing model (see Ap-
pendix for full details). Given the relationships between the six mixing
components and available experimental constraints on their elemental
and isotopic compositions, the only unknowns remaining are: (i) the
isotope anomalies of the OC-like component; (ii) the elemental con-
centrations of the CAl-like dust components, and (iii) the mass fractions
of CAl-like dust, CI material, and OC-like material incorporated into the
five CC chondrite groups. Note that while the isotope anomalies of the
CAl-like dust are assumed to be equivalent to those of CAls in Ti-Cr-Fe
isotope space, their elemental concentrations are allowed to vary be-
tween the five CC groups. This allows for the reproduction of CC
chondrite compositions in a manner consistent with their observed
abundances of CAls, and enables insight into the composition of the yet
unidentified dust. It is expected that the CAI source region harbored a
range of elemental and isotopic compositions clustered about the spe-
cific values we adopt here, unlikely as it was to have been completely
homogeneous.

To solve for the three unknowns, we make three assumptions. These
assumptions are imposed in Fe-Ti isotope space, and the resulting con-
straints are carried forward into Ti-Cr and Fe-Cr isotope spaces and,
eventually, into Ti-Ca, Fe-Ca, and Cr-Ca isotope spaces. To complement
our mixing diagrams in isotope-isotope space, we also construct mixing
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diagrams in 4#'X vs. Si/X spaces, taking the ratio X/Si as a proxy for the
enrichment of element X.

First, we assume that the OC-like component plots at a 4°°Ti value of
—500 along a straight line passing through the OC and CI chondrites
(Fig. 5). This fiducial value uniquely specifies the Cr and Fe (and later
Ca) isotope anomalies of the OC-like component and likely represents a
lower limit. The main conclusions of our study are hardly influenced by
the exact position of the OC-like component, as will be discussed later
on. With this assumption, we identify the OC-like component as an
endmember of NC intra-reservoir mixing. While CI chondrites sit at the
opposite end of the NC cluster in Ti-Cr-Fe isotope space, they cannot
constitute the other endmember of NC mixing, as they do not lie along
the NC trend when other elements (e.g., Zr) are considered (Burkhardt
et al., 2021) (see section “Nebular components in the forming Solar
System” in Discussion). As such, the CI mixing component in our model
is perhaps more appropriately termed “CI chondrite-like.” For now, we
omit this particularity, moving forward with “CI component” for the
sake of clarity. Second, we assume that the Fe/Ti ratios of the CAl-like
dust components are chondritic and equal to those of their respective
precursor components. Graphically, this means that in Fe-Ti isotope
space, the mixing lines between the precursor and CAI-like dust com-
ponents are straight lines passing through the pre-CAI components
(Figs. 5, 6). This assumption positions the precursor components along
the CI-OC-like mixing line, allowing the determination of the mass
fractions of CI and OC-like material incorporated into each CC chondrite
group. Third, we assume that the Fe (and hence Ti) concentrations in the
CAl-like dust components are equal to those of their respective precursor
components. That is, the mass fraction of dust or precursor material in
the pre-CAI components scales linearly with distance along the straight
mixing lines. With this assumption, we are able to calculate the mass
fraction of CAlI-like dust incorporated into each CC chondrite group. The
influence of these assumptions on the computed mass fractions of the
four endmember components is assessed in the discussion (see section
"Sensitivity to model assumptions").

3.2. Abridged procedure outline

Here, we provide a brief outline of how our mixing model is imple-
mented (see Appendix for full details). In Fe-Ti isotope space, we first
solve for the Fe and Ti concentrations and isotope anomalies of the pre-
CAI components by “removing CAIs” from their respective CC chondrite
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Fig. 5. Steps to creating the CC chondrites in our mixing model, involving (a) mixing between CI and OC-like material into so-called precursor components, (b)
mixing between the precursor components and the CAlI-like dust into so-called pre-CAI components, and (c) the addition of CAIs to the pre-CAI components. In the
sequence below, the four endmember components and two intermediate components are boxed in solid and dashed lines, respectively. In our procedure (see Ap-
pendix for details), we start by taking an inverse approach to the sequence depicted here, solving first for the pre-CAI components, then for the precursor components,
before using the latter to determine the mass fraction of dust incorporated into the former.
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Table 1
Mixing model outputs.
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cC Cumulative mass CAI-like dust weight ratios ¢ values (%)
Chondrite fractions F (%)
Groups CI ocC- Dust Fe/Ti Ti/Cr Ti/Ca Si/Ti Si/Fe Si/Cr Si/ Fe- Ti- Fe- Ti- Fe- Cr-
like Ca Ti Cr Cr Ca Ca Ca
CM 41.1 25.1 32.6 394.8 0.22 0.036 92.1 0.23 19.9 3.3 2.0 0.4 2.4 -23.4 -21.9 -23.7
+ 6.0 + 4.5 +39 +7.3 +0.05 +0.006 +29.0 +0.08 + 6.6 + 1.1 - -
-6.6 -4.1 -39 -7.3 - 0.04 - 0.006 -25.8 -0.07 -5.7 -1.0 - - - - - -
(4% 29.7 30.2 37.2 387.8 0.21 0.026 47.4 0.12 9.7 1.2 18.9 11.2 5.6 -40.7 -29.5 -33.2
+ 8.7 + 55 +4.4 + 8.4 +0.03 +0.007 +23.8 +0.06 + 5.4 + 0.8 - - -
-9.6 -4.8 -4.4 -9.1 -0.02 - 0.006 -25.3 -0.07 -5.3 -0.7 - - - - - -
Cco 61.2 8.9 28.9 411.1 0.76* 0.044 125.8 0.31 89.1* 5.5 17.6 14.7 34.9 -11.4 4.2 -22.7
+10.0 + 6.1 +6.3 +10.1 +1.50 +0.019 +39.2 +0.09 +201.1 + 4.0 - - - -
-10.3 -5.6 -6.3 -9.4 -0.36 -0.013 -40.2 -0.10 -51.1 -25 - - - - - -
CK 31.4 30.5 34.0 388.4 0.25 - 36.8 0.09 9.2 - 16.9 -3.9 12.3 - - -
+12.3 +9.9 +7.3 +10.4 +0.15 +48.0 +0.12 + 20.4 - - - - - - -
-13.6 -85 -7.4 -11.4 - 0.08 - -63.6 -0.16 -14.6 - - - - - - -
CR 12.9 40.6 45.9 375.2 0.16 0.054 136.9 0.36 22.3 7.4 -3.4 -0.1 -3.5 1.9 1.6 1.9
+11.4 + 9.0 + 5.6 +10.6 + 0.03 +0.007 +27.6 +0.08 + 5.6 +1.9 - - - - - -
-13.3 -7.3 -5.6 -12.7 -0.02 - 0.006 -26.1 -0.07 -5.1 -1.7 - - - - - -

* Median value from Monte Carlo simulation («62% of trials) (see text in “Results”).
Input mass fractions of actual CAls are ~1.2% (CM), ~3.0 (CV), ~1.0 (CO), ~4.0 (CK), and ~0.6 (CR) (Rubin et al., 2011) Uncertainties reflect 16 (84% CI).

groups. We then determine the positions of the precursor components
along the CI-OC-like mixing line (Asm. I). These positions coincide with
the intersections between the CI-OC-like mixing line and the straight
precursor-dust mixing lines passing through the pre-CAI components
(Asm. II). Next, we calculate the Fe and Ti concentrations of the pre-
cursor components as well as their mass fractions of incorporated CI/
OC-like material. Finally, we calculate the mass fraction of CAI-like
dust/precursor material incorporated into the pre-CAI components
(with Asm. III). With the mass fractions of all six components in their
respective mixing pairs determined, we determine the final mass frac-
tions of the four endmember components (denoted F below) in each CC
chondrite group (see Table 1).

Our treatment in Fe-Ti isotope space constrains all parameters but
the Cr isotope anomalies and concentrations of the pre-CAI and pre-
cursor components, and the Cr concentrations of the CAl-like dust
components. These can be determined in either Ti-Cr or Fe-Cr isotope
space, where the Cr compositions of the pre-CAI components are also
initially determined by “CAI removal.” CI/OC-like and precursor/dust
mass fractions determined from Fe-Ti isotope space are used to derive
the Cr compositions of the precursor and CAl-like dust components. As a
test of internal consistency in each two-isotope space (i.e., Fe-Ti, Ti-Cr,
Fe-Cr), we compare the elemental ratios of the pre-CAI components
derived through the initial “removal of CAIs” to those retrieved using the
mass fractions and elemental concentrations of CAl-like dust and pre-
cursor components. We denote the deviation of the latter from the
former in % by ¢ (Table 1). We defer the reader to the Appendix for an in-
depth description of our procedure in isotope-isotope and isotope-
concentration (,uiX vs. Si/X) spaces, as well as the equations employed
therein.

All model outputs along with their associated uncertainties are re-
ported in Table S4. For each CC group, uncertainties were calculated via
a Monte Carlo simulation (n = 50,000). Experimental constraints (i.e.,
input parameters) are sampled at random from Gaussian distributions
reflecting standard errors. All elemental concentrations of CAls and CI,
OC, and CC chondrites are assigned an error of 3% (2SE) for simplicity.
We find it more meaningful to report uncertainties at the 16 confidence
level (16th and 84th percentiles) for two reasons: (i) the mixing model
we propose, despite quantitative measures, is ultimately illustrative, and
(ii) relatively large uncertainties in input parameters, coupled with the
setup and assumptions of our model, yield wide and asymmetric dis-
tributions for several output parameters, most notably the mass fractions
of CI material. A comparison between the distribution for the mass
fraction of CI material and that of CAl-like dust obtained from the

simulation is shown in Fig. 7. In Fig. 6a, the relatively low (and uncer-
tain) 4°*Fe of the CO chondrites leads to ~38% of trials in which the
u>*Cr of the precursor component is between that of the pre-CAI and
CAl-like dust components (Fig. 6b) (i.e., no precursor-dust mixing line
can cross the pre-CAI component in Ti-Cr and Fe-Cr isotope spaces).
These trials are discarded in evaluating the uncertainties of parameters
associated with the CO group.

4. Results
4.1. Ti-Cr-Fe isotope space

Our mixing model successfully explains the Ti, Cr, and Fe elemental
and isotopic compositions of the five CC chondrite groups as end-
products of mixing between elementally OC-like material, CI material,
isotopically CAl-like dust, and CAlIs sensu stricto. Key output parameters
from our model, along with their associated uncertainties (1¢) are given
in Table 1. The main results from our model are the cumulative mass
fractions F (not f) of the four endmember components in each CC group.
While the fraction of CI and OC-like material (F¢; and Foc_jike) vary
widely across CC groups (ranging from ~12.971%4% (CR) to
~61.27139% (CO) and from ~8.97%{% (CO) to ~40.6729% (CR),
respectively), the range of incorporated CAl-like dust (Fpys) is relatively
narrow, ranging from ~28.9 + 6.3% (CO) to ~45.9 + 5.6% (CR) with a
mean of 35.7 + 6.4(SD)%. Moreover, Fp, is negatively correlated with
Fcar and F¢ (and thus positively correlated with Foc_jike)-

The CAI-like dust components are assumed to have the same Ti and
Fe concentrations as their respective precursor components (Asm. III),
and have Fe/Ti ratios ranging from ~375.2ﬂ%9 (CR) to ~411.1f<§,041
(CO). Their Ti/Cr ratios, which are directly related to the mixing cur-
vature required to link the dust, pre-CAl, and precursor components in
Ti-Cr isotope space (Fig. 6b), range from ~0.16f8;8§ (CR) to ~2.06ﬂj23
(CO). The abnormally large and uncertain Ti/Cr ratio of the CO group
(Table 1, S4) is attributed to its proximity to the CI chondrites (yielding a
strongly curved mixing line in Fig. 6b), and its large uncertainty in y>*Fe
(Fig. 6a).

All deviations between Fe/Ti and Ti/Cr ratios of the pre-CAI com-
ponents derived through “CAI removal” and retrieved using fpys: values
(i-e., |¢re/1i) and |Crijcr|) are <20%. |{re/cr| values for the CM, CV, CK,
and CR groups are <20%, but that for the CO groups is ~35%. The OC-
like component, given its fiducial 4#°°Ti of —500, is positioned at a u>*Fe
of ~29.7 &+ 4.4 and a ;454Cr of ~—363.8f%2;2 when projected on the
straight line passing through the OC and CI chondrites (Fig. 6).
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Fig. 6. Plots of (a) x>*Fe vs. u°°Ti, (b) u°°Ti vs. u>*Cr, and (c) y>*Fe vs. u>*Cr for
the five CC chondrite groups (CM,CV,CO,CK,CR), CI chondrites, OC chondrites,
the OC-like component, and CAIs/CAl-like dust. The red square designates the
fiducial position of the elementally OC-like component, the actual position of
which likely resides somewhere within the cropped ellipse. Precursor compo-
nents are depicted as red points along the CI-OC-like mixing curve, and pre-CAI
components as grey points adjacent to the CC chondrite groups (a and b). Grey
and dashed mixing lines between the precursor components and the CAI-like
dust components are shown. The latter shares the same isotopic signature as
actual CAlIs. Error bars reflect 2 standard errors of the mean (95% CI), and if not
visible, are hidden behind symbols. Error bars are not shown for the precursor
and pre-CAI components (see Table 1). The 4°°Ti value of CAls is a mean of data
taken from Williams et al. (2016), Davis et al. (2018), Burkhardt et al. (2019),
Torrano et al. (2019), and Brennecka et al. (2020). The x°*Cr value of CAls is a
mean of data taken from Papanastassiou (1986), Birck and Allegre (1988), Birck
and Lugmair (1988), Bogdanovski et al. (2002), Trinquier et al. (2007), Mercer
et al. (2010), Mane et al. (2016), and Torrano et al. (2018). Finally, the ;454Fe
value of CAIs is a mean of data taken from Shollenberger et al. (2019). (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

4.2. Isotope-concentration space

Our mixing model reproduces not only the Ti, Cr, and Fe isotope
anomalies of the CC chondrite groups, but their Si/X ratios as well. In the
absence of identified Si isotope anomalies, mixing diagrams of 4X vs. Si/
X, where Si/X is taken as a proxy for enrichment in element X, provide
means to account for constraints from the major rock-forming element
(Fig. 8). The Si/Ti ratio of the OC-like component is ~379.27138. The Si/
Ti ratios of the CAI-like dust components range from ~36.87¢82 (CK) to
~136.9f%g:? (CR), consistent with the dust being the less refractory
counterpart of actual CAls with Si/Ti ~ 15.9. Note that the relatively
large uncertainty in the CK dust Si/Ti ratio is attributed to the large
uncertainty in the ;°°Ti of CK chondrites.

The Si/Fe ratio of the OC-like endmember is ~1.19 + 0.05. In
Fig. 8b, the CAIs plot far off to the right at Si/Fe ~ 20.5, consistent with
their low Fe concentrations. The CAl-like dust components have Fe/Ti
ratios ranging from ~375.2ﬂ8jfy’ (CR) to ~411.1fg1;,04'1 (CO) (Table 1),
which along with their Si/Ti ratios, yield Si/Fe ratios ranging from
~0.09+312 (CK) to ~0.3678:38 (CR). All CC groups (and their pre-CAI
components) fall within the region enclosed by the precursor-dust
mixing lines and cross their respective lines within uncertainty
(including uncertainties in the positions of precursor and CAl-like dust
components).

The Si/Cr ratio of the OC-like endmember is ~60.6f§3%. In Fig. 8¢, as
in Fig. 8b, the CAls plot far off to the right at Si/Cr ~ 250 owing to their
low Cr concentrations. Compared to the other CC groups, the CO group
is anomalous in both its high CAl-like dust Si/Cr ratio (>100) and un-
certainty (Table 1). The high Ti/Cr, and thus Si/Cr ratio of the CO group
is a consequence of its low Cr concentration, which facilitates the sig-
nificant curvature of its precursor-dust mixing line in Ti-Cr isotope space
(Fig. 6b). The need for such curvature originates from the proximity of
the CO group’s precursor component to the CI chondrites, itself a
consequence of our model assumptions. As mentioned above (see
“Abridged procedure outline” in previous section), ~38% of trials in our
Monte Carlo simulation for the CO group were discarded, as they yielded
CO precursor component positions far too close to the CI chondrites to
reproduce the pre-CAI component via addition of the CAl-like dust. The
median of the distribution in CO dust Ti/Cr ratio from the remaining
62% of trials is ~0.76f(1)j%g, almost a factor of three smaller than the
value of ~2.06 obtained with the mean CO chondrite Ti and Fe isotopic
compositions. The median in the distribution of CO dust Si/Cr ratio of
trials is ~89.1729%!, and we adopt this value in the mixing diagram of
Fig. 8c. The large “positive” uncertainty (84th percentile of distribution)
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depletion in Fe and Cr, respectively.

in this value highlight the increased sensitivity of Cr concentration to
increased proximity of the precursor component to the CI chondrites.
Omitting the CO chondrites, the CAl-like dust components have Ti-Cr
ratios ranging from ~0.1673:33 (CR) to ~0.25*3:8 (CK), which along
with their Si/Ti ratios from above, yield Si/Cr ratios ranging from

~9.2+3%¢ (CK) to ~22.32¢ (CR).

Our results indicate a correlation between 4'X and enrichment in
element X in the CC chondrites for Ti and Cr (and Ca). From Fig. 8, it is
clear that the OC-like component is depleted in Ti, Fe, and Cr relative to
other NC bodies. The CAl-like dust is enriched in Ti, Fe, and Cr relative
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Table 2

Mixing endmember general features.

Endmember

General features

Similar component in
literature

BMC (CI/BSE-
like)

-Enriched in: (i) s-process nuclides and
(ii) neutron-rich nuclides for elements
up to and including Fe and Ni (relative to
NC)

-CI chondrite/solar-like elemental
abundances

“Lost inner solar
system material”!

CAls

-Enriched in: (i) r-process nuclides and
(ii) Ti and Ca (relative to chondrites)
-Depleted in: Cr and Fe (relative to
chondrites)

N/A

CAl-like Dust

-Enriched in: (i) r -process nuclides and
(ii) Ti, Cr, Fe, and Ca (relative to
chondrites)

Inclusion-like
Chondritic (IC)
component?

Icarus 405 (2023) 115680

Cryptic Refractory
Dust (CRD)?

NC (OC-like) -Depleted in: s-process nuclides Ureilite (-like)?
-Enriched in: neutron-poor nuclides for
elements up to and including Fe and Ni

-OC/EC-like elemental abundances

References: 1. Burkhardt et al. (2021); 2. Burkhardt et al. (2019); note that the
IC component is elementally chondritic, unlike the CAl-like dust in this work,
whose composition may be more refractory. 3. Charlier et al. (2019)

to NC and CC materials. For the highly refractory element Ti, the dust is
intermediate between CAls and the chondrites. For the moderately re-
fractory elements Fe and Cr, however, the dust is more enriched than
both chondrites and CAls. While the dust is akin to the IC component
(Burkhardt et al., 2019) in function, it is not elementally chondritic, and
so more closely resembles the Cryptic Refractory Dust (CRD) from
Charlier et al. (2019) (Table 2).

4.3. Extending our model to Ca

Nucleosynthetic Ca isotope anomalies result from variations in the
neutron-rich nuclide *8Ca, which like °°Ti and >*Cr, are thought to have
been predominantly produced in rare Type-la supernovae (Clayton,
2003). Like Fe, the role of Ca as a major rock-forming element makes it
an important target for the extension of any model attempting to explain
the composition of bulk meteorites. As with Cr, the unknowns to be
determined are the Ca concentrations and isotope anomalies of the
precursor and pre-CAI components, as well as the Ca concentrations of
the CAl-like dust components.

Our procedure in Ti-Ca isotope space (Fig. 9a) is largely the same as
that in Ti-Cr isotope space (see Appendix), the sole difference being that
the isotope anomalies of the dust and actual CAls are not equivalent. In
Ti-Cr-Fe isotope space, we assumed that the CAl-like dust and CAls have
identical anomalies. With Ca, this assumption needs to be relaxed as it
results in precursor-dust mixing lines in ;*®Ca vs. Si/Ca space (Fig. 8d)
that are not remotely close to the pre-CAI components.

This problem can be overcome by shifting the 4*Ca of the CAl-like
dust to values higher than the mean CAI 4**Ca of ~380 + 133, and
more akin to those of some AOAs and CAIs that exhibit large (u*®Ca >
700) Ca isotope anomalies (Bermingham et al., 2018; Valdes et al.,
2021). AOAs, like most refractory inclusions, are likely genetically
related to CAls. In details, we projected the 4°°Ti of the CAl-like dust/
CAlIs onto the straight line passing through the OC and CI chondrites in
Ti-Ca isotope space, and assumed the ;*®Ca value of that point for the
dust (Fig. 9a). This value is ~882.9f§8j5. With this modification to the Ca
isotopic composition of the dust, the Ti/Ca ratios of the dust components
range from ~0.02673:39% (CV) to ~0.05473:3%% (CR), while their Si/Ca
ratios range from ~1.2438 (CV) to ~7.4%1 (CR). The precursor-dust
mixing lines in x*®Ca vs. Si/Ca space encompass the CC chondrite
groups, but still fall short of their pre-CAI components (Fig. 8d). This
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Fig. 9. Plots of (a) u°°Ti vs. u*®Ca, y>*Fe vs. u**Ca. and (c) p>*Cr vs. y*®Ca for
the five CC chondrite groups (CM,CV,CO,CK,CR), CI chondrites, OC chondrites,
the OC-like component, and CAls/CAl-like dust. Error bars reflect 2SE. ;*¢Ca
values for the CC chondrites, OC chondrites, and the BSE are taken from
Dauphas et al. (2014), Huang and Jacobsen (2017), Schiller et al. (2015, 2018).

The 4*®Ca value for CAls is a mean of data taken from Chen et al. (2010), Huang
et al. (2012), and Schiller et al. (2015).
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discrepancy may be alleviated by shifting the OC-like component,
positioned at a Si/Ca ratio of ~18.0 & 0.9, slightly to higher Si/Ti (and
thus Si/Ca) and/or higher /448Ca (which would shift the Si/Ca of the dust
components to higher values). With the exception of the CV group,
|¢1i-cals |¢Fe—cal> and |Ccr—cq| values are $30% (Table 1).

5. Discussion
5.1. Sensitivity to model assumptions

The key results from our mixing model are the mass fractions of each
of the four endmember components incorporated into the CC chondrites.
Here, we assess the sensitivity of the computed mass fractions to as-
sumptions made in building the model. First is the isotopic composition
of the OC-like component, which we positioned at a /450Ti value of —500
along a straight line passing through the CI and OC chondrites. Varying
the position of the OC-like component along the straight CI-OC line
(dashed in Fig. 6a) results in a change in the mass fractions of CI (and
thus OC-like) material incorporated into the precursor components, and
in turn, the mass fraction of incorporated dust. Nonetheless, changing its
#°°Ti by 100 only amounts to changes of <1% and <10% (absolute) in
the final mass fractions of dust and CI material in the CC groups,
respectively. Second is the assumption that the Fe/Ti ratios of the CAI-
like dust components are equal to those of their respective precursor
components, yielding straight mixing lines for the pre-CAI components.
Upon changing the dust Fe/Ti ratios, the positions of the precursor
components along the CI-OC-like mixing line must change as well, so as
to ensure the precursor-dust mixing lines pass through their respective
pre-CAI components. For each CC group, the new precursor position is
that with a Fe/Ti ratio (from CI-OC-like mixing) that, along with the new
Fe/Ti ratio of its dust component, constructs a mixing line that passes
through their pre-CAI component. Increasing (decreasing) the dust Fe/
Ti ratios—relative to the precursor Fe/Ti ratio—shifts the precursor
components closer to the CI chondrites (OC-like component), which
increases (decreases) the amount of CI material and CAl-like dust
incorporated into the CC chondrites. Numerically, changing the Fe
concentrations of the dust components by a factor of two results in
changes of <8% and < 15% (absolute) in the final mass fractions of dust
and CI material incorporated, respectively. The last assumption was that
the Fe and Ti concentrations of the CAl-like dust components (and thus
their Fe/Ti ratios) are equal to those of their respective precursor
components. We found that an increase in both concentrations by a
factor of two (keeping their ratios constant) amounts to changes of
<15% and <10% (absolute) in the final mass fractions of dust and CI
material incorporated, respectively.

5.2. Nebular components of the forming solar system

The mixing model presented for the CC chondrite groups showcase
how their Ti, Cr, Fe, and Ca concentrations and isotope anomalies may
be explained via admixing between four primordial nebular compo-
nents: an elementally OC-like (NC) component, CI chondrites (or a
Ryugu-like component), isotopically CAl-like dust, and CAls sensu
stricto. This suggests the existence of at least three isotopically distinct
source regions in the nascent/forming Solar System, corresponding to
NC-like, CI-like, and CAl-like isotopic signatures. The variability in
isotope anomalies within and between bodies from the NC and CC res-
ervoirs is interpreted as the product of mixing between these source
regions.

The CAI source consists of both CAlIs sensu stricto as well as the
suprachondritic CAI-like dust, which, relative to CAls, is less enriched in
the highly refractory Ti and Ca, but more enriched in the moderately
refractory Cr and Fe (Fig. 8). Results from our mixing model indicate
that ~30-45% of CAl-like dust was incorporated into CC chondrites,
suggesting that such dust constitutes a major, if not the dominant,
component of the CAI source. Our results also imply that this dust may
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not be isotopically equivalent to CAls, and could exhibit isotope
anomalies resembling those of some AOAs and hibonite-bearing re-
fractory inclusions for elements such as Ca (Bermingham et al., 2018;
Valdes et al., 2021).

It is conceivable that there are CAlIs in CC matrices too small for
identification by petrographic observations. In addition, CAIs and AOAs
could have been reworked into chondrules, as suggested by recent ox-
ygen isotope analyses of CV chondrules (Marrocchi et al., 2019). These
complications imply that the CAI abundances we have used (to solve for
the position of the pre-CAI components) are underestimates, translating
to overestimates in CAl-like dust mass fractions. It should be noted,
nonetheless, that the inclusion of unidentified and reworked CAIs will
not obviate the need for the CAl-like dust in constructing a self-
consistent model. If the true CAI abundances are ~10% (see Fig. 4b),
removing the need for the dust in Fe-Ti isotope space (Fig. 6a), the model
would not successfully be extended to Cr (Fig. 6b). It is also difficult to
imagine that the mass fractions of CAl-like dust would change drasti-
cally upon account of these CAI sources, as they likely constitute a small
fraction of the total CAI contribution. An interesting outcome of higher
CAI abundances is higher Si/X ratios in Fig. 8, which would bring the
elemental compositions of the CAI-like dust components closer to those
of the CC chondrites.

Bulk anomalies within the NC reservoir display a clear and consistent
trend in multi-element isotope space despite differences in nucleosyn-
thetic origin and physicochemical behavior of their respective elements
and perhaps presolar carriers (Burkhardt et al., 2021). This suggests that
NC intra-reservoir variability is principally dominated by mixing be-
tween two isotopically distinct components (e.g., Shuai et al., 2022). The
OC-like component in our model is assumed to constitute an endmember
composition of NC reservoir mixing. Above, it is positioned at a fiducial
#°°Ti of —500, more than twice the most negative Ti anomaly measured
for an NC meteorite group (i.e., Ureilites at ~—200; Trinquier et al.,
2009; Williams et al., 2020). Such a low ySOTi for the OC-like component
was chosen to accommodate the low ;°°Ti of the CR precursor compo-
nent, and is unrealistic in consideration of the absence of samples with
#°°Ti between —500 and —200. Nonetheless, large uncertainties in the
1>*Fe of the CC chondrites and CAIs/CAl-like dust beget large un-
certainties in the position of the precursor components. Graphically
(Fig. 6a), it is plausible for the 4°°Ti of the CR precursor component to be
as high as —200, permitting a higher 4°°Ti for the OC-like component as
well. The exact position of the OC-like component has little influence on
the mass fractions of CAl-like dust incorporated into the CC chondrites
(see section “Sensitivity to model assumptions” above).

Finally, let us consider the CI endmember. In this work, focused on
Ti-Cr-Fe-Ca isotopes, CI chondrites plot in the prolongation of the NC
trend at the opposite end of the OC-like component (same end as the
BSE) (Figs. 10a, c). As mentioned earlier, however, CI chondrites sensu
stricto do not constitute the other endmember of NC intra-reservoir
mixing, as they are offset from the NC trend when other elements such
as Zr or Mo are considered (Fig. 10b) (Burkhardt et al., 2019, 2021).
That is, there is a missing endmember and CI chondrites do not serve as a
good approximation for it in multi-element isotope space. The BSE is
peculiar in that it sits close to where this missing endmember is expected
to be. Such an unsampled BSE-like endmember has been hinted at by
Burkhardt et al. (2021), and several lines of evidence suggest that it
cannot coincide with the CI chondrites even in Ti-Cr-Fe-Ca isotope space,
as this would imply CI chondrites are devoid of CAI-like material. First,
in isotope spaces where CI chondrites do not plot along the NC trend (e.
&, Zr-Ni, Mo-Ti), they plot among the other CC chondrites between the
NC meteorites and CAlIs/CAl-like dust (Fig. 10b). Second, petrographic
analyses of the Ivuna CI1 chondrite have unambiguously identified a
CAI (Frank et al, 2011) and an AOA (Kawasaki et al., 2022) in the
meteorite. Anhydrous silicate grains in Ivuna and the Alais CI1 chondrite
also exhibit O isotope compositions akin to AOAs, and two olivine grains
in the former meteorite exhibit AOA-like MnO/FeO ratios (~1) (Morin
et al., 2022). Third, material from comet Wild2 retrieved by the Stardust
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Fig. 10. Different configurations between the NC trend, CC reservoir, and CI chondrites in cross-sections of multi-element isotope space. (a) In Ti-(Cr, Ca, Ni) isotope
space, the NC trend is aligned with the offset of CC materials towards CAls, and points towards the CI chondrites. (b) In Ti-(Zr, Mo, Nd,-Ru) isotope space, the NC
trend is not aligned with the CC offset and CI chondrites. (c) In Ti-Fe isotope space, the NC trend is not aligned with the CC offset, but points towards the CI
chondrites. The missing BSE-like endmember is inferred to lie within the grey field at the end of the NC trend.

mission and inferred to be akin to Ryugu/Cl-like material and inter-
planetary dust particles (e.g., Zolensky et al., 2006; Berger et al., 2011;
Kawasaki et al., 2022) have been found to possess CAls (Joswiak et al.,
2017). These observations indicate CI chondrites contain some degree of
CAl-like material, perhaps predominantly present as CAl-like dust in
their matrices (Bryson and Brennecka, 2021) and/or obscured by the
extensive aqueous alteration to which their parent bodies were sub-
jected. Moreover, these observations suggest the prominence of CAI-like
material in the outer SS, and that the BSE-like endmember must be
displaced from the CI chondrites away from CAls/the CAl-like dust in Ti-
Cr-Fe-Ca isotope space (Figs. 6, 9). This displacement would enable the
precursor components of the CI chondrites to be positioned along the
mixing line between the BSE-like and OC-like components. It would also
provide additional leeway for the incorporation of CAl-like material into
OC chondrites, several of which have been documented to possess CAls
(Bischoff and Keil, 1984; Kimura et al., 2022).

Additional information regarding the isotopic composition of the
BSE-like endmember may be gleaned from the orientation of the NC
trend with respect to the NC-CC offset towards CAls in multi-element
isotope space. From two-element isotope spaces, it is clear that the NC
trend does not point in the direction of the CC meteorites and CAIs for all
elements. In the case of heavy elements such as Zr, Mo, and Ru, intra-
reservoir trends are governed by nucleosynthetic s-process variability
and decoupled from the NC-CC offset (Fig. 10b), which for Mo is
attributed to the excess of r-process material in CC meteorites (Dauphas
et al., 2004; Fischer-Godde et al., 2015; Akram et al., 2015; Budde et al.,
2016; Poole et al., 2017). The isotope anomalies of lighter elements such
as Ti, Cr, Ca, Ni, and Fe are attributed to quasi-equilibrium nucleosyn-
thesis in supernovae (Clayton, 2003) and, aside from the latter, aligned
with the NC-CC offset (Figs. 10a, ¢). The orientation of the NC trend is, of
course, dependent on the details of normalization. That considered, it
may be deduced that the unsampled BSE-like component is enriched in
both s-process nuclides from asymptotic giant branch stars (resulting, for
example, in low 4°%Zr) and supernova-derived nuclides from quasie-
quilibrium nucleosynthesis (e.g., 50Ti, 54Cr) (Burkhardt et al., 2021),
with the exception of >*Fe. In other words, this component is enriched in
neutron-rich nuclides of elements up to and including Fe and Ni, and
neutron-poor nuclides of heavier elements. Based on the heliocentric
gradient of isotope anomalies among NC meteorites, Burkhardt et al.
(2021) postulated that this component derives from the innermost re-
gions of the disk, where the probability of outwards scattering is low.

Of all meteorites, CI chondrites bear the closest resemblance to the
solar photosphere in elemental composition (Barrat et al., 2012; Lod-
ders, 2020). Keeping in mind that the Sun bears >99% of the SS mass, it
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is tempting to identify the BSE-like endmember (represented by CI
chondrites in this work with Ti, Cr, Fe, and Ca) with the bulk SS, or solar
composition. The complication here is that the Sun’s oxygen isotopic
composition inferred from solar wind captured by the Genesis spacecraft
is drastically different from that of all planetary materials, including CI
chondrites and Ryugu (McKeegan et al., 2011; Greenwood et al., 2023).
In 5*70-5'%0 space, the Sun defines an endmember composition, sepa-
rated from the Earth, Moon, Mars, and chondrites by hibonite-bearing
refractory inclusions and CAls. It is thus plausible that the solar iso-
topic composition is CAl-like, dominated by early infalling material (see
“The origin of the NC & CC reservoirs” below). Here, we postulate that
the BSE-like endmember represents the bulk composition of the SS
parent molecular cloud, akin to the “unprocessed primitive cloud mate-
rial” mentioned by Burkhardt et al. (2019). The designation of such a
global component facilitates several key features of the qualitative
model for early SS isotopic evolution we propose below. Namely, it al-
lows us to simultaneously account for the heliocentric gradient observed
within the NC reservoir in the inner SS (Burkhardt et al., 2019), and the
composition of the CI chondrites in the outer SS. We henceforth denote
the BSE-like endmember as BMC for “Bulk Molecular Cloud,” and the
OC-like component simply by NC. It is conceivable that the isotope
anomalies of SS materials measured today reflect a combination of the
“original” anomalies in presolar carriers upon ejection from previous
generations of stars, and the BMC component. In Table 2, we provide a
qualitative summary of the general features of the four endmember
components in our mixing model, as well as components akin to them
from previous literature. In Table 3, we provide our inferred isotopic and
elemental compositions for the four endmember components.

5.3. The origin of the NC & CC reservoirs

The isotopic heterogeneity of the nascent SS may be attributed to
either fractionation processes within the nebula, such as dust grain size-
sorting and thermal processing (e.g., Trinquier et al., 2009; Dauphas
et al., 2010; Burkhardt et al., 2012), or changes in the composition of
infalling material during the collapse of the molecular cloud core (e.g,
Nanne et al., 2019). These two scenarios are non-exclusive, but the
dominance of the latter is supported by the observation that NC and CC
inter- and intra-reservoir trends are not limited to a subset of isotope
anomalies, but include elements across a wide range of geo—/ cosmo-
chemical behavior. This is difficult to explain as the result of nebular
processing of specific presolar carriers. Additional arguments in support
of heterogeneous infall are provided by Burkhardt et al. (2019).

Here, we introduce a qualitative model for the origin of the NC and
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Table 3
Mixing endmember inferred elemental and isotopic compositions.
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Endmember Isotope anomalies Elemental ratios
un°Ti ptcr un°*Fe u*Ca Fe/Ti Ti/Cr Ti/Ca Si/Ti Si/Fe Si/Cr Si/Ca
BMC (CI/BSE-like) 189* 155* 0* 211% 420.5 0.17 0.048 243.2%* 0.58* 40.8%* 11.7%*
+15 +7 +2 +20 +17.8 + 0.01 + 0.002 +10.3 + 0.02 +1.7 + 0.5
CAIs 897 582 44 380 0.78 15.5 0.026 15.9 20.5 246.6 0.42

+ 41 + 50 + 12 + 133 + 0.03 + 0.7 + 0.001 + 0.7 + 0.9 +10.5 + 0.02

CAI-like Dust Similar to CAIs above ~ 700-1000 Specific to CC group (refer to Table 1)
NC (OC-like) - 500%* - 360** 30* - 440%* 364.7 0.16 0.048 379.2* 1.19* 60.6* 18.0*
- + 33 +9 + 50 +15.5 + 0.01 + 0.002 + 38.3 + 0.10 + 6.3 +1.8

Bold values are model outputs, all other values are model inputs.

Uncertainties reflect 26 (95% CI), and for elemental ratios, are computed assuming an error of 3% on elemental concentrations in our Monte Carlo simulation.
Actual values likely: *less than displayed, **greater than displayed. For the BMC endmember, differences are due to the presence of refractory material in CI chon-
drites. For the NC endmember, the current isotopic composition reflects a fiducial limit.

CC reservoirs from mixing between BMC, NC, and CAI source materials.
This model builds on those of Burkhardt et al. (2019) and Nanne et al.
(2019), in which the chronological order of infall at regions close to the
young Sun translates to a spatial order in the newly formed disk, with
the earliest infalling material being transported to the greatest helio-
centric distance. Recent magnetohydronamic models of protostellar
accretion indicate that changes in infalling material are natural in
collapsing molecular clouds (Kuffmeier et al., 2023). At the onset of
collapse, the molecular cloud contains two parcels of micron-sized dust
corresponding to CAlI-like and NC isotopic compositions, both amidst a
“background” of BMC dust (Fig. 11a). The fact that CAIs are the oldest
known solids in our SS suggests the former parcel constitutes early
infalling material. The mineralogies and compositions of CAls strongly
suggest that they, and by extension the CAI source (with AOAs and other
refractory inclusions), formed close to the young Sun before being
transported outwards through viscous spreading of the forming disk
and/or disk winds (Fig. 11b) (Wood, 2004; Ireland and Fegley Jr, 2000;
Yang and Ciesla, 2012). Radial expansion of the disk leads to greater
fractions of unprocessed cloud material, or BMC material, in its outer
portions. This provides an explanation for the isotopic signatures of CI
chondrites, which may primarily reflect the combination of CAl-like
material and the BMC dust, with minimal contamination from NC ma-
terial. If so, this beckons the question as to why CI chondrites appear so
rare in our SS. Sears (1998) argued that CI chondrites may be the most
abundant type of chondrites in our SS, severely underrepresented in
meteoritic collections due to their low tensile strength, density, and thus
likelihood of surviving passage through Earth’s atmosphere. This claim
is reinforced by studies that suggest the flux of meteorites constitutes
only a meager (~1%) portion of material impacting the top of Earth’s
atmosphere (Bland et al., 1996; Drolshagen et al., 2017), the low tensile
strength and density of Ryugu rocks (Grott et al., 2019), and the ubiquity
of C-type asteroids in the main belt. Moreover, CC matrices are inferred
to consists of CI-like material (see “Mixing Model for CC Chondrites”
above). As Hopp et al. (2022a) suggested, CI chondrites may constitute
the dominant bodies at the outskirts of the SS, where the probability of
inward scattering is low. While CI chondrites and by extension Ryugu
may not define a reservoir on their own, they are expected to be
representative of the earliest bodies at the far reaches of the CC reser-
voir, in accord with their high volatile abundances.

The infall of the isotopically NC (OC-like in our mixing model) cloud
parcel follows that of the CAI-like parcel (Fig. 11c¢), and is itself followed
by BMC dust (Fig. 11d). The spatial order established from this one-
dimensional infall model then, is “BMC, NC, CAI, BMC” outwards
from the Sun. The adjacency of NC and CAI-like materials explains the
covariance between the mass fractions of NC (OC-like) material Foc_jike
and CAlI-like dust Fp,s in our mixing model. Mixing between the NC, and
CAl-like, and BMC materials eventually gave rise to the isotopic signa-
tures of the CC reservoir, while mixing between the BMC and NC ma-
terials at smaller heliocentric distances gave rise to the mixing trend
observed in NC reservoir. Thus, the BMC facilitates both the formation of
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the CC reservoir in the outer SS, and the apparent heliocentric gradient
within the NC reservoir (Burkhardt et al., 2021) in the inner SS. The lack
of samples bridging the extensive gap between NC meteorites and the
BMC (CI chondrites in Fig. 6; Fig. 9a, ¢) can be explained by the addition
of $<50% BMC material to predominantly NC material, or alternatively,
the addition of 250% NC material to predominantly BMC material.

Finally, the separation of the NC and CC reservoirs is facilitated by
the early formation of Jupiter (Kruijer et al., 2017), and/or the prefer-
ential formation of planetesimals close to the silicate and water ice
sublimation lines in the inner and outer SS (Morbidelli et al., 2022),
respectively (Fig. 11e). In the latter scenario, and in the absence of
Jupiter, the early forming planetesimals at the pressure bumps afforded
by the sublimation lines sample NC and CC isotopic signatures before
homogenization between the two reservoirs take place. Our model,
which is the first to consider and explain the Fe and Ca systematics of CC
chondrites, introduces a layer of complexity to that of Burkhardt et al.
(2019) and Nanne et al. (2019) without forsaking any of its strengths,
such as the ability to explain the abundance of refractory phases in the
CC reservoir and the presence of non-CAl-like refractory precursors of
Na-Al-rich chondrules in NC meteorites (Ebert et al., 2018). By invoking
the BMC component, our model is able to account for the mixing trend in
the NC reservoir and the anomalous Fe isotope anomalies of the CI
chondrites, which cannot be explained by mixing between NC material
and CAl-like dust alone.

6. Concluding remarks

Building on previous studies, we have developed a self-consistent
mixing model in which the Ti, Cr, Fe, and Ca concentrations and
isotope anomalies of CC chondrite groups are reproduced by admixing of
elementally OC-like (for Ti, Cr, Fe, and Ca) material, CI material,
isotopically CAlI-like dust, and CAls sensu stricto. Our model is novel in its
quantitative extent, and represents an important step towards synthe-
sizing the isotope anomalies of different elements into a coherent
framework for physical interpretation. The key result from this model is
the high mass fraction (230%) of CAl-like dust incorporated into the CC
chondrites, suggesting CAls and other isotopically anomalous refractory
inclusions constitute only a small portion of the CAI source region in the
early solar nebula. Having identified the BSE-like endmember of NC
intra-reservoir mixing with the isotopic composition of the SS parent
molecular cloud, we present a modified qualitative model for the iso-
topic evolution of the early SS and the origin of the NC and CC reservoirs
therein. From this model, we expect material in the outer reaches of the
SS (i.e., around the Kuiper Belt) are isotopically CAI- and/or Cl-like.
Enticing avenues for future work include the extension of our mixing
model to more elements for which nucleosynthetic anomalies have been
characterized, and the development of a more sophisticated (e.g., not
“one-dimensional” as in Fig. 11) treatment of early SS isotopic evolution.
This treatment should be underpinned by quantitative models of pro-
toplanetary disk evolution, account for volatile element distributions in
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Fig. 11. Qualitative model for the origin of the NC and CC reservoirs. (a) At the
onset of collapse, the molecular cloud contains two major parcels of micron-
sized dust bearing NC (OC-like component) and CAl-like isotopic signatures.
(b) Infall of the CAI-like parcel precedes that of the NC parcel due to the
proximity of the former to the molecular cloud core. CAls, the CAl-like dust, and
other refractory inclusions are transported outwards from the young Sun due to
viscous spreading of the disk and/or disk winds. Mixing between BMC material
at the outer portions of the disk and the CAlI-like materials yield CI chondrites.
(c) NC material constitutes later infall, and precedes BMC material (d). (e)
Mixing between BMC, NC, and CAI-like materials, in addition to nebular pro-
cessing, establishes the NC and CC reservoirs. The reservoirs are kept separate
by the early formation of Jupiter and/or early planetesimal formation at the
silicate and water ice sublimation lines. See text for more in-depth discussion.
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the early SS, and investigate the effects of disk/nebular processes
beyond mixing that may have contributed to the elemental abundances
and isotopic signatures observed in NC and CC SS materials.
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Appendix A. Mixing model for CC chondrites
A.1. Model description

Here, we outline the details of our mixing model and how it is
implemented in Ti-Cr-Fe isotope space. As mentioned above, there are
four endmember components (i.e., OC-like, CI, CAl-like Dust, and CAIs)
and two intermediate components (i.e., precursor and pre-CAl) in our
model. The precursor and pre-CAI components are denoted by the
subscripts P and PC in the variables below. Each CC chondrite group is
interpreted as an end product of three mixing events: mixing between
the OC-like and CI components to yield its precursor component
(Fig. 5a), mixing between its precursor component and the CAl-like dust
to yield its pre-CAI component (Fig. 5b), and the addition of CAIs to its
pre-CAI component (Fig. 5c).

For each element X (i.e., Ti, Cr, and Fe), each of the six components
possesses an isotopic composition/anomaly (i.e., the 4X value; denoted
1) and a concentration (denoted C¥). Each CC group possesses its own
isotopic composition/anomaly (o) and elemental concentration (Cac).
The isotope anomalies and elemental concentrations of the OC-like
component, CI component, and CAIs (ie., I)(gc_h-ke, I’C(L I)C(AL C’éc_h-ke, C}C(‘I,
C%4p) are invariant with respect to each CC group, while those of the
intermediate components P and PC (ie., B, I§C, cX¥ and Cfa‘c) are group
specific. The isotopic anomalies of the CAl-like dust components (i.e.,
) are not group specific, but their elemental concentrations (i.e.,
CX.se) are. For each CC group, each component contributes a mixing
mass fraction (f) that, of course, is not element specific (i.e., foc_iike> fci
fousts fcan fp, and fpc).

Experimental constraints are given for I}c(c, I’C(L I’C(AL C’éc_like, C’C(L C}éAL
and fcay, and are reported in Table S2. fca; values are also reported in
Table 1. Cr, Ti, and Fe isotope anomalies of NC and CC chondrites are
taken from sources listed in the captions of Figs. 1 and 2, while those of
CAIs are listed in the caption of Fig. 6. It should be noted that there is
considerable uncertainty regarding CAI Fe isotopic compositions
(Shollenberger et al., 2019), given that most of the Fe in CAIs may be
secondary. While we acknowledge this as a weak link in our mixing
model, we stress the illustrative nature of our work and do not foresee its
first-order results being altered dramatically by future, more reliable
CAI Fe isotopic measurements to which we look forward. Concentrations

of the three elements in the chondrites are taken from Alexander
(2019a, 2019b). For CAls, we used Cr, Ti, and Fe concentrations of
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~381 ppm, ~5906 ppm, and ~4590 ppm, respectively. These concentrations reflect means from coarse-grained Type A CAls measured by Grossman
(1975), Grossman and Ganapathy (1976), Grossman et al. (1977) and Tissot et al. (2016), and are close to the Ti and Cr concentrations used by
Trinquier et al. (2009) (i.e., 5400 ppm and 200 ppm) as well as those in fine-grained CAls, the most ubiquitous type of CAls (MacPherson, 2014). Note
that the Fe concentrations in fine-grained CAls are typically in the wt%. We interpret these high concentrations as arising from significant alteration.
Indeed, chondrite matrices are enriched in Fe, and given that (i) Fe is less refractory than Ti and Ca (Grossman and Larimer, 1974; Wood et al., 2019),
and (ii) Ti concentrations in both coarse- and fine-grained CAIs typically fall below 1 wt%, there is good reason to be skeptical of fine-grained CAI Fe
concentrations. This begs the question as to why the coarse- and fine-grained CAls measured by Shollenberger et al. (2019) exhibit similar Fe isotope
anomalies (Table S5). Should the latter not exhibit CI-like or CC-like Fe anomalies? A plausible hypothesis is that the secondary Fe in fine-grained CAls
is primarily inherited from the CAl-like dust, which bears the same Fe isotopic compositions as CAls, but is much more enriched in Fe (Fig. 6a). The
mean Si and Ca concentrations of Type A CAls are ~93,936 ppm ~ 22,4275 ppm, respectively, and will be used in mixing diagrams complementary to
those for Cr, Ti, and Fe below. The modal abundances (vol%) of CAls in each CC group (CM ~ 1.2, CV ~ 3.0, CO ~ 1.0, CK ~ 4.0, CR ~ 0.6) are taken
from Rubin (2011), and assumed to be mass fractions (wt%).
Omitting the elemental designation X, we have for mixing between CI and OC-like material:

Jer =1 —foc-iie
Cp = Ceifer + Coc—iitefoc—iike (@]

_lciCerfer + loc-iike Coc—tikefoc—tike

e Carfar + Coc-tikefoc-tike @
For mixing between the precursor (P) component and CAl-like dust, we have:

IDHSZ = ICA[

Souss =1—fp

Crc = Cpusfoust + Crfp 3)

_ IDu.erDu.ufDusx + 1 P Cpfp
e )
Cpusifpust + Crfp

Finally, for mixing between the pre-CAI (PC) component and CAls, we have:
Jear =1—=fec

Cec = Ceatfear + Crcfpe )

_ MAcarCeaifear + IpcCrcfrc
Icc = (6)
Ceaifear + Cpefpe
Given these relationships and available experimental constraints, there remain four unknowns: Inc_jikes Cpust, fc, and fpyse- In our treatment of the
model, we make assumptions for the former three, and use the latter for tests of internal consistency. The assumptions are imposed in Fe-Ti isotope
space and the resulting constraints, namely the Fe and Ti isotopic anomalies and concentrations of the two intermediate components and the mass
fractions of all six components, are carried through the rest of the model.

A.2. Model assumptions

AssumptionI. We impose the position of the elementally OC-like component along a straight line passing through the OC and CI chondrites in Ti-Cr-
Fe isotope space, with the OC between it and the CI chondrites (Figs. 5, 6a). The isotopic composition of this endmember, I’éc,h»ke, needs only be
assumed for only a single element (e.g., Ti), as the value for the other two elements (i.e., Cr and Fe) are then uniquely specified along the OC-CI trend.
We fix the 4#°°Ti value of the OC-like component at a fiducial upper limit of —500, and acknowledge the wide range of its possible positions at the edge
of the NC reservoir (Figs. 5, 6).

Assumption II. The Fe/Ti ratios of the CAl-like dust components are chondritic and equal to those of their respective precursor components, yielding
straight precursor-dust mixing lines passing through the pre-CAI components in Fe-Ti isotope space (Figs. 5, 6a). This assumption positions the
precursor components along the mixing curve between the OC-like and CI components, and thus constrains f¢; for each CC group given a fixed I(T)i’CF_fike.
This in turn constrains fpys given clike.

Assumption III. Finally, Cl:Ee needs to be assumed for either Ti or Fe only, as ratios between Ti, Cr, and Fe concentrations in the CAl-like dust
components can be derived from the available experimental constraints and our two prior assumptions. We assumed the Fe (and hence Ti) con-
centration in the CAI-like dust components are equal to those of their respective precursor components. This means the mass fraction of dust or
precursor material in the pre-CAI components scales linearly with distance along the straight mixing lines.

A.3. Running the model

A.3.1. Mixing in Fe-Ti isotope space ) )
Starting in Fe-Ti isotope space (Fig. 6a), the Fe and Ti concentrations and isotope anomalies of the pre-CAI components (i.e., Cp: and IF:F®) are first
solved for via Eqs. 5 & 6, respectively. Having thus “removed CAls,” straight mixing lines are constructed between the CAI-like dust and pre-CAI

components (Asm. II), the intersections of which with the CI-OC-like mixing line determine the positions of the precursor components (i.e., I5"7).
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The positions of the precursor components enable the calculation of the mass fraction of CI/OC-like material in them (i.e., f¢y) via Eq. 2, and in turn
their Fe and Ti concentrations ((i.e., C;T:’;F ®) via Eq. 1. Finally, the mass fraction of CAl-like dust contributed to the pre-CAI components (i.e., fpus;) is
calculated assuming Chi¢ = CH-Fe (Asm. III), and via Eq. 4.

Our treatment in Fe-Ti isotope space yields (i) the Fe and Ti concentrations and isotope anomalies of the precursor and pre-CAI components, and
more importantly, (ii) the mass fractions of CI/OC-like and CAl-like dust/precursor material incorporated into the precursor and pre-CAI components,
respectively. The six mass fractions from the three mixing pairs—OC-like and CI components, precursor components and CAl-like dust, pre-CAI
components and actual CAls—are used to compute the final mass fractions of the four endmember components in each CC group. We denote these
final mass fractions by Foc_iike, Fcr, Fpust and Feaj(= fcap) to distinguish them from mass fractions incorporated into the intermediate components. As a
test of internal consistency, and by extension the validity of our assumptions, we compare the Fe/Ti ratios of the pre-CAI components derived through
the initial “removal of CAIs” to those retrieved using fpys, Cg';’gf, and CH-€ via Eq. 3. We quantify the deviation of the latter from the former in %, and
denote this value {ge_Ti.

A.3.2. Mixing in Ti-Cr and Fe-Cr isotope spaces

The steps performed in the above provide all but the Cr isotope anomalies and concentrations of the precursor and pre-CAI components (i.e., I‘pi’ IIQE,
Cg,’ CEE), and the Cr concentration of the CAl-like dust components (i.e., cgim). These remaining unknowns can be determined from either Ti-Cr or Fe-
Cr isotope space.

In Ti-Cr isotope space (Fig. 6b), we solve for Csr and IS5 by “removing CAIs” via Egs. 5 & 6, respectively, as done for Ti and Fe. With fc; for each CC
group and the Cr isotope anomalies and concentrations of the CI and OC-like components, we calculate I§ via. Eq. 2. We proceed to solve for C§" via Eq.
1, and with fp, for each CC group, Cpys via Eq. 4. As done in Fe-Ti isotope space, we quantify the deviation of the pre-CAI Ti/Cr ratios derived from the
“removal of CAIs” to those retrieved using fpuss CSra, and CS”T via Eq. 3. This value is denoted {ri_c. Note that solving for CS: via Eq. 3 and C$aT
would yield {7i_¢r = O, resulting instead in a mismatch between the CAI-like dust components between Fe-Ti, Ti-Cr, and Fe-Cr isotope spaces. We
refrain from this approach to remain consistent in how we evaluate internal consistency.

The Cr, Ti, and Fe concentrations and isotope anomalies of the precursor, pre-CAl, and CAI-like dust components, as well as the mass fractions of all
six components in their respective mixing pairs, are fully constrained through the procedure outlined above. For completeness, the mixing diagram for
Fe-Cr isotope space (Fig. 6¢) is constructed and {r._c; is calculated.

A.3.3. Mixing in in vs. Si/X space

To complement our work in isotope-isotope space above, we plot ;X against Si/X for Ti, Fe, and Cr, taking the ratio X/Si as a proxy for the
enrichment of element X. Plotting Si/X instead of X/Si affords the benefit of straight mixing lines between all components. The mixing diagram for
1°°Ti vs. Si/Ti (Fig. 8A) is first used to constrain the Si/Ti ratios of the CAl-like dust components. The Fe/Ti ratios and Ti/Cr ratios for the dust
components as derived from Fe-Ti and Ti-Cr isotope spaces above may then be used to calculate their Si/Fe and Si/Cr ratios, respectively, from which
mixing diagrams for °*Fe vs. Si/Fe (Fig. 8B) and y>*Cr vs. Si/Cr (Fig. 8C) can be constructed.

In 4°°Ti vs. Si/Ti, we project the 4°°Ti of the OC-like component onto the line connecting the CI and OC chondrites to determine its Si/Ti ratio. We
proceed to project the ;°°Ti of the precursor components derived above onto the CI-OC-like mixing line to determine their Si/Ti ratios. To find the Si/
Ti ratios of the pre-CAI components, we project the 4°°Ti of each pre-CAI component onto a line connecting the CAIs to their respective CC group. The
Si/Ti ratios of each CAlI-like dust component is then constrained by the intersection between the line passing through its respective precursor and pre-
CAI components with the 4°°Ti of CAls. In ;°>*Fe vs. Si/Fe and y>*Cr vs. Si/Cr, we follow the same steps as with Ti to determine the Si/Fe and Si/Cr
ratios of the OC-like endmember, the precursor components, and pre-CAI components.

Appendix B. Supplementary data

Supplementary data to this article can be found online at https://doi.org/10.1016/j.icarus.2023.115680.
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