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Introduction: Evidence for the reworking of interstellar materials (e.g., the presence of crystalline silicates) can 

be seen in protoplanetary disks and in primitive Solar System materials. This reworking must be a fundamental pro-
cess in disk formation and evolution, but how, when and to what extent it occurs is still largely unknown. Here we 
have used various features of primitive Solar System materials to try to constrain these unknowns. 

Discussion: Most extraterrestrial materials have a relatively restricted range of mass independently fractionated 
O isotopic compositions that lie near the terrestrial value (Δ17O=0 ‰) rather than the solar value (Δ17O≈-29 ‰). The 
principal exceptions to this are refractory materials (e.g., CAIs, AOAs, and refractory oxides) that have Δ17O values 
that are much closer to the solar composition. Here we argue that these non-solar and near-terrestrial O isotopic 
compositions were established in nebula dust very early by heating of regions of the disk that were modestly en-
riched (≥5-10) in silicates (Δ17O≈-29 ‰) and water-ice (Δ17O≈24 ‰) relative to the gas. The Δ17O of the ice is not 
the highest recorded in extrasolar materials, but ensures ~terrestrial O isotopes in the processed dust over the broad-
est range of conditions. This secnario requires that ambient conditions in the affected regions of the disk were below 
the sublimation temperature of water-ice (~150-170 K). Heating of regions where ambient temperatures were above 
the sublimation temperature of water ice would have produced materials with more solar-like O isotopic composi-
tions, possibly explaining the compositions of refractory materials. The episodic heating of the disk associated with 
FU Orionis outbursts (or their equivalent in Class 0 protostars) in the first few 105 years of Solar System history was 
the likely causes of the heating. The gravitational instabilities that are thought to cause the outbursts can transport 
material efficiently through the disk, mostly inwards but also outwards. Given that this thermal processing must 
happen very early in Solar System history, it seems more likely that the 16O-depleted composition of the ice was 
inherited from the protosolar molecular cloud [1] rather than generated in the solar nebula [2]. 

The presence of circumstellar grains in chondrites, IDPs and comet Wild 2 samples show that this thermal pro-
cessing did not destroy all interstellar material. Models suggest that large D enrichments in water cannot be generat-
ed in disks [3, 4]. Therefore, the non-solar D/H ratios of water in chondrites [5] and comets [6] points to the survival 
of some D-rich interstellar water. The D/H ratio of interstellar ice is typically assumed to be ~10-3, in which case the 
water accreted by the CI and CM chondrites (and Tagish Lake) contained ~5-8 % interstellar water. The higher D/H 
of water in CR, O and R chondrites could indicate that they accreted higher proportions of interstellar ices. Howev-
er, these chondrites do not contain higher abundances of circumstellar grains in their matrices, so we prefer a parent 
body explanation for their elevated D/H ratios. On the other hand, the elevated D/H of comets cannot be explained 
in this way and their interstellar ice contents must be higher than in chondrites. 

If some interstellar ices survived Solar System formation, then presumably other more refractory materials did as 
well. The two major components of diffuse interstellar dust are amorphous silicates and carbonaceous dust. Adopt-
ing recent models for the amount of C in diffuse interstellar dust and assuming that all insoluble organic matter is 
interstellar in origin, we estimate that ≤7-19 % of interstellar carbonaceous dust survives in CI chondrites and chon-
drite matrices. Again the amounts of interstellar C that survives in comets may be significantly higher. Assuming 
that interstellar silicates have roughly CI compositions [7], we estimate from the range of published GEMS (Glass 
with Embedded metal and Sulfide) compositions [8, 9] that ≤2-11 % of interstellar silicates survive in IDPs. The 
remaining GEMS are the complement to the crystalline silicates. Amorphous silicates were important components of 
chondrite matrices at the time of their accretion and there are clear genetic links between IDPs and chondrite matri-
ces. Hence, we argue that interstellar silicate abundances would have been similar in the amorphous material of 
chondrite matrices and IDPs. 

Conclusions: Taken all together, these estimates suggest that at the time of accretion the CI chondrite and IDP 
parent bodies were composed of ~10 % of pristine interstellar material. The matrices of all chondrites included 
roughly similar interstellar fractions. Whether this interstellar material avoided the thermal processing experienced 
by most dust because it came from far out in the disk or was accreted by the disk after the FU Orionis outbursts 
ceased to be important remains to be established. 
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