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Abstract

Recent investigations of meteorites thought to originate from the asteroid 4 Vesta have suggested an early accretion of
water on rocky bodies in the inner Solar System from a carbonaceous chondrite-like source. However, these studies have been
based on the hydrogen isotope compositions (8D) of late-crystallizing apatite grains in eucrites that likely do not record the
primary magmatic composition. We have determined the 6D and H»,O concentrations in some of the earliest-formed silicates
(clinopyroxenes) from several eucrites with the goal of constraining the hydrogen isotope composition of their source reservoir
on their parent body. The H,O concentrations in clinopyroxenes from eucrites Juvinas, Stannern and Tirhert range from 5 to
18 pg/g, with a weighted average 8D of —263 4= 70%o. Their apatites and whitlockites exhibit a higher weighted average 3D of —
165 + 73%o, possibly as a result of H, degassing during or after phosphate crystallization. Thermal metamorphism of these
eucrites has most probably resulted in the loss of H, and an increase in their original 8D values. While the weighted average
6D value for the eucrite clinopyroxenes reported here is inferred to reflect an upper limit for the isotopic composition of the
silicate mantle reservoir on their parent asteroid 4 Vesta, the average 8D value of Stannern clinopyroxenes is considered to be
closest to the initial 3D of the source mantle (i.e., —=373 £ 127%o), which is lighter than that of Earth’s depleted upper mantle
and most carbonaceous chondrites. We suggest that at least some of the water in 4 Vesta (and possibly other rocky bodies in
the inner Solar System) was derived from a relatively deuterium-poor reservoir in the protosolar nebula, which was incorpo-
rated into planetesimals formed early in Solar System history.
© 2021 The Authors. 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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1. INTRODUCTION

Characterizing the abundance and distribution of water
(with the term “water” or “H,O” hereafter referring to
H/OH/H,0), as well as the D/H ratio of rocky bodies in
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the inner Solar System is essential for understanding the
source and timescale of water delivery to the terrestrial
planets. In this context, the eucrite meteorites are important
since they are thought to represent portions of the crust of
the asteroid 4 Vesta (McSween et al., 2011; Russell et al.,
2013), which is an intact original protoplanet (Russell
et al., 2013). Since eucrite minerals crystallized from basal-
tic magmas ~4.56 Ga ago (e.g., lizuka et al., 2015; Hopkins
et al., 2015; Kleine and Wadhwa, 2017, and references
therein), their compositions can provide insights into the
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compositions of their parent melts and the processes that
led to the formation of 4 Vesta’s crust during the early his-
tory of the Solar System.

Eucrites, mostly composed of pigeonite and calcic plagio-
clase (McSween et al., 2011; Mittlefehldt, 2015), are grouped
into basaltic and cumulate types, based on their petrography
(Stolper, 1977; Mayne et al., 2009). The basaltic eucrites are
thought to have crystallized rapidly as lava flows at the sur-
face of 4 Vesta, only ~3 to ~10 Ma after the formation of
CAIs (McSween et al., 2011) and are composed of fine- to
medium-sized grains. Cumulate eucrites, medium- to
coarse-grained gabbros, are thought to have crystallized at
greater depths, in dikes or plutons (McSween et al., 2011),
cooling at a slower rate than basaltic eucrites (over a period
of ~150 Ma; McSween et al., 2011), although their parent
melts are thought to be very similar (Treiman, 1997;
Barrat et al., 2000; Mittlefehldt and Lindstrom, 2003;
Barrat, 2004). Among the basaltic eucrites, geochemical sub-
division has been established between Main Group-Nuevo
Laredo and Stannern trends based on their bulk-rock mag-
nesium number (Mg#) or FeO,,yMgO weight ratio, as well
as their Ti and incompatible trace element abundances
(Stolper, 1977; Hsu and Crozaz, 1996; Hutchison, 2004;
Barrat et al., 2007). While the Main Group is widely
accepted as a fractional crystallization trend (Stolper,
1977; Warren and Jerde, 1987; Mittlefehldt and
Lindstrom, 2003), the Stannern trend eucrites have higher
abundances of Ti and incompatible elements, that could be
explained as resulting from the contamination of Main
Group basaltic melts by crustal melts (Barrat et al., 2007).
This contamination model supports the idea that Stannern
and some Main Group-Nuevo Laredo trend eucrites erupted
contemporaneously (Barrat et al., 2007).

Most eucrites experienced thermal metamorphism,
which involved reheating for short duration (about 1 Ma)
at a temperature >800-1000 °C (Yamaguchi et al., 1997),
several million years after their crystallization (e.g.,
13-18 Ma for some Main-Group eucrites; Kleine et al.,
2005). Sources of this thermal metamorphism could be
either impact melting or heating by subsequent flows or
intrusions (Nyquist et al., 1986; Takeda and Graham,
1991). Based on their degree of thermal metamorphism as
recorded by the chemical composition of their pyroxenes,
eucrites are categorized as ranging from petrologic type 1
to type 7 (Takeda and Graham, 1991; Yamaguchi et al.,
1996); increasing metamorphism results in characteristic
textural and compositional features in the pyroxene, i.e.
loss of chemical zonation, presence of augite lamellae exso-
lution, and apparent clouding of pyroxenes (Takeda and
Graham, 1991).

A range of formation models, involving either partial or
extensive melting (magma ocean models) of 4 Vesta, has
been proposed to explain the compositional diversity
among the eucrites (e.g., Stolper, 1977; Ikeda and
Takeda, 1985; Yamaguchi et al., 2009; Mandler and
Elkins-Tanton, 2013; Ashcroft and Wood, 2015;
Mittlefehldt, 2015 and references therein). However, no sin-
gle model has yet been able to fully explain the petrographic
and geochemical diversity among the Howardite-Eucrite-
Diogenite (HED) meteorites (Mittlefehldt, 2015).

The asteroid 4 Vesta is thought to be depleted in volatile
elements such as Na and K, as well as H, Cl and F, com-
pared to most rocky planetary bodies (e.g., Karner et al.,
2004; Sarafian et al., 2017). Given this volatile depletion,
the hydrogen in the regolith observed by the Dawn space-
craft has been concluded to have been supplied by exoge-
nous sources such as water-bearing impactors (Russell
et al., 2013; Prettyman et al., 2012). In addition, there is evi-
dence of secondary alteration in several eucrites that is sug-
gested to be mediated by aqueous fluids, possibly derived
from exogenous or endogenous sources (Treiman et al.,
2004; Barrat et al., 2011). Finally, recent analyses of H-
bearing apatites in eucrites, as well as clinopyroxenes, show
the presence of water, at least locally in the Vestan interior
(Sarafian et al., 2014; Barrett et al., 2016; Sarafian et al.,
2019). These studies show that the hydrogen isotope com-
position of eucritic apatites is similar to that of the Earth’s
upper mantle and carbonaceous chondrites, raising the pos-
sibility that water was acquired from a common chondritic
reservoir on all of these inner Solar System rocky bodies
(Sarafian et al., 2014; Barrett et al., 2016). These studies
additionally argued against late volatile delivery to rocky
bodies in the inner Solar System by meteoritic or cometary
impactors, tens of millions of years after the beginning of
the Solar System (e.g., Albarede, 2009; Halliday, 2013;
Sharp, 2017; O’Brien et al., 2018; Piani et al., 2020; Day
and Moynier, 2014).

The Ca-phosphate mineral apatite has previously been
used as a hygrometer for the Moon (McCubbin et al.,
2015a) and 4 Vesta (Sarafian et al., 2017; Barrett et al.,
2016) and both hydrogen and chlorine isotopic composi-
tions have been measured in eucritic apatites (Sarafian
et al., 2014; Barrett et al., 2016; Sarafian et al., 2017;
Barrett et al., 2019). However, inferring the H,O contents
of parent magmas using igneous apatite is not simple
(Mathez and Webster, 2005; Boyce et al., 2014;
McCubbin et al., 2015b). It has been modelled by Boyce
et al. (2014) that H-rich lunar apatites (>1000 pg/g H,0)
could be formed from H-poor parent magmas. In fact,
McCubbin et al. (2015b) demonstrated that the interdepen-
dence of apatite-melt partition coefficients for F, Cl, and
OH induces a large range in the values for the OH partition
coefficient. As shown by these authors, if the Cl or F con-
tents of the apatite and the basaltic parent melt are not well
constrained, it can result in large uncertainties on the esti-
mation of the H,O content in the melt in equilibrium with
this phase. Furthermore, even if it is possible to calculate
the H,O content in the melt in equilibrium with the apatite,
there are other complications. Because apatites are typically
among the last crystallizing phases from a melt of basaltic
composition, an adequate correction for the amount of
crystallization needs to be made to calculate the H,O con-
tent in the parent melt. More importantly, if degassing of
H, occurred during the crystallization and evolution of
the parent melt, the late-forming apatite is unlikely to be
a robust indicator of the original H>O content or D/H ratio
of this parent melt (both of which would be significantly
affected by dehydrogenation processes). Indeed, H, degas-
sing signatures in apatites have been observed in lunar
basalts: apatite 5D values are often much higher than those
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of other early-formed phases (Stephant et al., 2020) or those
of their estimated parent melts (Tartese et al., 2013).

Several studies have shown that nominally anhydrous
mineral (NAMs), and in particular clinopyroxenes, can
serve as a proxy for quantifying the H,O content of a basal-
tic parent melt (Hauri et al., 2006; Wade et al., 2008;
O’Leary et al., 2010; Warren and Hauri, 2014). This is
because this mineral is one of the first to crystallize from
a melt of eucritic basaltic composition and its H,O partition
coefficient for such a melt composition is well constrained
(Aubaud et al., 2004; Wade et al., 2008; O’Leary et al.,
2010; Warren and Hauri, 2014). However, these partition
coefficients were determined at the high pressures of an
Earth-like mantle environment (few GPa) and may not be
appropriate for asteroidal settings. Moreover, the partition
coefficient of hydrogen between melt and pyroxene is
dependent on several factors including pressure, oxygen
fugacity, and pyroxene Al,O5 content (Hauri et al., 2006;
Skogby, 2006; Demouchy and Bolfan-Casanova, 2016).
Sarafian et al. (2019) determined a partition coefficient
between pyroxene and melt of D =0.1 at low pressure
(0.1 MPa) and low water content (200 pg/g), which is cur-
rently the most appropriate partition coefficient for Vestan
conditions. Using this new partition coefficient, they esti-
mate water content in the range of 10-70 pg/g H-O for bulk
4 Vesta. Here we report the hydrogen isotope compositions
and H,O concentrations in clinopyroxenes and phosphates
in three eucritic meteorites measured in situ using sec-
ondary ion mass spectrometry (SIMS). We use these data
to estimate the hydrogen isotopic composition and the
water budget of the asteroid 4 Vesta.

2. MATERIALS AND METHODS
2.1. Standards

Several terrestrial standards were used for the pyroxene
and the phosphate analysis sessions. The first set of stan-
dards for pyroxene analyses includes San Carlos olivine
for background monitoring (H>O <2 pg/g), KBH-1
orthopyroxene (Koga et al., 2003) for determining instru-
mental mass fractionation, as well as NMNH 11661018,
NMNH 116610-15, and NMNH 116610-21 clinopyroxe-
nes (Kumamoto et al., 2017) for H,O calibration. These
standards were mounted in 10 mm diameter aluminum
boats filled with indium following the protocol established
in previous studies (Aubaud et al., 2007; Mosenfelder
et al., 2011). As was done previously in several studies
of hydrogen in NAMs (Koga et al., 2003; Aubaud et al.,
2007; Mosenfelder et al., 2011; Hauri et al.,, 2002;
Tenner et al., 2009), these standards were baked overnight
at 115 °C before being pressed into the indium mount. The
second set of standards for phosphate analyses includes
Dry PMR-53 (which is PMR-53 clinopyroxene that has
been dehydrated via heating at 1000 °C for 3 hours, then
between 150 °C and 900 °C for 2.5 hours; Bell et al., 1995)
for background monitoring, Durango apatite (McCubbin
et al., 2010), Macusani rhyolitic glass (Pichavant et al.,
1987), DR-15-2-5 and DR20-1-1 (Clog et al., 2013) for
determining instrumental mass fractionation and H,O cal-

ibration. These standards were mounted in indium, in the
same manner as the first set. Both sets of mounted stan-
dards were baked in an oven at 50°C overnight for
~17h before being gold-coated and introduced into the
NanoSIMS. The H,O concentrations and 8D values of
the terrestrial standards are presented in supplementary
Table S1.

2.2. Samples

Polished thin sections of three eucrites, Juvinas, Stan-
nern, and Tirhert were studied here (Fig. 1). These eucrites
are all observed falls, and the sections were prepared from
interior fragments of these meteorites. This aspect is impor-
tant for minimizing terrestrial exposure (compared to mete-
orite finds) and contamination of the analyses of H,O
concentrations and D/H ratios conducted here (Stephant
et al., 2018). These eucrites represent a variety of crustal
materials from the asteroid 4 Vesta. Juvinas and Stannern
are noncumulate, basaltic eucrites that are monomict brec-
cias. Geochemically, Juvinas is main group-Nuevo Laredo
trend eucrite, whereas Stannern defines the so-called Stan-
nern trend. Unlike the other two, Tirhert is a cumulate,
unbrecciated eucrite, and so likely crystallized and cooled
more slowly than the other two basaltic eucrites. These
three eucrites also belong to different petrologic types repre-
senting different degrees of metamorphic equilibration
(Takeda and Graham, 1991; Ruzicka et al., 2015): 4 for
Stannern, 5 for Juvinas, and 6 for Tirhert. All eucrites
higher than type 4 are considered to be equilibrated and
are characterized by microscopic or macroscopic pyroxene
exsolution features (Takeda and Graham, 1991; Pun and
Papike, 1996). Stannern pyroxenes still show remnants of
some Mg-Fe zonation that is absent in more metamor-
phosed eucrites (Takeda and Graham, 1991). Based on
the studies of pyroxenes in eucrites (Righter and Garber,
2011; and references therein), Stannern appears to have
recorded a complex crystallization, metamorphic (thermal
and shock), and brecciation history, which has been sum-
marized by Metzler et al (1995) as follows: (1) crystalliza-
tion of the primary magma, (2) slow sub-solidus cooling
or reheating, (3) impact brecciation, and (4) thermal meta-
morphism. As such, Stannern has been chemically re-
equilibrated to some degree (Metzler et al., 1995), but does
not show signs of significant recrystallization and is catego-
rized as type 4. Juvinas pyroxenes do not have any remnant
chemical zoning, and contain fine exsolution of augites, as
well as homogenous pigeonites clouded with chromite
(Takeda and Graham, 1991). As such, the degree of thermal
metamorphism evident in Juvinas is higher than in Stan-
nern, such that Juvinas is categorized as type 5. Finally, Tir-
hert is composed of highly equilibrated plagioclase and
pyroxene (that contains exsolution lamellae of augite),
and is categorized as type 6 (Ruzicka et al., 2015). The cool-
ing rate associated with type 6 thermal metamorphism is
relatively slow and comparable to that of cumulate eucrites,
with some of the pigeonite inverted into orthopyroxene
(Takeda and Graham, 1991). In fact, cumulate eucrites
are considered an unbrecciated sub-set of the petrologic
type 6 (Takeda and Graham, 1991).
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Fig. 1. Backscattered electron images of Juvinas (top left), Stannern (top right), Tirhert (bottom) thin sections. The scale bar is noted at the

bottom left of each image.

2.3. Electron microprobe analyses

Backscattered electron (BSE) images and chemical char-
acterization of mineral phases in polished thin sections of
Juvinas, Stannern, and Tirhert were obtained on the
Cameca SX-100 electron microprobe (Fig. 1). Electron
microprobe analyses were made of clinopyroxenes in each
of the three eucrites at the Open University after Nano-
SIMS measurements (adjacent to the NanoSIMS analysis

spots). Phosphates were located in Juvinas and Tirhert
(supplementary Fig. S1) and were measured at the Univer-
sity of Arizona.

Quantitative mineral analyses were performed in wave-
length dispersive mode, with an accelerating potential of
15kV. A focused beam of 20 nA with a 1 um spot size
was used to analyse the clinopyroxenes, while a beam cur-
rent of 10 nA with a 10 um spot size was used for phos-
phates; ZAF correction was applied to all measurements.
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Typical detection limits were 0.02-0.05% for major element
oxide abundances. The measured chemical compositions of
clinopyroxenes are presented in supplementary Table S2,
and those of apatites and whitlockites are presented in sup-
plementary Table S3.

2.4. Secondary ion mass spectrometer analyses

2.4.1. Clinopyroxenes

Secondary ion mass spectrometry measurements of D/H
and H/O ratios, calibrated as H,O concentrations, in
clinopyroxenes in Juvinas, Stannern, and Tirhert were per-
formed on the Cameca NanoSIMS 50L at Open University.
The H™, D~, *C™ and %0~ secondary ions were measured
using a Cs' primary beam of ~1.4nA rastered over a
10 x 10 pm? surface area. The electron gun was tuned to
an electron current of approximately 5000 nA. Carbon 13
ions were used to monitor any potential terrestrial contam-
ination on the sample. Examples of NanoSIMS spots on
the Juvinas, Stannern, and Tirhert sections analysed here
are shown in supplementary Fig. S2. Each analysis surface
area was divided into 64 x 64 pixels, with a counting time
of 0.132 ms per pixel. Blanking was performed, and only
the 5 x 5 um? (25%) interior of the surface area was anal-
ysed, with each measurement consisting of 200 cycles. Prior
to the analysis, the surface was pre-sputtered for ~10 min-
utes using the same primary beam current. Vacuum in the
analytical chamber was typically 3-3.5 x 107° Torr.

The H,O contents in clinopyroxene were determined
using a H7/'®0~ versus H,O calibration (supplementary
Fig. S3) based on three terrestrial clinopyroxenes (i.e.,
116610-18, 116610-15, and 116610-21; Kumamoto et al.,
2017) and the nominally anhydrous San Carlos olivine.
The slope of the calibration line determined with the R stu-
dio program is (1.69 + 0.07) x 10~7. The background for
H,O concentrations in eucrite clinopyroxenes was corrected
using the H7/'80~ ratio measured in the San Carlos oli-
vine, corresponding to a water content of 3+ 1 pg/g
(2SD, n =33). This value was subtracted from each of
the H>O concentration values estimated in the eucrite
clinopyroxenes.

The instrumental mass fractionation (IMF) factor was
calculated based on analyses of KBH-1, for which D/H
ratio was measured by Bell and Thinger (2000) and Koga
et al. (2003). The IMF factor was calculated to be 1.12
+0.05 (2SD, n=38). The measured D/H ratios are
expressed in terms of 6D values, defined as follows in Eq.

(1):
oD = [(D/Hmm[’/ﬁ)/(D/HVSM()W) — 1] x 1000 (1)

where D/Hysmow = 155.76 x 107® (Hagemann et al.,
1970). The raw measured D/H ratios were corrected for
IMF and the background. Finally, corrections were also
applied for the effects of cosmic-ray spallation reactions.
We estimated the production of deuterium by spallation
reactions using the D production rate of 2.1 x 10'> mol
D-g 'rock-Ma~! (Fiiri et al., 2017), and the known expo-
sure ages of the eucrites analysed here (Strashnov et al.,
2013). This production rate has been estimated based on
H,O-poor olivine and is most appropriate for silicate

phases (Fiiri et al., 2017). The cosmic ray exposure (CRE)
ages of Juvinas and Stannern are 11.9 £+ 0.5 Ma and 38.9
4+ 2.8 Ma (Strashnov et al., 2013), respectively. The expo-
sure age of Tirhert is unknown, as this sample is a relatively
recent fall (felt in 2014 in Morocco; Ruzicka et al., 2015).
However, it has been established based on their exposure
ages that eucrites come from five discrete impact events
on 4 Vesta, the youngest of which is 10.6 + 0.4 Ma and
the oldest is 37.8 4 0.6 Ma (Strashnov et al., 2013). Using
the two extreme CRE ages, the CRE-corrected D/H ratios
for Tirhert pyroxenes result in 8D values that barely over-
lap with each other within the errors (cf. supplementary
Fig. S4). Even though the exact CRE age for Tirhert is
not yet known, it is likely to lie within the range of CRE
ages of other eucrites. Based on the five impact event cluster
ages, the average eucritic exposure age is 22 + 11 Ma; this
value largely incorporates the potential uncertainty in the
actual exposure age for Tirhert. As such, we have used this
average eucritic exposure age value to correct the D/H
ratios in Tirhert pyroxenes for spallation production of
deuterium.

The 6D value measured for the San Carlos olivine was
used to correct the background on the measurements of
eucrite clinopyroxenes. The background corrected D/H
ratio is obtained using Eq. (2):

_ / (acorrected)
corrected — measured

D/H
% H 7/ léo;msured
Hﬁ/ 160;ea.\'ured - Hﬁ/ 1607
- D/H

background

background

— /16—
~ H / Obackgmund ( 2)
—/160)~ _H /160"
H / Omeaxured H / 0

background

The data for eucrite clinopyroxenes (including the raw
H~/"0~ ratios and background corrected H,O concentra-
tions, as well as the raw 8D values and those corrected for
the IMF, background, and spallation effects) are presented
in Table 1. Errors estimated for H,O concentrations take
into account the errors from counting statistics and the
background. Errors estimated for 8D values take into con-
sideration the errors based on counting statistics, as well as
the errors in the IMF and on the background 8D value.

2.4.2. Phosphate analyses

Measurements of D/H ratios and H/O ratios, calibrated
in H,O concentrations, in the apatites and whitlockites
from Juvinas and Tirhert were performed with the Cameca
NanoSIMS 50L at Arizona State University. The H™, D™
and '"®0~ secondary ions were measured using a Cs' pri-
mary beam of 150 pA rastered over a 10 x 10 um?* and a
5 x 5 pm? surface area for apatites and whitlockites, respec-
tively. Each analysis surface area was divided into 95 x 95
or 32 x 32 pixels, with a counting time of 1 ms per pixel. A
300 um aperture (D1-2) was used and only the interior
(50%) of the surface area was analysed, with each measure-
ment consisting of 100-150 cycles. Prior to the analysis, the
surface was pre-sputtered for 10 minutes using a primary
beam current of 400 pA. The electron gun was tuned to
an electron current of roughly 900 nA. A H /%0~ vs.
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Table 1

The H,O contents (pg/g) and 8D values (%0) measured in pyroxenes of Juvinas, Stannern, and Tirhert determined using the Cameca
NanoSIMS 50L at the OU. The H,O abundances reported here are corrected for the instrumental background. The 8D values reported here
are corrected for instrumental mass fractionation and background (IMF + bkg. corr.) and are additionally corrected for spallation (spall.
corr.). *The spallation correction is done using the production rate in Fiiri et al. (2017).

Sample H /O~ Error H,O (ng/g) Error 3D (%o) 3D (%o) 3D (%o) Error
raw 2SD (bkg. corr.) 2SD (ng/g) raw (IMF + bkg. corr.) (spall. corr.)* 2SD (%o)
Juvinas
Pyroxene la  2.04e™%"  4.62¢7'° 93 1.9 51 —98 —266 167
Pyroxene 1b 1.35¢7%7 3.65¢ 17 5.2 1.0 204 83 -215 215
Pyroxene 2 17277 417¢71° 74 1.5 138 0 -210 186
Pyroxene 3a  3.00e™  7.24¢7° 150 3.0 27 —110 —214 175
Pyroxene 3b  2.15¢"%7 62971 10.0 2.0 -13 —169 —326 209
Pyroxene 4 1.89¢7%7 4.16e71° 8.4 1.7 136 -1 —186 211
Pyroxene 5 1.46e7"7 37071 59 12 173 41 -225 199
Pyroxene 6 1.68¢7%7  421e7' 72 1.4 251 138 —78 206
Stannern
Pyroxene la  2.10e™% 44571 97 1.9 364 261 —-268 210
Pyroxene 1b  2.97¢7%  4.62¢7'° 1438 2.9 27 —111 —457 180
Pyroxene 2 3.45¢7"7 1.08¢71° 17.7 3.5 169 40 —250 243
Pyroxene 3 1.46e7%7 12671 59 1.2 541 523 —350 492
Pyroxene 4 2.08¢7 1.97¢71° 96 1.9 136 1 —537 471
Pyroxene 5 1.28¢7%  4.06e7" 48 1.0 438 412 —660 307
Pyroxene 6 1.94¢7%7 556710 87 1.7 248 130 —456 243
Pyroxene 7 1.49¢7%7 4247 6.1 1.2 714 741 —97 291
Tirhert
Pyroxene 2a 1317 33871 50 1.0 605 638 61 422
Pyroxene 2b 1.86e7%7 4327 83 1.6 239 121 —229 338
Pyroxene 4 21977 4917 1° 10.2 2.0 204 78 —205 258
Pyroxene 5 212¢7Y 4787 98 1.9 194 67 —229 261
Pyroxene 6 1.61e”” 38071 6.8 1.3 233 117 -310 376

H,O calibration curve was used to determine H,O concen-
trations in eucrite apatites and whitlockites (supplementary
Fig. S5). Background for H,O concentrations in eucrite
apatites and whitlockites is corrected using the H/'*0~
ratio measured on Dry PMR-53 (4.36 +0.30) x 102
(300 £ 20 pg/g) for the analytical session with Juvinas
phosphates and (7.93 £ 0.62) x 1072 (550 + 40 pg/g) for
the analytical session with Tirhert phosphates).

For hydrogen isotopic measurements, the IMF factor
o based on analyses of Durango apatite and Macusani
rhyolitic glass standards (supplementary Table S1) is
1.06 +0.09 (2SD, n =9). The measured D/H ratios are
expressed in 6D notation as defined in equation [1]
defined earlier. The raw measured D/H ratios were cor-
rected for IMF, followed by corrections for the back-
ground and the effects of spallation reactions.
Spallation corrections were applied for water-rich apatites
and whitlockites using the D production rate of
9.2 x 10"* mol D-g 'rock-Ma ™' (Merlivat et al., 1976),
which was determined on bulk-rock samples and, there-
fore, is more appropriate production rate for phosphates
in the absence of a known phosphate-specific D produc-
tion rate. The corrected 8D values are lower by less than
3%0 compared to uncorrected values, which is signifi-
cantly smaller than analytical uncertainties. The 6D value
measured using the Cameca NanoSIMS 50L for the Dry
PMR-53 (-139 £ 48%c; 2SD) was used to correct the
background on the measurements of eucrite phosphates

and did not change over the course of this study. The
background corrected D/H ratio is obtained using Eq.
(2) defined earlier. The data for eucrite apatites and whit-
lockites (including the raw H/'®0~ ratios and back-
ground corrected H,O concentrations, as well as the
raw 0D values and those corrected for the IMF, back-
ground and spallation effects) are presented in Table 2.
Errors estimated for H,O concentrations take into
account the errors from counting statistics and the back-
ground. Errors estimated for 8D values take into consid-
eration the error based on counting statistics, as well as
the errors in the IMF and on the background 8D value.

3. RESULTS
3.1. Nominally anhydrous minerals

The 3D values of nominally anhydrous minerals, i.e.,
clinopyroxenes, in each of the three eucrites are plotted
against H,O contents in Fig. 2 (data are given in Table 1).
The H,O contents recorded in clinopyroxenes range from
5.2+ 1.0 to 15.0 4+ 3.0 pg/g for Juvinas, from 4.8 + 1.0 to
17.7 4+ 3.5 pug/g for Stannern, and from 5.0 + 1.0 to 10.2
=+ 2.0 pg/g for Tirhert.

Clinopyroxene 6D range from -326 +209 to — 78
+ 206%o for Juvinas, from —660 =+ 307 to —97 4 291%o for
Stannern, and from -310 + 376 to + 61 &= 422%0 for Tir-
hert. Weighted average of 6D in clinopyroxenes is —218
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Table 2

209

The H,O contents (pg/g) and 3D values (%0) measured in whitlockites and apatites of Juvinas and Tirhert determined using the Cameca
NanoSIMS 50L at ASU. The H,O abundances reported here are corrected for the instrumental background. The 8D values reported here are
corrected for instrumental mass fractionation and background (IMF + bkg. corr.) and are additionally corrected for spallation (spall. corr.).
*The spallation correction is done using the production rate in Merlivat et al. (1976).

Sample  Mineral H /O~  Error H,0 (ng/g) Error 8D (%0) 3D (%o) 3D (%o) Error
raw 2SD (bkg. corr.) 2SD (pg/g) raw (IMF + bkg. corr.) (spall. corr.)*  2SD (%o)
Juvinas  Whitlockite 18d  1.69¢™°'  9.40e % 880 78 33 17 16 107
Whitlockite 19 2.26e7°"  3.01e™® 1282 90 —145 —204 —205 83
Whitlockite 20 2.55¢7%"  2.99¢7%* 1486 103 —-33 -75 -75 96
Whitlockite 21c~ 1.99¢7%!  1.65¢™% 1097 76 178 184 184 126
Whitlockite 28 2.62¢7%'  1.22¢7%% 1538 128 —113 —166 —166 87
Whitlockite 31 1.95¢™°"  1.25¢7% 1065 73 -208 —285 —285 75
Apatite 23 2.80e7  6.40e7%% 1665 397 14 -23 —24 134
Apatite 24 4.13¢7°"  1.47¢7% 2601 201 —62 —111 —111 91
Apatite 25 8.89¢7  1.12¢7% 319 22 —10 7 5 116
Apatite 26 1.20e™""  241e7*% 541 39 37 48 47 109
Apatite 27a 1.03¢7°" 1.23¢7% 420 29 83 142 141 132
Apatite 30 1.30e™""  291e7% 608 44 190 257 256 130
Tirhert ~ Whitlockite 1A 3.85¢7%"  3.64¢7%% 2154 207 —132 —190 —190 76
Whitlockite 2A  3.99¢°'  1.93¢ %% 2248 115 —191 —259 —259 70
Whitlockite 3A  2.79¢7%!  1.35¢7%% 1408 72 —171 —247 —247 71
Whitlockite 4A  2.78¢7%"  9.94¢7%* 1396 55 —99 —152 —152 80
Whitlockite 9 3.50e™  1.66e" 1906 96 -22 —58 —58 89
Whitlockite 14 3.52¢7°"  7.88¢%* 1920 54 —171 —239 —239 72
Whitlockite 12 3.00e™"!  8.99¢7% 1551 54 -101 —155 —155 80
Whitlockite 13 3.85¢ %" 1.02¢7%* 2149 68 —171 —236 —236 72
Apatite 32 391e7%  1.34e7%% 2193 84 218 —292 —292 66
Apatite 33 3.8le " 565 2126 48 —217 —292 —292 66
1000 3.2. Phosphates
@ Juvinas
o 750 @Stannern The H,O concentrations and D/H ratios, expressed in
é 500 + mTirhert 6D notation, of apatites and whitlockites in Juvinas and
<) #Y 74450 - previous work Tirhert are presented in Fig. 3 and Table 2. The H,O con-
§ k) centrations in apatite and whitlockite of Juvinas range from
£ ol b eatments 319+£22 to 26014201 pg/g and 880+78 to 1538
“— =+ 128 pg/g, respectively. Apatites and whitlockites in Tir-
% -250 T hert also exhibit ranges in their H,O contents, from 2126
| + 48 to 2193 + 84 pg/g and 1396 + 55 to 2248 + 115 pg/g,
a e respectively. The relatively high H,O content in eucritic
-750 J whitlockite supports its characterization as this mineral
1000 and not as merrillite, which is nominally H-free (Jolliff

15 20 25

10
H,0 (ug/g) of clinopyroxene

Fig. 2. Plot of 8D (%o) versus H,O (ng/g) in clinopyroxenes of the
eucrites analysed here (Juvinas, Stannern, and Tirhert). The value
reported for Y-74450 is from Sarafian et al. (2019) and has been
corrected for spallation assuming the youngest CRE age for the
eucrites (i.e., 7.1 & 0.6 Ma). Earth’s depleted upper mantle 6D is
given for comparison (60 £ 5%0; Clog et al., 2013).

+ 50%0 (26, n = 8) for Juvinas, —373 + 127%o (20, n =38)
for Stannern, and 201 £ 128%0 (25, n=15) for Tirhert.
The weighted average of 3D for clinopyroxenes in all three
eucrites taken together is —263 + 70%0 (20, n=21). 8D
averages have been weighted by inverse squares of 6D
uncertainties.

et al., 2006). Phosphates in Juvinas show a large range of
6D values, from -286+ 75 to -+ 2554 130%0, with a
weighted average of — 72 +99%. (average weighted by
inverse squares of 3D uncertainties). Tirhert phosphates
exhibit a narrower range, from —292 + 66 to —58 4 89%o,
with a weighted average of —223 4+ 43%.. The weighted
average 0D value for all eucrite phosphates measured here
is =165 + 73%o (20, n = 22).

4. DISCUSSION

4.1. Hydrogen isotope and H,O compositions of
clinopyroxenes

Sarafian et al. (2019) reported the water contents for
clinopyroxenes in a set of eucrites (Yamato (Y)-74450,
Y-75011, Y-793548, Y-82210, as well as Juvinas). The water
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Fig. 3. Plot of 3D (%) vs. H,O (ug/g) in apatites and whitlockites of Juvinas and Tirhert, compared to literature data. Data for phosphates
from Dar al Gani (DaG) 844, DaG 945, Millbillillie, Stannern, Sioux County, and Moore County are from Barrett et al. (2016); data for
phosphates from Pecora Escarpment (PCA) 91078, Juvinas, Stannern, and Cachari are from Sarafian et al. (2014). Earth’s depleted upper

mantle 3D is given for comparison (60 %+ 5%0; Clog et al., 2013).

content ranges from 1.8 £ 0.2 to 9.9 £ 1.0 pg/g for clinopy-
roxenes in the Yamato eucrites (n = 8) and from 3.7 + 0.4
to 4.4+ 0.4 ug/g in the two Juvinas pyroxenes analysed.
The lower content of water in the cores of Juvinas pyroxe-
nes compared to those in the unequilibrated Yamato
eucrites is inferred as evidence that thermal equilibration
of eucrites occurred in an open system for H (Sarafian
et al., 2019). Our analyses of clinopyroxenes in the three
equilibrated eucrites, Juvinas, Stannern, and Tirhert yield
a slightly broader range of water contents compared to
those in the unequilibrated Yamato eucrites, with an aver-
age value of 8.8 + 3.4 pg/g H,O. Nevertheless, there is some
indication that the water content of eucritic clinopyroxenes
is related to the degree of metamorphic equilibration of the
samples (Fig. 4). While the lowest H,O values measured in
clinopyroxenes in the three samples analysed here are the
same within errors, the least thermally metamorphosed
Stannern shows the highest average water content (i.e.,
9.6 = 4.5 pg/g H,0) and the largest range in water abun-
dances, while the more thermally metamorphosed Tirhert
shows the lowest average water content (i.e., 8.0 2.2 ng/
g H,0) and the smallest range in water abundances
(Fig. 4). Moreover, no correlation is observed between
the Mg# (Mg/(Mg+ Fe)) of clinopyroxenes and their
water content (supplementary Fig. S6), which should be
expected if only fractional crystallization played a role in
H incorporation in the pyroxenes. Indeed, due to the
incompatibility of H, a later-formed pyroxene (with a lower
Mg#) should incorporate higher amounts of H compared
to an earlier-formed (higher Mg#) pyroxene, resulting in
a negative Mg#-H,O trend. Such a trend is not observed
for pyroxenes in the three eucrites studied here (supplemen-
tary Fig. S6). As such, it is possible that the water contents
(and perhaps also 3D values) in the most thermally meta-
morphosed eucrites such as Tirhert may have been affected
to some degree by secondary subsolidus processes.

Only a single value of 8D (i.e., —228 + 49%o) has previ-
ously been reported for a eucritic pyroxene (in Yamato
74450; Sarafian et al., 2019). This value is not corrected
for spallation as the exposure age of this eucrite is unknown
and the authors stated that the correction would be small,
on the order of few 10 s of permil. Nevertheless, pyroxene
in this eucrite has a water content of 5.6 & 0.5 pg/g (average
of the three measurements reported by Sarafian et al.,
2019), which is likely to result in a non-negligible correc-
tion. The exposure ages measured so far in eucrites vary
from 7.1 +0.6 Ma to 38.9 +2.8 Ma, and are apparently
related to five distinct impact events (Strashnov et al.,
2013). Using the lowest value as a minimum, the minimal
spallation correction of this pyroxene would be 167%o, giv-
ing a corrected 3D value of —395 4+ 54%o. This minimal
spallation-corrected value of the unequilibrated Yamato
74450 is consistent with the weighted average of clinopyrox-
ene 0D values measured in Stannern (—373 4 127%o), the
least thermally metamorphosed eucrite in our sample set.
Indeed, while the weighted averages of clinopyroxene 8D
values in each of the three eucrites are indistinguishable
from each other within their uncertainties (Fig. 4A), the
absolute values of these weighted averages and the oD
ranges in clinopyroxenes in each of these eucrites seem to
correlate with their degree of metamorphism (Fig. 4; sup-
plementary Fig. S7). Pyroxene in the least thermally altered
sample, Stannern, has a lower weighted average dD (—373
=+ 127%0) compared to that for the most altered sample, Tir-
hert (—201 £ 128%o). Student T-test among these samples
confirm this significant 8D difference (p value <0.05). This
is further supported by the similarity of 8D in pyroxene
for Stannern and for the unequilibrated Yamato 74450
(Sarafian et al., 2019). Therefore, this correlation, although
somewhat tenuous, might indicate that some (likely diffu-
sive) loss of H from the clinopyroxene during thermal meta-
morphism may have resulted in systematically higher dD
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Fig. 4. (A) Ranges of 6D (vertical brown bars) and H,O (vertical blue bars) measured in clinopyroxenes of the three eucrites as a function of
their petrologic type indicating thermal metamorphic grade (Stannern = 4; Juvinas = 5; Tirhert = 6). Diamond symbols (with +2SD errors)
represent weighted averages of 8D values and circle symbols (with £2SD errors) represent averages of water concentrations in clinopyroxenes.
(B) Gaussian plot of H,O (pg/g) in clinopyroxenes of the eucrites analysed here (Juvinas, Stannern, and Tirhert). Eucrites with a higher degree
of thermal metamorphism exhibit lower average water contents in their clinopyroxenes. (C) Gaussian plot of D (%o) in clinopyroxenes of the
eucrites analysed here (Juvinas, Stannern, and Tirhert). Eucrites with a higher degree of thermal metamorphism exhibit higher average 8D
values in their clinopyroxenes, which is apparent from higher 8D values measured in the sample (see main text for explanation). (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

and lower H,O contents (Kyser et al., 1998; Bindeman
et al., 2013).

4.2. Hydrogen isotope and H,O compositions of phosphates

The 8D values for Juvinas and Stannern apatites have
been previously reported to range from -223 +£21 to —
179 + 29%0 and from —107 4 38 to —37 &+ 68%o, respectively
(Sarafian et al., 2014; Barrett et al., 2016, additionally
reported data for Stannern apatites that have significantly
larger errors but agree with these values) (Fig. 3). Overall,
the eucritic apatite data set from Sarafian et al. (2014),
including PCA 91078, Pasamonte, Juvinas, Stannern and
Cachari, yields a weighted average 0D of —162 + 127%o.
Barrett et al. (2016) have also reported data for apatites
from the DaG 945, DaG 844, Millbillillie, Stannern, Sioux
County, and Moore County eucrites. The weighted average
8D reported by these authors is —34 + 67%o, consistent with
the data of Sarafian et al. (2014) (Fig. 3).

In this study, we analysed phosphates from Juvinas and
Tirhert that yield a weighted average 6D of —165 4 73%o,
which is indistinguishable from the weighted average of
the D values of eucritic apatites of —151 4 23%o obtained
from the combined data sets of Sarafian et al. (2014) and
Barrett et al. (2016). Based on the similarity of this dD
value with that of bulk carbonaceous chondrites (Robert,
2003; Alexander et al., 2012) and the depleted upper mantle

of Earth (Clog et al., 2013), these previous studies inferred
that water on 4 Vesta and Earth was derived from a car-
bonaceous chondrite-like reservoir.

However, the weighted average 6D value reported here
for eucritic clinopyroxenes is lighter than such reservoirs
(Fig. 5). Terrestrial contamination is an unlikely explana-
tion for the relatively heavier weighted average 6D value
for apatites and whitlockites in the Juvinas and Tirhert
eucrite falls as their water contents are relatively high
(~300 to ~2600 pg/g). Notably, the lowest 3D values mea-
sured in these eucritic phosphates (i.e, D = -285 + 75%o in
Juvinas whitlockite and — 292 4+ 66%o for Tirhert apatite)
are close to the weighted average value for eucritic clinopy-
roxenes (i.e. —263 + 70%c; Fig. 5). Furthermore, there
appears to be a slight negative correlation between 3D val-
ues and H,O contents in these eucritic phosphates (in par-
ticular for Juvinas and Tirhert; Fig. 3). This trend could be
the result of H, degassing from the magma during phos-
phate crystallization (Kyser and O’Neill, 1984). In fact,
the Cl isotopic compositions of apatites in eucrites have
been argued to result from degassing during a magma
ocean crystallization phase of 4 Vesta (Sarafian et al.,
2017; Barrett et al., 2019). However, the 8D and 6Cl signa-
tures in eucritic apatites appear to be decoupled, and Cl is
thought to have degassed as metal chloride in a H-poor
environment. Alternatively, a similar trend could result
from subsolidus diffusive loss of hydrogen from the
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Fig. 5. Plot of 8D (%0) versus H,O (ug/g) in clinopyroxenes (red),
apatites (green) and whitlockites (blue) of the eucrites analysed here
(Juvinas, Stannern, and Tirhert). The red band is the weighted
average of the dD values (—263 4 70%0) in the clinopyroxenes of
these three eucrites. The 8D values obtained here for phosphates,
ie., apatites and whitlockites, from Juvinas and Tirhert are
consistent with previously reported data for eucritic apatites
(Sarafian et al., 2014; Barrett et al., 2016); the weighted average
3D value for these phosphates analysed in this study of —165
4 73%o is shown as the blue band. (For interpretation of the
references to color in this figure legend, the reader is referred to the
web version of this article.)

phosphates (see below). As such, the Juvinas and Tirhert
phosphates with the highest H,O contents likely record
dD values (i.e., ~—300%oc) that represent an upper limit for
the mantle source on 4 Vesta.

4.3. Possible processes affecting eucritic clinopyroxenes:
Implications for the hydrogen isotopic composition of 4 Vesta

Considering (i) the low water concentrations, (ii) the low
dD values, and (iii) the equilibrated nature of clinopyroxe-
nes in the eucrites studied here, it is important to evaluate
the reliability of clinopyroxene H,O-3D systematics to infer
the origin and abundance of water on 4 Vesta. Here we
assess the different processes that might have altered the ini-
tial H,O-3D signatures in eucritic clinopyroxenes.

One might consider that NAMs are more prone to ter-
restrial alteration than the relatively water-rich minerals
such as phosphates because of their low H,O content
(Stephant et al., 2018). The three eucrites studied here are
all falls, so that they had limited exposure to the terrestrial
environment. We also ensured that the polished sections
were prepared from interior fragments of these meteorites.
We followed well-established SIMS protocols to minimise
H contamination during analyses (see Sections 2.4.1 and
2.4.2). Moreover, the high spatial resolution of the Nano-
SIMS technique allows for the avoidance of cracks (that
can serve as pathways for contamination) during analyses.
We note that the 3D weighted average obtained for eucritic
pyroxenes, i.e., —263 £ 70%o, is lower than terrestrial water
reservoirs (—130 to + 10%o, with the exception of ice sheets;
Lécuyer et al., 1998), also suggesting minimal terrestrial
alteration in these minerals.

Equilibrium isotopic fractionation of hydrogen can
occur in a basaltic system and the effect varies with temper-
ature (Saccocia et al., 2009). However, the fractionation
among minerals for a given temperature is limited to
~60%o (Saccocia et al., 2009). Moreover, Bindeman et al.
(2012) demonstrated through modelling of melting pro-
cesses that no significant hydrogen isotopic fractionation
is expected during basaltic melt crystallization. As such,
any large variations among phases within a basalt have to
be the result of other processes, such as degassing, diffusion,
or contamination (Kyser and O’Neill, 1984; Bindeman
et al., 2012).

While degassing leads to a decrease in the total H,O
content of the magma, the effects on magmatic 6D values
can vary depending on the H-bearing species that is being
degassed (Kyser and O’Neill, 1984), i.e., loss of H,O from
a parent magma decreases the magmatic 8D value while
loss of H, increases 6D. Therefore, if H>O loss occurs from
the magma during crystallization, a positive correlation
between 6D and H,O content is expected between earlier-
formed and later-formed crystals. However, at the temper-
ature at which basaltic magmas degas (i.e., ~1200 °C), the
D/H ratios of the H,O vapor and basaltic minerals are
nearly identical such that no fractionation in D/H ratio is
expected (Kyser and O’Neill, 1984; Sarafian et al., 2017).
Furthermore, given the relatively low oxygen fugacity
within 4 Vesta (i.e. AIW ~ —2.2 for Vesta; Righter and
Drake, 1996), the dominant H-bearing species degassed
from eucrite magmas is expected to be H, and not H,O
(Sarafian et al., 2014; Hirschmann et al., 2012). The loss
of H, from the magma during crystallization would result
in an anti-correlation between 6D and H,O content. How-
ever, clinopyroxenes in Juvinas, Stannern, and Tirhert do
not show any clear evidence (i.e., outside of the analytical
uncertainties) for such an anti-correlation within or among
these eucrites.

Subsolidus diffusive loss of hydrogen from minerals can
also lead to an anti-correlation between 6D and H,O con-
tent; this is due to the relatively rapid diffusion of protons
compared to deuterons from a solid phase to the surround-
ing phase(s) (Roskosz et al., 2018). Within each of the
eucrites studied here, the clinopyroxenes do not exhibit
such trends (Fig. 2). This would suggest that neither degas-
sing nor subsolidus diffusive loss have significantly affected
the 8D-H,0O systematics in clinopyroxenes within these
eucrites (in contrast to the phosphates discussed earlier in
Section 4.2 which may record the effects of such processes
in their 8D-H,O systematics).

Nevertheless, as discussed previously in Section 4.1,
Fig. 4 provides a hint that diffusive equilibration due to
thermal metamorphism may have affected the H,O-3D sys-
tematics in clinopyroxenes to a minor degree among vari-
ous eucrites. Specifically, our results on the three eucrites
with different degrees of equilibration suggest that the
higher the degree of thermal metamorphism, the higher
the weighted average oD of clinopyroxenes and the lower
the water content (Fig. 4 and supplementary Fig. S7). As
such, it seems plausible that subsolidus thermal metamor-
phism has induced H" diffusion through the pyroxenes,
resulting in an increase of the original 3D and a decrease
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of the H,O content. It is noteworthy that the bulk sample of
Juvinas has heavier rubidium and potassium isotopic com-
positions compared to the bulk sample of Stannern (supple-
mentary Fig. S7; Pringle and Moynier, 2017; Tian et al.,
2019). This is consistent with volatile losses during plane-
tary processes rather than during nebular processes
(Pringle and Moynier, 2017), even though the actual pro-
cess responsible for such loss is unclear (Tian et al.,
2019). It is possible that the thermal metamorphism of
eucrites might have been responsible for some of these vola-
tile losses. Therefore, among our sample set, Stannern, with
the lowest degree of thermal metamorphism, could be
viewed as the best proxy for constraining 4 Vesta’s water
abundance and hydrogen isotopic composition notwith-
standing its complex petrological history. Moreover,
among the three eucrites studied here, the weighted average
SD value for Stannern clinopyroxenes (i.e., —373 + 127%o;
2SD, n=28) is closest to the minimally spallation-
corrected 8D value for clinopyroxenes in the Yamato
74450 unequilibrated eucrite (i.e., —395 + 54%o; uncorrected
6D value = 228 4+ 49%o from Sarafian et al., 2019) which
was largely unaffected by thermal metamorphism.

Solar wind hydrogen (with a 8D of ~-1000%0; Wiens
et al., 2004) can be implanted in mineral grains (up to a
depth of a few 100 s of nm) at the surfaces of airless bodies.
Indeed, agglutinates in lunar soil are known to have very
light 8D signatures (e.g. Liu et al., 2012; Stephant and
Robert, 2014) that are attributed to solar wind incorpora-
tion in the lunar regolith due to space weathering.
Implanted solar wind hydrogen could then be incorporated
into lunar magmas by assimilation of this regolith, thereby
leading to a lowering of the original magmatic dD. Such
processes have been suggested to account for low 3D values
measured in some lunar mare basalts (Treiman et al., 2016;
Singer et al., 2017; Barnes et al., 2019). Assimilation of
lunar regolith, associated with light 8D signatures, in mag-
mas erupting at the lunar surface has also been implicated
in the petrogenesis of some highly fractionated rocks such
as quartz-monzodiorites (QMDs) and felsites (e.g.
Robinson et al., 2016). However, there is no petrographic
or geochemical evidence of regolith assimilation in the
eucrites studied here. As such, assimilation of solar wind
implanted surface materials in the parent melts is likely to
be an insignificant factor for these eucrites.

Finally, 8D correction from spallation contributions of
deuterium can be an important issue, considering the typi-
cally low water content in the pyroxenes. However, CRE
ages of eucrites are well determined and relatively low,
i.e., between 7.1 and 39.7 Ma (Strashnov et al., 2013). Tir-
hert is an exception, as being a relatively recent fall, its
exposure age is still undetermined. However, we can assume
that the average CRE age for eucrites of 22 + 12 (estimated
from the average of the exposure ages of the five eucrite
clusters; Strashnov et al., 2013) is the best estimate for the
exposure age of Tirhert.

In light of the above discussion, we conclude that the
weighted average dD of clinopyroxenes of the eucrites Juvi-
nas, Stannern, and Tirhert (i.e., —263 &+ 70%0) reflects the
upper limit of the composition of the eucrite parent mag-
mas, and that for Stannern clinopyroxenes (i.e., —373

4 127%0) may be considered to be the closest proxy for
the initial 6D of the mantle source reservoir of the eucrites
on 4 Vesta. As noted previously, this weighted average
value for Stannern pyroxenes is similar to the minimally
spallation-corrected value for pyroxene in the unequili-
brated Yamato 74450 eucrite (i.e. —395 + 54%o; spallation
uncorrected 8D value =-228 + 49%o0 from Sarafian et al.,
2019), which is largely unaffected by thermal metamor-
phism. This is lower than the weighted average 8D of the
phosphates in Juvinas and Tirhert (i.e., —165 + 73%o), but
still consistent within errors, with the 6D value measured
in the phosphate with the highest H,O content (i.e., —292
=+ 66%o in a Tirhert apatite; Table 1). Since the D/H frac-
tionation between these magmas and their source in the
Vestan interior at magmatic temperatures is expected to
be negligible, the weighted average 8D value for Stannern
clinopyroxenes is our best estimate of the 6D of their man-
tle source on 4 Vesta. This value is lower than any known
cometary composition (Alexander et al., 2018). It is also
lower than the average 6D value for bulk carbonaceous
(CI, CM, CV, and CO) chondrites (Alexander et al.,
2012), Earth’s depleted upper mantle (Clog et al., 2013)
and other terrestrial aqueous reservoirs (Hoefs, 2015)
(Fig. 6).

4.4. Water content of bulk silicate 4 Vesta

Several recent studies have shown that the compositions
of clinopyroxene phenocrysts in terrestrial igneous rocks
can be used to reliably estimate magmatic water contents
(Aubaud et al., 2004; O’Leary et al., 2010; Wade et al.,
2008; Warren and Hauri, 2014; Hauri et al., 2006; Weis
et al., 2018). As noted previously in Sections 4.1 and 4.3
above, the clinopyroxenes in the relatively equilibrated
eucrites such as Juvinas and Tirhert have likely undergone
subsolidus H* diffusion due to thermal metamorphism to a
greater degree than this mineral in less equilibrated eucrites
such as Stannern. Therefore, we assume that the measured
H,O content in the clinopyroxene with the highest Mg#
(i.e., Pyroxene la with 9.7 1.9 ug/g H->O; Tables 1 and
S1) of Stannern most closely approximates the original
water abundance in first-formed clinopyroxenes in equilib-
rium with their parent magma.

Previous work has described a linear relation between
clinopyroxene-silicate melt partition coefficient for H,O
and the amount of tetrahedral AI** in the clinopyroxene
(O’Leary et al., 2010; Wade et al., 2008; Weis et al.,
2018). However, the parameterization of the
clinopyroxene-melt partition coefficient corresponds to
higher pressure (i.e., 1.5 GPa) than expected for an asteroi-
dal body such as 4 Vesta. Recently, Sarafian et al. (2019)
determined a partition coefficient for H,O (i.e., D =0.1)
between pyroxene and melt at low pressure (0.1 MPa) and
low water content (200 pg/g). These authors acknowledged
that one caveat of their experiments is the drastic difference
in oxygen fugacity between their experimental melt and
eucritic melts, which crystallized at about 5 log units lower
(i.e. AIW ~ —2.2 for Vesta, Righter and Drake, 1996).
Although oxygen fugacity is known to affect the H specia-
tion in melt (Newcombe et al., 2017), Sarafian et al. (2019)
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Fig. 6. The 0D distribution in the inner Solar System. The two red squares and vertical bands show our estimates of the 6D value for 4 Vesta:
the vertical solid red band represents our upper limit estimate of the D value for 4 Vesta (—263 + 70%o; weighted average, with 2SD errors, of
the 8D values of clinopyroxenes in Juvinas, Stannern, and Tirhert) and the vertical diagonally-striped red band represents our best estimate of
the 8D value for 4 Vesta based solely on Stannern NAMs (373 4 127%o0; weighted average, with 2SD errors, of the 8D values of
clinopyroxenes in Stannern). Also shown is the weighted average, with 2SD errors, of phosphates (phosp.) reported in this study (red
diamond). For comparison, the weighted average of eucritic apatites (ap.), with 2SD errors, from the combined data sets of Sarafian et al.
(2014) and Barrett et al. (2016) is also showed (maroon diamond), as well as the minimally spallation corrected 8D value of Yamato 74450
pyroxene reported by Sarafian et al. (2019) (maroon square). The vertical gray band represents the weighted average 8D with 2SD error of
bulk carbonaceous (CI, CM, CO, CV) chondrites (61 4= 120%c; calculated from the compiled dataset in Alexander et al., 2012); the 8D values
of measured bulk samples (orange) and those estimated for water (light blue) from different carbonaceous chondrite types are also shown
(Alexander et al., 2012). The dark gray and green arrows indicate the large range in 6D reported previously in lunar samples and martian
meteorites (Tartese et al., 2013; Robinson et al., 2016; Barnes et al., 2014; Gillet et al., 2002; Mane et al., 2016; Usui et al., 2012). The lowest
lunar values were reported by Robinson et al. (2016) and Barnes et al. (2014), and the lowest Martian values by Gillet et al. (2002). For Earth,
the values for deep mantle (Hallis et al., 2015) and depleted upper mantle (Clog et al., 2013) are shown; dashed blue arrow represents the
estimated upper limit for the deep mantle reservoir and the dark blue line represents the range of 3D values for terrestrial water reservoirs
(Hoefs, 2015). The 8D value for the protosolar nebula (vertical yellow band) is from Geiss and Gloeckler (1998). (For interpretation of the

references to color in this figure legend, the reader is referred to the web version of this article.)

argued that the difference in H speciation between eucritic
melts and their experimental melts should not be consider-
ably different. On the other hand, it has been shown that H
incorporation in NAM:s is strongly dependent on the pres-
sure (Demouchy and Bolfan-Casanova, 2016; and refer-
ences therein). Since the partition coefficient for H,O
recently reported by Sarafian et al. (2019) was determined
at low pressure, it is currently the most appropriate value
available for conditions on asteroid 4 Vesta. Using this
new partition coefficient, the H,O content of the eucrite
parent melt in equilibrium with the earliest-formed Stan-
nern clinopyroxene with the highest Mg# (ie., 9.7
+ 1.9 ug/g H,O; Table 1) is estimated to be between 78
and 116 pg/g. This estimate is higher compared to that of
Sarafian et al. (2019) (i.e., 50-70 pg/g).

Previous studies have suggested that eucrites were
formed as either partial melts or residual melts after exten-
sive melting and fractional crystallization processes on their
parent body (e.g., Stolper, 1977; Ikeda and Takeda, 1985;
Yamaguchi et al.,, 2009; Mandler and Elkins-Tanton,
2013; Ashcroft and Wood, 2015). In either case, the silicate
fraction of their source region (presumably 4 Vesta) is
required to have undergone 80-85% solidification prior to
the formation of eucrite magmas (Mandler and Elkins-
Tanton, 2013). Using the eucrite parent magma water con-
tent estimated here (i.e., 78 to 116 ug/g H,0), a mass bal-

ance calculation assuming that, to first order, the
solidified fraction was anhydrous, the H,O content of the
bulk silicate reservoir for 4 Vesta is estimated to be ~12—
23 pg/g. This is similar to the range of 10-70 pg/g H,O esti-
mated by Sarafian et al. (2019) for the Vestan mantle. This
estimate is significantly lower than that for the present day
bulk silicate Earth (i.e., 1000-3000 pg/g H,O (Marty, 2012);
1100 = 220 pg/g H>O (Palme and O’Neil, 2014); ~3900 pg/
g H,O (Peslier et al., 2017; and references therein)), and is
similar to the lower end of the range of water contents esti-
mated for the bulk silicate Moon (~1 to ~450 pg/g H,O;
McCubbin et al.,, 2010; Hauri et al., 2011, 2015; Hui
et al., 2013; Tartése et al., 2013; Fiiri et al., 2014; Chen
et al., 2015). As also noted by Sarafian et al. (2019), the
range of water abundances for the bulk silicate reservoir
for 4 Vesta estimated here is likely to be a lower limit due
to the potential for Magma Ocean degassing, degassing
from the eucrite parent melt during eruption, and/or some
diffusional loss of hydrogen from the Stannern pyroxene.

5. ASTEROID 4 VESTA’S WATER SOURCE AND
IMPLICATIONS FOR THE INNER SOLAR SYSTEM

The D-poor mantle reservoir for 4 Vesta implied by the
dD analyses reported here for eucritic clinopyroxenes is
consistent with that proposed recently for Earth’s deep



A. Stephant et al./ Geochimica et Cosmochimica Acta 297 (2021) 203-219 215

mantle reservoir (8D < -218%o; Hallis et al., 2015) (Fig. 6).
Previously reported 8D values in planetary materials
derived from the Moon and Mars span a wide range (from
as low as the values for eucritic clinopyroxenes reported
here, up to several thousands of per mil; Fig. 6) and have
been attributed to a variety of processes (Sarafian et al.,
2014 and references therein). Although some authors have
made the case that the mantles of the Moon and Mars have
6D values similar to bulk carbonaceous chondrites (e.g.,
Saal et al., 2013; Fiiri et al., 2014; Mane et al., 2016), there
are still significant uncertainties in the assumptions for
these estimates. We note, however, that some studies have
suggested the presence of a highly D-poor reservoir in the
lunar interior (Robinson et al., 2016; Barnes et al., 2014,
Desch and Robinson, 2019) as well as D-poor reservoir in
the mantle of Mars (Gillet et al., 2002). Therefore, it is pos-
sible that it is not just the interior of 4 Vesta that is charac-
terized by a 3D value lower than bulk carbonaceous
chondrites, but that D-poor reservoirs are more common
in other rocky bodies in the inner Solar System.

It has previously been argued that to account for the 6D
value represented by bulk carbonaceous chondrites and the
Earth’s upper mantle it was necessary to import D-enriched
water ice from the coldest outer regions of the disk
(Drouart et al., 1999; Cleeves et al., 2014). This was because
the 8D value of nebular water cannot reach chondritic val-
ues (~0%c) by simple equilibrium isotopic exchange
between gaseous H,O and protosolar H, at a terrestrial dis-
tance from the Sun (Lécluse and Robert, 1994) or by irra-
diation of silicate dust precursors having an initially
protosolar 8D (Roskosz et al., 2016). Moreover, models
involving the simple degassing and Rayleigh fractionation
of the protosolar nebula (similar to that described in
Sarafian et al., 2014) cannot account for the combined
hydrogen, carbon, and nitrogen isotope compositions of
inner Solar System bodies. However, our best estimates of
the 8D value for the Vestan mantle (with an upper limit
of 263 + 70%o, and likely close to —371 + 127%o¢) overlap
with values estimated for water from several types of car-
bonaceous chondrites (Alexander et al., 2012; Piani et al.,
2018; Fig. 6). Bulk chondritic values, which typically have
somewhat higher 6D (Fig. 6), are then attributed to hydro-
gen isotopic exchange between a D-poor water reservoir
with D-rich organics in a closed system (Alexander et al.,
2012; Piani et al., 2018). It was shown recently that kinetic
isotopic exchange between gaseous H,O in the nebula and
protosolar H, can account for the D-poor water reservoir
of CM carbonaceous chondrites (Piani et al., 2018; and ref-
erences therein). Such a D-poor water reservoir, which is
similar to that suggested here for the mantle of 4 Vesta,
could then have supplied bodies in the inner Solar System
with their water inventory. In this case, however, this D-
poor water reservoir would reside in the nebula as gas or
in the solid phase as ice (but without the associated D-
rich organics found in carbonaceous chondrites) and would
need to be incorporated into planetesimals such as 4 Vesta
at its time of accretion. Indeed, chondritic abundances of
highly siderophile elements in diogenites argue for influx
of 0.01-1.5% of chondritic material to 4 Vesta after its core

formation (2-3 Ma after CAI formation), that might have
been heterogeneously distributed in the mantle of 4 Vesta
(Day et al., 2012; Dale et al., 2012). It is thus difficult to
assess to what extent this late chondritic accretion on 4
Vesta would be reflected in its D composition. It is also
possible that 4 Vesta, which may have been close to the
snow line at the time of its accretion in the early Solar Sys-
tem, may have acquired its D-poor composition from the
accretion of light nebular water ice similar to the water
component identified in carbonaceous chondrites.

Ingassing of an early, dense nebular atmosphere (con-
taining such components as H, and H,O) has been pro-
posed as a means of acquiring volatiles and a D-poor
signature in the interiors of larger planetary bodies like
Earth (Wu et al., 2018; Sharp, 2017; Hirschmann et al.,
2012), as well as Theia, the embryo that formed the Moon
(Desch and Robinson, 2019). The protosolar H, could also
have been incorporated into the growing Earth by direct
dissolution in an early magma ocean (Yang et al., 2016).
Subsequent outgassing could then elevate dD to a some-
what higher value due to preferential H loss (e.g., 95-99%
H loss starting from a nebular-like 8D value would result
in a 8D of ~—300%0; Sharp, 2017). However, while such
processes may indeed have contributed to the volatile bud-
get and influenced D/H ratios of larger planetary bodies
(i.e. >0.3 Mg) which were able to accrete a thin atmosphere
of nebular H, (Desch and Robinson, 2019), it is unlikely
that these processes were significant for a planetesimal such
as 4 Vesta, with a mass of 4.3 x 107> Mg (Sharp, 2017).
One possibility for the incorporation of a D-poor signature
into planetesimals (and planetary bodies) from nebular gas
could be the chemisorption of nebular OH on forsterite sur-
faces during condensation of this mineral from the nebula
prior to accretion of planetesimals (Asaduzzaman et al.,
2015).

Finally, while the exact mechanism by which the interior
of 4 Vesta, and possibly other bodies in the inner Solar Sys-
tem, acquired a D-poor composition is unclear, it is likely
that it occurred early during accretion, either prior to a
magma ocean phase or in the early stages of a magma
ocean. Depending on the specific mechanism involved,
and whether or not the initial H-bearing reservoir was frac-
tionated by subsequent processes (for instance, D-
enrichment due to hydrogen loss during the heating associ-
ated with accretionary growth of planetary bodies), the rel-
atively D-poor composition proposed here in the interior of
4 Vesta (and possibly other bodies in the inner Solar Sys-
tem) does not necessarily preclude later addition of asteroi-
dal or cometary material that may be required to meet
dynamical (Morbidelli et al., 2000; O’Brien et al., 2018)
and geochemical (Dale et al., 2012; Day et al., 2012)
constraints.
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