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1 Introduction Such studies aim to answer one of the major unknowns
in cosmochemistry, i.e., the source of water to the inner
Solar System planetesimals, and by extension, the source
of Earth's water (Broadley et al., 2022). Indeed, while
water ice was present in the protoplanetary disk beyond the
snowline (Morbidelli et al., 2016), as attested by water-rich
materials in the carbonaceous reservoir (CC), it remains
unclear how the planetesimals that formed inward of the
snowline acquired their water (McCubbin and Barnes, 2019;
O'Brien et al., 2018). The relevance of hydrogen studies
on achondrites and primitive achondrites is that: (i) these
meteorites are relics of NC planetesimals that survived the
planet formation process and (ii) they accreted only a few

Over the last few years, several studies have measured
the hydrogen (H) isotope composition (8D) and water
abundance (a term referring to H/OH/H,O) in a range
of achondrites from the non-carbonaceous (NC) reservoir
(Kleine et al., 2020; Kruijer et al., 2019), including eucrites
(Sarafian et al., 2019; Stephant et al., 2021), angrites
(Deligny et al., 2021; Rider-Stokes et al., 2024; Sarafian
et al., 2017), acapulcoites-lodranites (Peterson et al., 2024;
Stephant et al., 2023), ureilites (Peterson et al., 2023b),
aubrites (Peterson et al., 2023a) and some ungrouped
achondrites (Newcombe et al., 2023; Tartése et al., 2019).
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Ma after the calcium-aluminium-rich inclusions (CAls). As
such, NC achondrites and primitive achondrites provide
spatial-temporal constraints into the earliest time of the
Solar System formation and enable insights to be drawn
about the origin of water in early-formed planetesimals that
accreted in the inner Solar System.

Two scenarios have been proposed for the source of water
in the inner Solar System, involving the two primordial
reservoirs of water: interstellar ices and the protosolar
nebula gas (Alexander et al., 2012; O’Brien et al., 2018).
The first scenario implies that interstellar water ices (Cleeves
et al., 2014) could have been incorporated similarly to how
parent bodies of carbonaceous chondrites (CCs) acquired
water, either as ice grains originating in the molecular cloud
and feeding the protoplanetary disk (Piani et al., 2021)
or carried by components such as ice-mantled chondrules
(Ciesla et al., 2003). Alternatively, water vapor could react
with silicates in the nebula, producing hydrogen-bearing
phyllosilicates (Kalyaan and Desch, 2019; Marrocchi et al.,
2023). This scenario practically requires that this water
reservoir (and the water snowline) existed inside Jupiter’s
orbit before the separation of the NC and CC reservoirs
by the formation of Jupiter. Another way to deliver water
to the NC region involves the influx of water-rich bodies
by planetesimal scattering during the growth of the giant
planets (Raymond and lzidoro, 2017). However, while this
later volatile delivery is highly favoured for the origin of
Earth's volatiles, it fails to reconcile the origin of water in
NC differentiated planetesimals, which have accretion ages
older than that of CC's parent bodies (Desch et al., 2018;
McCubbin and Barnes, 2019).

The second, more debated scenario, implies that water
was sourced only locally (Drake, 2005). H, gas from
the nebula could have been acquired in an isotopically
fractionated manner by grain-scale processes such as ad-
sorption (Asaduzzaman et al., 2015) or protoplanetary-scale
processes such as ingassing (Olson and Sharp, 2018; Wu
et al., 2018; Yang et al., 2016). Both scenarios are subject
to dynamical and cosmochemical constraints (O'Brien et al.,
2018), and deciphering which is the favoured process will
help to better constrain the Solar System formation and
evolution, as well as infer volatile distribution in exoplanetary
systems. The search for Earth's volatiles has led to the
current understanding that both scenarios must have played
a role in contributing to the Earth's volatile budget, meaning
that hydrogen would have been sourced both locally and
delivered by the outer Solar System bodies (Broadley et al.,
2022). However, because of its large size and its long and
complex history, the Earth is not considered representative of
the inner Solar System planetesimals. As such, achondrites
and primitive achondrites hold the key to understanding the
origin of in-situ volatiles in the inner Solar System.

So far, it has been estimated that all NC achondrite
and primitive achondrite parent bodies contain low but
significant bulk water contents (e.g., 2-110pg/g H>O),
associated with a similar hydrogen isotopic composition,
expressed in 8D value of =250 + 50 %o (Deligny et al., 2021;
Peterson et al., 2024, 2023a,b; Rider-Stokes et al., 2024;

Sarafian et al., 2019, 2017; Stephant et al., 2023, 2021).
Studies measuring bulk and nominally anhydrous minerals in
ordinary chondrites (OCs), also formed in the NC reservoir,
find similarly this low 8D signature (Chan et al., 2021;
Grant et al., 2024; Jin et al., 2021). One should note
that heavier 8D measured in chondrules (> 10 000 %o) have
been assigned to a secondary origin (Shimizu et al., 2021).
These recent results have been taken as evidence for the
presence of a pervasive and unique source of water in the
inner Solar System planetesimals within the first 10 Myr
after CAIl formation, in which the hydrogen isotopic ratio is
slightly lower than the bulk CCs (Rider-Stokes et al., 2024;
Stephant et al., 2023).

The hydrogen isotope ratio in water is considered to be
diagnostic of its source in the Solar System, with interstellar
ices having elevated 8D values > +9000 %o (Dartois et al.,
2003) and the protosolar nebula being highly depleted in
D (i.e., 8D value of =897 %eo; Gloeckler and Geiss, 1998);
however, either primordial source could theoretically reach
8D values similar to those measured in NC achondrites,
through various fractionation pathways (Marrocchi et al.,
2023; Olson and Sharp, 2018; Piani et al., 2021; Wu et al.,
2018). This results in difficulty identifying the unique source
of hydrogen in these parental bodies. In fact, it is likely a
combination of these sources. Isotopic exchange between
water vapor produced by the sublimation of D-rich ice,
and protosolar H, gas can also lead to a 8D value of
—250 £ 50 %0 (Lécluse and Robert, 1994). Indeed such
a process has been suggested to have formed a common D-
poor water background reservoir in the inner and outer Solar
System, based on 8D similarity between unequilibrated OCs
and CCs ices (Grant et al., 2024). Currently, it seems that
nebular Hs contributed to the isotopic ratios of NC samples,
but indirectly, through gas-phase equilibration between H,
and H,O vapor. It is not clear whether any NC samples
directly incorporate nebular Hs.

Northwest Africa (NWA) 8409, paired with NWA 7325,
NWA 8014, NWA 8486, and other stones from the Bir
Abbas site (see Meteoritical Bulletin), is a unique ungrouped
achondrite characterized by a reduced, FeO-poor composi-
tion and gabbroic texture, which may have formed through
an impact melting event at high temperatures and low
oxygen fugacity, approaching enstatite-rich meteorite condi-
tions (Barrat et al., 2015; Goodrich et al., 2017; Irving et al.,
2013; Yang et al., 2020). Notably, NWA 8409 and its paired
achondrites were initially hypothesized to be fragments of
Mercury due to their unique chemical compositions (lrving
et al., 2013; Sutton et al., 2017). However, this theory
has since been questioned based on inconsistencies, such
as differences in spectral reflectance (Cloutis et al., 2018).
Furthermore, the onset of differentiation for the parent
bodies of these meteorites is estimated to have occurred
1.72-1.80 Ma after CAls (Koefoed et al., 2016; Yang et al.,
2020), suggesting that NWA 8409 may represent one of
the earliest crusts of a differentiated planetesimal, predating
Mercury per se. Nevertheless, it was suggested that NWA
7325 (and paired meteorites) could be derived from daughter
bodies produced by a mantle-stripping impact on proto-
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Mercury (Desch et al., 2022), which would align with the
hypothesis that these meteorites formed through a shock-
induced melting event (Yang et al., 2020). Thus, it is
possible these meteorites contain ingassed nebular H, and
could provide crucial insights into the sources of hydrogen
in the innermost Solar System. In this study, we analyse the
hydrogen abundance and isotope composition (expressed
as H>O contents and 8D ratios) of nominally anhydrous
minerals (NAMs) in NWA 8409. Our objective is to trace
the sources of hydrogen in bodies that accreted within
the Solar System’s innermost regions, thereby contributing
to our understanding of the processes that led to water
incorporation in the early inner Solar System planetesimals,
and, ultimately, the Earth.

2 Methods

2.1 Petrography and chemistry

Preliminary petrographical and mineralogical characteriza-
tion through Scanning Electron Microscopy (SEM) imag-
ing, as well as semi-quantitative micro-chemical analyses,
were obtained at MEMA (Centro Servizi di Microscopia
Elettronica e Microanalisi) at the University of Firenze
(Italy) using a SEM-EDS (ZEISS EVO MA 15) equipped
with an EDS/SDD analytical system, an Oxford Ultimax
40 detector and the Aztec 5.0 SP1 software. Chemical
characterization of silicates and sulfides on NWA 8409 chip
were carried out at the joined laboratory (LaMA, Laboratorio
MicroAnalisi) of the Earth Sciences Department of the
University of Firenze (DST) and the National Council of
Research - Institute of Geosciences and Earth Resources
(CNR-IGG) of Firenze. The determinations of bulk major
and trace element compositions were performed at the
Department of Earth Sciences, University of Firenze. For
petrographic examination, the small chip of NWA 8409 was
investigated using a FIB-SEM Zeiss Crossbeam 550 at The
Open University (UK) fitted with an Oxford Instruments
Symmetry 2 Electron Back-Scattered Detector (EBSD).
Details for all these methods can be found in Supplementary
Material.

2.2 Noble gases

The noble gas (Ne and Ar) abundances and isotope ratios
of two bulk rock fragments (5.53 and 6.32mg) of NWA
8409 were analysed at the noble gas facility of the Centre
de Recherches Pétrographiques et Géochimiques (CRPG,
France). The samples were placed into a ZnSe-windowed
laser chamber, which was pumped to ultra-high vacuum
(~107? bar). Overnight baking at ~100 °C allowed adsorbed
terrestrial gases to be removed from the internal surfaces of
the laser chamber and the samples. The gases of interest
were extracted under static vacuum using a 10.6 pm CO»
laser (MIR102, Elemental Scientific). The first sample was
heated for 3 min at the maximum laser power of 32 W. The
second sample was heated more gradually to avoid spatter-
ing caused by vigorous bubbling that occurred upon melting,
reaching 70 % of the maximum laser power after 3 min.

It was then heated a second time for 3 min at maximum
laser power. In both cases, all noble gases are expected to
have been extracted. Argon was first separated from Ne
by adsorption onto a charcoal finger held at —196 °C using
liquid nitrogen for 5min. The two noble gases were then
successively purified in an all-metal purification line using a
Ti-sponge getter heated to 600 °C for 10 min and two GP-50
SAES getters at room temperature for 10 min. To enhance
Ne purification, a second charcoal finger maintained at liquid
nitrogen temperature was employed. The purified gases
were sequentially analysed using a NoblesseHR noble gas
mass spectrometer in multi-collection mode, with at a trap
current of 150 pA and source settings optimized for each
species to maximize sensitivity and minimize instrumental
mass fractionation (Zimmermann et al., 2025). The three
Ne isotopes were analysed simultaneously on three ion
counters (?2Ne™ on 1C0, ?!Net on 1C2, ?°Ne™ on IC3)
for 25 cycles. The contributions of doubly charged *°Ar*™
and **CO,™* to the °Ne™ and ??Ne* signals, respectively,
were minimized by employing a charcoal finger held at
—196°C and two GP-50 SAES getters, connected to the
source and detector blocks, for 10 min prior to the start
of the analysis and during the analytical sequence. No
40Ar*t* correction was applied to the 2°Ne™ signal as the
two peaks were partially resolved. Additionally, no 2°NeH*
hydride correction was applied to the 2!Ne™ signal as the
getters maintained a low H, background. The **CO,™
signal was monitored during the analyses, and the **CO,**
contribution was corrected from the 22Ne™ signal using a
#CO, T/ **CO, ™ ionization ratio of 1.2 %, although it was
negligible (< 2cps). The three Ar isotopes were analysed
simultaneously on two ion counters and a Faraday detector
(“OAr™ on Fa0 with a 10 Q resistor, 28Ar" on 1C2, 3°ArT
on IC3) for 25 cycles. During the Ar analysis, two GP-50
SAES getters were used to maintain a constant, low H»
level and to minimise the H3%3"CI* signals. All measured
ion signals were corrected for the detector baselines. Noble
gas abundances and isotope ratios were calculated based on
the sensitivity and instrumental mass fractionation of the
mass spectrometer and corrected for blank contributions.
The analytical sensitivity and instrumental mass fraction-
ation were estimated using air aliquots analysed before
and during the measurement period. The reproducibility
of air standard measurements was 1.88% for ?!Ne, and
1.23% for 38Ar abundances, and 0.25% for 2°Ne/?’Ne,
1.64 % for 2!Ne/??Ne, and 0.44 % for 38Ar/3°Ar isotope
ratios. Procedural blanks averaged 3.7 x 1071° mol 2'Ne
and 1.8 x 1078 mol 38Ar.

2.3 H concentration and isotope

Secondary ion mass spectrometry (SIMS) measurements of
D/H ratios and H>O concentrations in six pyroxenes and
six olivines were performed with the Cameca NanoSIMS
50L at The Open University following established protocols
(Stephant et al., 2023). For nominally anhydrous minerals,
H=, D, 13C and 'O~ secondary ions were measured
using electron multipliers (160_ on Faraday cup) using a
Cs™ primary beam of ~2 nA rastered over a 10 pm x 10 ym
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surface area. The electron gun was tuned to an electron
current of approximately 5 pA. Analysis of **C~ was used to
monitor any potential terrestrial contamination and presence
of cracks. Large and flat NAMs were selected for analysis.
Blanking was performed, and only the 4 um x 4 pm (16 %)
interior of the surface area was analysed, with each measure-
ment consisting of 2000 cycles of ~0.54 s each, providing a
total analysis time of ~20 min. Prior to the analysis, an area
of 12pum x 12 pm was pre-sputtered for ~10 min using the
same primary beam current. The vacuum in the analytical
chamber was around 2.0 x 10719 Torr.

The H>O contents in nominally anhydrous minerals were
determined using a H™ /0~ vs. H,O calibration based on
terrestrial orthopyroxenes for olivine (Supplementary Fig.
S1) and terrestrial clinopyroxenes for high-Ca pyroxenes
(Supplementary Fig. S2, Table S1 Kumamoto et al., 2017).
Indeed, it has been shown that our orthopyroxene reference
materials can also be used to measure water in olivine
based on observations that these two minerals have similar
calibration slopes (Kumamoto et al., 2017). The nominally
anhydrous San Carlos olivine (SCOL) was used as a blank to
estimate the H™ /1°0~ (Fig. S3) and D™ /H™ (Fig. S4) back-
ground in the analytical chamber, before and after sample
analyses, in order to correct appropriately the unknowns. All
standards and the meteorite were mounted in indium. SCOL
and NWA 8409 were mounted in the same mount. The H,O
background during NAMs session (H™/°O~ background =
(2.47 £0.16) x 1077; Fig. S3) corresponds to a water
content of 1.10 £ 0.07 pg/g. It is interesting to note that
the H™ /'O~ background estimated from SCOL matches
the intercept of H™ /'O~ vs. H,O calibration lines (Figs
S1 and S2). The background-corrected detection (BLOD)
limit of H,O is estimated to be 0.21 pg/g H>O, as defined
as three times the uncertainty (1 SD) of the analytical
background (e.g., Peterson et al., 2024).

The measured D/H ratios are expressed in terms of 8§D
values, defined as follows:

8D = [(D/H)sampte/ (D/H)vsmow — 1] x 1000

where (D/H)ysmow = 155.76 x 107°. Pyroxene KBH-
1 (see Table S1) was measured to estimate the instru-
mental mass fractionation (IMF = 1.11+£0.01, 2SD, n =
5). Once corrected from IMF, the unknowns were cor-
rected for background contamination using SCOL (Fig. S4;
8Dbackground = —127 =141 %) and spallation production
using cosmic exposure age of sample estimated in this study
(i.e., 17.5+0.5Ma). Errors estimated for H,O concen-
trations are 2SD and take into account the errors from
counting statistics and the 2SD of San Carlos analyses.
Errors estimated for 8D values are 25D and take into
consideration the errors based on counting statistics, as well
as the errors associated to the IMF determination and on
the background 8D value. Repeatability of 8Dpackground is
<13%.

Table 1. Modal abundances and major chemical composition of phases in NWA 8409.

Endmembers

Total

K>O
wt%

MgO CaO NaxO
wt%

wt%

MnO
wt%
0.03

Si02 Ti02 A|203 Cr203 FeO
wt%
0.01

wt%
53.63

n

Modal abundance

Mineral

wt%
99.38

wt%

wt%
0.97
0.02

wt%

wt%
0.06
0.01
0.02
0.01

%
40.8

Enss.1Woss.1Fso.s

0.001

0.17
0.01
1.13
0.10

22.09
0.11
17.53
0.42

19.07

0.52
0.03
0.04
0.03
2.05
0.07

2.84
0.04
34.69

13

Pyroxene

0.35
99.44

0.003
0.01
<0.001

0.11

0.41

0.38
55.11

0.33
45.61

1SD

Angg 5Ab10.5

<0.003

.

51.4

Plagioclase

0.30
99.69

0.01

0.66
0.04
0.01

0.53
41.69

1SD

Fog7.05

0.37
0.04

0.07
0.02

0.34
0.04

0.02
0.01

8

4.5

Olivine

0.41

0.43

0.56

1SD
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Plagioclase (41%)
Olivine (5%)
Sulfide (traces)

NWA 8409 #

2500 micron

Figure 1. BSE map of the NWA 8409 chip analysed in this
study. Modal abundances of pyroxene, plagioclase, olivines
and sulfides are reported here.

3 Results

3.1 Petrography and geochemistry

Our large chip (2cm x 0.9cm x 0.5cm) of NWA 8409
(Figure 1) contains 54 vol % of calcic plagioclase (Angg.s+1.0
Abigs:10), 41vol% of diopside (Enssiio2 WOss1+02
Fso.g+0.1), 5vol% of forsteritic olivine (Fog7.g+0.1) and
traces of sulfides (Table 1). Modal abundance heterogeneity
has been observed amongst the various NWA 7325 sections
studied (Barrat et al., 2015; Bischoff et al., 2013,
Goodrich et al., 2017; Weber et al., 2016; Yang et al.,
2020). Indeed, olivine, pyroxene and plagioclase modal
abundances range between 2—15vol %, 25-44vol % and
51-60 vol %, respectively. NWA 8486 presents much lower
modal abundance of olivine (4vol%), similar to NWA
8409, lower plagioclase modal abundance (44 vol %) and
higher pyroxene modal abundance (52vol%) (Frossard
et al., 2019). As such, our studied chip of NWA 8409

resembles the NWA 7325 section studied by Weber et al.

(2016). The large variation in olivine modal abundance
in NWA 7325 could be easily explained by the fact that
olivine is present in clusters (Figure 1). In terms of
chemical composition, minerals present in NWA 8409 are
in the range of NWA 7325 compositions, with a slightly
more forsteritic olivine (Fazgs+0.07, FOo7.9540.07; CraO3 =
0.34+0.04; Ca0=0.37+0.04). Pyroxene and plagioclase
chemical compositions (Enss.11+0.18 W045.06:0.19 FS0.82+0.04
and Angg.49+1.02 Ab10.48+1.03 Oro.05+0.02, respectively) are
within the range of previous studies of both NWA 7325
and NWA 8486, with En49_56 VVO39.5_46'0 and Aﬂ79_94. The
REE pattern is extremely similar between NWA 7325 and
NWA 8409, as well as their bulk composition (Figures S5
and S6; Supporting Data, Stephant et al., 2026). The only
discrepancy is the slight enrichment in light REE which
could be explained by slight contamination during terrestrial
residence, or during the cutting of the chip, as suggested
by Barrat et al. (2015) for dust analyses of NWA 7325 (cf.
Irving et al., 2013).

Previous studies have highlighted some noble gases het-
erogeneities in NWA 7325, resulting in a ~4 Ma variation
of the cosmic ray exposure ages (CRE). Indeed, two studies
reported similar CRE ages of 17.45 £+ 0.12 Ma (Hopp et al.,
2018) and 18.8-18.9 Ma (Weber et al., 2016). However,
Hopp et al. (2018) argued that using their calculation
method on the data of Weber et al. (2016), the CRE age
will decrease to 13.5-14 Ma, highlighting some potential
noble gases heterogeneities. To best correct for D produced
by spallation, noble gases analyses have been performed
on our analysed chip. Ne and Ar isotopes, together with
2ONe/??Ne, !Ne/??Ne, “°Ar/3¢Ar and 38Ar/3°Ar, are re-
ported in Table 2.

We applied the chemistry of NWA 8409 to the theoretical
cosmogenic nuclide production rate models of Leya and
Masarik (2009). The resulting model, as seen in Figure S7a,
shows that the Ne isotopic inventory of NWA 8409 is
consistent with a pure cosmogenic composition. However,
it is apparent, by way of the different total inventory isotopic
ratios of the two aliquots measured, that the sample-specific
chemistries of each aliquot differ (see Figure S7b). This is
also reflected in Figure S8, by the two measurements not
converging on a single set of burial conditions. This is likely
due to inconsistent sampling of each mineral type between
the two measured aliquots, due to the coarse-grained nature
of the sample, resulting in aliquot-specific chemical hetero-
geneity. It is highly unlikely that the two aliquots experienced
significantly different cosmic ray exposure conditions (i.e.
burial depths).

A requirement for these theoretical cosmogenic nuclide
production rate models is the assumption of a meteoroid
size and sample burial depth. This parameter accounts
for the changes in the particle fluxes a sample is exposed
to, as the flux exposure geometry varies from a spherical
4qu isotropic vector field, to a hemispherical 21t anisotropic
vector field (see Figure S9). We would expect each mea-
sured 2!Ne/?’Ne isotopic ratio (which varies primarily due
to differences in possible nuclear pathways of Mg isotopes to
produce Ne isotopes) to intersect with their sample-specific
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Figure 2. Hydrogen isotope composition and abundance in NWA 8409 pyroxenes. 8D is expressed in %o and H,O contents
in ug/g of olivine (yellow circles) and pyroxene (orange squares) in NWA 8409. The error bars are 2 s.d. uncertainties
(see Supporting Data, Stephant et al., 2026). The weighted mean 8D of NWAB8409 is represented as an orange cross
(8D = =560 + 166 %o, n = 9, 2SE). An inset shows the weighted mean and 2SE, with the MSWD and the P value of the

Chi square (IsoplotR; Vermeesch, 2018).

chemistry-representative theoretical cosmogenic nuclide pro-
duction rate ratio curve, with both aliquot measurements
converging on one set of shielding conditions, represented
in these curves.

Based on the poor fit of both aliquots to a singular set
of burial conditions using the applied chemistry from the
literature, it is impractical to calculate a precise cosmic
ray exposure age. However, by modelling the resulting
cosmic ray exposure age of a range of burial conditions,
within the limits of the model of Leya and Masarik (2009),
we estimate a minimum exposure age of 17.5 £ 0.5 Ma,
which corresponds to a burial depth of 48—49 cm within a
meteoroid of 65 cm radius. We note that this is consistent
with the ages calculated by previous studies (Hopp et al.,
2018; Weber et al., 2016).

3.2 NanoSIMS

Olivine water content ranges from 1.5+ 0.1 t0 2.3+ 0.2 ug
H,O/g (2SD), respectively (Figure 1; Table 3). This
prevents any reliable estimate of an associated 8D value for
olivine with a H,O content below 2 ug H,O/g, for the three

other olivines, 8D value ranges from —878 £ 551 (25D)
to =352 + 767 %o (2SD). Pyroxenes water content range
between 2.9 £ 0.2 to 3.1 £0.2ug H,O/g (2SD), with 8D
value ranging from —601 + 443 (2SD) to —324 + 512 %o
(2SD) (Figure 2; Table 3), after careful instrumental mass
fractionation (IMF) correction, background correction and
spallation correction (Table 3). All these corrections and
associated errors have been calculated based on standard
measurements (see Supporting Data, Stephant et al., 2026).
Our Ne isotopic analyses of the same piece of NWA 8409
where D/H analyses were performed, are consistent with a
CRE age of 17.5 = 0.5 Ma, which has been determined for
the paired sample NWA 7325 (Hopp et al., 2018). Olivine
and pyroxene in NWA 8409 are minimally strained from
shock and show no signs of recrystallization (Supplementary
Figure S9), consistent with the assigned S2 shock stage of
NWA 7325 (Bischoff et al., 2013). As such, H should not
have been affected. As the shock and associated melting
would have led to devolatilization, implying both higher
initial H>O content and lower initial 8D, these 8D values
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Figure 3. Oxygen fugacity (log fO2 (AIW)) vs. 8D (in %o) (A) and vs. bulk H>O (in pg/g) (B) in chondrites, achondrites
and primitive achondrites from the NC reservoir. Literature data have been used for acapulcoites-lodranite (Stephant
et al., 2023), OCs (Jin et al., 2021), bulk silicate Earth (Lécuyer et al., 1998; Peslier et al., 2017), ureilites (Peterson
et al., 2023b), CAl (Aléon et al., 2022), angrites (Rider-Stokes et al., 2024), ECs (Piani et al., 2020), eucrites (Stephant
et al., 2021), aubrites (Peterson et al., 2023a) and UOCs (Grant et al., 2024).

can be seen as upper limits for the Mercury-like NWA 8409
parent body.

Raw data of standards and NWA 8409 NAMs, as well as
detailed data correction can be found in Supporting Data
(Stephant et al., 2026).

3.3 Reliability of the data

Newcombe et al. (2023) have found no detectable water
in NWA 8409. However, (i) they only performed three

analyses distributed in two pyroxene grains and (ii) their
water content background was higher than in this study,
i.e. 3.34pg/g H>O. As such, considering that we measured
3pg/g HaO with a lower background of 1.1 pg/g, there is
no significant difference between these studies, but a better
detection limit in our analyses. Because of the very low
water contents in both olivine and pyroxenes of NWA 8409,
the magnitude of the corrections between the analysed 8D
and the final spallation corrected 8D is large, which may raise
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questions regarding the reliability and the credibility of the
data. It is worth emphasizing that the spallation correction
was made using the well-established production rates of D
from Fiiri et al. (2017), as routinely applied in other D/H
studies, and a cosmic-ray exposure (CRE) age re-evaluated
in this study that remains consistent with previous estimates
for paired samples. Therefore, although the spallation

N6 oo correction induces a large absolute shift in 6D values, the
1 Toand 1 § § § § correction itself is based on well-constrained parameters and
I 8 2 g g cooo is analytically reliable. Notably, the reference study reporting
8 the first lunar D/H ratios by Saal et al. (2013) presented
o [ — . . . .
< = 0 90 o < ~ o o © 8D values that required spallation corrections ranging from
& — 3 . .
5% SR RN ISR 1 %o up to 4111 %o, demonstrating that large correction
o ) 3 . .
s |F cooo|f - magnitudes have been published and found trustworthy by
% the cosmochemistry community.
g |4 sagg] NE &Y
= cooco coc oo In addition, the cumulative corrections introduce a sub-
5: ° N stantial associated uncertainty of approximately £500 %o
< 5 6w oo ;ﬁ © o i (2SD), which primarily affects the precision rather than
NZ 5 2522 E S0 the validity of the data. Before discussing the implications
Py %’Z 2 of these results, it is important to clarify the statistical
&.Z metrics used. The standard deviation (SD) quantifies
g S R % o wo s the spread of individual measurements around the mean
2 |42 |s"2lH|L DT~ T : :
& S g RN RN S g co oo and reflects the variability within a single sample. It is
> particularly useful for assessing the degree of dispersion
= ol T lmocoal ol Tlaom~n due to measurement or natural variation. The standard
N AN (o] A ()]
c |Fles|2s23 Sle s 2e s error of the mean (SE), on the other hand, represents the
N — — . . . . . .
§ E E standard deviation of the sampling distribution of the mean.
b} . . It indicates how precisely the sample mean estimates the
% H TO _g’ E’ E § 3 H TO io” § § § % true population mean, making it especially appropriate for
§ - E - E comparing different samples. In the context of this study,
a _ . SE is the more appropriate metric as it reflects the precision
8 |28 olgeuz|lz|f o|lgagy of the mean hydrogen isotope value, which is central to
KR I glaiaona 8 |3 gleo—~o - our discussion on the similarity or difference between this
é sample and others from distinct parent bodies. SE also
‘“ =T lowo~ 2T | oo accounts for the number of replicate measurements per
[ H|lL 2ot | H| L2 KD mo . . .
s S g - - o - = g - - o - sample, ensuring that inter-sample comparisons are not
§ biased by differences in the number of analyses. Although SE
5: ol T laowo!] o2 o~ oo is typically smaller than SD, this reflects improved precision
- |£1lo e RS B O I B R rather than an underestimation of variability. In fact, using
o S lag|ladod]s |m2ladod S
I SD alone can overstate the apparent variability due to
2 2l o waaal gl U analytical or instrumental noise, especially relevant here,
g |S|F Tecalgle |85228 given the low water content of the samples, where such
od variation does not reflect true natural differences. Even
o QS QQ though the individual uncertainties on each measurement
§ Q: NN %: $l: RN % can be relatively large due to spallation correction on D/H
T | o o é‘:‘h %‘: 9| e 9 *1(\‘#: % 2 ratios with associated extremely low water contents, the
(q\l, = I223| E 3293 use of a weighted mean and its associated 2SE provides a
—_ [5+] T o . .
< n <§E NN <§E n <§E PN <§E statistically robust and reliable estimate of the true average
= pd %‘: <§( pd pd %‘Z %ﬁ = composition. This approach effectively downweights less
== == precise measurements and ensures that the final reported

mean and uncertainty reflect the most probable value of
the sample population. As such, the weighted mean and
the standard error of the weighted mean of H,O and 6D
for NWA 8409 are the most appropriate to represent its
parent body, which are 3.00 + 0.07 pg H,O/g (2SE — only
pyroxenes) and —560 + 166 %o (2SE). With a MSWD value
of 0.48 and a p(x?) of 0.87 (Figure 2), we can conclude
that the nine measurements defined a single population
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Table 3. 8D and H,O contents of pyroxene and olivine in NWA 8409. Standard deviations given for 8D are for a Poisson
distribution. 8D¢ is corrected for background and instrumental mass fractionation.

NWA 8409 H,O 2SD  6Dpmeasured 25D 8Dc  2SD  8Dgpaiiation 25D
ug/g ug/g %o %o %o %o %o %o
Ol 1 2.2 0.1 196 206 176 447 —-875 456
Ol 1 re 1 19 0.1
Ol1 2 2.1 0.1 612 248 745 608 -348 615
Ol 3 1 15 0.1
Oll 4 1 1.5 0.1
O 11 1.8 0.1
O3 1 2.3 0.2 340 209 361 479 —642 486
Cpxl 1 2.9 0.2 248 228 238 496 -556 500
Cpxl_2 2.9 0.2 366 235 394 530 -399 534
Cpxl 3 2.8 0.2 312 232 326 516 -496 521
Cpxl 4 3.1 0.2 182 206 142 439 -601 443
Cpxl 5 2.9 0.2 229 221 210 478 -585 482
Cpxl 6 3.1 0.2 396 223 417 508 -324 512
Mean (2SE) 3.0 0.3 -560 166

normally distributed around the mean. As such, the 8D of
—560 + 166 %o (2SE) defined a reliable and precise isotopic
signature of NWA 8409 parent body. To allow appropriate
comparison during the discussion, all literature data used
on other parent body have been reevaluated to properly
calculate their weighted 8D mean and standard error of the
mean (2SE).

4  Discussion

The 8D value of =560 + 166 %o estimated for NWA 8409
is significantly lower than that of other known NC plan-
etesimals (Figure 3a; Sarafian et al., 2019; Stephant et al.,
2021), including the parent bodies of angrites (APB; Deligny
et al., 2021; Rider-Stokes et al., 2024; Sarafian et al., 2017),
acapulcoites-lodranites (ALPB; Stephant et al., 2023), and
ordinary chondrites (Chan et al., 2021; Grant et al., 2024;
Jin et al., 2021). Unlike most NC planetesimals, which are
thought to have formed around 2 to 3AU (Desch et al.,
2018) at oxygen fugacities between IW-2.8 and IW+1
(Righter et al., 2016), NWA 8409 records a lower oxygen
fugacity of IW-3.1+£0.2 (Sutton et al., 2017). Since
oxygen fugacity is considered as a proxy for heliocentric
distance (Rubie et al., 2015), this suggests that the parent
body of NWA 8409 may have formed closer to the Sun than
other NC bodies, potentially near Mercury's current orbit
(~0.4 AU). Additionally, a recent analysis found 8D values
as low as =850 %o (Aléon et al., 2022) in a CAl xenolith,
suggesting a similar 8D gradient across inner Solar System
objects that correlated with oxygen fugacity and therefore
distance (Figure 3a). These findings argue against the
existence of a unique water reservoir within NC planetesimals
(Stephant et al., 2023). They also challenge the notion of
uniform 8D background between NC and CC bodies (Grant
et al., 2024) that was suggested to explain the similar 8D
signatures of water ice in unequilibrated ordinary chondrites

(UOCs) (i.e., =370 %o to =70 %o) and CCs (i.e., —400 %o
to +100 %o for CV, CO, CM and Cl; Piani et al., 2021).
Interestingly, the 8D value of bulk enstatite chondrites (ECs,
i.e., 103 + 3%o; Piani et al., 2020) deviates from this
correlation, although recent measurements of enstatite in
EH4 Indarch suggest 8D = —213 + 135 %o (Gruyer et al.,
2024), which would make enstatite chondrites consistent
with the value of =250 % inferred for most NC bodies. It is
important to note that bulk 8D values of chondrites repre-
sent a mixture of various H-bearing components, including
organics, hydrated minerals, chondrules, amorphous glasses,
and unidentified components (Grant et al., 2024; Marrocchi
et al., 2023; Piani et al., 2021). These components cannot
be mechanically separated for measurement of their specific
8D compositions (Piani et al., 2021), and caution must
be taken when comparing them with differentiated objects.
In achondrites, primitive achondrites, and OCs, 8D values
of NAMs serve as proxies for NC planetesimals 6D values,
whereas in ECs, bulk 8D values are used. The presence
of HS™/ H,S bonding in EC chondrule mesostasis further
emphasized this distinction (Thomassin et al., 2023). While
the H signature of NC planetesimals is associated with H
incorporated in defects within NAMs (Johnson, 2006), the
H signature of ECs involves a different H speciation, that
may explain why ECs deviates from the oxidation state vs.
hydrogen isotope correlation shown in Figure 3a.

In terms of water abundance (Fig. 3b), we estimate a
bulk water content for NWA 8409 parent body using a
batch model (Peterson et al., 2023a) of 8-17 pg/g H>.O
in between the estimates for the reduced aubrite parent
body (< 10ug/g; Peterson et al., 2023a), Vesta (Stephant
et al., 2021), ALPB (Stephant et al., 2023) and APB
(Rider-Stokes et al., 2024). It has to be noted here that
the definitive quantification of parent body H,O content is
limited by our current knowledge of partition coefficients
between NAMs and their parent melt. Nonetheless, the
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Figure 4. Bulk H>O (in pg/g) vs. 8D (in %o) in OCs (Jin et al., 2021), ECs (Piani et al., 2020), angrites (Rider-Stokes
et al., 2024), eucrites (Stephant et al., 2021), and acapulcoites-lodranites (Stephant et al., 2023) from the NC reservoir,
as well as for water ice in CCs (Piani et al., 2021). The low 8D ice signature of CM chondrites may result from more
significant isotopic exchange, as suggested by Piani et al. (2021).

bulk water content of NC planetesimals generally correlates
with their oxygen fugacity (Fig. 3b). This trend reflects
not only the effect of fO, on H solubility (Johnson, 2006),
but also additional factors: reducing planetesimals may
form inside the snow line, limiting accretion of ice, and
H> solubility in silicate melts is lower than that of H,O
(Foustoukos, 2025), further reducing their bulk H content.
The high-water abundance (i.e., 0.3-0.5wt %) in ECs (Piani
et al., 2020), remains to be confirmed, as these values
deviate significantly from the trend observed for other NC
planetesimals, and we therefore view them with caution.
Such a confirmation of high water content would again
suggest that either several processes account for the H
composition of the bulk enstatite chondrites, or H speciation
differs from the rest of NC planetesimals.

To remove the influence of H speciation, bulk H,O con-
tent is plotted versus bulk 8D for NC planetesimals as well
as for CV, CO, CM and Cl chondrite water ice (Piani et al.,
2021) (Figure 4). We interpret the data as follows. Because
CC planetesimals (Cl, CM, CR, CV) accreted at colder
temperatures, they have access to a variety of H reservoirs,
including interstellar water ice and organics. Generally, the
trend is for more water-rich samples to have higher 8D. The
lower 8D value for CM chondrites may reflect hydration of
silicates in the nebula by H>O vapor, as suggested for CM
chondrites (Ciesla et al., 2003), which would have allowed
equilibration with isotopically light nebular H,. All NC
planetesimals (including OCs, acapulcoites-lodranites, NWA
4801 angrite, eucrites, and EH4 Indarch) appear consistent
with a single average value 8D = —253 £ 40 %o (MSWD =
0.17), indicating an uniform reservoir. NWA 8409 is an
exception, its 8D = —560 % 166 %o lying 56 below that

average. This is strong evidence that NWA 8409, NWA
7325 and paired meteorites incorporated ingassed solar
nebula Hs.

Before concluding this, alternative explanations should
be ruled out. The simplest interpretation is a simple mixing,
in all bodies, between nebular Hy (8D = —897 %o) and
interstellar water ice, perhaps similar to the component
incorporated into the Cl-type chondrite parent body (8D =
+98 + 109 %o; Piani et al., 2021). One might surmise this
simple mixing model from the roughly linear trend of 8D vs.
H>O systematics seen in Figure 4 across most samples,
which roughly correlates with heliocentric distance. A
similar scenario of isotopic exchange between interstellar ice,
sublimated water, high-temperature isotopic equilibration
with nebula Ha, and/or recondensation, was suggested to
explain variations among CV, CO and CI carbonaceous
chondrites, with CM chondrites presumed to have equili-
brated more with nebula Hy (Piani et al., 2021). However,
there are problems with this interpretation. Vesta and the
ALPB deviate from this linear trend, lying above it, which
would require an additional fractionation, e.g., hydrogen
loss unique to those bodies. It is not clear whether ECs lie
on the trend. More significantly, such a model predicts a
trend like: 8D = 498 %o — 995 %o/ ([H20]/1 1g/g) unlike
the linear trend of 8D vs. logip[H20O] defined by the data.
We interpret the low 8D of NWA 8409 to mean that it and
paired meteorites originate from a body large enough to
have ingassed solar nebula Hs. For reference, a Mars-sized
body (0.1 ME) is expected to retain a nebular atmosphere
~0.3mbar (Mai et al., 2020), up to 1bar (Stoll and Kley,
2014), while the solar nebula gas is present. A planet
with a magma ocean can ingas hydrogen but is unlikely to
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ingas H» directly, as the solubility is too low; instead, some
hydrogen in a primordial atmosphere exists as or speciates
to HoO, which is then dissolved (Hirschmann et al., 2012).
Assuming a solubility xH,O = 1300(pH,0O/1 bar)/? ng/g
(Fricker and Reynolds, 1968) and xH,O = 8ug/g, this
primordial atmosphere had partial pressure of water vapor ~
0.037 mbar. Assuming a ratio H,O/ Hy = 4 x 107* like the
solar nebula (Lodders, 2003) we would infer p[Hz] &~ 6 mbar;
but assuming a ratio H,O/ Hz ~0.1 like that achievable
by speciation of gas in equilibrium with a magma ocean
(Hirschmann et al., 2012) at a fO, of AIW = =2 (Nicholls
et al., 2024), p[Hz] =~ 0.024 mbar. These numbers are
suggestive of a body ~0.1 ME, the mass of proto-Mercury
before the Giant Impact (Benz et al., 2007), but it is
difficult to be conclusive without further modelling. Bodies
this size are likely to lose gas quickly after dissipation of
the nebula (Stoll and Kley, 2014), which took place early
in the inner disk. This implies that the opportunity for
H ingassing is therefore constrained to the brief interval
during which both substantial magma oceans existed and
nebular gas was still present, likely within the first 4 Ma
after CAl formation (Wang et al., 2017), or possibly sooner.
Formation timescales of NC bodies further support this
scenario; no NC planetesimals appear to have formed after
2—2.5Myr (Desch et al., 2018), suggesting that by the time
nebular gas was dissipating, accretion in the NC region was
largely complete. This is consistent with the inferred rapid
early growth of Mars within a similar timeframe (Dauphas
and Pourmand, 2011), reinforcing the view that early-
formed, relatively large NC bodies could have transiently
retained nebular atmospheres and ingassed hydrogen before
gas dispersal.

5 Conclusion

While the Grand Tack model has been proposed to explain
the volatile supply to growing terrestrial planets, our findings
suggest this would have had limited impact on the volatile
budget of precursor bodies of achondrites and primitive
achondrites. Most NC bodies record a similar 8D signature
~ =250 %o, probably inherited from a mixture of interstellar
ice, similar to those in Cl-type chondrites, and nebular H..
The significantly lower 8D value of NWA 8409 compared
to other known NC planetesimals provides strong evidence
for a distinct source of hydrogen within the early Solar
System. The unique isotopic signature of NWA 8409, with
its 8D value of =560 + 166 %o, suggest that NWA 8409's
parent body may have ingassed solar nebula H, in a manner
that is not yet observed in other NC bodies, challenging
the notion of a uniform water reservoir across NC and CC
planetesimals and highlighting the complexity to identify
the source of hydrogen in early Solar System bodies. NWA
8409 and its paired meteorites must have originated from a
body large enough to retain a primordial atmosphere and
incorporate hydrogen from the solar nebula. This study
supports the nebular H, ingassing as a viable process for
hydrogen incorporation, which holds significant implications
for the habitability of exoplanetary systems.
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