The \
Meteoritical Meteoritics & Planetary Science 55, Nr 2, 426—-440 (2020)
Society doi: 10.1111/maps.13443

Atom probe tomography of space-weathered lunar ilmenite grain surfaces
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Abstract-The surfaces of airless bodies, such as the Moon and asteroids, are subject to
space weathering, which alters the mineralogy of the upper tens of nanometers of grain
surfaces. Atom probe tomography (APT) has the appropriate 3-D spatial resolution and
analytical sensitivity to investigate such features at the nanometer scale. Here, we
demonstrate that APT can be successfully used to characterize the composition and texture
of space weathering products in ilmenite from Apollo 17 sample 71501 at near-atomic
resolution. Two of the studied nanotips sampled the top surface of the space-weathered
grain, while another nanotip sampled the ilmenite at about 50 nm below the surface. These
nanotips contain small nanophase Fe particles (~3 to 10 nm diameter), with these particles
becoming less frequent with depth. One of the nanotips contains a sequence of space
weathering products, compositional zoning, and a void space (~15 nm in diameter) which
we interpret as a vesicle generated by solar wind irradiation. No noble gases were detected
in this vesicle, although there is evidence for “He elsewhere in the nanotip. This lunar soil
grain exhibits the same space weathering features that have been well documented in

transmission electron microscope studies of lunar and Itokawa asteroidal regolith grains.

INTRODUCTION

Space weathering is the alteration of the upper
surface of materials on airless bodies due to the
simultaneous effects of irradiation by cosmic and solar
rays, electromagnetic radiation, and impacts from
micrometeorites. These interactions cause physical and
chemical alteration of the surface, impact vaporization,
and ion sputtering and implantation, which lead to
gardening and change in optical properties of the
surface materials (Hapke 2001; Chapman 2004; Bennett
et al. 2013; Pieters and Noble 2016). Products of space
weathering include agglutinates, redeposition rims,
Britt-Pieters particles/microphase metallic iron (>40 nm;
mpFe; Lucey and Noble 2008), nanophase metallic iron
(<40 nm; npFe; Hapke 2001; Lucey and Noble 2008),
and vesicles filled with implanted solar wind. Due to
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these npFe and mpFe particles, space-weathered
materials have reddened and darkened spectra relative
to pristine samples in visible and near-IR, and a blue
slope in shorter wavelengths (UV; Noble et al. 2001;
Hendrix and Vilas 2006; Starukhina and Shkuratov
2011; Pieters and Noble 2016; Raut et al. 2018).

The abundance of these products produced by
space weathering depends on the composition of the soil
grain (Zhang and Keller 2011; Burgess and Stroud
2018) as well as an object’s distance from the Sun and
the length of time it has been exposed to the weathering
environment (Zhang and Keller 2011; Pieters and Noble
2016). Redeposition rims are thin layers on the outside
of the grain that are compositionally distinct from the
host grain and can have inclusions like npFe (Pieters
and Noble 2016). Study of material from the surface of
the Moon and asteroid Itokawa shows the presence of a
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APT of space-weathered lunar ilmenite

single amorphous layer or complex rims, sometimes
with gas-filled vesicles, on the surface of the studied
grains (Keller and McKay 1997; Noguchi et al. 2014).
The npFe particles present in these rims on lunar and
Itokawa soil grains (e.g., inclusion-rich and complex
rims on the lunar particles and redeposition and
partially amorphous rims on Itokawa particles) formed
through a combination of deposition of the vapor
produced during micrometeorite impact, deposition of
elements sputtered by solar wind, and thermal reduction
during micrometeorite impact melting (Moroz et al.
1996; Keller and McKay 1997; Noguchi et al. 2014;
Picters and Noble 2016). The total depth of these rims
can be up to 200 nm thick (Keller and McKay 1997),
and it can be difficult to differentiate the contributions
from micrometeorite impacts from those of the solar
wind ions in the formation of the rims. However, work
by Zhang and Keller (2011) shows that micrometeorite
impacts are a dominant contributor to the deposition
rims on lunar soil grains during the initial stages of
space weathering. Solar wind ions have a speed range of
~300 to 800 km s~!' (Reisenfeld et al. 2013), and are
implanted up to about 200 nm deep into solid matter
with a concentration maximum at about 30-50 nm (e.g.,
Heber et al. 2014). Solar wind—implanted H could play
a role in the development of npFe within agglutinate
glasses and formation of vesiculated rims on lunar and
Ttokawa soil grains (McKay et al. 1991; Keller and
McKay 1997; Pieters and Noble 2016).

Transmission electron microscope (TEM) studies of
naturally and artificially space-weathered materials have
led to better understanding of the formation process of the
rims around space-weathered grains, but there are still
some open questions that need to be investigated at near
atomic spatial resolution, including (1) what is the depth
concentration profile, at high spatial resolution, of
implanted H, OH, and noble gases within the space-
weathered rims; (2) what is the concentration of noble
gases within vesicles in space-weathered rims; and (3) what
is the composition of different elements within multilayered
space-weathered rims. The new generations of probe-
corrected scanning transmission electron microscopes
equipped with electron energy loss spectroscope and atom
probe tomography (APT) have the required spatial
resolution to try to answer the above questions.

Ilmenite (FeTiO;) is an opaque oxide mineral that
is a common accessory phase in terrestrial igneous and
metamorphic rocks (Deer et al. 1992) and can comprise
up to about 20% of lunar soils (e.g., Papike et al.
1991). Ilmenite has been proposed as a building
resource for a future lunar base, specifically as a source
of Fe, Ti, O, and solar wind—implanted H (O’Neill et al.
1977; McKay and Williams 1979; Papike et al. 1991).
However, as a soil accumulates more and more
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agglutinates with increasing exposure to the space
environment, the soil becomes harder to utilize as a
resource (McKay and Williams 1979), making it
necessary to Dbetter understand space weathering
processes. Elements other than Mg that are commonly
found in terrestrial ilmenite (e.g., Cr, Mn, Al) are
typically present only at minor or trace levels in lunar
samples (Papike et al. 1991). Ilmenite is more retentive
to solar wind-implanted He and Ne than plagioclase
and other minerals (Signer et al. 1977), and is therefore
a prime target to study implanted noble gases.

The noble gas composition of ilmenite in lunar soil
has been well studied, as the isotopic composition of the
noble gases can provide an unambiguous signature of
the soil’s interaction with the solar wind. Noble gas
mass spectrometry coupled with extraction through
both stepwise heating and acid etching suggested that
the noble gases were located in the outermost grain
layers (Benkert et al. 1993). TEM work with electron
energy loss spectroscopy has shown that the helium
present in the outermost rims of these grains is
concentrated in vesicles and planar defects (Burgess and
Stroud 2018).

Atom probe tomography is an analytical imaging
technique that is increasingly being used for geo- and
cosmochemistry (e.g., Heck et al. 2014; Valley et al. 2014,
2015; Parman et al. 2015; Lewis et al. 2015; Peterman
et al. 2016; Daly et al. 2017; Rout et al. 2017). APT is a
technique complementary to TEM, in that it generates
quantitative 3-D information with atom-by-atom
distribution of elements, at a higher resolution for
compositional data. In APT, atoms are field evaporated
from the surface of a sample and detected by a position-
sensitive time-of-flight mass spectrometer. This way, both
the local compositions and spatial distributions can be
determined in three dimensions (Seidman and Stiller
2009; Blum et al. 2017). With APT, a sample volume of
typically 100 nm in diameter can be analyzed at near
atomic spatial resolution, which makes it ideal to study
the nanoscale features formed by space weathering. Here,
we present the first APT study from a naturally space-
weathered sample.

SAMPLES AND METHODS
Lunar Dust Sample

Atom probe nanotips were prepared from a single
ilmenite grain from Apollo 17 sample 71501, aliquot
284, separated for ilmenite grains 150-200 pm in
diameter. Soil 71501 has been classified as submature
(Heiken and McKay 1974). It is composed of mainly
basalt fragments and basalt minerals. Ilmenite
comprises 8% modal content of the soil in the 90-
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Fig. 1. SEM images and drawings of grain and sample preparation for APT. A) Ilmenite is hand-picked and pressed into indium
mounted on an SEM stub. The orange dashed line indicates the location of the grain ridge and represents a topographic high from
where samples were extracted. B) The grain is ion beam sputter-coated with Ni and protective caps of Pt are deposited in the FIB
with the Pt precursor gas injection system (GIS), and then (C) milled with annuli to produce spokes that will be lifted out. (Color

figure can be viewed at wileyonlinelibrary.com.)

150 pm range. This sample has been of great interest
particularly due to its high solar wind content (e.g.,
Hintenberger et al. 1974; Signer et al. 1977; Frick et al.
1988; Benkert et al. 1993).

Sample Preparation

We selected a single grain with a diameter of about
130 um from an ilmenite separate that had been prepared
by hand picking from a grain-size separate obtained by
sieving under ethanol (Benkert et al. 1993). The ilmenite
separate and single grains thereof had been previously
extensively studied for noble gas concentrations and
isotopic compositions (e.g., Benkert et al. 1993; Wieler
et al. 1996). These studies showed that essentially all grains
from this sample contain solar wind—implanted noble
gases.

The grain used for this study was pressed into indium
on an SEM Al stub mount (Fig. 1a). Some of this In was
then pressed over the edges of the grain to secure it. The
grain’s composition was analyzed qualitatively with SEM-
EDS to confirm that it was ilmenite. The sample was ion-
beam-sputter coated with Ni to protect the mineral surface
from Ga™ ion irradiation during focused-ion beam (FIB)-
based sample preparation (Fig. 1b).

FIB Microscopy

To prepare samples for APT, we used the TESCAN
LYRA3 FIB-SEM at the University of Chicago

equipped with a Ga liquid-metal ion source, an Oxford
Instruments  micromanipulator, and an Oxford
Instruments gas injection system (GIS). Circular
platinum caps 2 pm in diameter were deposited on top
of the region of interest using ion beam-assisted
deposition for 5-10 min to further protect the sample
during milling (Fig. 1b). This deposition was done with
a low current (<10 pA) to minimize ion-beam
implantation. The grain had no flat surfaces suitable for
milling out a lamella as is done with traditional APT
sample preparation (e.g., Rout et al. 2017). To reduce
the milling required to produce a liftout, and to
facilitate the liftout process, a topographic ridge of this
grain was annularly milled with the FIB to produce
several spokes 1-2 um in diameter (Fig. 1c), which were
then lifted out using a micromanipulator. These spokes
were then mounted onto flat-top Si micro tips (provided
by Cameca Instruments) by GIS Pt deposition. The
spokes were shaped with the FIB following traditional
APT sample preparation steps (e.g., Larson et al. 1999).
The sample shaping started with a 10 kV, 35 pA beam.
The sides of each sample were milled on both sides of
the tip, rotated 90°, and then milled on the remaining
two sides. This resulted in a truncated pyramid-shaped
tip approximately 0.5 um wide at the top. The tips were
annularly milled from the top with a 10 kV, 15 pA
beam to a radius of 0.2 um, which rounds the tip out to
a conical shape. At this point, any secondary tips (sharp
points outside the annulus unintentionally created
during sample preparation) were removed so that the
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primary tip stood alone for 5 um. A low-energy mask
with a 5 kV, 30 pA beam sharpened the tips to a final
radius, ranging between 50 and 20 nm, and removed
surface contamination. During milling, the sample was
monitored with an in-beam backscatter electron
detector, and the milling was stopped when the bright
cap of platinum on the tip disappeared in the image.
One of the nanotips (Tip D, discussed below), had
surficial material removed so that deeper, unaltered
material could be analyzed.

Atom Probe Tomography

The nanotips were analyzed with a LEAP 4000X Si
atom probe tomograph at the NUCAPT facility of
Northwestern University. The atom probe was run in
laser mode with a UV laser (355 nm wavelength), with
a pulse repetition rate of 250 kHz, a pulse energy of 35—
50 pJ, and a temperature of 30 K, conditions suitable
for electrically nonconductive materials. A total of four
nanotips were produced for this analysis. Tip A was
manually stopped at 5 M atoms. This nanotip did not
yield wuseful data, as only coating materials were
analyzed (see Table 2). Tip B was analyzed in two
sessions. The first session analyzed coating materials,
and after ~30 min of evaporation, the target material
(ilmenite) was reached. The session was manually
stopped, and analysis continued with only ilmenite
present. Tip B fractured after 12.5 M atoms were
counted. The analysis of Tip C was manually stopped
at 16 M atoms, after the Fe present was no longer in
nanophase form. Analysis of Tip D was manually
stopped at 10 M atoms as enough atoms in the region
of interest had been counted. The maximum voltage
that was reached was 7 kV.

We have previously shown that APT can be used
as a standardless analytical technique (Rout et al.
2017), since all elements have approximately the same
detection efficiency. The samples described here were
measured with the LEAP 4000X Si, with ~50%
detection efficiency (e.g., Seidman and Stiller 2009;
Kelly and Lawson 2012). A potential instrumental bias
with detector dead time from C isotopes in diamond
was found in previous work (Heck et al. 2014); this is
caused by counting deficiencies due to highly
correlated field evaporation and field evaporation of
molecular ions in combination with detector dead-time
limitations (Stephan et al. 2015). This combination of
effects is particularly pronounced in materials that
have irregular field evaporation behavior, such as
diamond, or for elements with a single dominant
isotope. For such samples, isotope data need to be
corrected for by using a statistical method as described
by Stephan et al. (2015). For most other materials
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with more uniform field evaporation behavior and
multiple isotopes, such as the samples studied here,
such a correction is very small and thus can be
ignored (Rout et al. 2017).

Data were reduced using the Cameca IVAS
computer code, a commercial APT data analysis
software. The elemental and molecular ion species that
have been detected and identified in the mass
spectrum are provided in Table 1, and the spectra for
these samples with labeled peaks are shown in Fig. 2.
Species  with  peaks overlapping with isobaric
interferences (listed in Table 1) were identified based
on their natural solar system isotopic abundances. The
automatic background correction from IVAS was
applied to the mass spectrum. Molecular ions and
both singly and doubly charged species were included
in the 3-D reconstructions (Figs.3 and 4) and
elemental concentrations. Nanotip geometry of the
reconstruction was approximated using the half apex
angle of the conical tip (also known as the shank
angle) determined in SEM images. Subsets of the data
were analyzed in selected spherical and cylindrical
regions of interest (ROI). Concentration profiles were
generated along the z-axis of the nanotip from binned
cylindrical ROIs.

Isobaric peak overlaps prevented the identification
of some rare species. Singly charged *’Ne has a peak at
a mass-to-charge-state ratio of 20 u, but is obscured by
the much larger (**Ca)™ and (**Mg'°0)" * peaks at the
same location in the mass spectrum (Table 1). The mass
resolving power of the APT is generally insufficient to
separate isotopic and molecular isobar peaks.

For comparisons to published data, the APT data
were converted from atom% to oxide wt%.

RESULTS
Overview

Of four nanotips that were produced from this
grain, three yielded useful data—Tips B, C, and D
(Fig. 3 and Material S1 in supporting information;
analysis of Tip A showed only coating materials,
Table 2). Tip B was extracted from the outermost

surface of the grain. The suite includes the
redeposition rim; nanophase and microphase Fe
ranging from 5 to >30 nm in diameter; and a section
near the base of the nanotip that is more
homogenous in the distribution of elements,

particularly Fe, than the above layers (Fig. 3). During
analysis of Tip B, the first atoms came from coating
materials that were on top of this tip (not present in
this reconstruction but preserved on a separate
analysis that is not shown here). Tip C contains more
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Table 1. List of identified peaks and possible isobaric overlaps.

Mass to Possible Mass to Possible Mass to Possible
charge  Assigned isobaric charge  Assigned isobaric charge Assigned isobaric
state species overlaps state species overlaps state species overlaps
1 "H+ 27 SFet+ A+ 58 SBFe+
2 ("Ho)+ ’H+ 27.5 SMn++ 60 (*8si'°0,)+
3 (‘Hy)+ *Het+ 28 SSFe++ BSi+ 61 (*Si'%0,)+
9 ("H,'°0)++ 28.5 STFet++ 62 (*°Ti'%0)+  (°Si'°0,)+
12 Mg+ 2c+ 29 BFet++ 2Si+ 63 *'Ti'%0)+
12.5 SMgt++ 31 (*STi'"0)++ 64 (BTi'0)+
13 2oMg++ Be+ 31.5 ("Ti'*0)++ 65 (*Ti'°0)+
13.5 2T AL+ 32 (BTi'%0)++ 328+, O+ 66 COTi'*0)+
16 %0+ 32.5 (PTi'"0)++ 70 (**Fe'%0)+
17 (Oo'H)+ Yo+ 33 (Ti'*0)++ 71 (>>*Mn'®0)+
18 (‘H,'°0y+ "o+ 40 “Ca+ OAr+, (*Mg'0)+ 72 (°Fe'®0)+
20 (*Ca)+ Ne+, (**Mg!%0)++ 43 (>*Fe'%0,)++ 73 (*"Fe'%0)+
22 (8si'°0)++ 44 (*°Fe'®Oy)++  (*%si'e0)+ 74 (*Fe'®0O)+
23 40T+ 44.5 (7Fe'°0y)++  (¥Si'°0O)+ 78 (*°Ti'%0,)+
23.5 T+ 45 (38Fe'%0,)++  (3°Si'®0)+ 79 (*"Ti'%0,)+
24 BT+ Mg+ 54 et 80 (*Ti'°0,)+
24.5 OTi++ 56 SSFe+ 81 (*Ti'%0,)+
25 SOTj++ SMg+ 57 STFe+ 82 (°Ti'%0,)+
26 2Cr++ Mg+ 57.5 S+
10* H, Hy, Hs
10° 0, OH, H,0
102 Mg
10' Al
100 Si
104 Sio, Si0,
2 10 MgO+Ca
3 102 Ti
© 1o Mn
10° Fe
10* TiO
10° Ca
10? FeO, FeO,
10° TiO,
100 T T T T T T T T T T T T T T T

0 10 20 30 40 50
Mass-to-Charge-State Ratio (Da)

T 1
60 70 80 90 100

Fig. 2. APT mass spectra of tips B, C, and D, before background correction. Identified peaks are labeled with colored stripes
and can include both singly and doubly charged species. (Color figure can be viewed at wileyonlinelibrary.com.)

npFe particles than Tip B, and these particles are all
small, ranging from 2 to 10 nm in diameter (Fig. 2),
with no mpFe present. After these two nanotips were
analyzed, Tip D was re-sharpened to expose more of
the unaltered part of the grain. Although it still
contains npFe in the top 40 nm, much of the nanotip
has a homogenous distribution of Fe (Fig. 2).

Zoning

The presence of space weathering features and
differences in elemental composition allow us to
distinguish three different zones with depth, similar to
features described by Keller and McKay (1997),
Noguchi et al. (2014), and Burgess and Stroud (2018).
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Schematic

APT Reconstruction (Fe)

Fig. 3. A “stratigraphic correlation-like” illustration of analyzed tips next to reconstructions of APT data, with only Fe atoms
shown. The different zones are marked by thin gray lines. All three tips contain strikingly different features—the Fe atoms,
represented by orange points in the right half of the figure, are distributed very differently from nanotip to nanotip. This is to be
expected with Tip D, which was sampled from deeper in the grain, but Tip B and Tip C are both within approximately 10 nm of
the surface. Distances are not to scale. (Color figure can be viewed at wileyonlinelibrary.com.)

Redeposition Rim

The redeposition rim was present in the reconstruction
of Tip B. This rim is about 15 nm thick. Fe is
heterogeneously distributed in both (Fe)™ " and
(FeO) """ as npFe particles ranging from 2 to 5 nm.
Trace elements like Si, Mg, Ca, and Al are enriched in the
rim (Figs. 4 and 5).

Micro- and Nanophase Fe

The heterogeneity in the distribution of Fe is
different in nanotips B and C. Tip C has a relatively
homogenous distribution of Fe particles. These
particles have a size of 2-10 nm, and as with the
nanoparticles in the redeposition rim of Tip B, are
correlated with (FeO)™ " . In Tip B, there are no
npFe particles below the redeposition rim. Instead,
this section, approximately 110 nm thick, is dominated
by a large mpFe particle, 30 nm in diameter (cutoff
in the analysis, most likely >30 nm in total), and is
not as enriched in Si, Mg, Ca, and Al as the
redeposition rim (Fig. 5). These particles are pure
(Fe) ™" ", with (FeO)™ ™" only present within their
rims. These (FeO)" " " rims are also slightly enriched
in (TiO)" and (MgO)" relative to the rest of the
sample. The entire zone is depleted in elemental Ti
relative to other sections of the nanotip (Fig. 4). This
zone contains a void space approximately 20 nm in
diameter.

Unaltered Material

Below the section of the nanotip containing large
Fe particles in Tip B, and below the nanophase Fe
particle-rich zone in Tips C and D, is material that
contains no detected products of space weathering. All
of the analyzed species are distributed homogenously
throughout this zone, including Fe. Cr is more
abundant in this zone than elsewhere (Fig. 4).

Implanted Solar Wind

Tip B contains a void space, with a short axis of
8 nm and a long axis of 14 nm, which could either be a
vesicle or a bubble that was formed due to
implantation-generated defects (e.g., Linez et al. 2013)
or escaping volatiles during the production and
deposition of a melt or vapor splash. We interpret it as
a vesicle similar to those described in Burgess and
Stroud 2018. This is because we detect 3 + 2 (*He)”
atoms (l1o) above background at the same depth and in
close proximity to the vesicle (Fig. Sl in supporting
information). This (*He)" detection seems to be due to
the opening of the vesicle at the apex of the sample
nanotip during analysis.

The solar wind ion implantation profiles are best
represented by Tip C. The profile of H species present
in Tip C is consistent with H implantation (Fig. 6), not
a tail-off that would be indicative of adsorbed residual
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H,0

Redeposition
Rim

Microphase
Fe

Unaltered
Material

All Species

Fig. 4. Reconstructions of Tip B in different atomic and molecular species, showing the heterogeneity of Fe when concentrated
in nanophase particles, the higher concentration of species like Si and H near the top of the tip, and the absence of other species
in the large, pure microphase Fe particle. The reconstruction in the lower right shows a cross section reconstruction of all
identified species, exposing the vesicle. The vesicle is surrounded by an Fe-rich rim. (Color figure can be viewed at wileyonlinelib
rary.com.)
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Table 2. Summary of tips analyzed.
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No. atoms detected (M) Reconstruction tip length (nm)

Reconstruction tip base diameter (nm)

Short description

A 6 - — Coating materials
B 16 140 80 Redeposition rim
C 125 110 100 Nanophase Fe particles
D 10 170 50 Unaltered material
12—- m -
10 s
X 8- J
O 61 -
—N |
< 47 ® g ®
2 -
0q O 4 o0
12 T T T T T T T T T T T I T
10 4 u_ n
8 - .
X )
@) 6 4
T, i
Ly =5 ° #
2 ]
04 4 o0
I 1 . I I I 1 I I I 1
0 10 20 30 40 2 4 6 8 10
SiO % MgO %
Data from This Work TipB TipD

Taylor et al., 2001

B Bulk Lunar Soil
O Bulk Lunar limenite

@ Tip B, Redeposition Rim
Tip B, Microphase Fe zone
Tip B, Unaltered zone

@ Tip D, Unaltered zone

Fig. 5. Minor and trace element compositions of selected regions within tips B and D compared to data from Taylor et al.
(2001). In these diagrams, APT atomic% data were converted to oxide wt%. lo error bars are within the point for these data,
and were not reported in Taylor et al. (2001). (Color figure can be viewed at wileyonlinelibrary.com.)

H in the atom probe chamber, as in Tip B (Fig. S2 in
supporting information). The greatest concentration of
H occurs at a depth of 40-50 nm, consistent with H"
implantation at typical energies (Ziegler et al. 2012). H-
bearing molecular ions, like OH™ and H,O™", are also
present (Fig. 4); the H in these molecular ions is also
sourced from the solar wind (i.e., Ichimura et al. 2012;
Liu et al. 2012).

No Ne was unambiguously detected in any of the
nanotips nor their ROIs. The peak at mass-to-charge

(m/z) state 20 corresponds to (Ca) ", the molecular ion
(MgO)* ", as well as *°Ne ", and these isobaric overlaps
overwhelm any signal from 2°Ne’ that could be
present. The m/z =20 peak correlates with (TiO)",
(TiO)*", and (FeO)" peaks, and therefore, the signal is
likely to be dominated by Ca and MgO, not Ne.
(MgO)* " is distributed heterogeneously throughout the
nanotip, correlating to npFe and the microphase Fe
particles. If the m/z = 20 species was mostly *’Ne™, it
would be expected to occur at discrete locations such as
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9007 ApT —'H*
1 14 16+
—~ 400- H, ™0
S ] 1601H+
= 300 -
i)
5 2001 Sy
o 7 y
O
- 6 |TRIM -~
8T
® €
£ 3
2 5
O 1 1 1 1
0 20 40 60 80
Depth (nm)

Fig. 6. Concentration profile in Tip C of selected H-bearing species. The H-bearing species H™ and OH" clearly show a
concentration peak at a depth of 40-50 nm, with a shape consistent with H implantation at 4 keV into a FeTiO; glass with a
density of 4.75 g cm ™ as simulated by SRIM/TRIM (Ziegler et al. 2012). Surface-adsorbed H usually present in large quantities

on the top of the tip is not present in this reconstruction. (Color fi

within the vesicle and within other defects, similar to
the solar wind He (Burgess and Stroud 2018). The
species at a mass-to-charge-state ratio 40 does not
correlate with (MgO)*" and is interpreted as *°Ca™.
The species at 22 is interpreted as (Si**0'®)?", and since
the Si enrichment is in the outermost section of the
nanotip (the same region we would expect Ne
enrichment), and is much more abundant than Ne, 22Ne
could not be identified in the integrated data set of each
nanotip. Any heavier noble gases were below our
detection limit.

DISCUSSION
Comparison of Different Sample Tips

Lateral variability in products of micrometeorite
impact melting on the nanometer and centimeter scale
has been seen on lunar samples (Christoffersen et al.
1996; Noble et al. 2013). The characteristics of the
sample nanotips vary greatly (Fig. 3), though they were
all extracted from a small surface area with dimensions
of 5 x 25 um on the same grain. Tips B and C were
prepared using the same method. While none of the
capping materials were measured on Tip C, the top of

gure can be viewed at wileyonlinelibrary.com.)

the nanotip is no more than 10 nm below the surface of
the grain, as determined from careful monitoring of the
nanotip during milling. Although this may be enough to
remove a thin redeposition rim, the distribution of Fe
between the different nanotips is still very different. Tip
D was milled to expose a deeper part of the grain and,
since most of the nanotip does not have npFe, is a more
representative sample of unweathered grain material.
The different distribution of space weathering products
between B and C is due to the sample nanotip’s original
position in the grain, as the nanotips come from
different locations on the grain’s ridge, and therefore
could have been exposed to different events. These
results show the heterogeneous nature of space
weathering on different regions of identical composition
on even a single grain.

Two elemental concentration profiles, comprising a
cylinder the length of the sample, were generated for
Tip B. One of the Fe concentration profiles was
generated to include most of the nanotip material,
including the mpFe particle. There is a significant spike
in Fe between 60 and 80 nm from a concentration of
about 20 atom% to a maximum of 60 atom% (Fig. S2).
A profile in the same nanotip that does not include as
much material but avoids all of the large particles
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shows a slight decrease in Fe concentration at the same
depth as the largest particle. This suggests that the Fe in
the particle is intrinsic to the samples, as Fe is depleted
in the region immediately surrounding the microphase
particle. In Tip C, which has no large mpFe particles,
the concentration of Fe remains constant with depth.
Tips B, C, and D were extracted from locations on the
grain that were less than 25 um apart, which illustrates
the heterogeneity on the micro- as well as nanoscale.

Comparison with Other Space-Weathered Samples

Here, we analyze our samples within the framework
that was developed by Noguchi et al. (2014). These
authors defined three zones (I-III) that described the
different types of space weathering modification found
in grains from the asteroid Itokawa. The zones we
observe in the Iunar material have the same
compositional characteristics as the Noguchi et al.
(2014) zones but have different depth ranges. By using
these zones, lunar and asteroidal space weathering
effects can be directly compared, even for large
differences in the duration of space exposure.

Zone I, composed of products from redeposition,
is present on Tip B. However, in Itokawa particles, the
redeposition rim is thinner (~5 nm) than that of our
sample (~20 nm). The regolith of Itokawa is thought
to be younger than the Ilunar regolith sampled by
Apollo 17 as asteroidal regoliths have a shorter
lifetime, due to the lower gravity compared to the
Moon (Miyamoto et al. 2006; Nagao et al. 2011).
Previous TEM studies of lunar ilmenite also show that
this topmost layer (1) is Si-rich and ranges from 10 to
50 nm thick and (2) has a high concentration of npFe
and vapor-deposited species like Ca, Al, Mg, and S
(Christoffersen et al. 1996; Noble et al. 2006; Zhang
and Keller 2010).

Zone II, dubbed the partially amorphized zone in
Noguchi et al. (2014), corresponds to the areca of Tip B
that is dominated by the microphase Fe particle (see
Fig. 5, yellow zone). The thickness of the npFe-bearing
rim in Tip C is about 60 nm, which is comparable to
the nanocrystalline and disordered rim described on
lunar ilmenites (Christoffersen et al. 1996; Burgess and
Stroud 2018) and only 10-20 nm thicker than that of
Itokawa olivine grains (Noguchi et al. 2011). The npFe
particles are 2-5 nm in diameter, larger than those
typically seen in Itokawa grains (Noguchi et al. 2014).
The npFe particles in this zone range in size from 2 to
>30 nm (2-5 nm in Tip C and 2-30 nm in Tip B) and
this is similar to the range (10-50 nm) seen within the
disordered rim of the ilmenite studied by Burgess and
Stroud and Zhang and Keller (2010). We do not see
nanophase sulfides. There is an isobaric overlap between
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328" and (TiO)** (Table 1), but the species at m/z = 32
does not correlate with the nanophase particles and is
therefore dominated by (TiO)*". We also do not see
any TiO, precipitates within this region as seen by
Christoffersen et al. (1996) and Burgess and Stroud
(2018). While asteroids and the Moon do not experience
the same space weathering environments, this shows
that the process responsible for producing the npFe
must be active on asteroids as well as the Moon, or that
different processes result in the same behavior in
different materials.

Elemental compositions of Zones I and II in our
samples (Fig. 5) fall between the two endmember
compositions of bulk lunar soil and bulk lunar ilmenite
(Taylor et al. 2001). The latter corresponds to the
unaltered zones (see text below).

Zone III, the unaltered or crystalline zone, is
present in both the base of Tips B and C, and most of
Tip D (see Fig. 5, green and purple zones). This area is
homogenous and has a minor and trace element
composition almost identical to bulk Iunar ilmenite
(Fig. 5; Taylor et al. 2001). The MgO, CaO, and Al,O4
compositions of this zone in Tips B and D are nearly
identical (MgO = 1.68 £+ 0.55% for both nanotips,
CaO =0.15 + 0.19% for both, and Al,O3=0.02 +
0.13% for Tip B and 0.01 £ 0.06% for Tip D).

Although the Noguchi etal. (2014) zone
classification can be applied well to Tip B, this
classification does not necessarily accurately describe
the other nanotips studied here or other lunar samples,
which may have other products that were not seen in
our samples (Keller and McKay 1997). Zone II is
similar to the outer rim described by Burgess and
Stroud (2018), which has 10-50 nm Fe particles in a
disordered matrix. The Itokawa samples do not
contain the larger mpFe particles observed here, which
are located in the section of Tip B that corresponds to
Zone II. However, Tip B contains a vesicle with a size
that is more comparable to the Itokawa grains (20—
50 nm) than those found in other lunar regolith soil
grains (100-200 nm; Noguchi et al. 2014). Previous
TEM studies show that the npFe is sometimes
elongated parallel to the surface of the host ilmenite
grain, which is the orientation we see in our samples
(Zhang and Keller 2010).

Redeposition Rim Mixing

An advantage of APT is its high spatial resolution,
which allows for compositional analysis of small
volumes not resolvable with other techniques. When
converted to oxide wt%, some of the minor elements
plot on a mixing line (Fig. 5) between the bulk lunar
ilmenite and the bulk lunar soil as measured by Taylor
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et al. (2001). Generally, the unaltered material (Noguchi
Zone III) is identical within error to bulk lunar ilmenite.
In some cases, the unaltered material has smaller
concentrations of these minor and trace elements, as the
bulk ilmenite measurements may have included the
space-weathered rim and are thus more enriched in
elements like Mg and Al. The redeposition rim is
distinguished from the rest of the nanotip by its
different composition (Fig. 4). The redeposition rim is
more enriched in the minor elements than the
nanophase Fe area, suggesting that some of the rim
material is sourced from outside of the ilmenite grain
and is a true redeposition rim, and the different
composition is not due to just the preferential removal
of Fe and O. We are unable to determine if this
microstructure was altered by irradiation.

Previous TEM studies of ilmenite grains (Bernatowicz
et al. 1994; Christoffersen et al. 1996; Noble et al. 2006;
Zhang and Keller 2010; Burgess and Stroud 2018) from
the lunar soil also show the presence of a redeposition
rim on the grain surfaces that is enriched in Mg, Al, Si,
and Ca. Since most of these elements are not present, or
only present in minor amounts in ilmenite, this leads to
the conclusion that they were formed by condensation
of vapor produced by the impact of micrometeorites on
adjacent (non-ilmenite) grains and by deposition of
materials sputtered by energetic solar wind ions from
the nearby grains. Although several studies have
suggested that micrometeorite impacts are the
dominant contributor to the deposition rims,
Bernatowicz et al. (1994) suggested that solar wind
radiation damage could also contribute to their
formation.

Hydrogen and Noble Gases

Hydrogen is more abundant than He and Ne in the
solar wind by factors of about 25 and 17,000 times,
respectively (Wieler 2002). We do not see these expected
ratios in our samples. In Tip C, where the H profile is
indicative of solar wind implantation, the concentration
(from the “unaltered” volume used for Fig. 5; purple) is
6.2 x 10*° H atoms cm >, and the fluence (irradiation
over a surface area) is 6.9 x 10'"® H atoms cm
(including atoms from H hydride compounds observed
in the mass spectrum). In Tip B, the hotspot of *He,
which shows three “He atoms above background (3 + 2
“He atoms above background [1c]; Fig. S1), is observed
in a location near the edge of the vesicle, which suggests
that these atoms were evaporated when the vesicle was
first opened during sample preparation with the FIB or
field evaporation with APT.

We can attempt to estimate the expected *“He
amount present in our nanotips by (1) normalizing the
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noble gas concentration measured in other ilmenite
grains from sample 71015 to the nanotip’s volume and
(2) dividing the measured H concentration in the tip by
the H/He ratio in the solar wind (Wieler 2002). With
the first method, we estimate the number of *He atoms
present in the volume of Tip B (3.7 x 10~'¢ cm®) based
on the “He concentrations measured in ilmenite
separates from sample 71501 by Benkert et al. (1993).
This is a very conservative estimate assuming that the
entirety of the grains analyzed by Benkert et al. (1993)
has the same solar wind He concentration as the
nanotip representing mostly the outermost (solar wind—
bearing) region of a grain. An expected count brings the
estimate to ~4800 *He atoms in the entirety of Tip B.
The measured “He concentration of the entirety of Tip
B, 3 atoms, is only ~0.5%, of the expected concentration
of *He. In the second method, the surface-adsorbed H
dominates the signal in Tip B, so we use the bulk H
concentration of Tip C to estimate the expected
amounts in Tip B. Assuming the “He concentration is
homogeneous throughout the entire nanotip, we obtain
an estimate of ~7800 *He atoms in the entirety of Tip
B. This is within a factor of 1.6 of the estimate based
on the first method. If there was no *He migration into
the vesicle, ~20-30 *He atoms would be expected in a
volume the size of the wvesicle in Tip B
(2.5 x 10~"® cm?). However, given that the solar wind
He was likely concentrated in the vesicle, it is possible
that all of the *He from this nanotip was lost upon
opening (either during sample preparation or analysis)
before it could be analyzed.

We did not detect any Ne, although both the
lower limits for *°Ne and **Ne concentrations based
on single grain analyses from Benkert et al. (1993)
were above our detection limit in the spectrum of the
vesicle (Fig. 7). Using the H/Ne ratio from Wieler
(2002), ~11 *°Ne atoms are expected to be present in
Tip B. Other species, like *He and >'Ne, are not
detectable above background in such an analysis, but
are detectable if concentrated in a small volume, such
as a vesicle. Even though there is an isobaric overlap
between “'Ne, “Ca®™ ", and (**Mg'®0)" ", an
increased concentration of a species with a mass-to-
charge state of 20 that correlates with either other
noble gases or a vesicle is likely to be *°Ne, as Mg is
present in the 1-7 wt% level but is only in the sample
material, not the void space. *°Ar is present in too low
abundances to be expected to be present in a sample
nanotip of this volume.

Burgess and Stroud (2018) showed that the He
present in the grain rims is concentrated in these vesicles
and in planar defects, and vesicles develop due the
interaction between the soil particle and the solar wind.
There could be several explanations or a combination
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Fig. 7. The gray spectrum shows the integrated composition of Tip B. The black spectrum shows the composition of a spherical
ROI centered on the void space in Tip B. Some of the signal comes from the material immediately surrounding the vesicle,
which was included due to the oblate nature of the vesicle. Lower limits on noble gas concentration for He and Ne based on
bulk data (calculated as describe the main text) are shown. (Color figure can be viewed at wileyonlinelibrary.com.)

thereof for a lower-than-expected concentration of He
and the non-detection of Ne, including (1) the electric
field was not high enough to quantitatively ionize He
and Ne, which escaped to vacuum as neutrals; (2) after
the vesicle was opened during APT analysis, most of the
He and Ne escaped without having been ionized; (3) the
sample was clipped during FIB milling for sample
preparation and the majority of the gas escaped at this
time. Although He in this form is a difficult element to
measure with APT, due to the difficulty in controlling
field evaporation and field ionization of gaseous He in a
vesicle, there have been multiple studies that have
detected He in metals (e.g., Wagner and Seidman 1979;
Seidman et al. 1980; Edmondson et al. 2013), and this
remains an open area of study for cosmochemical
materials.

SUMMARY AND CONCLUSIONS

We successfully used APT to characterize space
weathering products in lunar ilmenite.

e In our samples, we see a redeposition rim, iron
clusters (both a microphase Fe particle and
nanophase Fe particles), and a vesicle that likely
once held solar wind.

e We observe compositional heterogeneity in ilmenite
at the nanoscale, the micron scale, and on different
surfaces of the same grain. This implies small-scale
intragrain  variability of exposure to space
weathering.

e In Tip C, H-bearing species are present in the
greatest amounts at a depth range of 40-50 nm,
fully consistent with solar wind implantation.

e In a vesicle at 30 nm depth below the surface 3 + 2
“He atoms were detected. While this is significantly
below the concentration expected (only 0.1% of the
expected value), this is likely due to the difficulty of
quantitatively ionizing He before it is lost to the
sample chamber.

e We have shown that APT can be successfully used
for targeted cosmochemical, tomographic analyses
of space-weathered samples while keeping total
sample consumption very low.

We conclude that APT is an ideal analytical method
to study surface effects of precious samples, such as
mission-returned samples like those presented here.
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SUPPORTING INFORMATION

Additional supporting information may be found in
the online version of this article.

Fig. S1. Concentration profile Tip B of H-bearing
species, He, and species with a mass to charge state of
20. This concentration profile shows how these species
change with depth, and the ROI does not include any
of the large Fe particles. The mass-to-charge state of 20
species correlates with other oxides, and is likely
dominated by Ca® and MgO" ", not Ne. The H-
bearing species clearly show a higher concentration at
the surface, which decreases with depth until it reaches
a plateau. Unlike in Tip C, this H profile is likely
dominated by H sourced from surface-adsorbed
hydrogen, and from the analysis chamber and is not
intrinsic to the sample. 3 +2 atoms of “He were

J. Greer et al.

detected at the same height as the vesicle, which is not
included in the ROI.

Fig. S2. Concentration profiles of Fe and FeO in
Tips B and C. The wide profile comes from a cylinder
with a diameter of 35 nm (solid outline, upper left), and
the narrow profile comes from a cylinder with a
diameter of 10 nm (dotted outline, upper left). The
profile presented in Fig. S1 also comes from the narrow
region of interest.

Material S1. (https://www.youtube.com/watch?v=
QHZhVrlooUA) An atom probe tomography (APT)
reconstruction generated using IVAS. This analysis (Tip
B) is from a space-weathered lunar ilmenite soil grain
from sample 71501, collected by Apollo 17. This
reconstruction showcases both the large microphase Fe
particle (orange) surrounded by a TiO (magenta) rim, as
well as a vesicle in the upper 30 nm of the tip.
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