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Supplementary Text 

Potassium isotopic measurements using Neoma CC-MC-ICP-MS/MS and dual loop syringe 

injection system 

Potassium isotopic analysis by conventional MC-ICP-MS such as Neptune Plus) is 

complicated by the presence of potential isobaric and molecular interferences from the argon gas 

used for the plasma (38ArH+ on 39K+, 40Ar+ on 40K+, and 40ArH+ on 41K+). To resolve these 

interferences, samples are usually measured with high-resolution slits under “cold plasma” 

conditions, which require the use of more concentrated sample solutions because the method 

lowers the overall sensitivity of the instrument (59, 60). MC-ICP-MS equipped with a collision 

cell can remove argide interferences through collision with H2 gas, allowing K isotopic 

measurements in low mass resolution using conventional “hot plasma” (38, 61–67). We decided 

to conduct a test of the potential of K isotopic analyses with a ThermoScientific Neoma-MS/MS. 

The extra-high resolution capability of this instrument has been used to measure K isotopes (68), 

but K isotopic measurements utilizing the collision cell capability of this instrument are rare. 

The MS/MS component of Neoma comprises a pre-cell double Wien filter (pre-cell mass 

filter) and a collision/reaction cell (CRC). It can be tuned to only transmit ions within a specific 

mass range by adjusting the strength of the applied electric and magnetic fields of the Wien 

filters and the size of the aperture of the variable slit in between, and is very useful in removing 

argide interferences or react an element of interest to an interference free mass range (e.g., 8xSr+ 

+ SF6 → 8xSrF+) (69, 70). For K isotopic analysis, the pre-cell mass filter cannot be used to

remove argide interferences because of the similar masses of Ar and K. Therefore, the pre-cell

mass filter is set to a low magnetic field and a wide slit opening to operate in “transmission

mode” that allows transmission of a large mass window (~20 to ~100 amu). Argide interferences

on 39K+ and 41K+ are removed by charge exchange during collision with H2 in the CRC.

Additionally, He gas is used as a buffer gas in the CRC to improve transmission.

The K isotopic compositions of lunar soils were measured using a Neoma MS/MS in 

combination with an ESI Apex Omega Q and an ESI microFAST Isotope dual loop syringe 

loading and injection system at the ThermoFisher factory in Bremen, Germany. The operational 

parameters of the setup are summarized in Data S1E. Potassium isotopic compositions were 

measured using standard-sample bracketing to correct for instrumental mass fractionation. The K 

reference standard SRM3141a was measured in 3% HNO3 using a concentration of 100 ng/g and 

a flow rate of 50 μL/min. Sample solutions were measured using the same 3% HNO3 solution 

but at variable K concentrations, and the signals of samples and the bracketing SRM3141a were 

matched by manually adjusting the flow rates individually using the ESI microFAST Isotope dual 

loop syringe loading and injection system.  

Potassium isotopic data were collected in static mode with 39K+ in the center faraday cup 

(C) and 41K+ in the H2 cup. Possible signals of 38Ar+, 40Ca+, 42Ca+, 43Ca+, and 44Ca+ ions were

monitored on L1, H1, H3, H4, and H5 cups. All faraday cups are connected to 1011Ω resistors.

Before each standard and sample measurement, a wash of 3% HNO3 for 5 min was performed

and an on peak zero (OPZ) of 3% HNO3 was measured. All measurements consisted of 75 cycles

of 4 seconds. For a 100 ng/g SRM3141a solution at a flow rate of 50 μL/min, the signals on

masses 39 and 41 were ~50 V and 4 V, respectively.

Evaluation of K isotopic analysis with the Neoma MS/MS was performed by measuring 

lunar soils and well-characterized geostandards. Each lunar soil sample was measured twice (two 

analyses of 75 cycles), bracketed by reference standard SRM3141a (Data S1F). Geostandards 

consisted of BCR-1 (basalt, USGS), JB-1 (basalt, GSJ), and G-2 (granite, USGS) as well as a 



Hawaiian seawater sample that were previously analyzed for their K isotopic compositions by 

several laboratories using different methods (MC-ICP-MS and CC-MC-ICP-MS) (59, 60, 66, 

71).  

The lunar soil data are summarized in Data S1F. The original concentrations were highly 

mismatched and use of a syringe injection system did not fully alleviate this mismatch, so the 

samples were not perfectly matched in intensity with the bracketing reference standard. For each 

lunar soil sample, we used the two measurements (from two different sessions) to quantify the 

effect of concentration mismatch. We calculated the slope of the effect of concentration 

mismatch (K isotopic compositions as the dependent variable and concentration mismatch as the 

independent variable; Data S1F) and used the intercept to represent the corrected K isotopic 

composition of the sample, because it corresponds to a concentration mismatch of zero. Overall, 

we obtained slopes ranging from −0.003 to −0.025, with an average of −0.007, corresponding to 

7ppm correction for 1% concentration mismatch. This is comparable to the effect of 

concentration mismatch found in previous K isotopic measurements using CC-MC-ICP-MS (62, 

65–67). After correction, the K isotopic compositions are comparable to the values obtained 

using the Neptune Plus MC-ICP-MS (fig. S10). Because each lunar soil sample was measured 

only twice, and because the precision of the measurements was not as good as the measurements 

with the Neptune Plus MC-ICP-MS, we used the K data measured by Neptune Plus (Data S1A) 

when constraining the Rb-K isotopic slope. Using the K isotopic composition measured by 

Neoma MS/MS will not change the slope, as we calculated the K-Rb isotopic slope to be 

0.170±0.041 and 0.172±0.045 using Neoma MS/MS and Neptune Plus data, respectively. For 

geostandards, each sample was analyzed 4 or 5 times. The values before and after correction for 

concentration mismatch using a slope of −0.007 constrained by lunar soil samples are shown in 

Data S1E. The concentration match for geostandards is more accurate than that for lunar soils 

and the correction is minor. The measured values agree well with literature data (Data S1G; fig. 

S10). The main advantage of CC-MC-ICP-MS/MS over MC-ICP-MS for K isotopic analysis is 

that the former uses much less K (100 ng for one measurement) compared to the latter (2000 ng 

for one measurement). 

Elemental concentrations of K and Rb in lunar soils reflect magmatic differentiation 

The effect of regolith processing is uniquely registered in the isotopic compositions of K 

and Rb and is not seen in the elemental concentrations (fig. S3). An enrichment of heavy 

isotopes of K and Rb in lunar soil regolith suggests a loss of these elements from the lunar 

surface. During liberation of atoms, kinetic isotope fractionation would preferentially release 

lighter isotopes due to their reduced masses, leaving the residue enriched in heavier isotopes. 

Thus, one would expect heavier isotopic compositions of lunar soils to be correlated with lower 

elemental concentrations. However, plotting isotopic compositions of K and Rb against their 

elemental concentrations shows no such correlation (fig. S3A and B; Data S1A). Instead, plotting 

the K and Rb elemental concentrations against U and Ba concentrations shows tight correlations 

(fig. S3C and D; Data S1A). Elements U and Ba are similarly incompatible and lithophile 

compared to K and Rb (but are more refractory than K and Rb) (23), thus the correlations 

suggest that magmatic differentiation governs variations in elemental concentrations, and the 

elemental loss associated with regolith processing is too small to be detected.  

Lunar magmatic differentiation has led to the formation of various igneous components and 

terranes with contrasting alkali contents. Among them, the geochemical KREEP (K, REE, and P) 

component (residual melt of lunar magma ocean crystallization) is highly enriched in 



incompatible elements K and Rb, while early crystallized ultramafic rocks and their derivative 

basalts are highly depleted in the two elements. Thus, soils that have incorporated more KREEP 

component would have higher K and Rb elemental contents compared to those with little 

KREEP contributions, explaining the large variations in K and Rb elemental concentrations 

(ranging between 1000–5000 μg/g for K and 5–25 μg/g for Rb; Data S1A). The dominance of 

magmatic differentiation over elemental loss from lunar surface in controlling the Rb and K 

elemental concentrations and correlation suggests that elemental concentrations cannot be used 

to study lunar surface weathering. The large isotopic variations of K and Rb are caused by 

regolith processing and provide an ideal tracer of element loss from the lunar surface by space 

weathering. 

Calculations of isotopic fractionations during meteorite impact vaporization (IV), ion sputtering 

(IS), photon-stimulated desorption (PSD), and the associated gravitational escape 

Meteorite impact vaporization (IV). Through the Hertz-Knudsen equation, the kinetic 

theory of gases provides a theoretical framework for understanding how K or Rb isotopes 

fractionate during evaporation under near vacuum conditions relevant to the lunar surface (38, 

72–75). Previous work examined the evaporation kinetics and isotopic fractionation of K during 

vaporization of silicate melts by heating (37–39, 76–78). Evaporation experiments (37, 38) show 

that to a good approximation, evaporation of K follows a Rayleigh distillation with a vapor-

residue instantaneous fractionation factor of 𝛼K = 𝑅vapor,K/𝑅residue,K = (39/41)
𝛽, with 𝑅 the

41K/39K ratio and 𝛽 close to the ideal value of 0.5. The most recent experimental study of K also 

studied Rb, showing that K and Rb evaporated under vacuum conditions have 𝛽 values of 0.45 

and 0.44, respectively (39), corresponding to isotopic differences between the evaporated atoms 

and the residue of −22.3 ‰ for K and −10.2 ‰ for Rb (Data S1C).  

Gravitational escape associated with IV is often modeled as thermal escape (Eq. 1) (30, 32, 

43, 47). Micrometeorite impacts cause thermal vaporization of elements, and the temperature of 

the vapor was calculated based on hypervelocity particle impact experiments to be ~2500–5000 

K depending on the impact velocity (48, 49). At those high temperatures, a fraction of the atoms 

released from the lunar surface by IV can have velocities higher than the lunar escape velocity 

and are directly lost to space. The velocity distribution of the atoms can be parameterized using 

Maxwell-Boltzmann equation, which takes the form, 

𝑓IV(𝑣) = (
2

𝜋
)
1/2
(
𝑚

𝑘B 𝑇
)
3/2
𝑣2  e

−
𝑚𝑣2

2𝑘B 𝑇, (1) 

where 𝑣 is the speed of a particle in m s−1, 𝑓(𝑣) is the probability distribution function of speed 

in s m−1, 𝑚 is the particle mass in kg, 𝑘𝐵 is the Boltzmann constant 1.38 × 10−23 m2 kg s−2 K−1,

and 𝑇 is the thermodynamic (absolute) temperature in Kelvin. The speed 𝑣 is a scalar quantity. 

An element or isotope is assumed lost to space if its speed is higher than the lunar escape 

velocity 𝑣esc (2375 m s−1). The fraction of atoms with speed above the lunar escape velocity

(𝐹esc,IV) can be derived from Eq. 1,

𝐹esc,IV = 1 − ∫ 𝑓IV(𝑣) 𝑑𝑣
𝑣esc
0

= 1 + 𝑣esc √
2𝑚

𝜋𝑘B 𝑇
e
−
𝑚 𝑣esc

2

2𝑘B 𝑇 − 𝐸𝑟𝑓 (𝑣esc√
𝑚

2𝑘B 𝑇
). (2) 



By applying the appropriate masses of isotopes of an element, the escaped and remained 

fractions of each isotope can be calculated. The isotope fractionation factor (𝛼) between escaped 

atoms and the bulk vapor released by IV for an element (taking K as an example) is, 

𝛼esc−IV,K =
𝑅esc,IV,K

𝑅IV,K
=  

𝐹esc,IV,41K

𝐹esc,IV,39K
, (3) 

and the isotopic difference would be 

Δesc−IV,K = 𝛿esc,IV,Κ − 𝛿IV,Κ = 1000 (𝛼esc−IV,K − 1) = 1000 (
𝐹esc,IV,41K

𝐹esc,IV,39K
− 1). (4)

The isotopic difference between the escaped atoms and the remained atoms can also be 

calculated, 

𝛼esc−rem,IV,K =
𝑅esc,IV,K

𝑅rem,IV,K
=

𝐹esc,IV,41K

𝐹esc,IV,39K
/
1−𝐹esc,IV,41K

1−𝐹esc,IV,39K
, (5) 

Δesc−rem,IV,K = 1000 (
𝐹esc,IV,41K

𝐹esc,IV,39K
/
1−𝐹esc,IV,41K

1−𝐹esc,IV,39K
− 1). (6)

The escaped fractions of K and Rb during gravitational escape associated with IV as a 

function of temperature (1000–6000 K) are shown in fig. S4A, and the isotopic difference 

between the escaped atoms and the remained atoms is shown in fig. S4B. Higher temperature 

leads to more gravitational escape and consequently smaller isotopic difference. Although the 

escaped fractions are overall small, the isotope fractionations are substantial. For example, at a 

characteristic temperature of 4000 K (30, 43), the escaped fractions of K and Rb are 8.5% and 

0.2% of vaporized K and Rb atoms, respectively, but with highly fractionated isotopic 

compositions. The isotopic differences between escaped atoms and the bulk vapor are −139 ‰ 

for K and −147 ‰ for Rb, and between escaped and remaining atoms are −150 ‰ and −147 ‰ 

for K and Rb, respectively. 

Ion sputtering (IS). The theory of ion sputtering for low-density “linear” cascades (the 

sputtering yield increases linearly with the energy density deposited in the surface region of the 

cascade) has been well established (41, 42). The sputter yield ratio of two elements A and B 

(𝑌A/𝑌B) can be expressed as (42),

𝑌A

𝑌B
=

𝑁A

𝑁B
(
𝑀B

𝑀A
)
2𝜖
(
𝑈B

𝑈A
)
1−2𝜖

. (7) 

where 𝑁, 𝑀, and 𝑈 are the number density within the sputtered material, atomic mass, and 

surface binding energy, respectively. 𝜖 is a parameter that has a value of 0 ≤ 𝜖 < 1, which 

comes from a power-law approximation to the interaction potential between atoms. A value of 

𝜖 ≃ 0.055 corresponding to Born-Mayer interaction is the preferred value (42). Assuming that 

the two isotopes i and j of an element have the same binding energy, the isotope fractionation 

factor between the sputtered atoms and the original material is, 



𝛼IS
i/j
=

𝑌i

𝑌j
/
𝑁i

𝑁j
= (

𝑀j

𝑀i
)
2𝜖

. (8) 

According to Eq. 8, the K and Rb isotopic fractionations during ion sputtering of lunar soil 

regolith are (Data S1C), 

ΔIS−soil,K(‰) = 1000 (𝛼IS
41/39

− 1) = −5.49, (9)

ΔIS−soil,Rb(‰) = 1000 (𝛼IS
87/85

− 1) = −2.55. (10)

Gravitational escape of sputtered K and Rb atoms can be calculated using the energy distribution 

of the sputtered atoms (30, 41, 43), 

𝑓IS(𝐸e) =
6𝐸b

3−8√𝐸b/𝐸c

𝐸e

(𝐸e+𝐸b)3
(1 − √

𝐸e+𝐸b

𝐸c
). (11) 

In the above equation, 𝐸e is the energy of the sputtered atoms and 𝑓IS(𝐸e) is the energy

distribution function, 𝐸b is the surface binding energy of the sputtered atoms. The surface biding

energies of K and Rb are assumed to be 2.55 eV and 2.42 eV, respectively (79). 𝐸c is the cut-off

energy and is parameterized as (43), 

𝐸c = 𝐸i  
4𝐴1𝐴2

(𝐴1+𝐴2)2
, (12) 

where 𝐸i is the energy of the projectile. The projectiles are mainly protons during ion sputtering

of lunar surface, and are assumed to have incident energy of 1 keV (80). 𝐴1 and 𝐴2 are the

atomic numbers of the projectile and target atoms, respectively. From the energy distribution one 

can derive the speed distribution, considering that 𝐸e =
1

2
𝑚𝑣2,

𝑓IS(𝑣) =

6𝐸b𝐽𝑚
2𝑣3[4−(𝐴1+𝐴2)√

4𝐸b𝐽+2𝑚𝑣
2

𝐸i𝐽𝐴1𝐴2
]

(2𝐸b𝐽+𝑚𝑣2)3[3−4(𝐴1+𝐴2)√
𝐸b

𝐸i𝐴1𝐴2
]
, (13) 

where 𝑚 and 𝑣 are the mass and speed of particles (or isotopes), respectively, and 𝐽 is for 

converting the energy unit eV to SI unit Joule and has the value of 1.602 × 10−19 eV J−1. The

speed distributions of K and Rb isotopes during ion sputtering are shown in fig. S5. The escaped 

fraction of atoms (atoms with speed higher than the lunar escape velocity) can be integrated 

numerically using the above equation. We also derived the analytical solution, which takes the 

form, 

𝐹esc,IS = 1 − ∫ 𝑓IS(𝑣) 𝑑𝑣
𝑣esc
0

= 

1 −
1

3−4(𝐴1+𝐴2)√
𝐸b

𝐸i𝐴1𝐴2

{

3𝑚2𝑣esc
4

(2𝐸b𝐽+𝑚𝑣esc
2)2
−

4𝐸b(𝐴1+𝐴2)√𝐽[−4𝐸b𝐽−3𝑚𝑣esc
2+(2𝐸b𝐽+𝑚𝑣esc

2)√
2𝑚𝑣esc2

𝐸b𝐽
+4]

√2𝐸i𝐴1𝐴2 (2𝐸b𝐽+𝑚𝑣esc
2)3/2

}

. (14) 



The escaped and remained fractions of each isotope can be calculated using the above equation. 

The isotopic fractionation factors can be calculated in the same way as those calculated for IV 

(Eqs. 3, 4, 5, and 6), 

𝛼esc−IS,K =
𝑅esc,IS,K

𝑅IS,K
= 

𝐹esc,IS,41K

𝐹esc,IS,39K
, (15) 

𝛼esc−rem,IS,K =
𝑅esc,IS,K

𝑅rem,IS,K
=

𝐹esc,IS,41K

𝐹esc,IS,39K
/
1−𝐹esc,IS,41K

1−𝐹esc,IS,39K
. (16) 

The values of the parameters for calculating K and Rb isotopic fractionations during IS and 

the results are summarized in Data S1C. Overall, IS causes more atoms to escape the lunar 

gravity compared to IV. The escaped K and Rb atoms are 88 % and 65 % of sputtered atoms, 

respectively, with light isotopic compositions of −9.6 ‰ for K and −12.1 ‰ for Rb relative to 

the bulk vapor composition, and of −75 ‰ and −33 ‰ relative to the remaining atoms. 

Photon-stimulated desorption (PSD). Despite the fact that PSD has been discussed as an 

important process for releasing Na and K from lunar surface into the exosphere (24, 26), PSD 

primarily release atoms that are adsorbed on the lunar surface, meaning atoms that are already 

freed from mineral bonds. For elements that are chemically bound within a mineral, solar 

photons do not have enough energy to release them efficiently (30). Therefore, although PSD can 

release surface atoms into lunar exosphere, this contribution is mainly through recycling of 

deposited surface atoms that were previously released by IV or IS processes. During PSD, an 

electronic transition happens due to photo-excitation, leading to an anti-bonding state of an atom 

that is then released. The process is non-thermal and is not expected to induce large isotopic 

fractionation.  

The fraction of the PSD-released atoms that could escape lunar exosphere was calculated 

using the velocity distribution of the released atoms. The released Na atoms by PSD have 

velocity distribution functions resembling a thermal Maxwell-Boltzmann distribution at ~1200 

K, but with a high-energy tail and a positive non-zero lowest velocity (25, 27). It was shown that 

this type of velocity distribution can best be described by a two parameter (𝑣0 and 𝜅) Weibull

distribution (44), 

𝑓PSD(𝑣) = 𝜅 𝜆
𝜅(𝑣 − 𝑣0)

𝜅−1𝑒−𝜆
𝜅(𝑣−𝑣0)

𝜅
; 𝜆 = √

𝑚

3𝑘B𝑇S
Γ (1 +

1

𝜅
), (17) 

where 𝜅 is the shape parameter (𝜅 = 1.7), 𝑣0 is the offset speed (𝑣0 = 575 m s−1), 𝑇S is the

surface temperature (𝑇S = 140− 400 K for the Moon), 𝑘B is the Boltzmann constant, and 𝑚 is

the mass of the desorbed atom. We used a temperature 𝑇S of 400 K to calculate the maximum

fraction of escaped atoms. The escaped fraction can be written as, 

𝐹esc,PSD = 1 − ∫ 𝑓PSD(𝑣) 𝑑𝑣
𝑣esc
𝑣0

= 𝑒−𝜆
𝜅 (𝑣𝑒𝑠𝑐−𝑣0)

𝜅
. (18)

The values of the parameters for calculating the Rb and K isotopic fractionations during 

PSD-induced gravitational escape, and the calculated isotope fractionations and escaped 



fractions of K and Rb are given in Data S1C. The escaped fractions of K and Rb are 8 × 10−4 and 

1 × 10−6, respectively, too small to cause any change to the elemental and isotopic compositions 

of lunar exosphere. 

Calculation of the relative contributions of sources and sinks of lunar atmosphere using the 

observed K-Rb isotopic slope 

Atoms in lunar exosphere originate from meteorite impact-induced vaporization (IV), ion 

sputtering (IS), and photon-stimulated desorption (PSD). Atoms in the exosphere are removed by 

gravitational escape, photoionization, and trapping on the lunar surface. The processes are 

depicted in Fig. 1. Photoionization loss occurs when exosphere atoms are ionized by solar 

irradiation and then either get picked up by solar wind and Earth’s magnetosphere, or get re-

implanted in the lunar regolith. Surface trapping happens when exosphere atoms fall back on the 

lunar surface and a fraction of them are permanently trapped because they are in a shadow or are 

covered by the ejecta of a local impact. A fraction of the atoms that fall back on the lunar surface 

could be recycled into the exosphere by PSD or thermal desorption because they are only weakly 

adsorbed on exposed surfaces or can diffuse out of the shadow trap (56). Those atoms can also 

hop several times before they are permanently removed from the exosphere (lost to space or 

permanently trapped on lunar surface). On the long term, the net flux of hoping atoms to the 

exosphere composition is null and these do not appear in the mass balance equations given 

below.  

The contribution of each process to the lunar exosphere has been a long debate. Here we 

build a simple model using K and Rb isotopes to constrain the long-term relative contributions of 

these processes more accurately. The rate of variation in the abundance of atoms in the 

exosphere is determined by the difference between the input fluxes and the output fluxes (taking 

K as an example), 

𝑑Katm

𝑑𝑡
= 𝜙IV + 𝜙IS +𝜙PSD −𝜙IV,esc − 𝜙IS,esc − 𝜙PSD,esc − 𝜙i − 𝜙tr, (19)

where 𝜙 denotes flux, atm, IV, IS, PSD, esc, i, and tr stand for atmosphere, impact-vaporized, 

ion-sputtered, photo-desorbed, gravitationally escaped, photoionized (either lost to space or 

reimplanted on the lunar surface), and surface trapped atoms (atoms from lunar atmosphere that 

are not photoionized but are returned to lunar soil regolith permanently). K stands for the 

abundance of K 
39  and 𝑡 is time. At steady state we have,

𝜙IV +𝜙IS + 𝜙PSD −𝜙IV,esc −𝜙IS,esc −𝜙PSD,esc −𝜙i −𝜙tr = 0. (20)

For the isotopic ratio 𝑅 =
K 

41

K 39
, one can write, 

𝑑Katm𝑅atm

𝑑𝑡
= 𝜙IV𝑅IV + 𝜙IS𝑅IS + 𝜙PSD𝑅PSD − 𝜙IV,esc𝑅IV,esc −𝜙IS,esc𝑅IS,esc −

𝜙PSD,esc𝑅PSD,esc − 𝜙i𝑅i − 𝜙tr𝑅tr. (21)

If we note isotope fractionation factor 𝛼, 

𝛼IV−soil =
𝑅IV

𝑅soil
, 



𝛼IS−soil =
𝑅IS

𝑅soil
, 

𝛼PSD−soil =
𝑅PSD

𝑅soil
, 

𝛼esc−IV =
𝑅IV,esc

𝑅IV
,      (22) 

𝛼esc−PSD =
𝑅PSD,esc

𝑅PSD
, 

𝛼esc−IS =
𝑅IS,esc

𝑅IS
, 

𝛼i−atm =
𝑅i

𝑅atm
, 

𝛼tr−atm =
𝑅tr

𝑅atm
, 

by inserting Eq. 22 into Eq. 21 and after some rearrangement, we have at steady state 

(𝑑Katm𝑅atm 𝑑𝑡⁄ = 0),

𝑅atm =
𝑅soil(𝜙IV𝛼IV−soil+𝜙IS𝛼IS−soil+𝜙PSD𝛼PSD−soil−𝜙IV,esc𝛼esc−IV𝛼IV−soil−𝜙IS,esc𝛼esc−IS𝛼IS−soil−𝜙PSD,esc𝛼esc−PSD𝛼PSD−soil)

𝜙i𝛼i−atm+𝜙tr𝛼tr−atm
. (23) 

For the soil reservoir, we can write the following mass balance differential equation, 

𝑑Ksoil

𝑑𝑡
= 𝜙met +𝜙Br − 𝜙IV −𝜙IS −𝜙PSD + 𝑔𝜙i +𝜙tr, (24)

where met is the meteoritic input to the lunar soil, Br stands for bedrocks that are added to the 

soil by gardening, and 𝑔 denotes the fraction of photoionized atoms that are reimplanted in lunar 

soil (as opposed to loss to space after photoionization). The mass balance for isotopic ratios in 

the soil reservoir takes the form, 

𝑑Ksoil𝑅soil

𝑑𝑡
= 𝜙met𝑅met + 𝜙Br𝑅Br − 𝜙IV𝑅IV −𝜙IS𝑅IS −𝜙PSD𝑅PSD + 𝑔𝜙i𝑅i,g +𝜙tr𝑅tr, (25)

where 𝑅met and 𝑅Br are the isotopic ratios of the meteorites and bedrocks, respectively, and 𝑅i,g
the isotopic ratio of the atoms that are photoionized and reimplanted on the lunar surface. By 

expanding the left side of Eq. 25 using 𝑑Ksoil𝑅soil 𝑑𝑡⁄ = 𝑅soil 𝑑Ksoil 𝑑𝑡⁄ + Ksoil 𝑑𝑅soil 𝑑𝑡⁄ , and

combining it with Eq. 24, we have, 

Ksoil
𝑑𝑙𝑛𝑅soil

𝑑𝑡
= 𝜙met (

𝑅met

𝑅soil
− 1) + 𝜙Br (

𝑅Br

𝑅soil
− 1) + 𝜙IV(1 − 𝛼IV−soil) + 𝜙IS(1 −

𝛼IS−soil) + 𝜙PSD(1 − 𝛼PSD−soil) + (𝑔𝜙i𝛼i,g−atm + 𝜙tr𝛼tr−atm)
𝑅atm

𝑅soil
− 𝑔𝜙i − 𝜙tr. (26)

Injecting the relationship between 𝑅atm and 𝑅soil (Eq. 23), we get,

Ksoil
𝑑𝑙𝑛𝑅soil

𝑑𝑡
= 𝜙met (

𝑅met

𝑅soil

− 1) + 𝜙Br (
𝑅Br

𝑅soil

− 1) + 𝜙IV(1 − 𝛼IV−soil) + 𝜙IS(1 − 𝛼IS−soil) + 𝜙PSD(1 − 𝛼PSD−soil) +

(
𝜙IV𝛼IV−soil+𝜙IS𝛼IS−soil+𝜙PSD𝛼PSD−soil−𝜙IV,esc𝛼esc−IV𝛼IV−soil−𝜙IS,esc𝛼esc−IS𝛼IS−soil−𝜙PSD,esc𝛼esc−PSD𝛼PSD−soil

𝜙i𝛼i−atm+𝜙tr𝛼tr−atm
) (𝑔𝜙𝑖𝛼𝑖,𝑔−𝑎𝑡𝑚 +

𝜙𝑡𝑟𝛼𝑡𝑟−𝑎𝑡𝑚) − 𝑔𝜙𝑖 − 𝜙tr. (27) 



Photoionization (𝜙𝑖), photoionization-driven re-implantation (𝑔𝜙𝑖), and surface trapping (𝜙𝑡𝑟)

are not expected to fractionate isotopes much, so we have 𝛼i−atm = 1, 𝛼i,g−atm = 1, and

𝛼tr−atm = 1. It follows that,

Ksoil
𝑑𝑙𝑛𝑅soil

𝑑𝑡
= 𝜙met (

𝑅met

𝑅soil

− 1) + 𝜙Br (
𝑅Br

𝑅soil

− 1) + 𝜙IV(1 − 𝛼IV−soil) + 𝜙IS(1 − 𝛼IS−soil) + 𝜙PSD(1 − 𝛼PSD−soil) +

(
𝜙IV𝛼IV−soil+𝜙IS𝛼IS−soil+𝜙PSD𝛼PSD−soil−𝜙IV,esc𝛼esc−IV𝛼IV−soil−𝜙IS,esc𝛼esc−IS𝛼IS−soil−𝜙PSD,esc𝛼esc−PSD𝛼PSD−soil

𝜙i+𝜙tr
− 1) (𝑔𝜙𝑖 +𝜙𝑡𝑟). (28)

At steady state the different fluxes in and out of the atmosphere are balanced (Eq. 20), and 

we can use the relationship 𝜙i + 𝜙tr = 𝜙IV + 𝜙PSD + 𝜙IS − 𝜙IV,esc − 𝜙PSD,esc − 𝜙IS,esc to
rewrite Eq. 28 as, 

Ksoil
𝑑𝑙𝑛𝑅soil

𝑑𝑡
= 𝜙met (

𝑅met

𝑅soil
− 1) + 𝜙Br (

𝑅Br

𝑅soil
− 1) + 𝜙IV(1 − 𝛼IV−soil) + 𝜙IS(1 − 𝛼IS−soil) +

𝜙PSD(1 − 𝛼PSD−soil) +
𝑔𝜙𝑖+𝜙tr

𝜙i+𝜙tr
[𝜙IV(𝛼IV−soil − 1) + 𝜙IS(𝛼IS−soil − 1) + 𝜙PSD(𝛼PSD−soil − 1) −

𝜙IV,esc(𝛼esc−IV𝛼IV−soil − 1) − 𝜙IS,esc(𝛼esc−IS𝛼IS−soil − 1) − 𝜙PSD,esc(𝛼esc−PSD𝛼PSD−soil − 1)].
(29) 

To reformulate this equation in 𝛿 = 1000(𝑅 𝑅std⁄ − 1) notation, we use 𝛿 ≈
1000ln(𝑅 𝑅std⁄ ), Δ = 1000(𝛼 − 1), and 𝛼1𝛼2 − 1 = (Δ1 1000⁄ + 1)(Δ2 1000⁄ + 1) − 1 ≈
Δ1 1000⁄ + Δ2 1000⁄ , where 𝑅std is the isotopic ratio of a reference standard,

Ksoil
𝑑𝛿soil

𝑑𝑡
= 𝜙met(𝛿met − 𝛿soil) + 𝜙Br(𝛿Br − 𝛿soil) + (

𝑔𝜙𝑖+𝜙tr

𝜙i+𝜙tr
− 1) (𝜙IVΔIV−soil +

𝜙ISΔIS−soil + 𝜙PSDΔPSD−soil) −
𝑔𝜙𝑖+𝜙tr

𝜙i+𝜙tr
[𝜙IV,esc(Δesc−IV + ΔIV−soil) + 𝜙IS,esc(Δesc−IS +

ΔIS−soil) + 𝜙PSD,esc(Δesc−PSD + ΔPSD−soil)]. (30)

Introducing 𝜏IV = Ksoil 𝜙IV⁄ , the hypothetical vaporization timescale for the soil (the time

that it would take to vaporize all atoms in the soil if no other process is at play), we have  

𝜏IV
𝑑𝛿soil

𝑑𝑡
=

𝜙met

𝜙IV
(𝛿met − 𝛿soil) +

𝜙Br

𝜙IV
(𝛿Br − 𝛿soil) + (

𝑔𝜙𝑖+𝜙tr

𝜙i+𝜙tr
− 1)(ΔIV−soil +

𝜙IS

𝜙IV
ΔIS−soil +

𝜙PSD

𝜙IV
ΔPSD−soil) −

𝑔𝜙𝑖+𝜙tr

𝜙i+𝜙tr
[
𝜙IV,esc

𝜙IV
(Δesc−IV + ΔIV−soil) +

𝜙IS,esc

𝜙IV
(Δesc−IS + ΔIS−soil) +

𝜙PSD,esc

𝜙IV
(Δesc−PSD + ΔPSD−soil)]. (31)

While regolith processing has a significant effect on isotopes, the effect on abundance is 

small (as discussed above that the elemental concentrations of lunar soils are not much affected 

by space weathering) and we can reasonably assume that 𝜏IV = Ksoil 𝜙IV⁄  is constant. Eq. 31 is

thus an ordinary differential equation of the form 

𝑑𝛿soil 𝑑t⁄ + 𝑎𝛿soil = 𝑏,

with 



𝑎 =
𝜙met+𝜙Br

𝜏IV 𝜙IV
, 

and 

𝑏 =
1

𝜏IV
(
𝜙met

𝜙IV
𝛿met +

𝜙Br

𝜙IV
𝛿Br) −

1

𝜏IV
(1 −

𝑔𝜙𝑖+𝜙tr

𝜙i+𝜙tr
) (ΔIV−soil +

𝜙IS

𝜙IV
ΔIS−soil +

𝜙PSD

𝜙IV
ΔPSD−soil) −

1

𝜏IV

𝑔𝜙𝑖+𝜙tr

𝜙i+𝜙tr
[
𝜙IV,esc

𝜙IV
(Δesc−IV + ΔIV−soil) +

𝜙IS,esc

𝜙IV
(Δesc−IS + ΔIS−soil) +

𝜙PSD,esc

𝜙IV
(Δesc−PSD + ΔPSD−soil)]. (32)

The solution to this differential equation is, 

𝛿soil = (𝛿soil,0 −
𝑏

𝑎
) 𝑒−𝑎𝑡 +

𝑏

𝑎
= 𝛿soil,0 𝑒

−𝑎𝑡 +
𝑏

𝑎
(1 − 𝑒−𝑎𝑡), (33)

where 𝛿soil, 0 is the 𝛿 value of lunar soil at time zero (the original lunar soil/bedrock

composition). Inserting Eq. 32 into Eq. 33, we get, 

𝛿soil = 𝛿soil,0 𝑒
−

𝑡

𝜏IV
(
𝜙met+𝜙Br

𝜙IV
)
+ (

𝜙met𝛿met+𝜙Br𝛿Br

𝜙met+𝜙Br
) [1 − 𝑒

−
𝑡

𝜏IV
(
𝜙met+𝜙Br

𝜙IV
)
] −

𝜙IV

𝜙met+𝜙Br
[1 −

𝑒
−

𝑡

𝜏IV
(
𝜙met+𝜙Br

𝜙IV
)
] {(1 −

𝑔𝜙i+𝜙tr

𝜙i+𝜙tr
) (ΔIV−soil +

𝜙IS

𝜙IV
ΔIS−soil +

𝜙PSD

𝜙IV
ΔPSD−soil) +

𝑔𝜙i+𝜙tr

𝜙i+𝜙tr
[
𝜙IV,esc

𝜙IV
(Δesc−IV + ΔIV−soil) +

𝜙IS,esc

𝜙IV
(Δesc−IS + ΔIS−soil) +

𝜙PSD,esc

𝜙IV
(Δesc−PSD +

ΔPSD−soil)]}. (34)

Equation 34 gives the evolution of the isotopic composition of lunar soils as a function of 

time, and some assumptions can be safely made to simplify the equation. If we take the isotopic 

composition of the bulk silicate Moon as that of the reference standard, then 𝛿soil, 0 = 𝛿Br = 0.
Coincidentally, the reference standards used for Rb and K isotopic measurements, SRM 984 and 

SRM 3141a, respectively, happen to have the same or very similar Rb and K isotopic 

compositions to the bulk Moon. The measured bulk silicate Moon has Rb and K isotopic 

compositions relative to the two standards of near zero (+0.03±0.03‰ for Rb and −0.01±0.02‰ 

for K (14, 16)). The isotopic compositions of meteorites that are added to the lunar surface (𝛿met)

could have non-zero values but they are still very close to zero compared to lunar soils. The 

measured Rb and K isotopic compositions of chondrites (the possible meteorites that were 

delivered to lunar soils) show limited variations (16, 57, 64) that are about an order of magnitude 

smaller than that observed in lunar soils (−0.1 – +2.2 ‰ for Rb and −0.2 – +12 ‰ for K; this 

study). Thus, one can assume that 𝛿met ≃ 𝛿soil,0 = 𝛿Br = 0. Eqs. 33 and 34 then become,

𝛿soil =
𝑏

𝑎
(1 − 𝑒−𝑎𝑡), (35)



𝛿soil = −
𝜙IV

𝜙met+𝜙Br
[1 − 𝑒

−
𝑡

𝜏IV
(
𝜙met+𝜙Br

𝜙IV
)
] {(1 −

𝑔𝜙i+𝜙tr

𝜙i+𝜙tr
) (ΔIV−soil +

𝜙IS

𝜙IV
ΔIS−soil +

𝜙PSD

𝜙IV
ΔPSD−soil) +

𝑔𝜙i+𝜙tr

𝜙i+𝜙tr
[
𝜙IV,esc

𝜙IV
(Δesc−IV + ΔIV−soil) +

𝜙IS,esc

𝜙IV
(Δesc−IS + ΔIS−soil) +

𝜙PSD,esc

𝜙IV
(Δesc−PSD + ΔPSD−soil)]}. (36)

Our measurements of lunar soils show that the isotopic compositions of Rb and K are 

tightly correlated along a line with a slope 𝜃Rb/K = 𝛿Rbsoil 𝛿Ksoil⁄ = 0.172 ± 0.045, and the

slope does not depend on time 𝑡 (Fig. 2). This could be explained by Eq. 35 if the 𝑎 value is the 

same for K and Rb (the 𝑏 value does not matter as it does not depend on time, while 𝑎 matters 

because it is multiplied by 𝑡), as explained below. According to Eq. 35, the K-Rb isotopic slope 

𝜃Rb/K can be expressed as,

𝜃Rb/K =
𝛿soil,Rb

𝛿soil,K
=

𝑏Rb 𝑏K⁄

𝑎Rb 𝑎K⁄

1−𝑒−𝑎Rb𝑡

1−𝑒−𝑎K𝑡
, (37) 

with 𝑎 =
𝜙met+𝜙Br

𝜏IV𝜙IV
(Eq. 32). By definition 𝜏K,IV = Ksoil 𝜙K,IV⁄ , we have 

𝜏IV,Rb𝜙IV,Rb

𝜏IV,K𝜙IV,K
=

Rbsoil

Ksoil
. In 

meteorites, the Rb/K ratio does not vary much despite that the depletions of the two elements 

vary several orders of magnitude (23, 16, 81), possibly because that the two elements behave 

congruently during thermal vaporization (39). The Rb/K ratio in meteorites is similar to the ratio 

in lunar bedrocks and soil samples, thus 
𝜙met,Rb

𝜙met,K
≃

𝜙Br,Rb

𝜙Br,K
≃

Rbsoil

Ksoil
. Therefore, we have 𝑎Rb ≃  𝑎K.

Eq. 37 simplifies as, 

𝜃Rb/K = 𝑏Rb 𝑏K⁄ . (38)

Eq. 38 shows that the Rb-K isotopic slope does not depend on time, because there is no time 

component involved in the equation. The main reason to this is that the Rb/K ratios in various 

meteorites and lunar rocks are very similar, which is possibly because that the two elements 

behave similarly during evaporation associated with planetary formation and accretion (16). This 

explains why the lunar soil samples from various locations with various degrees of maturity fall 

on the same Rb-K isotopic correlation. The complete form of the isotopic slope based on Eq. 38 

is, 

𝜃Rb/K =

(1−
𝑔Rb𝜙i,Rb+𝜙tr,Rb
𝜙i,Rb+𝜙tr,Rb

)(ΔIV−soil,Rb+
𝜙IS,Rb
𝜙IV,Rb

ΔIS−soil,Rb+
𝜙PSD,Rb
𝜙IV,Rb

ΔPSD−soil,Rb)+
𝑔Rb𝜙i,Rb+𝜙tr,Rb
𝜙i,Rb+𝜙tr,Rb

[
𝜙IV,esc,Rb
𝜙IV,Rb

(Δesc−IV,Rb+ΔIV−soil,Rb)+
𝜙IS,esc,Rb
𝜙IV,Rb

(Δesc−IS,Rb+ΔIS−soil,Rb)+
𝜙PSD,esc,Rb

𝜙IV,Rb
(Δesc−PSD,Rb+ΔPSD−soil,Rb)]

(1−
𝑔K𝜙i,K+𝜙tr,K
𝜙i,K+𝜙tr,K

)(ΔIV−soil,K+
𝜙IS,K
𝜙IV,K

ΔIS−soil,K+
𝜙PSD,K
𝜙IV,K

ΔPSD−soil,K)+
𝑔K𝜙i,K+𝜙tr,K
𝜙i,K+𝜙tr,K

[
𝜙IV,esc,K
𝜙IV,K

(Δesc−IV,K+ΔIV−soil,K)+
𝜙IS,esc,K
𝜙IV,K

(Δesc−IS,K+ΔIS−soil,K)+
𝜙PSD,esc,K

𝜙IV,K
(Δesc−PSD,K+ΔPSD−soil,K)]

. (39) 

This expression can be further simplified by recognizing that PSD does not cause 

gravitational escape due to its low energy (see calculation above and Data S1C), thus 

𝜙PSD,esc,Rb = 𝜙PSD,esc,K = 0. Because it is a non-thermal, single electron transition process,

release of atoms by PSD should not discriminate largely between isotopes, thus ΔPSD−soil,Rb =

ΔPSD−soil,K = 0. The above equation then becomes,



𝜃Rb/K =

(1−
𝑔Rb𝜙i,Rb+𝜙tr,Rb
𝜙i,Rb+𝜙tr,Rb

)(ΔIV−soil,Rb+
𝜙IS,Rb
𝜙IV,Rb

ΔIS−soil,Rb)+
𝑔Rb𝜙i,Rb+𝜙tr,Rb
𝜙i,Rb+𝜙tr,Rb

[
𝜙IV,esc,Rb
𝜙IV,Rb

(Δesc−IV,Rb+ΔIV−soil,Rb)+
𝜙IS,esc,Rb
𝜙IV,Rb

(Δesc−IS,Rb+ΔIS−soil,Rb)]

(1−
𝑔K𝜙i,K+𝜙tr,K
𝜙i,K+𝜙tr,K

)(ΔIV−soil,K+
𝜙IS,K
𝜙IV,K

ΔIS−soil,K)+
𝑔K𝜙i,K+𝜙tr,K
𝜙i,K+𝜙tr,K

[
𝜙IV,esc,K
𝜙IV,K

(Δesc−IV,K+ΔIV−soil,K)+
𝜙IS,esc,K
𝜙IV,K

(Δesc−IS,K+ΔIS−soil,K)]

. (40) 

Because photoionization is a one photon process, and the first ionization potentials of K and 

Rb (419 and 402 kJ/mol, respectively) are similar, their photoionization efficiencies should be 

similar (
𝜙i,Rb

𝜙i,K
≃

Rbatm

Katm
). Once an atom is photoionized, the chances for it to be picked up by solar 

wind and to be returned to the lunar surface are about equal (i.e., the 𝑔 value should be close to 

0.5 for both K and Rb (45)). For atoms in the atmosphere that are not photoionized but fall back 

to lunar surface and get trapped (𝜙tr), K and Rb should not be discriminated as gravitational

fallback does not depend on mass, and the efficiencies of trapping of them in shadows are also 

likely to be very close as it is primarily a geometrical question, unless surface diffusion plays a 

major role, in which case 𝜙tr = 0 for both K and Rb. Therefore, we can assume that 𝜙tr,Rb and

𝜙tr,K are proportional to the Rb and K amount in the lunar atmosphere 
𝜙tr,Rb

𝜙tr,K
≃

Rbatm

Katm
. The above 

equation then becomes, 

𝜃Rb/K =
(1−𝑔)𝜙i
𝜙i+𝜙tr

(ΔIV−soil,Rb+
0.69𝜙IS,K
𝜙IV,K

ΔIS−soil,Rb)+
𝑔𝜙i+𝜙tr
𝜙i+𝜙tr

[
𝜙IV,esc,Rb
𝜙IV,Rb

(Δesc−IV,Rb+ΔIV−soil,Rb)+
𝜙IS,esc,Rb
𝜙IS,Rb

0.69𝜙IS,K
𝜙IV,K

(Δesc−IS,Rb+ΔIS−soil,Rb)]

(1−𝑔)𝜙i
𝜙i+𝜙tr

(ΔIV−soil,K+
𝜙IS,K
𝜙IV,K

ΔIS−soil,K)+
𝑔𝜙i+𝜙tr
𝜙i+𝜙tr

[
𝜙IV,esc,K
𝜙IV,K

(Δesc−IV,K+ΔIV−soil,K)+
𝜙IS,esc,K
𝜙IS,K

𝜙IS,K
𝜙IV,K

(Δesc−IS,K+ΔIS−soil,K)]
, 

(41) 

with 
𝜙IS,Rb

𝜙IV,Rb
= 0.69

𝜙IS,K

𝜙IV,K
 (Data S1C). The coefficient 0.69 is because ion sputtering can fractionate 

K from Rb, and secondary ionization mass spectrometry indicates that the sputtering yield of Rb 

is about 0.69 times of that of K, in contrast to impact-induced vaporization during which the two 

elements are evaporated in similar efficacy (39, 40).  

In the above equation, most terms are well constrained (Data S1C) and there are two 

uncertain parameters: 1) 𝜙IS,K 𝜙IV,K⁄ , the relative efficacies of ion-sputtering and impact

volatilization as atmospheric sources, and 2) 𝜙i 𝜙tr⁄ , the relative efficacies of photoionization

loss to space and surface trapping as atmospheric sinks. To investigate their possible values, we 

investigate values of 𝐴 =
𝜙IS,K

𝜙IS,K+𝜙IV,K
 and 𝐵 =

𝜙i

𝜙i+𝜙tr
, given that the two terms have bounds of 0 

and 1. Parameter 𝐴 represents the fraction of the atom flux contributed by the IS, out of the 

combined flux from both IS and IV as atmospheric sources. A value smaller than 0.5 would 

indicate that IV is the dominant source. Parameter 𝐵 represents the faction of atom flux for 

photoionization, out of the total flux from both photoionization and surface trapping as 

atmospheric sinks. A value smaller than 0.5 would indicate that surface trapping is the dominant 

sink. 

Rewriting Eq. 41 in terms of 𝐴 and 𝐵, we have 



𝜃Rb/K =

(1−𝑔)𝐵(ΔIV−soil,Rb+0.69
𝐴
1−𝐴

ΔIS−soil,Rb)+[1−(1−𝑔)𝐵][
𝜙IV,esc,Rb
𝜙IV,Rb

(Δesc−IV,Rb+ΔIV−soil,Rb)+0.69 
𝜙IS,esc,Rb
𝜙IS,Rb

𝐴
1−𝐴

(Δesc−IS,Rb+ΔIS−soil,Rb)]

(1−𝑔)𝐵(ΔIV−soil,K+
𝐴

1−𝐴
ΔIS−soil,K)+[1−(1−𝑔)𝐵] [

𝜙IV,esc,K
𝜙IV,K

(Δesc−IV,K+ΔIV−soil,K)+
𝜙IS,esc,K
𝜙IS,K

𝐴

1−𝐴
(Δesc−IS,K+ΔIS−soil,K)]

. 

(42) 

Assuming a 𝑔 value of 0.5 (45), Fig. 4A plots 𝜃Rb/K as a function of 𝐴 =
𝜙IS,K

𝜙IS,K+𝜙IV,K
 and 𝐵 =

𝜙i

𝜙i+𝜙tr
 values. The observed slope of 0.172 requires that the 𝐴 and 𝐵 values to be between 0–

0.319 and 0–0.478, respectively, and the two values are highly correlated. 

We used a Markov Chain Monte Carlo (MCMC) method to determine the uncertainties of 

the two parameters. For MCMC sampling, we used uniform distributions as priors. We ran 

1,500,000 iterations within the parameter space of 0–0.5 for 𝐴 and 𝐵, and discarded the first 10% 

iterations (150,000 runs) as burn-in. The posterior joint probability distribution of (𝐴,𝐵) is 

shown in Fig. 4B. The high probability area (bright yellow region) is consistent with the slope 

curve in Fig. 4A, with a nominal mean ± standard deviation of 0.166 ± 0.090 for 𝐴 and 0.257 ±
0.133 for 𝐵. However, the high probability area is rather uniform, indicating similar possibilities 

throughout the region.  

K-Rb isotopic slopes for the endmember source-sink scenarios

From Eq. 41 one can derive the analytical equations for the slopes of the four endmember 

scenarios considered in the main text: IV as the only atmospheric source and photoionization as 

the only sink, IV as the only source and surface trapping as the only sink, IS as the only source 

and photoionization as the only sink, and IS as the only source and surface trapping as the only 

sink. Two equations can be written, one for IV as the only source without any contribution from 

IS and the other for IS as the only source and without any contribution from IV. If IV is the only 

atmospheric source, the equation for the K-Rb isotopic slope (𝜃Rb/K,IV) is,

𝜃Rb/K,IV =

(1−𝑔)𝜙i
𝜙i+𝜙tr

ΔIV−soil,Rb+
𝑔𝜙i+𝜙tr
𝜙i+𝜙tr

[
𝜙IV,esc,Rb
𝜙IV,Rb

(Δesc−IV,Rb+ΔIV−soil,Rb)]

(1−𝑔)𝜙i
𝜙i+𝜙tr

ΔIV−soil,K+
𝑔𝜙i+𝜙tr
𝜙i+𝜙tr

[
𝜙IV,esc,K
𝜙IV,K

(Δesc−IV,K+ΔIV−soil,K)]
. (43) 

𝜙i

𝜙i+𝜙tr
= 1 corresponds to photoionization as the only sink of the atmospheric atoms (no surface 

trapping), while 
𝜙i

𝜙i+𝜙tr
= 0 corresponds to surface trapping as the only sink (no photoionization). 

It can be seen from the above equation that when 
𝜙i

𝜙i+𝜙tr
= 0 (surface trapping as the sink), the 

slope is mainly controlled by isotope fractionation associated with gravitational escape (Δesc−IV)

(and isotope fractionation by impact vaporization (ΔIV−soil) is much smaller). While for

photoionization as the sink 
𝜙i

𝜙i+𝜙tr
= 1, and assuming a 𝑔 value of 0.5, more contribution of 

isotopic fractionation by impact vaporization (ΔIV−soil) to the slope is expected.

Similarly for IS, the equation describing the K-Rb isotopic slope (𝜃Rb/K,IS) can be written

as, 



𝜃Rb/K,IS =

0.69(1−𝑔)𝜙i
𝜙i+𝜙tr

ΔIS−soil,Rb+
0.69(𝑔𝜙i+𝜙tr)

𝜙i+𝜙tr
[
𝜙IS,esc,Rb
𝜙IS,Rb

 (Δesc−IS,Rb+ΔIS−soil,Rb)]

(1−𝑔)𝜙i
𝜙i+𝜙tr

ΔIS−soil,K+
𝑔𝜙i+𝜙tr
𝜙i+𝜙tr

[
𝜙IS,esc,K
𝜙IS,K

 (Δesc−IS,K+ΔIS−soil,K)]
. (44) 

One can set 
𝜙i

𝜙i+𝜙tr
= 1 for photoionization as the sink, and 

𝜙i

𝜙i+𝜙tr
= 0 for surface trapping as the 

sink. The factor 0.69 takes into account that the sputtering yield of Rb is about 30% lower than 

that of K (40).  

The probability of atom loss does not change over atom jumps 

When atoms are released from the lunar surface by IS or IV, a fraction of them are directly 

lost to space due to gravitational escape. The remaining atoms can jump multiple times before 

they are eventually photoionized or trapped on the lunar surface. For atoms that are 

photoionized, they can either be taken up by solar wind and lost to space or be reimplanted on 

the lunar surface.  

During each jump, the probabilities that the atoms are trapped permanently in shadows 

(surface trapping) or photoionized are 𝑝𝑡𝑟 and 𝑝𝑝𝑖 , respectively. A fraction 𝑔 of the photoionized

atoms are reimplanted on the lunar surface while a fraction 1 − 𝑔 are lost to space. If we start 

with 1 atom, there will be (1 − 𝑝𝑡𝑟 − 𝑝𝑝𝑖)
𝑖−1

 remaining at step 𝑖. The fates of atoms at step 𝑖 are

as follows: trapped = 𝑝𝑡𝑟(1 − 𝑝𝑡𝑟 − 𝑝𝑝𝑖)
𝑖−1

, photoionized and implanted = 𝑔𝑝𝑝𝑖(1 − 𝑝𝑡𝑟 −

𝑝𝑝𝑖)
𝑖−1

, photoionized and lost to space = (1 − 𝑔)𝑝𝑝𝑖(1 − 𝑝𝑡𝑟 − 𝑝𝑝𝑖)
𝑖−1

. The grand totals for the

different fractions over all jumps are, 

𝑓𝑡𝑟 = 𝑝𝑡𝑟 ∑ (1 − 𝑝𝑡𝑟 − 𝑝𝑝𝑖)
𝑖−1∞

𝑖=1 =
𝑝𝑡𝑟

𝑝𝑡𝑟+𝑝𝑝𝑖
, (45) 

𝑓𝑝𝑖,𝑖𝑚𝑝𝑙𝑎𝑛𝑡𝑒𝑑 = 𝑔𝑝𝑝𝑖 ∑ (1 − 𝑝𝑡𝑟 − 𝑝𝑝𝑖)
𝑖−1∞

𝑖=1 =
𝑔𝑝𝑝𝑖

𝑝𝑡𝑟+𝑝𝑝𝑖
, (46) 

𝑓𝑝𝑖,𝑙𝑜𝑠𝑡 = (1 − 𝑔)𝑝𝑝𝑖 ∑ (1 − 𝑝𝑡𝑟 − 𝑝𝑝𝑖)
𝑖−1∞

𝑖=1 =
(1−𝑔)𝑝𝑝𝑖

𝑝𝑡𝑟+𝑝𝑝𝑖
. (47) 

The above calculations show that even if loss of exospheric atoms happens over multiple 

jumps, the fractions that are trapped, photoionized and lost to space, and photoionized and 

implanted are given by the relative probabilities of these processes in any step. 

The effect of degree of vaporization during IV on the calculated atmospheric sources and sinks 

An uncertainty associated with the model calculations is the degree of evaporation of 

elements from the lunar surface to the lunar atmosphere during IV. Kinetic effects impart strong 

isotopic fractionation to the original vapor (lighter isotopes evaporate faster than heavier ones), 

but as evaporation proceeds and more atoms are transferred to the vapor, its isotopic composition 

evolves towards the initial regolith composition. Therefore, as evaporation proceeds, the isotopic 

fractionation between the vapor and the bulk soil would become smaller. We assumed minimal 

vaporization in our calculations for Fig. 4, which corresponds to the largest isotopic fractionation 

conceivable (−22 ‰ for K and −10 ‰ for Rb). Here we calculate the relative contributions of the 



atmospheric sources and sinks (
𝜙IS,K

𝜙IS,K+𝜙IV,K
 and 

𝜙i

𝜙i+𝜙tr
 values) assuming various degrees of 

evaporation (𝑓evp), which corresponds to various isotopic differences between the vapor and the

bulk soil regolith. In a simplified Rayleigh distillation scenario, an 𝑓evp value of close to zero

means minimal evaporation and maximum isotopic fractionation between vapor and bulk soil 

regolith, and an 𝑓evp value of 1 corresponds to fully evaporation of impacted material and thus no

isotopic fractionation. 

Another way to consider the isotopic difference between the vapor and the bulk soil is to 

consider mixing between isotopically fractionated and unfractionated vapors produced during 

impact vaporization. A fraction of impacted material may fully vaporize, not producing much 

isotopic fractionation. Other impacted material could experience partial evaporation, resulting in 

isotopic fractionation. The isotopic fractionation between the vapor and the bulk soil is therefore 

uncertain and could be influenced by mixing between vapors from variably affected evaporated 

materials. In all cases, the isotopic fractionation between the vapor and the bulk soil will range 

between zero and the maximum isotopic fractionation of −22 ‰ for K and −10 ‰ for Rb.  

Below, we calculate how the isotopic fractionation between vapor and bulk soil regolith 

changes the calculated 
𝜙IS,K

𝜙IS,K+𝜙IV,K
 and 

𝜙i

𝜙i+𝜙tr
 values. We first calculate the isotopic fractionation 

as a function of the degree of evaporation 𝑓evp using a simple Rayleigh distillation model. We

then incorporate the calculated isotopic fractionations into Eq. 42 to calculate the values of 
𝜙IS,K

𝜙IS,K+𝜙IV,K
 and 

𝜙i

𝜙i+𝜙tr
. 

The calculated 
𝜙IS,K

𝜙IS,K+𝜙IV,K
 and 

𝜙i

𝜙i+𝜙tr
values for different 𝑓evp values (ranging from 0.1 to

0.9, with a step of 0.1) are shown in fig. S6. A temperature of 4000 K was assumed for the vapor 

to calculate the gravitational escape associated with IV (see the following section for different 

temperatures).  

To show the 
𝜙IS,K

𝜙IS,K+𝜙IV,K
 and 

𝜙i

𝜙i+𝜙tr
values as a continuous function of 𝑓evp varying from 0 to

1, we have constructed a 3D plot (fig. S7) with 
𝜙IS,K

𝜙IS,K+𝜙IV,K
 and 

𝜙i

𝜙i+𝜙tr
 on the x and y axes and 𝑓evp

on the z axis. The orange-colored plane in the figure represents the observed K-Rb isotopic slope 

of 0.172. At 99.99% evaporation, 
𝜙IS,K

𝜙IS,K+𝜙IV,K
 falls between 0.25 and 0.29, while 

𝜙i

𝜙i+𝜙tr
 can range 

between 0 and 1. 

The effect of gravitational escape temperature on the calculated atmospheric sources and sinks 

The above calculations assumed that the gravitational escape associated with IV was 

thermal escape and happened at a characteristic temperature of 4000 K (30, 43). In reality, the 

temperature of impacted material could range from ~2500 to 6000 K depending on the impact 

velocity (48, 49). Here we explore the effect of escape temperature on the calculated relative 

contributions of the atmospheric sources and sinks.  

A higher temperature associated with gravitational escape will lead to more K and Rb loss 

to space. Consequently, there will be less isotopic difference between the escaped atoms and the 

remained atoms (fig. S4). Data S1D gives the calculated escaped fractions of K and Rb and the 

isotopic fractionations between escaped atoms and the bulk vapor released by IV for 

temperatures between 1000 and 6000 K (Eqs. 1–6), with a step of 500 K. Using those values, we 



have calculated the 
𝜙IS,K

𝜙IS,K+𝜙IV,K
 and 

𝜙i

𝜙i+𝜙tr
 values and the results are shown in fig. S8. The value of 

𝜙IS,K

𝜙IS,K+𝜙IV,K
 is always between 0 and 0.35, and the value of 

𝜙i

𝜙i+𝜙tr
 is between 0 and 0.53. 

The above calculation (fig. S8) used an isotopic fractionation between impact-generated 

vapor and the bulk lunar soil regolith of −22.25 ‰ for K and −10.18 ‰ for Rb, which are the 

maximum isotopic fractionation that corresponds to minimal degree of evaporation for K and Rb 

in the lunar regolith during IV. As discussed above, the isotopic fractionation between vapor and 

bulk lunar regolith during IV is uncertain and could range from zero to the maximum values 

depending on the degree of evaporation. Therefore, we have constructed 3D plots to show the 

effect of degree of evaporation on the calculated 
𝜙IS,K

𝜙IS,K+𝜙IV,K
 and 

𝜙i

𝜙i+𝜙tr
 values at different 

temperatures. The result for a temperature of 4000 K is shown in fig. S7. In fig. S9, we show the 

results for temperatures of 2000, 3000, 5000, and 6000 K. Overall, the value of 
𝜙IS,K

𝜙IS,K+𝜙IV,K
 is 

always between 0 and 0.35. The value of 
𝜙i

𝜙i+𝜙tr
 is not highly sensitive to temperature change but 

depends on the assumed degree of evaporation, and is between 0 and 0.53 for minimal 

evaporation but can range between 0 and 1 for higher degrees of evaporation (figs. S7–S9). 



Fig. S1. 

Comparison between the Rb and K isotopic compositions of lunar soil samples measured in this 

study and those reported in literature. The precision of literature data is not sufficient to resolve 

Rb isotopic variations or the isotopic trend between Rb and K. Blue circles are the measured data 

from this study while grey circles are literature data (18–20). The uncertainties of the lunar soils 

measured in this study are smaller than the symbols. 



Fig. S2. 

Maturity of the lunar soil samples (Is/FeO is used as an indicator, which characterizes the ratio 

between fine-grained Fe metal and FeO; data from Data S1A) plotted against the measured K 

isotopic compositions. Soils with heavier K isotopic compositions tend to be more mature. The 

sizes of the error bars of K isotopic compositions are smaller than the symbols. 
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Fig. S3. 

Elemental and isotopic compositions of K and Rb in lunar soil samples. (A) The K elemental and 

isotopic compositions in lunar soils are not correlated. (B) The Rb elemental and isotopic 

compositions are not correlated. (C) The K and U elemental concentrations show a tight 

correlation. (D) The Rb and Ba elemental concentrations show a tight correlation. No correlation 

between elemental and isotopic compositions suggests that they are controlled by different 

processes. Like K and Rb, elements U and Ba are lithophile and highly incompatible during 

magmatic differentiation. The elemental correlations between K, Rb, U, and Ba suggest that 

lunar magmatic differentiation controlled the elemental variations.  



Fig. S4. 

Gravitational escape associated with IV. The gravitational escape is considered as thermal escape 

(Eq. 1) and is a function of temperature. (A) The escaped fractions of K and Rb isotopes among 

the atoms released by IV as a function of vapor temperature. (B) The isotopic fractionation 

between the escaped and remained atoms in the vapor as a function of temperature.  



Fig. S5. 

The speed distributions of K and Rb isotopes during ion sputtering. Isotopes with speeds higher 

than the lunar escape velocity (2375 m s−1) are assumed to be lost to space (i.e., gravitational 

escape).  
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Fig. S6. 

The relative contributions of lunar atmospheric sources 𝜙IS,K (𝜙IS,K + 𝜙IV,K) ⁄ and sinks

𝜙i (𝜙i +𝜙tr)⁄  calculated for various degrees of evaporation (𝑓evp; bound between 0 and 1) of

lunar soil regolith during IV. Temperature for gravitational escape associated with IV is assumed 

to be 4000 K. Higher 𝑓evp values mean smaller isotopic fractionations between impact vapor and

bulk soil regolith. The 𝑓evp values used for modeling (0.1–0.9, with a step of 0.1) are shown

above each panel, and the calculated values of 𝜙IS,K (𝜙IS,K +𝜙IV,K) ⁄ and 𝜙i (𝜙i + 𝜙tr)⁄

corresponding to the observed K-Rb isotopic slope of 0.172 are also shown above each panel. 

The thick black lines denote the observed K-Rb isotopic slope of 0.172. The thin lines represent 

different isotopic slopes, with their respective values labeled on each line.  
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Fig. S7. 

A 3D plot of the relative contributions of lunar atmospheric sources 𝜙IS,K (𝜙IS,K + 𝜙IV,K) ⁄ and

sinks 𝜙i (𝜙i + 𝜙tr)⁄  calculated for different degrees of evaporation (𝑓evp) of elements from the

lunar surface during impact vaporization. The degree of evaporation determines the isotopic 

fractionation between impact vapor and bulk soil regolith, which could range from the maximum 

to zero with 𝑓evp changing from 0 (minimal vaporization) to 1 (quantitative vaporization). The

orange-colored surface represents the observed K-Rb isotopic slope in lunar soils of 0.172. 

Temperature for gravitational escape associated with IV is assumed to be 4000 K.  
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Fig. S8. 

The relative contributions of lunar atmospheric sources 𝜙IS,K (𝜙IS,K + 𝜙IV,K) ⁄ and sinks

𝜙i (𝜙i +𝜙tr)⁄  calculated at different temperatures for gravitational escape associated with IV.

The vapor-bulk soil isotopic fractionation is assumed to be the maximum, corresponding to 

minimal degree of evaporation during IV. The temperatures used for modeling and the resulted 

𝜙IS,K (𝜙IS,K + 𝜙IV,K) ⁄ and sinks 𝜙i (𝜙i + 𝜙tr)⁄  values are all shown above each panel. The thick

black lines denote the observed K-Rb isotopic slope of 0.172. The thin lines represent different 

isotopic slopes, with their respective values labeled on each line.  
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Fig. S9. 

3D plots of the relative contributions of lunar atmospheric sources 𝜙IS,K (𝜙IS,K + 𝜙IV,K) ⁄ and

sinks 𝜙i (𝜙i + 𝜙tr)⁄  calculated for different gravitational escape temperatures during IV. For

each plot, the assumed temperature is shown above the plot, and the z axis represents the degree 

of evaporation of elements (𝑓evp) from the lunar surface during IV. The orange-colored surface

represents the observed K-Rb isotopic slope of 0.172. (A) At a gravitational escape temperature 

of 2000 K. (B) At a gravitational escape temperature of 3000 K. (C) At a gravitational escape 

temperature of 5000 K. (D) At a gravitational escape temperature of 6000 K. See fig. S7 for the 

result at a gravitational escape temperature of 4000 K. 
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Fig. S10. 

Comparison between the K isotopic data obtained with Neoma CC-MC-ICPMS/MS and with 

Neptune MC-ICPMS and literature. (A) Lunar soil K isotopic compositions obtained with 

Neoma CC-MC-ICPMS/MS are compared with the data obtained with Neptune (Data S1F and 

G). All lunar soil data are from this study. Geostandands were measured with Neoma MS/MS 

(Data S1G), and are plotted against literature data. The data follow the 1:1 line, suggesting 

agreement between the two methods. Uncertainties are smaller than the symbols. (B) A close-up 

view of the geostandards in (A). 



Data S1. (separate file) 

Data S1A. Isotopic compositions of K and Rb and concentrations of selected elements in lunar 

soils and reference samples (82). 

Data S1B. The K, Rb, and Li isotopic compositions of lunar soil samples from literature (18–20, 

83, 84).  

Data S1C. Parameters and values used in the modeling of lunar soil K and Rb isotopic evolution 

(30, 32, 39–44, 48, 49, 79, 80). 

Data S1D. The K and Rb escaped fractions and isotope fractionations for gravitational escape at 

various temperatures during impact vaporization. 

Data S1E. Operating parameters of the Neoma MS/MS and the Apex Omega introduction 

system. 

Data S1F. Isotopic compositions of lunar soil samples measured with Neoma CC-MC-ICP-

MS/MS. 

Data S1G. Isotopic compositions of geostandards measured with Neoma CC-MC-ICP-MS/MS 

(59, 60, 66, 71). 
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