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ARTICLE INFO ABSTRACT

Associate editor: Martin Robert Lee Deuterium to hydrogen isotope ratios in unequilibrated ordinary chondrites (UOCs) which have undergone little-

to-no thermal metamorphism pose an interesting problem when looking at water in the early Solar System. Bulk

Keywords: chondrite studies have shown that UOCs of the lowest subtypes have D/H ratios as high as comets from the outer
Unequ‘lfbrated ordinary chondrites Solar System, which, along with bulk UOC water abundances, decrease with thermal metamorphism. Since bulk
D/H ,ratws UOC analyses represent a complex mixture of organic and hydrated phases, it is not clear what phase(s) is
Matrix . . . L .

. responsible for the high bulk D/H values. In this study, we report in situ secondary ion mass spectrometry (SIMS)
Secondary ion mass spectrometry . e . . . . .
Water measurements of the H isotope composition of the fine-grained matrix of UOCs with petrological subtypes

ranging from 3.00 to 3.9. We find that for matrix areas in UOCs of petrologic subtype >3.2, correlations between
D-rich organic material and D-poor phyllosilicates give relatively D-poor intrinsic water isotopic compositions,
with 8D values between —320 + 91 %0 and —71 + 71 %o, which are inherited from parent body accretion.
Therefore, we conclude that OC parent bodies accreted D-poor water ice that had an H isotopic composition
similar to that of CM and CV chondrite parent bodies. We find that matrix in UOCs of the lowest subtypes
(Semarkona, Bishunpur, and Ngawi) show similar water and organic H isotope compositions to higher type
UOCs. Our in situ analyses also show that matrix areas in these pristine UOCs contain a third, thus far uniden-
tified, component that carries the high D/H signature, with 8D values up to ~6000 %.. We propose that this
component is pristine amorphous silicates preserved from the molecular cloud or early protoplanetary disc that is
extremely sensitive to thermal and aqueous alteration on asteroidal parent bodies.

Amorphous silicates

1. Introduction Dobrica and Brearley, 2014, 2020; Krot et al., 2022, Zanetta et al.,

2022). Despite matrix only comprising ~10-15 wt% of bulk UOCs

Unequilibrated ordinary chondrites (UOCs) are primitive ordinary
chondrites that have undergone minimal modification since their
asteroidal parent bodies formed around 4.5 billion years ago, early in
the history of the Solar System. These meteorites are composed of high-
temperature components such as chondrules and minor amounts of
calcium- and aluminium-rich inclusions (CAIs), which are set in a
porous, fine-grained (<pm) matrix. Matrix in UOCs is a complex mixture
of anhydrous silicates, and small amounts of organics and hydrated
compounds (e.g., Alexander et al., 1989; Scott and Krot, 2014; Dobrica
and Brearley, 2020a, 2020b). In the most primitive UOCs, the matrix
contains amorphous silicates as well as phases indicative of aqueous
alteration on the UOC asteroid parent bodies, such as phyllosilicates,
amphiboles, fayalite, and magnetite (e.g., Alexander et al., 1989, 2012;
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(Weisberg et al., 2006), studies of UOCs have measured bulk water
abundances of up to ca. 1 wt% H3O in samples of the lowest petrologic
subtype (Alexander et al., 2010; Vacher et al., 2020; Marrocchi et al.,
2020; Grant et al., 2023). These observations indicate that water was
present in OC parent asteroids, presumably as a result of melting of
accreted ice.

In addition to the clear evidence for the presence of hydrated ma-
terial in the least metamorphosed UOCs, these samples are characterised
by elevated bulk hydrogen isotope ratios. UOCs with subtype < 3.2 have
bulk D/H ratios of up to ca. 700 x 107% (Robert et al., 1979, 1987;
McNaughton et al., 1981, 1982; Yang and Epstein, 1983; Robert et al.,
1987; Alexander et al., 2012; Grant et al., 2023), significantly higher
than the standard mean value of ocean water on Earth, 155.76 x 107°.

0016-7037/© 2024 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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The bulk UOC D/H ratios are also considerably higher than the bulk D/H
ratios measured in volatile-rich carbonaceous (CM, CR, CI) chondrites
(~150-250 x 1078 Alexander et al., 2012; Vacher et al., 2020; Mar-
rocchi et al., 2021). Hydrogen isotopes are often used as a tracer for the
origin and transport of water/ice in the early Solar System, notably
because of the large isotopic variations observed between different ob-
jects. There were at least two carriers of water in the early Solar System:
pristine D-rich ice grains originating from the molecular cloud and/or
outer Solar System and D-poor water formed via rapid isotopic exchange
between D-rich water vapour and D-depleted H, molecules in the warm
inner Solar System (Jacquet and Robert, 2013; Yang et al., 2013). To a
first order, mixing between these D-poor and D-rich carriers would have
resulted in water D/H approximately increasing with heliocentric dis-
tance from the Sun (e.g., Drouart et al., 1999; Alexander et al., 2012;
Jacquet and Robert, 2013; Yang et al., 2013; Piani et al., 2021; Miiller
et al., 2022). However, since UOC parent asteroids are thought to have
formed closer to the Sun than those of carbonaceous chondrites (Scott
et al., 2018), the observation that pristine UOCs have higher bulk D/H
ratios than water-rich chondrites such as those from the CM, CR, and CI
groups is difficult to explain.

However, there is an important complexity to the D/H carrier in
UOCs. Similar to carbonaceous chondrites, the fine-grained matrix in
which most of the water is hosted contains other H-bearing components,
such as carbonaceous organic matter (e.g., Alexander et al., 2007, 2012;
Piani et al., 2021). Therefore, bulk D/H ratios represent mixed H isotope
signatures of at least two H-bearing components and are not directly
representative of the D/H ratios of the water ice accreted by the UOC
parent bodies. Due to the small grain sizes and heterogeneous mixing at
the nanoscale, it is not straightforward to physically separate water-
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bearing silicates from organics to measure their bulk D/H ratios inde-
pendently. In order to disentangle water and organic H isotope com-
positions, and to further characterise the D/H ratio of water accreted to
the UOC parent bodies, it is necessary to examine the sample with high-
resolution in situ techniques. In situ analyses of matrix areas in Sem-
arkona suggested that the D-rich component is not related to organic
material, but instead to phyllosilicates (Piani et al., 2015). To expand
this limited dataset, we carried out in situ petrological and isotopic an-
alyses of fine-grained matrix areas of 13 UOCs using scanning electron
microscopy (SEM), electron probe microanalyses (EPMA), and second-
ary ion mass spectrometry (SIMS). All samples are falls that have un-
dergone minimal, if any, terrestrial alteration, and for which we
previously determined the bulk H isotope compositions (Grant et al.,
2023).

2. Materials and methods
2.1. Samples

We conducted in situ analyses on the following 13 UOC fall samples:
Aba Panu (eBay), Bishunpur (BM.80339), Bremervorde (BM.33910),
Ceniceros  (BM.1989,M31), Chainpur (BM.1915,86), Krymka
(BM.1956,325), Mezo-Madaras (BM.33909), Ngawi (USNM 2483),
Parnallee (BM.1985,M138), Semarkona (AMNH 4128), Sharps (USNM
640), St Mary’s County (USNM 5930), and Tieschitz (BM.2003,M12), all
of which were part of the bulk H,O and H isotope analysis study by
Grant et al. (2023). The powders used for bulk analyses in Grant et al.
(2023) were prepared from aliquots of the same chips from which pol-
ished blocks were prepared for in situ analyses. The samples have

Table 1

Average chemical compositions of matrix areas of the studied UOCs, determined by EPMA.
Sample  Ngawi Semarkona  Bishunpur  Krymka St Chainpur ~ Sharps  Parnallee  Aba Tieschitz ~ Ceniceros  Mezo- Bremervorde

Mary’s Panu Madaras
County

Type LL3.1-3.7 LL3.00 LL3.15 LL3.2 LL3.3 LL3.4 H3.4 LL3.6 L3.6 H/L3.6 L3.7 L3.7 H/L3.9
Source” USNM AMNH NHM NHM USNM NHM USNM NHM eBay NHM NHM NHM NHM
N° 15 18 26 24 30 9 17 17 11 24 28 17 27
SiOy 34.10 35.61 42.65 31.96 34.23 22.30 32.64 38.49 43.14 32.90 35.97 43.21 39.29
[ 3.83 241 3.78 4.29 3.18 4.67 7.54 4.67 4.89 4.63 5.66 5.14 7.79
TiO, 0.07 0.07 0.08 0.07 0.09 0.06 0.06 0.11 0.11 0.12 0.09 0.08 0.11
c 0.03 0.03 0.03 0.04 0.04 0.02 0.04 0.07 0.06 0.04 0.05 0.06 0.07
Al,O3 2.45 4.52 4.72 3.29 4.36 1.69 0.90 2.50 2.99 2.35 2.21 3.15 3.56
c 1.84 0.76 1.81 1.04 1.43 1.36 0.98 1.91 2.26 1.60 1.56 1.53 2.76
Cry03 0.33 0.27 0.33 0.23 0.28 0.26 0.29 0.28 0.53 0.41 0.39 0.19 0.42
o 0.10 0.07 0.11 0.07 0.13 0.29 0.25 0.16 0.80 0.19 0.13 0.26 0.25
FeO! 26.85 21.82 19.73 36.43 31.11 38.84 29.48 20.92 17.12 25.97 22.95 18.37 18.49
c 8.53 3.96 6.02 7.36 7.01 9.71 10.87 3.17 2.86 4.51 6.52 2.79 8.32
MnO 0.32 0.23 0.28 0.37 0.40 0.31 0.50 0.37 0.40 0.41 0.33 0.36 0.31
c 0.14 0.04 0.09 0.08 0.11 0.08 0.23 0.06 0.05 0.05 0.06 0.05 0.08
MgO 20.37 11.85 13.37 11.09 13.61 12.35 19.57 26.50 28.58 19.32 24.17 27.90 23.92
o 6.35 3.55 4.55 2.98 3.02 5.59 8.55 4.11 4.87 3.82 3.29 2.57 6.02
CaO 1.91 1.41 1.20 1.59 1.24 1.37 0.73 1.66 1.81 1.44 1.58 1.72 1.53
[ 1.76 1.34 1.50 2.35 2.23 2.00 1.33 4.25 3.31 211 4.75 2.53 2.70
Na,O 1.22 2.42 1.94 1.11 1.72 0.75 0.36 1.27 1.51 1.13 1.08 1.57 1.66
c 1.01 0.56 0.65 0.39 0.80 0.53 0.33 0.94 1.22 0.90 0.87 0.78 1.31
K0 0.24 0.55 0.42 0.19 0.46 0.14 0.14 0.13 0.14 0.13 0.07 0.03 0.12
c 0.23 0.19 0.16 0.09 0.21 0.08 0.15 0.10 0.13 0.09 0.05 0.01 0.13
P05 0.24 0.13 0.17 0.22 0.20 0.25 0.25 0.67 0.22 0.23 0.22 0.34 0.26
[ 0.10 0.10 0.26 0.18 0.17 0.24 0.21 2.00 0.22 0.25 0.11 0.42 0.27
FeNi! 2.03 2.39 2.94 3.69 0.81 1.95 3.35 1.62 0.13 1.25 4.16 0.78 4.35
o 1.69 1.11 1.39 1.76 0.67 1.43 2.78 1.32 0.12 1.35 1.82 1.10 2.29
Fes 2.67 3.63 3.54 0.99 1.58 2.87 1.52 0.51 0.77 2.61 0.39 0.34 1.27
c 2.73 1.66 2.49 2.22 2.82 4.02 1.66 0.66 0.91 4.16 0.48 0.37 1.02
Total 92.80 84.91 91.37 91.22 90.09 83.15 89.80 95.04 97.44 88.28 93.61 98.03 95.29

@ Museum Sources are as follows: USNM = Smithsonian National Museum of Natural History, Washington (USA); AMNH = American of Natural History, New York
(USA); NHM = Natural History Museum, London (UK). Source numbers are available in text.

b Number of EPMA analyses.
¢ 1o standard deviation of the mean.

4 FeNi and FeS are calculated, assuming all Ni is in Fe-Ni metal and all S is in FeS. FeO is calculated from the remaining Fe.
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petrologic types ranging from 3.00 to 3.9 and they include H, L, and LL
groups (details in Table 1). Of note, Ngawi is classified as LL3.1-3.7 as it
is a brecciated chondrite with both LL3.1 and 3.7 subtype lithologies
(Sears et al., 1991; Grossman & Brearley, 2005). Due to its high bulk D/
H ratio and relatively high bulk water content (6D = 1144 %o and H,0 =
0.61 wt%, respectively; Grant et al., 2023), we believe that we are
sampling the low subtype lithology and, therefore, we treat our Ngawi
sample as an LL3.1. Nevertheless, due to the official petrologic type of
the sample being LL3.1-3.7 it appears separate from the rest of the
samples in plots and tables. For each meteorite, chips of a few mm across
with surface areas between ~ 5 — 15 mm? were stuck to a glass slide, and
first polished using SiC polishing discs with decreasing grit size and
isopropyl alcohol as the lubricant, and then polished using 6, 3, 1, and
0.25 pm diamond pastes. After polishing, the chips were demounted
from the glass slides using acetone, cleaned for 10 min in isopropyl
alcohol in an ultrasonic bath, and pressed into 10 mm diameter indium
mounts.

2.2. Scanning electron microscopy and electron probe microanalysis

The samples were coated with carbon for electron beam analyses.
Textures and mineralogy were examined using an FEI Quanta 650
Scanning Electron Microscope (SEM) equipped with an energy disper-
sive X-ray spectrometer (EDS) at the University of Manchester, allowing
us to produce back-scattered electron (BSE) and elemental X-ray maps
for all samples. Multiple flat regions of fine-grained matrix were iden-
tified in each of the samples for further investigations. We then
measured bulk matrix chemical compositions using Cameca SX 100 and
JEOL 8200 electron probe microanalyser (EPMA) instruments at the
University of Manchester and the University of New Mexico, respec-
tively. For both instruments, analyses were performed with an acceler-
ating voltage of 15 kV, a beam current of 20nA, and a 10 ym diameter
defocused beam. Due to the fine-grained and heterogeneous nature of
the matrix, multiple analyses were taken in each area and averaged to
produce a mean of the bulk matrix composition. The elements measured,
standards used, and peak and background counting times are given in
Supp. Table S1. Oxide compositions were corrected using the same
method as reported in Huss et al. (1981) and Matsunami (1984), where
all elemental Ni and S were assigned to Fe-Ni metal (Fe:Ni compositions
of metal for each meteorite group were taken from Gattacceca et al.,
2014) and troilite (FeS), respectively, and the required amount of Fe
added to those phases. The final FeO abundances were recalculated with
contributions to FeS and FeNi subtracted, and totals redetermined. For
bulk matrix compositions, reported analyses have total uncertainties of
~ 0.4 - 0.5 wt%, based on the combined uncertainty from each indi-
vidual oxide contribution. All EPMA data are available in Supp. Table
S2.

2.3. Secondary ion mass spectrometry

We carried out secondary ion mass spectrometry (SIMS) analyses on
regions of fine-grained matrix identified and characterised by SEM and
EPMA, on the 13 indium-mounted UOC chips. Regions that contained
chondrule or mineral fragments, cracks, holes, or imperfect polishing
were avoided. Prior to SIMS analyses, we removed the carbon coat and
left the samples overnight in an 80 °C furnace to remove any adsorbed
water. The mounts were then gold coated and introduced into the SIMS
instrument vacuum system several days before analysis. The vacuum in
the analysis chamber during analysis was always < 5 x 10~ mbar. SIMS
analyses were carried out using the CAMECA IMS 1280HR2 instrument
in monocollection mode at CRPG-CNRS in Nancy (France) over the
course of two weeks in October 2022, following the procedure described
in Piani et al. (2018). For analysis, a Cs™ beam accelerated at 10 kV with
a variable current between 400 pA to 2 nA for UOC samples and down to
50 pA for the H-rich standards was used to ensure a constant H™ count
rate of ~ 1.5 x 10° ¢/s. The beam was rastered over 15 x 15 umz areas
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and intensities of 'H™, 2D~, 13C~, and 2°Si~ were measured. Before
analysis, target areas underwent pre-sputtering at 2.5 nA for 3 min over
a region of 30 x 30 pm? to implant Cs* and remove adsorbed H or
surface impurities. Each analysis consisted of 30 cycles of data collec-
tion, totalling 30 min per analysis.

The standards used to calibrate the SIMS and subsequently to correct
data for instrumental mass fractionation (IMF) are given in Supp. Table
S3 and comprised a combination of terrestrial samples, including hy-
drated minerals (Bamble amphibole, Kipawa amphibole, Ser-12A
serpentine), H-bearing glass (Etna-4, M98-47963, M98-35, M98-40,
M98-43, Tan25-0, Tan25-2), and a type III kerogen (KerIII). Addition-
ally, D-rich insoluble organic matter (IOM) from GRO 95502 (L3.2, find)
and Orgueil (CI1, fall) were also analysed. However, these kerogen and
IOM samples were excluded from the calibration due to the varying,
unknown, levels of H contamination in these porous materials. Plotting
the measured vs. known D/H ratios for the mineral and glass standards
resulted in a calibration line corresponding to (D/H)ye = [1.38 (+0.04)
X (D/H)measured] (Supp. Fig. S1). We used this calibration to correct the
D/H ratios measured in UOC matrix areas, which are reported here using
the 8D notation, where 8D = [(D/H)measured / (D/H)smow — 11 x 1000,
corresponding to the deviation of D/H ratios from the standard mean
ocean water (D/Hsyow = 155.76 x 1079 in parts per thousand (%o).
Due to their porous nature, it is likely that UOC matrix area analyses
include some H contamination that cannot be accurately quantified (e.
g., Remusat et al., 2016); therefore, the corrected D/H ratios represent
minimum D/H ratios. All corrected 8D values are reported in Supp.
Table S4, together with their 26 uncertainties, which comprise statistical
uncertainties associated with each individual analysis and uncertainty
on the D/H IMF calibration propagated in quadrature. Mean 8D values
for each meteorite are reported in Table 2 with their 1o standard de-
viations, which reflect heterogeneity in D/H ratios within samples. For
subtypes > 3.2, the (8D); of the 13C-free y-axis intercepts were calculated
using the modified error weighted least squares algorithm of York et al.
(2004) in the IsoplotR toolbox (Vermeesch, 2018); uncertainties are
given at the 95 % confidence level, and outliers (between 0 and 2 ana-
lyses for each sample, see Table 2) were visually excluded from the re-
gressions (see Supp. Fig. S3).

3. Results
3.1. Matrix composition

All the studied UOCs contain large (>500 pm diameter) chondrules
that dominate the make-up of the samples (e.g. Fig. 1f). Between these
chondrules, regions of smaller components such as chondrule fragments
and anhydrous grains are observed. There are many smooth larger
grains of olivine and pyroxene with sizes ranging between ca. 1 and >10
pm. All samples also contain feldspathic phases (albite and anorthite) ~
5 to 20 pm in size, small Fe,Ni grains (<20 pm), and larger (5-30 pm)
sulfides. Fine-grained (sub-micrometer) matrix material occurs between
these grains, and includes a mixture of many different components that
cannot be easily identified by SEM-EDS.

Examples of matrix areas identified for this study are shown in Fig. 1.
In samples of subtypes < 3.5, fine-grained matrix areas were more
abundant and easier to observe than in samples that have undergone
higher levels of thermal metamorphism. Matrix areas show varying
degrees of heterogeneity, even within individual samples. They vary in
size from 10s to 100s of pm across, as well as compositionally from fine-
grained and homogeneous, to more heterogeneous and ‘fluffy’ (Fig. 1a-
¢). In samples with subtypes > 3.5, we relied more heavily on X-ray
maps, where regions between larger phases that appeared to contain a
heterogeneous mixture of components including olivine, pyroxene, and
feldspars, and appeared texturally fine-grained, were assumed to be
matrix (Fig. 1d-e).

In Si-Fe-Mg ternary diagrams, there is significant scatter of matrix
compositions for most samples (Fig. 2). Our EPMA analyses of
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Table 2

Matrix average 8D, °C/'H, and 'H/?°Si ratios as determined by SIMS, with (8D); values for intrinsic water determined from D/H vs. 13C/'H correlations.
Meteorite Type N? Average 5D” Average *C/'H (x107%)¢ Average "H/?Si" (3D Pearson coefficient® Rejected”

%o + + + %o +

Ngawi LL3.1-3.7 21 1785 2119 1.33 0.88 5.29 2.37
Semarkona LL3.00 27 2230 1140 1.25 0.44 13.18 5.56
Bishunpur LL3.15 34 660 640 0.77 0.42 9.89 4.83
Krymka LL3.2 29 50 165 0.52 0.26 15.91 5.29 —-193 65 0.85 1
St Marys County LL3.3 9 226 462 1.80 1.05 3.93 1.15 —-320 91 0.99 1
Chainpur LL3.4 14 —58 147 0.56 0.50 19.56 19.48 —217 74 0.90 2
Sharps H3.4 14 22 289 1.17 1.59 6.08 4.50 —-199 133 0.84 0
Parnallee LL3.6 24 —86 76 0.43 0.28 2.94 1.62 —-170 37 0.76 0
Aba Panu L3.6 14 —56.2 49 1.19 0.58 0.46 0.24 -71 71 0.10 0
Tieschitz H/L3.6 20 223 321 2.54 1.67 5.98 4.17 —162 162 0.81 1
Mezo-Madaras L3.7 26 -59 63 0.26 0.21 0.91 0.44 —-123 27 0.76 0
Ceniceros L3.7 10 —145 61 0.16 0.17 4.08 1.18 —158 34 0.69 1
Bremervorde H/L3.9 10 -170 30 0.17 0.11 4.59 1.65 —-197 25 0.59 0

# N = number of SIMS analyses.
b Mean 8D of bulk matrix, + represents 1o standard deviation of the mean.

¢ Mean '3C/'H and 'H/?°Si of bulk matrix, + represents 1o standard deviation of the mean.
d 8D value of intrinsic water for individual UOCs > 3.2 as determined with D/H vs '3C/'H correlations.
¢ Pearson Correlation coefficient, where a perfect correlation between data points = 1.

f Number of analysis excluded from 8D vs. 3C/H fit.
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Fig. 1. SEM images of a variety of matrix regions in different UOCs: (a-c) BSE images of matrix in Bishunpur (LL3.15) showing differences in texture, from (a)
smooth, homogeneous, and comprising of a light-grey, very fine-grained material to (b,c) matrix that is increasingly heterogeneous in grain size and texture; (d-e)
BSE and EDS combined X-ray images of the same region of Bremervorde (H/L3.9) showing an area of fine-grained matrix; (f) false coloured EDS Fe X-ray map of
Chainpur (LL3.4) showing that the sample is dominated by a few chondrules with Fe-rich interstitial matrix; (g-h) BSE images of the same region of matrix in
Semarkona (LL3.00) before (g) and after (h) SIMS analysis, where D/H and 13C/H ratios are given in (h); (i) BSE image following SIMS analysis of the region of Ngawi
(LL3.1-3.7) matrix with the highest measured D/H ratio. Abbreviations are ol = olivine, pl = plagioclase, px = pyroxene, sf = sulfide.

Semarkona and Bishunpur matrix areas are generally consistent with
literature data for Semarkona matrix (Fig. 2; Huss et al., 1981; Matsu-
nami, 1984; Hutchison et al., 1987; Alexander et al., 1989). Overall,
there is a general increase in Fe and decrease in Si abundances with
increasing petrologic subtype within the LL group, except for Parnallee
(Fig. 2).
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EPMA analyses gave average oxide totals that ranged from ~ 83 wt%
for Chainpur (LL3.4) up to ~ 98 wt% for Mezo-Madaras (L3.7) (Table 1).
Totals generally increase with petrologic subtype. In the two meteorites
of lowest subtype, Semarkona (LL3.00) and Bishunpur (LL3.15), there
are numerous large (>100 pm across) regions of fine-grained matrix
which contain micron-scale heterogeneities and are relatively porous.
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Fig. 2. Si-Fe-Mg ternary plots (wt%) showing individual EPMA analyses from several matrix areas for each sample, in order of increasing petrologic subtype, where
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Semarkona in previous studies (Huss et al., 1981; Matsunami, 1984; Hutchison et al., 1987; Alexander et al., 1989). SMC = St Mary’s County, M—M = Mezo-Madaras.

For the least equilibrated UOCs, individual analyses have SiO, abun-
dances ranging from ~ 30 to 49 wt%, with averages of 35.6 + 2.4 wt%
(N =18) and 42.7 + 3.8 wt% (N = 26) for Semarkona and Bishunpur,
respectively (Table 1). For low subtype UOCs, MgO positively correlates
with SiO (Supp. Fig. S2a). There are weak positive correlations between
Nay0 vs. SiO3 and Al;O3 vs. SiO5 in some samples, such as Bishunpur, St
Mary’s County, Parnallee, Mezo-Madaras, and Bremervorde, while FeO
is negatively correlated with SiOy (Supp. Fig. S2b-d). Matrix areas in
Semarkona contain slightly more Na, Fe, Ca, and K than those in Bish-
unpur. Matrix areas in our Ngawi sample have similar textures to those
in Semarkona and Bishunpur, but Ngawi matrix areas contain higher
abundances of FeO (26.9 + 8.5 wt% vs. ~ 20-22 wt%) and MgO (20.4
+ 6.4 wt% vs. ~ 12-13 wt%). This difference is also clear on Si-Fe-Mg
ternary diagrams (Fig. 2). Ngawi matrix also has lower Al;03, NayO,
and K30 abundances than matrix areas in Semarkona and Bishunpur
(Table 1).

Our mounted chip of Krymka (LL3.2) has one of the highest abun-
dances of interchondrule matrix of all the samples studied, determined
by point counting to be ~ 20 % matrix, comparable to Semarkona (~18
% matrix). Samples of higher subtypes generally contain ~ 10-15 %
matrix, although chip sizes and matrix abundances are too small to
provide accurate estimates of matrix abundances for bulk chondrites.
The matrix in Krymka is very fine-grained, Fe-rich, and non-porous.
Very few mineral fragments can be observed, with most larger grains
within the matrix appearing to be chondrule fragments. Krymka matrix
has relatively low SiO; (32.0 & 4.3 wt%) and MgO (11.1 £ 3.0 wt%)
abundances compared to other UOCs of low subtypes (Fig. 2). In
contrast, St Mary’s County (LL3.3), Chainpur (LL3.4), and Tieschitz (H/
L3.6) all have very porous and heterogeneous matrix areas, with larger
mineral grains than in Semarkona, Bishunpur, and Krymka.

Matrix regions in Sharps (H3.4), Parnallee (LL3.6), and Aba Panu
(L3.6) tend to be quite small, <50 pm across; texturally, they are
generally not very porous and are comprised of larger (~5 pm) grains.
UOCs of the highest subtypes, Ceniceros (L3.7), Mezo-Madaras (L3.7),
and Bremervorde (H/L3.9), have the least amount of fine-grained ma-
trix, which consists almost entirely of thin regions between higher
amounts of small (1-5 pm) silicate grains (Fig. le, f). The matrix in
Ceniceros and Bremervorde contains numerous small (<10 pm) Fe,Ni
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grains and appears to be more porous than in Mezo-Madaras, as is re-
flected by higher EPMA totals in the latter (Table 1). Regions of truly
fine-grained material (i.e. grains < 1 pm) in all three of these samples are
limited and are in the range of 10's of pm in width.

In (Mg + Fe)-Al-Si atom % ternary plots (Fig. 3), matrix compositions
for most samples fall along the olivine-albite tie-line, as observed by
Ikeda et al. (1981) and Matsunami (1984). Several matrix analyses also
fall between olivine and the (Mg + Fe) apex for Krymka, Chainpur,
Sharps, and Bremervorde as a result of high Fe contents, rather than the
presence of a high-Mg phase.

3.2. Matrix hydrogen isotope composition

SIMS analyses show that UOC matrix displays significant D/H and C/
H variations, both within and between meteorite samples, particularly
in UOCs of lower petrologic subtypes (Figs. 4 - 5). Overall, average 8D
values of matrix analyses range from —170 % 30 %o for Bremervorde (H/
L3.9), the UOC with the highest petrologic subtype in our sample set, to
42230 + 1140 %o for Semarkona (LL3.00), the sample with the lowest
petrologic subtype (Table 2). Semarkona, Ngawi, and Bishunpur have
the largest spreads of D/H ratios, with 8D values ranging between ca.
—250 and +6000 %o (Fig. 4) and standard deviations of the mean 8D >
1000 %o in all three samples, with the highest D/H ratio measured in
Ngawi (LL3.1-3.7 breccia). In general, the average matrix 8D values and
their heterogeneity decrease with increasing petrologic subtype, with
the exception of Tieschitz (H/L3.6) which displays a large spread of 8D
values compared with other UOCs of the same subtype (Fig. 4).

The analysed areas in UOC matrix likely include some H from C-rich
organics. We can assess the contribution of organics in a D/H vs. 1>C/H
plot, in which one would expect multiple analyses in a given sample to
trend toward a C-rich organic end-member, as observed for in situ SIMS
analyses in most carbonaceous chondrites (e.g., Piani et al., 2018, 2021;
Piani and Marrocchi, 2018). In such diagrams, the 13C.free y-axis
intercept is generally interpreted as corresponding to the D/H of the
water accreted by the meteorite parent asteroid. In the UOCs we studied,
we observed rough positive linear correlations between 8D vs. '*C/H for
all samples with subtypes > 3.2 (Fig. 6, Supp. Fig. S3). These linear
regressions appear as curves in the D/H vs. 13¢c/H plot of Fig. 5, where



H. Grant et al.

Geochimica et Cosmochimica Acta 378 (2024) 58-70

Mg/;r\ Fe

\

Al

Fig. 3. (Mg + Fe)-Al-Si ternary plots (at%) showing individual EPMA analyses from several matrix areas for each sample, in order of increasing petrologic subtype.
Solid lines represent tie-lines between olivine (Ol), pyroxene (Px), and albite (Ab) compositions, and dashed lines represent the tie-lines between olivine, pyroxene,

and anorthite (An) (see inset).
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Fig. 4. Matrix 8D values in individual SIMS analyses vs. petrologic subtype (samples with the same subtypes offset for clarity).

13G/H is plotted on a logarithmic scale on the x-axis. The mixing lines
shown in Figs. 5 and 6 have end-members consistent with water (y-axis
intercept) and an insoluble organic matter (IOM) component akin to that
found in the L3.2 meteorite GRO 95502 for all samples but Aba Panu (for
which there is a weak, flat, correlation between D/H and 'C/H). The D/
H vs. 13C/H correlations for Krymka (LL3.2) and Chainpur (LL3.4) are
steeper than in other samples (Fig. 6), suggesting a slightly higher D/H
for their organic-rich end-member. Linear regressions between 8D and
13G/H for samples with subtypes > 3.2 yield intrinsic water (5D); values
between —320 + 91 %o and —71 &+ 71 %o, with most calculated water
(8D); values being between ca. —200 and —100 %o (Table 2 and Supp.
Fig. S3).

Matrix analyses in Ngawi, Semarkona, and Bishunpur do not display
a similar, simple two-component mixing behaviour (Figs. 5, 7). Instead,
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they appear to fall in a triangle between (i) a C-poor / low 8D pole akin
to the composition estimated for water in subtypes > 3.2, (ii) a C-rich /
intermediate 8D pole akin the composition of UOC IOM, and (iii) a pole
with intermediate 13C/H ratios (~0.01-0.02) and very high 8D values
up to 6,000 %o which we describe as a “D-rich unknown phase”. In Fig. 7,
which shows only analyses for these three chondrites, 1>C/H is plotted
on a linear scale. The C-poor phase is labelled as phyllosilicate in Figs. 5
and 7: phyllosilicates are hydrated silicates which are likely the main
carriers of water in UOC matrices.

Because average SiOy abundances for matrix areas across the whole
sample set are fairly consistent (Table 1), measured *H/2°Si ratios pro-
vide a qualitative estimate for matrix HoO abundances. Matrix areas in
the least metamorphosed samples Semarkona and Bishunpur have
average 'H/?°Si > 10, while samples with subtypes > 3.6 have average
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TH/?°Si < ca. 5 (Table 2), which is consistent with lower matrix HoO
abundances in the more metamorphosed samples. To a first order, Fig. 8
also shows that the spread of matrix 'H/2°Si ratios tends to decrease
with increasing subtype. Chainpur (LL3.4) displays a few analyses with
much higher 'H/?°Si compared to other samples; as H count rates in
these analyses are similar to H count rates in other low subtype UOCs,
these elevated 'H/?°Si values are likely caused by low Si abundances.

0.04

0.06 0.08 0.1

BC/H

Fig. 6. (8D); vs. 13C/H linear regressions for matrix analyses of UOCs > 3.2. Values at *>C/H = 0 (i.e. the y-intercept) are 8D water as given in Table 2. The grey
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4. Discussion

Our goal in this study is to identify the source of high D/H ratios
measured in bulk UOCs (Robert et al., 1979, 1987; McNaughton et al.,
1981, 1982; Yang and Epstein, 1983; Alexander et al., 2012; Grant et al.,
2023), using the same meteorites as those analysed by Grant et al.
(2023). In the following discussion, we first evaluate our bulk matrix
compositions as determined by EPMA, in order to understand any
chemical differences that might accompany isotopic trends. Following
this, we divide the discussion of our SIMS dataset into two groups: 1)
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Fig. 8. Measured matrix 'H/?°Si ratios. Error bars represent 1c uncertainties for each individual area across 30 cycles.

higher subtype UOCs which show linear correlations between 13C/H and
D/H, and which help determine intrinsic water D/H ratios, and 2) the
three lowest subtype UOCs, which contain the highest D/H ratios and in
which data do not define a linear trend, suggesting a third, unidentified
carrier of high D/H in UOCs. We discuss the possible nature and origin of
this high D/H component, and the mechanisms by which it became
incorporated into OC parent bodies.

4.1. Matrix compositions of type 3 ordinary chondrites

Comparison with existing literature on the chemical composition of
the matrices of UOCs selected for this study allows for the assessment of
whether target matrix regions in our set of samples are typical and,
therefore, reliable for interpreting SIMS analyses. Any regions whose
composition did not agree with existing literature were presumed to be
either not matrix or at least non-representative of most fine-grained
interstitial matrix and therefore excluded from future analyses. In

addition, an understanding of the chemical composition of the matrix
can help with isotopic interpretation and to explain any unusual isotopic
compositions. Generally, our measured bulk compositions of matrix are
in good agreement with literature data. For example, Fig. 9 shows that
the bulk matrix elemental composition we measured for Semarkona,
considering heterogeneities across different matrix areas, is consistent
with literature data for major elements (Huss et al., 1981; Matsunami,
1984; Hutchison et al., 1987; Alexander et al., 1989).

The average major element oxide totals for all samples with petro-
logic subtypes lower than 3.6 are < 95 wt%. This is due to the porosity of
fine-grained matrix, as observed with SEM, as well as the contribution of
hydrated phyllosilicates with an OH component, and C-rich organic
phases, which cannot be detected with EPMA. Oxide totals tend to in-
crease with increasing petrologic type, consistent with an overall
decrease in porosity and in the abundance of hydrated and/or organic-
rich material in the matrix with increasing thermal metamorphism. A
decrease in the abundance of hydrated material is consistent with
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Fig. 9. Comparison of our Semarkona bulk matrix major element composition with data reported in the literature. Alexander et al., (1989) did not report Ti. The grey
band represents one standard deviation on the mean EPMA values within our Semarkona dataset.

observations of decreasing bulk UOC H,O content with increasing
petrologic type in the same set of UOCs (Grant et al., 2023).

Due to the complex nature of matrix, it is not possible to identify the
mineralogy from EPMA data alone. Nevertheless, it is possible to draw
some conclusions about the variability within and between samples.
Fig. 3 shows matrix analyses in each of the samples plotted on (Mg + Fe)
— Al - Si ternary plots where the positions for olivine, pyroxene, and
plagioclase are represented. As expected, most samples plot on or
around the olivine/pyroxene tie-line, due to the dominance of these
anhydrous silicates in OC matrix (e.g. Alexander et al., 1989). Analyses
in some samples such as Bishunpur and Bremervorde show a spread
along the olivine/albite tie-line, in agreement with previous observa-
tions of albite-rich amorphous “glue” in the matrix of Bishunpur
(Alexander et al., 1989).

Overall, there is a decrease in S contents in matrix with increasing
petrologic subtype (Table 1), a trend that has previously been identified
in UOCs (e.g., Grossman and Brearley, 2005). This occurs because fine-
grained sulfides are abundant in the matrices of the least meta-
morphosed UOCs, but as UOCs undergo progressive thermal meta-
morphism, FeS grains coarsen out of the fine-grained matrix and,
therefore, their contribution to bulk fine-grained matrix chemistry de-
creases (Grossman & Brearley, 2005).

Except for a few discrepancies in minor element abundances such as
K, Cr, and Mn, we find that bulk matrix chemical compositions for most
samples compare within errors with previously measured compositions
of the same UOCs (matrix compositions have been reported for all the
studied UOCs except St Mary’s County, Aba Panu, and Ceniceros; Huss
et al., 1981; Matsunami, 1984; Alexander et al., 1989; Grossman and
Brearley, 2005). However, there are some significant differences for a
few samples, notably Chainpur. While it is not unusual for the matrix in
Chainpur to be depleted in SiO; and enriched in FeO relative to other
UOCs (Huss et al., 1981; Matsunami, 1984; Alexander et al., 1989), as
can be observed in Figs. 2 and 3, we nevertheless find our sample of
Chainpur to be more divergent than in these previous studies. Our
average matrix composition for Chainpur is depleted in SiO, (26.8 wt%
(normalised to 100%) vs. 36.5 to 45.2 wt%) and enriched in FeO (49.6
wt% (normalised) vs. 29.3 to 38.0 wt%) compared with Huss et al.
(1981), Matsunami (1984) and Alexander et al. (1989). We also find
Chainpur to be depleted in Na and Al relative to previous studies, and it
has the lowest oxide total at ~ 83%. One possible explanation could be
issues with data acquisition for Chainpur, for example charging due to
uneven sample topography, although errors are similar to those of other
measurements. Alternatively, it is possible that the region of Chainpur
we are measuring is intrinsically different to those previously analysed.
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Our Chainpur sample is one of the smallest we analysed at only ~ 5
mm?, a significant portion of which is dominated by a large (~2 mm?)
chondrule (Fig. 1f). Due to the heterogeneity of Chainpur (Huss et al.,
1981; Matsunami, 1984; Alexander et al., 1989), and the small size of
the sample, it is possible that we are simply sampling an Si-poor, Fe-rich
region of matrix. Furthermore, Fig. 8 shows that the 'H/2°Si abundance
in a few analyses of these same matrix areas is unusually high relative to
matrix analyses in other samples, which we interpret to be due to a low
Si content, rather than a high H content.

Tieschitz has previously been described as having two distinct types
of matrices, so-called white matrix which is a vein-like Na-, K-, and Al-
rich intergrowth of multiple phases dominated by albitic plagioclase,
and an FeO-rich black matrix which commonly surrounds the white
matrix (Christophe-Michel-Lévy, 1975; Dobrica & Brearley, 2014). In
our study, all reported EPMA points were on black matrix. We find the
average composition of black matrix in Tieschitz to be low in SiO5 (32.9
wt%), Na0 (1.1 wt%), and Al;03 (2.6 wt%) relative to other UOCs, with
an FeO content of 26.0 wt% (EPMA total of 88.3 wt%) (Table 1). These
values are in close agreement with previous measurements of black
matrix in Tieschitz (Christophe-Michel-Lévy, 1975; Huss et al., 1981;
Matsunami, 1984, Dobrica & Brearley, 2014).

4.2. D/H ratios of matrix in UOCs with petrologic subtypes > 3.2

All samples of subtypes > 3.2 (excluding Ngawi, a breccia which we
discuss below) show a range of matrix 8D values spanning between ca.
—275 and + 1250 %o; Fig. 4). Calculated water-specific (8D); values,
however, show relatively little variation (Table 2, Supp. Fig. S3).
Figs. 5-6 and Supp. Fig. S3 show that matrix in UOCs of petrologic
subtypes > 3.2 display linear arrays between (1) C-bearing organic
material with D/H ratios of up to 8D ~ 1000-2000 %o, similar to that of
IOM previously measured in UOCs (Alexander et al., 2007; Piani et al.,
2015; Remusat et al., 2016), and (2) C-free, relatively D-poor (8D be-
tween —320 + 91 %o and —71 + 71 %o) material (the water-specific
component). The mineralogical nature of this H bearing phase remains
to be conclusively determined. One possibility is minor amounts of hy-
drated phases, such as phyllosilicates, residual in the matrix following
incipient thermal metamorphism. Phyllosilicates are the dominant
water host in UOC matrices of the lowest subtypes (e.g. Alexander et al.,
1989) and bulk water abundances for UOCs with subtypes > 3.2, albeit
small, are non-zero (Yang and Epstein, 1983; Vacher et al., 2020; Grant
et al., 2023). To our knowledge, phyllosilicates have not been observed
in the matrix of UOCs with subtypes > 3.2. However, Eschrig et al.
(2021) analysed a large set of UOCs with subtypes ranging from 3.0 to >
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3.6 using reflectance spectroscopy and showed that all these samples
exhibit well developed 3 pm hydration bands, with levels of hydration
higher than for CV and CO chondrites. It is possible that the presence of
H-bearing phases in the matrix of UOCs with subtypes > 3.2 are, in part,
a result of terrestrial contamination. However, we find this unlikely as
all the meteorites studied here are falls that have been stored under
similar conditions, and yet matrix H abundances are not consistent
across UOCs with subtypes > 3.2, as would be expected if all of the H-
bearing component were a result of terrestrial contamination. In fact,
similarly to bulk studies, we find indications that matrix H abundances
decrease with increasing thermal metamorphism, suggesting an inheri-
ted water content that is progressively lost with thermal metamorphism.
Another possibility is the presence of H-bearing nominally anhydrous
minerals (NAMs) such as olivine and pyroxene. For example, the latter
may contain a few hundred parts per million HyO in types 5 and 6 OC
falls, with 8D values of ca. —250 & 50 %o (Jin et al., 2021), which is
comparable to the (8D); values measured in the matrix of many of the
studied UOCs. Ultimately, we cannot be certain what the H-bearing
phase is in the matrix of these UOCs with subtypes > 3.2, as high-
resolution mineralogical studies of the fine-grained matrix in these
meteorites are lacking.

Tieschitz matrix is enriched in C compared with other UOCs with
subtypes > 3.2, as indicated by generally higher 13C/'H ratios (Fig. 5),
which suggests a higher abundance of organic material. Therefore, the
relatively high D/H ratios we measured in Tieschitz matrix, in com-
parison to other UOCs of comparable petrologic subtype (Fig. 4,
Table 2), likely relate to higher abundances of D-rich organics. This may
also explain the higher bulk D/H measured for Tieschitz compared to
other UOCs with similar petrologic subtypes (Grant et al., 2023).

Overall, there does not appear to be any trend between intrinsic
water D/H ratio and UOC petrologic subtype, similar to observations
made for CCs (Piani et al., 2021). For UOCs with subtypes > 3.2, we find
that the intrinsic water D/H ratios (8D of ca. —320 to —70 %o) are
consistent with 8D values of ca. —200 %o measured in NAMs in the
primitive achondrite groups, acapulcoites and lodranites, which are
believed to have formed from OC-like precursors (Stephant et al., 2023).
These UOC intrinsic water D/H ratios are also similar to those of CV and
CM chondrites, which have 8Dyter between ca. —350 %o and —77 %o,
respectively (Piani & Marrocchi, 2018). This indicates that UOCs, and
therefore OC parent bodies, likely accreted water/ice with similar D/H
ratios to that of some carbonaceous chondrites, and notably CMs and
CVs. This important observation alleviates the apparent issue associated
with bulk H isotope studies of UOC that seemed to indicate that UOC
parent bodies accreted water ice with higher D/H ratios than parent
bodies of some CC types that formed much further out in the proto-
planetary disc (e.g., Yang et al., 2013; Jacquet and Robert, 2013; Piani
et al., 2021; Grant et al., 2023). Indeed, the fact that parent bodies of
UOCs of subtype > 3.2 (i.e. the inner Solar System population) appear to
have accreted water ice with similar 8D to that of the CC parent bodies (i.
e. the outer Solar System population) may suggest that this isotopic
water composition corresponds to the background early Solar System H
isotope composition in the chondrite parent asteroid formation region.
This background can be established through isotopic exchange between
water vapour, produced by the sublimation of D-rich ice, and protosolar
Hj gas (Geiss and Reeves, 1981).

4.3. D/H ratios of matrix in Semarkona, Bishunpur, and Ngawi

The UOCs of the lowest petrologic subtypes, Semarkona (LL3.00) and
Bishunpur (LL3.15), display a different distribution of D/H vs. 13¢/'H
ratios compared with UOCs of subtypes > 3.2 (Figs. 5 and 7). As dis-
cussed above, Ngawi is a breccia that samples two distinct lithologies,
LL3.1 and 3.7 (Sears et al., 1991; Grossman and Brearley, 2005). Here
we treat our Ngawi sample as subtype LL3.1, due to its unusual isotopic
distribution that is comparable to that of Semarkona and Bishunpur, and
we discuss these three samples together. The highest 8D values (up to
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6000 %o0) measured in Semarkona and Ngawi are significantly higher
than their bulk 8D contents and, when considering the relatively large
size of SIMS points relative to NanoSIMS, are comparable to some of the
highest 6D values previously measured in the matrix of Semarkona
(+10,600 %o) using NanoSIMS by Piani et al. (2015). In addition, the
presented D/H ratios represent lower limits following calibration.
Where UOCs of higher subtypes show broadly linear correlations be-
tween the D/H and '3C/'H ratios, which we interpret as a two-
component mixing array between hydrated and organic materials,
these three low subtype samples instead show an apparent three-
component distribution (Figs. 5 and 7). This suggests that hydrogen,
and thus deuterium, is dominantly hosted in the matrix of these samples
by a mixture of (i) an organic component with moderate D/H, (ii)
relatively D-poor hydrated minerals (likely phyllosilicates), and (iii) a
third phase which is C-bearing (i.e. non-zero C/H, but with a lower C/H
ratio than the organic material) and extremely D-rich (8D > 3000 %o).

Previously, high D/H ratios (>1000 %.) have been reported in all
three of these samples both via bulk analyses (e.g., Robert et al., 1979;
McNaughton et al., 1981, 1982; Yang and Epstein, 1983; Alexander
et al.,, 2012; Grant et al., 2023) and in situ measurements (e.g., Deloule
and Robert, 1995; Alexander et al., 2010; Piani et al., 2015; Remusat
et al., 2016). In the case of bulk data, chondrules and other high tem-
perature nebular components are unlikely to contribute much to the
measured values, although they have been shown to contain minor
amounts of H (Robert et al., 1987; Stephant et al., 2017). Previous in situ
studies have focused specifically on deuterium-rich ‘hotspots’ found
within either hydrated material (Piani et al., 2015) or IOM (Alexander
et al., 2010; Remusat et al., 2016). While we certainly find evidence for
the presence of moderately D-rich organic material, similar to previous
in situ studies (Figs. 5 and 7), this organic component is by no means the
most D-rich phase found in low subtype UOCs. Also, we find no evidence
of a high D/H and low C/H component, as would be expected if hydrated
material were the dominant host of deuterium in the matrix of these
samples. As discussed above, all UOC samples analysed here, which
cover the whole type 3 range, consistently point to a D-poor water ice
component accreted to their parent body, similar to that accreted to the
parent asteroids of most CC types.

A number of conflicting mechanisms have been proposed to explain
the unusually high D/H ratios found in the least metamorphosed UOCs.
For example, Alexander et al., (2007,2010) have suggested that
degassing of Hy produced by iron oxidation in a hydrated parent body
preferentially leaves behind D-rich material that would generate bulk D
enrichments with increased heating and oxidation intensity. However,
this model would imply that moderately metamorphosed UOCs (i.e.
subtypes ~ 3.2-3.4) should exhibit the highest bulk D/H ratios, which
does not agree with our bulk UOC D/H analyses in which the highest D/
H ratios are observed in subtypes < 3.2 (e.g., Grant et al., 2023). Bulk D/
H ratios in UOCs globally decrease with progressive water loss and
increasing petrologic subtype (Grant et al., 2023), suggesting that the D-
rich material(s) is susceptible to breakdown during thermal meta-
morphism. Thus, it is more likely an inherited component from the
molecular cloud and/or protoplanetary disc processes (e.g., Grant et al.,
2023), as has been proposed recently for CM chondrites (Marrocchi
et al., 2023). Furthermore, the complete absence of this elusive D-rich
phase in the matrix of UOCs with subtypes > 3.2, and indeed its relative
scarcity even in Bishunpur, suggests that this phase is extremely sensi-
tive to even mild thermal metamorphism. In contrast, IOM with a
moderately high D/H ratio is comparatively thermally resistant (e.g.,
Remusat et al., 2016) and cannot account for these matrix observations.

One possible candidate for the extremely D-rich phase may be
primitive amorphous silicates, which have been identified via high-
resolution transmission electron microscopy (HRTEM) in Semarkona
(LL3.00) and MET 00526 (LL3.05) (Dobrica & Brearley, 2020a, 2020b;
Zanetta et al., 2022), and which has also been observed in a limited
number of pristine carbonaceous chondrites (e.g., Abreu and Brearley,
2010; Brearley, 1993; Le Guillou and Brearley, 2014; Zanetta et al.,
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2022). These amorphous silicates are very sensitive to both thermal and
aqueous alteration. The observation that they occur extensively in the
matrix of Semarkona, in regions of matrix that do not contain phyllo-
silicates, suggests that post-accretion parent body aqueous alteration
occurred heterogeneously, at least in this chondrite, due to a variety of
factors including oxidising conditions and low water-to-rock ratios
(Dobrica and Brearley, 2020a). Alternatively, pre-hydration of matrix
phases could have occurred in the protoplanetary disc, as has been
proposed for carbonaceous chondrites (Marrocchi et al., 2023). The
amorphous material is probably a residual component from the early
protoplanetary disc that has undergone no metamorphism following
parent body accretion (Le Guillou and Brearley, 2014). There are a
number of hypotheses for the origin of primitive amorphous material in
the protoplanetary disc, with varying levels of applicability to the high
8D material found in this study. For example, a great deal of amorphous
silicates in the universe are produced in the envelopes of late-type AGB
stars and type II supernovae, however these silicates are expected to be
essentially devoid of deuterium (e.g. Matsuura et al., 2011; Weinberg,
2017; Hofner and Olofsson, 2018). A more likely source is one of ‘local
origin’, for example by direct condensation out of the gas in the cold
molecular cloud or thermal processing in the protosolar nebula (Abreu
and Brearley, 2010; Nittler and Ciesla, 2016; Dobrica and Brearley,
2020a; Zanetta et al., 2022).

In their study of the CR chondrites Queen Alexandra Range (QUE)
99,177 and Meteorite Hills 00426, Le Guillou et al. (2015) estimated
that the amorphous silicates have HoO abundances of ~ 8 + 5 wt%.
Similarly, Zanetta et al. (2022) found amorphous silicate H,O abun-
dances of ~ 4-6 + 1 wt% in QUE 99177 and Semarkona. These amor-
phous silicate HyO abundances are intermediate between those of
anhydrous silicates and matrix phyllosilicates (e.g., ca. 10 wt% H0O in
bulk CI chondrites; Vacher et al., 2020), which is consistent with the
intermediate 13C/'H ratios of matrix analyses with the highest 8D in
Semarkona and Ngawi (Figs. 5 and 7). Additionally, amorphous material
in Semarkona contains embedded nanoscale carbides (Dobrica and
Brearley, 2020a), which may also explain the intermediate 3C/'H ratios
of Semarkona, Bishunpur, and Ngawi matrix analyses with the highest
3D values.

Matrix areas of Semarkona, Bishunpur, and Ngawi with the highest
D/H ratios are heterogeneous regions of fine-grained matrix (Fig. 1g-i),
but there is no apparent trend between matrix texture and D/H ratio
among these three samples, at the micrometer scale of SEM observa-
tions. Dobrica and Brearley (2020a) found amorphous silicates in
Semarkona alongside newly forming phyllosilicates, suggesting that the
latter hydrated minerals crystallised out of the amorphous material. A
similar association has been observed in CM chondrites (Leroux et al.,
2015). Due to the extremely fine-grained nature and heterogeneity of
the phyllosilicate-amorphous silicate mixture, it is possible that previous
observations of D-rich hydrated material in the matrix of Semarkona
(Piani et al., 2015) included amorphous material. The cold molecular
cloud and interstellar medium are known to be D-rich, with water ice D/
H ratios of ca. 0.001-0.01 (8D = 5,420-63,000 %o; Ceccarelli et al.,
2014; Hallis, 2017), meaning that even a minor residual contribution
from unmodified pre-accretionary material would be sufficient to ac-
count for the observed D/H ratios measured in the matrix of the least
metamorphosed UOCs. Our interpretation that links very high 8D values
to the presence of primitive amorphous silicates in the matrix of Ngawi
and Bishunpur could be investigated with high resolution TEM and
NanoSIMS studies.

4.4. Implications for understanding water reservoirs in the early Solar
System

Studies of UOCs show that the parent bodies of these meteorites
accreted some water at the time of their formation (e.g., Sears et al.,
1995; Alexander et al., 2010; Marrocchi et al., 2020; Vacher et al., 2020;
Grant et al., 2023). Recent studies have also shown that other inner SS
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bodies likely accreted non-negligible amounts of water, such as the
parent bodies of enstatite chondrites (Piani et al., 2020), a range of
achondrites (e.g., McCubbin et al., 2021; Deligny et al., 2021; Stephant
et al., 2023), NAMs in OC falls (Jin et al., 2021), and samples returned
from the S-type asteroid Itokawa (Jin and Bose, 2019; Che and Zega,
2023). Furthermore, observations with the Spitzer and James Webb
Space Telescopes have found evidence of water vapour reservoirs in the
inner regions of protoplanetary discs, suggesting it is more common than
previously thought (Carr and Najita, 2008; Perotti et al., 2023; Salyk
et al., 2008). In the last decade, chondrite parent asteroids have been
separated into two distinct populations based on their oxygen and nu-
cleosynthetic isotope compositions, resulting in the so-called isotope
dichotomy which presumably reflects their different formation locations
in the protoplanetary disc. The non-carbonaceous (NC) population
formed in the inner SS (i.e. within Jupiter’s orbit) and includes ordinary
and enstatite chondrite parent bodies, whereas the carbonaceous (CC)
chondrites likely formed beyond Jupiter’s orbit before being scattered
inwards into the asteroid belt (Warren, 2011a, 2011b; Budde et al.,
2016; Kruijer et al., 2017; Scott et al., 2018; Kleine et al., 2020). This
dichotomy does not, however, appear to exist for hydrogen. In fact, our
data show that the D/H ratios of water ice accreted by UOC and
water-rich CC parent bodies are essentially the same, which we propose
is indicative of a shared water, or at least hydrogen, source throughout a
large region of the protoplanetary disc.

It has been suggested that the delivery of water to the inner Solar
System may be a result of giant planet formation destabilising ice-rich
outer SS material and scattering it into the inner SS, in the first
million years after protoplanetary disc formation (McCubbin and
Barnes, 2019; Raymond and Izidoro, 2017). We can consider whether
this scattering might be responsible for the observed common H isotope
source of inner and outer disc material. However, it is unlikely that ice
alone would accrete to NC planetesimals as a result of this process, and
accretion of rocky material from CC planetesimals to NC bodies would
tend to erase the clear isotopic dichotomy between the two reservoirs.
We therefore find the scenario of two distinct water reservoirs that un-
dergo subsequent mixing unlikely.

We propose that the D/H ratio measured for water in OCs and CCs is
representative of a common H isotope composition that spanned the
formation regions of both populations. This contrasts with the current
idea that water D/H ratio increases heliocentrically (e.g. Drouart et al.,
1999; Alexander et al., 2012; Jacquet and Robert, 2013; Yang et al.,
2013). The snow line (the region beyond which water is stable as ice) is
known to have moved over the lifetime of the protoplanetary disc, and
various models have predicted that it was as close as 1-1.5 AU from the
Sun in the first few million years (Sasselov and Lecar, 2000; Dodson--
Robinson et al., 2009). Considering the presence of water in OCs, it is
likely that the OC parent bodies were outside the snow line at the time of
formation (Alexander et al., 2018; Bermingham et al., 2020). OC parent
bodies were therefore able to accrete water ice isotopically similar to
that of CCs, despite the separation caused by Jupiter.

5. Conclusion

We have measured the major element composition, and H isotopic
composition, of the matrices of a range of UOCs from different groups
and petrologic subtypes. We find matrix chemical compositions to be
generally in agreement with previous studies, confirming that our
measurements of isotopic compositions are made in typical matrix areas.
In UOCs with subtypes > 3.2, we observe two-component mixing of
hydrogen isotopes between moderately D-rich IOM and D-poor water.
Correlations between D/H and '3C/H allow for the determination of
intrinsic water D/H ratios: we find (8D); values between —320 4= 91 %o
and —71 + 71 %o, which is similar to that of water in CM and CV
chondrites (Piani and Marrocchi, 2018). We see no variation between
the D/H ratio of water and petrologic subtype, therefore suggesting
water D/H ratios in UOCs are inherited from the time of formation, and
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are not a result of parent body processing. In the matrix of UOCs of
subtype < 3.2, we observe three-component mixing between D-poor
phyllosilicates, moderately D-rich organics, and a third extremely D-rich
component that has low C content. We propose that all OCs accreted
water ices similar to those of CC parent bodies, with 8D values around
—350 %o to O %o. This alleviates the problems with water transport
models in the early Solar System, where previously it was thought that
OC parent bodies in the inner Solar System accreted ices isotopically
similar to that of outer Solar System comets whereas CC parent bodies
accreted ices originating in the outer disc region, beyond Jupiter. A
possible explanation for the similar hydrogen isotope compositions of
water in the NC and CC isotopic reservoirs is that the observed water D/
H ratio is representative of a common hydrogen isotope composition
that was homogeneous across the inner and outer Solar System during
parent body formation, and that the snow line was inwards of the
asteroid belt at the time of OC parent body formation. We also propose
that the D-rich (8D up to a minimum of 6000 %) component observed in
UOCs of the lowest subtypes, which is very susceptible to even minor
thermal or aqueous alteration, may correspond to amorphous silicates
that were preserved from the molecular cloud or early protoplanetary
disc.
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