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Abstract

The abundance and isotopic composition of volatile elements in meteorites is critical for understanding planetary evolution,
given their importance in a variety of geochemical processes. There has been significant interest in the mineral apatite, which
occurs as a minor phase in most meteorites and is known to contain appreciable amounts of volatiles (up to wt. % F, Cl, and
OH). Impact-driven shock metamorphism, pervasive within many meteorites, can potentially modify the original signatures
of volatiles through processes such as devolatilization and diffusion. In this study, we investigate the microstructures of apatite
grains from six eucrites across a broad range of shock stages (S1–S5) using electron backscatter diffraction (EBSD) to explore
shock-induced crystallographic features in apatite. New Cl and H abundance and isotopic composition data were collected on
moderate to highly shocked samples (S3-S5) byNanoSecondary IonMass Spectrometry (NanoSIMS). Previously reported vola-
tile data for S1 andS2 eucriteswere integratedwithEBSDfindings in this study.Our findings indicate that apatitemicrostructures
become increasinglymore complex at higher shock stages.At low shock stages (S1–S2) samples display brecciation and fracturing
of apatite. Samples in S3 and S4 display increasing crystal plastic deformation indicated by increasing spread in pole figures. At
the higher shock stages (S4/S5) there is potential recrystallisation demonstrated by an increased density of subgrain boundaries.
The Cl content and d37Cl values of highly-shocked apatite grains range from �940 to 1410 ppm and �3.38 to +7.70‰, respec-
tively, within the range observed in less-shocked eucrites. In contrast, H2O abundances are more variable (from 186 to
�4010 ppm), however, the measured water content still falls within the range previously reported for low-shock eucrites. The
measured dD values range from �157 to +163‰, also within the range of values from known low-shock basaltic eucrites.
Weighted averages for both isotopic systems (dD �122 ± 20‰, d37Cl + 1.76 ± 0.66‰) are consistent with the range displayed
in other inner Solar System bodies. NanoSIMS isotope images of apatite grains display heterogeneity in their Cl abundance at
the nanoscale which increases in complexity with shock stage. This increasing complexity, however, does not correlatewith defor-
mation microstructures observed in EBSD or with the Cl isotopic composition at either an inter-grain or intra-grain scale. These
findings are similar to analyses of variably shocked lunar apatite and, therefore, apatite appears to be a robust recorder of Cl and
H (at least at spatial resolution and precision currently achievable by NanoSIMS) on airless bodies, despite intensive shock.
� 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

The Howardite-Eucrite-Diogenite (HED) meteorites
comprise the largest suite of crustal and sub-crustal rocks
available from a differentiated basaltic asteroid (likely 4
Vesta) (e.g. McSween et al., 2013). The eucrites, which are
composed primarily of plagioclase and pigeonite, are also
some of the oldest basaltic igneous rocks in the Solar System
(typical ages range from4547 to 4559million years (Ma)with
2r uncertainties usually ranging from 5 to 13 Ma; Misawa
et al., 2005; Zhou et al., 2013; Touboul et al., 2015). As such,
understanding the evolution of volatile elements (e.g. hydro-
genand chlorine), their abundance, and isotopic composition
within these samples can provide insight into the origin of
volatiles, the material accreted into differentiated bodies,
and primary/secondary processes that operated on asteroid
parent bodies early in Solar System history (e.g. Barrett
et al., 2016, 2019; Sarafian et al., 2017a, 2017c; Stephant
et al., 2021). These elements, however, can undergo fraction-
ation during the evolution of the parent body (e.g. magma
ocean degassing, eruption, large impact-melt sheet degas-
sing; Roszjar et al., 2011; Sarafian et al., 2017b; Alexander
et al., 2018; McCubbin and Barnes, 2019) potentially mask-
ing their original signature. Despite this, each isotope system
canprovide unique and complementary perspectives on these
important processes.

Owing to the large difference in relative mass between
hydrogen (1H) and deuterium (2H or D), it is possible for
significant fractionation to occur. It is because of this signif-
icant fractionation that H isotopes can be used to ‘finger-
print’ source(s) of water and/or any processes that may
have affected the sample (e.g. Hallis, 2017). The hydrogen
isotopic composition of the inner Solar System is highly
variable, ranging over several orders of magnitude,
from near protosolar in composition (dD ��700‰,
D/H �4.67 � 10�5, please see methods Section 3.3.2 for
derivation of the standard delta ‘d’ notation in per mil)
to several thousand per mil in the martian atmosphere
(dD >+3000‰, D/H > 6.23 � 10�4) (McCubbin and
Barnes, 2019 and references therein).

The chlorine isotopic composition, on the other hand, is
relatively restricted for terrestrial rocks, martian meteorites,
and all chondritic meteorites groups (d37Cl ��5.6 to
+3.8‰, although one data point for a martian meteorite
does reach +8.6‰, please see Section 3.3.1 for derivation
of d37Cl) (e.g. Sharp et al., 2013, 2016; Bellucci et al.,
2017). Samples from both the Moon and eucrites (likely
from 4 Vesta), however, display a significant range in Cl
isotopic composition potentially related to degassing at var-
ious points within their histories (d37Cl ��4 to +81.1‰
and ��4 to +39‰, respectively)(e.g. Boyce et al., 2015;
Barnes et al., 2016; Sarafian et al., 2017b; Barrett et al.,
2019; Wang et al., 2019).

Apatite [Ca5(PO4)3(F, Cl, OH)] is a common phosphate
mineral in planetary materials, known to contain apprecia-
ble amounts of volatiles (up to wt.% levels F, Cl, and OH;
e.g. Hallis et al., 2012b; Barnes et al., 2014; Bellucci et al.,
2017; Sarafian et al., 2017b). As such, apatite has been of
significant interest in assessing the volatile evolution of var-
ious bodies within the Solar System via in-situ analytical
techniques such as Secondary Ion Mass Spectrometry
(SIMS) (e.g. Hallis, 2017; Shearer et al., 2018; McCubbin
and Barnes, 2019). Whilst previous works considered the
geological context of the apatite grain and the surrounding
mineralogy (e.g. Potts et al., 2016), less attention has been
given to understanding as to how the internal structure of
apatite and its volatile inventory may be influenced by ther-
mal metamorphism (Sarafian et al., 2019; Stephant et al.,
2021) and shock deformation (Černok et al., 2019, 2020;
Darling et al., 2021).

The HEDs can be subdivided petrologically into basaltic
eucrites (basalts), cumulate eucrites (gabbros), polymict
eucrites (breccias of basaltic and sometimes cumulate
eucrites), diogenites (orthopyroxenites, occasional harzbur-
gites, and rare dunites and norites), and howardites (poly-
mict breccias composed of eucrites and diogenites some of
which contain elevated noble gas contents, owing to solar
wind implantation, indicative of being a regolith; Warren
et al., 2009; McSween et al., 2019). The basaltic eucrites,
which are the most common of all eucrites, are typically fine
to medium-grained igneous rocks, composed mainly of
pigeonite and calcic plagioclase (ranging from bytownite
to anorthite; Mittlefehldt, 2015). Cumulate eucrites are
thought to be mixtures of cumulus minerals (pyroxene
and plagioclase) and trapped melt whose parent magmas
were similar to basaltic eucrites (Treiman, 1997; Barrat
et al., 2000; Mittlefehldt and Lindstrom, 2003; Barrat,
2004).

Basaltic eucrites can be further characterised based on
their bulk chemical compositions into a Main Group-
Nuevo Laredo (hereafter referred to as Main Group), the
incompatible element rich Stannern trend, and the incom-
patible element depleted residual eucrites (e.g., Stolper,
1977; Mayne et al., 2009; Yamaguchi et al., 2013). The
Main Group comprises the majority of the basaltic eucrites
and is widely accepted as a fractional crystallisation trend
(Stolper, 1977; Warren and Jerde, 1987; Mittlefehldt and
Lindstrom, 2003). The Stannern trend eucrites have similar
major element abundances to Main Group eucrites but
have higher abundances of Ti and incompatible elements,
enrichments that are not linked to Mg# (Barrat et al.,
2000; Hutchison, 2004; Barrat et al., 2007). Barrat et al.
(2007) suggested that the contamination of Main Group
eucrites by crustal melts could explain both the elevated
incompatible element concentrations and the distinctive
Eu, Sr, and Be anomalies shown by Stannern trend eucrites.
This crustal partial melt would leave behind a residuum
with LREE depletion, which Yamaguchi et al. (2009)
observed in several eucrites and believed to be a third geo-
chemical trend dubbed the ‘residual eucrites’.

When classifying eucrites for thermal metamorphism,
Takeda and Graham (1991) separated the eucrites into six
types (1–6) based on the characteristics of pyroxene. Type
one represents the lowest level of thermal metamorphism
indicated by extensively zoned pyroxene; conversely, type
six pyroxene contain easily resolvable exsolution lamellae
with some pigeonite grains inverting to orthopyroxene.
Later, Yamaguchi et al. (1996) suggested an additional type
seven and that thermalmetamorphism by burial led to global
metamorphism which could explain the different
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metamorphic types by their position within the crust during
this event. Sarafian et al. (2019) studied the volatile content
in unequilibrated eucrites tominimise the possibility of diffu-
sive resetting of primordial volatiles. Their work found the
volatile content did not vary from core-to-rim and the D/H
ratio of the measured clinopyroxene was within error of the
D/H ratios of apatite, concluding that the water accreted to
Vesta was from a carbonaceous chondrite source. More
recently, work by Stephant et al. (2021) expanded the data
available for eucrite clinopyroxene, finding lighter dD values
than corresponding apatite and suggest that at least some of
water in Vesta was derived from a relatively deuterium-poor
reservoir in the protosolar nebula.

The eucrites, like many meteorite samples, have been
shocked, to varying degrees, during their history and it is
unclear how this may have influenced the volatile inventory
of these rocks. Shock effects in meteorites comprise two
major phenomena: 1) Shock deformation, defined as the
mechanical deformation of rocks below or above the soli-
dus caused by compression stress generated by hyperveloc-
ity impacts (Bischoff and Stöffler, 1992) and 2) post shock
thermal metamorphism. Both shock-induced phenomena
have the potential to mobilise volatile elements, and thus
modify the original (magmatic) H and Cl signatures in apa-
tite through processes such as phase transformation and
diffusion (e.g. Higashi et al., 2017; Wang et al., 2017). If
shock-induced volatile mobility is not properly assessed
and accounted for, it may lead to potentially erroneous
interpretations of the origin and distribution of volatile ele-
ments in the Solar System.

An impact shock scale for meteorites based on ordinary
chondrites was first introduced by Stöffler et al. (1991) with
samples classified from unshocked (S1) to very strongly
shocked (S6). More recently Fritz et al. (2017), then
Stöffler et al. (2018) revised this scale, adding focus to loca-
lised melt zones as well as separating classifications schemes
for different rock types (mafic, felsic etc.). Minerals can
often record micro/nano scale structural changes in
response to processes such as shock. Electron Backscatter
Diffraction (EBSD) analyses provide crystallographic infor-
mation at the lm and sub-lm length scales. The technique
is commonly used in terrestrial geology to infer microstruc-
tural information, such as crystal lattice distortions, based
on the analysis of the crystallographic orientation and
misorientation of grains (e.g. Prior et al., 1999, 2009).
EBSD, however, has not been widely used to study plane-
tary materials, especially phosphates. When EBSD has been
used on extraterrestrial samples, it has mostly been used to
identify new minerals (e.g. Ma and Beckett, 2021), interpret
plastic deformation and magnetic measurements (e.g.
Tkalcec et al., 2013; Tkalcec and Brenker, 2014; Forman
et al., 2017; Nichols et al., 2018), crystallographic preferred
orientations (e.g. Daly et al., 2019; Tkalcec and Brenker,
2019), and shock deformation in geochronometers such as
zircon and baddeleyite (e.g. Darling et al., 2016). Impor-
tantly, the latter studies highlighted the importance of
EBSD as a tool for understanding deformation at the
lm- and nm-scale for interpreting complex U-Pb data
and for accounting for the mobility of Pb, a moderately
volatile element. Černok et al. (2019) provided the first
insights into the shock-induced microstructures of lunar
apatite and merrillite, observing that internal microstruc-
tures become progressively more complex (increasing inter-
nal misorientation and formation of subgrains) and
deformed with increasing levels of shock-loading. Addi-
tional work by Cox et al. (2020) noted the variability in
response to shock deformation of apatite in the peak ring
of the Chicxulub impact crater. More recently, Kumler
and Day (2021) assessed the trace element and moderately
volatile element behaviour of eucrites, finding impact pro-
cesses do not have a pronounced effect on the abundances
of moderately volatile elements and suggest that Vesta
has a more heterogenous distribution of volatile elements
and is similarly to slightly less volatile-depleted than the
Moon.

Experimental work has demonstrated relatively rapid H-
diffusion in apatite grains subject to elevated temperatures,
which is of significance for apatite exposed to high post-
shock temperatures commonly associated with high shock
pressure (Brenan, 1993; Higashi et al., 2017). Brenan
(1993) demonstrates that diffusion typically occurs as halo-
gen exchange. In the case of Higashi et al. (2017), the
authors experimentally model the isotopic diffusion of H
in a Durango fluorapatite with a saturated 2H2O/O2 vapor
and provide an average H diffusion coefficient at 500 �C of
2.56 ± 0.79 � 10�18 m/s. These reinforced observations of
impact-associated volatile mobility within martian
(Howarth et al., 2015) and terrestrial (Kenny et al., 2020)
apatite. Furthermore, Černok et al. (2020) investigated
the potential link between deformation-induced microstruc-
tures and the isotopic composition of volatiles in apatite
from a suite of Apollo lunar samples representing the
ancient crustal rocks from the Moon. Their work suggested
that despite samples experiencing a wide range of shock-
deformation, water-rich apatite (>100 ppm H2O) appears
to retain the original isotopic signature of H in the Moon.
In contrast, chlorapatite in a highly-shocked martian mete-
orite (S5-S6) records micro- to nano-scale chlorine hetero-
geneities that directly correlate with shock deformation
and recrystallisation features (estimates range from
29 GPa to >42 GPa for basaltic shergottite Northwest
Africa 5298; Darling et al., 2021). Additionally, the hydro-
gen isotopic composition of martian apatite and silicate
minerals from other studies have variable dD values from
��80‰ to �+4600‰, indicative of magmatic water mix-
ing with the extremely enriched martian atmosphere which
could potentially be shock induced (e.g. Greenwood et al.,
2008; Hallis et al., 2012a; Hu et al., 2014).

Currently, it is unclear whether lunar samples reflect the
full range of shock microstructures for samples from airless
bodies within our collection; given no studies have investi-
gated how deformation-induced microstructures may influ-
ence the abundance and isotopic composition of volatiles
(such as Cl or H) in apatite from eucrites, this work
provides useful insight into shock effects on small, airless,
differentiated bodies. The ancient crystallisation ages of
the eucrites mean they can also provide details regarding
processes affecting volatile reservoirs early on in Solar Sys-
tem history and the nature of the material that provided
these volatiles to differentiated bodies. In this study we
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analyse the microstructures of apatite grains from eucrite
samples with a wide range of shock stages (S1-S5) and
investigate any potential relationship with their respective
volatile signatures. Where no literature shock stage or data
is provided, shock stages are assigned to samples based on
petrographic observations. The three lower shock samples
(Dar al Gani (DaG) 945, Millbillillie, and Stannern) have
had their H and Cl isotopic composition measured previ-
ously (Barrett et al., 2016, 2019) and these values, many
of which are from the exact grains mapped using EBSD
here, have been integrated into this studies data evaluation
and interpretation.

2. SAMPLE DESCRIPTION

Table 1 provides anoverviewof the samples studied in this
paper, of which four are observed falls and two are finds.
Three of the samples (DaG 945, Millbillillie, Stannern) have
had their mineralogy previously described in Barrett et al.
(2016, 2019) for the specific apatite grains analysed here.
The mineralogical and textural context of new samples
(Cachari, Padvarninkai, and Puerto Lápice) are described
below including a brief overview of the other samples. Repre-
sentative back-scattered electron (BSE) images illustrating
the textural and petrological context of the apatite analysed
in this study are provided in Fig. 1 and the supplementary
material. These samples were selected as they are mostly
observed falls and therefore unlikely to have experienced sig-
nificant terrestrial weathering, are well characterised in terms
of their petrology, thermal history (e.g. pyroxene metamor-
phic grade; types 4–6 being common among the eucrites),
and for some their shock history (Cachari, Puerto Lápice),
and finally, several have published H and Cl isotopic data
to allow direct comparison to this study (Cachari, DaG
945, Millbillillie, Stannern).

2.1. Dar al Gani 945 (S1)

DaG 945 is a coarse-grained, residual eucrite with a
granulitic texture predominately consisting of subhedral
pyroxene and plagioclase with some more fine-grained relict
Table 1
Main characteristics of the meteorites studied. SG = Shock stage based o
based on the pyroxene thermal scale (Takeda and Graham, 1991; Yam
Stannern and Millbillillie are taken from Miura et al. (1998); Puerto Láp
protocol 1 refers to the high beam current conditions used in the analysis
the lower beam current conditions used to obtain EBSD maps without vo
EBSD protocol please see Section 3.2.

Meteorite Find/Fall Geochemical
Trend

CRE Age
(Ma)

Cacahri Find Main Group 8.3
DaG 945 Find Residual -
Millbillillie Fall Main Group 20.08
Padvarninkai Fall Main Group -
Puerto Lápice Fall Main Group 19.0

Stannern Fall Stannern Trend 35.1
mesostasis regions. Minor phases in DaG 945 include: apa-
tite, chromite, ilmenite, a silica polymorph, and zircon, all
of which typically occur in late-stage mesostasis pockets.
Yamaguchi et al. (2009) note that whilst both pyroxene
and plagioclase can preserve igneous zonation (therefore a
type 4 eucrite), DaG 945 also displays well-defined 120� tri-
ple junctions indicative of significant localised recrystallisa-
tion in BSE images.

2.2. Cachari (S4)

Cachari is a heavily-shocked, coarse-grained monomict
basaltic eucrite find composed mainly of mosaicised pyrox-
ene, plagioclase, and vesicular impact melt veins
(Fredriksson and Kraut, 1967; Bogard et al., 1985). Pyrox-
ene show typical exsolution and plagioclase are known to
have mottled extinction in cross-polarised light (Bogard
et al., 1985). Early work by Fredriksson and Kraut (1967)
suggested that, in close proximity to the melt veins, plagio-
clase was partly altered to maskelynite, however, the later
work of Bogard et al. (1985) suggested that no alteration
had occurred. Fritz et al. (2017) highlight that maskelynite
formation can occur at lower pressures with increasing
Ca-content and given plagioclase in this sample are calcic
(�An88; Fredriksson and Kraut, 1967) it could be possible
there is some localised maskelynite formation. It is more
likely, however, that partially isotropic plagioclase was
observed, which is a key indicator of the high-grade S4
shock stage (Fritz et al., 2017). From this assessment,
Cachari is considered to have experienced a shock stage
of S4 (high). Other minor phases include ilmenite, merril-
lite, and zircon. Age data from Bogard et al. (1985) using
the 39Ar-40Ar system, provide a �3.0 Ga impact age for
the sample.

Sarafian et al. (2014) measured a single apatite grain for
its H isotopes in Cachari and found it to have a H
isotope composition similar to other measured eucrites
(�158 ± 24‰ 2r). The Cl isotope composition for Cachari
was measured first by Sarafian et al. (2017b) with values
ranging from 2.35 ± 0.45‰ (2r) to 6.41 ± 0.50‰ with an
average composition of 4.87 ± 2.25‰.
n the Stöffler et al. (1991) scale, MG = Thermal metamorphic grade
aguchi et al., 1996). Cosmic ray exposure (CRE) ages for eucrites
ice (Llorca et al., 2009); Cachari (Eugster and Michel, 1995). EBSD
of samples with literature volatile data. EBSD protocol 2 refers to

latile mobilisation prior to isotopic analysis. For more details on the

SG GPa
(If Known)

MG EBSD
Protocol

Note

S4 2
S1 4 1
S2 6 1
S5 42–60 5 2
S3 �15 6? 2 Rare localised

up to 30 GPa
S2 4 1



Fig. 1. Representative backscatter electron (BSE) maps of apatite grains and their surroundings. Yellow dashed lines outline the studied
apatite grains. (a) DaG 945 (S1), (b) Millbillillie (S2), (c) Puerto Lápice (S3), (d) Cachari (S4), (e) Padvarninkai (S5). BSE images indicates
fragmentation of apatite grains (e.g., S4) but do not provide any indication on the internal microstructural complexities of the apatite crystal
structure that occur as a response to increasing deformation (S2 and higher). Ap = apatite, Cr = chromite, ilm = ilmenite, Mask = maske-
lynite, Mrl = merrillite, Px = pyroxene, Pl = plagioclase, Si = silica phase.
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2.3. Millbillillie (S2)

Millbillillie is a main group, polymict eucrite which con-
sists of two dominant rock types. The first lithology is a
fine-grained, subophitic, basaltic texture where interstitial
pyroxene has recrystallised to a fine-grained granoblastic
texture (Yamaguchi et al., 1994). The second lithology is
a coarse-grained breccia (Bobe et al., 1989; Yamaguchi
et al., 1994, 1996). Overall, pyroxene in this sample is type
6. Minor phases occur in both lithologies and include chro-
mite, phosphates (apatite and merrillite), ilmenite, a silica
polymorph, troilite, and zircon. Hopkins et al. (2015) pro-
vides a 207Pb-206Pb age of a zircon core at 4555 ± 17 Ma,
in agreement with earlier works (Bukovanská et al., 1997;
Miura et al., 1998).

2.4. Padvarninkai (S5)

Padvarninkai is a monomict eucrite fall originally classi-
fied as a shergottite by Binns (1967) on the basis of the pres-
ence of maskelynite before Mason et al. (1979) showed its
chemical composition is identical to eucrites and later con-
firmation by oxygen isotope analysis (Greenwood et al.,
2005). The sample consists of two main lithologies: a fine
to coarse-grained unbrecciated lithology and impact melt
veins. Pyroxenes are severely fractured and mosaicked type
5 pigeonite and despite the shock textures, the igneous tex-
ture is still well preserved. Plagioclase is ophitic and mostly
converted to maskelynite. Minor phases include fluorap-
atite, chromite, ilmenite, a silica phase and troilite. Given
the strong shock features, it is believed this sample is the
most shocked eucrite in the eucrite meteorite collection
and the work of Bischoff and Stöffler (1992) to estimate
the equilibrium shock pressure to be between 42 and 60
GPa (S5). The weighted mean 207Pb/206Pb age as recorded
by zircon and baddeleyite is 4553 ± 13 Ma (Bukovanská
et al., 1997).

2.5. Puerto Lápice (S3)

PuertoLápice is a relatively recent eucrite fall (Castilla-La
Mancha, Spain, 10 May 2007) with a detailed description of
the petrology and chemistry given by Llorca et al. (2009).
Puerto Lápice is a brecciated main group eucrite which con-
tains a variety of lithologies including basaltic and granulitic
clasts, breccia fragments, and recrystallised impact melt
(Llorca et al., 2009). Given the pyroxene exsolution lamella
observed in backscatter electron (BSE) images in this study
and the presence of orthopyroxene (Llorca et al., 2009), the
sample can nominally be categorised to have a thermal meta-
morphic grade of type 6. The sample is also reported to con-
tain shockmelt veinswhich provide evidence for at least three
separate shock events (Llorca et al., 2009). These veins, how-
ever, are not observed in the thin section studied here. Llorca
et al. (2009) provide amaximum shock pressure for thewhole
rock of �15 GPa, assigning Puerto Lápice S3 shock stage,
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based on the undulose extinction of plagioclase with no pla-
nar deformation features and strong undulose extinction of
pyroxene with planar and irregular fractures. The authors,
however, recognise highly localised areas near the melt veins
have experienced pressures up to 30 GPa based on the pres-
ence ofmaskelynite (Llorca et al., 2009)which is not observed
in the thin section studied here. An average cosmic ray spal-
lation age for the sample is 19 ± 2 Ma (Llorca et al., 2009)
suggesting this sample could belong to the eucrite exposure
cluster identified at either 21 ± 4 Ma (Eugster and Michel,
1995) or 22 ± 2 Ma (Shukolyukov and Begemann, 1996).
The Pu-Xe age date for this sample (20 ± 19 Ma younger
than the reference Angra dos Reis with an absolute age
4.5578 ± 0.0004 Ga from Lugmair and Galer, 1992, giving
Puerto Lápice an age of �4.537 Ga) is typical for eucrites
(Llorca et al., 2009).

2.6. Stannern (S2)

The Stannern eucrite lends its name to the Stannern
trend group of eucrites believed to be the result of contam-
ination by crustal partial melts (Barrat et al., 2007). Stan-
nern itself is a monomict breccia with a subophitic texture
and type 4 pyroxene. Fine-grained mesostasis pockets also
occur in this sample interstitially between large (up to sev-
eral mm in the longest axis) laths of plagioclase. Minor
phases include phosphate (apatite and merrillite), chromite,
ilmenite, troilite, a silica polymorph, and zircon.

3. METHODS

3.1. Optical and scanning electron microscopy

Initial observations were conducted using a Zeiss Axio-
plan petrographic microscope at The Open University in
plane-polarised and cross-polarised light. Observations
were made to identify minerals based on their optical prop-
erties, ascertain the petrographic context of apatite, and
investigate mineral shock features where possible.

To locate appropriate apatite grains (i.e. large enough
grains with sufficient crack-free areas for isotope analyses)
each polished thin-section was carbon-coated using an
EMITECH K950X Turbo carbon sputter coater and
examined at The Open University using a Quanta 200 3D
Scanning Electron Microscope (SEM) fitted with an Oxford
Instruments 80 mm2 X-Max Energy Dispersive X-ray
(EDX) detector. An electron beam with an acceleration
voltage of 20 kV and a beam current of 0.6 nA was used
for the acquisition of all the BSE images and elemental
X-ray maps to avoid potential mobilisation of volatiles
(much less than the 4 nA suggested as the threshold of vola-
tile mobilisation; Goldoff et al., 2012; Barnes et al., 2013).
Whole-section elemental EDS maps were acquired for each
sample and correlated hotspots of Ca and P X-ray lines
were used to locate phosphates (typically <100 lm),
which were later investigated by spot-mode
(exposure �30 s) to distinguish between apatite and merril-
lite [(Mg,Fe)2REE2Ca16P14O56]. Once located, high-
resolution BSE and secondary electron (SE) images of the
phosphates were collected to aid in subsequent analyses.
3.2. Electron Backscatter Diffraction (EBSD)

Following SEM analysis, the carbon coat was removed
using isopropanol and/or 0.25 lm diamond paste. The sam-
ple was then polished with 0.06 mm colloidal silica on a mul-
ticloth (both purchased from Metprerp) for �15 min using
a LabPol-5 system at 150 rpm, with a LabForce-1 head and
an automated closer. Polishing removes the mechanical
damage layer from previous, coarser polishing grits as well
as minimises scattering of the electron beam owing to sur-
face topography, therefore improving the quality of the
analyses. The crystallographic orientation and the internal
deformation features (i.e. crystal lattice bending, low angle
misorientation bands, subgrain boundaries) of the selected
apatite grains were investigated using EBSD on a Zeiss
Supra 55VP Field Emission (FEG)-SEM located at The
Open University and equipped with an Oxford Instruments
NordlysNano EBSD detector.

Samples were tilted to a 70� angle from the horizontal
position for EBSD. Acquisition step size ranged from
300 nm to 750 nm, with binning of acquired Electron
Backscatter Patterns (EBSPs) ranging from 2 � 2 pixels to
4 � 4 pixels. Generated EBSPs were matched to a hexagonal
reference apatite data from (Wilson et al., 1999;
a = 9.4555 Å, b = 9.4555 Å, c = 6.8836 Å and a = 90�,
b = 90�, c = 120�.). For apatite grains that had been previ-
ously analysed for their isotopic composition, anacceleration
voltage of 20 kV, an aperture of 120 mm and a beam current
of 9.1 nA (current pre-determined by use of a Faraday Cup
under the same conditions) were used in high-vacuum mode
andwith a 30 nmcarbon coat using the same carbon coater as
noted earlier (EBSD protocol 1 in Table 1). EBSPs under
these conditions were collected for between 5.4 and 25.0 ms.

For apatite grains for which no isotopic data were
previously acquired, an acceleration voltage of 20 kV, an
aperture of 30 mm, and a beam current of 565 pA (also
pre-determined using a Faraday Cup) were used under
low-vacuum mode (30 Pa, nitrogen atmosphere) and with-
out a carbon coat (EBSD protocol 2 in Table 1). EBSPs
were collected for between 26.3 and 526.3 ms. The latter
beam conditions (20 kV, low beam current) are similar to
Černok et al. (2019, 2020) and used to avoid any potential
volatile element mobility that could compromise future iso-
topic analysis (e.g. Goldoff et al., 2012; Barnes et al., 2013).

EBSD results were processed using Oxford Instruments
HKL Channel 5 software. Orientation data were cleaned of
erroneous data by performing a routine single wild spike
removal, followed by a seven-point iterative nearest neigh-
bour zero solution (Forman et al., 2016). Wild spike
replaces individual isolated indexed pixels with zero solu-
tions and the seven-point nearest neighbour processing
infills zero solutions with a computed solution/orientation
based upon adjacent indexed pixels (in this case seven).

3.3. Nano secondary ion mass spectrometry (NanoSIMS)

protocol

3.3.1. Chlorine isotope analysis

The Cl content and Cl isotopic compositions of apatite
were measured using the Cameca NanoSIMS 50 L at The
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Open University in scanning ion imaging mode using a
modified protocol based on Stephant et al. (2019), acquir-
ing negative secondary ions of 12C, 18O, 35Cl, 37Cl, and
40Ca19F, simultaneously on electron multipliers with a mass
resolving power of �8000 (Cameca definition). Two data
points in Puerto Lápice (PL-Ap1a, PL-Ap1b) were col-
lected in multi-collection mode using the protocol outlined
in Barrett et al. (2019). Prior to ion-probe analyses, the car-
bon coat used for SEM analysis was removed, and a
�30 nm thick gold coat applied. Samples were stored in a
vacuum oven at �55 �C for at least 24 hours prior to trans-
fer to the NanoSIMS airlock. Once in the airlock, each
sample was left to degas under vacuum at �55 �C for at
least another day before transferring it to the vessel cham-
ber. The primary current ranged from 15–20 pA and pro-
vided a spatial resolution of �200 nm. Mass 40Ca19F was
monitored in real time imaging (RTI) mode to identify apa-
tite grains prior to analyses. Monitoring 12C ion beam
intensities during analyses allowed the identification of
cracks originally hidden beneath the surface. Typically, an
8 mm � 8 mm area was analysed, however, for some larger
grains the area was increased to 10 mm � 10 mm. As analy-
ses showed homogenous images of 18O and 35Cl in RTI
mode; no electronic gating was used. Pulse height detection
(PHD) adjustment was carried out at the start of each day
for 18O, 35Cl, and 37Cl and every few days for 40Ca19F, to
account for detector ageing.

Data were processed with the L’IMAGE software devel-
oped by Larry Nittler from the Carnegie Institute of Wash-
ington. The deadtime was set at 44 ns and corrected with
L’IMAGE. Regions of interest (ROIs) were identified on
each image based on the 40Ca19F/18O and 35Cl/18O images.
Terrestrial apatite standards (Ap004, Ap005, Ap018; see
McCubbin et al., 2012) were used for calibration purposes
in this study. Ap004 (d37Cl value of �+0.11‰; Barnes
et al., 2016) was used to correct for instrumental mass frac-
tionation (IMF) of the measured isotope ratios. Ap004 and
Ap018 were analysed together to produce a calibration
curve of known Cl abundance versus 35Cl/18O ratio, from
which the eucrite apatite Cl contents were calculated. Since
the Cl isotopic composition for Ap018 is unknown, this
standard was only used for abundance calibration. A nom-
inally anhydrous San Carlos olivine and was used to assess
the total background Cl contribution. The total back-
ground Cl was found to be �1 ppm for all sessions (typi-
cally 0.08–0.1 ppm) and the contribution removed from
the results presented. The background contribution to the
measured result was �1% (�6–9 � 10�3%). Work con-
ducted on the same instrument by Barrett et al. (2019)
demonstrated there is no evidence for an extreme isotopic
composition of the background and as such no correction
to the isotopic composition for background contribution
was conducted. The measured 37Cl/35Cl ratios are corrected
for the IMF and expressed in d37Cl notation as defined in
Eq. (1), with standard mean ocean chloride d37ClSMOC = 0
(Kaufmann et al., 1984). Errors estimated for d37Cl values
take into consideration the error based on counting statis-
tics, as well as the uncertainty associated with the IMF
calculation.
d37Cl ¼ Rsample

RSMOC

� �
� 1

� �
� 1000 ð1Þ
3.3.2. Hydrogen spot analysis

Hydrogen analyses were conducted on top of the Cl pits
using the same instrument following a well-established pro-
tocol (e.g. Barnes et al., 2014; Barrett et al., 2016). Prior to
analysis, areas (typically 12 mm � 12 mm) containing target
apatite grains were pre-sputtered to remove surface con-
tamination, using a large Cs+ primary beam of �450 pA
current with an acceleration voltage of 8 kV, the sample
surface being at �8 kV. The instrument was set up in
multi-collection mode, measuring negative secondary ions
of 1H, D, 12C, and 18O on electron multipliers with a mass
resolving power of �4300 (Cameca definition) sufficient to
resolve 1H2

– from D–. An electron flood gun was used to
compensate for charge build up. For analysis, the raster
area was reduced to a 10 mm � 10 lm area, with a 25 %
electronic gating set in order to collect only secondary ions
emitted from the central zone (5 mm � 5 lm) of the analysis
area. For some analyses, however, the raster size needed to
be reduced further down to 6 mm � 6 lm. Secondary ion
images of 1H and 12C were monitored in real time during
pre-sputtering to ensure that the area to be analyzed was
free of cracks or hotspots indicative of contamination.
Monitoring the 1H and 12C ion beam intensities during
analyses allowed the identification of cracks originally hid-
den beneath the surface. In such cases, only portions of the
secondary ion signals corresponding to analysis of pristine
material were considered and isolated using the NanoSIMS
Data Editor software (Frank Gyngard, Washington
University). As noted in Tartèse et al. (2013) from the same
laboratory, isolating portions of the signal makes no dis-
cernible difference in D/H and 1H/18O ratios when com-
pared to the full integration for reference apatite grains.
Standards Ap003, Ap004 and Ap018 (McCubbin et al.,
2012) were used for the calibration purposes along with
San Carlos. Background H2O content ranged from 8 to
18 ppm across all days. Raw D/H ratios were corrected
based on the percentage contribution of the instrument
background to the measured H2O content, and the dD
value of the instrument background (�55 ± 100‰, based
on 23 repeated measurements of San Carlos olivine), fol-
lowing the relationship outlined in Barrett et al. (2016).
Samples were corrected for cosmic-ray spallation using
lunar production rates (Merlivat et al., 1976) and using
the known cosmic ray exposure (CRE) ages (Eugster and
Michel, 1995; Llorca et al., 2009). Since the CRE age for
Padvarninkai is currently unknown, this sample was cor-
rected for the effects of spallation using the oldest grouping
of CRE ages for HED meteorites (38 Ma) to evaluate the
effect of the maximum possible spallation correction on
its measured D/H ratio. Given the significant water content
of the sample, the difference between this maximum correc-
tion and a younger CRE age estimate (8.1 Ma) is <1‰. The
H isotope composition of apatite measured in this study is
reported using the standard dD (per mil,‰) notation
whereby:
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dD ¼ Rsample

RVSMOW

� �
� 1

� �
� 1000 ð2Þ

The reference used is VSMOW with a D/H ratio of
155.76 � 10�6 (Hagemann et al., 1970).

4. RESULTS

4.1. Textural context and shock-induced microstructures of

apatite in eucrites

A total of 23 EBSD maps were collected for 27 apatite
grains from six eucrites ranging from shock stages S1 to
S5 (see Fig. 2 for a representative set of each shock stage,
and supplementary material for full dataset). Some EBSD
maps contain multiple apatite grains given their close prox-
imity to each other but owing to the small and/or cracked
nature of these apatite they were not analysed by SIMS.
EBSD data are presented as band contrast (BC) images,
grain reference orientation deviation (GROD) maps,
inverse pole figures (IPF), pole figures (PF), and low angle
grain boundary maps, with local misorientation maps in the
Fig. 2. Representative band contrast (BC), subgrain boundary (SUB), in
(GROD) maps of apatite grains that have experienced deformation from
Lápice (S3), C - Cachari (S4), Pd - Padvarninkai (S5). The right pa
corresponding to the IPF maps. Yellow dashed lines in BC and SUB pan
(green) are defined here by adjacent pixels with a boundary >2� and <10�
misorientation angle >10�; anything <2� is considered ‘strain free’. The IP
colour-coded based on the guide in the bottom right corner. Caption imag
be noted that care is required when interpreting BC maps in this fashion
image. Care was taken, however, to only collect EBSPs of areas that ap
supplementary material. Band contrast images visualise the
overall quality of the EBSPs used to index the minerals in
an EBSD map where whiter regions indicate areas of high
pattern quality. Inverse pole figures indicate the crystallo-
graphic direction of the individual crystals parallel to the
sample surface (Z0), whereas pole figures plot the {0 0 1}
and {1 0 –1 0} pole to planes in upper hemisphere equal
area stereographic projection. In GROD maps, the internal
misorientation of each pixel relative to the grain average
orientation is color-coded, where colder (blue) colours rep-
resent low deviations (1–2�) from the average and warmer
(red) colours represent high deviations (9–10�) from the
average (angular resolution of EBSD is <0.5�; Borthwick
and Piazolo, 2010). The GROD maps (Fig. 2p–t) highlight
the presence of subgrains and/or other structural complex-
ities (e.g., strain, low angle grain boundaries) within the
indexed mineral. Local misorientation maps (see supple-
mentary material) provide information regarding the rela-
tive misorientation of a pixel to its neighbours (in this
case a 5 � 5 square filter was used) with a similar colour
scheme to the GROD maps. Subgrain boundaries are
defined here by adjacent pixels with a low angle boundary
verse pole figures (IPF), and grain reference orientation deviation
S1 to S5. DaG - DaG 945 (S1), Mil - Millbillillie (S2), PL - Puero
nel shows upper hemisphere equal area projection pole figures
els outline the studied apatite grains. Low angle sgrain boundaries
misorientation angle whilst high angle grain boundaries (red) have

F figures indicate the severity of internal deformation at >S2 and are
es have the same orientation reference as the pole figures. It should
given other factors, such as polishing finish, can also affect the BC
peared smooth and free of surface polishing cracks.
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>2� and <10� misorientation angle; anything <2� is consid-
ered ‘strain-free’.

4.1.1. Shock Stage S1

Three apatite grains of sample DaG 945 were analysed
with EBSD. DaG 945 is considered unshocked based on
the sharp optical extinction angle of largely unfractured
plagioclase observed in thin section and, therefore, is
assigned an S1 shock stage here. As previously reported
(Barrett et al., 2016, 2019), apatite in BSE from this sample
are small (�10 to 50 lm in the longest direction), subhedral,
and usually occur within late stage mesostasis areas and are
believed to be primary in nature based on textural observa-
tions. Apatite analysed here do not appear to be near any
areas of local recrystallisation. These apatite in EBSD occur
as single crystals displaying good diffraction in BC maps
and no obvious signs of internal deformation (i.e., crystal
lattice bending, low angle misorientations or subgrains) in
other EBSD images (Fig. 2f). IPF maps and their corre-
sponding pole figures show tight clustering of orientation
data, typical of a single crystal with minimal lattice distor-
tion (�3� see S1 PF in Fig. 2). For S1 apatite (Fig. 2p),
GROD maps show no resolvable internal misorientations,
and thus no lattice strain or subgrain formation.

4.1.2. Shock Stage S2

Seven apatite grains were analysed with EBSD in S2
samples (five from Millbillillie and two from Stannern).
Optical microscopy of both samples indicated undulose
extinction in plagioclase, therefore, a shock stage of S2
was assigned to these samples. It should be noted, however,
that shock pressure can be heterogenous within a meteorite
(e.g. Koroteev et al., 2013; Moreau et al., 2018), especially a
polymict sample such as Millbillillie (Yamaguchi et al.,
1994). In Stannern, the clouding and deformation twining
observed in plagioclase can be indicative of relatively low
shock pressures (Jaret et al., 2014). Apatite in BSE images
from these samples range from �10 to 100 lm in the long-
est direction and are typically subhedral to anhedral. At S2,
samples show incipient brecciation and fracturing of apatite
and the surrounding minerals in BSE images (Fig. 2l, 2q).
The fractures form a network of sub-linear features cross-
cutting the apatite, with no obvious preferred orientation,
with some fractures being wholly contained within the apa-
tite and others continuing into the surrounding mineral
phases. These fractures form mechanically broken blocks
which are predominately sub-angular to angular in nature
with typically low to no relative misorientation between
them in EBSD (Fig. 2l and S2 PF). Internally, these blocks
typically show a low spread in misorientation (typically up
to 3� misorientation) which may indicate minimal crystal-
plastic deformation (Fig. 2q). While apatite grains in
Stannern potentially display some evidence of early stage
subgrain formation (although some of these low angle grain
boundaries appear to be related to cracks; see Stannern
subgrain boundary maps in the supplementary material),
Millbillillie apatite typically do not, only displaying fractur-
ing of the grains (Fig. 2q). BC maps in both samples,
excluding one apatite grain in Stannern, display good EBSP
quality.
4.1.3. Shock Stage S3 and S4

A total of six apatite grains were analysed with EBSD
for Puerto Lápice and three for Cachari. In Puerto Lápice
BSE images, apatite are typically �50 lm in the longest
direction (although rarely they can be up to 100 lm), sub-
hedral to anhedral, and mainly in contact with pyroxene,
plagioclase and/or a silica phase. Apatite in Cachari are lar-
ger (up to 150 lm in the longest direction), also subhedral
to anhedral in nature and with similar textures to Puerto
Lápice. Cachari apatite are also, generally, heavily frac-
tured compared to Puerto Lápice. In BC maps, S3 and S4
stage apatite are darker and more granular than S1 and
S2 shock stages, which could indicate a degradation of
the Kikuchi patterns and increasing microstructural com-
plexity (e.g., increasing density of low angle subgrain
boundaries) that cannot readily be seen in BSE images
(Fig. 2h and i). It should be noted, however, that care is
required when interpreting BC maps in this fashion given
other factors, such as polishing finish, can also affect the
BC image. Nevertheless, care was taken to collect EBSPs
only of the areas that appeared smooth and free of surface
polishing cracks. Comparing the surface quality of sur-
rounding minerals and their EBSP quality, the drop in sig-
nal is only observed in apatite and maskelynite, suggesting
that the factors contributing to the EBSP reduction are
likely of intrinsic, i.e. structural, nature. Subgrains are also
more prevalent in these stages (Fig. 2h and i). This indicates
a progressively larger deviation from a strain-free crystal
with increasing shock stage. S3 and S4 both show increas-
ing complexity in GROD and IPF maps (as demonstrated
by higher levels of misorientation in GROD and greater
variation of orientations with a more diverse colour pallet
in IPF), with signs of intensive crystal plastic deformation
(Fig. 2m and n). IPF maps of Cachari typically contain a
larger spread of orientations than the Puerto Lápice, as
indicated by a patchier colour scheme. These patches do
not appear to follow the main fractures in BSE and BC
images except where fractures are particularly large
(Figs. 1d and 2d). Internally, these patches also display
some degree of spread and local misorientation and sub-
grain boundary maps support these regions are subgrains
(see Cachari supplementary material). The PF for Puerto
Lápice (S3) in Fig. 2 indicates, for this particular apatite,
that rotation of the apatite m plane has occurred around
the c axis; this may also be observed to a lesser extent in
PL-Ap1 (see supplementary material). Pole figures for these
samples can show up to �30� spread in orientations with
Cachari showing more extensive rotation than Puerto
Lápice and increased density of subgrains which could
potentially reflect recrystallisation (Fig. 2 PFs for S3 and
S4 and C-Ap3 GROD map in the supplementary material).

4.1.4. Shock Stage S5:

Eight apatite grains in Padvarninkai were analysed with
EBSD. At the highest levels of shock deformation (S5), apa-
tite is usually found in direct contact with, or in close proxim-
ity to, a diaplectic plagioclase glass and reveals extensive
subgrain formation (Fig. 2j) and potentially recrystallisation
(as outlined by the fragmental domains in BC maps not
observed in BSE). Apatite grains are also associated with
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later-forming minerals such as chromite and ilmenite which
are consideredmagmatic in origin. In BSE images, most apa-
tite grains are�50–100 lmin the longest direction, subhedral
to anhedral and are heavily fractured, with some indication
of scalloped edges in two grains (Pa-Ap1 and Pa-Ap6; see
supplementary material). Two grains (Pa-Ap2 and Pa-
Ap3), however, are smaller (�10 lm), show no fracturing
and lower spread in crystallographic orientation (�13� and
4�, respectively) relative to the other grains in the sample
(up to�60�), possibly indicative of these grains experiencing
lower shock (owing to shielding from other grains) or being
completely annealed (see discussion for more details). The
spread of orientations observed in pole figures increases with
shock, as shown in the pole figures and in the GROD maps.
S5 apatite grains display up to �60� of continuous spread in
orientation in their pole figures (Fig. 2, PF S5). There is, how-
ever, significant intra-sample variation of crystallographic
spread in pole figures, possibly suggesting that some apatite
grains have been shielded from shock more effectively than
others (Stöffler et al., 1991; Fritz et al., 2017).

Overall the EBSD maps obtained here display progres-
sively larger variations in internal misorientations with
increasing shock level in a similar manner to those observed
in lunar Apollo 17 samples by Černok et al. (2019).

4.2. Volatile (H and Cl) abundance and isotopic compositions

A total of 19 chlorine measurements on 12 individual
apatite grains were made on the three moderate- to high-
shock (S3 Puerto Lápice n = 5, S4 Cachari n = 6, and S5
Table 2
Background corrected hydrogen (dD) and chlorine (d37Cl) isotopic com
apatite in eucrites. Also reported is a weighted average for each sample.

Sample ID dD (‰) 2r (‰) H2O content (ppm) 2r

Cachari

C-Ap1a �55 112 285 6
C-Ap1b 17 86 494 10
C-Ap2a 58 63 780 16
C-Ap2b 98 66 738 15
C-Ap3a �56 134 186 4
C-Ap3b �5 99 325 7
Weighted Average 37 61 286 170

Padvarninkai

Pa-Ap1a 29 72 614 14
Pa-Ap1b - - - -
Pa-Ap2 �157 55 1651 36
Pa-Ap3 �24 70 646 14
Pa-Ap4 62 40 3017 68
Pa-Ap5a - - - -
Pa-Ap5b 129 52 1301 29
Pa-Ap6 114 35 4012 91
Weighted Average 50 100 824 600

Puerto Lápice

PL-Ap1a 104 103 240 5
PL-Ap1b 87 65 737 15
PL-Ap2a 154 58 842 18
PL-Ap2b 163 58 772 16
PL-Ap3 100 69 651 14
Weighted Average 128 29 387 320
Padvarninkai n = 8) samples and a total of 17 correlated
H measurements were made on top of the Cl image pits
(Puerto Lápice n = 5, Cachari n = 6, and Padvarninkai
n = 6), the data for which are listed in Table 2 and plotted
in Figs. 3 and 4. Where possible, within the same apatite
grain, one measurement was taken where EBSD maps
showed low deviation in crystallographic orientation and
another measurement was taken where these maps indi-
cated higher misorientations, to allow for intra-grain
comparisons.

Apatite in moderately-shocked Puerto Lápice (S3) dis-
play a range in Cl content from �750 to 1100 ppm with
most analyses yielding >900 ppm Cl, similar to the basaltic
eucrite NWA 1908 (Sarafian et al., 2017b). Apatite in
Cachari (S4) and Padvarninkai (S5) contain more Cl over-
all, with Cl contents ranging from �1000 to 1400 ppm; sim-
ilar to the literature values for Cachari (Sarafian et al.,
2017b), Stannern, and DaG 844 (Barrett et al., 2019). The
d37Cl values for apatite in Puerto Lápice (�–3.4 ± 1.1 to
�0.6 ± 1.1‰, 2r) are within error of terrestrial values
(�0.2 ± 1.0‰, Sharp et al., 2013) although typically lower
(<�2‰). These values are also similar to the light Cl iso-
tope signature observed in other eucrites (Sarafian et al.,
2017b; Barrett et al., 2019) as well as Mars (Williams
et al., 2016; Shearer et al., 2018) that are interpreted to
record the primitive solar nebula composition. Both
Cachari and Padvarninkai have relatively 37Cl-enriched sig-
natures (�+5.4 ± 1.1‰ to �+7.5 ± 1.2‰ and �+3.0
± 1.4‰ to �+7.7 ± 0.9‰, respectively), similar to some
previously analysed basaltic eucrites (Sarafian et al.,
positions, abundance, and their associated (2r) uncertainties for

(ppm) d37Cl (‰) 2r (‰) Cl content (ppm) 2r (ppm)

6.63 0.98 1257 35
5.44 1.09 1016 28
6.36 1.15 1016 27
7.49 1.15 1157 24
4.92 1.35 1308 28
6.98 0.89 1408 30
6.43 0.92 1182 170

6.19 1.39 1023 31
7.70 0.95 964 29
3.48 1.23 1391 42
2.96 1.37 1360 41
4.13 1.09 1053 32
5.41 1.04 1208 37
4.64 1.05 1116 34
4.23 1.22 1193 36
5.10 1.3 1129 120

�0.65 1.09 940 47
�2.12 1.59 754 37
�2.02 1.18 983 27
�1.22 1.28 1106 31
�3.38 1.19 959 27
�1.80 1.4 965 140



Fig. 3. (a) Plot of Cl content versus d37Cl values of apatite in the studied eucrites measured by NanoSIMS. (b) Same data plotted against
literature values and averages (Sarafian et al., 2017a,b,c; Barrett et al., 2019). The dark grey band indicates the terrestrial range (�0.2 ± 1.0‰,
Sharp et al., 2013). The diagram indicates a consistent Cl isotope composition but varying Cl abundance. When compared to literature values
(b) the data from this study plots in consistently with the basaltic eucrites in terms of both Cl content and isotopic composition.

Fig. 4. (a) Plot of H2O content versus dD values of apatite in the studied eucrites measured by NanoSIMS. (b) Same data plotted against
literature values (Sarafian et al., 2014, 2017a,b,c; Barrett et al., 2016). The diagram indicates a consistent H isotope composition but varying
H2O abundance. In Cachari (S4) and Padvarninkai (S5) there appears to be a positive correlation between dD and H2O content. When
compared to literature values (b) the data from this study plots in consistently with the basaltic eucrites in terms of both H2O content and H
isotopic composition.
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2017b; Barrett et al., 2019), although Padvarninkai shows
slightly more variability (Fig. 3). Data from Puerto Lápice
(S3) show similar Cl isotopic compositions and abundances
in spot mode to grains that were analysed in isotope imag-
ing mode, which suggests that there is no instrumental effect
between these two analysis modes. The weighted average
d37Cl value of all apatite grains from this study (+4.0
± 1.7‰; n = 19; 95 % confidence) is just within error of
the eucrite average (+1.7 ± 0.71‰; Barrett et al., 2019).
When combined with the eucrite literature values, the total
weighted average of d37Cl is +1.76 ± 0.66‰ (n = 147; 95 %
confidence) which is still within the range of data defined by
terrestrial rocks, martian meteorites, and chondritic mete-
orites (d37Cl ��5.6‰ to +8.6‰) (Sharp et al., 2013,
2016; Williams et al., 2016; Bellucci et al., 2017).
Water abundances (reported as equivalent H2O abun-
dances) for Puerto Lápice (S3) apatite grains exhibit a rela-
tively large variation from 240 to 842 ppm H2O, similar to
the basaltic eucrite Millbillillie (S2) (Fig. 4) (Barrett et al.,
2016). Cachari (S4) has a similar range to Puerto Lápice
(S3) at 186–780 ppm H2O (Fig. 4); the highest measured
value being �150 ppm lower than the single data point
found in literature (932 ppm; Sarafian et al., 2014). Pad-
varninkai (S5), on the other hand, has a larger and more
variable range in water contents, from 614 to 4012 ppm
H2O (Fig. 4). The dD values of apatite in Puerto Lápice
range from �+ 90 ± 65‰ to + 160 ± 58‰ (2r) within
error of many of the basaltic eucrites with similar H2O
abundance. The dD values for some of Cachari (��55
± 135‰ to +98 ± 66‰) are within error of the previous
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data point (�158 ± 24‰; Sarafian et al., 2014), however,
apatite display a positive correlation between dD and
H2O content (Fig. 4a). Padvarninkai displays a similar
range to Cachari (dD ��157 ± 55‰ to +129 ± 52‰), with
the lightest single data point from a grain domain with poor
BC diffraction. The weighted average dD value of all apatite
grains from this study (+67 ± 43‰; n = 17; 95 %
confidence) is heavier than the literature eucrite average
(�141 ± 16‰, data from; Sarafian et al., 2014, 2017a,b,c;
Barrett et al., 2016; Stephant et al., 2021). When combined
with literature data the total weighted average is �122
± 20‰ (n = 85, 95% confidence) still consistent with D/H
values measured in carbonaceous chondrites, terrestrial
material and lunar mantle-derived lithologies (e.g. Robert,
2006; Alexander et al., 2012; Hallis et al., 2015;
McCubbin and Barnes, 2019).

5. DISCUSSION

5.1. Correlating deformation and volatiles

As mentioned previously in the introduction, the EBSD
maps acquired for samples with previous literature data
from Barrett et al. (2016, 2019) (DaG 945, Millbillillie,
Stannern) are conducted on the exact apatite grains used
in those studies. This allows for a valid correlation between
the structures observed in this study and the abundance and
isotopic composition within these samples. The effects of
terrestrial weathering are discussed in the supplementary
material.

5.1.1. Shock Stage S1

Pole figures and IPF maps of apatite in DaG 945 show
tight clustering in a single orientation (�1�). Given these
grains appear strain-free and without internal features, this
sample can be considered practically undeformed. As such
neither shock pressure, nor the post-shock elevated temper-
ature, should affect the volatile isotopic composition of the
sample. Literature data for the same three apatite grains in
DaG 945 (three Cl measurements, three H measurements)
which have new EBSD maps (this study) are consistent
and invariant with regards to their H isotope systematics
and to samples of higher shock stages (Fig. 4b). For chlo-
rine, on the other hand, residual eucrite DaG 945 is an
obvious exception in Fig. 3b, with very low Cl content
(�30 ppm) and significantly elevated d37Cl values
(�+30‰). Given the undeformed nature of the apatite
grains as demonstrated by EBSD, and the low-shock stage
characteristics of the entire sample, it is unlikely that this
enriched 37Cl signature was caused by shock deformation
and more likely caused by another secondary mechanism
such as degassing as suggested in Barrett et al. (2019).

5.1.2. Shock Stage S2

BSE and EBSD maps of apatite from Millbillillie and
Stannern along with the surrounding mineral phases indi-
cate the onset of brecciation and fracturing (Fig. 1b and
supplementary material). Results from this work confirm
that fracturing is the preferred mode of deformation in
samples studied here for this shock stage and suggestive
of a dominant brittle deformation regime. The EBSD
observations, taking into account the optical properties of
minerals, surrounding mineralogy, and textual context, sug-
gest that S2 apatite have experienced relative low pressures
(<10 GPa; Fritz et al., 2017). Very high shock-induced pres-
sure can be ruled out based on the absence of pervasive
crystal-plastic deformation (dislocation glide, or dislocation
creep if high pressure was coupled with sufficient tempera-
ture) observed in the apatite (Nakano et al., 2001; Saka
et al., 2008). Fritz et al. (2017) postulate a post-shock tem-
perature range of 20–50 �C for samples in the S2 category
effectively ruling out dislocation creep and dynamic recrys-
tallisation. Given the slow diffusion of volatiles in apatite at
temperatures <200 �C (Brenan, 1993) it is unlikely that the
slightly elevated post-shock temperatures would have
allowed for diffusion in S2 apatite, even if fracturing could
have provided pathways for volatile migration.

Literature data for same eight apatite grains in Millbillil-
lie and Stannern (eight Cl measurements, 11H measure-
ments) which have new EBSD maps (this study), do not
appear related to the deformation features observed with
EBSD or record any consistent variation which would sug-
gest volatile mobility caused by fracturing (Sarafian et al.,
2014, 2017b; Barrett et al., 2016, 2019). Both fractured
and unfractured apatite within these samples have uniform
d37Cl values and Cl contents. These values are also consis-
tent with the majority of basaltic eucrite literature data
(typically S2) which display a range from �� 1‰ to
+ 3‰, close to terrestrial values (Sarafian et al., 2017b;
Barrett et al., 2019). The Cl content of these samples are
also fairly consistent both in terms of intra-grain and
inter-grain variations within a sample (Fig. 3b) (Millbillillie:
�1830–2010 ppm Cl, Stannern: 1490–1537 ppm Cl; Barrett
et al., 2019). Low temperature mechanical fracturing, the
most prevalent textural feature observed in these low shock
samples, therefore, does not appear to have provided path-
ways for volatile migration within these samples.

Neither mineral fracturing, nor the presence of local
misorientations seem to affect the abundance or isotopic
composition of H in these samples. As each apatite grain
appears to be a single crystal, based on BSE and EBSD
images (Figs. 1 and 2 and supplementary material), with
fragments predominately produced by mechanical fractur-
ing at relatively low temperatures, shock cannot explain
any intra-grain variation of H2O seen within the same apa-
tite either. Stannern and Millbillillie contain apatite with
both high and low H2O contents (59–2624 ppm and 91–
1080 ppm H2O respectively; Sarafian et al., 2014; Barrett
et al., 2016) and would, therefore, suggest that H2O content
is unlikely to be linked to shock-stage as isotopic fraction-
ation would be expected if volatile mobilisation had
occurred and the isotopic composition of the samples are
consistent across the full range of H2O content as well as
consistent with other eucrites of differing shock stages.
One grain in Millbillillie (Ap1, Table 2, Barrett et al.,
2016) displays a range of almost 600 ppm H2O, however,
pole figures and GROD maps for this grain show no signif-
icant evidence of crystal plastic deformation, and the SIMS
pits are not located in areas of higher or lower deformation
(See supplementary material). It is, therefore, based on the
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textural context and mineral setting with other primary
minerals, likely that this variation is primary in nature in
agreement with earlier conclusions (Barrett et al., 2016).
Overall, The H isotope signature and water content of these
samples appears invariant with respect to shock.

5.1.3. Shock Stage S3 and S4

At shock stages S3 and S4, samples begin to show
intense crystal plastic deformation (tens of degrees) in the
form of lattice bending and subgrain formation. As men-
tioned in the results, pole figures for both Puerto Lápice
and Cachari display an increase in the spread of orienta-
tions (�30� spread in internal crystallographic misorienta-
tions). In Puerto Lápice, pole figures appear to display
less random orientations when compared to Cachari, which
typically has a larger variation and scatter in pole figure ori-
entation. This increase in internal misorientation is likely
related to the increase in shock pressure and temperature
and continued denigration of the original apatite crystal
structure. The increased pseudo-brittle fracturing observed
within the S4 Cachari could be related to loss of mineral
cohesion owing to mechanical failure at high strain rates,
which agrees with features such as lattice bending observed
in IPF and pole figures within the sample that indicate a
more crystal-plastic regime for deformation (Fig. 2n and
S4 pole figure). Given the lack of melt veins present in this
section, the post-shock temperatures experienced by Puerto
Lápice (S3) are likely to be low (estimated 100–150 �C;
Fritz et al., 2017) and too low to allow for shock-induced
diffusion of volatiles in apatite (Brenan, 1993). In Cachari
(S4), however, post-shock temperatures across the whole
sample (likely 200–300 �C) are above those modelled by
Brenan (1993) where no volatile diffusion would occur but
likely below the temperatures modelled for rapid H diffu-
sion (500–700 �C; Higashi et al., 2017). As shock pressure
can be distributed heterogeneously throughout a sample,
however, local temperatures could have been much higher,
especially in regions around melt veins (Koroteev et al.,
2013; Moreau et al., 2018) (please note that no melt veins
are observed in either sample close to the apatite analysed
in this study). Given the similarity in both H2O and Cl
abundance and isotopic composition for Cachari with
lower shock literature values which have not experienced
shock-induced diffusion (Sarafian et al., 2014, 2017a,b,c;
Barrett et al., 2016, 2019), it is likely that the volatile com-
position of Cachari is primary and unmodified by post-
shock heating.

For S3 sample Puerto Lápice, there is no resolvable
intra-grain variation with regards to d37Cl values that can
be related to obvious subgrains within a single crystal
(Fig. 5b). The Cl contents of this sample, however, could
potentially have been affected by shock, as in two grains
the more deformed areas contain less Cl (�120–200 ppm)
relative to the less deformed areas, and have lower (although
within error) d37Cl values (see PL-Ap1 and PL-Ap2,
Fig. 5b). This is consistent with devolatilisation observed
in more heavily shocked martian meteorites such as NWA
7755 (Howarth et al., 2015; Wang et al., 2017). It should
be noted, however, that the deformation observed in apatite
within Puerto Lápice has not experienced as high shock
pressure as NWA 7755 and is relatively consistent, as indi-
cated by similar levels of GROD misorientation and spread
in PFs as well as little difference in GROD misorientation
within a grain between the regions of higher and lower
deformation. As such, shock may not cause this relatively
small variation in Cl content within a grain. This subtle
trend of lower Cl content in areas of higher GROD misori-
entation, however, is not so obvious in Cachari. Whilst C-
Ap2 and C-Ap3 follow this trend, the more deformed area
in C-Ap1 is not consistent with a slightly higher d37Cl value
(again within error) and �200 ppm more Cl than its less
deformed counterpart (Fig. 5b).

In Puerto Lápice (S3), the H isotopic composition is
consistent (weighted average dD + 128 ± 29‰, Table 2,
Fig. 4a). The water abundance is also mostly consistent
(651–842 ppm H2O), with only one of the five analyses sig-
nificantly different (PL-Ap1a at 240 ppm H2O) (Fig. 5a).
The EBSD maps for this grain show little difference in
GROD misorientation between the analysis regions
(�2� misorientation) and no obvious features which suggest
there is localised deformation that could have provided a
pathway for H2O loss. Whilst there is no resolvable differ-
ence in H isotopic composition for Cachari (S4), the analy-
ses corresponding to more deformed regions (higher
misorientation in GROD maps) within each grain are iso-
topically lighter (although still within error), and two of
the three grains (C-Ap1 and C-Ap3) also contain less water
(by �150–200 ppm H2O) than their less deformed counter-
parts (Fig. 5a).

5.1.4. Shock Stage S5

Overall, at shock stage S5, most apatite grains are signif-
icantly fractured, with an abundance of distinct subgrains
(Fig. 2j and supplementary material). Two grains (Pa-Ap3
and Pa-Ap5) do not display these features but their EBSD
maps do indicate at least moderate deformation. Given the
small size and lower spread in crystallographic orientation
observed in EBSD maps for these two grains, it is possible
these crystals may have recovered via annealing (recrys-
tallised). Another possibility is the surrounding minerals
(typically maskelynite, pyroxene, and the silica phase) effec-
tively shielded the small grains from the extreme shock
pressure as local density contrasts between phases of differ-
ing shock impedance at smaller scales is more complex and
can induce locally heterogenous responses (e.g. Koroteev
et al., 2013; Moreau et al., 2018). These grains, therefore,
are less shocked than the larger apatite grains in the same
sample. Given these grains are still moderately deformed
(particularly Pa-Ap3 in GROD) it is more likely that these
grains have been shielded than recrystallised.

In the two Padvarninkai apatite where intra-grain com-
parisons are possible, analyses in Pa-Ap1 are within error
for d37Cl value and comparable in Cl content (Fig. 5b).
In apatite Pa-Ap5 the analysis region that displays higher
GROD misorientation, is slightly enriched (still within
error) in 37Cl (+5.41 ± 1.04‰ compared to +4.64
± 1.05‰) but has a slightly higher Cl content (1208 ± 37
vs. 1116 ± 34 ppm Cl), the opposite to that observed in
Puerto Lápice (Fig. 5b). Both apatite grains have d37Cl val-
ues and Cl contents similar to basaltic eucrite literature



Fig. 5. (a) Plot of intra-grain variability of studied samples for H2O content and dD values measured by NanoSIMS. (b) Plot of intra-grain
variability of studied samples for Cl content and d37Cl values. The diagram highlights that there is no resolvable intra-grain variability for
both isotope systems, however, there is some intra-grain variability in volatile content. This intra-grain variability of volatile content does not
appear to be correlated with analysed conducted in more or less deformed regions of the apatite grain.
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data (e.g. NWA 1908; Sarafian et al., 2017b). In both grains
which could have undergone recrystallisation, the Cl con-
tent and isotopic composition (Pa-Ap3 and Pa-Ap5) are
also consistent not only with the rest of the Padvarninkai
apatite, but also the lower shock basaltic eucrite literature
data (Sarafian et al., 2017b; Barrett et al., 2019).

At the highest shock stage in this study, Padvarninkai
(S5) is significantly more variable in both H isotopic com-
position and content. Unfortunately, owing to the extre-
mely fractured nature of the apatite grains within the
sample, it was not possible to obtain multiple hydrogen iso-
tope analyses within a single apatite and therefore no intra-
grain comparisons can be made. The lightest H isotope
composition in this sample (Pa-Ap2; �157 ± 55‰), is
located in a region that in BC images appears to be partic-
ularly complex and could represent severely degraded crys-
tallinity despite the low spread in IPF and Pole
Figure orientation. This region could act as a ‘nano-
sponge’ for a D-poor reservoir which has been interpreted
in water-poor apatite with complex nanostructures on the
Moon incorporating a measurable amount of solar hydro-
gen (Černok et al., 2020). In the case of this sample, how-
ever, the H2O content of this Pa-Ap2 is significantly
higher (approximately an order of magnitude) than the
lunar case and Pa-Ap5 is also located in a similar region
within its apatite crystal and has a more positive dD value
(+62 ± 40‰) which suggests there is no consistent link. The
H2O abundance of Pa-Ap2 is also lower than that of Pa-
Ap5 (1651 ppm and 3017 ppm H2O respectively). If these
regions did act as a nano-sponge for D-poor water, it would
be expected that the higher water content apatite have the
lower dD value which is not the case here. Given the
strongly hydrophilic nature of Cl, it would be expected that
a similar trend be observed in the Cl isotope values; whilst
the d37Cl value for Pa-Ap2 is low for the sample it is not
anomalously low nor the lowest value from the sample
and also displays a consistent Cl content. It is, therefore,
unlikely that the complexity observed in BC images is
related to isotopic composition. The GROD and local
misorientation maps for the rest of this sample, however,
do not display any obvious relationship between deforma-
tion, dD, and H2O content (See supplementary material).
At this shock stage the post-shock heating (estimated
600–900 �C; Fritz et al., 2017) would have been high
enough for diffusion of H through the apatite crystal, how-
ever, this heating would be very short lived (�70 ms, Ozawa
et al., 2014) and therefore the distance diffused would be
minimal (�1.5 nm assuming 700 �C for 70 ms using the
equation from Higashi et al., 2017 or significantly less using
Brenan, 1993). The lack of observed correlation between
shock, dD, and H2O content, owing to the consistent values
between high with low shock samples, suggests that diffu-
sion was either 1) not extensive, 2) that the post-shock ele-
vated temperature did not last long enough for volatile
diffusion, or 3) given the variable deformation seen across
the sample, the post-shock heating for these apatite grains
was lower than the estimated temperature from the shock
classification, therefore reducing the effectiveness of
diffusion.

Whilst there does not appear to be a relationship
between deformation features, dD and H2O content,
Fig. 4a does potentially highlight a slight positive correla-
tion between dD and H2O in both Padvarninkai and
Cachari. This positive correlation effectively rules out
degassing and diffusion (which would both be negatively
correlated) but could potentially arise from mixing with a
D-poor, H2O-poor reservoir in a similar fashion to that
observed in Černok et al. (2020). In their case, however,
the addition of a D-poor reservoir, was only noted in the
driest apatite grains (<100 ppm) all of which were in direct
contact with, or in close proximity to, impact generated
melt. Apatite with higher water content (>100 ppm) from
this study showed no evidence of water loss or alteration
in their dD, regardless of the complexity of their
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shock-induced features (e.g., spread of misorientations as
evidenced in pole figures, density of subgrains). As all the
apatite from both Cachari and Padvarninkai contain
>100 ppm H2O and are not located near impact melt, it is
unlikely the same process occurred in these samples to
any significant degree. This positive correlation is not seen
in chlorine isotope systematics, further highlighting the
decoupled nature of these two isotope systems in eucrites
(Barrett et al., 2019).

Overall, given the consistent results in abundance and
isotopic composition of volatiles despite increasing shock
pressure and temperature, these results would suggest that
there is no systematic and preferential change in Cl or H
systematics recorded in apatite as a result of either shock
deformation or post-shock heating in the studied samples.

5.2. Thermal metamorphism

Another possible mechanism for altering the primary
volatile signature of the eucrites is general thermal
metamorphism on the parent body unrelated to short lived
elevated post-impact temperatures.

Yamaguchi et al. (1996) suggest a relatively short time
scale (�1 Ma) of elevated temperature (�700–900 �C) for
global metamorphism on Vesta. Given these parameters
and the rapid diffusion of H, parallel of the c axis, in apatite
at these temperatures (Higashi et al., 2017) it is possible for
H to diffuse well over the distance of the typical size of an
apatite grain (�3 cm assuming 700 �C for 1 Ma using the
equation from Higashi et al. (2017) or significantly less
when considering OH diffusion using Brenan (1993). Diffu-
sion of H in apatite, however, should display a negative cor-
relation of increasing dD and decreasing H2O content,
which is clearly not observed in the results of this study.
As there is no evidence for metasomatic alteration within
the sample, diffusion of volatiles into the apatite grain has
not been considered. Apatite dD and H2O content of sam-
ples studied here do not show any correlation to the
Fig. 6. Plot of correlated dD and d37Cl values measured by NanoSIMS fo
data. Data presented here indicates there is no correlation between the t
samples overall thermal metamorphic grade (type 4–6), in
keeping with pervious apatite literature findings (Sarafian
et al., 2014; Barrett et al., 2016) as well as work conducted
on clinopyroxene by Sarafian et al. (2019). This is in con-
trast with the work of Stephant et al. (2021) which indicates
a potential link between clinopyroxene H2O content, dD,
and thermal metamorphism. It should be noted, however,
the average clinopyroxene data for samples from Stephant
et al. (2021) are similar within error and that phosphate
data (both apatite and whitlockite) from Stephant et al.
(2021) do not show this trend and display H2O contents
and dD values typical for eucrites.

Given the diffusion coefficient of Cl is essentially identi-
cal to OH owing to the requirement of charge neutrality
(Brenan, 1993), the same negative correlation between
d37Cl and Cl content would be expected given that 35Cl will
diffuse faster than 37Cl and no metasomatism is observed to
suggest diffusion into the apatite. This correlation is not
observed in the results of this study nor the literature data
since apatite from type 4 and 6 eucrites are observed across
the entire range of Cl content (Sarafian et al., 2017b;
Barrett et al., 2019). In the case of the residual eucrite
DaG 945, which has experienced a short period of extreme
thermal metamorphism resulting in low level partial melt-
ing, Barrett et al. (2019) argue against diffusion or partial
melting fractionating Cl isotopes based on recent Cl diffu-
sion work (Fortin et al., 2017).

5.3. Correlating dD and d37Cl

Fig. 6a displays the correlated dD and d37Cl values for
regions where it was possible to obtain both sets of isotopic
data. Given the hydrophilic nature of Cl, it is possible that
there may be a correlation between dD and d37Cl values in
apatite. From the graph, however, it is obvious that there is
no correlation between dD and d37Cl values across different
samples (R2 = 0.10). Whilst Puerto Lapice (S3 shock) has a
resolvable lighter Cl isotopic composition than Cachari and
r apatite regions where it was possible to obtain both sets of isotopic
wo isotope systems.



Fig. 7. GROD maps and associated 37Cl/35Cl and 35Cl/18O images for PL-Ap2a, C-Ap1a, and Pa-Ap1a and are related specifically to the A
white box within the GROD map of the figure and indicated by red arrows. The B white box indicates the location of the other analysis within
the same grain. White outlines on the 37Cl/35Cl and 35Cl/18O images indicate the region of interest (ROI) that was used in the study.
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Padvaninkai (S4 and S5 shock, respectively), the H isotope
systematics are invariant as they are within error at the 2r
level. At S4/S5 shock stages the dD values are more vari-
able, while the d37Cl values are still consistent. The volatile
abundance also exhibits no correlation between H2O and Cl
(Fig. 6b). Even in Padvarninkai, which has a large range in
H2O abundance (�610–4010 ppm), its Cl contents are rela-
tively restricted (�950–1200 ppm; Fig. 6b).

The above results appear contrary to studies of martian
phosphates which have been observed to undergo devolatil-
isation during impact (Howarth et al., 2015), or have
undergone shock-induced phase transitions (Adcock
et al., 2017; Wang et al., 2017). Devolatilisation of apatite
in enriched shergottite NWA 7755 appears to be associated
with impact melt, with the sample containing extensive melt
indicative of high post-shock temperatures which could be
driving the disturbances observed (Howarth et al., 2015;
Wang et al., 2017). Conversely, Hallis et al. (2017) observed
that ringwoodite in the martian meteorite Tissint incorpo-
rated the D-heavy martian atmosphere during the shock-
induced phase transition resulting in higher water content
and considerably higher dD values. If devolatilisation



Fig. 8. Plot of Cl content versus d37Cl values highlighting the variation in Cl content but not isotopic composition of Cl-enriched and Cl-
depleted regions of interest (ROI). Obvious cracks were also added for comparison purposes.
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during impact was the mechanism involved in creating the
volatile abundance variation observed in our samples, it
could also be expected there would be potential isotopic
fractionation. Given there is no correlation between the
abundance and isotopic composition of either volatile sys-
tem with shock and little to no melting observed within
the samples, devolatilisation cannot be used to explain the
variations observed in volatile abundance.

Results of this study, however, are consistent with the
recent work of Černok et al. (2020) on lunar samples which
demonstrated no evidence of water-loss or alteration of dD
in apatite, at appreciable water contents (>100 ppm H2O),
regardless of the complexity of observed shock-induced
nanostructures. Combined, these results may indicate a dif-
ference in response to shock based on the presence/absence
of an atmosphere.

5.4. Nanoscale mobility of Cl in shocked eucrites

As the chlorine isotopic compositions measured in this
study were conducted in isotope imaging mode, it is possi-
ble to investigate if there are any subtle changes in the iso-
topic composition across an image. It is then possible to
potentially link any observed changes in the isotope image
to shock features in EBSD given these analyses are at sim-
ilar length scales (175–513 nm and 300–750 nm, respec-
tively). The three GROD maps in Fig. 7 for shocked
eucrites are displayed alongside Cl isotope SIMS images
for one of their analyses (in all cases NanoSIMS images
relate to point A on each grain). The figure indicates that
there is resolvable heterogeneity in the 35Cl/18O images in
all samples and this appears to increase with shock stage.
Interestingly, however, other than regions on the images
that can be related to fractures (indicated by either extre-
mely high or low 35Cl/18O ratios; and identified in GROD
maps by non-indexed areas), there does not appear to be
an obvious link between the sub-micrometre variations seen
in the NanoSIMS images and any of the intra-crystalline
deformation features in the EBSD images. In PL-Ap2a a
distinct subgrain is observed in the GROD map (Fig. 7)
but no variation is seen in the 35Cl/18O image.
When regions of interest (ROIs) are taken around the
smaller and more complex Cl-enriched/depleted regions
within an isotope image, the corresponding d37Cl value of
this ROI is within error of the larger ROI used for the
reported data (Table 2). Given the poor counting statistics
associated with these smaller ROIs, their respective uncer-
tainties are large unfortunately precluding any meaningful
observations. The Cl content, however, can vary up to sev-
eral hundred ppm (Fig. 8). It is possible the variation in Cl
content is facilitated by shock-induced nanostructures that
could have provided pathways for migration of volatiles
and, as the isotopic composition remains unchanged within
error across the apatite grain, there is no evidence for any
preferential mobilisation of 35Cl over 37Cl. The 35Cl/18O
image of Pa-Ap1a does show an approximately linear
Cl-depleted region that coincides with a linear feature of
non-indexing pixels in EBSD maps which is an observed
crack in the apatite crystal which could be used as pathway
for volatile migration. Other cracks, however, both within
Padvarninkai as well as the other lower shock samples stud-
ied do not display the same correlation, with some cracks
having elevated Cl abundances and others no discernible
difference in Cl content (Fig. 8). Given, therefore, that these
features observed in the 35Cl/18O images do not appear to
coincide with any observed deformation in EBSD maps,
and any relation to cracks in the apatite are inconsistent,
their direct relation to shock deformation is ambiguous.
Improved precision on the Cl isotopic ratio at this small
scale and higher-resolution microstructural analysis (such
as atom probe tomography and transmission electron
microscopy), would be required to further investigate this
relationship, as was recently demonstrated in martian
shock-deformed apatite (Darling et al., 2021).

6. SUMMARY AND CONCLUSIONS

This study reports on the shock-induced deformation
microstructures and corresponding volatile abundance (H,
Cl) and isotopic composition of apatite from basaltic
eucrites that display a range of shock-deformation features
(S1–S5).
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EBSD maps of apatite microstructures display increas-
ing spread in internal misorientation at higher shock stages.
At shock stage S1, apatite grains are considered unshocked,
with single crystals displaying no obvious signs of internal
deformation as indicated by tight clustering in IPF and
PF. Apatite in S2 samples are predominately deformed by
fracturing which form sub-angular to angular blocks with
little to no relative misorientation between or within the
blocks. S3 and S4 samples display increasing amounts of
crystal plastic deformation and at the higher shock stages
(S4/S5) there is potential recrystallisation.

The Cl content of shocked (S3 to S5) apatite ranges from
�940 to 1410 ppm, similar to those from less-shocked
basaltic eucrites and the corresponding d37Cl values range
from �3.38 to +7.70‰. The moderately shocked sample
Puerto Lápice (S3) has d37Cl values similar to Earth
(�3.38 to �0.65‰), whereas the more severely shocked
Cachari and Padvarninkai are enriched in 37Cl, similar to
the typically lower shock basaltic eucrite literature data
(Sarafian et al., 2017b; Barrett et al., 2019). The H2O abun-
dances are more variable (240 to �4000 ppm) and appear to
show increased variability with increased shock stage, how-
ever, the overall range in water content is still within the
range previously reported for lower-shock basaltic eucrites
(Sarafian et al., 2014; Barrett et al., 2016). The dD values,
ranging from –157 to +163‰, are also similar to those
known for basaltic eucrites. Weighted averages for both
H and Cl isotopic systems (dD �122 ± 20‰, d37Cl +1.76
± 0.66‰) are consistent with other inner Solar System
values.

Based on the results presented here, the following con-
clusions can be drawn:

� EBSD maps of the studied eucrite meteorites display an
increase in crystallographic misorientation with shock
stage. This increase in misorientation, however, does
not appear to correlate with either abundance or iso-
topic composition at either an inter-grain or intra-
grain scale.

� Diffusion occurring as a result of elevated post-impact
temperatures is unlikely, owing to 1) the low estimated
post-impact temperatures at low shock stages (Fritz
et al., 2017; Stöffler et al., 2018), 2) the lack of negative
correlation linked to diffusion-driven fractionation, and
3) the abundance and isotopic composition of samples
studied here do not show any correlation to the samples
overall thermal metamorphic grade.

� Whilst the 37Cl/35Cl images of apatite do not appear to
display any variation with shock stage, the microstruc-
tural complexity (local enrichments and depletions in
35Cl/18O ratio) observed within the NanoSIMS
35Cl/18O images does increase with shock stage. There
does not, however, appear to be an obvious or consistent
link between the sub-micron variations seen in the
NanoSIMS images and any of the intra-crystalline
deformation features in the EBSD images.

Overall, results of this study are similar to the recent work
of Černok et al. (2020) on lunar apatite but different com-
pared to the results for martian apatite (Darling et al.,
2021). As such,H andCl loss and isotope perturbations asso-
ciated with shock seem to be a feature currently unique to
celestial bodies with atmospheres and/ormore extensive past
fluid-rock interactions, i.e.Mars.Given the consistent results
in abundance and isotopic composition of volatiles despite
increasing shock pressure and temperature, and lack of any
consistent correlation observed in intra-grain analysis as well
as between 35Cl/18O images and EBSD maps, these results
would suggest that there is no systematic and preferential loss
ofCl orH recorded in apatite as a result of either shock defor-
mation or post-shock heating in the studied eucrite samples.
Apatite, therefore, appears to be a robust recorder of primary
H and Cl signatures on airless bodies.
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	2.6 Stannern (S2)

	3 Methods
	3.1 Optical and scanning electron microscopy
	3.2 Electron Backscatter Diffraction (EBSD)
	3.3 Nano secondary ion mass spectrometry (NanoSIMS) protocol
	3.3.1 Chlorine isotope analysis
	3.3.2 Hydrogen spot analysis


	4 Results
	4.1 Textural context and shock-induced microstructures of apatite in eucrites
	4.1.1 Shock Stage S1
	4.1.2 Shock Stage S2
	4.1.3 Shock Stage S3 and S4
	4.1.4 Shock Stage S5:

	4.2 Volatile (H and Cl) abundance and isotopic compositions

	5 Discussion
	5.1 Correlating deformation and volatiles
	5.1.1 Shock Stage S1
	5.1.2 Shock Stage S2
	5.1.3 Shock Stage S3 and S4
	5.1.4 Shock Stage S5

	5.2 Thermal metamorphism
	5.3 Correlating δD and δ37Cl
	5.4 Nanoscale mobility of Cl in shocked eucrites

	6 Summary and conclusions
	Declaration of Competing Interest
	Acknowledgements
	Appendix A Supplementary data
	Appendix A Supplementary data
	References


