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ARTICLE INFO ABSTRACT

Keywords: The Moon is thought to have formed from material ejected by a giant impact that took place at the end of Earth's

Moon accretion. The material ejected to space generated a large hot structure where material beyond the Roche limit

Giant impact accreted to form the Moon. It has long been known that the Moon is characterized by abundances in moderately

Condensanm} volatile elements (MVE) lower than that of the Earth, while more recent studies have established that the

Protolunar disk . . o i . L.

Volatile trace elements concentrations in refractory elements are similar to the bulk Silicate Earth. The thermodynamic conditions that
prevailed after this impact are poorly known and understanding the origin of the Moon-Earth differences in MVE
requires a knowledge of the volatility of elements under these conditions. In this study, we reexamine the
volatility of a large set of geochemically relevant elements and attempt to determine the P-T conditions under
which volatiles were putatively separated from the liquid material. Our model predicts very different conden-
sation temperatures due to higher pressures, compared with the conditions of the Solar Nebula and we extend the
values of these temperatures to a wide number of trace elements (Se, Ag, Pt, Mo, W, Zn, Sn, Sb, Rb, Cs, U, Th, Cr,
Ni, Co, Ga, Ge, Cu, and P). Our modeling shows that the observed lunar compositions cannot be explained by a
single set of P and T conditions. Rather, it is best explained by a mixture between high-temperature condensates
(~4000 K) and low temperature condensates (2000-2500 K). An important constraint is that for the low tem-
perature condensates, liquid metal must have been stable and this is crucial for matching the abundance of

volatile siderophile elements in the bulk Moon.

1. Introduction

Lunar exploration programs have revealed that the composition of
the Moon is depleted in moderately volatile elements compared with
that of the Earth. Notably, the K/Th ratio of the bulk silicate Moon is
lower than the estimated value for the bulk silicate Earth (e.g., Hauri
et al., 2015; O'Neill, 1991; Prettyman et al., 2006; Taylor and Wieczorek,
2014). This critical observation has been one of the arguments in favor
of the formation of the Moon by a giant impact. Following the impact,
the ejected material forms a disk of debris that later reaccretes to form
the Moon. The physical state of the disk depends on the size of the
impactor and on the nature of the collision. It has been shown by
Nakajima and Stevenson (2014) that the initial mass fraction of vapor in
the disk could be very variable. For canonical impacts (e.g., Canup,
2004) involving a Moon to Mars-size object colliding obliquely with the
Earth (Canup, 2008), the mass fraction of vapor is rather low. For these
impacts, the impactor represents 60 to 80% of ejected material, a
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conclusion that seems at odds with observations that Cr, Ti and O iso-
topes are almost identical in the Moon and the Earth (Mougel et al.,
2018; Young et al., 2016; Zhang et al., 2012). More recent models have
shown that with non-canonical impacts involving for example a fast-
spinning Earth (Cuk and Stewart, 2012) or a much larger impactor
size (Canup, 2012), the mass fraction of vapor can be much higher and
the ejected material has more or less the composition of the bulk silicate
Earth, in better agreement with observations. A particularity of these
types of impacts is that the angular momentum (AM) of the Earth-Moon
system has to be higher than that of the present-day. This requires a
mechanism to lower the initial high AM and several processes have been
suggested (Cuk et al., 2016; Cuk and Stewart, 2012; Tian et al., 2017;
Wisdom and Tian, 2015; Cuk et al., 2016; Rufu and Canup, 2020). It was
then shown by Lock et al. (2018) and Lock and Stewart (2017) that these
high AM and high energy impacts could generate specific structures
called synestia that include both a corotating region and a disk-like re-
gion above the corotation limit (defined as bodies with a constant
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Table 1
BSE starting composition.
Element Y%owt. Element ppm Element ppb
) 44 Na 2670 Ga 4000
Mg 22.8 Cr 2625 Ge 1100
Si 21 Ni 1960 Rb 600
Fe 6.26 Ti 1205 Sn 130
Ca 2.53 Mn 1045 Th 79.5
Al 2.35 S 250 Se 75
K 240 Mo 50
H 0-1000 w 29
C 120 Cs 21
Co 105 U 20.3
P 90 Ag 8
Zn 55 Pt 7.1
Cu 30 Sb 5.5
Table 2
Activity coefficients for the trace elements in silicate melts.
Component Activity coefficient, y Temperature Reference
AgO, 5 0.066 1973 (Norris, 2016)
MoO, 0.003 1973 (Norris, 2016)
SbO; 5 1.9 1973 (Norris, 2016)
WO3 0.064 1973 (Norris, 2016)
K20 484 x10°8 1673 (Sossi et al., 2019)
Rb,O 1.69 x 1078 1673 (Sossi et al., 2019)
Cs20 6.0 x 10°° 1673 N/A
Table 3
Activity coefficients for some trace elements in liquid metal.
Element  Activity coefficient, =~ Temperature Reference
Y X
Ag 200 1873 Steelmaking source book
(1988)
Ga 1 1873 Steelmaking source book
(1988)
Ge 0.0354 1873 (Wood et al., 2019)
Pt 0.022 1873 (Wood et al., 2019)
Se 0.01 1873 (Schuster et al., 1979)
Sb 1.36 1873 (Tsukihashi et al., 1994)
w 1 1873 Steelmaking source book

(1988)

angular velocity).

The thermodynamic conditions in the post-impact structures set the
initial stage for the chemical evolution of protolunar disk or synestia.
However, there are several scenarios based on these various structures
for explaining volatile element loss during this evolution. In the models
based on the canonical impacts, the possibility of hydrodynamic escape
of volatiles was discussed (Machida and Abe, 2004), but it was shown
later that this mechanism could not lose elements heavier than hydrogen
(Nakajima and Stevenson, 2018). Another possibility was that the loss of
volatile elements was due to incomplete condensation of the vapor to the
Moon followed by the fall back of residual vapor to Earth, leading to
volatile depletion in the accreted moonlets (Canup et al., 2015; Charnoz
and Michaut, 2015; Lock et al., 2018). However, the three considered
scenarios were not identical in details as the process behind vapor-melt
decoupling differed. Canup et al. (2015) argued that the melt
condensing within the inner disk would be volatile-poor and this melt
would feed the outer disk, and become incorporated into the accreting
Moon, while part of the accreted material in the outer disk did not
involve such a decoupling. With this scenario, the overall degree of
volatile depletion would depend on the mixing proportions of inner disk
and outer disk melts within the accreted Moon. Charnoz and Michaut
(2015) showed that the decoupling between vapor and melt could take
place, provided there was an effective viscosity of the vapor phase. This
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viscosity is likely to be high enough, only if there is enough ionization in
the disk (Gammie et al., 2016), but this parameter is in fact poorly
constrained. Lock et al. (2018) have modeled the effect of heating and
rotation in the large structure surrounding the Earth and concluded that
melt could also decouple from vapor as the vapor is being drained to-
wards the Earth, while moonlets can stay on keplerian orbits. Last,
Charnoz et al. (2021) modeled the effect of the tidal pull of the Earth on
the atmosphere above the lunar magma ocean and argued that the
predicted flux could account for the volatile element depletion in the
Moon. It remains unclear whether such a model can explain the isotope
differences between the Earth and the Moon (see Tang and Young,
2020).

An explicit model for Moon formation should have a strong ther-
modynamic basis. Previous studies (Canup et al., 2015; Lock et al.,
2018) have calculated the condensation temperatures for a limited
number of elements using the pressure and temperature conditions that
were derived from a physical model. These calculations revealed clearly
that the condensation temperatures determined for the Solar Nebula are
not identical to those that controlled lunar formation for several reasons:
(1) the Hy dominated vapor phase is no longer present; (2) the bulk
composition in major elements is different from that of the Sun with a
notably lower amount of iron metal; (3) the redox conditions that con-
trol element volatility are more oxidizing due to the low abundance of
Hy and C which are both depleted in the bulk silicate Earth. It was
determined by Albarede et al. (2015) that a proxy for condensation
temperature was the bond energy and these authors showed that the
depletion in volatile elements in the Moon relative to the Earth followed
a trend when elemental abundances were plotted as a function of their
bond energies. More recently, Lock et al. (2018) recalculated the
condensation temperatures using a BSE composition including Mn, Cu,
K, Na, Zn and Ge and showed that the lunar abundances could be
reproduced for melt-vapor equilibrium temperature above 3465 K cor-
responding to pressures above 10 bars approximately but this study also
showed that a wider range P-T conditions could also match the obser-
vations (see the electronic supplement of Lock et al. (2018) for
example). Our study was an attempt to revisit these questions using
more elements to explore whether one could provide tighter constraints
on the P-T conditions of vapor-melt separation.

The observations of isotopic differences between Moon and Earth in
volatile elements have further complexified this picture, as the enrich-
ment in heavy isotopes in the Moon for several volatile elements (Zn, Rb,
Ga and K) has been interpreted both by condensation during evolution of
the proto-lunar disk (Wang and Jacobsen, 2016) or by partial evapora-
tion during a magma ocean stage (Kato et al., 2015; Kato and Moynier,
2017; Paniello et al., 2012; Pringle and Moynier, 2017). A third expla-
nation proposed by Nie and Dauphas (2019) was that the enrichment in
heavy isotopes in the Moon could be explained by evaporation under
conditions of near equilibrium with vapor being drained towards the
Earth due to the viscous properties of the disk as described in several
studies (Carballido et al., 2016; Charnoz and Michaut, 2015; Gammie
et al., 2016).

In contrast, Sn and Cr isotopes (Sossi et al., 2018; Wang et al., 2019)
have revealed an enrichment in light isotopes in the condensed phase (i.
e. the Moon), which questions an origin due to kinetic effects during
evaporation in a magma ocean context (Day and Moynier, 2014; Dha-
liwal et al., 2018). This latter interpretation was further questioned by
Tang and Young (2020) who argued that no isotope fractionation should
be observed during magma ocean volatile loss. Understanding better
these observations clearly requires more constraints on the vapor-liquid
thermodynamic equilibrium, as well as the speciation of trace elements
in these conditions.

Our goal in this study is to revisit the liquid-vapor equilibrium during
the Moon-forming event to examine whether the volatile element
depletion could indeed be explained by volatilization during the proto-
lunar disk stage and to gain more constraints on the P-T conditions of
melt-vapor separation. Another goal was to explore more extensively the
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Fig. 1. Composition of the saturated vapor over BSE melt as a function of temperature for a pressure of 1 mbar (a) non-metal species (b) metal containing species.

thermodynamic conditions that would lead to the observed volatile
element depletion in the Moon relative to the Earth, in particular, by
exploring a wider range of P-T conditions and more trace elements than
those used in previous studies (Canup et al., 2015; Lock et al., 2018) for
comparing the Moon and Earth compositions.

2. Methodology
2.1. Choice of starting composition

In order to model the chemical equilibrium between the vapor and
melt during the formation of the Moon, one needs to make assumptions
about the initial bulk composition of the system. A logical choice made
by previous authors (Canup et al., 2015; Lock et al., 2018; Visscher and
Fegley, 2013) is to consider the bulk silicate Earth (BSE) as the material
that got vaporized during the Moon-forming impact. In this study, we
have chosen the BSE composition given by McDonough and Sun (1995).

All the elemental abundances were expressed as moles and the abun-
dance of oxygen was calculated to obtain the corresponding oxides (e.g.
Al,03, SiO4, Fe0), such that there is no excess Fe or Ni metal in the BSE
composition. A critical element is hydrogen since the water content of
the Moon is a matter of debate (Albarede et al., 2015; Hauri et al., 2015;
O'Neill, 1991; Pahlevan et al., 2016). Thus, one of our objectives was
also to examine whether water could have an influence on the volatility
of some elements, which can form hydroxides in the vapor phase. The
corresponding H contents in the bulk material ranged between 0 and
1000 ppm, with the default value at 200 ppm.

2.2. Thermodynamic modeling of volatile elements

Our approach was then to determine chemical equilibrium by spec-
ifying the bulk chemical composition, the pressure and the temperature
of equilibrium using the FactSage software (Bale et al., 2016) with the
FactPS, FToxid, FTsalt and FSstel thermodynamic data bases. These data
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Fig.2. (a) Pressure-temperature phase diagram for the BSE composition. Purple solid lines were determined in this study and indicate the boundaries between vapor
and vapor+melt and vapor+melt and vapor+melt+solid phases. Blue lines correspond to the phase boundaries taken from Lock et al. (2018). Green line shows the
appearance Fe metal in a solid state. The grey line corresponds to the P-T of the BSE disk given in Visscher and Fegley (2013). The yellow line shows the appearance
of the liquid metal phase. (b) Pressure-temperature phase diagram for the BSE composition calculated in this study together with lines indicating the vapor fraction.
Vapor fractions are indicated next to each curve. (c) Bulk condensation curves as a function of pressure. The curves are labeled with pressures given in bars. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

bases include a large number of gaseous compounds, solids with
numerous solutions relevant to planetary science as well as solution
models for molten iron metal, molten oxide mixtures and sulfides (See
Table S1 for details). The following elements whose abundance is given
in Table 1 were used for the calculations.

For the molten oxides, the FToxid-[SLAGA] mixtures were used as
this includes the largest number of elements, while for the metals the FT-
Stel-Liquid data base was included. The chemical equilibrium was
calculated for various values of the pressure ranging between 100 and
1072 bars and at each pressure, chemical equilibrium was calculated
with 50 K temperature steps to obtain the condensation curves and with
10 K intervals for the phase diagram. At each T and P conditions, the
number of moles and mole fractions of each constituent in the identified
stable phases were calculated. By summing the number of moles of each
species both in the gas and condensed phases, it is possible to calculate
the fraction of condensed material as a function of temperature and
pressure.

2.3. Activities of moderately volatile elements in silicate melts and liquid
metal

For a limited number of trace elements, the activity coefficients are
not available in the FToxid and FTstel data base (specifically in FToxid-
SLAGA). By default, the activity coefficients of these elements would be
assumed to be equal to 1, which means that their volatility would not be
properly estimated if there are large deviations of the activity co-
efficients from 1. However, there has been experimental data recently
produced (Norris, 2016) for some of these elements at a constant tem-
perature (1973 K) for a range of silicate melt compositions. These ac-
tivity coefficients were even parameterized as a function of molar
abundance of major oxides (e.g. CaO, FeO etc.). For our model we have
used the values of these activity coefficients determined for BSE
composition and assumed them to follow the relationship:

A

In(y;) = RT

Similarly, we have added the activity coefficients determined by
Sossi et al. (2019) for K and Rb, using the same formalism. These activity
coefficients are similarly low to those reported by Mathieu et al. (2008)
and Abdelouhab et al. (2008). For the case of Cs, whose activity coef-
ficient was not measured by Sossi et al. (2019), we extrapolated it based
on the values measured for Na, K and Rb and showed that these values
form a linear trend as a function of the ionic radius (Supplementary
Information) and with this approach an activity coefficient for Cs (close
to that of Rb) could be estimated (Table 2 and see Fig. S1). Overall, the
uncertainties in the values of activity coefficients for alkalis warrant
dedicated studies in the future. These parameters were introduced into
FactSage and this ‘solution’ model was then merged with the Slag A
model for molten oxide mixtures. Similarly, the activity coefficients of
some siderophile elements in molten iron not included in the FT-Stel
data base were added as a second solution merged with the liquid iron
model (Table 3). This permitted us to refine the calculation of volatility
for these elements and to include the most up to date data for silicate
melt and liquid metal. It should also be easy to update our modeling as
soon as more extensive activity data is produced for these elements.

3. Results
3.1. Major elements and gas phase speciation

The compositions of gas and condensed phases were calculated at
each fixed pressure for temperatures ranging between 500 and 3500 K
(and up to 4500 K when relevant, see Table S2). The mole fractions of
the main metal-containing and non-metallic saturated vapor species
calculated at pressure of 1 mbar are depicted in Fig. 1a and Fig. 1b,
respectively. The fractions of gas phase products and their temperature
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Fig.2. (continued).

dependences are similar with those calculated earlier with the MAGMA
code (Visscher and Fegley, 2013) for the BSE composition, a notable
difference is that our calculations include some water. In the range of
temperature reported by Visscher and Fegley (2013) we obtain the same
pattern for the most abundance elements in the vapor phase. A more
direct comparison with Visscher and Fegley (2013) can be made by
considering Fig. S5 where the same input composition for the BSE
composition and P-T conditions were used as in Fig. 2a of Visscher and
Fegley (2013). The output calculations are similar for Mg, MgO, SiO,
SiO5 but give lower O and Oy at low temperature, higher K and Ca
species and Al species lower than 1075 (mole fraction in the vapor).
These results validate our thermodynamic calculations and additional
comparison with calculations at higher temperatures by Xiao and Stix-
rude (2018) are given in the Electronic Supplement (see Fig. S2). As
shown in Fig. 1, most metals are stable as the atomic species (e.g. Na,
Mg, Fe, K, Ni and Ca) while three of them are more abundant as an oxide
species in the vapor (SiO, AlO and CrO;). Some of the metals are present
in both atomic and oxide forms in comparable ratios (Mg/MgO, Fe/

FeO). At high temperatures, Oy is one of the most abundant species
among the elements in the vapor phase, while Hy becomes the most
abundant at temperatures below 2150 K and its fraction is higher than
for Hy0 and CO by an order of magnitude. The large O, partial pressure
in the vapor phase only prevails at temperatures above 2300 K. Sulfur is
present in the vapor phase mainly as SO and SO, while it gets dissolved
both in the liquid metal and the silicate melt with decreasing tempera-
ture. At a pressure of 1 bar, it forms a solid sulfide only below 1100 K. In
contrast, H and C remain mostly in the vapor and get dissolved in the
metal as the temperature cools down, as the Factsage™ database used
here did not include a solution of C and H for silicate melts.

3.2. Phase diagram vapor-melt-solid

The equilibrium composition for the BSE system was calculated for
pressures ranging between 10~* and 100 bar, while the temperature
range was 500-4000 K. A pressure-temperature phase diagram calcu-
lated in this study is shown in Fig. 2 and is overall in agreement with the
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Fig. 3. Condensation curves for BSE composition at different pressures. (a) 0.001 bar (b) 0.01 bar. (c) 0.1 bar (d) 1 bar. (e) 10 bar.

phase diagram obtained by Lock et al. (2018). The line corresponding to
the first appearance of liquid metal is also plotted for reference. Iron
forms a solid phase at 1340 K (except at pressures higher than 1 bar).
Nickel can form NiX solid alloys (X = Ge, S, P, Sn, Se, Sb) at temperatures
ranging between 950 K (10’4 bar) to 1520 K (102 bar).

3.3. Condensation curves for siderophile and lithophile elements

The condensation curves were calculated for pressures ranging be-
tween 103-10 bar and for temperatures ranging between 500 and 3500
K (Table S3 containing also the vapor fraction for certain P-T values).
For each pressure value, the mass fractions of elements in the gas phase
were calculated and then plotted as a function of temperature with 50 K
steps. The condensation curves for the most abundant elements in the
BSE composition are shown in Fig. 3. With the selected elements, the
first elements to condense are Ca, Al and Ti oxides followed by Mg, Si,
Mn and Cr. At slightly lower temperatures, Ni, Co and Fe condense as

liquid metal. For example, at 102 bar, liquid Fe—Ni alloy first con-
denses around 2000 K with 51% wt Ni and 47% Fe. The metal
condensation curve is thus offset to slightly higher temperatures than
that of Lock et al. (2018) who reported a metal condensation curve
around 1900 K. For comparison at 10 bars, the first condensation of
metal is around 3050 K with a 52%wt Ni and 40%wt Fe mixture. Thus,
the prediction of our calculation is that the first metal forming from the
BSE vapor should be Ni-rich. If we then assume that the Moon forms only
from the higher temperature condensates, this is consistent with the
enrichment in Ni predicted in the lunar core based on siderophile ele-
ments in the lunar mantle (O'Neill, 1991). This feature would be unlikely
to be observed for a lunar core derived from the core of the impactor
because it should have a Ni content more similar to that of other plan-
etary materials such as chondrites and this scenario would also be
inconsistent with the low Mo content of the lunar mantle (O'Neill, 1991).
For example, adding 1% of impactor's core to the Bulk Moon would
boost the bulk silicate Moon to a Mo concentration of 17 ppb, well above
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Table 4
50% condensation temperatures at 1 bar.

Element Condensation temperature in K (50%)
Pt 2725
w 3337
Cs 3267
Sb 2201
Sn 2680
Ag 1586
Mo 3385
Rb 2235
Se 2314
Ge 2196
Ga 2644
Zn 1652
Cu 3219
Ni 3228
Co 3306
Fe 3362
Mn 3389
Cr 3346
Ti 3610
Ca 3578
K 3266
S 2983
P 2674
Si 3366
Al 3621
Mg 3438
Na 3278
o 3409

the observed concentration of 2.2 ppb (Hauri et al., 2015).

The condensation temperatures for all the elements at a pressure of 1
bar are reported in Table 4 (see also Table S3 for condensation tem-
peratures at a wider range of pressures). These temperatures are much
higher than those reported by Lodders (2003) and Wood et al. (2019) as
expected, due to the effect of pressure. Temperatures of condensation
are also plotted in Fig. 4 for the volatile trace elements. For the sake of
comparison, we also calculated the condensation curves for the same
elements with the assumption that these elements have activity
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coefficients equal to 1 (ideal solutions) and the condensation curves are
shown in Fig. S3. There are some significant offsets in the condensation
temperatures especially for Mo, W, Se and Ge.

The condensation curves are overall in agreement with those ob-
tained by Lock et al. (2018). For a number of elements, there are some
steps in the condensation curves (e.g., Ni and Co). This phenomenon can
be explained by the variations in the liquid silicate and metal compo-
sition. Transition metals such as Cu, Ni, Co, Fe, and Mn are partitioned
between sulfides, oxides and metallic alloys, and as temperature de-
creases, their activity coefficients in these phase change, thereby causing
non-monotonous behaviors during their condensation. In the case of Ni
and Co one can observe that the step in the condensation between 2550
and 2200 K is coupled to a greater dissolution of S in the silicate melt
which may indirectly affect the activity coefficient of these elements in
the melt (Fig. 1a). Another explanation is that this step corresponds to a
greater amount of K in the melt that is known to modify the melt
structure. Fully understanding these features would require a deeper
understanding of the variation of Ni and Co activities in the silicate melt
(note that these features can also be observed at higher pressures).

There is a systematic correlation between the condensation tem-
perature of an element and pressure. For pure substances, the conden-
sation temperature is determined by the Clausius-Clapeyron equation
which is a function of pressure, vaporization enthalpy and of the dif-
ference between the molar volumes of liquid and vapor. As shown in
Fig. 5, when one plots the 50% condensation temperatures as a function
of pressure, the slopes show smooth variations with an increase in slope
at higher temperatures for most elements, except for K, Na, Cu and Ni.
The behavior of these curves can be described by a generalized Clau-
sius-Clapeyron equation for a multicomponent solution (Tao, 1969). If
the gas phase behaves ideally (which should be the case at low pres-
sures), this suggests that the latent heat of these elements in the mixtures
is also rather constant for the elements shown in Fig. 5.

3.4. Speciation of trace elements in the volatile phase

For each trace element, the speciation in the volatile phase was also
examined. While the speciation of major elements is already known
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from previous studies (Canup et al., 2015; Lock et al., 2018; O'Neill,
1991; Visscher and Fegley, 2013), information on trace elements is
sparser. However, the speciation is very relevant as it is of importance
for constraining the isotope fractionation of these elements during the
Moon formation (e.g., Wang et al., 2019). This may play a role in the
magnitude of kinetic isotope fractionation that scales as /m where m is
the mass of the evaporating species. Similarly, equilibrium isotope
fractionation between vapor and melt obviously depends on the nature
of the vapor species (e.g., Sossi et al., 2018; Wang et al., 2019). Wang
etal. (2019) reported a significant depletion in Sn isotopes in lunar rocks
relative to terrestrial rock. As SnO is the stable volatile species while the
most abundant form in the melt is Sn, this observation was used to argue
that the observed §'24Sn in the Moon resulted from equilibrium isotope
fractionation during repeated events of volatile loss. In the case of Cr
isotopes, it was shown by Sossi et al. (2018) that the stable vapor species
is CrO, (Cr is then in the IV oxidation state) while CryO3 is the main
species in the silicate melt in equilibrium with a gas phase. Thus, the
oxidation state of Cr in the vapor being higher, the vapor should be
enriched in heavy Cr isotopes relative to the condensed phase. Sossi
et al. (2018) argued that the bulk Silicate Moon is enriched in light Cr
isotopes compared with the bulk Silicate Earth and this could reflect the
loss of volatile CrO2 during Moon formation.

Our calculations show that for many of the trace elements of interest,
the atomic vapor is not always the most abundant species (Table S3 and
Fig. 6). This is the case for some alkali and transition metals that form
oxides or hydroxide molecules that are more abundant than the atomic
species (e.g. Sn, Cr, Mo, and W). This is illustrated in Fig. 6 showing the
volatile species distribution as a function of temperature at a constant
pressure of 10 bar. The mole fraction of the volatile species is a function
of temperature and, in some cases, the nature of these species changes
with decreasing temperature. Depending on the temperature of vapor-
liquid decoupling (that ultimately results in the loss of volatile ele-
ments), the pattern of isotope fractionation for these elements may be
different. In the case of Cr, it is found that in the presence of H, the most

stable species is not CrO; as argued by Sossi et al. (2018) but CrOOH.
Thus, it is possible that the isotope fractionation will be different from
what was predicted by Sossi et al. (2018). Similarly, we show that the
most stable species for Sn is SnO as reported in Wang et al. (2019) for
temperatures between 2000 and 2500 K. However, at lower tempera-
tures, SnS becomes the most abundant species, assuming the amount of S
present is equal to that of the BSE. For Mo, there is an interesting pattern
as the most abundant species at high temperature is MoO5 and then MoO
for temperatures below 3000 K followed by MoOy(OH); at temperatures
below 2200 K. The elements that have a variable vapor speciation in the
conditions of the Moon formation are Cr, Mo, U, Sn, Ge, Cu, Cs, Se, Ti
and K, as illustrated in Fig. 6. For all these elements, the pattern of
isotope fractionation associated with volatility could be more complex
than expected and would deserve closer scrutiny. These calculations
illustrate that if isotope fractionation is associated with these changes in
speciation, then isotope tracers could be a powerful tool to decipher the
P-T conditions of Moon formation.

3.5. Prediction of elemental abundances in the moon

Our thermodynamic calculations can be used to predict the abun-
dances of elements in the Moon by assuming a given value of the pres-
sure while the temperature of the protolunar disk cools down. This
approach is obviously simplified because the condensation of elements
could have taken place over a range of pressures depending on the exact
process of vapor-melt separation (Canup et al., 2015; Charnoz and
Michaut, 2015; Lock et al., 2018; Machida and Abe, 2004; Nie and
Dauphas, 2019). It also depends on the structure and dynamics of the
circumplanetary disk that forms after a giant impact. The calculated
abundances are then compared with a best estimate for the bulk
chemical composition of the Moon. This bulk composition was deter-
mined by combining the approaches from various studies. For refractory
lithophile elements (RLE), the data from Hauri et al. (2015) was used
and it is overall consistent with the recent determinations of Taylor and



D. Ivanov et al.

Icarus 386 (2022) 115143

1.00

0.90 0.90 0.90
uo - K
0.80 3 0.80 T| O 0.80
2
0.70 0.70 0.70
c c c
2 o ks}
B 060 B 060 B 060
© © e
&= = B=
= 050 = 050 » 050
° ° °
S 040 S 040 S 040
KOH
030 030 1 030
Uuo, TiO
0.20 0.20 0.20
0.10 0.10 0.10
0.00 0.00 0.00
1500 2000 2500 3000 3500 1500 2000 2500 3000 3500 1500 2000 2500 3000 3500
Temperature (K) Temperature (K) Temperature (K)
1.00 1.00 1.00
0.90 0.90 0.90
0.80 C 0.80 S b 0.80
CsOH S
- 0.70 - 0.70 c 070 MOO
o o o
E 060 E 060 € o060
@ @ ®
&= &= o
= 050 » 050 + 050
Kl o °
<) o o
S 040 S 040 S 040 ,\/‘O()2 MOO
030 0.30 030 M O H 3
0.20 0.20 S bO 0.20 2—2
CsH
0.10 —/\ 0.10 0.10
0.00 0.00 0.00
1500 2000 2500 3000 3500 1500 2000 2500 3000 3500 1500 2000 2500 3000 3500
Temperature (K) Temperature (K) Temperature (K)
1.00 1.00 1.00
0.90 0.90 SnS Sho 0.90 CrOOH
0.80 S e 0.80 0.80
0.70 0.70 0.70
c c c
o o S
B 060 g 060 S n £ 060
e I I
T 050 = 050 T 050
o Rt o
[} =} o -~
Zoe 2o 20 NCr(OH)
030 S O 0.30 030 2
0.20 € 0.20 0.20
0.10 / 0.10 0.10 C r O
— 2

2000 2500

2000 2500

Temperature (K)

3000 3500

Temperature (K)

0.00

3000 3500 1500 2000 2500

Temperature (K)

3000 3500

Fig. 6. Speciation of trace elements in the vapor phase as a function of temperature at a pressure of 10 bar.

Wieczorek (2014) who took into account a new evaluation of crustal
thickness and the implications for the RLE concentrations in the Moon.
For volatile alkali metals, we took the determinations of Taylor and
Wieczorek (2014) who used trace element ratios of incompatible ele-
ments to estimate their composition in the BSE. Since the lunar core is
small, it is then possible to infer directly the concentrations in the bulk
Moon. For siderophile elements, Anders et al. (1977), O'Neill (1991) and
Righter (2019) have estimated the composition of the bulk Moon, taking
into account the budget that must reside in the lunar core. Righter
(2019) pointed out that Cu, Ga, Zn are only weakly siderophile and
hence their budget in the core is small, in contrast with Sb, Ag, Ge, Sn,
Ni, Co which are more siderophile. The best estimate for the bulk Moon
composition given in Table 5 reflects all these considerations.

As explained in the next section, the lunar bulk composition resulting
from vapor separation were calculated for various structures of proto-
lunar disk (see below) and for the P-T conditions of the disk model of
Canup et al. (2015). We also calculated the composition of the con-
densates for various P-T conditions used to match the lunar composition
by Lock et al. (2018). The results of these calculations are shown in
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Figs. 7 and 8 (see tabulated results in Table S4) and are further discussed
below.

3.6. Pressure conditions of condensation

The phase diagram shown in Fig. 2 clearly illustrates that for a given
temperature there is a broad domain where both the vapor and liquid
coexist. For a temperature of 3000 K, there will be vapor+liquid be-
tween 2 x 10~2 bar up to an undetermined upper bound higher than 102
bars. Thus, for a given temperature, one cannot uniquely specify the
pressure in the protolunar disk a priori. However, the system does not
evolve independently of the physics of the disk (Genda and Abe, 2003)
or of the synestia (Lock et al., 2018) as the structure of the vapor+liquid
mixture should depend on its dynamics. In what follows, we have
examined various P-T conditions and calculated the corresponding
chemical compositions of condensates in these conditions. For the sake
of example, we have first examined an analytical model proposed by
Genda and Abe, (2003). If we assume as Genda and Abe (2003) that the
vapor-+liquid mixture behaves adiabatically since it is convective, then
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Table 5

Bulk Moon composition used for comparison with BSE.
Element Bulk Moon (wt%) Bulk Moon/BSE
Al 2.35588235 1.00250313
Ca 2.53571429 1.00225861
Ti 0.11578947 0.9609085
w 0.0000017 0.5862069
Mg 22.7925558 0.9996735
Si 21 1.0
Mo 0.0000068 1.36
Mn 0.10457746 1.00074129
Fe 6.25612813 0.99938149
Cr 0.1916 0.72990476
Co 0.0105 1.0
Na 0.08903226 0.33345415
Ni 0.196 1.0
K 0.00567574 0.23648936
Cu 0.00035 0.11666667
Sb 0.00000006 0.10909091
Zn 0.00077 0.01
Sn 0.00000195 0.15
Rb 0.0000147 0.245
Ge 0.000021 0.19090909
Ag 1.8E-08 0.0225
Cs 0.00000067 0.31904762
Se 0.0000024 0.32

one can make some assumptions about the relationship between pres-
sure and density as a function of distance. With this approach, Genda
and Abe (2003) have calculated the pressure as a function of distance r
and height z assuming a cylindrical symmetry for a rotating object
around the Earth. The pressure is considered to be proportional to the
power of the radial distance:

7\ ¢
Pro =Prgo\ —
Te

It is then possible to calculate the pressure as a function of r and z:

P {7*11( e ”E)_"_(VE):%}%I
Poo Y vrr+z2 r r
Where rg is the radius of the Earth, ¢ is a free parameter and v is
polytropic exponent which was calculated to be equal to 1.05 by Genda

and Abe (2003). The density can also be deduced from this equation
using the gas law:
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The total mass of the disk can be then found from the following in-
tegral:

Mg = //Zﬂr/)(r, z)drdz = po_U//2mf(r, z)drdz

The variable r is integrated from the surface of the Earth rg to in-
finity, while z is integrated from 0 to the value where the density goes to
zero, which is defined as:

=/ 5w )) -

An additional assumption that stems from the general dynamics of
the impact is the total mass ejected during the impact, the minimum
amount being equal to the mass of the Moon. If we assume for the sake of
argument that the ejected mass is that of the Moon, one can calculate the
pressure at the surface of the terrestrial magma ocean and then deduce
its variation as a function of distance:

Mg X2, RT,

vap

POO = M [1220f (1, 2)drdz
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Where My, is the mean molar mass of the vapor, R the gas constant,
To the temperature at the surface of the magma ocean, and Xf,)ap is the
molar fraction of vapor in the disk.

MdickX‘[,]apRTo < r > -

Pro = o 2anf (r,o)drdz

re

Of particular relevance is the pressure beyond the Roche radius
which represents the minimum distance where the Moon can accrete.
The distance of 1.7 X Rgarn used in Charnoz and Michaut (2015) rep-
resents the maximum distance where a continuous layer of liquid can be
stable in the disk midplane, while 3 X Ry is the Roche limit for the
existence and stability of a liquid body bound together by its own
gravity. Thus, if the condensed material formed at 1.7 x Rgarn, moves
rapidly to 3 X Rgarth, the pressure of equilibration may still be 1.7 x
Rgarth- For the sake of our calculations, we will be using that at 3 X Rgarth.
This pressure corresponds to the pressure experienced during Moon
accretion representative of liquid-vapor separation, if one assumes there
is a decoupling of vapor and liquid during the evolution of the disk
(Charnoz and Michaut, 2015; Lock et al., 2018; Wang et al., 2019). For
each of these pressures, we determined the mass fraction of vapor cor-
responding to the P and T conditions (as reported in Table S3) and
recalculated the corresponding pressure until we reached convergence
of the pressure value P (pressure at the surface of the magma ocean).
For a range of temperatures corresponding to the overall cooling of the
system, one can thus estimate a possible range of pressures at the Roche
radius.

For { = 4 (protolunar disk with a donut shape, ¢ is the parameter used
in the model of Genda and Abe (2003), these pressures are different from
the P-T relationships estimated by Visscher and Fegley (2013). These
values represented the sum of all partial pressures of the vapor con-
stituents in equilibrium with the melt containing all the oxides. How-
ever, the pressures calculated by Visscher and Fegley (2013) are better
matched if the value of { is equal to 2. The value of ¢ is intrinsically
dependent on the dynamics of the disk and unless this parameter (or
more generally the post-impact structure) is fully specified, it is difficult
to determine the exact P-T path.

These calculations based on an analytical model of the disk should
only be considered as illustrative and show that the P-T conditions
depend on the post-impact structure of the disk or synestia. Rather than
considering a specific structure, we have explored a wide range of P-T
conditions corresponding to those in the literature and calculated the
chemical composition of condensates. Our results are thus independent
of a particular post-impact model.

3.7. Role of water in shifting of condensation curves

To estimate the influence of water presence on the condensation
processes taking place during the Moon formation, we calculated
condensation curves with different initial hydrogen concentrations from
0 to 1000 ppm at 1 mbar pressure (Fig. 9) for a BSE composition. Slight
decrease in the condensation temperatures with the addition of
hydrogen is observed for the more volatile elements: Zn, Cu, S, Ni, K and
Na. The most significant temperature shifts can be found for H con-
centrations >200 ppm: Zn (T200ppm - Toppm) = -124 K and Cu (T200ppm -
Toppm) = —224 K. The condensation curves of the less volatile metals do
not depend on the presence of water. One conclusion of our calculations
is that water does not greatly influence the condensation temperatures
(within a reasonable range) and therefore this data cannot be used
directly to infer the abundance of water in the Moon.

4. Discussion: Implications for the formation of the moon and its
chemical composition

Our results for the phase relationships in the proto-lunar disk are
overall consistent with the phase diagram given in Lock et al. (2018).
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Fig. 7. Calculated composition of the Moon normalized to the BSE
composition for the pressure range 1 mbar — 10 bar. The horizontal
scale corresponds to elements ordered by their condensation
temperatures. (a) P-T conditions calculated with { = 4 (b) P-T
conditions calculated with { = 2 (c¢) P-T disk conditions of Canup
et al. (2015). Bulk Moon composition was estimated based on the
work of Hauri et al. (2015), O'Neill, (1991) and Righter (2019)
and is reported in Table 5. ¢ is the parameter used in the model of
Genda and Abe (2003).



D. Ivanov et al.

Icarus 386 (2022) 115143

K Cu Sb Zn Sn Rb Ge Ag Cs Se

K Cu Sb Zn Sn Rb Ge Ag Cs Se

Al Ca Ti W Mg Si MoMn Fe Cr Co Na Ni
10
1 L~ 1 AT~ |~ - —
10t ¢
<
S 102}
2
©
-
Z 100l
=
>
2 10|
5]
o)
=
~x 105t
=
[aa]
10°
4085 K 100 bar
. 3920K 50 bar
10 3750K 25 bar
" —0—3695 K 20 bar
10% ¢ —e—3630K 15 bar
(a)
10°
Al Ca Ti W Mg Si MoMn Fe Cr Co Na Ni
10
1k
10"
s
S 107 ¢
w E
2
T [
= 103 £
& 3
=
E [
= 107
5 3
o)
E L
X 10° £
=] E
o
10°® 3 2693 K 25 bar
b —e—3851K 25 bar
107 L —e—14200K 25 bar
mixture (2693K-4200K)
100 |
1001 (b)

Fig. 8. Calculated composition of the Moon normalized to the BSE composition for the P-T conditions used in Lock et al. (2018) in their Fig. 14 (a) and S4 (b). The
corresponding P-T values are given in the diagram. The light blue curve in panel b corresponds to a mixture between the condensate at 2693 K and the condensate at
4200 K. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

There are however, a few differences in the position of phase transitions.
Notably, our melt+vapor/vapor line is 200 K higher at 1 bar than that of
Lock et al. (2018). The metal condensation line (an Fe—Ni alloy) is also
offset towards 200 K higher temperatures at 1 bar with a smaller offset at
lower pressures. These discrepancies may be due to the difference in the
activity models used for the main constituents or to difference in the
thermodynamic data. In fact, the overall predictions of phase boundaries
are consistent.

If one attempts to reconstruct the chemical composition of the bulk
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Moon using a thermodynamic approach, one needs to constrain both the
pressure and temperature of vapor-liquid separation. As shown in Sec-
tion 3.6, it is possible to calculate the pressure and temperature condi-
tions for various models of the proto-lunar disk using simplistic
assumptions regarding its structure. However, we have made calcula-
tions for a broader range of P-T conditions to be independent from a
specific model structure. For the simple analytical model, we have made
relevant calculations of the chemical composition of the bulk lunar
material assuming single stage melt-vapor separation for two sets of
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Fig. 10. Calculated composition of the Moon normalized to the BSE composition for mixtures of high temperature and low temperature condensates. Note that these
mixtures produced depletion in alkali elements corresponding to the observations.

values of the parameter { = 2, and { = 4 at the Roche limit, beyond
which accretion of the Moon is possible (Fig. 7a-b). The corresponding
P-T paths are given in Fig. S4 and can be compared with the P-T con-
ditions used in previous studies (Figs. 7c and 8 (Canup et al., 2015; Lock
et al., 2018) for their condensation calculations. Fig. 8 also shows the
composition of condensates using the exact P-T conditions used in Lock
et al. (2018) to construct their Figs. 14 and S4. For the conditions in
Fig. 7b, ¢ (Canup et al., 2015) and 8 (Lock et al., 2018), there is not a
good fit of the data to the lunar compositions. The best fit is obtained for
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€ = 4, for pressure ranging between 0.8 and 0.22 bar and temperatures
between 2500 and 2000 K. For higher temperatures, the concentrations
of the most volatile elements are far below those measured in the Moon.
One can note, however that the alkali compositions do not fit well even
with this model. Thus, one important conclusion is that there is no good
fit that matches properly the composition of the Moon using a single P-T
couple.

Our results differ from those of Lock et al. (2018) partly because our
set of volatile elements extend beyond Ge, which was already shown to
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be difficult to fit with the conditions of Lock et al. (2018). In fact, the Ge
depletion in the Moon is not thought to be a low as that shown in Fig. 14
of Lock et al. (2018). Rather, Righter (2019) argues that the extreme
depletion reported in some lunar rocks is due to Ge volatilization upon
eruption (as described in the Lunar Source Book). According to Steenstra
et al. (2016) Ge is not even depleted in the bulk Moon. Overall our
calculations (Fig. 8) show that the depletion in Se, Ag and Ge would be
much greater than those observed if one uses the P-T conditions of Lock
et al. (2018). In contrast, if we use our preferred P-T conditions (¢ = 4),
one can match the abundance of these elements.

Another important result of our calculation is that the mass fraction
of liquid metal represents 0.6 to 0.74% of the condensed mass, which
matches remarkably well the mass fraction of the lunar core, according
to recent estimates (Kronrod et al., 2020). As the system cools down, the
mass fraction of metal should increase and be even more consistent with
the lunar core size as given in Kronrod et al. (2020) (~1%) or Williams
et al. (2014) (<1.5%). This lends further support that our conditions of
condensation are reasonable for explaining the lunar composition.

Thus, an important aspect of our modeling is the role of the liquid
metal in controlling the abundance of siderophile volatile elements. If
the liquid metal is not present, there is little condensation of these ele-
ments in the silicate melt and they remain partitioned in the vapor. The
bulk composition of the Moon shows that these elements are not that
depleted relative to the BSE as their relative depletion factor ranges
between 0.1 and 0.01. Their abundance is thus largely controlled by the
appearance of liquid iron+nickel as shown in Fig. 2, which is not
possible using the P-T conditions used in Canup et al. (2015) and Lock
et al. (2018). Since our model seems to match the Moon abundances for
these elements, one can infer that it is important for the condensation to
take place while at least part of liquid metal was stable. In detail, the
activity coefficients of all these elements are not perfectly known and
our calculations are based on experimental data published in the liter-
ature. It is likely that these parameters could be off due to variations in
compositions or due to extrapolation as some of the experiments were
done at lower temperatures. However, the role of metal seems ines-
capable despite some uncertainties in their activity coefficients, as there
is a large gap in the calculated abundance in the silicate melt compared
with the iron-nickel liquid.

As mentioned above, the fit for alkali elements (especially Na, Rb and
Cs) is poor when considering the conditions that matches siderophile
volatile elements. In order to improve this fit, we also considered models
where condensates formed at different temperatures could accrete to
form the Moon. This would correspond to condensates formed in various
locations in the disk structure and having migrated radially as described
for example in Lock et al. (2018) or by mixing condensates from
different heights in the disk. The composition of a high-T (50-60%) and
low-T (40-50%) mixture is shown in Figs. 8b and 10 and the predicted
compositions are better than those obtained for a single P-T equilibrium
condition. The P-T conditions of the low-T condensate are consistent
with those predicted in Wang et al. (2019). Establishing how this mixing
of condensates actually took place within the protolunar disk would
require a specific physical model that is beyond the scope of this study.
These results again emphasize that it is important to have a condensate
that has saturated liquid metal in order to match the volatile siderophile
element contents while the higher temperature condensates are neces-
sary to match the alkali contents.

5. Conclusions

Our study demonstrates that the elemental abundances in the Moon
compared with that of the Earth depend on the pressure and tempera-
ture conditions of vapor-liquid separation during the proto-lunar disk
phase following the giant impact. It is thus crucial to use the corre-
sponding condensation temperatures and vapor pressures to establish
the volatility scale of all elements and, as in previous studies, these
temperatures were higher than those calculated for the Solar Nebula.
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Our results show that there is not a single set of pressure and tem-
perature that matches all the major and trace element compositions of
the Moon. The best fit is obtained for a mixture of high temperature
condensate (4000 K, 10.5 bars) with a low temperature condensate
(2500-2000 K, 0.8-0.22 bars) in order to match both the siderophile
volatile and alkali abundances. In any lunar formation scenario, for the
low temperature condensate, it is important that liquid metal is stable,
thereby enhancing the abundance of volatile siderophile elements in the
condensed phase.

The role of water may be important in controlling the vapor speci-
ation for some elements (e.g. Cr) while many elements are affected by
the high oxygen fugacity leading to oxide vapor species (e.g. Mo, W).
These considerations are important to model the isotope fractionation of
volatile elements between the Moon and bulk Silicate Earth.

Our calculations heavily depend on the activity coefficients of trace
elements and these parameters were not always determined for the exact
composition relevant to the formation of the Moon. Better determination
of these values should enable to refine our results in the future.
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