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Abstract 

Rocks from the lunar interior are depleted in moderately volatile elements (MVE) 

compared to terrestrial rocks. Most MVE are also enriched in their heavier isotopes 

compared to those in terrestrial rocks. Such elemental depletion and heavy isotope 

enrichments have been attributed to liquid-vapour exchange and vapour loss from the 

protolunar disk, incomplete accretion of MVE during condensation of the Moon, and 

degassing of MVE during lunar magma ocean crystallisation. New Monte Carlo 

simulation results suggest that the lunar MVE depletion is consistent with evaporative 

loss at 1670±129 K and an oxygen fugacity +2.3±2.1 log units above the fayalite-

magnetite-quartz buffer. Here, we propose that these chemical and isotopic features could 

have resulted from the formation of the putative Procellarum basin early in the Moon’s 

history, during which nearside magma ocean melts would have been exposed at the 

surface, allowing equilibration with any primitive atmosphere together with MVE loss 

and isotopic fractionation. 

 

Significance Statement 

The depletion of moderately volatile elements in the lunar interior, compared to the 

Earth’s interior, is accompanied by enrichment in heavy isotopes for most species. This 

has been explained by vapour loss from the protolunar disk, incomplete accretion of 

volatiles, or volatile degassing during crystallisation of the lunar magma ocean. 

Importantly, these hypotheses have assumed that volatile depletion and associated isotope 

fractionations are relevant to the whole Moon. However, our lunar sample collections are 

biased, as Apollo and Luna samples come from within or around the anomalous 

Procellarum KREEP Terrane region on the lunar nearside. Here we propose that these 

chemical and isotopic features could have resulted from a large-scale impact event on the 

nearside early in the Moon’s history. 
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Main Text 

 

Introduction 

 

Returned samples of basaltic rocks from the Moon provided evidence decades ago that 

the Moon is depleted in volatile elements compared to the Earth (1), lunar basalt 

abundances of moderately volatile elements (MVE) being ca. ~1/5 that of terrestrial 

basalt abundances for alkali elements and ca. 1/40 for other MVE such as Zn, Ag, In, and 

Cd (2). The theme of lunar volatiles thus seemed settled. Yet the unambiguous detection 

in 2008 of lunar indigenous hydrogen and other volatile elements such as F, Cl, and S in 

pyroclastic glasses (3) heralded a new era of research into lunar volatiles, overturning the 

decades-old paradigm of a bone dry Moon (e.g., 4-5) (here, we define volatile elements 

as those with 50% condensation temperatures below these of the major-rock-forming 

elements Fe, Mg, and Si; 6). This paradigm shift was accompanied by new measurements 

of volatile stable isotope compositions (e.g., H, C, N, Cl, K, Cr, Cu, Zn, Ga, Rb, Sn) in a 

wealth of bulk lunar samples (7-18), and in the mineral phases and melt inclusions they 

host (19-28). These studies have shown that the stable isotope compositions of most 

moderately volatile elements (e.g., K, Zn, Ga, Rb) are enriched in their heavier isotopes 

with respect to the bulk silicate Earth (9, 11, 13-15, 17). Such heavy isotope enrichment 

is associated with elemental depletion, which has been variously attributed to liquid-

vapour exchange and vapour loss from the protolunar disk (17-18), incomplete accretion 

of MVE during condensation of the Moon (13, 29-30), and degassing of these elements 

during lunar magma ocean crystallisation (9, 11, 14-15, 25, 31). Almost all these 

hypotheses have typically assumed that the MVE depletions and associated MVE isotope 

fractionations are relevant to the whole Moon. However, our lunar sample collections are 

biased, as all Apollo and Luna returned samples come from the lunar nearside, from 

within or around the anomalous Procellarum KREEP Terrane (PKT) region (e.g., 32). 

Barnes et al. (26) proposed that the heavy Cl isotope signature measured in KREEP-rich 

Apollo samples resulted from metal-chloride degassing from late-stage lunar magma 

ocean melts in response to a large crust-breaching impact event, spatially associated with 

the PKT region, and which facilitated exposure of these late-stage melts to the lunar 

surface. Here, we further investigate whether a localised impact event could have been 

responsible for the general MVE depletion and heavy MVE isotope enrichment measured 

in lunar samples. 

 

 

Volatility, evaporation temperature, and moderately volatile element depletion 

 

Volatility is usually quantified as the temperature at which 50% of an element condenses 

(50% Tc) from a gas phase of solar composition at 10
-4

 bar (6), in which the MVE are 

defined as having 50% Tc (K) < 1300 K. This classification has been widely used with the 

aim of constraining the geological processes by which volatile elements are fractionated 

amongst asteroidal and planetary bodies (33-34). However, these condensation 

temperatures are strictly only relevant to the evaluation of fractionation processes that 

took place from a gas phase in the solar nebula, and not to address questions related to 
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asteroidal and planetary body formation and differentiation (35). This is because the 

volatility of an element is partly dependent on the thermodynamic conditions under 

which volatile depletion occurs, notably the fugacity of oxygen (fO2) and other major 

gases, and the phases (solid, liquid) involved in the chemical reactions that take place 

(e.g., 35-37).  

 

Calculated 50% Tc depend on the Solar System abundances of the elements considered, 

and should thus be re-evaluated when Solar System abundance estimates change. 

Recently, Clay et al. (38) significantly revised down the halogen abundances in CI 

chondrites (e.g., ~115 μg.g
-1

 vs. 562 ± 204 μg.g
-1

 for Cl, for example), and new 

condensation temperature calculations that incorporated these updated Solar System 

abundance estimates (39) generally agree to within ± 5 % relative to those calculated by 

Lodders (6) for refractory elements and main components. The most significant change is 

for Cl, which was calculated to remain in the gas phase to lower temperatures such that 

its 50% TC calculated by Wood et al. (39) is some 500 K lower (472 K) compared to the 

estimate of 948 K of Lodders (6). 

 

Complementary to this, Sossi et al. (35) carried out evaporation experiments of MVE 

from silicate liquids at 1 atmosphere and oxygen fugacities ranging from the Fe-FeO 

buffer to air, i.e. at conditions more directly relevant to rocky planetary body accretion 

and early geological evolution. The 1% evaporation temperatures (1% Te) determined by 

Sossi et al. (35) for lithophile volatile elements are well correlated with the nebular 50% 

TC of Wood et al. (39), but shifted to higher temperatures because of the higher pressure 

and fO2 (Fig. 1). For lithophile elements not investigated experimentally by Sossi et al. 

(35), we used the relationship displayed in Figure 1 to estimate their 1% Te (see 

Supplementary Table 1). 

 

 

Revised volatility trends for the terrestrial and lunar silicate interiors 

 

These updated 50% TC (39) and the new evaporation scale, defined as 1% Te (35), 

prompted us to re-evaluate the MVE depletion pattern for the bulk lunar mantle (BLM). 

We used the 1% Te determined at log fO2 –5 (35) since these are close to the fayalite-

magnetite-quartz (FMQ) buffer at 1600-1800 K, conditions that may have prevailed 

during volatile degassing from a crystallising lunar magma ocean (16). The elemental 

abundances used for CI chondrites, the bulk silicate Earth (BSE), and the BLM are given 

in Supplementary Table 1. For the BLM, we used the compilation of Hauri et al. (4) for 

refractory elements, and recent estimates derived by Ni et al. (27) from melt inclusion 

analyses for the volatile elements Na, K, Li, Cu, Zn, Ga, Rb, and Cs. Where available, we 

selected melt inclusion-derived volatile abundances over those estimated from analyses 

of pyroclastic glasses and bulk mare basalts as these might have been affected by volatile 

degassing upon ascent and emplacement at the lunar surface (e.g., 40). Note that our 

calculated BLM Ga abundance differs from that of Ni et al. (27) who estimated 0.57 

μg.g
-1

 Ga based on the Ga/Lu ratio measured in a melt inclusion in pyroclastic glass 

sample 74220. However, Lu and Ga abundances in various 74220 glass fractions show 
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that Ga/Lu ratios correlate with Ga abundance (41), which precludes use of the Ga/Lu 

ratio to estimate the BLM Ga abundance. On the other hand, the Ga/Al ratios of green 

and orange pyroclastic glasses are broadly consistent around 7.6(±2.1)×10
-5

 for Ga 

abundances between 2.4 and 5.2 μg.g
-1

 (42), suggesting that using Ga/Al ratios yield a 

more robust estimate for the Ga abundance in the BLM. Using the Al and Ga 

concentrations of 4.3 wt.% and 5.8±0.6 μg.g
-1

, respectively, measured in 74220 melt 

inclusion (27) yields a Ga/Al ratio of 1.35×10
-4

, corresponding to a Ga abundance in the 

BLM of 3.2±0.3 μg.g
-1

. 

 

We have excluded S and the halogens (F, Cl, Br, I) for constructing the volatile depletion 

trends. As they dissolve as anions in melts, the dependence of their volatilities on fO2 and 

melt composition is poorly known and it is hard to justify that they would behave 

predictably in planetary systems based on their nebular TC. We have also excluded the 

‘ice-forming’ elements H, C, and N for constructing volatile depletion trends since 

estimating their bulk abundances in planetary bodies is not trivial. On the Moon for 

instance, abundances of H, C and N can be easily modified by numerous processes (e.g., 

diffusion, degassing, assimilation of solar wind-enriched soils, spallogenic reaction), and 

these elements are the most prone to terrestrial contamination (see ref. 5 and references 

therein). 

 

Abundances of lithophile volatile elements in the bulk silicate Earth (BSE) and the BLM 

correlate well with 1% Te determined at 1 atm and log fO2 –5. The BLM is depleted in 

volatile elements compared to CI chondrites and to the BSE (Fig. 2; see Supplementary 

Table 1 for element abundances and data sources), a fact that has been recognised soon 

after lunar samples were brought back by the Apollo missions (1-2). Abundances of B 

and Cu in the BLM are 3-4 times lower than in the BSE; for the alkali elements Na, K, 

Rb, and Cs, BLM abundances are ~5-8 times lower than in the BSE, while other MVE 

such as Li, Cr, and Ga are only negligibly- to slightly depleted in the BLM compared to 

the BSE (Fig. 2). On the other hand, the Zn abundance in the BLM is ~20 times lower 

than in the BSE (Fig. 2). 

 

As tempting as it is, extending these lithophile volatile element depletion trends to lower 

1% Te to estimate the H2O, C, and N abundances in the BLM and the BSE is not 

straightforward and could yield spurious abundance estimates. This is because the 

abundance of these atmophile elements in the terrestrial and lunar magma oceans (TMO 

and LMO) would have been largely controlled by their speciation in the liquid and 

vapour phases, and the composition of the overlying atmospheres in equilibrium with 

these magma oceans (43-44).  

 

 

Estimating T and fO2 conditions during MVE volatilisation 

 

Displaying the MVE depletion of the BLM with respect to elemental condensation and/or 

evaporation temperatures (Fig. 2) provides qualitative evidence for elemental depletion 

having been controlled by volatility, but is difficult to reconcile with physical processes 
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expected to have contributed to the formation and geological evolution of the Moon. 

Such a representation makes physical sense for small, cm-sized grains condensing from 

the solar nebula, for which volatile depletion is not subject to atmospheric escape, and 

occurs in direct response to monotonic cooling of the nebular gas and its nearly 

instantaneous segregation from condensed phases. However, such a scenario may not 

apply to the Moon, as its significant mass (1 % that of the Earth) requires gaseous 

molecules to travel at 2.38 km.s
-1

 (the present-day escape velocity, vesc of the Moon) in 

order to escape its gravitational pull, assuming it exists as an isolated body in space. As 

such, there is expected to have been a critical ‘shut-off’ temperature at which volatile 

depletion becomes negligible due to lack of thermal energy to drive atmospheric escape 

(e.g., 45-46). It has been proposed that the lunar MVE budget has been severely affected 

by degassing of LMO melts following a single giant impact event (e.g., 16, 26), during 

which volatile escape would have occurred over a small temperature range rather than 

over a longer protracted cooling and condensation interval. It is thus crucial to evaluate 

whether a single combination of T and fO2 can reproduce the BLM/BSE depletion pattern 

observed for MVE. 

 

Because the physical conditions for volatile escape from the proto-Moon are complex and 

depend on many factors including atmospheric structure and escape regime, we consider 

the relative depletion of the MVE with respect to Zn. We chose Zn because its abundance 

in lunar rocks is well constrained (e.g., 47), it remains lithophile under the conditions of 

core formation on the Moon (48-50), and it adheres to a simple and well-characterised 

vaporisation behaviour from silicate melts (35, 51). Moreover, because it exists as Zn
2+

 in 

silicate melts, its vaporisation stoichiometry differs from those of the alkalis (A
+
), such 

that precise constraints on fO2 are best evaluated by fixing Zn abundances, via exchange 

reactions of the type: 

 

𝑍𝑛𝑂(𝑙) +  𝐴0(𝑔) = 𝑍𝑛0(𝑔) + 𝐴𝑂0.5(𝑙) +
1

4
𝑂2     (1) 

 

The benefit of this approach is that physical factors affecting absolute elemental losses by 

evaporation cancel, such that the depletion of an element, E, with respect to Zn, may be 

written (see 35; their eq. 19): 

 

*

2*

ln( )
( )

. . .
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ln( )
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E

BSE

Zn E ZnE E

BLM

Zn Zn E

BSE

Zn

X

n MX K
fO

X K M

X




     (2) 

 

where X is the mole fraction, M is the molar mass of the evaporating species, n is the 

number of electrons exchanged in the vaporisation reaction (e.g., n = 2 for Zn
2+

O(l) = 

Zn
0
(g) + ½O2), and K

*
 is the modified equilibrium constant of vaporisation. This is 

related to the free energy change of the reaction, ΔG
*
, by: 
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* *.lnG RT K           (3) 

 

Taking 1 bar as the pressure at standard state, then ΔG
*
 = ΔH

*
 - TΔS

*
 (H = enthalpy, S = 

entropy), the values of which are tabulated in Table 5 of Sossi et al. (35). In addition to 

the presumption that the free energies of these vaporisation reactions, which are 

determined from evaporation of ferrobasaltic melts, are applicable to that of a lunar 

silicate liquid, it also implies low fugacities of Cl2 and S2, which could otherwise bond 

with metal-bearing gas species (52). In order to account for the uncertainties in the values 

of ΔH
*
 and ΔS

*
 determined by Sossi et al. (35), we perform Monte Carlo simulations in 

which the tabulated values of enthalpy and entropy of the vaporisation reactions of Mg, 

Ga, Li, Cu, Na, K, and Rb are associated with conservative ±2.5% relative standard 

deviation. Equation (2) is then solved simultaneously for each element, given a fixed 
BLM

Zn

BSE

Zn

X

X
 = 0.052 (Table 1) in order to satisfy the constraint of minimisation by non-linear 

least squares to the observed depletions of the remaining 7 elements, by varying 

temperature and fO2. This simulation was performed 1000 times to provide a statistically 

robust estimate for the best-fit temperatures and oxygen fugacities of evaporation that 

reproduce the lunar element depletion pattern. 

 

The Monte Carlo simulations yield an average T of MVE depletion of 1670±129 K (1SD) 

at an average fO2 of FMQ +2.3±2.1 (1SD) (Fig. 3a). Note that these conditions are likely 

to represent averages integrated over the cooling timescale for the proto-lunar disk or 

atmosphere, which may occur over a period of ~10
3
-10

4
 yr (e.g., 45). These estimates are 

remarkably consistent with the temperature of 1600-1800 K and fO2 near the FMQ buffer 

required to explain the differences in Cr abundance and stable isotopic composition 

between the BLM and the BSE (16).  

 

Such oxidising conditions may appear exceedingly high, as they are at least ~3-4 orders 

of magnitude higher than fO2 estimates of around 1 log unit below the iron-wüstite (IW) 

buffer deduced from mare basalt petrogenesis and from element partitioning behaviour in 

the lunar interior (e.g., 53). As an intensive property of the system (e.g., rock or magma), 

fO2 is uniquely defined by the activities of its constituent phases, pressure, and 

temperature. Thus, there is no prerequisite that the fO2 at the surface of a LMO or melt 

pool should reflect that of mare magmas. Should core formation have buffered the 

oxygen fugacity at the surface, values near ~IW-1 would have been expected (53). 

However, if evaporation took place from a magma ocean that was not fully molten, or 

had experienced partial crystallisation, Fe
3+

 abundance could have increased in the 

residual LMO melts through early olivine precipitation, causing fO2 to increase, all else 

being equal. This is consistent with results of a recent study that show that the Fe
3+

/ƩFe 

ratios in plagioclase in anorthosites, which are believed to represent solidification 

products of LMO melts after ca. 70-80% crystallisation (54), are higher than in 

plagioclase in any other lunar lithology (55). In addition, elevated fO2 during volatile 

degassing is consistent with experimental evaporation of Apollo 12 mare basalts in a 

Knudsen cell, from which the fO2 measured by mass spectrometry in the vapour was just 
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above the FMQ buffer at 1400-1500 K (56). Thermochemical equilibrium calculations 

also indicate that vapour in equilibrium with a bulk silicate Moon composition would 

have a fO2 ca. 3 log units above the IW buffer at 1800 K (57). 

 

The BLM/BSE depletion factors (noted f) calculated for this T-fO2 combination are 

consistent with sample-based estimates for Mg, Na, Cu, K, Rb, and Zn (Table 1 and Fig. 

3b). In detail, these calculated depletion factors show that Mg is never lost by 

evaporation, retaining > 99.95 % of its initial abundance in all simulations. Averages for 

the alkali metals and copper bracket their observed values, where fCu = 0.37±0.02, fK = 

0.19±0.02, fNa = 0.15±0.02, and fRb = 0.13±0.02. Although alkali metal depletions are 

unambiguous recorders of volatile loss due to their affinity for the silicate phase over 

metal during core formation, Cu, particularly for high S contents in the metal, can behave 

as a siderophile element (58). Nevertheless, the observed Cu depletion can be 

quantitatively reproduced through vapour loss alone. On the other hand, these 

calculations predict that Ga and Li are only lost to very minor extents by evaporation 

(fGa = 0.99−0.02
+0.01, fLi = 0.98−0.03

+0.02), with only 4 and 25 simulations resulting in fGa and fLi 

< 0.9, respectively. These values exceed sample-based estimates, which yield fGa of 

0.8±0.1 and fLi of 0.7±0.3. The Li estimate of 1.1 ppm for the BLM is associated with a 

large uncertainty of ±0.5 μg.g
-1

 (27), indicating that, within uncertainty, sample-based 

estimates for the BLM could be consistent with the BSE Li abundance of 1.6 ppm. The 

absence of Li loss from the BLM predicted by our modelling is consistent with previous 

suggestions that Li does not behave as a volatile element during the formation of the 

Moon (59-60). As suggested by O’Neill (59), we find that Ga is scarcely volatile under 

the conditions that best explain the depletion of the other MVE. This is a function of the 

strong dependence of the vapour pressure of its presumed predominant gas species above 

silicate melts, Ga
0
, on fO2, with an n = 3 reaction favouring evaporation under reducing 

conditions, whereas best fits occur at relatively high fO2 (~FMQ). Other potential species 

(Ga2O, GaO), which are not considered here, may also become important under oxidising 

conditions, promoting Ga loss. We emphasise that the lack of direct measurements of 

vapour pressures for these species above silicate melts limits our ability to accurately 

predict the extent of Ga vaporisation at present. Indeed, stable isotopic evidence (14) 

indicates some degree of evaporative loss of Ga from the Moon. On the other hand, 

simulations of core formation also suggest that the observed Ga depletion in the BLM can 

be satisfactorily explained by metal-silicate partitioning (e.g., 61). Therefore, better 

constraints on possible Ga partitioning and vaporisation reactions are thus required to 

distinguish between the relative influence of these two processes and their importance for 

the Ga budget of the bulk lunar mantle. It should be noted that the derivation of 

temperature and fO2 from lunar mantle abundances of MVEs is contingent upon 

knowledge of their speciation in an early lunar atmosphere. Should ‘dry’ conditions have 

prevailed, that is, without significant quantities of water, and other major volatile species 

that can bond with the MVEs, such as Cl and S, then they would have vaporised as 

monatomic gases, as suggested by thermodynamic calculations of lunar magmatic 

vapours (52). In this case, the foregoing exercise should provide accurate estimations of 

temperature and oxygen fugacity.  
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The stable isotope composition of moderately volatile elements in the BLM 

 

Incomplete loss or condensation of volatiles during planetary accretion is expected to be 

accompanied by mass-dependent isotopic fractionation. For refractory elements with 1% 

Te higher than Li, the BSE and the BLM have similar stable isotope compositions (Fig. 

4A and Supplementary Table 2). However, the BSE and BLM stable isotope 

compositions differ for MVE, the magnitude of difference being related to their 1% Te 

(Fig. 4A and Supplementary Table 2). The elements Li, Ga, K, Cu, Rb, B, and Zn define 

a rough trend of increasing isotopic fractionation with decreasing 1% Te (Fig. 4A). This 

suggests that the bulk of the isotopic difference between the BSE and the BLM for these 

moderately volatile elements might have been established in response to a single large 

scale process, either related to incomplete condensation of volatiles in material that 

accreted to form the Moon after the giant impact, or to loss of volatiles from the Moon-

forming disk (9, 17-18) or the LMO before a crust formed or through puncturing the early 

crust and exposing the LMO (e.g., 11, 13-15, 26, 31, 62). Models invoking incomplete 

condensation as the cause for K and Rb depletion in the BLM (29-30) are not consistent 

with the measured K and Rb isotopic difference between the BLM and the BSE, as (i) 

vapour/condensate equilibrium isotopic fractionation is too small at the temperatures 

involved (~3500 K), and (ii) kinetic isotopic fractionation would leave a BLM enriched 

in lighter K and Rb isotopes compared to the BSE, which is the opposite to what is 

observed (13, 15, 17, 63). 

 

When plotted against the BLM/BSE element abundance ratios, the isotope enrichment 

factors between the BLM and the BSE display two distinct trends defined by 1) the alkali 

metals Li, K, and Rb, and 2) Ga, Cu, B, and Zn, respectively, both passing through the 

composition of the main component- and refractory elements Si, Mg, and Ti (Fig. 4B). 

This key difference between alkalis and other elements could be related to their different 

speciation, as alkali metals are always monovalent (1
+
), whereas Zn is 2

+
 while Ga and B 

are both present in trivalent form in silicate melts (e.g., 64). Copper could be present as 

either 1+ or 2+, with the lower valence state predominating for geological conditions 

(65). The other possibility is that degassing alkali metals formed Cl-bearing gas species 

(e.g., KCl, RbCl), which would have depressed their gas/melt fractionation factors 

because these are heavier species in which the metal is more strongly bound with respect 

to the monatomic gas (e.g., K
0
, Rb

0
). Though Cu and Zn may also form chloride species, 

they are unstable above ~1000 K in lunar volcanic gases (52). Importantly, both of these 

characteristics result from the chemical equilibrium behaviour of these elements, arguing 

against mass transport as the predominant mechanism of isotopic fractionation (see also 

66). 

 

If the surface of the LMO is in equilibrium with an overlying vapour, as expected 

according to physical models of evaporation of rocky bodies (67), the isotopic 

fractionation factor must be equal to that at equilibrium between liquid and gas at the 

interface. From our simulations, we determine the temperature to reflect evaporation at 

~1700 K. Combining these thermal constraints with observed elemental depletions in the 
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BLM relative to the BSE allows the equilibrium isotopic fractionation factor to be 

calculated. From dynamical models of atmospheric escape, a steady-state escaping 

atmosphere is readily achieved within a timescale of days from evaporating Moon-sized 

bodies (45, 67). Therefore, because the budget of each element is finite, isotopic 

fractionation adheres to a Rayleigh distillation mechanism (provided the magma ocean 

mixing time is fast relative to the escape rate), in which the fractionation factor is given 

by equilibrium between liquid and gas, which is itself proportional to 1/T
2
. The required 

equilibrium fractionation factor may be calculated according to: 

 

103 ln 𝛽
𝑖/𝑗

0,𝑣𝑎𝑝 − 103 ln 𝛽
𝑖/𝑗

0,𝑙𝑖𝑞  =
𝑇2

103 ln (
Δ

𝑖/𝑗
𝐸𝐵𝐿𝑀−𝐵𝑆𝐸

103 ln 𝑓𝐸
+ 1)   (4) 

 

In which we define 𝛽0 = 𝛽
𝑇2

106, thereby allowing temperature to be solved independently 

from the beta factor. Here we use values of fE and 
/i j

BLM BSEE 
 given in Tables S1 and S2 

and set T = 1700 K. Since, for a monatomic gas, 103 ln 𝛽0,𝑣𝑎𝑝 = 0 by definition, eq. (4) 

simplifies to: 

  

103 ln 𝛽
𝑖/𝑗

0,𝑙𝑖𝑞 =  −
𝑇2

103 ln (
Δ

𝑖/𝑗
𝐸𝐵𝐿𝑀−𝐵𝑆𝐸

103 ln 𝑓𝐸
+ 1)      (5) 

Whose 103 ln 𝛽
𝑖/𝑗

0,𝑙𝑖𝑞 value can be directly compared to beta factor coefficients calculated 

ab-initio (e.g., the ‘b’ value of Table 2 of (68)). This exercise yields values of 103 ln 𝛽0,𝑙𝑖𝑞 

of 1.1 ‰ for 
66/64

Zn, 1.25 ‰ for 
65/63

Cu, 0.25 ‰ for 
87/85

Rb and 0.65 ‰ for 
41/39

K, which 

are equivalent to the beta factors determined in experimental or theoretical studies. These 

values are a factor of ~3 larger than for equilibrium isotope fractionation factors 

calculated between common minerals and monatomic gas for Zn, K and Rb (68-69). In 

each case, this discrepancy may be remedied by decreasing T from 1700 K to ~ 1200 K. 

However, LMO melt is no longer present at these lower temperatures. Nevertheless, the 

fractionation factors determined through ab-initio methods are restricted to mineral-gas 

reactions, rather than the melt-gas system expected to have led to the volatile loss on the 

Moon. Whether the minerals represent a good analogue for the bonding environment of 

these elements in the melt remains to be verified. Therefore, while it is thus difficult to 

exactly satisfy temperature constraints imposed by both the MVE elemental abundances 

and stable isotope compositions differences between the Earth and the Moon, the 

fractionation factors calculated are in much closer agreement with those determined for 

solid-gas equilibrium through ab-initio methods than for a Langmuir- or diffusion-limited 

vaporisation process (66). Moreover, this exercise illustrates the necessity to consider low 

temperatures in an equilibrium scenario to account for stable isotope fractionation during 

vaporisation. 

 

Finally, linear regression procedures with direct weighting for the isotope fractionation 

trend displayed in Figure 4B yield the relationships (δ
y
XBLM – δ

y
XBSE)norm = –13.4(±2.2) 
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× ln([XBLM]/[XBSE]) (95% confidence level) for the non-alkali metals and (δ
y
XBLM – 

δ
y
XBSE)norm = –3.8(±1.5) × ln([XBLM]/[XBSE]) (95% confidence level) for the alkalis Li, K, 

and Rb. These regressions can be used to predict the stable isotope difference between 

the BLM and the BSE for a given element X. For instance, the non-alkali metal 

relationship predicts that compared to the BSE, the BLM should be fractionated by +0.7 

± 0.1‰ for 
123

Sb/
121

Sb (using fSb = 0.0455), +2.4 ± 0.4‰ for 
114

Cd/
110

Cd (using fCd = 

0.0075), +0.6 ± 0.2‰ for 
115

In/
113

In (using fIn = 0.0909), and +0.8 ± 0.3‰ for 
82

Se/
78

Se 

(using fIn = 0.32). The latter is consistent with new Se isotope data that indicate that 

high-Ti mare basalts have δ
82/78

Se ca. 0.5-0.8‰ higher than terrestrial basalts (70).  

Using the relationship defined by the alkalis for Ag (as Ag is 1+ and typically form 

chloride species) predicts +0.2 ± 0.1‰ for 
109

Ag/
107

Ag (using fAg = 0.0375) in the BLM 

(using Se lunar mantle abundance from 4 and those from 71 for Sb, Cd, In, and Ag). 

 

 

Loss of moderately volatile elements during a giant impact on the Moon nearside? 

 

Depletions in Na, K, Cr, Cu, Rb, and Zn for sample-derived BLM estimates compared to 

abundances of these elements in the BSE are consistent with evaporative loss during a 

large scale event that took place at ca. 1670±129 K and an fO2 of FMQ +2.3±2.1. This set 

of conditions does not uniquely constrain whether MVE depletion and associated isotope 

fractionation occurred during the protolunar disk cooling stage, during cooling of the 

LMO before the formation of an insulating lid, or after the formation of a primary crust in 

response to crust-breaching large scale event(s). Importantly, samples collected during 

the Apollo missions are all located within the anomalous PKT region that occupies much 

of the lunar nearside (72). This whole area could have formed in response to a giant 

impact event towards the end of the LMO crystallisation that led to the formation of the 

putative Procellarum basin (e.g., 73). Interestingly, results of a recent modelling study 

suggest that temperatures at the impact site during formation of the Procellarum basin 

could have been around 2000 K (74). Moreover, the dynamical lock-up point at which the 

magma-crystal system transitions from a suspension to a crystal mush (at a porosity of 

0.4), is modelled to occur at ~1700 K in magma oceans (75-76). At this point, mass 

transport within the body is far more sluggish, limiting chemical and thermal transport to 

the surface. Because the planet continues to cool at a rate proportional to T
4
 (a black- or 

grey body), cooling predominates thereafter, effectively arresting vaporisation. These 

temperatures are similar to that at which we estimate MVE to have been partially lost 

from lunar samples. The MVE depletion in the BLM, and the associated isotope 

fractionation of MVE compared to their composition in the BSE, could thus be a direct 

consequence of the formation of the Procellarum basin early in the Moon’s history. In 

this scenario, the Procellarum-forming giant impact event would have exposed nearside 

LMO melts at the surface, allowing equilibration with any primitive atmosphere and 

MVE loss and isotopic fractionation, as proposed by Barnes et al. (26) to explain elevated 

Cl isotope ratios in KREEP-rich samples. We note that this scenario does not preclude 

that some volatile element depletions were inherited from the Moon-forming giant impact 

and protolunar disk cooling, but simply demonstrates that such a localised basin-forming 
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event is also permissible, unless the whole Moon can be shown to have suffered 

consistent volatile loss and associated isotope fractionation. 

 

Analysing samples from outside the Procellarum area on the lunar nearside should allow 

testing the scenario proposed here to explain the MVE depletion and associated isotopic 

fractionation observed in Apollo sample-derived estimates for the BLM composition. 

BLM estimates derived from non-Procellarum basaltic samples should indeed yield MVE 

abundances and isotope compositions consistent with those of the BSE. Unbrecciated 

basaltic lunar meteorites likely provide us with a random proxy sampling of the Moon’s 

interior. Unfortunately, there is only a dozen or so unbrecciated basaltic meteorite 

samples, taking into account pairings 

(http://meteorites.wustl.edu/lunar/moon_meteorites_list_alumina.htm), and MVE stable 

isotope data for only a handful of these. Additionally, precisely pinpointing the location 

from where lunar meteorites were ejected from the Moon is not straightforward, 

especially for unbrecciated basalts since they may have originated from greater depths 

than those probed by remote sensing instruments (77). Day et al. (47) recently analysed 

the Zn abundance and isotope composition of four basaltic meteorites (LaPaz Icefield 

02205, Northwest Africa [NWA] 479, NWA 4734, and NWA 8632) and obtained Zn 

isotope compositions consistent with Apollo mare basalt data. However, these basaltic 

meteorites contain ca. 1.3-2 μg.g
-1

 Th and likely originated from the PKT area (77). 

LaPaz Icefield (LAP) 02224 and Miller Range (MIL) 05035 have K isotope compositions 

consistent with those of Apollo mare basalts (63). If LAP 02224 likely originated from 

within the PKT area (77), the YAMM meteorite group (which includes MIL 05035, 

together with Yamato-793169, Asuka-881757, and Meteorite Hills 01210) may have 

been launched from Mare Crisium, Mare Fecunditatis, or Mare Humorum, all on the limb 

of the PKT area (77-78). Interestingly, their mantle source region might be characterised 

by much higher Pb/U ratios compared to Apollo mare basalts, comparable to the BSE 

Pb/U ratio (79-80). Apatite in MIL 05035 also records lower Cl isotope ratios than apatite 

in the majority of Apollo mare basalts (25, 81), with δ
37

Cl values between ca. -4±2 and 

+7.5±1.4‰ and overlapping δ
37

Cl values typical of terrestrial basalts (82). Some of the 

characteristics of the YAMM meteorites, such as Pb/U or Cl isotope ratios, thus appear 

more consistent with terrestrial characteristics, while other, such as the K isotope 

composition of MIL 05035, is akin the K isotope composition of Apollo mare basalts. 

The scarce existing MVE dataset on unbrecciated basaltic meteorites, together with the 

difficulty in pinpointing where on the Moon these samples came from, do not really help 

evaluating our proposed hypothesis further. To do so, further MVE abundance and 

isotope analyses are thus needed from basaltic samples from well outside the PKT area 

on the lunar nearside. In this respect, targeting basaltic lava flows in areas of the Moon 

away from the Procellarum basin should be a high priority for future lunar sample return 

missions. 
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Figure and Table Captions 

 

 

Figure 1. Comparison of calculated condensation and evaporation temperatures. 1% 

evaporation temperatures (Te) determined at 1 bar and logfO2 –5 by Sossi et al. (35) vs. 

50% TC determined by Wood et al. (39) for lithophile elements (meas. corresponds to 

elements directly determined by Sossi et al., 35; calc. corresponds to 1% Te calculated 

from the relationship defined by those volatiles with measured 1% Te and 50% TC). 

 

Figure 2. CI chondrite and Mg-normalised BSE and BLM element abundances versus 

1% evaporation temperatures. Element abundances and 1% evaporation temperatures are 

given in Supplementary Table 1. 

 

Figure 3. Calculated physical conditions of MVE depletions in the BLM, and MVE 

depletion factors f. A) The minimisation surface contoured by the misfit to the objective 

function for elemental depletion factors f calculated by the model and those observed in 

the Earth and Moon. Lower values (blues) represent better fits to the observed depletion 

factors, with a minimum occurring at the black point at T = 1670 K and fO2 = FMQ+2.3. 

The dashed line shows the position of the FMQ buffer. B) Monte-Carlo simulations with 

variable T and fO2 plotted as frequency distributions of depletion factors f for 1,000 

simulations calculated according to eq. (1) (see Table 1). See text for discussion.  

 

Figure 4. Difference of stable isotope composition between the BLM and the BSE 

versus A) 1% evaporation temperature at fO2 ~ FMQ at 1600-1800 K and B) the 

BLM/BSE element abundance ratios. The stable isotope composition differences are 

normalised to the mass difference between the two stable isotopes used. For example, 

Δ
11

B = abs{(δ
11

BBLM – δ
 11

BBSE)/[(11 –10)/10]}. The BLM and BSE stable isotope 

compositions, 1% evaporation temperatures, and BLM/BSE abundance ratios used are 

given in Supplementary Table 2. 

 

Table 1: The depletion factors (f) of selected moderately volatile elements and Mg in 

the bulk lunar mantle relative to the bulk silicate Earth. ‘Measured’ denotes those 

inferred from sample-based analyses (Table S1) and ‘Modelled’ shows the average 

depletion factors obtained from 1000 Monte Carlo simulations. 

 

 

 

 











Table 1: The depletion factors (f) of selected moderately volatile elements and Mg in the 

bulk lunar mantle relative to the bulk silicate Earth. ‘Measured’ denotes those inferred 

from sample-based analyses (Table S1) and ‘Modelled’ shows the average depletion factors 

obtained from 1000 Monte Carlo simulations. 

 

Element Mg Ga Li Na Cu K Rb Zn
*
 

Measured 1.00† 0.8±0.1 0.7±0.3 0.15 0.37 0.19 0.13 0.052 

Modelled 
0.00

0.001.00

  
0.01

0.020.99

  
0.02

0.030.98

  
0.02

0.020.15

  
0.02

0.020.37

  
0.02

0.020.19

  
0.02

0.020.13

  0.052 
*
Fixed at the observed value (see eq. 1). 

†
Used as normalising element for sample-based abundances. 
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