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Dynamic models of the protoplanetary disk indicate there should
be large-scale material transport in and out of the inner Solar Sys-
tem, but direct evidence for such transport is scarce. Here we show
that the £*°Ti-£>*Cr-A'70 systematics of large individual chon-
drules, which typically formed 2 to 3 My after the formation of
the first solids in the Solar System, indicate certain meteorites (CV
and CK chondrites) that formed in the outer Solar System accreted
an assortment of both inner and outer Solar System materials, as
well as material previously unidentified through the analysis of
bulk meteorites. Mixing with primordial refractory components
reveals a “missing reservoir” that bridges the gap between inner
and outer Solar System materials. We also observe chondrules
with positive £°°Ti and ¢**Cr plot with a constant offset below
the primitive chondrule mineral line (PCM), indicating that they
are on the slope ~1.0 in the oxygen three-isotope diagram. In
contrast, chondrules with negative £*°Ti and £>*Cr increasingly de-
viate above from PCM line with increasing §'80, suggesting that
they are on a mixing trend with an ordinary chondrite-like isotope
reservoir. Furthermore, the A'70-Mg# systematics of these chon-
drules indicate they formed in environments characterized by dis-
tinct abundances of dust and H,O ice. We posit that large-scale
outward transport of nominally inner Solar System materials most
likely occurred along the midplane associated with a viscously
evolving disk and that CV and CK chondrules formed in local re-
gions of enhanced gas pressure and dust density created by the
formation of Jupiter.
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hemical and isotopic signatures of primitive meteorites
provide a powerful means to trace the earliest history of
planet formation in our Solar System (1). Nucleosynthetic
anomalies in *°Ti and >*Cr have been identified among major
meteorite classes that distinguish planetary materials into two
groups, noncarbonaceous and carbonaceous meteorites (2-5).
Bulk meteorites and their components also show a significant
variability in the mass-independent fractionation of O isotopes,
which could have resulted from photochemical reactions that
occurred heterogeneously across the protoplanetary disk (6).
Several other isotope systems have now been found to show a
similar dichotomy between noncarbonaceous and carbonaceous
meteorites and, collectively, may not be easily explained by
thermal processing of isotopically anomalous presolar carriers or
addition of early-formed Ca- and Al-rich inclusions (CAIs) (7).
Instead, most studies have proposed that the dichotomy was
caused by spatial differences in isotopic signatures during the
earliest stage of disk evolution (5, 7, 8), such that the isotopic
signatures of noncarbonaceous and carbonaceous meteorites
represent those of inner and outer disk materials, respectively.
Nucleosynthetic anomalies in >°Ti and >*Cr associated with
bulk meteorites reflect the average composition of solids that
were accreted onto their parent asteroids from local regions
within the disk. However, local regions within the disk may
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actually be composed of solids with diverse formation histories
and, thus, distinct isotope signatures, which can only be revealed
by studying individual components in primitive chondritic me-
teorites (e.g., chondrules). Chondrules are millimeter-sized
spherules that evolved as free-floating objects processed by
transient heating in the protoplanetary disk (1) and represent a
major solid component (by volume) of the disk that is accreted
into most chondrites. The nucleosynthetic anomalies in *°Ti and
34Cr of individual chondrules are, in most cases, similar to those
of their bulk meteorites (9-12), which suggests a close relation
between the regions where chondrules formed and where they
accreted into their asteroidal parent bodies. However, exceptions
to this observation are chondrules in CV chondrites, which dis-
play the entire range of *°Ti and **Cr observed for all bulk
meteorite groups (9, 11). Previous Cr isotope studies that have
observed this larger isotopic range in CV chondrules have pro-
posed that these chondrules or their precursor materials origi-
nated from a wide (not local) spatial region of the protoplanetary
disk and were transported to CV chondrite accretion regions (9).
In contrast, Ti isotope studies have suggested that the wide range
of isotope anomalies observed in individual CV chondrules could
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be explained by the admixture of CAl-like precursor materials
with highest nucleosynthetic *°Ti and **Cr anomaly, which are
abundant in CV chondrites (11).

Resolving these two competing interpretations would signifi-
cantly improve our understanding of the origin of the isotopic
dichotomy observed for bulk meteorites and provide constraints
on the disk transport mechanism(s) responsible for the potential
mixing of material with different formation histories. However,
in earlier studies, Ti and Cr isotopes were not obtained from the
same chondrules, which is required to uniquely identify their
precursor materials and associated formation histories. Also
absent in earlier studies is documentation of the properties
(petrographic and geochemical) of individual chondrules that
provide a valuable aid in interpreting Ti and Cr isotope data.
Thus, we designed a coordinated chemical and Ti-Cr-O isotopic
investigation of individual chondrules extracted from Allende
gCV) and Karoonda (CK) chondrites (3). While the *Ti and

*Cr of chondrules tracks the average composition of solids, the
analyses of O isotopes and mineral chemistry of major Mg sili-
cates (olivine and pyroxene) is useful to distinguish chondrules
that are similar to those in ordinary chondrites (13-16) as well as
precursor materials that may have formed in regions of the disk
with variable redox conditions or with distinct proportions of
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anhydrous dust versus H,O ice (17). A significant number of
high-precision Ti and Cr isotope analyses of bulk meteorites
were also obtained for both carbonaceous and noncarbonaceous
meteorites to help define the bulk meteorite *’Ti-*Cr system-
atics of known planetary materials.

Results

Bulk Meteorite *°Ti and >*Cr Isotopes. We obtained analyses of Ti
and Cr isotopic compositions (reported as £>°Ti and £>*Cr, which
are parts per 10,000 deviations from a terrestrial standard) for 30
bulk meteorites, all of which have mass-independent O isotope
analyses reported as A'’O [a vertical deviation from the terres-
trial fractionation line in parts per 1,000 (18)] previously repor-
ted (Dataset S1 and Fig. 1). The data clearly define two distinct
isotopic groups: 1) noncarbonaceous meteorites, including
enstatite chondrites (ECs), ordinary chondrites (OCs), and most
differentiated meteorites known as achondrites (e.g., Moon,
Mars, Vesta, angrites, ureilites, acapulcoites, lodranites, and
winonaites) and 2) carbonaceous meteorites [including carbo-
naceous chondrites and several ungrouped achondrites (19)].
These two groups display orthogonal trends and are isolated
from each other by a large area in £°Ti-£**Cr-A'’O isotope
space that is devoid of any bulk meteorite compositions (shown
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Fig. 1. The £ Ti->Cr-A"0 isotopic compositions of bulk carbonaceous and noncarbonaceous meteorites. (4,8) Data for £>°Ti and £>*Cr from this study are shown in
Dataset S1. Literature data for £>°Ti and >Cr are from refs. 19-25. (C, D) Literature A"’O data are from refs. 26-42. Error bars are either the internal 2 SE or external 2 SD,
whichever is larger. Note that noncarbonaceous meteorites are characterized by a strong positive linear correlation in the £*Ti->Cr-A"’0 isotope space, while carbonaceous
meteorites are characterized by a strong negative correlation in £*°Ti->*Cr (4, B) and £>°Ti-A'70 (C) isotope spaces but a positive correlation in >*Cr-A"70 (D) isotope space.
Also shown (A) is the average £*°Ti->Cr isotopic composition of “normal” CAls. Error bars represent the overall range of reported normal CAl values. Dashed blue and green
lines (A, B) represent a two-component mixing line between the average value of “normal” CAls and extension of the noncarbonaceous line. Dashed black and gray lines
represent a two-component mixing line between the average value of AOAs and extension of the noncarbonaceous line. The red line represents a linear regression through
noncarbonaceous meteorites, ostensibly inner Solar System materials (gray circles and red squares), calculated using Isoplot version 4.15. Note that the linear regression
through noncarbonaceous meteorites intersects carbonaceous chondrite field near CM chondrites £>°Ti-e>*Cr isotope space (A, B). The “missing reservoir” denotes the region
between noncarbonaceous and carbonaceous meteorite groups that lacks any reported bulk meteorite data. (B) Zoomed-in view of A. Legend abbreviations: carb., car-
bonaceous; noncarb., noncarbonaceous; EC, enstatite chondrite; OC, ordinary chondrite; Ure, ureilite; Aca/Lod (acapulcoite/lodranite).
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as “missing reservoir” in Fig. 1). This paucity of samples remains
even after including analyses from our expanded dataset. Previ-
ous work (2) calculated a linear regression through the non-
carbonaceous meteorites using the data available at the time,
which intersected the field defined by carbonaceous meteorites
at approximately the composition of CI chondrites, an end-
member of the carbonaceous meteorite field. However, when a
linear regression is calculated through our expanded set of £ ’Ti
and £*Cr of noncarbonaceous meteorites, the extrapolation of
the regression intersects the middle of the bulk carbonaceous
meteorite composition region, close to the CM chondrites and
their immediate neighbors (Fig. 1B). This is markedly different
from the previous study that proposed an intersection at one of
the endmember locations of the carbonaceous region, near CI
chondrites (2).

Mineral Chemistry and Textures of Selected Chondrules. The ferro-
magnesian chondrules studied here include porphyritic olivine
(PO), porphyritic olivine-pyroxene (POP), and barred olivine
(BO). Additionally, one chondrule from Allende is an Al-rich
chondrule. The Mg# (defined as Mg# = [MgO]/[MgO + FeO]
in molar percent) of Allende chondrules spans from 83 to 99.5
(Dataset S2). The olivine Cr,O; content in the Allende chon-
drules in this study is mostly greater than 0.1%, which is different
from the typically <0.1% Cr,O; reported for Allende chon-
drules. Following the method of ref. 43, the average olivine
Cr,03 contents for seven Allende chondrules with forsterite
(Mg,SiO,) content Fo <97 is calculated to be 0.20 + 0.34 wt %
(2 SD) (Dataset S6), which is similar to unequilibrated ordinary
chondrites (UOCs) with subtype 3.1. It is likely that the large
chondrules selected in this study (diameters of 2 to 3 mm; SI
Appendix, Figs. S1 and S3) were less affected by thermal meta-
morphism than typical Allende chondrules. Three BO chon-
drules have Mg# 83 to 90, which are rare in CV chondrites (14,

5.00

16, 44), though they are similar to several FeO-rich BO chon-
drules studied for O isotopes by ref. 45. The Al-rich chondrule
(Allende 4327-CHS8) contains abundant Ca-rich plagioclase and
zoned Ca-pyroxene. Chondrules in Karoonda are all olivine-rich
and show homogeneous olivine compositions (Datasets S2 and
S6). Their primary Mg# was subsequently modified during
parent body metamorphism due to fast Fe-Mg exchange in ol-
ivine, though original porphyritic or barred olivine textures were
preserved (SI Appendix, Figs. S2 and S4).

Multi-isotope Systematics of Individual Chondrules. The £°Ti and
£>*Cr analyses of individual chondrules in CV and CK chondrites
show a large range from -2.3 to +3.6 and from -0.7 to +1.2,
respectively (Datasets S2 and S3). These observed ranges are
consistent with previous studies (2, 9-12) and span the entire
range of isotopic compositions exhibited by bulk meteorite
measurements. The Al-rich chondrule, Allende 4327-CHS, has
an £°Ti value of +8.4 + 0.3, similar to the &°°Ti observed in
CAISs (2, 46). The &*Cr values of chondrules from CR, L, and
EH chondrites show a narrow range within each meteorite and
are consistent with those of bulk meteorites (Dataset S3), in
contrast to the results from CV and CK chondrites.

Most chondrules Sexcluding Allende 4327-CHS) are internally
homogenous with A'’O varying from —5%o to 0%o (Dataset S2).
On a three-isotope diagram (8'70 versus 8'%0 in the Vienna
Standard Mean Ocean Water scale where 6 represents deviation
from a standard in parts per 1,000; Fig. 24), individual chon-
drules plot close to the primitive chondrule mineral (PCM) line
(47) and are generally consistent with chondrules in CV chon-
drites (14, 16, 44, 45, 48, 49). Several FeO-rich BO chondrules
plot very close to the terrestrial fractionation line, which is in
good agreement with similar BO chondrules studied in refs. 16,
44, 45. Their O isotope ratios are similar to FeO-rich chondrules
in Kaba by ref. 14 and Y-82094 (an ungrouped carbonaceous
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Fig. 2. Oxygen isotope ratios of chondrules from Allende and Karoonda meteorites with known >*Cr and *°Ti isotope anomalies. (A) Mean oxygen isotope
ratios of individual chondrules from multiple SIMS analyses (Dataset S2). Terrestrial fractionation line (TFL; ref. 18), carbonaceous chondrite anhydrous
mineral line (CCAM; ref. 52) and PCM line (47) are shown as reference. Oxygen isotope analyses of individual chondrules using bulk methods for CV (45, 48,
49), using SIMS for CV (14, 16, 44), and LL (50) are shown. Error bars are at 95% confidence level. Blue and pink shaded areas represent two linear trends
among Allende and Karoonda chondrules, those that plot parallel to the PCM line along with the majority of literature CV chondrule data (blue) and those
that plot toward LL chondrule data above the PCM line (pink). (Inset) The 180-rich relict olivine grains in Allende 4327-CH6 and 4308-CHA chondrules (green
downward triangles) and individual data from Al-rich chondrule Allende 4327-CH8 (yellow upward triangles) that show heterogenous oxygen isotope ratios
(Dataset S4). For simplicity, only TFL and PCM line are shown in the inset. (B) Mass independent fractionation A'70 (= §'70 - 0.52 x 5'®0) of individual
chondrules in Allende and Karoonda plotted against 5'80. Chondrules with negative £>*Cr (red diamonds) plot above the PCM line toward LL chondrule data
(pink shaded region), while those with positive £>*Cr (blue diamonds) plot slightly below and parallel to the PCM line, along with majority of CV chondrules in
the literature (blue shaded region). Three BO chondrules plotted on TFL are regarded as ordinary chondrite-like chondrules. Literature data of BO chondrules
in CV (open and filled pink circles using bulk methods and SIMS) often show oxygen isotope ratios above the PCM line. (C) Deviation of A'7O relative to the
PCM line (A" Opcm = 6'70 - 0.987 x 5'80 + 2.70). Chondrules with positive £>*Cr show a constant offset from the PCM line (~—0.5%o), indicating that they are
on the slope ~1.0 in the oxygen three-isotope diagram. In contrast, chondrules with negative £>*Cr (and £°°Ti) increasingly deviate from the PCM line with
increasing 5'0, suggesting that they are on the mixing trend with an ordinary chondrite-like isotope reservoir.
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chondrite) by ref. 13, which are considered to have ordinary
chondrite chondrule-like O isotope ratios (50). The Al-rich
chondrule Allende 4327-CHS is the only chondrule in this
study that showed significant internal heterogeneity in O iso-
topes, with 87180 values approaching ~ -40%o (Fig. 2 A, Inset),
the lowest values of which are close to those observed for CAls
and amoeboid olivine aggregates (AOAs) (51). Fig. 2 shows that,
in detail, many chondrules in this study as well as CV chondrules
in the literature plot slightly below the PCM line, while others
including FeO-rich BO chondrules plot above the PCM line and
trend toward ordinary chondrite chondrule data (50). This small
difference becomes a more notable division when chondrules are
sorted by their £°Ti or £*Cr (Fl% 2 B and C); chondrules above
the PCM line all have negative £*Cr, and those below the PCM
line have positive £*Cr (Fig. 2 B and C). It should be noted,
however, that this division about the PCM line cannot be uni-
versally applied to the bulk meteorites data as ureilites, for ex-
ample, which have negative *°Ti and **Cr isotopic compositions,
plot well below the PCM line.

By combining Ti-Cr-O isotope systems of Allende and Kar-
oonda chondrules (Figs. 3 and 4), these chondrules are grouped
into three general “clusters” that display distinct isotope signa-
tures: 1) similar to bulk carbonaceous meteorites, 2) within
noncarbonaceous meteorite field, and 3) near the missing res-
ervoir with slightly positive €°Ti ~ +1 to 2, £*Cr ~ 0, and
AYO ~ —5%o. Such distinct groups cannot be identified from a
single isotope system. Although the total ranges of £°Ti and
£>*Cr are slightly smaller for chondrules in Karoonda than those
in Allende, both chondrule datasets vary similarly in multi-
isotope systematics, suggesting that both Ti and Cr in the
bulk chondrules and olivine O isotopes retained their primary
isotope signatures even with the mild metamorphic conditions
experienced by CK4 chondrites. The Al-rich chondrule
(Allende 4327-CHS8) shows an intermediate Ti and Cr isotopic
composition, which may be caused by the mixing of CAl-like
precursors in the chondrule (2), consistent with its Al-rich
mineralogy and low 8'®0 and 6'’O values approaching those
of CAls (Figs. 34 and 4 C and D).

Discussion

Mixing Model and the Missing Reservoir. The distinct grouping of
noncarbonaceous and carbonaceous meteorites in £ Ti-e*Cr
space was proposed to result from the addition of refractory
inner Solar System dust such as CAls to CAl-free outer Solar
System matrix, as represented by CI chondrites (2). This two-
component mixing (2) is predicated on a regression line inter-
secting the carbonaceous meteorite trend at the bulk, CAl-free
CI chondrite composition (2). However, with our newly acquired
bulk meteorite data (Dataset S1), Fig. 1 reveals that an updated
linear extrapolation of only the noncarbonaceous meteorites
intersects the middle of the region defined by the bulk carbo-
naceous meteorites, close to CM chondrites and their immediate
neighbor, but not CI chondrites, which was a requirement of
previous models (2).

Importantly, theoretical mixing trajectories of noncarbona-
ceous endmembers with CAl-like dust (2) do not allow the
resulting isotopic compositions for bulk carbonaceous meteorites
to plot below the linear extrapolation of the noncarbonaceous
meteorites (Figs. 1 and 3). Therefore, adding CAl-like compo-
nents to the linear noncarbonaceous trend (2, 11) cannot ac-
count for the entire carbonaceous chondrite trend (which
includes most CR chondrites, CI and CB chondrites, and Tagish
Lake). Rather, carbonaceous members that plot below the
noncarbonaceous extension line (Figs. 1 and 3) require mixing
either with AOA-like materials that are characterized by positive
£>’Ti and &>*Cr values (e.g., forsterite-bearing CAIs like SJ101;
ref. 53) with relatively low Ti/Cr ratios or a hyspothetical presolar
component characterized by a relatively low £>°Ti and high £*Cr
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Fig. 3. The £°°Ti-e>*Cr isotopic compositions of individual chondrules. (A)
The £°°Ti-e>*Cr isotopic compositions of bulk meteorites (Fig. 1) and indi-
vidual chondrules from CV (Allende; yellow diamonds) and CK (Karoonda;
orange diamonds) chondrites. Bulk meteorite symbols are the same as in
Fig. 1. Error bars are either the internal 2 SE or external 2 SD, whichever is
larger. Each of the multicolored dashed lines with tick marks represents a
two-component mixing line between either the average value of “normal”
CAls (the five concave down curves) or AOAs with relatively low Ti/Cr ratios
(the green semilinear curve) and members of the extended noncarbona-
ceous meteorite group (Fig. 1). Note that these mixing lines project to an
endmember characterized by an inner Solar System noncarbonaceous com-
position that extends to and bridges the carbonaceous chondrite field, filling
the “missing reservoir” shown in Fig. 1. (B) Zoomed-in view of A. Also shown
are kernel density plots of individual chondrules including our data here as
well as literature data (2, 9-12) constructed using the MATLAB ksdensity
function with bandwidths of 0.2 and 0.1 for £°°Ti and &>*Cr isotopic com-
positions, respectively. Note the limited range in £°°Ti-¢>*Cr isotopic com-
positions of individual chondrules from CR, CB, enstatite, and ordinary
chondrites (outside Fig. 2B axes) relative to chondrules from CV and CK
chondrites (inside Fig. 2B axes). Data obtained from this study are shown in
Datasets S1-S3.
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Fig. 4. The £°°Ti-e>*Cr-A"70 isotopic compositions of bulk meteorites and individual chondrules. The £°°Ti-A"70 (A and C) and &>*Cr-A"70 (B and C) isotope
systematics of bulk meteorites (see Fig. 1) and individual chondrules from CV (Allende) and CK (Karoonda) chondrites. Color symbols are the same as in Fig. 1.
Error bars are either the internal 2 SE or external 2 SD, whichever is larger. Several individual chondrules are characterized by isotopic compositions that plot
within the missing reservoir or outside the regions defined by noncarbonaceous and carbonaceous meteorites. (C and D) Zoomed-out views of A and B. The
A0 isotopic composition of the Al-rich chondrule from Allende (4327-CH8) is variable S4 (Dataset S4) and therefore displayed as a yellow bar covering the
entire range. Also labeled is Allende chondrule 4293-CHA. The red curve represents mixing with a “typical” CAI Ti/Cr ratio as one endmember (though this
could also be an AOA depending on what that AOA is actually composed of). The blue curve represents mixing with a “typical” AOA Ti/Cr ratio as one
endmember (though this could also be a CAl depending on what that CAl is actually composed of). The green curve represents mixing with an “olivine-rich”
AOA with elevated Cr contents as one endmember. These three curves show that the vast majority of our “intermediate” chondrule data can be explained by
mixing “average” noncarbonaceous material with either CAls or AOAs, while the rest of our chondrules could just be reprocessed carbonaceous or

noncarbonaceous materials.

values. Future work should continue to search for possible pre-
solar materials that may be characterized by depleted £°°Ti and
enriched £>*Cr signatures. This component of the carbonaceous
meteorite trend may also reflect the addition of Cr-rich spinel
grains that are characterized by large excesses in £”*Cr (e.g., ref.
54) to materials that lie on the extension of the noncarbonaceous
line. In this scenario, bulk meteorite values would shift hori-
zontally (because spinel contains a negligible amount of Ti) to
this region of carbonaceous materials.

The wide range in the isotopic composition of individual
chondrules from Allende and Karoonda demonstrates that these
chondrules formed from a variety of materials including non-
carbonaceous meteorite-like dust, carbonaceous meteorite-like
dust, CAI- or AOA-like dust, and dust from a reservoir with
intermediate £°°Ti and &>*Cr values that is not apparent from the
analysis of only bulk meteorites (Figs. 1, 3, and 4). A single Al-
rich chondrule (4327-CHA) is a prime example of a mixture
between (75%) CAls and (25%) noncarbonaceous materials,
characterized by excesses in both £’Ti and &*Cr isotopic com-
positions of 8.42 and 0.11, respectively (Fig. 34). Significant
addition of a CAI precursor component to this chondrule is also
evident from abundant '°O-rich relict olivine grains in this Al-
rich chondrule that show variable A'’O values from —10%o
down to —21%o, similar to those of CAIs (Figs. 2.4, Inset and 4 C
and D and Dataset S4). Mixing between CAls and less refractory
materials is also consistent with observations of relict CAls inside
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chondrules (55-57) and the extremely low A'’O values of some
chondrule spinel grains (13, 58, 59) as well as the texture and
chemical composition of relict grains with surrounding chondrule
glass (60, 61).

Several chondrules from both CV and CK chondrites that
have intermediate €°Ti and &>*Cr values and lie slightly above
the linear extrapolation of the noncarbonaceous field (e.g.,
Fig. 34) may reflect two-component mixing between either CAls
or AOA-like precursors and the extended noncarbonaceous
reservoir (Fig. 34). AOAs are inferred to have formed from the
same isotopic reservoirs as CAls (e.g., ref. 51) but are less re-
fractory than CAls, meaning lesser amount of Ti but more Cr
than CAIs (62). The mixing trajectory with AOAs should result
in a mixing line with a lower or even an opposite curvature
compared to that of CAls depending in the exact nature of the
Ti/Cr ratios SFigs. 1A and B, 34, and 4 C and D). Although the
¢>OTi and €°*Cr values of AOAs have not been measured, it is
reasonable to assume AOAs have £*°Ti and £*Cr composition
similar to that of CAls (including forsterite-bearing CAls; 53)
given that AOAs and CAls are observed to have similar A'’O
values (51). AOAs are abundant in CV chondrites and are often
considered to be precursors of chondrules that contain '°O-rich
relict olivine (e.g., ref. 63). Based upon the observations that the
majority of chondrules in the CV chondrites plot on mixing lines
between materials of non-carbonaceous composition and the
more refractory CAI and AOA-like compositions (Figs. 3 and 4),
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it can be inferred that the vast majority of CV chondrite chon-
drules are representative of mixtures of at least two distinct
precursor reservoirs.

Thermal Processing and Unmixing? Our results indicate the non-
carbonaceous trend is unlikely related to thermal processing
(often referred to as “unmixing”) of isotopically distinct dust (2,
9). For thermal processing to result in the linear trend observed
for the noncarbonaceous meteorites, the elemental Ti/Cr ratios
of the dust being processed would have to remain unfractio-
nated. However, Ti and Cr are characterized by very different
volatilities and carrier phases, and therefore thermal processing
of dust is unlikely to result in the linear trend in £°°Ti and £**Cr
space. Bulk carbonaceous and noncarbonaceous materials also
display a continuum in their A'7O values, that is, their A0
values overlap each other and lack any indication of clustering
into distinct A'’O groups (Fig. 1 C and D). This demonstrates
that, while the variability observed in the &’Ti-e**Cr isotopic
compositions of bulk meteorites is due to dust that accreted to
form planetesimals, the A'’O values reflect additional compo-
nents that did not significantly affect £°Ti-e>*Cr isotopic com-
positions (e.g., H,O ice, hydrated minerals, and organics).

Chondrule Formation Environment. Allende chondrules show a
range of diversity in both Mg# and A'’O (Fig. 5 and Datasets S2
and S4) similar to those of CV and other carbonaceous chon-
drites, such as Y-82094 and Kaba (13, 14). By adapting a mass
balance model for chondrule O isotope under the existence of
1%0-poor H,O ice in carbonaceous chondrite-forming regions
(14, 17), the formation environment of each chondrule can be
estimated. One Allende chondrule (Allende 4293-CHA) is
characterized by a Mg# ~ 99.5 and A'’O ~ -5.3%o (Fig. 5),
which corresponds to an environment with relatively low dust
enrichment and an abundance of '®O-poor H,O ice associated
with its precursor materials (<100 times Solar and <0.6 times CI,
res_})ectively; ref. 14). Chondrules with high Mg# (>98) and
A0 ~ —5%o are the most common type of chondrules in CV
chondrites (14, 16) (also in SI Appendix, Fig. S5). The same
chondrule (Allende 4293-CHA) has isotopic values of £>°Ti =1.8
and £**Cr = 0.2, which fall between the noncarbonaceous and
carbonaceous groups (Fig. 3), where no bulk meteorite data were
previously observed. Chondrules with positive €°Ti and &>*Cr
values, similar to bulk carbonaceous meteorites, have lower

2.0

Mg# ~ 97 and A0 ~ -3%o (Fig. 5), consistent with a formation
environment characterized by higher abundances of H,O ice
(~0.8 times CI) with relatively higher dust enrichments (100 to
200 times Solar).

Other Allende chondrules with higher A'’O (=2 to 0%o) are
those with negative €*°Ti and £>*Cr values. They plot above the
model curve for the CI chondritic H,O ice abundance (4 times
CI) and at low to relatively high dust enrichments (~20 times
Solar for Allende 4327-CH6 and approaching ~500 times Solar
for BO chondrules). However, their O isotopic compositions are
fractionated above the PCM line (Fig. 2 B and C) toward the
region occupied by ordinary chondrites (50), which may repre-
sent mixing with ordinary chondrite-like dust, but not with
160-poor H,O ice as in the model assumption. If these chon-
drules were formed in the environments similar to those of or-
dinary chondrite chondrule formation, the mass balance model
in Fig. 5 may not be relevant to estimate the ice enhancement
factor and would have higher dust-enrichment factors than the
estimates (Methods).

Radial Transport in the Protoplanetary Disk. Our data suggest that
CV and CK chondrites, which are interpreted to have accreted in
the outer Solar System (5), collected materials that originated
from a variety of Solar System reservoirs, as evidenced by the Ti
and Cr isotopic composition of their constituent chondrules. It
has been proposed that radial transport of materials from the
inner to outer Solar System may occur in viscously evolving disks,
where flow along the disk midplane (also known as meridional
flow) transports inner Solar System dust to larger orbital dis-
tances (64-67), as far out as the Kuiper Belt, before slowly
drifting back toward the Sun. The outward transport of inner
Solar System dust in viscously evolving disks is only possible if
significant barriers to radial transport of materials (e.g., gaps and
pressure bumps) do not exist; for example, giant planets such as
Jupiter have yet to grow to sufficient size to limit diffusive
transport between the inner and outer Solar System along the
disk midplane. Once Jupiter formed, inner Solar System dust
previously transported to the outer Solar System could have
become trapped while remaining inner Solar System materials
would have been prevented from any further transport beyond
Jupiter (64, 68, 69).
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Fig. 5.

Oxygen isotope ratios of Allende chondrules versus their Mg#. Chondrules from Allende (CV3) (this study), Kaba (CV3) (14), ungrouped Y-82094 (13),

and (LL) ordinary chondrites (50) Bishinpur, Semarkona, and Krymka are plotted. Curves are from the O isotope mixing model with variable ratios of water ice
enhancement factors relative to Cl chondritic proportions and under variable dust enrichment factors relative to Solar abundance. See Methods for more
details about the mixing model. Allende chondrule data with noncarbonaceous, carbonaceous, or missing reservoir £°°Ti- €>*Cr signatures are represented by
red, blue, and yellow diamonds, respectively. These chondrules as well as majority of chondrules from other CV3 chondrites plot along the model curves,
suggesting that they formed in the environments with variable '®0-poor water ice and dust enrichment.
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Jupiter Maintains the Great Isotopic Dichotomy. In this scenario, if
the inner Solar System had become devoid of CAls [having been
accreted onto the Sun or transported beyond Jupiter (64)], then
meteorites like ordinary and enstatite chondrites forming inside
of Jupiter’s orbit would A)rimarily accrete material defining a very
narrow range in their £°Ti-£*Cr-A'’O-Mg# compositions (e.g.,
ordinary and enstatite chondrite chondrules). The dust in this
region would be characterized by deficits in £*°Ti and &>*Cr that
is accompanied by a relatively high but still limited range in A'’O
(similar to chondrules from ordinary chondrites). Alternatively,
the relatively high A'’O values could have resulted from inter-
actions with H,O ice transported inward prior to the formation
of Jupiter.

In contrast, carbonaceous chondrites meteorites that formed
just outside of Jupiter’s orbit (e.g., CV and CK parent bodies)
could have accreted inner Solar System dust, CAI- and/or AOA-
like dust, and less refractory outer Solar System material (64,
70). If this is correct, chondrules that formed from dust in this
re§ion would then display a very broad range in their observed
eTi-e>*Cr-A'70 isotopic compositions, for example as seen in
the Allende and Karoonda chondrules, where the resulting
composition depends on the relative proportion of inner versus
outer Solar System materials incorporated into each individual
chondrule. A pressure maximum just outside the orbit of Jupiter
could also have trapped locally variable amounts of '°O-poor
H,O ice, resulting in chondrule formation under variable redox
conditions. Incorporation of this H,O ice during chondrule for-
mation would not only increase the bulk A'”O value of a chon-
drule but also lower its bulk Mg#, due to oxidation of Fe to FeO

(Fig. 5).

Permeable Barrier and Crossing the Gap. Al-Mg ages of ordinary
chondrite-like chondrules in Acfer 094 (a most primitive carbo-
naceous chondrite) suggest these chondrules formed in inner
disk regions 1.8 My after CAls and more than 0.4 to 0.8 My prior
to the rest of the chondrules in the same meteorite (15). The
discovery of noncarbonaceous-like chondrules and their mixing
with CAIs and/or AOAs in CV chondrites in this study, together
with chondrules from Acfer 094, collectively suggest transport
from the inner to the outer Solar System was a far more frequent
and protracted processes. Outward transport is not limited to
just CAls and AOAs at the earliest stages of disk evolution. This
delayed timing (>1.8 My after CAls) of outward transport of
ordinary chondrite-like, inner Solar System material is interest-
ing as it has been proposed that Jupiter formed in less than 1 My
(8); if ordinary chondrite-like chondrules were transported from
the inner to the outer Solar System after this time then it means
either the formation of Jupiter did not create a barrier com-
pletely impermeable to outward flow along the midplane at this
time (at least for materials of this size with diameters of ~2 to 3
mm) or some material was transported above this barrier by disk
winds. An alternative to gap permeability is that our under-
standing of chondrule chronology is in question due to potential
heterogeneity of 2°Al distribution in the early Solar System
allowing age uncertainties up to two half-lives of “°Al (cf. figure 6
in ref. 19).

The dust farther out in the Solar System than CV and CK
parent bodies displays a relatively narrow range in £ Ti-e>*Cr,
perhaps similar to that observed for CR chondrite chondrules
(Fig. 3B; ref. 9 and this study). Chondrules from CR chondrites
(17) also show systematically lower Mg# and higher A'’O values
than those in CV chondrites (14, 16), most likely due to en-
hancement of '*O-poor H,O ice in the outer Solar System. What
distinguishes CR chondrites from other carbonaceous chondrites
is that their parent body formed late, greater than 4 My after
CAls, as indicated from many chondrules with no resolvable
Mg excess (70). Chondrite parent bodies in the inner disk were
likely formed by ~2.5 Ma (64), when transport of noncarbonaceous
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chondrules to the outer disk would have stopped. Therefore, it is
likely that CR chondrite accreted largely carbonaceous chon-
drules of local origin after ~4 Ma in the outer Solar System, and
almost no noncarbonaceous chondrules accreted into the CR
chondrite parent body.

Our results, which link Ti, Cr, and O isotope systematics with
the mineral chemistry of chondrules, reveal that, in the context
of current dynamical models, large-scale outward transport of
inner Solar System materials occurred in the protoplanetary disk,
resulting in complex mixing of multiple components in the ac-
cretion region of some chondrite parent bodies.

Methods

Selections of Chondrules for Isotope Analyses. Ten chondrules from Allende
(CV3) and nine chondrules from Karoonda (CK4) were selected for coordi-
nated isotopic (Cr, Ti, and O), petrologic, and mineral chemistry analyses
(Datasets S2, S4, S5, and S6), together with 31 bulk rock carbonaceous and
noncarbonaceous chondrites and achondrite meteorites (Dataset S1). An
additional 28 chondrules from Allende (CV3), EET 92048 (CR2), Xin-
glongquan (L3), and Qingzhen (EH3) were analyzed for Cr isotopes (Dataset
S3), which include three Allende chondrules that were also analyzed for Ti
isotopes (Dataset S2). The mean diameters of chondrules in CV and CK
chondrites are typically ~900 pm and indistinguishable between CV and CK
(71). For the purpose of obtaining enough Cr and Ti for isotopic analyses,
large Allende chondrules with diameters of 1.5 mm to 3 mm were used.
Diameters of Karoonda chondrules used in this work are also relatively
larger than mean diameters, from 1 mm to 1.5 mm. While both Allende and
Karoonda meteorites experienced mild thermal metamorphism in their
parent bodies with petrologic types of 3.6 and 4, respectively, both Cr and Ti
isotopes in these relatively large chondrules should be preserved within each
chondrule against diffusional exchange in their parent bodies. All of these
chondrules were scanned individually at high resolution using computed
tomography at the Advanced Photon Source, Argonne National Laboratory.
The selected chondrules were broken in two; one half was mounted in an
epoxy thick section and the other half (3 to 27 mg) was used for Cr and Ti
isotope analyses.

Major Element Analyses. Electron microprobe analysis (EPMA) maps were
acquired at the American Museum of Natural History (AMNH) using epoxy
sections for 19 chondrules in Allende and Karoonda (Datasets S2 and S6).
Additional data are curated as part of the AMNH meteorite collection
(http:/digitallibrary.amnh.org/handle/2246/6952). X-ray mapping, and anal-
yses of silicates and metal grains were performed for 19 chondrules in
Allende and Karoonda using the five-spectrometer CAMECA SX100 electron
probe microanalyzer at AMNH. Maps 512 x 512 pixels in size were acquired
for Na, Mg, Al, Si, S, Ca, Fe, and Ni, as well as the back-scattered electron
signal, in stage mode with 1-um beam, 3- to 5-um step, and typically 20-ms
dwell time per pixel. Combined elemental maps with virtual colors, such as
Mg-Ca-Al for red-green-blue, are examined and used to identify phases and
their two-dimensional mode in each chondrule, including olivine, high-Ca
and low-Ca pyroxene, feldspar, spinel, mesostasis, metal, and sulfide.

Ti and Cr Isotope Analyses. Material for bulk isotopic analyses were prepared
from interior, fusion-crust free chips of each sample. Interior chips ranging in
mass from 10 to 100 mg were gently crushed and homogenized in an agate
mortar and pestle. An aliquot (ranging from 10 to 30 mg for bulk meteorites
and 3 to 27 mg for chondrules) of the homogenized powders were placed in
polytetrafluoroethylene (PTFE) Parr capsules along with a 3:1 mixture of
ultraclean HF:HNOs. The PTFE capsule was placed into a stainless-steel jacket
and heated in an oven at 190 °C for 96 h. This high-temperature pressure
dissolution procedure ensures digestion of all phases, including refractory
phases such as chromite and spinel. After dissolution, the sample solution
was dried down and treated by alternating 6 M HCl and concentrated HNO3
to break down any fluorides formed during the dissolution process. The
sample was then brought back up in 1 mL of 6 M HCI for the Cr separation
chemistry using the procedure previously described by ref. 72. This chemical
separation procedure utilizes a sequential three-column procedure (one
anion resin column followed by two cation resin columns). After Cr was
removed from the sample matrix, the remaining material were then pro-
cessed through a sequence of columns to isolate Ti following the procedure
described by ref. 73. The Ti yields after processing through the entire column
procedure were >98%. All chemical separation was completed in a clean
laboratory facility at the University of California, Davis (UC Davis).
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Chromium isotopic ratios were determined using a Thermo Triton Plus
thermal ionization mass spectrometer at UC Davis. Purified Cr was loaded
onto outgassed tungsten filament with a load of 1 to 3 ug per filament
depending on the amount of Cr available from the sample. The Cr was
loaded across four filaments for a total load of 4 to 12 pg of Cr. The four
sample filaments were bracketed by four filaments (two before and two
after) loaded with the NIST SRM 979 Cr standard with the same loading
amount as the sample. Each filament run consists of 1200 ratios with 8-s
integration times. Signal intensity of 52Cr was set to 10, 8, or 6 V (+10%)
for 3-, 2-, and 1-pg Cr loads, respectively. A baseline was measured every 25
ratios along with a rotation of the amplifiers. A gain calibration was com-
pleted at the start of every filament. Instrumental mass fractionation was
corrected for using an exponential law and a 50Cr/52Cr ratio of 0.051859 (74).
The >4Cr/>2Cr ratios are expressed in parts per 10,000 deviation (e-notation)
from the measured NIST SRM 979 standard as £>*Cr.

Titanium isotopic ratios were measured using a Thermo Neptune Plus
multicollector inductively coupled plasma mass spectrometer (MC-ICPMS) at
UC Davis. Samples were introduced into the MC-ICPMS using a Nu Instru-
ments DSN-100 desolvating nebulizer. The interface was equipped with a
standard H-type skimmer cone and a Jet-style sample cone. Typical intensity
for *8Ti was 25 V using a 10""-ohm resistor for a 1-ppm solution run in high-
resolution mode. The isotope ratios were measured in a multidynamic rou-
tine with #4Ca*, **Ti*, “7Ti*, “8Ti*, *°Ti*, and °°Ti* in step 1 and *°Ti*, *'V*, and
33Cr* in step 2. Ratios were internally normalized to a “°Ti/*’Ti ratio of
0.749766 (75). The *°Ti/*’Ti ratios are expressed in parts per 10,000 deviation
(e-notation) from the Ti terrestrial standard as £°°Ti.

SIMS O Isotope Analyses. The O isotopic composition of olivine and pyroxene
phenocrysts in chondrules from minimally thermally and aqueously altered
meteorites is indistinguishable from that of the glassy mesostasis (e.g., ref.
47). However, glass and plagioclase in chondrules from most unequilibrated
chondrites are different from those of olivine and pyroxene phenocrysts due
to low-temperature O isotope exchange with "®0-poor fluid (16, 44, 50). Due
to extremely slow O isotope diffusion rates of olivine and pyroxene, they
preserve the O isotope signature at the time of chondrule formation even in
type 4 chondrites (76). Thus, we have analyzed the O isotope ratios of olivine
or pyroxene phenocrysts by using secondary ion mass spectrometer (SIMS) in
chondrules from Allende (CV3) and Karoonda (CK4) to represent their pri-
mary O isotope signatures.

Nineteen chondrules from Allende and Karoonda were remounted into
eight 25-mm round epoxy sections with San Carlos olivine standard (SC-OI, 51)
grains for the SIMS O isotope analyses at the University of Wisconsin—
Madison. This was done to ensure the best-quality O three-isotope analyses.
As many as three chondrules were mounted together in a single epoxy
mount. Scanning electron microscope images were obtained for remounted
samples using the Hitachi S-3400N at the University of Wisconsin-Madison
prior to SIMS analyses. Eight olivine and/or pyroxene grains per chondrule
were selected for SIMS analyses. For each grain, semiquantitative energy-
dispersive X-ray spectroscopy analyses were acquired (15 keV, 30-s detection
time) and applied for matrix corrections during SIMS analyses (discussed
below). In the case of BO and PO chondrules, all grains selected were olivine,
while a representative selection of both pyroxene and olivine was deter-
mined for POP chondrules.

Oxygen three-isotope analyses were performed using the IMS 1280 at the
WiscSIMS laboratory under multicollector Faraday cup detections (13-17, 44,
47, 50). The Cs* primary beam was set to ~12-um diameter and 3-nA in-
tensity, which resulted in secondary '°0~ intensities of ~3.5 x 10° counts per
second. The contribution of tailing "®*0"H™ ions on the 70" signal was neg-
ligible (<0.1%o). Each single spot analysis took 7 min, with a typical external
precision of ~0.3%o, ~0.4%o, and ~0.4%. (2 SD) for §'0, §'70, and A'70
(= 8"0 - 0.52 x 8'80), respectively. The mass resolving power (MRP at 10%
peak height) was set at ~5,000 for 'O and ~2,200 for "0 and '®0. Instru-
mental biases of olivine and pyroxene relative to the SC-Ol standard were
calibrated using multiple standards (Foeo, FO100, Engs, Engs, and diopside)
with known O isotope ratios that cover the range of compositions of the
unknowns (50). The results are presented in Datasets S2, S4, and S5.
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chondrule formation (17), which helps us to determine the environment
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between A'70 and Mg# as a function of dust-enrichment factor and ratio of
H0 ice to anhydrous silicate dust. Here, the modified model by ref. 14 was
used to explain A'70 versus Mg# relationship for chondrules in CV3 (Fig. 5).
The model assumes that dust-enriched system consists of solar gas (A"70 =
—28.4%0), anhydrous silicate dust (—8.0%o), organic matters (+11.8%o), and H,O
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(IW) buffer as a function of system atomic (H/O) and (C/O) ratios for given
dust-enrichment factor relative to solar composition and H,O ice enhance-
ment relative to that of Cl composition dust (17). The Mg# of mafic silicates
are estimated as a function of oxygen fugacity. The A"”O value is estimated
as mass balance of four components with distinct A'”O values. This model is
not applicable to chondrules in ordinary chondrites that do not show a
correlation between Mg# and A0 (50). If ordinary chondrite-like chon-
drules formed under the presence of H,0 ice, flat A0 values against Mg#
indicate that H,0 ice had A0 very similar to those of dust and the A0
values would not be sensitive to abundance of H,O ice in the chondrule
precursors. For chondrules that formed under dry environments, dust-
enrichment factors are estimated from chondrule Mg# using the case with
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