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Supplementary Text: The H content of aubrites
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S1) Miller Range 13004 albitic glass

Within one of our aliquots of Miller Range (MIL) 13004, we analyzed albitic glass which
was commonly associated with fractures and voids and is present as a minor to trace phase. Prior
work has identified albitic glasses in aubrites, including MIL 13004 (Wilbur et al., 2022), which
is commonly interpreted as a product of partial melting on the aubrite parent body. We find

higher SiO2 (74 wt.% vs. 67.8 wt.%) and Al.Oz (21 wt.% vs. 17.9 wt.%) contents and much
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lower Na2O (3.9 wt.% vs. 10.97 wt.%) contents in albitic glass from our aliquot of MIL 13004
albitic glass (Table 4) than the values reported by Wilbur et al. (2022). We suggest this
discrepancy in major element compositions likely reflects heterogeneity in glass compositions
between sample aliquots as our measured values resemble the L871 glass of Fogel (2005), but a
systematic study on several aliquots is needed to validate this hypothesis. Overall, albitic melts in
aubrites have been suggested to be the product of high degrees of partial melting (< 50%) and
late-stage melts (Fogel, 2005; Keil et al., 2011). The H20 contents (~0.6 — 3.3 pg/g) of the MIL
13004 albitic glass are below the LOD (see Section 4.2) and have highly variable F (~95 — 190
pa/g) and Cl contents (560 — 640 pg/g) that are consistent across the 01/22 and 02/22 analytical
sessions (Table S3, analyses 483 — 491; Table S5, analysis 1034). The F contents of the albitic
glass are about 1 to 2 orders of magnitude higher than all other analyzed phases and the CI
contents are several orders of magnitude higher (Table 5). The origin of these high halogen
contents is unclear, but it may be the result of interaction with a halogen rich-fluid on the aubrite
parent body, partial dissolution of halogen rich sulfides such as djerfisherite, or terrestrial
weathering and alteration (e.g., Kréahenbihl et al., 1998; Velbel, 2014). If we are to consider
equilibrium with respect to H>O between the albitic glass (~0.6 — 3.3 pg/g H20) and enstatite

(5£2 pg/g H20; 1 SD) in MIL 13004, then we have a minimum apparent mineral-melt H.O

[HZ O]mineral

partition coefficient (D = o]
2Vlmelt

) of ~0.9, which is orders of magnitude higher than

experimentally determined mineral-melt partition coefficients for enstatite (Grant et al., 2006)
and orthopyroxene (e.g., Aubaud et al., 2004; Grant et al., 2007; Hauri et al., 2006). This either
reflects disequilibrium between the minerals and the melt for H2O or previously uncharacterized
partitioning behavior for H20 at low total H>O contents or pressure, as has been suggested for

natural and experimental samples (Peterson et al., 2023; Sarafian et al., 2019). More
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experimental work is required to evaluate these possibilities. Nevertheless, we elect to exclude
these values for the albitic glass as they may represent disequilibrium, could have low H,O
contents as the result of production as a high-degree or late-stage partial melt, and the estimates
for glass H2O contents based upon experimentally derived partition coefficients give a higher
estimate (~1500 pg/g H20 vs. < ~3.3 pug/g H20). Notably, if we were to use the measured value
of MIL 13004 albitic glass in our estimates for the bulk H>O contents of aubrites, our bulk
estimates would be lowered in glass-bearing cases (see Sections 5.1.3 and 5.2), thereby not

affecting our conclusions.

S2) Potential, non-NAM, carriers of H in aubrites

We analyzed H2O in enstatite, forsterite, diopside, and plagioclase in aubrites. NAMs
constitute >~99 vol. % of aubrites on average; however, it is possible that other minor or trace
phases (e.g., glass, sulfides, or metal) could concentrate water and represent major contributions
to aubrite water budgets despite their low abundances. We consider this possibility in the

following section.

S2.1 Other silicate minerals

On average, aubrites are ~75 — 98 vol. % enstatite (Keil, 2010) and lack primary hydrous
phases. Rare instances of secondary fluor-amphibole (Bevan et al., 1977; Graham et al., 1977)
and roedderite (Fogel, 2002; Hsu, 1998), which may reflect igneous crystallization or a low
temperature event, have been identified in aubrites. Notably, fluor-amphibole has only been
identified in vugs in Mayo Belwa, an impact melt breccia, and is nearly end-member
fluororichterite ( Bevan et al., 1977; Graham et al., 1977; Rubin, 2010). Considering that vugs in

Mayo Belwa are modestly abundant (< 5 vol. %), not all vugs contain fluor-amphibole, vugs
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commonly contain several phases (Rubin, 2010), the fluor-amphibole is nearly end-member
fluororichterite, indicating the W position in the structure is composed almost entirely of F
instead of OH, and fluor-amphibole has only been identified as a secondary phase in Mayo
Belwa, it likely constitutes a negligible contribution to the bulk H>O content of average aubritic
materials. Due to the rarity and potentially secondary origin of amphibole in Mayo Belwa, we
suggest it is likely not reflective of the H,O content of average aubritic material. Despite being
an end-member in the H,O-bearing Milarite-type mineral group (Gagne and Hawthorne, 2016;
Seifert and Schreyer, 1969), we do not consider roedderite (end-member empirical formula:

Na1 5KosMgs.7sFe*1.25Si12030) as a major carrier of H20 as: 1) there is no clear indication of H.0
in the roedderite structure (Forbes et al., 1972); and 2) the H>O contents of Milarite-type
minerals are poorly constrained and many species are anhydrous (Gagné and Hawthorne, 2016).
Therefore, any primary H>O (or other H-bearing species) in aubrites is likely to be hosted in
NAMs, silicate glass, sulfides, and FeNi metal. For phases not analyzed in this study, we provide
a first order estimate of their H>O contents based upon our measured H>O concentrations and

experimentally determined partition coefficients.
S2.2 Silicate glass

We can provide a first order estimate of the H.O content of unmeasured phases by
assuming all unmeasured phases are in equilibrium with enstatite and that partition coefficients
determined under terrestrial conditions are applicable to aubrite parent bodies (see Section S3).
We select enstatite as our reference mineral instead of forsterite or feldspar as our phase average
for enstatite is based upon 86 analyses across all seven aubrites investigated compared to 4
analyses for feldspar, and 3 analyses for forsterite. Using our measured enstatite H.O contents

and published partition coefficients (Dobson et al., 1995), we estimate that silicate glass in
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equilibrium with enstatite would contain ~1500 pg/g H2O. If we instead use Shallowater
plagioclase (24 pg/g H20) as our reference phase, then we estimate that silicate glass would
contain ~628 pg/g H20O (Lin et al., 2019). We note, that with the exception of a feldspathic clast
in LAR 04316, silicate glass is absent or a trace phase in aubrites (Keil, 2010), thereby limiting

the contribution of silicate glass to the H2O budget of aubrites.

S2.3 Metals and sulfides

Previous studies have experimentally constrained the partitioning of H between metal and
silicate and suggest that H is incompatible in Fe metal at low pressures (Clesi et al., 2018;
Gaillard et al., 2022; Li et al., 2015; Malavergne et al., 2019; Okuchi, 1997; Tagawa et al.,
2021). We are unaware of any studies that experimentally constrain sulfide — silicate H
partitioning. Therefore, we assume that metal and sulfides have similar H2O partition
coefficients. By combining our measured enstatite, forsterite, diopside, and feldspar H20
contents, calculated glass H.O contents (Table 6), and the modal mineralogy of our samples
(Table 2), we estimate that the silicate portions of our analyzed main group aubrites all contain <
~5 ug/g H20 (Supplementary File “Aubs_calcs.xIsx”). We take a metal — silicate H partition
coefficient of 0.22 (Gaillard et al., 2022) and our calculated silicate H2O contents (~5 pg/g H20),
which yield metal and sulfide H2O (quantified from total H) concentrations of ~1 pg/g. Metal
and sulfides in aubrites are minor to trace phases (Keil, 2010), and the low estimated H>O
content (~1 pg/g H20) suggests metal and sulfide in aubrites are unlikely to be an abundant
source of H2O in aubrites. Overall, we suggest trace silicate material (Section S2.1), silicate glass
(Section S2.2), and metals and sulfides are either too low in abundance or too H>O poor to serve

as major reservoirs of H20 in aubrites.

S3) Do our H20 analyses reflect equilibrium or disequilibrium in aubrite NAMs?
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Despite experimentally determined partition coefficients permitting equilibrium between
the phases measured in this study (Section 5.1.3), it is possible that the measured H.O
concentrations in NAMs have been disturbed by disequilibrium processes such as H-loss due to
thermal metamorphism or shock heating or H-enrichment due to hydrothermal alteration. To a
first order, if disequilibrium processes affected our grains, we would expect to observe gradients
in H20 concentrations across grains, however, for samples where transects could be measured
(i.e., MIL 13004, Norton County, Shallowater), no H20 gradients are observed (Fig. S12 — S16).
Aubrite enstatite H.O contents exhibit a weak correlation with degree of shock (Fig. 2B), which
may suggest that aubrite H>O contents could have been modified by secondary processes.
Notably, any thermal process (e.g., shock heating, thermal metamorphism) would be expected to
reduce the H20 content of aubrite silicates, resulting in normal zonation, which is not observed.
Therefore, we suggest that H-loss processes such as thermal metamorphism or shock heating are
unlikely to have caused major modifications to the measured H>O contents of our NAMs. It is
also possible that aubrite silicates may have undergone H-enrichment during hydrothermal
events. However, hydrous phases are rare in aubrites and are of an unclear origin (see Section
5.3.1; Keil, 2010), arguing against any widespread hydrothermal events on aubrite parent bodies.
Overall, we suggest that the effect of secondary processes on the measured H>O concentrations is
likely minimal. Furthermore, regardless of whether or not our analyses reflect equilibrium, our
analyses represent the most accurate determination of aubrite silicate H.O contents, allowing for
more precise evaluations of bulk Aubrite H>O contents and the potential for H-delivery to the

Earth by aubrite-like material.
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Fig. S1) Calibration curves for CO2, H2O, F, Cl, and S for glass, orthopyroxene, and
clinopyroxene in the 01/22 analytical session. Uncertainties on slopes were determined using a

York regression (Wiens, 2021; York et al., 2004).
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Sample: ALH78113.105

File: C:..\ALH78113_105.001

Size: 53.3370 mg DSC-TGA Operator: Frieder
Method: Ramp Run Date: 30-Nov-2021 10:58
Comment: ALH78113.105 aubrite Instrument: SDT Q600 V20.9 Build 20
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Fig. S4) Mass thermogram for sample ALH 78113. The green line represents mass 10ss in

weight %. The red line represents the first derivative of the mass loss curve. The blue line

represents the heat flow throughout the mass loss analysis.
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Sample: ALH84007.105

Size: 61.3510 mg DSC-TGA
Method: Ramp

Comment: ALH84007.105 aubrite Sune

File: C:...\ALH84007_105.001
Operator: Frieder
Run Date: 29-Nov-2021 14:11
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Fig. S5) Mass thermogram for sample ALH 84007. The green line represents mass 10ss in

weight %. The red line represents the first derivative of the mass loss curve. The blue line

represents the heat flow throughout the mass loss analysis.



Sample: LAP02233.15 File: C:...\LAP 02233_15.001
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263  Fig. S6) Mass thermogram for sample LAP 02233. The green line represents mass loss in weight
264  %. The red line represents the first derivative of the mass loss curve. The blue line represents the

265  heat flow throughout the mass loss analysis.
266
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Sample: LAR 04316.91 File: C:...\LAR 04316_91.010

Size:p?0.7400 mg DSC-TGA Operator: Frieder -

Method: Ramp Run Date: 22-Nov-2021 15:45
Instrument: SDT Q600 V20.9 Build 20
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268

269  Fig. S7) Mass thermogram for sample LAR 04316. The green line represents mass loss in weight
270  %. The red line represents the first derivative of the mass loss curve. The blue line represents the

271  heat flow throughout the mass loss analysis.
272

273
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Sample: MIL13004.34

File: C:...\MIL13004_34.001
Size: 46.0140 mg DSC-TGA Operator: Frieder
Method: Ramp Run Date: 01-Dec-2021 11:02
Comment: MIL13004.34 Sune Instrument: SDT Q600 V20.9 Build 20
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Fig. S8) Mass thermogram for sample MIL 13004. The green line represents mass loss in weight

%. The red line represents the first derivative of the mass loss curve. The blue line represents the

heat flow throughout the mass loss analysis.
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LAP02233

Fig. S9) Reflected light mosaic of 1 inch indium mount containing aubrite samples analyzed as
part of this study. Unlabelled samples were not analyzed as part of this study. Scale bars are 2.5

mm.
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Fig. S10) Reflected light image of 10 mm indium mount holding additional chips of LAR 04316

and ALH 84007. Subsamples are denoted with “ A and “ B”. The scale bar is 2.5 mm.
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Fig. S11) Reflected light image of 1 inch indium mount holding Norton County and Shallowater.
The three small holes held the secondary standards Suprasil 3002, Herasil, and ALV-519-4-1

glass. The large hole held a sample that was not used in this study.
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Fig. S12) NanoSIMS transects analyzed for H2O from grain MIL 13004L-4. A) H.0O
concentrations plotted against the relative position of SIMS pits as shown in B). Plotted
uncertainties are the propagated uncertainty (Table S3). B) Reflected light image of MIL
13004L-4 showing SIMS pits from A) highlighted in orange and labelled. Note, SIMS pits are
15x15 um. The image has a blue tint due to the light used on the microscope and polarizers.
Unmarked SIMS pits are associated with other grains or were removed by the data filtering

protocol (Section 3.3).
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Fig. S13) NanoSIMS transects analyzed for H2O from grain MIL 13004U-1. A) H.0
concentrations plotted against the relative position of SIMS pits as shown in B). Overlapping
points were measured at the same approximate distance from the edge of the grain and represent
“duplicate” analyses. Plotted uncertainties are the propagated uncertainty (Table S3). B)
Reflected light image of MIL 13004U-1 showing SIMS pits from A) highlighted in orange and
labelled. Note, SIMS pits are 15x15 um. The image has a blue tint due to the light used on the

microscope and polarizers.
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Fig. S14) NanoSIMS transects analyzed for H2O from grain MIL 13004U-2. A) H.0
concentrations plotted against the relative position of SIMS pits as shown in B). Plotted
uncertainties are the propagated uncertainty (Table S3). B) Reflected light image of MIL
13004U-2showing SIMS pits from A) highlighted in orange and labelled. Note, SIMS pits are
15x15 um. The image has a blue tint due to the light used on the microscope and polarizers.
Unmarked SIMS pits are associated with other grains or were removed by the data filtering

protocol (Section 3.3).
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Fig. S15) NanoSIMS transects analyzed for H.O from grain Shallowater-pyx1. A) H.0
concentrations plotted against the relative position of SIMS pits as shown in B). Overlapping
points were measured at the same approximate distance from the edge of the grain and represent
“duplicate” analyses. Plotted uncertainties are the propagated uncertainty (Table S7). B)
Reflected light image of Shallowater-pyx1 showing SIMS pits from A) highlighted in red and
labelled. Note, SIMS pits are 15x15 um. The image has a blue tint due to the light used on the
microscope and polarizers. Unmarked SIMS pits are associated with other grains or were

removed by the data filtering protocol (Section 3.3).
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Fig. S16) NanoSIMS transects analyzed for H.O from grain Shallowater-pyx4. A) H20
concentrations plotted against the relative position of SIMS pits as shown in B). Overlapping
points were measured at the same approximate distance from the edge of the grain and represent
“duplicate” analyses. Plotted uncertainties are the propagated uncertainty (Table S7). B)
Reflected light image of Shallowater-pyx4 showing SIMS pits from A) highlighted in red and
labelled. Note, SIMS pits are 15x15 um. The image has a blue tint due to the light used on the

microscope and polarizers.



