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Abstract 20 

Dynamic models of the protoplanetary disk indicate there should be large-scale material 21 

transport in and out of the inner Solar System, but direct evidence for such transport is 22 

scarce. Here we show that the H50Ti-H54Cr-Δ17O systematics of large individual 23 

chondrules, which typically formed 2-3 Myr after the formation of the first solids in the 24 

Solar System, indicate certain meteorites (CV and CK chondrites) that formed in the 25 

outer Solar System accreted an assortment of both inner and outer Solar System 26 

materials, as well as material previously unidentified through the analysis of bulk 27 

meteorites. Mixing with primordial refractory components reveals a “missing reservoir” 28 

that bridges the gap between inner and outer Solar System materials. We also observe 29 

chondrules with positive H50Ti�and H54Cr plot with a constant offset below the primordial 30 

chondrule mineral line (PCM), indicating that they are on the slope ~1.0 in the oxygen 31 

three isotope diagram. In contrast, chondrules with negative H50Ti�and H54Cr increasingly 32 

deviate above from PCM line with increasing δ18O, suggesting that they are on a mixing 33 

trend with an ordinary chondrite-like isotope reservoir. Furthermore, the Δ17O-Mg# 34 

systematics of these chondrules indicate they formed in environments characterized by 35 

distinct abundances of dust and H2O-ice. We posit that large-scale outward transport of 36 

nominally inner Solar System materials most likely occurred along the midplane 37 

associated with a viscously evolving disk and that CV and CK chondrules formed in local 38 

regions of enhanced gas pressure and dust density created by the formation of Jupiter. 39 

 40 

  41 
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Significance Statement 42 

We present a coordinated petrologic, mineral chemistry, and multi-isotopic investigation 43 

of individual chondrules to further elucidate the origins and formation histories of 44 

planetary materials. We show chondrules from certain meteorites that accreted in the 45 

outer Solar System contain an assortment of both inner and outer Solar System material, 46 

as well as previously unidentified material. The outward transport of inner Solar System 47 

material places important constraints on dynamical models, as outward transport in the 48 

disk was thought only possible only if significant barriers (e.g., Jupiter) to radial transport 49 

of materials do not exist. We show this “barrier” is either not completely impermeable to 50 

transport of mm-sized materials or additional mechanisms are required to transport 51 

materials to the outer Solar System.  52 
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Introduction 53 

Chemical and isotopic signatures of primitive meteorites provide a powerful means to 54 

trace the earliest history of planet formation in our Solar System (1). Nucleosynthetic 55 

anomalies in 50Ti and 54Cr have been identified among major meteorite classes that 56 

distinguish planetary materials into two groups; non-carbonaceous and carbonaceous 57 

meteorites (2-5). Bulk meteorites and their components also show a significant variability 58 

in the mass-independent fractionation of O isotopes, which could have resulted from 59 

photochemical reactions that occurred heterogeneously across the protoplanetary disk (6). 60 

Several other isotope systems have now been found to show a similar dichotomy between 61 

non-carbonaceous and carbonaceous meteorites and, collectively, may not be easily 62 

explained by thermal processing of isotopically anomalous pre-solar carriers, nor addition 63 

of early formed Ca, Al-rich inclusions (CAIs) (7). Instead, most studies have proposed 64 

that the dichotomy was caused by spatial differences in isotopic signatures during the 65 

earliest stage of disk evolution (5, 7, 8), such that the isotopic signatures of non-66 

carbonaceous and carbonaceous meteorites represent those of inner and outer disk 67 

materials, respectively. 68 

Nucleosynthetic anomalies in 50Ti and 54Cr associated with bulk meteorites reflect the 69 

average composition of solids that were accreted onto their parent asteroids from local 70 

regions within the disk. However, local regions within the disk may actually be 71 

composed of solids with diverse formation histories and, thus, distinct isotope signatures, 72 

which can only be revealed by studying individual components in primitive chondritic 73 

meteorites (e.g., chondrules). Chondrules are millimeter-sized spherules that evolved as 74 

free-floating objects processed by transient heating in the protoplanetary disk (1) and 75 
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represent a major solid component (by volume) of the disk that is accreted to most 76 

chondrites. The nucleosynthetic anomalies in 50Ti and 54Cr of individual chondrules are, 77 

in most cases, similar to those of their bulk meteorites (9-12), which suggests a close 78 

relation between the regions where chondrules formed and where they accreted into their 79 

asteroidal parent bodies. However, exceptions to this observation are chondrules in CV 80 

chondrites, which display the entire range of 50Ti and 54Cr observed for all bulk meteorite 81 

groups (9, 11). Previous Cr isotope studies that have observed this larger isotopic range in 82 

CV chondrules have proposed that these chondrules or their precursor materials 83 

originated from a wide (not local) spatial region of the protoplanetary disk and were 84 

transported to CV chondrite accretion regions (9). In contrast, Ti isotope studies have 85 

suggested that the wide range of isotope anomalies observed in individual CV chondrules 86 

could be explained by the admixture of CAI-like precursor materials with highest 87 

nucleosynthetic 50Ti and 54Cr anomaly, which are abundant in CV chondrites (11). 88 

Resolving these two competing interpretations would significantly improve our 89 

understanding of the origin of the isotopic dichotomy observed for bulk meteorites and 90 

provide constraints on the disk transport mechanism(s) responsible for the potential 91 

mixing of material with different formation histories. However, in earlier studies, Ti and 92 

Cr isotopes were not obtained from the same chondrules, which is required to uniquely 93 

identify their precursor materials and associated formation histories. Also absent in 94 

earlier studies is documentation of the properties (petrographic and geochemical) of 95 

individual chondrules that provide a valuable aide in interpreting Ti and Cr isotope data. 96 

Thus, we designed a coordinated chemical and Ti-Cr-O isotopic investigation of 97 

individual chondrules extracted from Allende (CV) and Karoonda (CK) chondrites (3). 98 
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While the 50Ti and 54Cr of chondrules tracks the average composition of solids, the 99 

analyses of O isotopes and mineral chemistry of major Mg-silicates (olivine and 100 

pyroxene) is useful to distinguish chondrules that are similar to those in ordinary 101 

chondrites (13-16) as well as precursor materials that may have formed in regions of the 102 

disk with variable redox conditions or with distinct proportions of anhydrous dust versus 103 

H2O-ice (17). A significant number of new high precision Ti and Cr isotope analyses of 104 

bulk meteorites were also obtained for both carbonaceous and non-carbonaceous 105 

meteorites to help define the bulk meteorite 50Ti-54Cr systematics of known planetary 106 

materials. 107 

 108 

Results 109 

Bulk Meteorite 50Ti and 54Cr isotope 110 

We obtained new analyses of Ti and Cr isotopic compositions (reported as H50Ti and 111 

H54Cr, which are parts per 10,000 deviations from a terrestrial standard) for 30 bulk 112 

meteorites, all of which have mass-independent O isotope analyses reported as Δ17O [a 113 

vertical deviation from the terrestrial fractionation line in parts per 1,000 (18)] previously 114 

reported (see Dataset S1, Fig. 1). The new data clearly defines two distinct isotopic 115 

groups: [1] non-carbonaceous meteorites, including enstatite chondrites (ECs), ordinary 116 

chondrites (OCs), and most differentiated meteorites known as achondrites (e.g., Moon, 117 

Mars, Vesta, angrites, ureilites, acapulcoites, lodranites, and winonaites); and [2] 118 

carbonaceous meteorites [including carbonaceous chondrites and several ungrouped 119 

achondrites (19)]. These two groups display orthogonal trends and are isolated from each 120 
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other by a large area in H50Ti-H54Cr-Δ17O isotope space that is devoid of any bulk 121 

meteorite compositions (shown as ‘missing reservoir’ in Fig. 1). This paucity of samples 122 

remains even after including analyses from our expanded dataset. Previous work (2) 123 

calculated a linear regression through the non-carbonaceous meteorites using the data 124 

available at the time, which intersected the field defined by carbonaceous meteorites at 125 

approximately the composition of CI chondrites, an endmember of the carbonaceous 126 

meteorite field. However, when a linear regression is calculated through our expanded set 127 

of ε50Ti and ε54Cr of non-carbonaceous meteorites, the extrapolation of the regression 128 

intersects the middle of the bulk carbonaceous meteorite composition region, close to the 129 

CM chondrites and their immediate neighbors (Fig. 1b). This is markedly different from 130 

the previous study that proposed an intersection at one of the endmember locations of the 131 

carbonaceous region, near CI chondrites (2). 132 

Mineral chemistry and textures of selected chondrules  133 

The ferromagnesian chondrules studied here include porphyritic olivine (PO), 134 

porphyritic olivine-pyroxene (POP), and barred olivine (BO). Additionally, one 135 

chondrule from Allende is an Al-rich chondrule. The Mg# (defined as Mg# 136 

=[MgO]/[MgO+FeO] in molar %) of Allende chondrules spans from 83-99.5 (see Dataset 137 

S2). The Cr2O3 content olivine in the Allende chondrules is mostly greater than 0.1%, 138 

which is different from the typically <0.1% Cr2O3 reported for Allende chondrules. 139 

Following the method by (43), the average olivine Cr2O3 contents for 7 Allende 140 

chondrules with forsterite (Mg2SiO4) content Fo<97 is calculated to be 0.20±0.34 wt. % 141 

(2SD) (see Dataset S6), which is similar to unequilibrated ordinary chondrites (UOCs) 142 

with subtype 3.1. It is likely that the large chondrules selected in this study (diameters of 143 
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2-3 mm, see SI Appendix, Figs. S1 and S3) were less affected by thermal metamorphism 144 

than typical Allende chondrules. Three BO chondrules have Mg# 83-90, which are rare in 145 

CV chondrites (14, 16, 44), though they are similar to several FeO-rich BO chondrules 146 

studied for O isotopes by (45). The Al-rich chondrule (Allende 4327-CH8) contains 147 

abundant Ca-rich plagioclase and zoned Ca-pyroxene. Chondrules in Karoonda are all 148 

olivine-rich and show homogeneous olivine compositions (see Datasets S2, S6). Their 149 

primary Mg# was subsequently modified during parent body metamorphism due to fast 150 

Fe-Mg exchange in olivine, though original porphyritic or barred olivine textures were 151 

preserved (see SI Appendix, Fig. S2 and S4). 152 

Multi-isotope systematics of individual chondrules 153 

The H50Ti and H54Cr analyses of individual chondrules in CV and CK chondrites show 154 

a large range from –2.3 to +3.6 and from –0.7 to +1.2, respectively (see Datasets S2, S3). 155 

These observed ranges are consistent with previous studies (2, 9-12) and span the entire 156 

range of isotopic compositions exhibited by bulk meteorite measurements. The Al-rich 157 

chondrule, Allende 4327-CH8, has an H50Ti value of +8.4±0.3, similar to the H50Ti 158 

observed in CAIs (2, 46). The H54Cr values of chondrules from CR, L, and EH chondrites 159 

show a narrow range within each meteorite and are consistent with those of bulk 160 

meteorites (see Dataset S3), in contrast to the results from CV and CK chondrites. 161 

Most chondrules (excluding Allende 4327-CH8) are internally homogenous with 162 

Δ17O varying from –5‰ to 0‰ (see Dataset S2). On a 3-isotope diagram (δ17O versus 163 

δ18O in VSMOW scale where δ represents deviation from a standard in parts per 1,000; 164 

Fig. 2a), individual chondrules plot close to the PCM line (48) and are generally 165 
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consistent with chondrules in CV chondrites (14, 16, 44-45, 49-50). Several FeO-rich BO 166 

chondrules plot very close to the terrestrial fractionation line, which is in good agreement 167 

with similar BO chondrules studied by (16, 44-45). Their O isotope ratios are similar to 168 

FeO-rich chondrules in Kaba by (14) and Y-82094 (an ungrouped carbonaceous 169 

chondrite) by (13), which are considered to have ordinary chondrite chondrule-like O 170 

isotope ratios (51). The Al-rich chondrule Allende 4327-CH8 is the only chondrule in this 171 

study that showed significant internal heterogeneity in O isotopes, with δ17,18O values 172 

approaching ~ –40‰ (Fig. 2a inset), the lowest values of which are close to those 173 

observed for CAIs and amoeboid olivine aggregates (AOAs) (52). Figure 2 shows that, in 174 

detail, many chondrules in this study as well as CV chondrules in literature plot slightly 175 

below the PCM line, while others including FeO-rich BO chondrules plot above the PCM 176 

line and trend towards ordinary chondrite chondrule data (51). This small difference 177 

becomes a more notable division when chondrules are sorted by their H50Ti�or�H54Cr (Fig. 178 

2b-c); chondrules above the PCM line all have negative H54Cr, and those below the PCM 179 

line have positive H54Cr (Fig. 2b-c). It should be noted, however, that this division about 180 

the PCM line cannot be universally applied to the bulk meteorites data as, e.g., ureilites, 181 

which have negative 50Ti and 54Cr isotopic compositions, plot well below the PCM line. 182 

By combining Ti-Cr-O isotope systems of Allende and Karoonda chondrules (Figs. 3-183 

4), these chondrules are grouped into three general “clusters” that display distinct isotope 184 

signatures; 1) similar to bulk carbonaceous meteorites, 2) within non-carbonaceous 185 

meteorite field, and 3) near the missing reservoir with slightly positive H50Ti ~ +1-2, H54Cr 186 

~ 0, and Δ17O ~ –5‰. Such distinct groups cannot be identified from a single isotope 187 

system. Although the total ranges of H50Ti and H54Cr are slightly smaller for chondrules in 188 
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Karoonda than those in Allende, both chondrule data sets vary similarly in the multi-189 

isotope systematics, suggesting that both Ti and Cr in the bulk chondrules and olivine O 190 

isotopes retained their primary isotope signatures even with the mild metamorphic 191 

conditions experienced by CK4 chondrites. The Al-rich chondrule (Allende 4327-CH8) 192 

shows an intermediate Ti and Cr isotopic compositions, which may be caused by the 193 

mixing of CAI-like precursors in the chondrule (2), consistent with its Al-rich mineralogy 194 

and low δ18O and δ17O values approaching those of CAIs (Figs. 3a, 4c,d) . 195 

 196 

Discussion 197 

Mixing model and the missing reservoir: The distinct grouping of non-198 

carbonaceous and carbonaceous meteorites in H50Ti-H54Cr space was proposed to result 199 

from the addition of refractory inner Solar System dust such as CAIs to CAI-free outer 200 

Solar System matrix, as represented by CI chondrites (2). This two-component mixing (2) 201 

is predicated on a regression line intersecting the carbonaceous meteorite trend at the 202 

bulk, CAI-free CI chondrite composition (2). However, with our newly acquired bulk 203 

meteorite data (see Dataset S1), Fig. 1 reveals that an updated linear extrapolation of only 204 

the non-carbonaceous meteorites intersects the middle of the region defined by the bulk 205 

carbonaceous meteorites, close to CM chondrites and their immediate neighbor,  but not 206 

CI chondrites, which was a requirement of previous models (2). 207 

Importantly, theoretical mixing trajectories of non-carbonaceous endmembers with 208 

CAI-like dust (2) do not allow the resulting isotopic compositions for bulk carbonaceous 209 

meteorites to plot below the linear extrapolation of the non-carbonaceous meteorites 210 
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(Figs. 1 and 3). Therefore, adding CAI-like components to the linear non-carbonaceous 211 

trend (2, 11) cannot account for the entire carbonaceous chondrite trend (which includes 212 

most CR chondrites, CI and CB chondrites, and Tagish Lake). Rather, carbonaceous 213 

members that plot below the non-carbonaceous extension line (Figs. 1 and 3) require 214 

mixing either with AOA-like materials that are characterize by positive  H50Ti and H54Cr 215 

values (e.g., forsterite-bearing CAIs like SJ101; 53) with relatively low Ti/Cr ratios or a 216 

hypothetical presolar component characterized by a relatively low H50Ti values. Future 217 

work should continue to search for possible presolar materials that may be characterized 218 

by depleted H50Ti signatures. This component of the carbonaceous meteorite trend may 219 

also reflect the addition of Cr-rich spinel grains that are characterized by large excesses in 220 

H54Cr  [e.g., (54)] to materials that lie on the extension of the non-carbonaceous line. In 221 

this scenario, bulk meteorite values would shift horizontally (because spinel contain a 222 

negligible amount of Ti) to this region of carbonaceous materials.  223 

The wide range in the isotopic composition of individual chondrules from Allende 224 

and Karoonda demonstrates that these chondrules formed from a variety of materials 225 

including non-carbonaceous meteorite-like dust, carbonaceous meteorite-like dust, CAI- 226 

or AOA-like dust, and dust from a reservoir with intermediate H50Ti and H54Cr values that 227 

is not apparent from the analysis of just bulk meteorites (Figs. 1, 3-4). A single Al-rich 228 

chondrule (4327-CHA) is a prime example of a mixture between (75%) CAIs and (25%) 229 

non-carbonaceous materials, characterized by excesses in both H50Ti and H54Cr isotopic 230 

compositions of 8.42 and 0.11, respectively (Fig. 3a). Significant addition of a CAI 231 

precursor component to this chondrule is also evident from abundant 16O-rich relict 232 

olivine grains in this Al-rich chondrule that show variable Δ17O values from -10‰ down 233 
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to -21‰, similar to those of CAIs (Fig. 2a inset and Fig. 4c,d; see Dataset S4). Mixing 234 

between CAIs and less refractory materials is also consistent with observations of relict 235 

CAIs inside chondrules (55-57), the extremely low Δ17O values of some chondrule spinel 236 

grains (13, 58-59) as well as the texture and chemical composition of relict grains with 237 

surrounding chondrule glass (60-61). 238 

Several chondrules from both CV and CK chondrites that have intermediate H50Ti and 239 

H54Cr values and lie slightly above the linear extrapolation of the non-carbonaceous field 240 

(e.g., Fig. 3a) may reflect two-component mixing between either CAIs or AOA-like 241 

precursors and the extended non-carbonaceous reservoir (Fig. 3a). AOAs are inferred to 242 

have formed from the same isotopic reservoirs as CAIs [e.g., (52)], but are less refractory 243 

than CAIs, meaning lesser amount of Ti but more Cr than CAIs (62). The mixing 244 

trajectory with AOAs should result in mixing line with a lower or even an opposite 245 

curvature to that of CAIs depending in the exact nature of the Ti/Cr ratios (Figs. 1a,b, 3a, 246 

4c,d). An important caveat is that the H50Ti and H54Cr values of AOAs have not been 247 

measured and here we simply assume AOAs have similar H50Ti and H54Cr composition as 248 

normal CAIs, based on their similarity in '17O value (52). However, AOAs are abundant 249 

in CV chondrites and are often considered to be precursors of chondrules that contain 250 

16O-rich relict olivine [e.g., (63)]. Based upon the observations that the majority of 251 

chondrules in the CV chondrites plot on mixing lines between materials of NC 252 

composition and the more refractory CAI and AOA-like compositions (Figs. 3 and 4), it 253 

can be inferred that the vast majority of CV chondrite chondrules are representative of 254 

mixtures of at least two distinct precursor reservoirs. 255 
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Thermal processing and unmixing? Our results indicate the non-carbonaceous 256 

trend is unlikely related to thermal processing (often referred to as “un-mixing”) of 257 

isotopically distinct dust (2, 9). For thermal processing to result in the linear trend 258 

observed for the non-carbonaceous meteorites, the elemental Ti/Cr ratios of the dust 259 

being processed would have to remain unfractionated. However, Ti and Cr are 260 

characterized by very different volatilities and carrier phases, and therefore thermal 261 

processing of dust is unlikely to result in the linear trend in H50Ti and H54Cr space. Bulk 262 

carbonaceous and non-carbonaceous materials also display a continuum in their Δ17O 263 

values, i.e. their Δ17O values overlap each other and lack any indication of clustering into 264 

distinct Δ17O groups (Fig. 1c,d). This demonstrates that, while the variability observed in 265 

the H50Ti-H54Cr isotopic compositions of bulk meteorites is due to dust that accreted to 266 

form planetesimals, the Δ17O values reflect additional components that did not 267 

significantly affect H50Ti-H54Cr isotopic compositions (e.g., H2O-ice, hydrated minerals, 268 

organics). 269 

Chondrule formation environment: Allende chondrules show a similar range of 270 

diversity in both Mg# and Δ17O (Fig. 5; see Datasets S2, S4) as those of CV and other 271 

carbonaceous chondrites, such as Y-82094 Kaba (13, 14). By adapting a mass balance 272 

model for chondrule O isotope under the existence of 16O-poor H2O-ice in carbonaceous 273 

chondrite forming regions (14, 17), the formation environment of each chondrule can be 274 

estimated. One Allende chondrule (Allende 4293-CHA) is characterized by an Mg# 275 

~99.5 and Δ17O ~ –5.3‰ (Fig. 5), which corresponds to an environment with relatively 276 

low dust enrichment and an abundance of 16O-poor H2O-ice associated with its precursor 277 

materials (≤ 100 times Solar and ≤ 0.6 times CI, respectively, 14). Chondrules with high 278 
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Mg# (>98) and Δ17O ~ –5‰ are the most common type of chondrules in CV chondrites 279 

(14, 16) (also in Fig. S5). The same chondrule (Allende 4293-CHA) has isotopic values 280 

of H50Ti =1.8 and H54Cr = –0.2, which falls between the non-carbonaceous and 281 

carbonaceous groups (Fig. 3), where no bulk meteorite data were previously observed. 282 

Chondrules with positive ɛ50Ti and ɛ54Cr values, similar to bulk carbonaceous meteorites, 283 

have lower Mg# ~97 and Δ17O ~ –3‰ (Fig. 5), consistent with a formation environment 284 

characterized by higher abundances of H2O-ice (~ 0.8 times CI) with relatively higher 285 

dust enrichments (100-200 times Solar).  286 

Other Allende chondrules with higher Δ17O (–2 to 0 ‰) are those with negative ɛ50Ti 287 

and ɛ54Cr values. They plot above the model curve for the CI chondritic H2O-ice 288 

abundance (4 times CI) and at low to relatively high dust enrichments (~20 times Solar 289 

for Allende 4327-CH6 and approaching ~500 times Solar for BO chondrules). However, 290 

their O isotopic compositions are fractionated above the PCM line (Fig. 2b,c) towards the 291 

region occupied by ordinary chondrites (51), which may represent mixing with ordinary 292 

chondrite-like dust, but not with 16O-poor H2O-ice as in the model assumption. If these 293 

chondrules were formed in the environments similar to those of ordinary chondrite 294 

chondrule formation, the mass balance model in Fig. 5 may not be relevant to estimate 295 

the ice enhancement factor and would have higher dust-enrichment factors than the 296 

estimates (see method). 297 

Radial transport in the protoplanetary disk:  Our data suggests that CV and CK 298 

chondrites, which are interpreted to have accreted in the outer Solar System (5), collected 299 

materials that originated from a variety of Solar System reservoirs, as evidenced by the Ti 300 

and Cr isotopic composition of their constituent chondrules. It has been proposed that 301 
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radial transport of materials from the inner to outer Solar System may occur in viscously 302 

evolving disks, where flow along the disk midplane (also known as meridional flow) 303 

transports inner Solar System dust to larger orbital distances (64-67), as far out as the 304 

Kuiper Belt, before slowly drifting back towards the Sun. The outward transport of inner 305 

Solar System dust in viscously evolving disks is only possible if significant barriers to 306 

radial transport of materials (e.g., gaps and pressure bumps) do not exist, e.g., giant 307 

planets such as Jupiter have yet to grow to sufficient size to limit diffusive transport 308 

between the inner and outer Solar System along the disk midplane. Once Jupiter formed, 309 

inner Solar System dust previously transported to the outer Solar System could have 310 

become trapped while remaining inner Solar System materials would have been 311 

prevented from any further transport beyond Jupiter (64, 68-69). 312 

Jupiter maintains the great isotopic dichotomy: In this scenario, if the inner Solar 313 

System had become devoid of CAIs (having been accreted onto the Sun or transported 314 

beyond Jupiter; [64]), then meteorites like ordinary and enstatite chondrites forming 315 

inside of Jupiter’s orbit would primarily accrete material defining a very narrow range in 316 

their H50Ti-H54Cr-Δ17O-Mg# compositions (e.g., ordinary and enstatite chondrite 317 

chondrules). The dust in this region would be characterized by deficits in H50Ti and H54Cr 318 

that is accompanied by a relatively high but still limited range in Δ17O (similar to 319 

chondrules from ordinary chondrites). Alternatively, the relatively high Δ17O values 320 

could have resulted from interactions with H2O-ice transported inward prior to the 321 

formation of Jupiter. 322 

In contrast, carbonaceous chondrites meteorites that formed just outside of Jupiter’s 323 

orbit (e.g., CV and CK parent bodies) could have accreted inner Solar System dust, CAI- 324 
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and/or AOA-like dust as well as less refractory outer Solar System material (64, 70). If 325 

correct, chondrules that formed from dust in this region would then display a very broad 326 

range in their observed H50Ti-H54Cr-Δ17O isotopic compositions, e.g., as seen in the 327 

Allende and Karoonda chondrules, where the resulting composition depends on the 328 

relative proportion of inner versus outer Solar System materials incorporated into each 329 

individual chondrule. A pressure maximum just outside the orbit of Jupiter could also 330 

have trapped locally variable amounts of 16O-poor H2O-ice, resulting in chondrule 331 

formation under variable redox conditions. Incorporation of this H2O-ice during 332 

chondrule formation would not only increase the bulk Δ17O value of a chondrule but also 333 

lower its bulk Mg#, due to oxidation of Fe to FeO (Fig. 5). 334 

Permeable barrier and crossing the gap: Al-Mg ages of ordinary chondrite-like 335 

chondrules in Acfer 094 (a most primitive carbonaceous chondrite) suggests these 336 

chondrules formed in inner disk regions 1.8 Myr after CAIs and more than 0.4-0.8 Myr 337 

prior to the rest of the chondrules in the same meteorite (15). The discovery of non-338 

carbonaceous-like chondrules and their mixing with CAIs and/or AOAs in CV chondrites 339 

in this study, together with chondrules from Acfer 094 collectively suggest transport from 340 

the inner to the outer Solar System was a far more frequent and protracted processes. 341 

Outward transport is not limited to just CAIs and AOAs at the earliest stages of disk 342 

evolution. This delayed timing (>1.8 Myr after CAIs) of outward transport of ordinary 343 

chondrite-like, inner Solar System material is interesting as it has been proposed that 344 

Jupiter formed in less than 1 Myr (8); if ordinary chondrite-like chondrules were 345 

transported from the inner to the outer Solar System after this time then it means either 346 

the formation of Jupiter did not create a barrier completely impermeable to outward flow 347 
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along the midplane at this time (at least for materials of this size with diameters of ~2-3 348 

mm) or some material was transported above this barrier by disk winds. An alternative to 349 

gap permeability is that our understanding of chondrule chronology is in question due to 350 

potential heterogeneity of 26Al distribution in the early Solar System allowing age 351 

uncertainties up to two half-lives of 26Al (c.f. Fig. 6 in ref. 19).  352 

The dust farther out in the Solar System than CV and CK parent bodies displays a 353 

relatively narrow range in H50Ti-H54Cr, perhaps similar to that observed for CR chondrite 354 

chondrules (Fig. 3b, ref. 9 and this study). Chondrules from CR chondrites (17) also show 355 

systematically lower Mg#s and higher Δ17O values than those in CV chondrites (14, 16), 356 

most likely due to enhancement of 16O-poor H2O-ice in the outer Solar System. What 357 

distinguishes CR chondrites from other carbonaceous chondrites is that their parent body 358 

formed late, greater than 4 Myrs after CAIs, as indicated from many chondrules with no 359 

resolvable 26Mg excess (70). Chondrite parent bodies  in the inner disk were likely 360 

formed by ~2.5 Myr (64), when transport of non-carbonaceous chondrules to the outer 361 

disk would have stopped. Therefore, it is likely that CR chondrite accreted largely 362 

carbonaceous chondrules of local origin after ~4 Myr in the outer Solar System, and 363 

almost no non-carbonaceous chondrules accreted into the CR chondrite parent body.  364 

Our results, which link Ti, Cr, and O isotope systematics with the chemistry of 365 

chondrules, reveal that, in the context of current dynamical models, large-scale outward 366 

transport of inner Solar System materials occurred in the protoplanetary disk resulting in 367 

complex mixing of multiple components in the accretion region of some chondrite parent 368 

bodies. 369 

  370 
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Methods 371 

Selections of chondrules for isotope analyses 372 

Ten chondrules from Allende (CV3) and 9 chondrules from Karoonda (CK4) were 373 

selected for coordinated isotopic (Cr, Ti, O), petrologic and mineral chemistry analyses 374 

(see Datasets S2, S4-S5) together with 31 bulk rock carbonaceous and non-carbonaceous 375 

chondrites and achondrite meteorites (see Dataset S1). An additional 28 chondrules from 376 

Allende (CV3), EET 92048 (CR2), Xinglongquan (L3), and Qingzhen (EH3) were 377 

analyzed for Cr isotopes (see Dataset S3), which include three Allende chondrules that 378 

were also analyzed for Ti isotopes (see Dataset S2). The mean diameters of chondrules in 379 

CV and CK chondrites are typically ~900 µm and indistinguishable between CV and CK 380 

(71). For the purpose of obtaining enough Cr and Ti for isotopic analyses, large Allende 381 

chondrules with diameters of 1.5 mm to 3 mm were used. Diameters of Karoonda 382 

chondrules used in this work are also relatively larger than mean diameters, from 1 mm to 383 

1.5 mm. While both Allende and Karoonda meteorites experienced mild thermal 384 

metamorphism in their parent bodies with petrologic types of 3.6 and 4, respectively, 385 

both Cr and Ti isotopes in these relatively large chondrules should be preserved within 386 

each chondrule against diffusional exchange in their parent bodies. All of these 387 

chondrules were scanned individually at high resolution using computed tomography 388 

(CT) at the Advanced Photon Source, Argonne National Laboratory. The selected 389 

chondrules were broken in two; one half was mounted in an epoxy thick section and the 390 

other half (3-27 mg) was used for Cr and Ti isotope analyses.  391 

Major element analyses  392 
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Electron microprobe analysis (EPMA) maps were acquired at the American Museum 393 

Natural History (AMNH) using epoxy sections for 19 chondrules in Allende and 394 

Karoonda (see Dataset S2). Additional data are curated as part of the AMNH meteorite 395 

collection (http://dx.doi.org/10.5531/sd.eps.5). X-ray mapping, and analyses of silicates 396 

and metal grains were performed for nineteen chondrules in Allende and Karoonda using 397 

the 5-spectrometer Cameca SX100 electron probe micro-analyzer at AMNH. Maps 512 × 398 

512 pixels in size were acquired for Na, Mg, Al, Si, S, Ca, Fe, and Ni, as well as the back 399 

scattered electron (BSE) signal, in stage mode with 1 µm beam, 3-5 µm step, and 400 

typically 20 ms dwell time per pixel. Combined elemental maps with virtual colors, such 401 

as Mg-Ca-Al for Red-Green-Blue, are examined and used to identify phases and their 2D 402 

mode in each chondrule, including olivine, high-Ca and low Ca-pyroxene, feldspar, 403 

spinel, mesostasis, metal and sulfide.  404 

Ti and Cr isotope analyses  405 

Material for bulk isotopic analyses were prepared from interior, fusion-crust free 406 

chips of each sample. Interior chips ranging in mass from 10-100 mg were gently crushed 407 

and homogenized in an agate mortar and pestle. An aliquot (ranging from 10-30 mg for 408 

bulk meteorites and 3-27 mg for chondrules) of the homogenized powders were placed in 409 

PTFE Parr capsules along with a 3:1 mixture of ultraclean HF:HNO3. The PTFE capsule 410 

was placed into a stainless-steel jacket and heated in an oven at 190°C for 96 hours. This 411 

high temperature-pressure dissolution procedure ensures digestion of all phases, 412 

including refractory phases such as chromite and spinel. After dissolution, the sample 413 

solution was dried down and treated by alternating 6 M HCl and concentrated HNO3 to 414 

break down any fluorides formed during the dissolution process. The sample was then 415 
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brought back up in 1 mL of 6 M HCl for the Cr separation chemistry using the procedure 416 

previously described by (72). This chemical separation procedure utilizes a sequential 3 417 

column procedure (one anion resin column followed by 2 cation resin columns). After Cr 418 

was removed from the sample matrix, the remaining material were then processed 419 

through a sequence of columns to isolate Ti following the procedure described by (73). 420 

The Ti yields after processing through the entire column procedure were > 98%. All 421 

chemical separation was completed in a clean lab facility at the University of California, 422 

Davis (UC Davis). 423 

Chromium isotopic ratios were determined using a Thermo Triton Plus thermal 424 

ionization mass spectrometer at UC Davis. Purified Cr was loaded onto outgassed 425 

tungsten filament with a load of 1-3 µg per filament depending on the amount of Cr 426 

available from the sample. The Cr was loaded across 4 filaments for a total load of 4-12 427 

µg of Cr. The four sample filaments were bracketed by four filaments (two before and 428 

two after) loaded with the NIST SRM 979 Cr standard with the same loading amount as 429 

the sample. Each filament run consists of 1200 ratios with 8 second integration times. 430 

Signal intensity of 52Cr was set to 10, 8, or 6 V (±10%) for 3, 2, and 1 µg Cr loads, 431 

respectively. A baseline was measured every 25 ratios along with a rotation of the 432 

amplifiers. A gain calibration was completed at the start of every filament. Instrumental 433 

mass fractionation was corrected for using an exponential law and a 50Cr/52Cr ratio of 434 

0.051859 (74). The 54Cr/52Cr ratios are expressed in parts per 10,000 deviation (ε-435 

notation) from the measured NIST SRM 979 standard as ε54Cr. 436 

Titanium isotopic ratios were measured using a Thermo Neptune Plus multi-collector 437 

inductively coupled plasma mass spectrometer (MC-ICPMS) at UC Davis. Samples were 438 
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introduced into the MC-ICPMS using a Nu Instruments DSN-100 desolvating nebulizer. 439 

The interface was equipped with a standard H-type skimmer cone and a Jet-style sample 440 

cone. Typical intensity for 48Ti was 25 V using a 1011-ohm resistor for a 1 ppm solution 441 

run in high-resolution mode. The isotope ratios were measured in a multi-dynamic 442 

routine with 44Ca+, 46Ti+, 47Ti+, 48Ti+, 49Ti+, and 50Ti+ in step 1 and 49Ti+, 51V+, 53Cr+ in 443 

step 2. Ratios were internally normalized to a 49Ti/47Ti ratio of 0.749766 (75). The 444 

50Ti/47Ti ratios are expressed in parts per 10,000 deviation (ε-notation) from the Ti 445 

terrestrial standard as ε50Ti. 446 

SIMS O isotope analyses  447 

The O isotopic composition of olivine and pyroxene phenocrysts in chondrules from 448 

minimally thermally and aqueously altered meteorites is indistinguishable from that of 449 

the glassy mesostasis (e.g., ref. 48). However, glass and plagioclase in chondrules from 450 

most unequilibrated chondrites are different from those of olivine and pyroxene 451 

phenocrysts due to low temperature O isotope exchange with 16O-poor fluid (16, 44, 51). 452 

Due to extremely slow O isotope diffusion rates of olivine and pyroxene, they preserve O 453 

isotope signature at the time of chondrule formation even in type 4 chondrites (76). Thus, 454 

we have analyzed the O isotope ratios of olivine or pyroxene phenocrysts by using 455 

secondary ion mass spectrometer (SIMS) in chondrules from Allende (CV3) and 456 

Karoonda (CK4) to represent their primary O isotope signatures. 457 

 Nineteen chondrules from Allende and Karoonda were remounted into eight 25 mm 458 

round epoxy sections with San Carlos olivine standard (SC-Ol, 51) grains for the SIMS O 459 

isotope analyses at the University of Wisconsin-Madison. This was done to ensure the 460 
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best quality O three isotope analyses. As many as three chondrules were mounted 461 

together in a single epoxy mount. Scanning electron microscope (SEM) images were 462 

obtained for remounted samples using the Hitachi S-3400N at the University of 463 

Wisconsin-Madison prior to SIMS analyses. Eight olivine and/or pyroxene grains per 464 

chondrule were selected for SIMS analyses. For each grain, semi-quantitative EDS 465 

analyses were acquired (15 keV, 30s detection time), and applied for matrix corrections 466 

during SIMS analyses (see below). In the case of BO and PO chondrules, all grains 467 

selected were olivine, while a representative selection of both pyroxene and olivine was 468 

determined for porphyritic olivine-pyroxene (POP) chondrules.  469 

Oxygen three-isotope analyses were performed using the IMS 1280 at the WiscSIMS 470 

laboratory under multi-collector Faraday cup detections (13-17, 44, 48, 51). The Cs+ 471 

primary beam was set to ~12 µm diameter and 3 nA intensity, which resulted in 472 

secondary 16O– intensities of ~3.5 x109 cps. The contribution of tailing 16O1H– ions on the 473 

17O– signal was negligible (< 0.1 ‰). Each single spot analysis took 7 minutes, with a 474 

typical external precision of ~0.3‰, ~0.4‰, and ~0.4 ‰ (2SD) for δ18O, δ17O, Δ17O 475 

(=δ17O–0.52× δ18O), respectively. The mass resolving power (MRP at 10% peak height) 476 

was set at ∼5000 for 17O and ∼2200 for 16O and 18O. Instrumental biases of olivine and 477 

pyroxene relative to the SC-Ol standard were calibrated using multiple standards (Fo60, 478 

Fo100, En85, En97, and diopside) with known O isotope ratios that cover the range of 479 

compositions of the unknowns (51). The results are presented in Datasets S2, S4, and S5. 480 

Mg# of olivine and pyroxene in each chondrule 481 
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For ten Allende chondrules selected for coordinated petrology-isotope study, we 482 

estimated primary Mg# ([MgO]/[MgO+FeO] molar %) of olivine and pyroxene using 483 

EPMA major element analyses (see Dataset S6). The Mg# of olivine and pyroxene reflect 484 

the oxidation state of iron (Fe/FeO) and total iron content during chondrule formation 485 

(17), which helps us to determine the environment experienced during chondrule 486 

formation, such as oxygen fugacity. FeO-poor olivine grains in Allende chondrules 487 

sometimes show FeO-enrichment towards the grain boundary, which might be caused by 488 

Fe-Mg diffusion during the thermal metamorphism on the parent body. Therefore, for 489 

chondrules with high Mg# (>95), we compared Mg# of multiple olivine and low-Ca 490 

pyroxene analyses from a single chondrule and apply either the maximum Fo contents of 491 

olivine or the maximum Mg# of low-Ca pyroxene, whichever was the highest, to be 492 

representative Mg# for the chondrule (13, 16). 493 

Oxygen isotope mixing model for chondrules in dust-enriched system 494 

A study by (17) constructed mass balance model to relate O isotope ratios (Δ17O) and 495 

Mg# of CR chondrite chondrules that show negative correlation between Δ17O and Mg# 496 

as a function of dust-enrichment factor and ratio of H2O-ice to anhydrous silicate dust. 497 

Here, the modified model by (14) was used to explain Δ17O versus Mg# relationship for 498 

chondrules in CV3 (Fig. 5). The model assumes that dust-enriched system consists of 499 

Solar gas (Δ17O = –28.4‰), anhydrous silicate dust (–8.0‰), organic matters (+11.8‰), 500 

and H2O-ice (+2.0‰). The model estimates oxygen fugacity relative to iron-wüstite (IW) 501 

buffer as a function of system atomic (H/O) and (C/O) ratios for given dust-enrichment 502 

factor relative to Solar Composition and H2O-ice enhancement relative to that of CI 503 

composition dust (17). The Mg# of mafic silicates are estimated as a function of oxygen 504 
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fugacity. The Δ17O value is estimated as mass balance of four components with distinct 505 

Δ17O values. This model is not applicable to chondrules in ordinary chondrites that do not 506 

show a correlation between Mg# and Δ17O (51). If ordinary chondrite-like chondrules 507 

formed under the presence of H2O-ice, flat Δ17O values against Mg# indicate that H2O-508 

ice had Δ17O very similar to those of dust and the Δ17O values would not be sensitive to 509 

abundance of H2O-ice in the chondrule precursors. For chondrules that forming under dry 510 

environments, dust-enrichment factors are estimated from chondrule Mg# using the case 511 

with 0 × CI ice enhancement factor in the model. However, if chondrule precursors are 512 

depleted in total iron relative to CI abundance, the estimated dust-enrichment factors 513 

would be under-estimated. 514 

Ti-Cr-O isotope mixing models 515 

Two-component isotope mixing models in Figs. 3-4 were constructed using CAI and 516 

non-carbonaceous endmembers. CAIs were assumed to have H50Ti, H54Cr and Δ17O values 517 

of 9, 5, and -25, respectively. The ratio of Ti, Cr and O between CAI and non-518 

carbonaceous endmembers was assumed to be ~10, ~0.05, and ~1, respectively. These 519 

isotopic and elemental ratios where held constant and mixing lines were constructed to fit 520 

through (or close to) the individual chondrule data by adjusting the H50Ti, H54Cr and Δ17O 521 

values of the non-carbonaceous endmember. The H50Ti and H54Cr of AOAs was assumed 522 

to be similar to CAIs e.g., forsterite-bearing CAIs (53). However, these curves are 523 

expected to be less hyperbolic than the CAI versus non-carbonaceous endmember mixing 524 

curves because the elemental ratios of Ti, Cr and O between the AOAs and non-525 

carbonaceous endmembers is less extreme (62). 526 
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Figure 1 | The H50Ti-H54Cr-Δ17O isotopic compositions of bulk carbonaceous and 747 

non-carbonaceous meteorites. Data for H50Ti and H54Cr from this study are shown in 748 

Dataset S1. Literature data for H50Ti and H54Cr are from (19-25). Literature Δ��2 data are 749 

from (26-42). Error bars are either the internal 2SE or external 2SD, whichever is larger. 750 

Note that non-carbonaceous meteorites are characterized by a strong positive linear 751 

correlation in the H50Ti-H54Cr-Δ17O isotope space, while carbonaceous meteorites are 752 

characterized by a strong negative correlation in H50Ti-H54Cr and H50Ti-Δ17O isotope 753 

spaces, but a positive correlation in 54Cr-Δ17O isotope space. Also shown is the average 754 

H50Ti-H54Cr isotopic composition of “normal” CAIs. Error bars represent the overall range 755 

of reported normal CAI values. Dashed blue and green lines represent a two-component 756 

mixing line between the average value of “normal” CAIs and extension of the non-757 

carbonaceous line.  Dashed black and grey lines represent a two-component mixing line 758 

between the average value of AOAs and extension of the non-carbonaceous line. The red 759 

line represents a linear regression through non-carbonaceous meteorites, ostensibly inner 760 

Solar System materials (grey circles and red squares), calculated using Isoplot version 761 

4.15. Note that the linear regression through non-carbonaceous meteorites intersects 762 

carbonaceous chondrite field near CM chondrites H50Ti-H54Cr isotope space. The ‘missing 763 

reservoir’ denotes the region between non-carbonaceous and carbonaceous meteorite 764 

groups that lacks any reported bulk meteorite data. (b) Zoomed in view of (a). Legend 765 

abbreviations: carb. (carbonaceous), non-carb. (non-carbonaceous), EC (enstatite 766 

chondrite), OC (ordinary chondrite), Ure (ureilite), Aca/Lod (acapulcoite/lodranite). 767 
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Figure 2 | Oxygen isotope ratios of chondrules from Allende and Karoonda 769 

meteorites with known 54Cr and 50Ti isotope anomalies. (a) Mean oxygen isotope 770 

ratios of individual chondrules from multiple SIMS analyses (see Dataset S2). Terrestrial 771 

fractionation line (TFL; 18), carbonaceous chondrite anhydrous mineral line (CCAM; 47) 772 

and PCM line (48) are shown as reference. Oxygen isotope analyses of individual 773 

chondrules using bulk methods for CV (45, 49-50), using SIMS for CV (14, 16, 44) and 774 

LL (51) are shown. Error bars are either the internal 2SE or external 2SD, whichever is 775 

larger. Blue and pink shaded areas represent two linear trends among Allende and 776 

Karoonda chondrules; those plot parallel to PCM line along with majority of literature 777 

CV chondrule data (blue) and those plot toward LL chondrule data above PCM line 778 

(pink). Inset shows 16O-rich relict olivine grains in Allende 4327-CH6 and 4308-CHA 779 

chondrules (green downward triangles) and individual data from Al-rich chondrule 780 

Allende 4327-CH8 (yellow upward triangles) that show heterogenous oxygen isotope 781 

ratios (see Dataset S4). For simplicity, only TFL and PCM line are shown in the inset. (b) 782 

Mass independent fractionation ∆17O (= G17O – 0.52 × G18O) of individual chondrules in 783 

Allende and Karoonda plot against δ18O. Chondrules with negative �H54Cr (red diamonds) 784 

plot above PCM line toward LL chondrule data (pink shaded region), while those with 785 

positive H54Cr (blue diamonds) plot slightly below and parallel to the PCM line, along 786 

with majority of CV chondrules in literature (blue shaded region). Three BO chondrules 787 

plot on TFL are regarded as ordinary chondrite-like chondrules. Literature data of BO 788 

chondrules in CV (open and filled pink circles using bulk methods and SIMS) often show 789 

oxygen isotope ratios above the PCM line.  (c) Deviation of ∆17O relative to the PCM 790 

line (∆17OPCM = G17O – 0.987 × G18O + 2.70). Chondrules with positive H54Cr show a 791 
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constant offset from PCM line (~ –0.5‰), indicating that they are on the slope ~1.0 in the 792 

oxygen three isotope diagram. In contrast, chondrules with negative H54Cr (and H50Ti) 793 

increasingly deviate from PCM line with increasing δ18O, suggesting that they are on the 794 

mixing trend with an ordinary chondrite-like isotope reservoir. 795 
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Figure 3 | The H50Ti-H54Cr isotopic compositions of individual chondrules. (a) The 797 

H50Ti-H54Cr isotopic compositions of bulk meteorites (see Fig. 1) and individual 798 

chondrules from CV (Allende; yellow diamonds) and CK (Karoonda; orange diamonds) 799 

chondrites. Bulk meteorite symbols same as in Fig. 1. Error bars are either the internal 800 

2SE or external 2SD, whichever is larger. Each of the multi-colored dashed-lines with 801 

tick marks represents a two-component mixing line between either the average value of 802 

“normal” CAIs (the five concave down curves) or AOAs with relatively low Ti/Cr ratios 803 

(the green semi-linear curve) and members of the extended non-carbonaceous meteorite 804 

group (Fig. 1). Note that these mixing lines project to an end member characterized by an 805 

inner Solar System non-carbonaceous composition that extends to and bridges the 806 

carbonaceous chondrite field, filling the ‘missing reservoir’ shown in Fig. 1. (b) Zoomed 807 

in view of (a). Also shown are kernel density plots of individual chondrules including our 808 

new data here as well as literature data (2, 9-12) constructed using the MATLAB 809 

ksdensity function with bandwidths of 0.2 and 0.1 for H50Ti and H54Cr isotopic 810 

compositions, respectively. Note the limited range in H50Ti-H54Cr isotopic compositions of 811 

individual chondrules from CR, CB, enstatite, and ordinary chondrites (outside Fig. 2b 812 

axes) relative to chondrules from CV and CK chondrites (inside Fig. 2b axes). Data 813 

obtained from this study are shown in Datasets S1, S2 and S3.  814 
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Figure 4 | The H50Ti-H54Cr-Δ17O isotopic compositions of bulk meteorites and 815 

individual chondrules. The H50Ti-Δ17O (panels a, c)  and H54Cr-Δ17O (panels b, d)  816 

isotope systematics of bulk meteorites (see Fig. 1) and individual chondrules from CV 817 

(Allende) and CK (Karoonda) chondrites. Color symbols are the same as in Fig. 1. Error 818 

bars are either the internal 2SE or external 2SD, whichever is larger. Several individual 819 

chondrules are characterized by isotopic compositions that plot within the missing 820 

reservoir or outside the regions defined by non-carbonaceous and carbonaceous 821 

meteorites. Zoomed-out view (c,d) of panels (a,b). The Δ17O isotopic composition of the 822 

Al-rich chondrule from Allende (4327-CH8) is variable (see Datasets S2, S4, S5) and 823 

therefore displayed as a yellow bar covering the entire range. Also labeled is Allende 824 

chondrule 4293-CHA. The red curve represents mixing with a "typical" CAI Ti/Cr ratio 825 

as one endmember (though this could also be an AOA depending on what that AOA is 826 

actually composed of). The blue curve represents mixing with a "typical" AOA Ti/Cr 827 

ratio as one endmember (though this could also be a CAI depending on what that CAI is 828 

actually composed of). The green curve represents mixing with an "olivine-rich" AOA 829 

with elevated Cr contents as one endmember. These three curves show that the vast 830 

majority of our “intermediate” chondrule data can be explained by mixing "average" non-831 

carbonaceous material with either CAIs or AOAs, while the rest of our chondrules could 832 

just be reprocessed carbonaceous or non-carbonaceous materials.   833 
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Figure 5 | Oxygen isotope ratios of Allende chondrules versus their Mg#. Chondrules 834 

from Allende (CV3) (this study), Kaba (CV3) (14), ungrouped Y-82094 (13) and (LL) 835 

ordinary chondrites (51) Bishinpur, Semarkona, and Krymka are plotted. Curves are from 836 

the O isotope mixing model with variable ratios of water ice enhancement factors relative 837 

to CI chondritic proportions and under variable dust enrichment factors relative to Solar 838 

abundance. See Methods section for more details about the mixing model. Allende 839 

chondrule data with non-carbonaceous, carbonaceous or missing reservoir H50Ti- H54Cr 840 

signatures are represented by red, blue, and yellow diamonds, respectively. These 841 

chondrules as well as majority of chondrules from other CV3 chondrites plot along the 842 

model curves, suggesting that they formed in the environments with variable 16O-poor 843 

water ice and dust enrichment.  844 
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