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Standardization of Isotopic Data

The oxygen isotopic composition of the simultaneously-measure Norton
County grains used as standards, calculated via a modified version of Equation
(1) in the Methods section of the main text wherein the measured standard
composition was changed to include only the non-‘unknown’ standard grains
measured in the raster, is displayed in Figure S1.
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Fig. S1 Oxygen isotopic compositions of Norton County enstatite standard grains. The
labels correspond to which sample raster each standard was measured in. Uncertainties are
2σ, calculated by bootstrap resampling methods.

Likely-Cometary Origins of U2-20

U2-20 GCP was collected as part of the University of Washington high-altitude
stratospheric dust collection project that preceded the current NASA pro-
gram. Upon contact with the collector plate, the U2-20 aggregate ‘pancaked’
into a large cluster containing thousands of small (≲ 40 µm), unequilibrated,
mineralogically-diverse grains [1]. The diversity of mineral grains found in
this cluster is similar to observations of grains from comet Wild 2 [2–4]. The
presence of phases that have only been found in chondritic porous IDPs and
Wild 2 samples, such as kosmochloric Ca-rich pyroxenes and FeO-rich olivines
(Kool grains), among U2-20 fragments offers further support for the aggre-
gate’s cometary origins [5]. A summary of the cosmochemical evidence for
U2-20’s cometary origin can be found in Joswiak et al. (2017) [1].

U2-20’s physical properties offer further convincing evidence for a cometary
origin. The crushing strength of U2-20 is estimated to be within 0.04–20
kPa [6], far below the estimated strengths of most asteroidal meteoroids.
The Grimsby and Park Forest bolide events have “first-breakup” strengths
of 0.03 MPa [7]. Despite representing the weakest measured bolide events,
the Grimsby and Park Forest first-breakup estimates are 150 % larger than
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upper bound calculated for U2-20. The bulk crushing strength for weak aster-
oidal meteoroids has been estimated to be ≳ 1 MPa [7]. Ordinary chondrites
typically have crushing strengths 2 orders of magnitude greater [8].

The crushing strength of cometary meteors, on the other hand, has been
estimated to be 1–10 kPa [9], consistent with the range estimated for U2-20.
Particles from comet 67P/Churyumov-Gerasimenko collected by the COSIMA
instrument aboard Rosetta have been estimated to have a crushing strength on
the order of 1 kPa, well below those of the most fragile meteorites but entirely
consistent with the range estimated for U2-20 [10]. In addition, the porosity
of U2-20 is similar to the observed porosity of collected 67P/Churyumov-
Gerasimenko particles [1, 11]. A comparison of U2-20’s crushing strengths to
various cometary objects and chondrites is shown in Figure S2.

Fig. S2 The estimated range of crushing strengths for U2-20 GCP [6] compared to:
the cometary parent-bodies of 67P/Churyumov-Gerasimenko [10, 12] 109P/Swift-Tuttle,
169P/NEAT, 1P/Halley, 21P/Giacobini-Zinner, 2P/Encke, and 96P/Macholz [9], the likely
extinct cometary bodies 2003 EH1 and 3200 Phaethon [9], the average of 22 ordinary chon-
drites [8], the range measured for the Murchison and Sutter’s Mill CM2 chondrites [13, 14],
and the Tagish Lake ungrouped C2 chondrite [15]. Crushing strength estimates for cometary
parent bodies are shown in blue, meteorites from asteroidal parent bodies are plotted in red,
and possibly extinct cometary bodies are plotted in yellow. The dashed lines indicate the
range of crushing strengths estimated for U2-20 GCP (plotted in black).
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