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Due to rapid magma cooling and extensive space weathering, significant disequilibrium crystallization and
secondary modification widely occur in lunar mare basalt after its eruption on the lunar surface. In this study, we
conducted bulk and in-situ Fe isotope analyses to investigate the post-eruption processes on Chang’e-5 (CE-5)
samples. The CE-5 soil shows a minor elevation of 5°°Fe value (~0.05 %s) relative to the GE-5 basalt clasts.
Correlations between Ni and Cu contents with 5°°Fe values suggest that the minor increase in the 5°°Fe from the
CE-5 basalt to soil primarily occurred during evaporation caused by meteorite impacts. Such isotopic variation
between CE-5 basalt and soils is notably lower than what is observed for Apollo samples and reflects the low
maturity of CE-5 soils. This is consistent with the low Is/FeO value constrained by magnetic approaches.
Therefore, measuring the §°°Fe values of lunar soil is suitable to evaluate the degrees of maturity for lunar soils
due to space weathering. In-situ analyses of 5°°Fe reveal significant variations in different grains of olivine
(656Fe: —0.57 to —0.17 %o) and ilmenite (—0.06 to +0.42 %o) and also in their interior (mainly for olivine). These
§°CFe variations in minerals can be ascribed to the disequilibrium crystallization of lava flow and fast cooling,
which is consistent with conclusions based on petrologic observations such as its extensive differentiation and
silicate liquid immiscibility. Therefore, the post-eruption processes on the lunar surface could lead to significant
variations in isotopic compositions at different scales of basalts, which in turn record the history of late-stage
magma evolution and space weathering on the lunar surface.

1. Introduction CE-5 basalt (~2.0 Ga; Che et al., 2021; Li et al., 2021) and the high

altitude of the landing site, which had not been previously sampled,

The lunar soil, which usually refers to the fine portion (<1 mm) of
the regolith (Mckay et al., 1991), is a dynamic and complex layer of
loose material covering the Moon’s surface. It can serve as a valuable
repository of information about the Moon’s geological history and the
processes shaping planetary surfaces in our solar system (Lucey, 2006).
Understanding its composition and characteristic is pivotal for unrav-
eling the complex post-eruption processes on the lunar surface, shedding
light on analogous processes occurring on other airless planetary bodies.

The recent Chinese mission, Chang’e-5 (CE-5), has provided new
opportunities to study the lunar soil. Given the young eruption age of
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understanding the maturity and the space weathering effects of CE-5 soil
has garnered widespread interest. Space weathering encompasses the
cumulative alteration of materials exposed to the space environment,
with soil maturity serving as a metric to evaluate the degree of these
effects (Pieters and Noble, 2016). Morris (1976) identified a strong
correlation among the grain size, submicroscopic iron content, and
exposure age of Apollo lunar soils, suggesting that soils with finer grain
sizes, higher submicroscopic iron content and longer exposure ages may
exhibit increased maturity. However, investigations of CE-5 lunar soil
have revealed contradictions among these classic indicators, leading to
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conflicting assessments of its maturity. For instance, the average grain
size of CE-5 lunar soil ranges from 50 to 60 pm (Li et al., 2022a, 2022b),
which is finer than the ~30 to 150 pm observed in Apollo lunar soils
(Carrier et al., 1991; Heiken et al., 1973; McKay et al., 1974). In-situ
visible and near-infrared (VNIR) data further support the classification
of CE-5 lunar soil as mature. Conversely, Qian et al. (2024) determined
the Is/FeO value (the intensity of the characteristic ferromagnetic
resonance normalized to total iron content) of CE-5 lunar soil using
magnetic approaches, placing it within the range of immature lunar soils
(Morris, 1980). Additionally, the average exposure age of CE-5 lunar soil
is 430 (£116) Ma (Li et al., 2023), comparable to that of Apollo mature
soils (Joy et al., 2016), while the (3He/4He)tr and (20Ne/22Ne)tr values
indicated that weak secondary processes have occurred. These discrep-
ancies underscore the necessity for using other methods to determine the
maturity of the CE-5 soils, such as Fe isotope ratios.

The pioneering work of Wiesli et al. (2003) found a significant pos-
itive correlation between the maturity of the Apollo lunar soils and Fe
isotope ratios. The heavier Fe isotopes are enriched in the finer and more
mature soils. Wang et al. (2012) reported an exceptionally high §°°Fe
value of up to 0.71 %o in the surface layer of plagioclase from Apollo
regolith, which may reflect signals from nanophase iron particles (np-
Fe®). This suggested that progressive enrichment in the heavier Fe iso-
topes in lunar soil could result from the cumulative accumulation of
npFe’. These studies suggest that Fe isotope ratios could serve a robust
tracer for unraveling the lunar soil’s maturity. Using mare basalt as an
example, if we have precise knowledge of the initial iron isotope
composition of the basaltic precursor material, we can assess the
maturity of the lunar soil based on the observed elevation in iron iso-
topes. According to previous studies, the majority of the material of the
CE-5 soil is from the local unit with limited exotic components,
regardless of the depth of the CE-5 soil (Qian et al., 2021; Wang et al.,
2024; Zeng et al., 2023; Zong et al., 2022). The straightforward
geological setting gives a significant chance to directly compare the Fe
isotopes of lunar soil and underlying basalt, shedding light on the space
weathering processes and the effects on the young lunar soil.

Recent studies have found significant Fe—Mg inter-diffusion in CE-5
lunar soil, which has been attributed to meteorite impact events (Shi
et al.,, 2024; Zhang et al., 2024). However, significant isotopic frac-
tionation could also happen during fast cooling and disequilibrium
crystallization of lunar magma lava (Oeser et al., 2015; Tian et al.,
2020a, 2020b). Given the highly evolved features of CE-5 basalt, such as
zoned pyroxene and silicate liquid immiscibility (SLI) (He et al., 2022;
Jiang et al., 2023; Wang et al., 2023), different minerals of CE-5 basalt
present an opportunity to investigate the disequilibrium fractionation of
isotopes on the Moon.

In this study, we measured the bulk iron isotopes of CE-5 scooped soil
and drill core, along with two agglutinates. Our aim is to elucidate the Fe
isotope composition in different components on CE-5 landing site and
understand the maturity and post-eruption processes of the CE-5 lunar
soil.

2. Samples and methods
2.1. Bulk iron isotopic analyses

Two batches (200 mg CE5C0400 and 400 mg CE5C0600) of the
scooped CE-5 lunar soil and one batch (100 mg CE5Z0906YJ, from a
depth of ~10 cm) from the drill core were obtained from the China
National Space Administration Agency. Importantly, magnetic mea-
surements have been conducted on CE5C0600 by Qian et al. (2024),
which is useful to compare with the Fe isotope ratios. Eight sub-samples
from scooped soil, weighing between 2 and 6 mg, and three sub-samples
from the drilled lunar soil, weighing between 2 and 4 mg, were analyzed
for bulk compositions of major and trace elements and 5°°Fe in this
study (Table S1). Additionally, two agglutinates (0.8 mg and 1.15 mg)
were included in the analysis. The bulk chemical compositions of these
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soil subsamples and agglutinates indicate that most elements, except Ni
and Mo, are relatively homogeneous (Wang et al., 2024; Zong et al.,
2022). The sample digestion and measurement procedures have been
well described by Zong et al. (2022). After major and trace elements
analysis, the leftover solutions of the soil and agglutinates were used for
Fe isotope analyses in this study in the State Key Laboratory of
Geological Processes and Mineral Resources (GPMR) at China University
of Geoscience (Wuhan), utilizing an established protocol (Lei et al.,
2022).

Pre-cleaned AG-MP-1 M anion resin was utilized to achieve separa-
tion of Fe. Fe isotope ratios were measured using a Nu Plasma 1700
multi-collector inductively-coupled-plasma mass-spectrometry (MC-
ICP-MS) and are reported in standard &-notation in permil relative to
IRMMO14. The measured §°°Fe values of reference standards (GSB-
USTC, BHVO-2 and BCR-2) in this study are in agreement with the
recommended values (Craddock and Dauphas, 2011; He et al., 2015)
(Table S1) and the long-term external precision of 5%°Fe is better than
0.03 %o (2SD) (Lei et al., 2022).

2.2. In-situ Fe isotopic analysis of olivine and ilmenite

Several mineral fragments (olivine and ilmenite) and basalt clasts
(typically >100 pm) were manually separated from the lunar soil and
mounted in Araldite 2020 epoxy resin and polished. We selected several
olivines and some ilmenites (from both basaltic clasts and olivine frag-
ments) for in situ-iron isotope analysis. All of the in-situ isotopic ana-
lyses in this study were conducted with an ESI NWR FemtoUC
femtosecond laser ablation system (New Wave Research, Fremont, CA,
USA) coupled to a Neptune Plus MC-ICP-MS instrument (Thermo Fisher
Scientific, Germany) at the GPMR.

For in-situ Fe isotope analysis of olivine, the laser ablation system
operated in single-spot mode with a spot size of 40 pm. Ultrapure water
was introduced into the ICP to suppress the matrix effect during the Fe
isotope analysis. A detector array of Faraday cups was set to acquire the
ion beams of >3Cr, >*Fe, >°Fe, *"Fe, 5®Fe, and ®°Ni. >3Cr and ®°Ni were
monitored and used for the isobaric interference correction of **Cr on
54Fe and >®Ni on >®Fe with a >*Cr/>3Cr ratio of 0.2489 and %°Ni/*®Ni
ratio of 0.3852, respectively. Given the high FeO (30-60 wt%) and low
Cr (100-500 pg/g) content of olivine in CE-5 basalt (Su et al., 2023), the
interference could be corrected. The SSB (sample-standard bracketing)
method was employed for mass fractionation correction. The *°Fe/>*Fe
and %’Fe/>*Fe ratios were converted to the standard IRMM-014. The
reference material was used as an external standard, while pyite Aa018,
PAS-Py600 and chalcopyrite PAS-Cpy400 were analyzed repeatedly as
unknown samples to evaluate the reliability of non-matrix-matched
correction. The average 5°°Fe values of Aa018, PAS-Py600 and PAS
Cpy400 are 0.52 + 0.04 %o, 0.19 £ 0.03 %o and — 0.05 £ 0.07 %o,
respectively, which is in agreement with the reference value within
uncertainty (Table S2, Fig. S1) (Feng et al., 2022). Offline data pro-
cessing was performed using the Iso-Compass software (Zhang et al.,
2020).

The Fe isotopic analysis of ilmenite was operated with a spot of 40
um, for a laser energy density of 2 J cm-2 and a low repetition rate of 5
Hz. Standard two-volume ablation cell (TV-2) and wet plasma condi-
tions was used to reduce isotopic fractionation. A standard sampler cone
combined with an X skimmer cone (S + X cones) was employed to obtain
a higher sensitivity and a detailed method can be found in Xu et al.
(2022). The results are finally expressed relative to IRMM-014. Ilmenite
CZE2, HER16 and GER16 were used as the reference materials, whose
§°6Fe value is in agreement with the reference value within uncertainty
(Table S3, Fig. S2).

3. Results

The Fe isotope composition of aliquots of 12 subsamples (seven
scooped soils, three drill soils and two agglutinates) are reported in



Y. Li et al.

Table S1. These results will be compared with the Fe isotope composi-
tion of basaltic clasts from Jiang et al. (2023). The 5°°Fe values of
scooped soils are homogeneous (+0.16 + 0.02 %o, 2SD, n = 8), which is
similar to the drill soils (+0.14 + 0.04 %o, 2SD, n = 3) (Fig. 1). One
agglutinate displays the highest 5°°Fe values of 0.22 + 0.03 %o, while
the other is comparable to scooped soils (0.17 + 0.02 %o). Our results are
also consistent with the 5°°Fe values of the CE-5 soil of different sizes
reported by Shi et al. (2024) (Fig. 2). The Ni and Cu content of these
samples have been reported in Wang et al. (2024). They demonstrate a
strong correlation with 5°°Fe values (Fig. 3).

Two basaltic clasts (Fig. 4) and several mineral fragments were
selected for in-situ Fe isotope analyses. The §°°Fe values of olivine and
ilmenite exhibit large variations, ranging from —0.57 to —0.17 %o and —
0.06 to +0.42 %o, respectively (Fig. 5). Considering the chemical zona-
tion observed in olivine in CE-5 basalts (Tian et al., 2023; Wang et al.,
2023), we selected four large olivines (~200 pm) to analyze the iron
isotope composition of the core and rim. Overall, these olivines
demonstrate intragrain variation in 5°°Fe with heavier core and lighter
rim. The Fe isotope composition of ilmenites from three basaltic frag-
ments also shows a large range, which are —0.05 to 0.10 %o, 0.21 to 0.42
%o and — 0.6 to 0.28 %o, respectively. The Fe isotope of ilmenites is
heavier than olivines, consistent with mineral separate studies from
Craddock et al. (2010).

4. Discussion
4.1. Space weathering effects on the CE-5 soil

Owing to the long-time sputtering and mixing during the (micro)
meteorite impact events, lunar soils are compositionally modified in
terms of several aspects (Lucey, 2006): 1) contamination by exotic
components, including meteorites and materials from other geological
units (e.g., Korotev et al., 2011); 2) enrichment or melting of specific
minerals (e.g., plagioclase and ilmenite) in soil (Cintala, 1992; Horz
et al., 1984; Taylor et al., 2010); and 3) evaporation and condensation
effect during space weathering. In these cases, we will consider the
formation of the CE-5 lunar soil and potential Fe isotopic fractionation
during these processes.

Taylor et al. (2001) found that with the increasing of maturity, the
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Fig. 1. Plot of 5°’Fe vs. 5°°Fe values for the CE-5 scooped, drill and aggluti-
nates. Fe isotopes of basalt clasts from Jiang et al. (2023) (red hollow square)
are used for comparison. The lunar soils from the surface and deeper level
(~10 cm) are isotopically heavier than basalt clasts, and the agglutinates have
the heaviest Fe isotope composition. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of
this article.)
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concentrations of FeO, MgO, and TiO, decrease, while the concentra-
tions of CaO, Nay0, and Al;O3 increase. They interpreted these results in
terms of a differential melting sequence for lunar soils: plagioclase >
pyroxene > ilmenite (Horz et al., 1984; Taylor et al., 2001). Regarding
CE-5 samples, the soils are enriched in CaO, Al,03 and MgO, depleted in
FeO and TiO, (Fig. 2a, b and c) compared to the basaltic clasts. These
results suggest that plagioclase was preferentially shattered into the soils
compared to ilmenite. The Cr concentration is similar in both basalt
clasts and soils (Fig. 2d), indicating a consistent abundance of pyroxene.
Craddock et al. (2010) reported that ilmenite separate is enriched in
heavy isotopes. Therefore, CE-5 soil was expected to have low §°°Fe
values with the depletion of TiOy; however, such prediction is contrary
to our results (Fig. 2a). As a result, the redistribution of minerals be-
tween soil and basalts is unlikely to be the primary cause of the Fe
isotopic difference (Shi et al., 2024).

Zong et al. (2022) evaluated the effects of exotic impact ejecta and
meteoritic materials in CE-5 bulk soil composition. They suggested
minimal contamination (<5 %) by exotic materials from other geolog-
ical units, consistent with previous studies on impact glass beads (2 %;
Yang et al., 2022) and clasts in CE-5 soil (~0.2 %; Zeng et al., 2023). If
isotopically heavy components were added to the CE-5 soil, they would
likely originate from high-Ti basalts (Poitrasson et al., 2019). However,
the lower Ti concentration observed in CE-5 soil (Fig. 2a) compared to
basalt clasts does not support this hypothesis. The meteoritic contribu-
tion to CE-5 lunar soil is estimated to be around 1 wt% based on Ni and Ir
contents (Yao et al., 2022; Zong et al., 2022). Although the Fe isotopic
composition of the soil increases with increasing Ni content (Fig. 3a), the
addition of meteorites may not be the primary factor contributing to the
elevated 5°°Fe value. This is because both chondritic and iron meteorites
typically exhibit lower §°°Fe values compared to lunar soil (Williams
et al., 2006).

In these cases, the strong positive correlation between Ni content and
§°°Fe values (Fig. 2d) may indicate that as space weathering intensifies,
the fractionation of Fe isotopes becomes increasingly pronounced. Thus,
our results from the young CE-5 samples further indicate that the space
weathering process plays a significant role in altering the Fe isotopic
composition of lunar soil (Wang et al., 2012; Wiesli et al., 2003).

4.2. Low maturity of CE-5 lunar soil

Lunar soil maturity has typically been assessed through various
indices, including mean grain size, agglutinate abundance, solar wind
abundance, and surface-correlated one0 (Housley et al., 1975; Morris,
1976). Since npFe’ is a direct product of space weathering (Pieters and
Noble, 2016; Shen et al., 2024) and Is/FeO reflects the oneO content in
lunar soil, we thus follow the well-established way and consider Is/FeO
to be a decisive indicator for evaluating the lunar soil maturity (e.g., Is/
FeO < 30 for an immature soil but >60 for a mature soil, Fig. 6; (Morris,
1980)). However, the fine grain size (Li et al., 2022a; Cao et al., 2022)
and its long exposure age of CE-5 (Li et al., 2023), which are comparable
to that of Apollo mature soils, present a contradiction with the lower Is/
FeO value (Qian et al., 2024). The reasons behind these discrepancies, as
well as the true maturity of the soil, are the key concerns of our study.

In this study, we observed an elevation of ~0.05 %o in the 5°°Fe value
between CE-5 scooped soil and basalt clasts. This increase in Fe isotope
ratios is relatively modest compared to the values seen in Apollo soil
samples (Fig. 6). According to Fig. 6, when lunar soil reaches a maturity
level of submature (Is/FeO of 30 to 60) and mature (Is/FeO > 60), the
5°°Fe values increase by ~0.05 %o and ~ 0.1 %o, respectively. Therefore,
the increase of ~0.05 %o in 5°°Fe for CE-5 lunar soil compared to basalt
indicates that it still falls within the category of immature or submature
lunar soil. The slight increase in §%Fe of the GE-5 soil aligns with the
lower Is/FeO value (Qian et al., 2024), supporting the low maturity of
CE-5 lunar soil. The identical Fe isotope composition from different
batches and depths of the CE-5 soil (Figs. 1 and 2) indicates consistent
degrees of space weathering at both surface and deeper levels (~10 cm),
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further supporting the homogeneous chemical composition of CE-5 soil
(Wang et al., 2024).

Interestingly, 5°°Fe in Apollo lunar soils at low maturity (~0.05 %o)
are even lower than theirs primary mare basalt (Low-Ti basalt at 0.076
%o; High-Ti basalt at 0.184 %o; Poitrasson et al., 2019). This observation
suggests that while the overall Fe isotope composition of Apollo lunar

soils increases with maturity, lighter Fe isotopic components may still be
introduced. This aligns with previous findings of lighter K and Zn isotope
deposits on the lunar surface (Day et al., 2017; Tian et al., 2020a,

2020b).
Wang et al. (2012) proposed that the enrichment in the heavier Fe

isotopes in the lunar soil is largely due to the deposits of np-Fe®, whose
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Fig. 4. BSE images of two basalt clasts chosen for in-situ Fe isotope analyses. Red circles are the laser spot of the Fe isotope measurements. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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5°6Fe values could be up to 0.71 %o. However, most np-Fe? in CE-5 soil
may have been generated in disproportional reaction or decomposition
of fayalite (Li et al., 2022a; Guo et al., 2022; Xian et al., 2023). These
processes are unlikely to fractionate Fe isotopes at the bulk soil scale.
Instead, the §°°Fe of the CE-5 soil shows broadly negative trends with
moderately volatile elements such as Cu (Figs. 3b). The result likely
suggests that the elevation of Fe isotopes in the CE-5 soil and aggluti-
nates is more likely controlled by volatile evaporation during meteorite
impacts (Figs. 3a and b).

The Ni (130-167 pg/g; Zong et al., 2022) and Ir (360-760 ng/g; Yao
etal., 2022) contents in CE-5 lunar soil suggest a meteoritic contribution
of ~1 wt%, which is significantly lower than the 1.5-2 wt% contribution
observed in mature Apollo lunar soils. This indicates that, despite the
exposure age of CE-5 lunar soil being similar to that of Apollo mature
soils (Li et al., 2023), the CE-5 may have experienced lower flux of
meteoritic impacts, resulting in a lower degree of maturity. This

reduction in impact events may be associated with the decreased
bombardment experienced by the Earth-Moon system after 3.5 Ga (Xie
et al., 2020). Therefore, exposure age may not be the key indicator of
lunar soil maturity. Instead, given the high FeO content of lunar soil and
the rather simple measurement of Fe isotope ratios, the Fe isotope
composition of the lunar soils could serve as a fast and useful indicator to
evaluate their maturity, which reconcile with Is/FeO index.

4.3. Disequilibrium fractionation of Fe isotope in and between minerals

Our study reveals a wide range of §°°Fe values in both olivine and
ilmenite, with olivine consistently showing lighter isotope composition
compared to ilmenite (Fig. 5a and b). Previous studies in lunar samples
have indicated minimal Fe isotope fractionation in mare basalts during
magmatic differentiation due to reduced conditions (Liu et al., 2010;
Prissel et al., 2024; Sossi and Moynier, 2017). According to Sossi and
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O’Neill (2017), the Fe—O bond lengths in fayalite and ilmenite are
comparable, suggesting limited fractionation in §°°Fe during equilib-
rium conditions. Therefore, the observed difference of ~0.5 %o in 5°°Fe
between ilmenite and olivine in CE-5 samples may indicate a disequi-
librium situation.

Significant Fe isotope fractionation between silicates and Fe—Ti
oxides has been documented in terrestrial Fe—Ti oxide ores (Cao et al.,
2019; Liu et al., 2014). This fractionation is attributed to factors such as
oxygen fugacity influencing the crystallization order of Fe—Ti oxides
(Liu et al., 2014) or the in situ crystallization of different phases of
Fe—Ti oxides (magnetite and ilmenite) from Fe-rich melts (Cao et al.,
2019). However, such conditions unlikely occurred in CE-5 basalts. Our
interpretation leans towards disequilibrium conditions resulting from
rapid cooling and extensive magma evolution as the primary drivers of
Fe isotope fractionation between ilmenite and olivine. This conclusion is
consistent with the widely observed SLI phenomenon in CE-5 basalt,
indicating that many fayalite and ilmenite grains likely formed within
the mesostasis (He et al., 2022; Jiang et al., 2023). Additionally, extreme
chemical zoning in olivine and pyroxene (Fig. 4a and b) with olivine
cores typically showing high Fo values (60-65) and rims adjacent to
late-stage mesostasis pockets showing lower values (Luo et al., 2023; Su
et al., 2023), further indicates high degrees of disequilibrium during CE-
5 magma cooling. We observed isotopically heavier cores in most oliv-
ines, along with significant variations in Fe isotopes of ilmenite (Fig. 5b),
suggesting a role of diffusion processes. Previous studies on Mg—Fe
isotopes in CE-5 lunar soils and agglutinates have highlighted impact-
induced diffusion-driven fractionation (Shi et al., 2024; Zhang et al.,
2024). While we do not rule out the possibility that impact processes
may lead to Mg—Fe diffusion in lunar soil particles, potentially affecting
their Fe isotope composition, the basalt clasts analyzed in this study
exhibit minimal signs of such impact alteration (Fig. 4a and b). This
suggests that diffusion-driven fractionation likely occurred at the min-
eral scale, possibly due to chemical gradients between olivine and
ilmenite in conjunction with surrounding segregated melts (Pernet-
Fisher et al., 2019; Tian et al., 2020a, 2020b), or through inter-grains
Fe—Mg exchange.

In conclusion, our study has identified substantial Fe isotope frac-
tionation in CE-5 basalt clasts, primarily attributed to disequilibrium
crystallization during rapid cooling and chemical-driven diffusion of
mineral interior. These processes are very common in lunar samples (e.
g. Day et al., 2006; Jolliff, 1998; Pernet-Fisher et al., 2019) and under-
score the important effects of post-eruption processes for stable isotope
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fractionation in intragrain or inter-grain scales, for example also for the
inconsistencies in Fe isotopes between minerals in Craddock et al.
(2010). However, such fractionation of Fe isotopes occurs mainly at the
mineral scale and could have a limited effect on the overall isotopic
composition of the bulk rock.

5. Conclusions

Our study presents that the CE-5 scooped and drilled samples have
similar average 5°Fe values of +0.16 % 0.02 %o (2SD,n = 8) and + 0.14
=+ 0.04 %o (2SD, n = 3), regardless of the soil grain size (from <56 pm to
>180 pm , Shi et al., 2024). The soils show a minor elevation of 5°°Fe
(~0.05 %o) relative to the CE-5 basalt clasts (~0.11 %o, Jiang et al.,
2023), which suggests the immaturity of CE-5 soil after its exposure to
surface. We propose that the evaporation process indued by meteorite
impacts appears to play a major role for such increase in §°°Fe of CE-5
soil. Our results suggest that the grain size and exposure age may not
be a decisive indicator of the maturity of lunar soil, while the Fe isotope
ratios could serve as a convenient method, complementary to the Is/FeO
index.

A wide variation in Fe isotope compositions was also observed in
olivine and ilmenite in CE-5 basaltic clasts and monomineralic frag-
ments, which cannot be attributed to magmatic differentiation alone.
We propose that the substantial fractionation of Fe isotopes in olivine
and ilmenite resulted from disequilibrium fractionation between min-
erals and late-stage immiscible melts formed during the SLI process as
the magma was fast cooling. Given the widespread occurrence of SLI in
lunar mare basalt, this disequilibrium fractionation of Fe isotopes could
be a common phenomenon on the Moon.
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