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PLANETARY SCIENCE

Lunar soil record of atmosphere loss over eons

Nicole X. Nie1'2*, Nicolas Dauphas', Zhe J. Zhang’, Timo Hopp1’3, Menelaos Sarantos”

The Moon has a tenuous atmosphere produced by space weathering. The short-lived nature of the atoms surround-
ing the Moon necessitates continuous replenishment from lunar regolith through mechanisms such as micromete-
orite impacts, ion sputtering, and photon-stimulated desorption. Despite advances, previous remote sensing and
space mission data have not conclusively disentangled the contributions of these processes. Using high-precision
potassium (K) and rubidium (Rb) isotopic analyses of lunar soils from the Apollo missions, our study sheds light on
the lunar surface-atmosphere evolution over billions of years. The observed correlation between K and Rb isotopic
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ratios (6 8Rb = 0.17 § *'K) indicates that, over long timescales, micrometeorite impact vaporization is the primary

source of atoms in the lunar atmosphere.

INTRODUCTION

Space weathering plays a major role in shaping the surfaces of plan-
etary bodies. One major consequence of space weathering is the
production of tenuous, collisionless, gravitationally bound atmo-
spheres (exospheres) surrounding planetary bodies such as the
Moon and Mercury. Studying these atmospheres can provide valu-
able insights into how space weathering operates (1, 2). For the
Moon, considerable effort has been dedicated to mapping the spatial
distribution and tracking the temporal evolution of alkali metal ele-
ments Na and K in the lunar atmosphere (3-7), including through
the recent Lunar Atmosphere Dust and Environment Explorer
(LADEE) space mission (8, 9).

In the low-density lunar atmosphere, atoms hop on ballistic tra-
jectories until they are either returned permanently to the surface,
or lost to space (Fig. 1). Loss of atoms from the atmosphere can hap-
pen by photoionization, whereby solar photons ionize neutral atmo-
spheric atoms that are either swept away by the solar wind or implanted
on the lunar surface. Neutral atoms can also be trapped permanently
in shadows on the lunar surface (surface trapping). In addition,
some atoms can gain sufficient energy when they are released from
the lunar surface to directly escape to space (gravitational escape).
Photoionization, surface trapping, and gravitational escape repre-
sent the three major sinks of lunar atmosphere atoms, and they are
balanced by three possible sources that comprise vaporization by
micrometeoroid impacts (IV), ion sputtering (IS) of lunar regolith
by solar wind charged particles, and photon-stimulated desorption
(PSD) of surface atoms by solar ultraviolet photons (Fig. 1) (6).
Associating observed alkali elements in the lunar atmosphere with
their sources is challenging because the atmosphere is dominated by
recycled atoms that bounce multiple times on lunar surface, and
only a small fraction (<10%) are primary atoms freshly released
from the lunar surface (10). Recent observations by the LADEE
orbiter seem to indicate a substantial influence of meteorite impact
vaporization and surface composition on the atmospheric composi-
tion, at least during meteor showers, but solar wind activity also
seems to play an important role (8, 9, 11).
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Isotopic analyses of alkali elements have the potential to help
identify the origin of the lunar atmosphere because different sources
can fractionate isotopes in different manners. Specifically, the isoto-
pic fractionations of K and Rb are highly sensitive to the mecha-
nisms that sustain the lunar atmosphere. This is because K and Rb
are susceptible to vaporization during micrometeoroid impacts,
ejection by ion sputtering, and desorption from lunar surface by
solar photons. Lithium is less volatile (12), and Na and Cs have only
one stable isotope each, so these alkali elements are less useful for
our purpose. The lunar atmosphere is too tenuous for its isotopic
composition to be directly analyzed, but lunar soils represent a
reservoir that is shaped by interactions with the lunar atmosphere
over billions of years (detailed modeling on the interactions be-
tween them can be found in the Supplementary Materials). We re-
port here analyses of the isotopic compositions of K and Rb in 10 lunar
samples (one lunar basalt and nine lunar soil samples; data S1A),
returned by the Apollo missions from five distinct landing sites. The
lunar basalt was analyzed to evaluate data accuracy, as previous
studies showed that limited K and Rb isotopic fractionations were
present in igneous rocks that experienced little space weathering
(13-17). We selected soil samples that were previously identified
to have isotopically fractionated K (13, 18-20). For Rb isotopes,
the only previous study on lunar soils had insufficient precision
(~%1.7%o) to discern any isotopic variations (fig. S1) (18).

RESULTS

We purified K and Rb from acid-digested aliquots of homogenized
sample powders, using a method that allows to extract the two ele-
ments from a single sample simultaneously and quantitatively (14,
21). We measured the K and Rb isotopic compositions using mul-
ticollector-inductively coupled plasma mass spectrometry (MC-
ICPMS), with an overall precision of ~ £ 0.05%o [95% confidence
interval (CI)] for both elements (data S1A). The isotopic composi-
tions are presented using the conventional delta (8) notation, which
represents the per mil (%o) difference in the measured isotopic ratio
of a sample relative to a reference standard (SRM3141a for K and
SRM984 for Rb)

8K (%0) = [(41K/39K)sample/(41K/39K)SRM3141:1 — 1] X 1000

87RD (%o) = [("Rb/**R) qumpte / (VRD/*Rb)grpgoss — 11 X 1000
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Fig. 1. Possible lunar atmospheric sources and sinks. The sources include
(A) meteoroid impact vaporization (IV), (B) solar wind ion sputtering (IS), and
(C) photon-stimulated desorption (PSD). Impact vaporization and solar wind ion
sputtering liberate atoms from rocks, while PSD only releases weakly bound ad-
sorbed atoms. Once atoms are released by IS or IV, a fraction of them are lost to
space through (D) gravitational escape. PSD does not cause any gravitational
escape due to its low energy. The atoms that do not directly escape can hop
multiple times on the lunar surface until they are eventually lost to space or reim-
planted onto the lunar surface by (E) photoionization or are (F) permanently
trapped on the lunar surface.

The K and Rb isotopic compositions are summarized in data
S1A. The new K isotopic analyses agree with previous data (13, 18-20)
but with improved precision (fig. S1 and data S1B). The new Rb data
reveal distinct Rb isotopic variations among the samples (Fig. 2 and
fig. S1). The basalt has K and Rb isotopic compositions close to the
bulk silicate Moon [both are close to zero (13-17)]. The lunar soils
are enriched in heavy isotopes with large variations, ranging from
+1.2 to +12%o for K and —0.02 to +2.2%o for Rb. The isotopic
compositions of K and Rb are tightly correlated with a slope 6 = % Rb/
8*'K of 0.172 + 0.045 (Fig. 2).

DISCUSSION
Isotopic fingerprints of atmosphere-soil interactions
The observed isotopic variations cannot be attributed to lunar mag-
matic differentiation, because they are an order of magnitude larger
than those documented in lunar igneous rocks [variations of <1%o
for K and <0.2%o for Rb in igneous rocks (13-17)]. Instead, the iso-
topic variations in lunar soils must reflect volatile loss caused by
space weathering of lunar regolith over billions of years. Soils with
more fractionated (heavier) isotopic compositions must have un-
dergone prolonged exposure to space environments and/or more
intense weathering. Plotting 8*'K against Is/FeO, an index of soil
maturity that measures the amount of fine-grained Fe metal (char-
acterized by the intensity of ferromagnetic resonance Is) relative to
FeO (22), reveals a broad trend between the two (fig. S2), consistent
with space weathering influencing both quantities.

In contrast, no trend was observed between isotopic composi-
tion and elemental concentration (fig. S3), despite the tight correla-
tion observed between K and Rb concentrations (Fig. 2), suggesting
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that different processes control elemental and isotopic fraction-
ations. The large variations in K and Rb concentrations in the lunar
soils correlate with variations in incompatible refractory elements
like U and Ba (Supplement Materials and fig. S3). This shows that
K and Rb concentration variations result from magmatic differenti-
ation (23), which obscures the subtle elemental depletions associated
with volatilization by space weathering. Therefore, elemental con-
centrations in lunar soils cannot be used to study atmosphere-soil
interactions. While lunar surface weathering did not modify much
the elemental concentrations, it left a large imprint on the isotopic
composition of lunar soils, which can be used to trace the origin of
the atoms in the lunar atmosphere.

Different atmospheric sources and sinks impact isotopic
compositions differently

The observed K-Rb isotopic variations and correlation result from
long-term interactions between lunar regolith, atmosphere, and
outer space through space weathering processes. Once primary
atoms are liberated from the lunar surface by either IV or IS, a frac-
tion of them undergo gravitational escape and are directly lost to
space. The remaining atoms can bounce and be recycled between
the regolith and the atmosphere before eventually being lost to space
or returned to the lunar surface through photoionization and sur-
face trapping (Fig. 1; see the Supplementary Materials for mathe-
matical considerations). Among the three releasing mechanisms
(IV, IS, and PSD), PSD plays a key role in recycling atmospheric
atoms that return to the lunar surface at the end of a ballistic trajec-
tory, where those atoms are weakly adsorbed (24-29). However,
PSD is not thought to play a major role in the release of primary
mineral-bound atoms (10, 30). A major open question is then what
the roles of IV and IS are in releasing surface atoms to sustain the
lunar atmosphere (6, 7, 31-33).

Different source (IV and IS) and sink (gravitational escape asso-
ciated with IV or IS, photoionization, and surface trapping) mecha-
nisms for the lunar atmosphere, and combinations thereof, would
produce distinct slopes (0) for the §*'K-8*Rb isotopic correlation in
lunar soils, which can be compared with the observed slope of 6 =
0.172 + 0.045 to evaluate their contributions. We have calculated the
predicted K-Rb isotopic slopes for different combinations of sources
and sinks (see derivations in the Supplementary Materials). Below,
we first discuss how the source and sink processes impact the K and
Rb isotopic fractionations and then compare the observed isotopic
slope 0 in lunar soils to the predicted slopes for different endmem-
ber source-sink scenarios.

As atmospheric sources, both IV and IS preferentially liberate
lighter isotopes from the lunar surface (34-36), thereby enriching
the lunar atmosphere in lighter isotopes of K and Rb compared to
the bulk lunar regolith, but by different degrees. For IV, experimen-
tal studies of K and Rb evaporation from silicate melts (37-39)
suggest that the two elements behave very similarly during vapor-
ization, meaning that the K/Rb ratio in the vapor should be close
to the original value. The vaporized atoms are however isotopically
fractionated relative to the source by about —22%o for K and —10%o
for Rb assuming kinetic evaporation into vacuum (Supplementary
Materials and data S1C). In comparison, IS liberates more K than
Rb, with a Rb yield of about 30% lower than that of K (40), and the
released atoms are predicted to be isotopically lighter relative to the
source by about —5.5%o for K and —2.6%o for Rb (Supplementary
Materials and data S1C) (41, 42).
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Both IV and IS are also energetic enough that a fraction of the
liberated atoms gain speeds exceeding lunar escape velocity and
are thus lost to space (30). The lost fractions and isotopic effects
of gravitational escape associated with IV and IS can be calculated
based on the energy distributions of the released atoms (30, 43, 44)
(Supplementary Materials). Gravitational escape associated with IV
is controlled by the temperature of the impacted materials (Supple-
mentary Materials and fig. $4). Assuming a characteristic tempera-
ture of 4000 K (30, 43), approximately 8% of K and 0.2% of Rb released
by IV will escape gravity, with calculated isotopic fractionations between
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Fig. 2. Potassium and rubidium isotopic and elemental correlations in lunar
soil samples. (A) The isotopic compositions of Kand Rb are linearly correlated with
aslope of 8 =0.172 + 0.045 (+95% Cl). The isotopic compositions of Kand Rb in the
lunar basalt sample (8*'Kpasait = —0.22 + 0.08%0 and 8% Rbpasait = —0.09 + 0.05%o,
respectively; data S1A) were subtracted from those of lunar samples before con-
ducting the linear regression. The heavy K and Rb isotopic compositions of lunar
soils compared to lunar basalts reflect preferential loss of light isotopes to space.
(B) Elemental correlation between K and Rb. The variations in elemental concentra-
tions are caused by magmatic processes (see text for details). Blue circles are lunar
samples, and the black dash lines and gray envelopes are linear fits of the data and
the 95% Cl uncertainties, respectively.
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the escaping atoms and the bulk vapor of about —139%o for K
and —147%o for Rb (data S1C; see data S1D and the Supplementary
Materials for isotopic fractionations at other temperatures). Gravi-
tational escape associated with IS is influenced by the mass and
surface binding energy of the sputtered atoms. The atoms released
by IS have higher energies and speeds (fig. S5) than IV, leading to
higher escaped fractions of the sputtered atoms of ~88% for K
and ~65% for Rb. The isotopic fractionations between the escaped
atoms and the bulk sputtered atoms are approximately —10%o for K
and —12%o for Rb (Supplementary Materials and data S1C).

The above calculations suggest that the processes of transferring
atoms from the lunar surface to the atmosphere by IV and IS, to-
gether with the associated gravitational escape to space for a frac-
tion of those atoms, can fractionate the isotopic compositions of
lunar atmosphere and soils. The isotopic fractionations will differ
depending on whether the source process is IV or IS.

The atmospheric sinks photoionization and surface trapping also
affect how isotopes are fractionated in lunar soils, although the
processes themselves are not expected to fractionate much the K/Rb
ratio or their isotopic compositions (see discussions in the Supple-
mentary Materials). Upon release by IV or IS, some atoms are di-
rectly lost to space through gravitational escape, and the remaining
atoms linger in the atmosphere until they are either photoionized or
trapped on the lunar surface. For those that are photoionized, they
can either be lost to space (picked up by solar wind) or reimplanted
onto the lunar surface (Fig. 1), with about equal chances (45). The
reason why photoionization and surface trapping affect the isotopic
composition of lunar soils is because they collectively determine the
fraction of atmospheric atoms (those remaining after gravitational
escape) that are lost to space or returned permanently into the rego-
lith. If the atmospheric atoms are lost solely by surface trapping,
then they will be returned to the soil and the main control of isoto-
pic fractionation of lunar soils will be gravitational escape to space
associated with IV and IS. The corresponding predicted slopes of
the 8*'K-8%"Rb correlation are ® = 0.027 if IV is the only source and
0.493 if IS is the only source (Fig. 3. The analytical equations for
calculating those slopes are given by eqs. S43 and S44 in the Supple-
mentary Materials). On the other hand, if photoionization is the
dominant loss mechanism, then only approximately half of the
atmospheric atoms will be returned to the soil (the rest will be lost
to space), and isotopic fractionation in soils will be more affected by
the release mechanisms IV and IS (in addition to isotope fraction-
ation caused by gravitational escape). In this case, 8 = 0.293 is
expected if IV is the only source and 0 = 0.443 if IS is the only source
(Fig. 3).

Figure 3 compares the observed K-Rb isotopic slope in lunar soils
(6 =0.172 + 0.045) with the slopes expected for the four-endmember
source-sink pairs, considering two options for the dominant atmo-
spheric sources (IV and IS) and two for the dominant sinks (photo-
ionization and surface trapping; gravitational escape is tied to the
release of atoms from the lunar surface by IV and IS and is not an
independent loss mechanism). The observed slope falls in between
the calculated slopes, indicating that a single source-sink pair cannot
account for the signal seen in lunar soils. This is consistent with
previous observations that the lunar atmosphere alkali contents
respond to both meteor showers and lunar eclipses (the entry and
exit of the Moon into and out of Earth’s magnetotail, where the Moon
is shielded from sputtering by solar wind ions), implying both IV
and IS as possible sources for the lunar atmosphere (5, 9, 46).
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Contributions of impact vaporization and ion sputtering to
the lunar atmosphere

We have developed a mathematical model to constrain the contri-
bution of each source and sink in sustaining the lunar atmosphere
(Supplementary Materials and eqs. S19 to S42). The model calcu-
lates the K-Rb isotopic slope 6 of lunar soils at steady state depend-
ing on the flux of atoms (¢) associated with each source and sink
(drv> drs, ¢i, and ¢y, denote the K atom fluxes associated with IV, IS,
photoionization, and surface trapping, respectively). We found that
two main parameters control the slope 6: the relative source fluxes of
IS and IV ¢ys/(drs + drv), and the relative sink fluxes of photoioniza-
tion and surface trapping ¢i/(d; + ¢r) (eq. S41 in the Supplemen-
tary Materials).

In Fig. 4, we show a contour plot of the predicted K-Rb isotopic
slope 0 of lunar soils as a function of the two unknowns ¢rs/(dprs +
¢rv) and ¢i/(di + Py) (both are bound between 0 and 1). The ob-
served slope in lunar soils (6 = 0.172) constrains the two parameters
to sit in narrow ranges. We find that ¢ys/(¢rs + Prv) must be between
0and 0.32 (Fig. 4A), indicating that IV dominates over IS as the major
atmospheric source. We also find that ¢/(¢; + ¢y;) must be between 0
and 0.48 (Fig. 4A), indicating that surface trapping dominates over
photoionization as the major sink for atoms that linger in the atmo-
sphere (those that are not immediately lost by gravitational escape).
The uncertainties of the two parameters were constrained using a
Markov Chain Monte Carlo (MCMC) method (Supplementary Mate-
rials), and the probability density is shown in Fig. 4B. The two param-
eters are tightly correlated with a narrow range of uncertainties.
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Fig. 3. Comparison between observed K-Rb isotopic slope (0 = 0.172) of lunar
soils and theoretical slopes for the four endmember atmospheric source-sink
pairs. The endmember atmospheric source-sink pairs include: meteorite impact
vaporization (IV) as the source and surface trapping as the sink (8 = 0.027), IV as the
source and photoionization as the sink (0 = 0.293), ion sputtering (IS) as the source
and photoionization as the sink (6 = 0.443), and IS as the source and surface trap-
ping as the sink (6 = 0.493). The observed slope falls in between the four hypo-
thetical slopes (red and blue lines), suggesting that a combination of those
processes shaped the isotopic compositions of lunar soils. The gray circles show
the measured K and Rb isotopic compositions of lunar soils, and the black line and
gray area show the slope determined through linear regression and its associated
uncertainty envelope, respectively.
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The calculated range for ¢prs/(Prs + Prv) is robust as it is not
affected much by changing the values of the parameters used in the
modeling (data SIC). Two important uncertainties are associated
with IV: (i) the degree of vaporization of atoms from the lunar soil
regolith into the lunar atmosphere and (ii) the temperature of atoms
released by micrometeorite impacts (47).

During impact vaporization, kinetic effects impart strong isoto-
pic fractionation to the original vapor, but as evaporation proceeds
and more atoms are transferred to the vapor, its isotopic composi-
tion evolves toward the initial regolith composition. In the calcula-
tion above (Fig. 4), we assumed minimal vaporization, meaning that
the isotopic fractionation between the vapor and the bulk regolith
during impact vaporization is the largest conceivable. However,
even if we assume 99.99% vaporization corresponding to little isoto-
pic fractionation between vapor and bulk regolith, the calculated
value of ¢rs/(drs + Prv) is between 0.25 and 0.29, still consistent with
impact vaporization representing the largest source of atoms in the
lunar atmosphere (figs. S6 and S7). We however find that the value
of ¢i/(di + Pr) can now take values between 0 and 1, meaning that
we cannot provide reliable constraints on sink mechanisms from the
K and Rb isotopic data.

The temperature of released atoms controls the amount of gravi-
tational escape associated with IV (fig. S4). A higher temperature
leads to more gravitational escape and less K and Rb isotopic frac-
tionations between the escaped and the impact-released atoms. A
characteristic temperature of 4000 K was assumed in the above cal-
culation, but the temperature could range from 2000 to 6000 K de-
pending on the impact velocity (48, 49). We have calculated the
values of ¢rs/(Pprs + drv) and ¢i/(di + Pr) at various temperatures
ranging from 2000 to 6000 K (Supplementary Materials). The results
show that ¢rs/(drs + drv) is always between 0 and 0.35 (figs. S8 and
S9), again re-emphasizing the robustness of this estimate. The value
of i/ (i + drr) is not sensitive to temperature change but varies with
the assumed degree of impact vaporization, as discussed above, and
is between 0 and 0.5 for minimal vaporization but can range from 0
to 1 for high degree of vaporization (figs. S8 and S9).

In summary, the observed K-Rb isotopic slope of lunar soils (8 =
0.172) indicates that impact vaporization is the dominant long-term
source of the lunar atmosphere, likely contributing more than 65%
of atmospheric K atoms, with ion sputtering accounting for the rest.
Meteoroid impacts must have also vaporized other volatile ele-
ments, consistent with the observation that lunar soils are enriched
in heavier isotopes of various volatile elements such as Si, Fe, Cu,
Zn, and Cd (34, 50-54). The constrained relative sink flux of photo-
ionization and surface trapping ¢i/(¢i + ¢r) can vary from 0 to 1,
depending on the assumed extent of vaporization during IV (figs. S6
to S9). Under our preferred assumption where the degree of impact
vaporization is minimal, surface trapping appears to be the domi-
nant sink of atmospheric atoms. This is consistent with modeling of
lunar surface adsorption/desorption processes suggesting that sur-
face trapping and not photoionization should be the major sink for
Na in lunar atmosphere (55, 56). However, further work is required
to better understand the specifics of micrometeorite impact pro-
cesses, notably the degree of vaporization and the temperature of the
impacted material, as these factors influence the conclusions about
the nature of the atmospheric sinks.

The lunar soil record provides quantitative insights into the long-
term evolution of the lunar atmosphere that is not accessible with
direct observations. Planetary regolith of more distant objects that

40f8

202 ‘S0 1snBny uo 610°80uUs 195 MMM/:SANY WoJ) papeo jumoQ



SCIENCE ADVANCES | RESEARCH ARTICLE

have been or are currently targeted by sample return missions such
as martian moon Phobos may have experienced similar volatile loss
as is seen on the Moon. Measuring K and Rb isotopes in the regolith
of those objects will help us understand how they were affected by
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Fig. 4. Relative contributions of lunar atmosphere sources and sinks con-
strained by the observed K-Rb isotopic slope (0 = 0.172). (A) K-Rb isotopic slope
6 plotted as a function of two parameters, dis/(dis + div) and di/ (i + dr). dus/(dis +
) represents the flux of atoms released by ion sputtering (IS) divided by the total
flux from meteorite impact vaporization (IV) and IS. ¢i/(¢i + ) represents the flux of
atmospheric atoms that are lost by photoionization (about half of photoionized
atoms are lost to space and half reimplanted on the lunar surface) divided by the
total flux lost through photoionization and surface trapping. The observed slope of
0.172 requires dys/(dns + ¢yv) to be between 0 and 0.32 and ¢i/ (¢ + ) between 0 and
0.48. This suggests that the predominate source of lunar atmosphere is meteoroid
impact vaporization and the predominate sink is surface trapping. (B) The uncertain-
ties of the two parameters calculated using a Markov Chain Monte Carlo (MCMC)
method, shown as joint probability density distribution. Blue color indicates low pos-
terior probability while yellow color indicates high posterior probability.
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meteoroid bombardments and solar wind sputtering on geological
timescales and how space weathering differs across the solar system.

MATERIALS AND METHODS

Sample digestion and column chromatography for K and

Rb purification

The lunar soil samples were provided by NASA. The samples were
digested using HE, HNO3, and HCI following a protocol that has
been previously applied to lunar and chondrite samples (14, 57,
58). Approximately 20 to 60 mg of each homogenized sample pow-
der, with original mass exceeding 100 mg, was placed in Savillex per-
fluoroalkoxy (PFA) beakers and heated to 130°C in a concentrated
HF + HNOj; solution (2:1 volume mixture of 28 M HF and 15 M
HNO3) for 24 hours. The resulting sample solutions were dried
and redissolved twice in aqua regia (3:1 volume mixture of 11 M
HCland 15 M HNO3) at 130°C for 24 hours each. Subsequently,
the solutions were dried, redissolved in 1 M HNO3 at 130°C
for 24 hours, dried again, and lastly redissolved in 1 M HNOj for
ion exchange column chromatography.

The column chromatography procedure allows simultaneously
purification of K and Rb from the same digested samples (14, 21).
Quantitatively retrieving purified K and Rb from the same digested
sample is vital for establishing a precise K-Rb isotopic correlation.
However, this is usually difficult to achieve due to the very different
concentrations of the two elements (the K/Rb ratios in the samples are
around 200) and their similar behaviors during chromatography. The
method used here consisted of four columns to remove matrix ele-
ments and progressively concentrate and separate K and Rb. In the
first step, sample solutions in 1 M HNO; were loaded onto Bio-Rad
Econo-Pac columns containing 16-ml AG50W-X8 resin (200 to 400
mesh). Each column was flushed with 160 ml of 1 M HNO; to collect
alkali metal elements. After drying and redissolving in 0.5 M HNOs,
the solutions underwent a second round of separation on the same
resin columns (cleaned with 240 ml of 6 M HNO3). Matrix elements
were eluted with 130 ml of 0.5 M HNOj3, followed by elution of Rb and
K with 300 ml of 0.5 M HNOj. The K-Rb fraction was further purified
by removing Ti using a 1-ml column of AG1-X8 anion exchange resin
(200 to 400 mesh). Rubidium and K were directly eluted from the
column with 9 ml of 2 M HE, while Ti remained bound to the resin.
The solutions were then evaporated and dissolved in 3 M HNO;
for the final chromatography step using Savillex PFA microcolumns
(0.45 cm internal diameter and 40 cm length) filled with Eichrom
crown ether extractant Sr resin (50 to 100 pm). Sample solutions in
0.1 ml of 3 M HNOj3 were loaded onto the Sr resin columns, followed
by elution of matrix elements with 3.9 ml of 3 M HNO; and subse-
quent collection of Rb using 12 ml of 3 M HNOj3 and K using 20 ml of
3 M HNO:s. The Sr resin step helps remove any remaining Sr, which
could interfere with ¥Rb* signal during mass spectrometry. The over-
all yields of Rb and K from the procedure exceed 95%. Procedural
blanks for Rb and K are <0.2 and <20 ng, respectively.

Rubidium isotopic analyses

Rubidium isotopic analyses were conducted at the Origins Lab of
the University of Chicago using a Thermo Fisher Scientific Neptune
Plus MC-ICPMS, following an established protocol (14, 21). Puri-
fied Rb solutions in 2% HNO3 were introduced into the torch using
a 100 pl/min PFA nebulizer and dual Scott-cyclonic quartz spray
chamber (stable introduction system), measured with standard
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nickel sampler and H skimmer cones at low resolution. Rubidium
isotopes were measured at a signal intensity of 1 to 2 V with con-
centrations of 15 to 30 ng/g of Rb. The signal at **Sr* was moni-
tored for correcting for ¥Sr* interference on *’Rb*, assuming an
8751t /%8Sr™ ratio of 0.085. Each sample analysis consisted of a
single block of 25 cycles, with an integration time of 4.194 s per
cycle. Instrumental fractionation was corrected for using the
standard-sample bracketing method. Acid blanks were measured
before and after analyzing each standard or sample, and the aver-
age was subtracted from the signal intensity of the bracketed stan-
dard or sample. Each purified sample solution was measured 7 to
10 times, and the average value was taken as the sample’s isotopic
composition. The uncertainty of the sample was calculated as the
95% CI using the formula 26 / \/ n, where n represents the num-
ber of replicate analyses of the sample, and ¢ the SD of the stan-
dards bracketed by itself during each analytical session. The ¢
value of the standard was used because it was analyzed many
more times than each sample during a session and provides a bet-
ter measure of instrumental stability. Rubidium isotopic composi-
tions were expressed using the §-notation against the reference
material NIST SRM984.

Potassium isotopic analyses

Potassium isotopic analyses of the lunar soil samples using Neptune
Plus were carried out at the Origins Lab at the University of
Chicago using a “cold plasma” method (59, 60). Potassium solu-
tions in 2% HNO3 were introduced into the torch using a 100 pl/
min PFA nebulizer and an Apex Omega high sensitivity desolva-
tion system and measured with standard nickel sampler and H
skimmer cones at high mass resolution. Potassium isotopes were
measured at a signal intensity of 8 to 12 V for *’K, at a K concen-
tration of ~1 pg/g, which is comparable to previous studies using
the same type of instrument (59).The radio frequency power was
reduced to 650 W from the normal setting of 1300 W to reduce
argide interferences, in particular **Ar"H* on *'K*. The cup con-
figuration followed previous studies (59). Instrumental fraction-
ation was corrected for using the standard-sample bracketing
method. Acid blanks were measured before and after blocks of
four sample-standard analyses, and the average was subtracted
from the measured signal intensities of the standards and samples
in between. Each sample was measured eight to nine times, and
the average value was taken as the isotopic composition of the
sample. The uncertainty of the sample was calculated as the 95%
CI using the same formula as given for Rb. Potassium isotopic
compositions were reported using the §-notation against the refer-
ence material NIST SRM999c, which has the same K isotopic com-
position as the reference material SRM 3141a (60).

Potassium isotopic analysis by conventional MC-ICPMS is
complicated by the presence of potential isobaric and molecular
interferences from the argon gas used for the plasma, notably
#ArHY on °K*, *Ar* on *K*, and **ArH* on *'K*. We also con-
ducted an initial test of the potential of K isotopic analyses with a
Thermo Fisher Scientific Neoma collision cell (CC)-MC-ICP-MS/
MS. We measured the K isotopic compositions of both geostan-
dards and lunar soil samples using the Neoma CC-MC-ICP-MS/
MS, and consistent results were obtained, with precisions compa-
rable to the Nu Instruments Sapphire CC-MC-ICP-MS (see the
Supplementary Materials for details). The data are summarized in
data S1 (E to G) and the Supplementary Materials.
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