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Abstract

The lunar surface and interior are highly reducing, resulting in the virtually absence of ferric ion. However, recent
studies suggest the presence of ferric iron in lunar samples, and in most cases they were found in amorphous silicates
(e.g., glass beads) measured by TEM-EELS. In this work, we conducted a systematic TEM—EELS analysis on the iron
valence states of Chang'e-5 impact glass beads. The Fe**/SFe ratio of each silicate glass sample was determined

from integral intensity of Fe L; and L, edge. The measurements show a positive correlation between the dwell time
and Fe**/>Fe ratio, which reveals that ferric iron can be significantly produced by electron beam bombardment
under routine analytical condition. The calculated Fe**/SFe with short dwell times (<20 ms) in our Changle-5 impact
glass beads show no detectable inherent ferric iron, suggesting that the ferric iron is not ubiquitous as previously
reported. It is obvious that a careful control of experiment conditions is critical to determine the inherent redox state
of other beam-sensitive terrestrial and extraterrestrial samples.
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Introduction

Conditions on the Moon are highly reducing with oxy-
gen fugacity at or below the iron-wiistite buffer (Lucey
et al. 2006; Wieczorek et al. 2006). Iron is generally
considered to be exist as ferrous iron (Fe?"), except a
small fraction of iron exist as the metallic state (Fe?)
in mare basalts (Wieczorek et al. 2006) and lunar soils
associated with space weathering processes (Gu et al.
2022; Pieters et al. 2000). However, recent studies
reported the presence of ferric iron in lunar samples
(Cymes et al. 2023; Li et al. 2020). A portion of ferric
iron in the form of magnetite was reported in lunar
breccia 60016 (Joy et al. 2015), Apollo 17 soil 71501
(Burgess and Stroud 2018a), and Chang’e-5 (CE-5) soil
(Guo et al. 2022). More frequently, the occurrences of
ferric iron were found in amorphous silicates such as
glass beads and agglutinate glasses (Burgess and Stroud
2018a; Li et al. 2022; McCanta et al. 2017; Mo et al.
2022; Thompson et al. 2016; Xian et al. 2023). Several
formation mechanisms of Fe>" were proposed, includ-
ing oxidation caused by magmatic degassing of H or
OH (McCanta et al. 2017), diffusion effects (Burgess
and Stroud 2018a; Thompson et al. 2016), oxidation due
to Earth’s upper atmosphere (Li et al. 2020), or dispro-
portionation reaction (Li et al. 2022; Xian et al. 2023).
However, other studies argued that the presence of Fe>*
could be due to terrestrial contamination (Griscom
1974; Taylor and Burton 1976). The occurrence of fer-
ric iron remains elusive and requires more detailed
analysis.

Different techniques have been used to measure the
iron valence states. Traditional methods such as wet
chemical analysis and Mdssbauer spectroscopy are per-
formed on bulk material. Electron microprobe analysis
(EPMA) and synchrotron-based X-ray absorption near-
edge structure spectroscopy (XANES) present the oppor-
tunity to measure Fe>™/XFe at microscales (Fialin et al.
2004; McCanta et al. 2017; Wang and Li 2022). However,
the best spatial resolution to date is based on electron
energy Loss spectroscopy (EELS) in the transmission
electron microscope (TEM) (Cavé et al. 2006; Aken and
Liebscher 2002). This technique enables imaging and
spectroscopic analysis at nanometer or even atomic reso-
lution (Gloter et al. 2017; Aken and Liebscher 2002), and
has made important progress in determining the oxida-
tion state of individual nanoparticles (Burgess and Stroud
2018b, 2021) and revealing mineral evolution processes
(Bindi et al. 2020; Sinmyo et al. 2011). However, previ-
ous studies have demonstrated that the high brightness
and focused beam can cause significant damage to some
terrestrial materials (e.g. H-bearing minerals), including
changing the structure of the material and the valence
state of elements (Burgess et al. 2016; Freeman et al. 2019;
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Garvie 2010; Pan et al. 2010). These issues raise con-
cerns about the reliability of iron valence measurements
of amorphous silicates in lunar soil samples. However,
potential beam damage effect of these samples during the
EELS analysis has rarely been discussed.

The Chang’e-5 (CE-5) mission has brought back new
youngest (~2.0 Ga) mare basalt samples (Hu et al.
2021; Li et al. 2021; Tian et al. 2021). All the CE-5 glass
beads reported so far are of impact origin, recording
the impact history of the Moon (Long et al. 2022; Yang
et al. 2022). In order to better constrain the redox con-
ditions of glass beads formation, we conducted a sys-
tematic EELS analysis on the two typical CE-5 impact
glasses.

Sample and methods

The CE-5 landing site is located in the mid-latitude
region Northern Oceanus Procellarum of the Moon
(43.06_N and 51.92_W). The lunar soil grains used
here were allocated from the surface soil samples
(labelled as CE5C0400YJFMO00407/405, weighing 1 g
and CE5C0100YJFM00103, weighing 1 g). Hundreds of
glass spherules were picked out and embedded in one-
inch epoxy mounts, and then were made into polished
sections before analyses. In this work, based on the
backscattered electron (BSE) images, we selected two
typical silicate glasses (Fig. 1): one appears to be clean
and homogeneous (#090), while the other is heteroge-
neous with bubbles and numerous small iron nanopar-
ticles (#084).

SEM: The samples were observed using a Thermo
Fisher Apreo scanning electron microscope (SEM)
equipped with an energy dispersive X-ray spectroscopy
(EDS, Oxford X-Max 80) at the Institute of Geology and
Geophysics, Chinese Academy of Sciences (IGGCAS).
The operating voltage was ~ 15 kV. Sample #090 was ana-
lysed with a CAMECA SXFive electron probe microana-
lyzer for composition prior to focused ion beam cutting.

FIB and TEM: Ultra-thin foils (<100 nm in thickness)
were prepared from each glass bead using the focused
ion beam (FIB) equipped with an Omniprobe 200 micro-
manipulator at the IGGCAS. Ion milling was carried out
with an accelerating voltage of 5-30 kV and various beam
currents (50 pA to 2 nA). The FIB foils were character-
ized with a JEM-ARM200F spherical aberration scanning
transmission electron microscopy. High angle annular
dark field image (HAADF) was performed to record the
microstructural changes of TEM foils; meanwhile, a dual
electron energy loss spectrometer of Gatan Enfinium ER
977 was used to analyse the iron valences of samples. The
STEM-EELS was operated at 200 kV and ~40 pA, with a
28 mrad convergence angle/0.1 to 0.2 nm probe size. The
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Fig. 1 Microscopic characteristics of CE-5 glass beads. a BSE image of sample #090, which has a homogeneous contrast. b HAADF image of foil
1 extracted from #090. ¢ BSE image of sample #084, which contains vesicles and numerous metal particles. d HAADF image of foil 2 extracted

from #084. Abundant nanoparticles are visible

EELS were collected by line-scan integration to obtain
high-quality spectrum and reduce possible variation in
thickness and compositions. A series of dwell times from
0.01 s up to 30 s (0.01-10 s for #090 and 0.02-10 s for
#084) were used to evaluate the beam damage effects.
Energy resolution, measured from the zero-loss peak, is
about 0.6 ~0.7 eV. EDS mapping from region where the
beam dwelled for 30 s was acquired using the Super-X
EDS detector in a Thermofisher Talos 200X TEM.
Quantification of Fe**/XFe in glasses based on EELS
data was done following the modified integral peak
intensity ratio method (Aken and Liebscher 2002),
as shown in Additional file 1: Figure S1 in Support-
ing Information. The background in the EELS was first
removed using an inverse power law fitting in the Gatan
Digital Micrograph software. Then a double arctan
function was applied to subtract the continuum back-
ground. The integral intensity I(L;) and I(L,) is from
two windows 2 eV wide centred around on the maxi-
mum of the L?,FesJr peak (~709.7 eV) and at the L, edge
for Fe** (~720.7 V). The intensity ratio I(L;)/I(L,) was
converted to Fe>*/XFe using the universal calibration
and compared with a number of reference materials,

including Fe—Ni metal, olivine (Fa~70) and hematite
(Fig. 2). The spot size and beam current used in the
EELS measurement of the reference materials are con-
sistent with those in this study. The measurement accu-
racy of reference materials is mainly composed of the
errors caused by quantitative method and sample dam-
age induced by FIB preparation processes. In this study,
the reference materials includes Fe—Ni metal, olivine
(Fa~70) and hematite, which have measured Fe**/>Fe
values are 11%, 9%, and 97%, respectively, with devia-
tions from the standard values of ~ 10%. Therefore, the
measurement accuracy was roughly estimated as ~ 10%.

Results and discussion

Based on the backscattered electron images, there are
two main types of CE-5 impact glass beads: (1) clast frag-
ment-bearing glass with definitive petrographic charac-
teristics such as the presence of FeNi metal and vesicles;
(2) clean glass, inferred to have been fully molten dur-
ing their formation (Yang et al. 2022). In this study, one
sample of each type (#090 and #084) were selected for
iron oxidation states analysis. Glass #090 appears to be
chemically homogeneous with no inclusion was observed
(Fig. 1). Its composition (CaO/Al,0;=0.91; MgO/
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Fig.2 Fe l-edge EELS of reference materials, including hematite,
olivine and Fe-Ni metal. The calculated Fe**/2Fe values are
97% for hematite, 9% for olivine, and 11% for Fe-Ni metal using
the method described by figure S1. Except for the peak position
features, peak tail features can be used to distinguish Fe? from Fe?*
and Fe*; that is, Fe® has a tail feature with higher intensity than Fe?*
and Fe3*

Table 1 The chemical compositions of sample #090 and #084
measured by EPMA and TEM-EDS

wt.% #090 (EPMA) #090 (TEM-EDS) #084 (TEM-EDS)
Sio, 43.1 44.7 477
TiO, 525 53 4.0
AlLO; 12.3 121 9.5
Cr,04 0.2 - -
FeO 21.1 20 17.2
NiO 036 - -
MnO 0.27 - -
MgO 6.52 6.1 7.3
Cao 11.2 1.9 144
Na,O 0.16 - -
K,O 0.06 - -
P,0s 0.06 - -
SO, 002 - -
Total 100.6 100.1 100.1

Al,0;=0.53) (Table 1) is similar to that of other reported
CE-5 glass spherules (average composition: CaO/
Al,0;=0.96; MgO/Al,0,=0.58) (Yang et al. 2022). Glass
#084 contains bubbles and numerous metallic iron and
iron sulfide nanoparticles (Fig. 1 and Additional file 1:
Figure S2). The FeO content in the amorphous region of
sample #084 (FeO~17.2%) was slightly lower than that
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of sample #090 (FeO ~20%) based on TEM-EDS results
(Table 1).

Evaluation of the electron beam damage during EELS
measurement

As shown in Fig. 3b, EELS of sample #090 with shorter
dwell time (<50 ms) shows that the Fe L,;-edge peak con-
sists of a main peak at 708 eV and a very small shoul-
der around 710 eV. This feature is nearly identical to the
observations of Fe?" in reference sample olivine (Fig. 2).
As the dwell time increases, the peak intensity around
710 eV increases rapidly and the peak of 708 eV is almost
invisible at 10 s. Fe L,-edge peak at around 720 eV shifts
slightly towards the high energy loss. These changes
indicate that the iron valence converts from Fe’' to Fe®*
with increasing dwell time, by comparing with reference
minerals (Fig. 2). During the whole measurement, no Fe’
nanoparticle was observed in the HAADF image, con-
sistent with no significant change in the Fe L,-edge peak
tail intensity (Fig. 3b). In addition, EELS measurements
on silicate glass lead to the creation of dark “spots” that
are clearly visible in the HAADF image, except for 0.01
and 0.02 s (Fig. 3a). The damaged spot can be up to 5 nm
when dwell time is 10 s, much larger than the diameter of
electron beam. To verify the reliability of this change, we
repeated the EELS measurements in other regions, and
the results (Additional file 1: Figure S3) were consistent
with those described above, indicating the change of iron
valence state is induced by the electron beam damage
rather than due to heterogeneity of the sample composi-
tion. This inference was further demonstrated by other
comparative experiment conducted on the same location
with 0.02 and 0.1 s, respectively (Additional file 1: Figure
S4).

Sample #084 shows the similar changes as sample #090
during the Fe L-edge EELS measurements (Fig. 3). As the
dwell time was increased, the intensity ratio of L;Fe*" to
L,Fe*" peak increased significantly (Fig. 4b). This change
indicates that the beam damage also occurs in the glass
region of sample #084, resulting in the formation of a
large amount of ferric iron. However, the olivine crys-
tal and metallic iron nanoparticle did not show obvious
L,;Fe** peak with even prolonged dwell time analysis
(~30 s for olivine and ~ 10 s for iron nanoparticle), sug-
gesting that they are relatively stable under the electron
beam bombardment (Figs. 2 and 4b).

Therefore, we can definitively conclude that ferric iron
could be significantly produced in silicate glasses under
typical analytical condition (a few seconds of dwell time).
To our knowledge, this is the first time that iron valence
states in lunar glasses have been systematically analyzed
by different EELS measurement conditions, confirming
their susceptibility to the TEM electron beam. In order
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Fig. 3 The Fe L-edge EELS analysis of sample #090. a HAADF image after EELS measurements show beam damage except for 0.01 and 0.02 s. b
EELS with different dwell times show that the peak intensity around 710 eV increases rapidly with increasing dwell time and the peak of 708 eV
is almost invisible at 10 s. Fe?* and Fe®" lines represent L5 peak positions of Fe?* and Fe®" reference materials, respectively. ¢ Variations of Fe*'/SFe
ratio versus the dwell time. The calculated Fe**/2Fe value is -3.8% at 10 ms. The negative value is mainly due to the quantitative method errors

to reveal the formation mechanism of ferric iron, we col-
lected EDS mapping of sample #090 from region where
the beam dwelled for 30 s (for EELS measurement). The
results show that EELS measurement caused elemen-
tal migration (Fig. 5). Cations other than Si are highly
depleted in the “dark” spot. Moreover, in low-loss edge
EELS (Fig. 5i), the shoulder peaks at ~ 34 (probably Ca or

Ti M-edge) and 56 eV (Fe M, ;-edge) are no longer visi-
ble. These results are similar to those previously observed
in terrestrial synthetic silicate glasses, which suggested
that beam damage is caused by an electric field formed in
the glass (Burgess et al. 2016). When the electrons inter-
act with the ultra-thin foils, the emission of secondary
and auger electrons generates a region of positive charge
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Fig. 4 The Fe L-edge EELS analysis of sample #084. a HAADF image shows the position of EELS analysis with different dwell times. To avoid
collecting EELS signal from iron and iron sulfide nanoparticles, we changed measurement configuration for sample #084. Here the EELSs are
measured at the same location, so the time is cumulative increase, that is, dwell times of 50, 100 and 500 ms for EELS measurement actually
corresponds to 50, 150 and 650 ms, respectively. Additionally, EELS with a dwell time of 300 ms was collected independent line scanning,

while EELSs with a dwell time of 20 ms were obtained by summing up four line scanning data to improve the signal-to-noise ratio. Fe?* and Fe**
lines represent L, peak positions of Fe?* and Fe*" reference materials, respectively. b EELS results of amorphous areas and metallic iron nanoparticle
(npFeY). ¢ Variations of Fe>*/5Fe ratio versus the dwell time. The calculated Fe*/5Fe value is —4.5% at 20 ms. The negative value is mainly due

to the quantitative method errors
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Fig.5 a—h HAADF image and EDS mapping of sample #090 at the region where the electron beam dwelled for 30 s (for EELS measurement).
Cations other than Siis highly depleted. (i) Fe low-loss edge EELS of 0.05 and 30 s

in the analysis area, producing an electric field (Burgess
et al. 2016; Cazaux 1996). Activation energy for diffu-
sion in silicate glasses follows the sequence Ca~Mg~F
e’ <Fe*™ <Al<Si~O (Burgess et al. 2016; Zhang et al.
2010). The positive charge causes the cations to migrate
out of the analysis area, leaving behind O which can oxi-
dize Fe (Hughes et al. 2020). As the increase of measuring
time, Fe** also migrated out of the analysis area, which
was supported by the fact that the intensity of Fe L-edge

peak was lower at dwell time of 30 s relative to that of 5 s
(Fig. 6).

Quantification of inherent ferric iron in impact glasses

As shown above, iron EELS with different dwell times
can well characterize the change of iron oxidation
state, and the results reveal that ferric iron can be
significantly produced by electron beam bombard-
ment. Following the modified integral peak intensity
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Fig. 6 a HAADF image of sample #090. b Fe L-edge EELS with dwell times of 5 and 30 s. When dwell time was increased to 30 s, the EELS peak did
not change anymore, but the peak intensity decreases due to the iron ion migration

ratio method (Aken and Liebscher 2002), it is possible
to calculate the Fe*"/SFe ratio in impact glasses. The
calculated Fe**/XFe values are very low at short dwell
times, with a ratio of -3.8% for #090 at 10 ms and -4.5%
for #084 at 20 ms (Figs. 3c and 4c), indicating that the
glasses contain almost no detectable inherent ferric
iron under the measurement accuracy. The quantitative
results reveal that these impact glasses are quenched in
a highly reducing environment, which is consistent with
the absence of Fe3' in Apollo lunar samples determined
by Mossbauer spectroscopy (Burns and Dyar 1983;
Jolliff et al. 2006; Morris et al. 1998; Muir et al. 1971;
Muir et al. 1970). However, quantitative results with
longer dwell times show that there is a large amount
of ferric iron. Thus it can be seen that, careful control
of experiment conditions and the use of glass stand-
ards with known Fe®*/ZFe ratios are critical to deter-
mine the inherent redox state of such beam-sensitive
samples. According to our study, we suggest that short
dwell time, e.g. <20 ms, is preferable for EELS analysis
to detect the inherent Fe*" in silicate glasses. However,
we can not distinguish a small amount of original Fe**
from the Fe*>" created under the short dwell time.

The presence of ferric iron under highly reducing lunar
surface is a long-standing issue. Disproportionation reac-
tion (3Fe’* — Fe’+2Fe®") during impact was previously
considered as a potential process. This process can pro-
duce large amounts of ferric iron, accompanied with
the formation of metallic iron. However, in our sam-
ples, glass #090 has no metallic iron, and although glass

#084 has metallic iron particles, its amorphous region
contains no detectable inherent ferric iron, suggesting
that no such reaction occurred. Hence, the presence of
ferric iron in silicate glasses could be due to the beam
damage effects rather than disproportionation reaction.
Future identification of this reaction should pay special
attention to the beam damage effects during measure-
ment. Another hypothesis is that ferric iron can form
in oxidizing hydrothermal conditions (Thompson et al.
2016; Williams and Gibson 1972; Zolensky et al. 1996).
For example, the Fe>" can be oxidized by reacting with
water (FeO+H,0 — Fe;0,+H, gas) (Hicks et al. 2021;
Thompson et al. 2016). However, glass #090 contains only
62 ppm of solar wind-derived water in the core (He et al.,
2023), which is insufficient to cause the changes of iron
valence. CE-5 glass beads and other mineral grains show
higher solar wind-derived water at the rims (He et al.
2023; Xu et al. 2022; Zhou et al. 2022). Whether this will
produce ferric iron in some localized region is currently
unknown.

Conclusion and implications

By taking iron EELS measurements of Chang’e-5 lunar
impact glasses with different dwell times, we demon-
strate that electron beam-induced oxidation can occur
in a very short time (<200 ms), but was not observed
in crystals such as olivine and iron nanoparticle. This
is mainly due to the susceptibility of silicate glasses to
the high brightness and focused electron beam. The
calculated Fe**/XFe with very short dwell times in
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our Chang’e-5 impact glass beads show no detectable
inherent Fe®', suggesting that the ferric iron is not
ubiquitous as previously reported. These results better
constrain the impact processes on the moon, and also
shed light on the evaluation of inherent redox states of
other lunar and extraterrestrial samples.

The change of oxidation state caused by electron
beam damage may be widespread in beam-sensitive
minerals such as bridgmanite and hydrous Fe-bearing
minerals, which are easily overlooked. The influence
of beam damage mainly depends on the factors that
include incident electron energy, probe-current den-
sity and sample thickness (Egerton et al. 1987; Garvie
et al. 2004; Jiang 2015). Therefore, accurate and reli-
able measurements of iron valence states require care-
ful sample preparation and control of experimental
conditions, and combined with other complementary
techniques such as structural characterization and
Mossbauer spectroscopy. In addition, the beam dam-
age identification and short dwell time measurement
highlighted in this study present a reliable method for
analysing small sized, beam-sensitive samples with
a typical electron energy and probe-current density.
It is required to further test dwell time effects using a
set of glass standards with known Fe*'/ZFe ratios in
the future study. As for the presence of ferric iron and
its possible formation mechanism in lunar samples, it
remains an open question that needs to be investigated
by more detailed experiments.
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