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Over long timescales, space weathering processes can modify the compo-
sitions of surface materials on the Moon. To assess the effects of space
weathering of lunar soils, we study Si isotopes of Chang’E-5 (CE-5) and
Chang’E-6 (CE-6) returned samples, and lunar meteorites. Here we show that
both bulk soils from CE-5 and CE-6 exhibit heavier Si isotopic compositions
than the basalt clasts within the soils and lunar meteorites, indicating that
the space weathering obviously increase §°°Si of lunar soils. Furthermore,
the CE-6 soil from the lunar farside has heavier Si isotopic values than the
average of CE-5 soils from the nearside, suggesting that the CE-6 soil has
experienced a higher space weathering degree than the CE-5 soils. This
increased weathering degree could be attributed to either a longer weath-
ering period or stronger micrometeorite impacts on CE-6 soil from farside
compared to CE-5 soils from nearside.

Space weathering, including micrometeorite impacts and solar wind
irradiation, plays a critical role in planetary evolution. It shapes pla-
netary surfaces, alters the compositions of surface materials, and
contributes to the formation of surrounding atmospheres. Lunar
regolith, commonly referred to as lunar soil’, serves as a key resource
for studying the interactions between space and the Moon during
space weathering. Lunar soil, a fine-grained product formed from
weathered local rocks mixed with exotic materials, preserves valu-
able information about surface processes. While space weathering
does not significantly change the elemental concentrations of lunar
surface materials, it has a pronounced effect on the isotopic com-
position of lunar soils (e.g., see refs. 2,3). Observations suggest that
space weathering influences the isotopic compositions of several
volatile elements, such as Fe, Mg, Cu, Zn, Cd, K, and Rb, leading to an
enrichment of heavier isotopes in the residual of lunar soil (e.g., see
refs. 2-7). Consequently, stable isotopes are a valuable tool for
investigating the space weathering process.

Silicon isotopes are a sensitive tool to study the space weathering
process, especially the possible different effects for lunar nearside and

farside. During space weathering, Si can be lost through SiO vapor,
which can produce significant isotopic fractionation®’. The Chang’E-5
(CE-5) samples represent the youngest known mare basalts and have
experienced less exposure time (see refs. 10,11) than Apollo samples.
Understanding how this exposure time affects the composition of
lunar surface materials is crucial. On the other hand, the CE-6 sample,
the first ever returned from the Moon'’s farside®, provides an impor-
tant opportunity to evaluate space weathering processes on the lunar
farside.

In this study, we analyzed Si isotopes in the CE-5 and CE-6 lunar
soils to evaluate the space weathering effects on the lunar nearside and
farside. For direct comparison, we also examined Si isotopes in rock
clasts from CE-5 and CE-6 soils, as well as in six lunar meteorites. Our
results reveal that space weathering produced a heavier Si isotopic
signature in both CE-5 and CE-6 soils compared to rock clasts and lunar
meteorites. The CE-6 soil exhibited a more pronounced isotopic shift
than CE-5 soils, indicating a higher degree of space weathering. These
findings demonstrate that Si isotopes serve as a novel tracer for deci-
phering space weathering effects on the lunar surface.
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Results and discussion

Silicon isotope data of four bulk lunar soil samples (CESC0100-
YJFM00103, CE5C0400-YJFM00405, CE5C0400-YJFM00406, and
CE5C0600) and one basalt clast (CESCO800YJYX038) from CE-5,
one bulk lunar soil (CE6C0400YJFM004) and rock clasts
(CE6C0400YJFM004) from CE-6, and six lunar meteorites are listed in
Table 1 and Fig. 1. Due to the small sizes of four clasts from CE-6, they
were treated as one sample and digested together for Si isotope ana-
lysis. Figure 1 shows the Si isotopic compositions of the CE-5, CE-6
samples, and lunar meteorites, alongside Apollo samples”. All four
CE-5 lunar soils and one CE-6 bulk soil exhibit higher 630Si values than
the CE-5 basalt clast, CE-6 clasts, and lunar meteorites. Among these,
the CE-6 bulk soil has the highest &%°Si value, surpassing both the
ChangE and Apollo samples (Supplementary Table 1 and Fig. 1).
Although the 6%Si value of CE-6 soil overlaps with some values of the
CE-5 soils within errors, it is still higher than the average of CE-5 soils
(Fig. 1). The 6Si of the CE-5 basalt clast is —0.33 + 0.05%. (2 SD), and
the 8°°Si of the CE-6 clasts is —0.17 + 0.01%o (2 SD) (Table 1). The &*°Si of

Table 1] Silicon isotopic compositions of four CE-5 lunar bulk
soil samples, one CE-5 lunar basalt clast sample, one CE-6
lunar bulk soil sample, one CE-6 clast sample, and six lunar
meteorites in this study

Sample Type 5%°Ssi 2SD &%Si 2SD n
CE5C0100- Lunar soil of -0.05 0.05 -0.02 0.05 3
e Cze -0.05 006 000 004 3
-0.04 0.05 0.00 0.02 3
Average -0.05 0.05 -0.01 0.04
CE5C0400- Lunar soil of -0.04 0.04 0.01 0.04 3
A eL0S Gee Z0.03 006 001 004 3
-0.06 0.03 0.00 0.02 3
Average -0.04 0.04 0.01 0.04
CE5C0400- Lunar soil of 0.00 0.05 0.02 0.08 3
Vol eIl Ces 001 001 -001 003 3
-0.04 0.06 -0.04 0.06 3
Average -0.01 0.04 -0.01 0.06
CE5C0600 Lunar soil of -0.16 0.04 -0.06 0.083 3
Gee -012 003 -005 006 6
Average -0.13 0.03 -0.05 0.05
CE5C0800YJYX038 Lunar rock -0.33 0.05 -0.17 0.06 6
clast of CE-5
CE6C0400YJFM004- Lunar soil of 0.04 0.05 0.05 0.05 6
ROO3 CE-6
CE6CO400YJFMO04- Lunar clasts -0.17 0.01 -0.07 0.06 6
Cc047 in CE-6 soil
NWA11273 Feldspathic -0.25 0.01 -0.13 0.07 3
breccia
DAG400 Anorthositic -0.21 0.05 -0.09 0.03 3
breccia
NWA5744 Granulitic -0.27 0.02 -0.14 0.02 3
troctolitic
breccia
NWA10756 Feldspathic -0.29 0.04 -0.2 0.01 3
breccia
NWA12971 Troctolitic -0.19 0.04 -0Mm 0.03 9
melt rock
NWA13582 Feldspathic -0.20 0.08 -0.04 0.04 12
breccia
BHVO-2 Basalt -0.29 0.02 -0.14 0.083 3
-0.29 0.02 -0.16 0.02 6
-0.29 0.03 -0.14 0.02 6
AGV-2 Andesite -0.20 0.05 -0.1 0.083 3

lunar meteorites range from —0.29%. to —0.19%., consistent with the
average §°°Si of the bulk silicate Moon (BSMo), estimated at
-0.28 + 0.09 (2 SD) from Apollo samples™™, and the bulk silicate Earth
(BSE), with a §*°Si value of —0.29 + 0.08%o (2 SD)'®. Among the six lunar
meteorites, DAG400, NWA12971 and NWA13582 have slightly higher
8%°Si than the other three meteorites and BSE, but within the range of
ferroan-anorthosites from Apollo samples (Fig. 1). The average
concentrations of Al,O;, CaO and SiO, of the mixed CE-6 clasts are
16.6 wt%, 10.3 wt% and 53.1 wt%, respectively.

Silicon isotope signatures of the source materials of the CE-5 and
CE-6 lunar soils

The CE-5 basalt clast analyzed in this study is a fragment from a lava
flow. Its Mg and Fe isotopic compositions have been measured by a
previous study, and the results indicate that the mantle source of the
lava contains cumulates of both early and late stages of the lunar
magma ocean®. This clast was not affected by evaporation during later
impacts'®, meaning that its Si isotope compositions primarily reflect
the composition of basalt. The higher §*°Si of the CE-5 lunar soils
compared to the basalt clast suggests that their original Si isotopic
signatures were modified by subsequent processes. Physical property
studies suggest that 95% of the particle sizes of CE-5 soils range from
4.84 um to 432.27 pm (mean 49.80 um by mass) and from 1.40 pum to
9.35 um (mean 3.96 um by number)**?. The particle size distribution is
similar to that of Apollo lunar soils?, indicating an intense weathering
process. CE-5 soils are the fine mixture of local basalt with a small
portion of exotic materials, including <5wt% of ejected highland
material and Rare Earth Element- and phosphorous-rich (KREEP)
basalts (from other locations on the moon), as well as ~1wt% of
meteoritic material®>. Based on the Si isotope data of Apollo
samples”™, the highland materials and KREEP basalts likely have Si
isotopes similar to or slightly heavier than BSE®. The SiO, content of
Apollo lunar rocks, including high- and low-Ti basalts, highland suites,

CE-5 soil average

O CE-5 bulk soil

O CE-5basalt clast
CE-6 bulk soil
CE-6 clasts

O Lunar meteorite

4k Ferroan-anorthosite

< Glass

¢ Low-Tibasalt

O High-Ti basalt

1 1 1 1
-0.2 -0.1 0.0 0.1

5”Si (%o)

-0.5

Fig. 1| Silicon isotopic data of Chang’E samples and lunar meteorites in this
study, compared with Apollo samples from the literature (gray symbols). Data
for Apollo samples and the BSMo average value are from refs. 13-17, with error bars
representing two standard deviations or two standard errors. All lunar soils exhibit
heavier Si isotopic compositions than BSMo (light green range). The §*°Si value of
CE-6 bulk soil (green hollow circle) is higher than that of CE-5 soils (blue solid
circle). In contrast, the §*°Si values of CE-5 clasts (blue solid pentagon), and lunar
meteorites (yellow solid hexagon) fall within the BSMo range, similar to Apollo
sample (gray symbols) from the literature. The 8°°Si value of CE-6 clast is slightly
heavier than that of CE-5 clast.
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Fig. 2 | The calculated 8°°Si,,; values of the residue soil after evaporation. The
effect of escape under different temperatures has been included in the calculation.
Two different osog; values are used in the calculation. (A) The ideal value of asog;( is
calculated by @og;0 = /532, while (B) the measured d;, value of 0.98577 from
experiment based on partial evaporation from Type B CAI liquids into vacuum*.
fmerr represents the fraction of the residue soil in the evaporation process. The red

f,

melt

line represents the free evaporation process, while the colored area represents the
combined effects of free evaporation, partial escape, and full recondensation
processes. The sloped gray dotted line indicates a temperature scenario of 4000 K,
and the horizontal gray dotted lines denote the mean &*°Si values of CE-5 and
CE-6 soils.

and KREEP basalts, ranges from approximately 36 wt% to ~57 wt%". The
SiO, content of the CE-5 lunar soils, at around 38 wt% to 43 wt%, falls
within this range. Thus, the addition of 5% exotic materials from
highland and KREEP basalts would not significantly change the Si iso-
topic composition of the lunar soils.

Most meteorites, except for angrites, have lower §*°Si compared
to lunar samples (e.g., see ref. 24). Therefore, the addition of
meteoritic material to lunar soils might slightly, but not significantly,
change their Si isotopic composition (Supplementary Fig. 1). For
instance, adding 1% (by mass) of meteorites with the lightest Si isotopic
composition ever reported (-0.77%., see ref. 25) and SiO, content of
45.0 wt% (the highest of SiO, content reported by Armytage et al.*®)
could decrease the total §*°Si value of the lunar soil by only 0.01%.
(Supplementary Fig. 1, Supplementary Table 2), a change too small to
detect within error. As a result, the original Si isotopic composition of
the CE-5 lunar soils should primarily reflect that of the local basalt, but
has been subsequently modified by space weathering processes.

In terms of maturity, the CE-6 and CE-5 samples are similar. Most
(95%) of the particle sizes of CE-6 range from 5.97 pm to 382.36 pm
(mean 85.86 pm by mass) and from 1.11 pm to 10.77 um (mean 5.41 pm
by number)™. In contrast to the CE-5 soils, the CE-6 lunar soil contains
at least 13% foreign material, primarily non-basaltic ejecta, which may
originate from the lunar highland crust, South Pole-Aitken (SPA)
impact melts, and potentially early lunar mantle™. If meteoritic mate-
rial was a major component of the non-basaltic ejecta, it would have
reduced the §°°Si of the CE-6 soil (Supplementary Fig. 1), which was not
observed in this study. Therefore, most of the foreign material in the
CE-6 lunar soil is unlikely to be meteorites. Compared to the CE-5 soil,
the CE-6 soil has a lower density (3.035g/cm? vs. 3.195g/cm®) and
contains less olivine but more light-colored particles, such as plagio-
clase and amorphous glass”. The §*°Si of the combined CE-6 clasts

(-0.17 £ 0.01%o, 2 SD) falls in the range observed in ferroan-anorthosite
from the Apollo missions™", which likely reflects the addition of pla-
gioclase, as plagioclase tends to have heavier Si isotopes than clin-
opyroxene (cpx)”*. The primary plagioclase in the CE-6 soil is
anorthite (82.96%, see ref. 12). According to first-principles calculation
results, when crystallization temperature varies from 1600K to
2000 K, the Si isotope fractionation between anorthite and cpx ranges
from 0.13%. to 0.07%0"*. If all 13% foreign material added to the CE-6
soil was anorthite fragment or ejecta derived from anorthite®, the §*°Si
should be increased by 0.01%. to 0.02%., a minor change insufficient to
account for the high 8*°Si observed in the CE-6 soil. Meanwhile, the
bulk composition of the CE-6 clasts shows that anorthosite material is
not the main constituent, with Al,O3 (16.6 wt%), CaO (10.3 wt%), and
SiO, (53.1wt%). Therefore, though the addition of anorthite may
slightly increase the §°Si, it is not the primary cause of the heavy Si
isotope compositions in the CE-6 soil. The elevated 8%Si in the bulk
CE-6 soil is more likely a result of modification by space weathering.

The Si isotopic signatures of lunar soils recorded the effects of
space weathering

Space weathering, including micrometeorite impact and solar wind
irradiation with ion sputtering, can melt minerals to cause evaporation,
changing the isotopic composition of lunar soils (e.g., see refs. 2,7).
Previous studies observed that both micrometeorite impact vapor-
ization and ion sputtering modified K and Rb isotopes in Apollo mis-
sion soils. Elements with lower surface binding energy are more
susceptible to ion sputtering, causing larger isotope fractionation. The
surface binding energy of Si is 4.72 eV, which is significantly higher
than Ca (1.84eV) and Mg (1.51eV), and slightly higher than Fe
(4.28 eV)®. So, if ion sputtering was the dominant process during
space weathering to affect Ca, Mg, and Si isotopes, the fractionation of
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Si isotopes should be much less pronounced compared to that of Ca
and Mg in the ChangE lunar soils. However, the observed Si isotope
fractionation (A*Sissi.ciast = 8*°Siiunar soil = 8°°Sibasaltic clast) Detween
CE-5 lunar soil and basaltic clast is 0.32%. and between CE-6 bulk soil
and clasts is 0.21%o, both of which are larger than the Mg and Fe iso-
tope fractionation (AMgsit.clast = 0.100%0 and A%Feii cfase = 0.173%o)
between CE-5 lunar soil and basaltic clast>”, while the §**Mgjunar soit and
8%Fejunar soil Of CE-6 samples have not been reported yet. Therefore,
solar wind sputtering is unlikely to be the dominant mechanism for Si
isotope fractionation. Instead, evaporation by micrometeorite impact
may be the primary process.

Micrometeorite impacts can produce shock-induced melts,
forming silicon oxide nanoparticles (npSiO,) and nanophase iron
(npFe) in Apollo 15 soil pyroxene grains™®. Similarly, in CE-5 soil olivine
grains, vesicles containing oxygen-rich (npSiO and O,) components
were observed in weathered rims'. This suggests that micrometeorite
impacts commonly cause surface grain melting and SiO (or npSiO,)
evaporation. Previous studies observed that the surface of CE-5 olivine
grains exhibits unique vesicular npFe® and Si-rich materials, which
formed by olivine decomposition at subsolidus temperature (-930 °C
or 1200 K). This suggests that CE-5 samples experienced a lower tem-
perature induced by micro-impact compared with Apollo soil
samples®’°. The Fe and Mg isotopic variation of CE-5 lunar soils and the
major element ratios of MgO/Al,O5 or FeO/Al,O3 support that free
evaporation is a primary process responsible for isotopic fractionation
in lunar soils®. During free evaporation, SiO vapor becomes enriched in
lighter Si isotopes, while the remaining melt is enriched in heavier
isotopes (Fig. 2, details see Computational methods)®*°. With more
evaporation loss of SiO during free evaporation, the §*°Sipyy soit would
increase, reaching the values measured in CE-5 soil in this study.
Micrometeorite impact can also enrich heavy K and Rb isotopes in
lunar soils, but free evaporation models show that the impact alone
cannot produce the high §*'K and 6%Rb values in Apollo soils observed
in ref. 2.(Supplementary Fig. 2, Supplementary Table 3). This is con-
sistent with the conclusion of ref. 2 that the ion sputtering can also
contribute to the heavier K and Rb isotope compositions in Apollo
lunar soils. Therefore, multiple isotope variations can be used to
constrain the influence of different processes on the lunar surface.

The partial melting temperatures induced by micro-impact in CE-
6 lunar soils have not yet been evaluated, so the estimated tempera-
tures are used in this study. If CE-6 samples experienced conditions
similar to CE-5 soils, the effect of free evaporation on Si isotopes will be
similar. If CE-6 samples experienced conditions similar to Apollo
samples, the vapor temperature could range from 2500 K to 5000 K,
depending on impact velocity®*2. The micrometeorite with a higher
impact velocity and larger mass would produce a higher melting
temperature. At these higher temperatures that of CE-6 sample may
have experienced, greater evaporation could be produced. During free
evaporation, with f.;c (the fraction of Si remaining in the residual
melt) decreasing, the 8°Si of bulk soil is increasing (Fig. 2).

With melting temperature increasing, vapor has sufficient energy to
exceed lunar escape velocity and leave the lunar atmosphere into the
space®. The lost fractions and isotopic fractionations of escape can be
calculated based on the energy (temperature) of the released atoms (see
Computational methods and Supplementary Information for the details).
Although light isotopes preferentially escape, leaving the remaining
vapor relatively enriched in heavy isotopes, the remaining vapor still
inherited the light Si isotope characteristics of the original vapor.

Vapor-deposited layers have been observed on minerals exposed
on the surface of CE-5 soil", Apollo soil grains (e.g., see refs. 34,35) and
on dust grains from the Itokawa asteroid (e.g., see refs. 36,37), indi-
cating that condensation processes are widespread in lunar soils. If
residual SiO vapor deposits onto soil grain surfaces, it is still enriched
in light Si isotopes relative to the initial soil, and could decrease §*°Si of
lunar soil after evaporation (Fig. 2). Because the loss of light Si isotopes
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Fig. 3 | The conceptual diagram illustrates the simplified space weathering
process experienced by Chang’E samples. The mean &*°Si value of lunar basalts is
derived from Apollo data”®'° and CE-5 lunar clast data obtained in this study. The
mean 8°°Si value of CE-5 and CE-6 soils is from this study. The light pink shaded
region represents the vapor generated by free evaporation.

into the space (Supplementary Table 4 and Supplementary Table 5),
the bulk Si isotope composition combining Si in both the residual soil
and condensed material should still be heavier than the initial value
before space weathering (Fig. 2 and Supplementary Table 5). There-
fore, if the deposit layer on CE-5 and CE-6 soil is from the residual vapor
with escape losses, it could still exhibit higher §*°Si than the initial soil
(Fig. 2). The space weathering process experienced by Chang’E sam-
ples is simplified into a conceptual diagram (Fig. 3).

The Si isotope difference between CE-5 and CE-6 lunar soils
The 8%Si value of the CE-6 bulk soil is higher than the average 8°°Si of
the CE-5 soil, and the clasts from the CE-6 soil also show a higher §*°Si
value than the basalt clast from CE-5 (Fig. 1). Since the CE-6 clasts
(~200 pum each) are much smaller than the basalt clast of CE-5 (>1 mm),
space weathering may have a more pronounced effect on the Si iso-
topes of these smaller ones, while the bigger clast is more resistant to
weathering. Isotope analyses of sieved soils indicate that grains larger
than 180 pm have heavier Fe and Mg isotopic compositions than the
basalt clast, but lighter than the bulk soil’. That suggests that grains
larger than 180 um in the CE-5 soil are also affected by space weath-
ering. Thus, it is likely that the Si isotopic composition of the CE-6
clasts also reflects the influence of space weathering.

Since the added anorthite cannot significantly enhance the 8*°Si
value of lunar soil, the heavier Si isotopic composition in the CE-6 bulk
soil than the CE-5 bulk soil is primarily attributed to space weathering.
It is possible that the temperature induced by micro-impacts in CE-6
lunar soils is similar to that in Apollo samples, but higher than that in
CE-5 soils, which might result in a higher degree of evaporation and a
larger Si isotope fractionation. Due to the higher temperature, the free
evaporation degree of CE-6 soil is higher than that of CE-5 soil, which
can produce heavier Si isotopes in the soil. Also, the vapor produced
by evaporation during CE-6 soil melting has higher energy than that
from CE-5 soils, leading to greater mass loss and more pronounced
isotopic effects through vapor escape. These could explain the heavier
Si isotopic composition in CE-6 soil relative to CE-5 soils.

Although it is not exactly clear how the space weathering frac-
tionates Si isotopes, there are two possible explanations for the Si
isotopic offset between the CE-5 and CE-6 samples:

1. Duration of Space Weathering: the CE-6 lunar soil may have a
longer exposure time than the CE-5 soil which makes it undergo a
longer period of weathering with a greater frequency of micro-
meteorite impacts and results in heavier Si isotopic compositions.
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2. Location on the farside of the moon: the CE-6 lunar soil was
collected from the farside of the Moon, which may have
undergone processes different from those on the nearside. For
instance, due to the influence of Earth’s gravity, the nearside may
experience fewer micrometeorite impacts than the farside. More
frequent impacts on the farside could lead to more intensive
evaporation, potentially resulting in heavier Si isotopes.

Because the currently available Si isotope data alone are insuffi-
cient to determine the contribution of different weathering period and
the influence of Earth’s gravity on the difference in Si isotopes between
CE-5 and CE-6 lunar soils, more petrographic evidence and isotope
data of CE-6 samples, including soil and larger size of clasts, are needed
to clarify the key mechanisms of space weathering.

Methods
Sample background
All CE-5 and CE-6 samples analyzed in this study were allocated by the
China National Space Administration and are scooped samples. CE-5
mission landed in the Procellarum-KREEP Terrane (PKT) of the Moon
(43.06°N, 51.92°W), representing the youngest mare basalt ever dis-
covered (2.0 Ga; see refs. 21,38,39). The CE-5 samples primarily con-
sist of regolith, collected from a few centimeters below the surface and
drilled from an approximately 1-meter-long core of lunar regolith?.
The CE-6 mission landed at the edge of the SPA basin (41.625°S,
153.978°W), while the CE-6 samples were scooped from the southern
edge of the Apollo crater, the largest crater within the SPA basin. CE-6
is the first returned sample from the Moon'’s farside'>. The SPA basin is
the largest, deepest, and oldest impact basin on the Moon, significantly
differing from the lunar nearside in terms of crustal thickness, magma
activity, and composition. Based on the statistical dating of impact
craters, the basalt strata near the CE-6 landing site are estimated to be
~2.79-2.87 Ga”. Unlike the CE-5 soil, the CE-6 soil exhibits a mixture of
various compositions, including at least ~13% exotic materials in
addition to basaltic material.

Sample purification and isotope analysis

Silicon purification and isotope analysis were performed at the State
Key Laboratory of Lithospheric and Environmental Coevolution, Uni-
versity of Science and Technology of China (USTC), Hefei. The method
used to determine the Si isotopic composition was modified from
published work*°. Approximately 0.6-2.3 mg of powdered CE-5, CE-6
samples and meteorites were weighted into silver crucibles and sub-
sequently fused with ~100 mg high-purity NaOH at 720 °C for 10 min in
a furnace. After cooling to room temperature, the fusion cake was
dissolved in 15mL of ultrapure water (18.2 MQcm, Millipore) in a
Teflon container and left under room temperature overnight. A small
amount (-0.2 mL) of concentrated HNO5 (15.4 mol/L) was then added
to adjust the pH of the solution to between 1 and 2. The final Si con-
centration is typically between 15 and 20 pg/g.

Silicon was purified using ion-chromatography with 2 mL Bio-Rad
AG50 W-X12 cation resin (200-400 mesh) in a 10 mL Bio-Rad poly-
propylene column*. Prior to loading samples, the resin was pre-
cleaned with ultrapure water and 6 mol/L HNOs. After the resin was
conditioned with 6 mL ultrapure water, 4 mL sample solution was
loaded. Silicon was eluted immediately, following by an additional
5 mL ultrapure water to ensure complete elution. Reference materials
NBS28 (quartz from the National Institute of Standards and Technol-
ogy, NIST) and BHVO-2 (basalt from the United States Geological
Survey, USGS) were processed using the same digestion and purifica-
tion procedures. The total procedural blank was 44 ng, negligible
compared to the Si loading (-60-80 pg).

Silicon isotopes were analyzed using multicollector inductively
coupled plasma-mass spectrometry (MC-ICP-MS, Neptune Plus)
from Thermo-Fisher Scientific (Bremen, Germany) at the same

laboratory at USTC. Sample solutions were introduced into the
instrument through a PFA microflow nebulizer (ESI) with an ~50 pL/
min aspiration rate, a quartz dual cyclonic spray chamber, and nickel H
skimmer and jet cones. During analysis, the %Si, 2°Si, and *°Si were
collected in L3, C, and H3 Faraday cups, respectively, under high-
resolution mode. The details of the instrumental parameters are listed
in Supplementary Table 6. The signal sensitivity for 2Si is -4 V/(ng/g),
and the sample solution concentration used for isotope analysis was
-3 pug/g. Instrumental mass bias was corrected using the standard-
sample bracketing (SSB) method, with NBS28 as the standard. Silicon
isotopes are expressed in delta notation as &>°Si (%o) = [(*°Si/**Si)sampte/
(39Si/®Si)nps2s —11%x1000. On the three-isotope diagram of Si (Sup-
plementary Fig. 3), all samples and reference materials plot on a mass-
dependent isotope fractionation line. The long-term precision for §*°Si
measurement of BHVO-2 was better than 0.06%. (2 SD) for §*°Si*.. The
average 6%Si value of BHVO-2 analyzed in this study was
-0.29+0.03%. (n=15, 2SD), and that of AGV-2 was —0.20 + 0.05%o
(n=3, 2SD), which are consistent with previously published values
(e.g., see refs. 18,42,43). The &%Si of two rock standards agree with
published values, and the results of replicates are consistent within
error (Table 1), demonstrating the reliability of our data.

Computational methods

Both the evaporation of SiO gas from melt and the escape of SiO vapor
into space can influence Si isotopes in lunar soils. During free eva-
poration, the evaporated material remains continuously isolated from
exchange with the residue. Consequently, the fraction of the element
remaining in the residue follows a Rayleigh fractionation equation:

RIRy= [ <1>

where R = (X/X)residues Ro = (X/’X)pre-evaporation, X and’X are the isotopes
i and; of element X, fy denotes the fraction of element X remaining in
the residue, and ay is the kinetic isotope fractionation factor for
isotopes of element X. In this study, two ay values are selected in the
calculation (Fig. 2). The first aso (0.978) is the calculated value

(@ = 1 /M350
Sio m30Si0’

species), while the second as;o (0.986) is the experiment measured
value from partial evaporation from Type B CAl liquids into vacuum®*,
which is slightly higher than the calculated one. The Si isotope ratio in
residual melt is estimated using Rayleigh equation:

where m is the molecular weight of the relevant

A3OSievaporation =(a —1)x1000Inf . 2)

where A*Sicyaporation represents the difference of &-notations between
residual melt and initial pre-evaporation material, the f;,.|. is fraction of
Si remaining in the residual melt. Regardless of which ag;o value is
used, similar results are obtained, indicating that the Si isotopes in the
residue are enriched in heavier isotopes (Fig. 2). At temperatures
between 1200 and 2000 K (the environment of CE-5 samples), most
SiO gas remains in the lunar atmosphere or deposits on the surface
without escaping (Supplementary Table 4). Therefore, free evapora-
tion is the dominant process responsible for Siisotopic fractionation in
CE-5 soils that experienced low-temperature impact events.

The fraction of vapor that escapes from the lunar surface can be
estimated by assuming that vapor with kinetic energies exceeding the
gravitational energy is lost to space®. According to the Boltzmann
distribution, the fraction of particles with kinetic energies less than the
gravitational binding energies is:

Sbina=1—exp(=4) 3)

where A is the Jeans escape parameter: 1= GMm/(kgTR), which G is the
gravity parameter, M is the mass of planet, m is the mass of molecular,

Nature Communications | (2025)16:4248


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-59577-6

kg is the Boltzmann constant, T is the temperature (K), R is the radius of
planet. The isotope ratio is estimated by the following equation:

1— exp(—A3°SiO)

30¢g;
ATS 1 exp(_A%Si0)

=10001n 4)

escape

where A*Sieseape is the difference in &-notations between the residual
vapor and the initial pre-escape vapor (Supplementary Table 5). The
residual vapor after escape is enriched in heavier Si isotopes
compared to the initial vapor. For CE-6 soils, which likely experienced
high-temperature impact events, both evaporation and escape
processes influence their Si isotopes. The overall fractionation
effects are combined using mass-balance equations: &%Sipyy
soil = [fme[[ x (6305ibasalt + A30Siresidue soil —basalt) +f bind (1 _f melt) (6305ibasalt -

%AZ’OSiresidue soil-basalt + A3'OSiresiduefinitial vapor)]/ [fmelt +f bind (l_f melt)]-

Data availability
All data needed to evaluate the conclusions in the paper are present in
the paper and/or the Supplementary Information.
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