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Abstract

The Moon’s internal structure was largely defined within the first 200 million years following
the initial Moon-forming impact. During this period, the molten Moon (a lunar magma ocean, or
LMO) lost most of its heat through early vigorous convection, crystallizing and forming an
initial cumulate stratigraphy through robust equilibrium crystallization followed by fractional
crystallization once the LMO became sufficiently viscous. This rheological transition is
estimated to have occurred at 50% to 60% LMO solidification, and although the petrological
effects of the regime switch have been frequently investigated at the lower value, such effects at
the upper limit have not been formally examined until now. Given this scenario, we present two
new internally consistent, high-resolution models that simulate the solidification of a deep LMO
of Earth-like bulk silicate composition at both rheological transition values, focusing on the
petrological characteristics of the evolving mantle and crust. The results suggest that increasing
the volume of early suspended solids from the oft-examined 50% to 60% may lead to non-trivial
differences. The appearance of mantle garnet in absence of a refractory-element enriched bulk
silicate Moon composition, a bulk mantle richer in orthopyroxene than olivine, a lower density
upper mantle, and a thinner crust, are all characteristics resulting from a volumetric increase in
equilibrium crystallization solids. In addition, we find that the low density of late-stage, silica-
enriched melts may prevent plagioclase from floating, interfering with the long-term building of
a plagioclase flotation crust. As the ability of a lunar magma ocean to suspend crystals is directly
tied to the Moon’s early thermal state, the degree of early LMO convection — and the early solar
system environment that drives it — require as much consideration in petrological LMO models
as more well-investigated parameters such as bulk silicate Moon composition and initial magma
ocean depth.
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1. Introduction
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One of the most profound consequences of the high-energy, Moon-forming giant impact was the
molten state the Moon assumed immediately afterward (e.g. Canup and Asphaug, 2001; Canup,
2004; Cuk and Stewart, 2012; Lock et al., 2018, 2020), commonly referred to as the lunar
magma ocean (LMO). Subsequent cooling of the LMO over tens (Elkins-Tanton et al., 2011) to
possibly hundreds of millions of years (Maurice et al., 2020) led to density-driven separation of
minerals from melt and eventually, a differentiated solid Moon. LMO cooling models, at least
from a petrological and compositional standpoint, have largely focused on the effects of various
bulk silicate Moon compositions (BSMCs) and/or LMO depths on whole-Moon structure. These
two parameters (along with others) are typically examined within either one of two end-member
crystallization regimes: 1) a two-stage process of equilibrium crystallization (e.g. Tonks and
Melosh, 1990; Elardo et al., 2011) followed by fractional crystallization, or 2) a fully fractional
crystallization model (e.g. Rapp and Draper, 2018; Schwinger and Breuer, 2022).

More than ~40 BSMCs have been considered in the literature (Cone et al., 2020; 2021 and
references therein), although two serve as frequently explored end-member compositions: the
refractory element-enriched Taylor Whole Moon (TWM; Taylor, 1982) and the Earth-like Lunar
Primitive Upper Mantle (LPUM; Longhi, 2006). Models using the TWM composition produce
garnet as the dominant Al-bearing phase at high pressure when coupled with an LMO greater
than 1000 km deep (e.g. Elardo et al., 2011; Jing et al., 2022; Kraettli et al., 2022; Schmidt et al.,
2022), as the TWM composition is enriched in Al and Ca by 50% relative to bulk silicate Earth.
Shallower LMO models do not generate garnet, as the base of the LMO does not reach the
necessary pressure for its stabilization (e.g. Charlier et al., 2018). Models using the LPUM
composition have not produced garnet in the deep mantle before the crystallization front moves
to lower pressure, instead producing a lower mantle dominated by olivine and some
orthopyroxene (e.g. Elardo et al., 2011; Johnson et al., 2021). The results of the Gravity
Recovery and Interior Laboratory (GRAIL) mission, however, have made refractory element-
enriched compositions such as the TWM untenable. The TWM composition was developed in
order to explain an inferred crustal thickness of ~73 km produced from a shallow (e.g. ~500 km)
LMO, which would require the LMO to be enriched in refractory elements. Crustal thickness
estimates from the GRAIL mission now estimate the feldspathic crust to be ~34—43 km thick
(e.g., Wieczorek et al., 2013) and modern giant impact models predict deep to whole Moon
melting, thus obviating the need for refractory element enrichment. More recently, even LMO
models using Earth-like compositions and a deep LMO produce crustal thicknesses exceeding
GRAIL estimates unless an altered thermal state is invoked (e.g. Charlier et al., 2018; Elardo et
al., 2020). Some models also produce a quartz-rich layer at the end stages of LMO solidification,
which can increase crustal thickness while lowering its density, although direct evidence for
widespread quartz/silica crystallization from the LMO is lacking.

The two-stage model reflects an initially robust convective regime that forces early equilibrium
crystallization. Once the LMO is sufficiently crystal rich, a regime switch to fractional
crystallization occurs. This rheological transition is estimated to occur at ~50 vol.% LMO solids
(Tonks and Melosh, 1990; Snyder et al., 1992; Spera, 1992). However, this crystal lockup point
can occur at > 60 vol.% solids (e.g. Abe, 1995; Solomatov, 2007; Costa et al., 2009) if
convection is vigorous, the effects of which have not been previously been modeled for the
cooling of a deep LMO of LPUM composition.
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The first goal of this study was to create two LMO models that simulate the solidification of a
full-depth (~1400 km) LMO using an Earth-like BSM composition (LPUM) and a two-stage
crystallization regime with rheological transitions at both 50% and 60% LMO volume solids.
Both models are created using the same internally-consistent thermodynamic database and
solidification protocol to allow direct comparison. Although BSMCs are frequently varied
(holding other variables constant) in LMO models to assess the effects on whole-Moon
petrological structure, the effects from varying the duration of early convection while holding the
BSMC constant has not been previously explored in depth.

The second goal of this study was to compare the results and approaches of our LPUM LMO
solidification models against other works for any significant differences in inferred whole-Moon
petrological structure. We characterized geochemical, petrological, and physical aspects of the
modeled crusts, mantles, and crust-mantle transition zones assuming that a mantle overturn did
not occur until after near-complete solidification (e.g. Boukaré et al., 2017). The results of this
comparison constrain the differences in structure and composition of two primitive,
differentiated lunar interiors that crystallize under two plausible durations of an early turbulent
convective LMO.

2. The LMO Model: Starting Parameters and Process Flow

2.1. A Bulk Silicate Moon Composition for a Deep LMO

erttst: The LPUM composition used here (Longhi, 2006) reflects a primitive terrestrial upper
mantle (as a modification of Hart and Zindler, 1986) and is similar to bulk silicate Earth. In
addition, giant impact work suggesting extreme source homogenization of the co-evolving Earth-
Moon system (e.g. Lock et al., 2018; 2020) and evidence for an Earth-like Moon-forming
impactor (Dauphas et al., 2014) support the use of BSMCs that are similar to bulk silicate Earth.
O P Ml 1N N NN~ c A A Ha o o 101 ha N\ =

2.2. Pressure-depth relationship

We assumed a small lunar core based on the seismic interpretations in Weber et al. (2011) and on
those summarized in Garcia et al. (2019). Assuming a lunar radius of 1737.15 km (Williams et
al., 2014), the core radius was set to 330 km (Weber et al., 2011), leaving an ~1400-km thick
magma ocean (Druo = ~1400 km). LMO depth was converted to pressure (P) assuming unform
spherical density (Turcotte and Schubert, 2002),

P=2/3 ﬂprpz G(RFULL2 - rz) (Eq. 1)
where the mean primitive lunar density pwr = 3345.56 kg m™ (Williams et al., 2014), the

universal gravitational constant G = 6.674 x 10 m® kg™ s?, Rry,, = 1737.15 km, and r is the
LMO radius that varies with depth. This method of approximating changes in P with depth (z)
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does not consider density evolution during LMO solidification, although still provides a
reasonable means for estimating a P-z profile and has been previously employed in LMO models
(e.g. Elkins-Tanton et al., 2011; Fig. S1 in Supporting Information).

2.3. Phase equilibria characteristics

All phase equilibria were calculated using the Gibbs free energy minimizer Perple_X (version
6.9.0; Connolly, 2005; 2009), an internally consistent thermodynamic dataset (hp633ver.dat;
Holland and Powell, 2011; Holland et al., 2018), and relevant solid solution models (Jennings
and Holland,15; Green et al., 2016; Holland et al., 2018; White et al., 2000; 2014) over the P-T
conditions relevant to LMO depths. Melt and solid phases (olivine (OL), orthopyroxene (OPX),
garnet (GT), spinel (SP), clinopyroxene (CPX), plagioclase (PL), ilmenite (ILM), quartz (QTZ),
and a potassic feldspar sanidine (SAN)) were considered in the anhydrous nine-component SiO,-
MgO-FeO-Al,03-Ca0O-Cr,05-TiO>-Na,O-K,0 system, listed here in order of decreasing wt.%
oxide. Perple_X utilizes a gridded minimization approach where phase boundaries are
continuously refined according to user-defined resolution settings (cf. Connolly, 2005; 2009). A
summary of the solid solution models and grid resolution settings are included in Supporting
Information (Fig. S2). Phase boundary uncertainties within a single phase-diagram are estimated
at 1 kbar and + 50°C at the 20 level (Powell and Holland, 2008; Palin et al., 2016). FeO was the
only form of iron oxide considered for a silicate LMO at or below an IW buffer (Sato et al.,
1973; Papike et al., 2015). The geikielite endmember of the ilmenite solid solution model was
excluded in our calculations due to reports that it becomes overstabilized at high temperature
conditions (Green et al., 2016).
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2.4. Pressure-temperature conditions for crystallization

The lunar mantle is assumed to have solidified from the ‘bottom-up’ as crystallization proceeds
(e.g. Solomatov, 2000; Elkins-Tanton, 2012) and P-T values were approximated using linear
adiabats calculated for each cooling step. The LMO was treated as a quasi-isothermal system
wherein large-scale vigorous convection produces a well-stirred LMO, thereby efficiently
distributing heat from top to bottom. As adiabatic slopes for an initially hot, small silicate body
like the Moon are expected to be steep (e.g. Tonks and Melosh, 1990), the temperature difference
between the LMO surface and base would be insignificant over the 1400-km LMO depth. The
adiabatic change in temperature with pressure was approximated by

1

dT -
===V Tp5:C, (Eq. 2)

dp

where « is the coefficient of thermal expansion, V is specific volume, Tsas: is the base
temperature of a well-stirred LMO, and Cp is the LMO heat capacity. Values for these
parameters were determined by Perple_X.

2.5. Process flow: Convection and crystallization regimes

We modeled the effects of a solidifying full-depth LMO after core formation using the two-stage
model. Stage one reflected a magma ocean that vigorously convects until 50% or 60% solids
(referred to as the EQX50 and EQX60 models, respectively) are achieved, after which stage two
simulated fractional crystallization until the LMO is fully solid (referred to as the EQX50 and
EQX60 models, respectively). We chose a two-stage model over a fully fractional model due to
initial constraining assumptions that suggest an early turbulent regime (Solomatov, 2007; Spera,
1992; Tonks and Melosh, 1990): 1) the LMO begins as a low viscosity, ultramafic melt; 2) the
Moon is a small body with low gravitational acceleration (1.6 m s at the surface) and so is
conducive to extended crystal suspension; and 3) heat loss is efficient due to the temperature
contrast between the LMO base (~2200 K) and the free surface where the temperature of space is
~240 K. All of these factors promote turbulence.

The 60 vol.% rheological lockup value represents an estimate of maximum crystal loading for
early vigorous convection. A quantitative scaling analysis is here expressed as a dimensionless
number, R, that compares crystal settling velocity against vertical convective velocity:

_Apgd’L  —3n ms
R= IBx Ra " (1-0)"0¢ (Eq. 3)
where Ap is the mean crystal-melt density difference, g is gravitational acceleration, d is the
mean crystal diameter, L is the LMO depth, x is thermal diffusivity, nme: is dynamic viscosity, m
is the exponent of reduction, 6 is crystal fraction, and Ra is the Rayleigh number based on melt
viscosity. This scaling suggests that a crystal fraction of 0.64 is a reasonable high-end estimate
(Fig. 1). Equation 3 therefore shows that the regime change from zero crystal settling to efficient
sedimentation occurs just below the value of critical packing in the vicinity of 6, Although other
parameters play a role, the singularity in the two-phase viscosity function at 6 = 6, serves as the
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dominant predictor. A discussion of the derivation and considerations for estimating the
catastrophic crystal loading fraction are provided in the Supporting Information file.
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Figure 1. Dimensionless R-value represents a settling-to-convective RMS velocity ratio. Here
the catastrophic solid fraction is 6 = 6, = 0.64.

While crystallization along the entire depth of the LMO column is possible, an adiabat need not
lie perfectly parallel to the liquidus (Tonks and Melosh, 1990; Spera, 1992), and cooling may
occur throughout during early convection due to efficient heat loss through the free surface. To
simulate the petrological evolution of the LMO as it cools and crystallizes, stable phase
assemblages were calculated for discrete spherical shells over the 1400-km depth. For the
equilibrium crystallization portions of the models (Stage 1 in Fig. 2), mineral and melt
characteristics were predicted over 1 to 45,000 bar, in ~2500-bar thick shells (18 total shells),
along two adiabats that represents ~50% or ~60% solid. Each shell’s equilibrium phase
assemblage was estimated using the shell’s mean P and T. The solids were then assumed to settle
to the core-mantle boundary and incorporate 3% trapped melt, which is within the range
suggested by Snyder et al. (1992). These cumulates represent the initial deep mantle and the new
LMO-cumulate interface served as the base above which subsequent fractional crystallization
occurred (Stage 2 in Fig. 2). A new LMO bulk melt composition was then computed.

Stage 2 equilibrium phase assemblages were calculated for the new LMO depth range in ~1000-
bar thick shells, the exception being the uppermost shell that included any remaining LMO in a
<1000-bar thick shell. The first adiabat was chosen based on the new thermodynamic melt
properties determined by Perple_X such that <~3 vol.% LMO solids were produced. The solids
were then dropped onto the existing cumulate mantle pile along with 3% trapped melt, thus
building upward the cumulate mantle front. A new LMO bulk melt composition was then
computed for the next fractional crystallization layer and a new adiabat determined from the new
thermodynamic melt properties that produced <~3 vol.% LMO solids. This process repeated
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until the LMO was fully solid. Perple_X output was used to track phase volume, composition,
and density.

During the fractional crystallization stages, solid-melt density contrasts determined if crystals
float or sink. Plagioclase has often been treated as a persistently buoyant phase during lunar crust
formation (e.g. Elkins-Tanton et al., 2011; Johnson et al, 2021), adding to crustal thickness by
underplating which progressively lowers the upper pressure-depth boundary. If our models
produced a late-stage, silica-rich LMO melt at the base of the crust, any co-crystallizing
plagioclase may not float or separate efficiently. However we considered the possibility of both
scenarios, regardless of solid-melt density contrast, in order to compare the results to previous
works. Model closure occurred when the combined total thickness of the floated plagioclase
crust and the cumulate mantle equaled 1737.15 km and the LMO was fully solid. Layer
thicknesses were calculated based on 3-D spherical volumes. Figure 2 shows the sequence of the
two-stage 50% model, general characteristics, and expected phases with respect to a ~200-
million-year solidification period (Maurice et al., 2020; as an example for a long-lived LMO)
and LMO vol.% solidification. Table 1 contains starting parameters and parameter abbreviations
for both the EQX50 and EQX60 models.

<—— Primary interior structure —»

Regime
S . £ o Transition
Crystallization regime characteristics «— Mantle —<« (KREEP) % Crust —|
0 - 0
Equilibrium crystallization ) c
Large-scale convection
) Cumulate
Solids nucleate, grow e il
along full LMO depth = P
build up
20 Solids are suspended in begins at the
x L convection until LMO
e reaches ~50-60 % vol. it
2 solids " "
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§ All solids then drop to g Pririar
g 40 core-mantle boundary o ey
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Figure 2. A schematic of the two-stage 50% LMO model. EQX = equilibrium crystallization,
FRX = fractional crystallization. ¢ and d show expected stable phases formed during the stages,
the darker lower portion of d signifying the first appearance of cpx. Ilmenite forms late in LMO
cooling (e), and a stagnant plagioclase lid (f) begins to form shortly before the first appearance of
ilmenite. g represents the timing for a cumulate mantle overturn that can only begin after
completion of a. Yellow and light gray arrows in b represent the simultaneous sinking of late-
stage mafic phases and ilmenite and the floatation of plagioclase, respectively. The KREEP-rich
transition zone (K, rare earth elements, and P) represents a residual LMO rich in incompatible
elements and does not have a distinct boundary. Here the zone is associated with the appearance



manuscript to be submitted to Icarus

260 of ilmenite. pl = plagioclase, ol = olivine, opx = orthopyroxene, cpx = clinopyroxene, gt =
261 garnet, sp = spinel, qtz = quartz (or other silica phase).
262

Table 1

Parameters for initial conditions

Description Symbol Value
Bulk silicate Moon composition® BSMC (LPUM) wt.% oxide

SiO, 46.1

MgO 38.3

FeO 7.62

ALO; 3.93

CaO 3.18

Cr,03 0.5

TiO, 0.17

Na,O 0.05

K,0O 0.003
Mean lunar radius® Rruwe 1737.15 km
Mean core radius® Rcore 330 km
Depth-dependent LMO radius r <1737.15 km
Full lunar volume VrurL 2.1958 x 10" m?
Core volume Veore 1.5053 x 10° m?
LMO full volume Vimo 2.1808 x 10" m?
Gravitational constant G 6.674 x 10" m’kg™" s
Mean lunar density® Om 3345.56 kg m™

EQX50: 357.08 J K™

CP |
LMO heat capacity Cp EQX60: 313.37 J K'!
. EQX50: 7.0775 x 10° K*
d a
LMO thermal expansivity EQX60: 7.1982 x 10° K
. -1
LMO specific volume’ 1% EQX50:6.8483 J bar

EQX60: 6.1947 J bar!
LMO base pressure® Ppase 45000 bar

EQX50: 2044 K

LMO base temperature’ Tsase EQX60: 1994 K

LMO surface pressure Psure 1 bar

LMO depth Ziyvo 1407.15 km
Adiabat* dT/dP EQX50, EQX60: ~28 K/GPa

263  “Longhi (2006). "Williams et al. (2014). “Weber et al. (2011). ‘Derived from Perple_X; a single set of
264  values are used for the equilibrium crystallization portion of the models, and again recalculated at the
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onset of each fractional crystallization layer. ‘Approximation derived from Eq. 1. Parameterssaeh-as-eore-

3. Results

3.1. Equilibrium crystallization

The LPUM isochemical phase diagram (Fig. 3) shows the intersection of the garnet stability field
with the EQX60 adiabat but not with the EQX50 adiabat, allowing garnet to crystallize at the
base of the LMO during this stage. The curves represent total volumes of 50% and 60%
equilibrium crystallization solids for the EQX50 (yellow line) and EQX60 (white line) models,

respectively.

50000

—e—50% EQX solids
—a—60% EQX solids

45000

40000

35000

30000

25000

P (bar)
(wy) z

20000

15000

10000

5000

0
1073 1173 1273 1373 1473 1573 1673 1773 1873 1973 2073 2173 2273
T (K)
Figure 3. A pseudosection for the LPUM bulk silicate Moon composition over the range of
pressures from the LMO surface to core-mantle boundary (~45000 bar) to approximately the
lunar core center (~50000 bar). Both adiabats are steep and reflect an ~28K increase with every 1
GPa increase.

Our calculations show that EQX regimes produce mantles comprised of olivine (OL),
orthopyroxene (OPX), and garnet (GT), with minor (0.03 vol.%) spinel (SP) stable only within a
single shell at ~221 km-depth in the EQX60 model. The EQX50 model produced a cumulate
mantle with a larger ratio of olivine to orthopyroxene (3.8) than the EQX60 model (2.7). Olivine
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and orthopyroxene Mg# (= molar 100*[Mg/(Mg+Fe)]) ranged from 92-95 and 94-95 for the
EQX50 and EQX60 models, respectively. For both models, orthopyroxene and olivine
equilibrated toward the base of the LMO are less Mg-rich, more Fe-rich, and denser than those
equilibrated toward the LMO surface due to the higher degree of solidification at higher
pressures. Garnet in the EQX60 model stabilized at the LMO base and up through ~39000 bar
(~1000-km depth). The amount produced in our models is small versus the full LMO volume but
constitutes ~5 vol.% of the lower ~200 km of LMO solids.

We assumed a well-mixed mantle at the end of the EQX stage and estimated a bulk density
based on the volumetric contributions of solid phases from each shell, all of which were denser
than the melt environment. Similar bulk densities of 3150 and 3167 kg m™ resulted for the
EQX50 and EQX60 models, respectively. Without garnet, the EQX60 model bulk solid density
was ~3155 kg m™. Figures 4 and 5 summarize these results, and Table 2 shows the three melt
compositions (the starting LPUM, after 50% solids are removed, and after 60% solids are
removed) with trends pointing to increases in all the LPUM components as equilibrium
crystallization progresses, with the exception of MgO. Finally, the two models produce different
cumulate pile heights, the surfaces of which rest at ~339 and ~259-km depth for the EQX50 and
EQX60 models, respectively.

P (bar) P (bar)
45000 40000 35000 30000 25000 20000 15000 10000 5000 0 45000 40000 35000 30000 25000 20000 15000 10000 5000 0

100% 1850 100% 1850
90% 1870 90% o | 1870
o
80% 1890 80% GARNET o 1890
OLIVINE 0.3% OLIVINE o
@ 70% 79.1% 1920 % 70% 74.5% ar 1910
s 2 o
a Q. O
o 60% 1930 T 60% = 1930
] B 19 O -
R 50% 1950 < R 50% O 1950 <
— - o O -
] 2] o'
> > //
o 40% 1970 o 40% o 1970
2 2 o
= & o
L 30% PYROXENE 5 1990 9 30% |e PYROXENE 1990
20.9% 25.2%
o
20% 2010 20% 2010
10% 2030 10% 2030
0% 2050 0% 2050
12 3 4 5 6 7 8 9 1011 12 13 14 15 16 17 18 12 3 45 6 7 8 9 1011 12 13 14 15 16 17 18
equilibrium crystallization shell equilibrium crystallization step

Figure 4. Relative vol.% of the three major solid phases that appear during the equilibrium
crystallization stages of the two models, as a function of 18 shells. The blue line with circle
markers represents the temperatures used for each shell’s P-T calculation and corresponds to the
red vertical axis on the right. The black curve represents the vol.% solids produced by each shell
along the adiabat.
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(DLMO =~0.50 (DLMO =~0.60
Zimo = ~340 km Zimo = ~260 km
p =3150 kg m*3 p =3167 kg m*3

FRX melt /

8i0, " Al,O; FeO . ‘MgO (a0
4810 8.4 103 284 15

FRX melt /

$i0; 'ALO; ‘FeO. 'MgO- CaO
479 TA 100 272 (63

Cumalate pile

Cumulate pile 44.4% ol
39.8 % ol ol:opx 15.0% opx ol:opx
10.5% opx 79% 21% 0.2% gt 75% 25%

1.5 % melt 1.8% melt

Figure 5. Schematic of key differences between early equilibrium crystallization characteristics
of the two models. ¢ = crystal fraction of the LMO solidified. Cumulate pile bulk mineralogy
and trapped melt percents (versus the full LMO) in yellow text, bulk residual LMO melt
composition (FRX melt) wt.% is in white text.

Table 2
Bulk compositions (wt. %) of equilibrium crystallization melts and solids
Stage SiO; AlLO;  CnrOs TiO, FeO MgO CaO Na,O K,O Mg#
Start (LPUM) 46.100 3930 0500 0.170 7.620 38300 3.180 0.050 0.003 90
EQX50 end melt 47.901 7.365  0.761 0.345 10.010 27.184 6.328 0.100 0.006 83
EQX60 end melt 48.113 8.373  0.763 0.415 10.271 24424 7512 0.122 0.008 81

EQX50 bulk solid 44.586 0.730 0.260 0.006 5401 48.776 0.238 0.003 0.000 94
EQX60 bulk solid 44.965 1.096 0.331 0.013 5940 47.238 0.409 0.004 0.000 93

Figure 6 compares the LMO melt composition at the end of the EQX stages from this work
against four others all using LPUM but different convective regimes, LMO starting depths, and
crystallization P-T paths: 1) Elardo et al. (2011) used an experimental approach considering four
different pressures (1, 2, 3, and 4 GPa) and melt fractions from 20% to 75% for a 1400-km deep
LMO; 2) Charlier et al. (2018) experimentally modeled the cooling of a 600-km deep LMO
using a purely fractional crystallization model considering five different pressures from 0.08 to
1.20 GPa; 3) Rapp and Draper (2018) also created a fully fractional model but for a ~1400-km
deep LMO over eight different pressures from 0.5 GPa to 4 GPa; and Johnson et al. (2021)
employed computational phase equilibria to simulate a solidifying 1400-km deep LMO, using 50
mol.% as a proxy for 50 vol.% in attempting to reproduce the work of Elardo et al. (2011).



331
332

333
334
335
336
337
338
339
340
341
342
343
344
345
346
347
348
349
350
351
352

manuscript to be submitted to Icarus

100.00 : .
A Elardo etal. (2011) E
90.00 || Charlieretal.(2018) !
@ Rapp & Draper (2018) LMO melt
80.00 | |mJohnson etal. (2021) composition after
) ~60% equilibrium
X This study, 50% crystallization
70.00 | | 5 This study, 60% (this work)
| !
60.00
3 | :
x i . 1
S 50,00 : -
§ si0, & ¥
! |
LMO melt i E
40.00 compositions | :
after ~50vol.% | :
crystallization | '
30.00 . ;
¢ MgO i
1o X
20.00 | :
i :
i '
10.00 o ¢ FeO Y i
238 ca0 O ,
1 1
0.00 H i
40.0 45.0 50.0 55.0 60.0 65.0

vol.% LMO solidified

Figure 6. A comparison of published LMO melt compositions across works that considered an
LPUM bulk silicate Moon, after ~50 vol.% solids are precipitated. Charlier et al. (2018) and
Rapp and Draper (2018) used a fully fractional crystallization model whereas the others
employed a two-stage model.

3.2 Fractional crystallization
3.2.1 Evolution of melt composition

The two fractional crystallization regimes of the EQX50 and EQX60 models (FRX50 and
FRX60, respectively) produce similar melt composition trends (Fig. 7): SiO, increases with
increasing formation of solids while FeO, Al,Os, and CaO steadily increase until plagioclase
saturates at ~77-78% solids, at which point CaO and Al,O; decrease and FeO increases further.
At ~96-98% solids, the LMO is quartz saturated and FeO concentrations sharply decrease.
Although the melt compositions of the two models trend similarly with respect to the cumulative
volume of LMO solids produced, the trends may be offset by depth (e.g. peak melt FeO content
occurs at ~77-km depth in the EQX50 model whereas in the EQX60 model, the peak value
occurs at ~73 km). Inflections near 50% and 60% volumes are a result of the abrupt transition
from equilibrium to fractional crystallization inherent in the models.
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The last three shells of melt (the last shell being frozen in place immediately under the crust) in
both models reflect melt densities that should inhibit efficient plagioclase flotation (plagioclase
would be neutrally to negatively buoyant). This point is later discussed in context of crustal
properties.

7000 || EQX50/FRX50 ------
EQX60/FRX60 ——
60.00
50.00 sio,
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g 4000 2
5 o
® MgO 3\3
S 3000 - g
20.00 Feo
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cumulative vol.% LMO solidified

Figure 7. Compositional melt evolution as a function of LMO vol.% solidification. Melt
composition curves for the full model, where the last step is frozen in place. The shaded area
represents 75% to ~100% LMO solids, emphasizing element trends after plagioclase has
stabilized.

3.2.2 Solid phase characteristics

Figure 8 shows the proportion of solid phases formed within each of the vertical depth-based
packets of the FRX portions of the models (i.e. before crystal fractionation). Figure 9 shows
relative mineral abundances and their depths after crystal fractionation. Orthopyroxene (opx)
initially co-crystallizes with olivine, and opx proportions increase until clinopyroxene (cpx)
stabilizes, at which point opx decreases and cpx increases. Ilmenite appears in both models over
similar mantle layer thicknesses (~32 km), but at different depths (ilm in FRX50 settles to a
depth of ~93 km and to ~88 km in FRX60). The volumetric contribution for both models is
0.11% versus Vimo and is also similar at 2.1-2.2 vol.% versus the KREEP layer in which it
resides. Spinel is dispersed over a thicker portion of mantle in FRX50 (~123 km) versus FRX60
(~75 km) and also at a greater depth in the former (~280 km versus 223 km). A second
appearance of olivine occurs at ~98-99 vol.% LMO solids and is volumetrically greater in
FRX60 (Fig. 7, labeled OLy). For both models, sanidine only appears in the very last sub-crustal
layer, and quartz contributes to the bottom 11-12 km of the crust. In general, the lower portion of
FRX shells are ol and opx rich whereas the upper portion is cpx rich. Both models produce
similar thicknesses of cpx+ilm-bearing mantle (82-84 km) and the first appearance at depth-of-
settling is 144 km versus 137 km in FRX50 and FRX60, respectively.
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Figure 8. Mineral proportions per shell for each model where FRX50 has 25 layers and FRX60
has 22 layers (the crust is omitted here). The black dotted line represents the cumulative percent
of LMO solids as a function of increasing shell# where shell# 1 is the FRX base and the highest
numbered shell is the final, immediately sub-crustal shell that freezes in place.

The most significant difference thus far between the FRX portions of the models is the depths at
which minerals settle or at which plagioclase-melt density contrasts first become apparent —
although so far we treated plagioclase as efficiently floating throughout fractional crystallization
(as have previous works) we then considered plagioclase that eventually becomes neutrally to
negatively buoyant (Fig. 10). In FRX50, this density inversion occurs at 71 km below the LMO
surface whereas in FRX60, the same inversion occurs at 64-km depth. Such a scenario has
implications for lower crust mineralogy and density as well as for compositional variations in the
very upper portions of the mantle (Fig. 11).
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Figure 9. FRX50 and FRX60 plots showing the relative solid phase distributions as a function of

depth. A potassium feldspar phase (sanidine) appears only in the last step of fractional

crystallization where the remaining LMO (<1%) is frozen in place immediately under the crust.

Markers for plagioclase and quartz indicate their occurrences in the last layer crystallized.
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Figure 10. Upper mantle and crust characteristics. Left column: major element composition.
Center column: density profiles of the mantle, the crust, and the melts at both the base and
surface of each FRX step in which the solids first crystallized. Here quartz is incorporated with
plagioclase as basal crust. Right column: density profiles of typically non-buoyant minerals after
settling. Bulk solid (ext) = density profile if plagioclase is treated as negatively buoyant, as
predicted in Perple_X. Yellow dots represent the approximate depths to which negatively
buoyant plagioclase sinks. An = molar 100 x (Ca/(Ca+Na)). Quartz density remains constant at
~2551 kg m™ (not shown).

In terms of general density trends, both models produce mantle densities that increase at a
roughly linear rate with progressive crystallization toward the LMO surface, increase again at the
base of the transition zone and then sharply decline at the upper transition zone due to the
presence of quartz. The crusts are predominantly anorthite with ~1-km thick section that include
plagioclase Ang;.gs and ~10-12 vol.% quartz (Fig. 12). Between this section and the anorthite are
quartz-rich layers (~50 vol.%) ~10-11-km thick. Variations in plagioclase densities are minor
(~2703 to 2715 kg m™). The complete EQX50 model results in a crust that is ~5 km thicker than
that produced by the EQX60 model (61 km versus 56 km).
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Figure 11. Bulk solid compositions of the upper mantle reflecting late-stage plagioclase sinking.

Current seismic models suggest a largely uniform mantle density from ~80 km down to ~1200
km and a crust that increases in density with depth (e.g. Garcia et al. 2019; Weber et al., 2011).
Well-mixed equilibrium crystallization regimes produce initially uniform mantle densities by
default (here ~3150-3170 kg m™) but less than that of Weber et al. (2011; ~3400 kg m™). Both
models produced crustal thicknesses well in excess of current geophysical estimates. However,
given that the nearside-derived GRAIL-era estimate of a 34—43-km thick crust relied in part on
assumptions of physical characteristics of two specific nearside locales, a more accurate global
thickness remains to be evaluated after a farside geophysical assessment by the Seismic Suite
(FSS) experiments at the South Pole-Aitkin basin (Panning et al., 2022).
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For mantle depths down to ~80 km, Wieczorek et al. (2013) predicted densities from 3360-3150
kg m™ assuming uniform upper mantle porosity (they argued that a deeply impact-fractured crust
may also have a fractured upper mantle). Our models produce greater mantle densities (~3400-
3600 kg m™ ) down to ~80 km but match the Wieczorek et al. densities at greater depths (from
~100 km to > 200 km). This mismatch, along with density increases in Fe-bearing solid phases
during progressive LMO solidification, provides further evidence for a cuamulate mantle mixing
event.

Garcia et al. (2019) noted a low velocity zone at depths from 100-250 km, potentially caused by
proximity to heat producing KREEP. We note that this region strongly overlaps with the FRX60
lower boundary at ~260-km depth, up to the base of the transition zone (the latter serving as a
KREEDP layer analogue) at ~100 km. Our models show that this region could be interpreted as an
initially lower-velocity one, at least relative to the overlying IBC/transition layer. Determining if
the base of such a low-velocity zone could represent a relict equilibrium-to-fractional
crystallization interface or even survive a cuamulate mantle overturn (CMO) requires further
investigation.
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Figure 12. Schematic of the crust portions of the models. Lower dotted region indicates the
presence of quartz.

The two models presented here reflect fully solidified, pre-overturn, ancient lunar interiors
composed of four density and composition sub-structures: 1) an ol>opx lower cumulate mantle
of largely uniform density and randomized distribution of early-formed mafic phases with Mg# >
90; 2) a stratified upper mantle of ol>opx~cpx>sp that increases in density toward the transition
zone; 3) a cpx+ilm transition zone that further increases in both density and FeO concentration
toward a quartz-rich, low-density, base crust; and 4) a mostly uniformly dense, high-An bulk
crust (Ang;-g9s). We underscore that while density and composition trends are similar between the
models, the major inflection points in these trends occur at different depths.
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The depth at which fractional crystallization (i.e. the rheological transition) begins constrains the
initial thickness, density, and composition of the bulk lower mantle. In this case, bulk lower
mantle densities vary only slightly (the EQX50 lower mantle is 3150 kg m™ versus 3167 kg m™
for the EQX60 model), and the residual LMO is slightly more Mg-enriched in the former by ~3
wt.%. The KREEP-bearing transition zones are similar in thickness and composition but occur
over different depths. The crust is 5 km thinner in the EQX60 model yet given the current
estimate of a 34-43 km lunar crust, the difference may not be insignificant. Garnet appears in the
EQX60 model’s basal mantle but not in the EQX50 model.

4. Discussion

We compare our two new models against previous results that also used a LPUM bulk silicate
Moon composition (Fig. 13). While these models consider both shallow and deep magma oceans,
two-stage to purely fractional crystallization, and a range of crustal thicknesses and cumulate
mantle stratigraphies, here we focus on key differences and similarities that stem from a change
in crystallization regime switching (i.e. EQX50 vs EQX60).

4.1. Implications for crustal thickness and composition

In both of our new models, solid-melt density contrasts suggest that plagioclase should sink or
stagnate in the late stages of crustal underplating. In the EQX50 model, stagnation would initiate
at ~70 km and in the EQX60 model, at ~64 km. This density inversion has potentially two major
effects: 1) increasing alumina concentration in the upper mantle from 1-2 wt.% to 11-13 wt.%,
and 2) reducing lower crust density by introducing a quartz-rich residuum. However, previous
LMO models have generally defined the lunar crust as constructed by plagioclase that remains
persistently and positively buoyant throughout formation. If solid-melt phase density contrast is
the primary mechanism for building the Moon’s anorthositic crust, this implies that most
published two-stage models have not adequately addressed the effects of a late-stage, low density
melt on crustal formation, even in those that produce late-stage silica-rich melts (e.g. Charlier et
al., 2018; Johnson et al., 2021). Sub-crustal quartz should be identified by reduced seismic wave
speed signatures near the base of the crust; however, it may alternatively have been displaced
and/or re-equilibrated with other crystallization products during mantle overturn. If physically
mixed with an upper mantle of mafic-dominated composition, the lower crust-upper mantle may
be divided by a transition zone yielding seismic signatures closer to that of a plagioclase-
dominated crust.

No returned samples or lunar meteorites have indicated the presence of a sub-crustal LMO-
derived quartz layer, suggesting that if it formed during LMO crystallization, it has since reacted
away. Any primary quartz found on the lunar surface would have to had survived excavation via
a large impactor such as the one that created the South Pole-Aitkin basin (e.g. Melosh, 2017).
Even if excavated quartz survived the heat of such a large impactor, having been sourced from
greater depths (e.g. Hurwitz and Kring, 2014), the quartz ejecta would then need to have
survived melt sheet temperatures potentially in excess of that for quartz melting (~1650°C).
While speculative, we consider that only minor amounts of quartz were originally excavated, and
subsequent impact gardening combined with higher melt sheet temperatures obliterated or
obscured obvious traces of any primary quartz on the lunar surface. Fi-in-guartz-
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In general, deep-LMO models (>1000 km) tend to produce crusts with thicknesses in the range
~50-60 km, significantly thicker than GRAIL-based estimates of 34-43 km. If plagioclase that
crystallized from an LMO stagnates or sinks, as suggested in both our models, it may (a) sink so
slowly that it becomes part of an extended crust with quartz and minor mafic components, or (b)
sink quickly enough to form a separate plagioclase-rich layer. In the latter, the proper flotation
crust would be ~48-km thick in the EQX50 model and ~43-km for the EQX-60 model, and a
quartz- or silica-rich layer mixed with negatively buoyant plagioclase below would largely be
unpreserved after a CMO initiated from a dense ilmenite-bearing cumulate (IBC). Our findings
suggest that extended equilibrium crystallization of the LMO is one possible pathway to achieve
a crustal thickness more in alignment with the GRAIL-based range, and that a thin lunar crust by
itself would not necessarily imply the presence of water, which delays plagioclase crystallization
(e.g. Lin et al., 2020). The findings also highlight the need for further investigation into the
environmental conditions would have been in place just after the Moon-forming impact to
promote a prolonged period of LMO crystal suspension.
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Figure 13. Modified from Charlier et al. (2018). A comparison of phase appearances as a
function of % LMO solidified. Pig = pigeonite, a low-Ca variety of cpx, has been left as a
separate pyroxene species when indicated as such by the original work. E+F = the two-stage
model, F = fractional crystallization. Numbers in brackets indicate the LMO depth that was
modeled. * = one value within an approximate range of 40 + ~5 km. For EQX50 and EQX60,
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the first of three values = all plagioclase is floated; second value = late-stage plagioclase
stagnates to form an extended crust; third value = a crust of only positively buoyant plagioclase.

4.2. Differences in early cumulate pile solids from differences in approaches

Not all full-depth LMO LPUM models produce the At-bearing-phase orthopyroxene during
initial convection. For example, our two new models, as well as those from Johnson et al. (2021),
produce orthopyroxene early in the crystallization sequence, leaving less Al for later-formed
plagioclase. The experimental works of Elardo et al. (2011) and Rapp and Draper (2018) both
considered LMO base crystallization conditions in the range of ~1800°C at 4 GPa, and neither
model produced orthopyroxene. The cause of discrepancies between these calculated phase
equilibria and experimental models is unclear, and highlight that predictions about the
composition and petrology of Moon’s pre-overturn cumulate mantle are highly sensitive to
model parameters and methodological choices.

The EQX60 model produced ~5% more Al-bearing orthopyroxene than the EQX50 model. In
general, orthopyroxene and/or olivine saturation dominate the early cumulate mantle in all these
models (Fig. 13) and is likely the primary cause for a restricted range of crustal thicknesses,
despite differences in model approach or method. The most direct comparisons can be made
between our models and the LPUM model of Johnson et al. (2021), who also explored the TWM
composition. Although both works use a computational phase equilibria approach for a two-stage
LPUM model, different approaches were used for estimating the first 50% solids precipitated.
While our work used key thermodynamic properties of the melt to define an adiabat for
crystallization where 50% or 60% solids precipitated simultaneously, Johnson et al. (2021) chose
a 50% solids path directly between and parallel to the liquidus and solidus, using mol.% as a
proxy for vol.%. Consequently, a 50% equilibrium crystallization regime produced different
phase proportions (~45 mol.% opx and 55 mol.% ol for Johnson et al., and ~20 vol.% opx and
~80 vol.% ol for this work). Such differences are potentially significant, yet often viewed as
generally similar. For example, thermodynamic output for this work at P ~44000 GPa and T
~2040 K for an LPUM composition shows olivine at ~34 vol.% with an equivalent mol.% of 43.
At surface P and T, olivine output is ~55 mol.%, or ~42 vol.%. How these differences eventually
translate to a full model was beyond this scope of this work, with the larger issue being that
untangling the effects of parameter choices and modeling approaches on results is not
straightforward. Computational phase equilibria modeling does provide an efficient and
inexpensive means for investigating planetary cooling, permitting inquiry into higher P-T space
than some experimental techniques. For more robust results, computational methods should be
combined with experimental verification, all using the same parameters when possible.

The appearance of garnet during the end of the equilibrium crystallization portion in the EQX60
model shows that an Earth-like BSMC is capable of producing minor amounts of garnet when
convection is vigorous, and so an Al-enriched BSMC like TWM may not be required. The
presence of garnet has been invoked to explain sound velocities and high seismic velocities in
the Moon’s lower mantle (Anderson, 1975; Weber et al., 2011; Wood et al., 2024). Bhanot et al.
(2024) found potential relict garnet signatures in the form of Cr-spinel+olivine symplectites that
may once have been olivine+Cr-garnet, stirred up from the base of the mantle during an overturn
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event. We therefore consider garnet to be a likely part of the lunar mantle, and this may have
formed due to extended convection.

4.3. Cumulate pile fronts and the IBC layer: potential effects on a mantle overturn

LMO models inevitably produce ilmenite as LMO solidification proceeds, and with continued
ilmenite crystallization the LMO dregs eventually become Fe-depleted and silica saturated
according to some models (Fig. 12). As ilmenite is considered a key component of the IBC
which drove late-stage mantle mixing (i.e. CMO), its first appearance and volumetric distribution
remain of interest. The CMO would have forced an exchange of material between the KREEP-
bearing IBC layer and the high-Mg cumulate mantle pile below it. This exchange serves as a
possible mechanism for enigmatic Mg-suite magmatism (e.g. Elkins-Tanton et al., 2002; Elardo
et al., 2011; Prissel et al., 2023), rendering pre-CMO stratigraphy as a highly relevant.

For example, prolonged early LMO convection places the final cumulate pile height 80-km
closer to the surface (~260 km versus 340 km for the two-stage EQX50 model). The first
appearance of ilmenite in both models occurs at 90% LMO solids, similar to Johnson et al.
(2021; and models referenced therein), earlier than the fully fractional LPUM model of Rapp and
Draper (2018) at 97% solids, and slightly later than the relatively Fe-enriched (non-LPUM; 12
wt.% FeO) deep-LMO model of Elkins-Tanton et al. (2011) at ~88% LMO solids. The
thicknesses of the IBC for both EQX50 and EQX60 models are similar at 58-59 km and ilmenite
volumes also similar at 2.1-2.2 vol.%., the latter in general agreement with that of Elardo et al.
(2011; ~3.6 vol.% ilmenite).

Our work supports the idea that full-depth, two-stage LPUM LMO models promote
volumetrically low ilmenite production, consequently leading to shallow CMOs. However, the
first appearance of ilmenite at the base of the cumulate pile front occurs relatively sooner
(deeper) in the EQX50 model at a depth of ~93 km versus ~88 km in the EQX60 model,
suggesting that extended LMO convection model could cause relative delay in the onset of a
CMO. When coupled with a smaller separation distance (172 km versus 247 km) between the
base of the IBC and the top of a well-mixed high-Mg cumulate mantle pile, extended convection
provides a physically shorter path for accessing high-Mg cumulates. While the values above are
particular to the parameter definitions of the two models, we underscore that the goal is to show
potentially significant, systematic changes can result from small changes in early convective
vigor. The volume of ilmenite that crystallizes, the thickness and viscosity of the IBC layer, and
the rheology of the mantle at the time of overturn are all crucial aspects of the CMO that remain
poorly constrained (e.g. Li et al., 2019).

4.4. Upper mantle composition

Melosh et al. (2017) suggested that the impact that created the 2500-km diameter South Pole-
Aitkin (SPA) basin on the Moon’s southern farside likely excavated the upper lunar mantle to
depths of ~100 km. Combined with compositional remote sensing data, they concluded that the
upper mantle is largely composed of low-calcium pyroxene (LCP). In both models in this work,
clinopyroxene (mostly low-Ca augite) dominates upper mantle composition from ~100-km depth
to the base of the crust, and negligible amounts of olivine are present. Other works have
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concluded orthopyroxene-rich upper mantle sources, most recently from Chang’e-5 mission
samples collected from the nearside in the northwest portion of the Procellarum KREEP Terrane
(Sheng et al., 2024). However, spectral signatures on the lunar surface at different locales hint at
different mantle lithologies — while Melosh et al. and Yamamoto et al. (2023) both concluded
that LCP exposures dominate the SPA region, Yamamoto et al. also show that olivine is the
dominant exposed mafic phase in other basins such as Crisium (nearside) and Moscoviense
(farside). More likely, the lunar mantle is both laterally and vertically heterogeneous (as
previously suggested by numerous works), whether induced by cumulate mantle mixing or by
initially heterogeneous solidification processes, or both. The latter point goes back to the issue of
the lunar crustal dichotomy — either the Moon’s crust initially formed in a hemispherically-bound
and variably-thick state or was preferentially thinned out on the nearside after formation.

4.5. Moving away from the spherically uniform LMO cooling model: a dichotomously
solidifying Moon

One shared parameter across all two-stage and fully-fractionating LMO models is the assumption
of a symmetrically and uniformly cooling LMO. Based on current estimates that combines
gravity observations with nearside crustal measurements, the farside crust is markedly thicker
(up to ~60 km) than the nearside crust (20-30 km) with a global mean thickness (34-43 km)
similar to that of Earth (Wieczorek et al. 2013). Previous works have explored the potential
origins for the lunar crustal dichotomy, ranging from radiogenic heat contributions (Elardo et al.
2020), to a large nearside impact (Zhu et al. 2019), and to the early influence of a hot Earth (Roy
et al. 2014). Roy et al. proffered that a post-impact debris disk of 2000-10000 K would influence
crustal thickness if the Moon became tidally locked early on, and Lock et al. (2020, 2018)
suggested that a different hot post-impact Earth structure at an ~2300 K external disk
temperature must affect lunar magma ocean cooling. In addition, reflectance spectra suggest that
the farside crust may have evolved from more primitive magma, as evidence by a higher
magnesium-to-iron ratio (Ohtake et al. 2012). This evidence reinforces the possibility that the
Moon’s crust may have initially formed in an asymmetric state.

Boukaré et al. (2022) offered a model for planetary cooling that captures the above, that a planet
tidally locked to its sun could exist in a partially molten state with a solid region on the side
facing away from the sun and a molten region on the sun-facing side. Given this model for paired
tidal locking and crystallization, our model results, and the results of similar full-depth LMO
works (e.g. Fig.12), we suggest the possibility that spherically uniform LMO solidification
models may actually reflect generation of the Moon’s farside crustal thickness than a global
mean, accounting for some of the discrepancy between GRAIL-based estimates and model-
predicted ones. This conclusion is drawn in part from the extreme differences in crustal thickness
between the lunar farside (up to ~60 km) and the nearside (20-30 km) (Wieczorek et al., 2013).
A lunar nearside tidally locked to hot post-impact Earth at the onset of LMO solidification would
have endured surface temperatures initially hovering above the liquidus such that crystallization
would be suppressed at depth and convection weak. Figure 14 shows such a scenario. Assuming
that tidal locking occurs early, the Moon is outside the Roche radius, and the external disk
temperature is >2300 K, the colder lunar farside crystallizes in a manner similar to the models in
this work. The nearside experiences weaker convection as the temperature differential between
LMO base and surface is initially small. There would be some communication between
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hemispheres, but hemispheric differences in magma ocean depth and crystallization styles would
be likely (Boukaré et al., 2022).

STARTING CONDITIONS

N,
ZONE 2 \\
(farside) b
TCMB =2193K
TSURF =2067 K

1737.15 km
At T, the LMO cools
sufficiently on the farside to
begin solidification at the
CMB. Cooling is adiabatic
and convection is rigorous.

Figure 14. Schematic showing a dual cooling regime for an LMO with two different surface
temperatures and similar core-mantle boundary (CMB) temperatures. The nearside surface
temperatures are 1) approximately equal to internal mantle temperatures or 2) greater than
internal mantle temperatures. Condition 2 will increase depression of the adiabat-liquidus
intersection compared to 1, rendering convection minimal to negligible. We assume post-impact
hot Earth effective geometries (based on the synestia model of Lock et al., 2020) are roughly
spherical and are scaled at ~3.7x the radius of the Moon.

5. Conclusion

Variations in petrological structure determined from LMO models result from a combination of
different approaches (i.e. experimental versus numerical), LMO parameters (e.g. LMO depth, P-
T values for crystallization, model resolution), and assumptions about an initial thermal state.
The general effects of varying some parameters may be arrived at more intuitively (such as
increases in bulk FeO are likely to lead to increased ilmenite production and perhaps a denser
late-stage melt) than others (i.e. the small changes in petrological layering forced by an increase
in early convection). Without systematically varying model parameters, however, comparing
results across multiple models becomes problematic. Even LMO model resolution (i.e. the
number of shells or layers) can lead to differences in petrological structure. An extreme example
would be the instantaneous freezing of the Moon (i.e. a one-shell approach). Reverting to an
LPUM pseudosection (Fig. 3) to estimate the petrology and stratigraphy, there would be no
plagioclase-dominant lithology serving as the pseudo-crust and garnet would occupy the lower
~1200 km of a coreless rocky body.
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Whereas previous LPUM LMO works produce the first 50% solids as largely Mg-rich olivine
and/or orthopyroxene with similar bulk densities, our models introduce the effects on early
whole-Moon differentiation by extending the volume of early crystal suspension to a plausible
60% solids. The models suggest that garnet in the lunar mantle is possible without having to
invoke an alumina-enriched BSM. This finding is not to be taken as proof or even likelihood of
mantle garnet due to persistent early convection. Rather, we suggest that convective rigor
coupled with, say, a minor increase in alumina may provide another means for creating mantle
garnet.

LMO models that produce late-stage silica-rich melts must contend with the effects on
plagioclase floatation. We find this consideration lacking in the literature. Current seismic
interpretations of the lunar farside are based on nearside seismic data, and so future seismic
missions will likely lead to reassessments of lunar crustal thickness, forcing re-examinations of
previous LMO works. That a vigorously convecting LMO favors a thinner crust (among other
traits) than conventional 50%-solid two-stage models is, to our knowledge, a novel finding that
reinforces the importance of convective styles for modeling the building of small rocky bodies.
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Starting bulk silicate composition (wt.%)

Si02 46.1000
Al203 3.93000
Cr203 0.500000
Tio2 0.170000
FeO 7.62000
MgO 38.3000
CaO 3.18000
Na20 0.050000
K20 0.003000

Solid solution models in Perple_X
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Grid resolution settings in Perple_X
X_nodes 40 60

Y nodes 40 60

Initial resolution  1/10 1/24
Grid levels 15

Figure S2. Starting values for the LPUM model in Perple_X. See hp633ver.dat for further details.
The solid solution model groups HGP, JH, and WPH represent phases defined by Holland, Green
and Powell (2018), Jennings and Holland (2015), and White et al. (2000), respectively.

Green et al. (2016) have noted that the solid solution model used here may overpredict ilmenite
stability by the inclusion of the geikielite (Ti-Mg bearing) endmember and so “geik” was omitted
from our phase equilibria computations.
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Dynamical transition from equilibrium to fractional crystallization

The dynamics of crystal dispersal in a large lunar magma ocean is a complicated problem in
geophysical fluid dynamics. Here a scaling analysis is performed to estimate the crystal loading
(the volume fraction of crystals) at which a thermodynamic regime change from crystal
suspension to crystal settling occurs. The physical idea is that the fate of crystals (that is whether
they remain substantially suspended except in very thin boundary layers in which some settling
will always occur (Martin and Nokes, 1989), or wholesale settle out and accumulate in a basal
layer) depends on the magnitude of a dimensionless number R which represents the ratio of
crystal settling speed to the rms vertical convective velocity of the LMO. Specifically, three
dynamical regimes can be identified. For R 0.1 crystals will remain suspended due to the action
of thermal convection and the magma solidifies by equilibrium crystallization. For 0.1 SR S 10,
settling and suspension can both take place depending upon local (i.e., spatially variable) values
of convection velocities that cannot be predicted by simple scaling. Finally, for R210 crystal
settling will predominate, and the magma will solidify by fractional crystallization which
precludes earlier formed crystals from reacting with melt. It is important to note that this is a
scale analysis and should be viewed in that light. At the same time, the analysis shows how the
rheology of magma, specifically the volume fraction of crystals that leads to the viscosity
catastrophe, is the dominant effect.

A quantitative scale analysis proceeds by defining a dimensionless parameter:

V settling

UCOHV

R= )

where the numerator is the crystal settling speed and the denominator the mean rms vertical
convective velocity of magma in the LMO. Rorders and separates the regimes of equilibrium (R
small) and fractional crystallization (R large) to first order. Crystal settling velocity is based on a
modification of single-particle Stokes settling to allow for hindered settling (Zhu et al., 2019; Pal
and Ghoshal, 2013; Cheng, 1997; Chien and Wan, 1983; Garside and Al Diboundi, 1977) for
which the ‘exponent of reduction’ (m) depends on the particle Reynolds number (Re,). The
fundamental expression is constituted by defining terms of R according to

\/settling = VStokes ( 1-6 )m (2)

where \/ gk is the single particle settling rate in melt

_g4lpd ?
Stokes ]_8 rlme][ (3)

where g is the acceleration of gravity (1.62 m/s?), Ap is the mean crystal- melt density difference,
d is the mean crystal diameter and #mer: is the dynamic viscosity of melt. The ‘exponent of
reduction’ (m) is a function of the Reynolds number
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5.1+0.27 R’
m=——-—-—-—

4

1+0.1%R)° (4)
where the particle Reynolds number is defined

iRp:\/Stokespmeltd :pmeltgApd?). (5)

Minele 18 nrznelt

Equations (3), (4) and (5) enable estimation of the settling velocity in eq (2) for a crystal of
diameter d, in melt of density pme: and dynamic viscosity 1meit Wwhere the density difference
between crystal and melt is Ap and the local volume fraction of crystals is 6. Hence the
numerator of eq (1) is determined.

The denominator or eq (1) is evaluated from expressions in Spera (1992) based on the scaling
theory of turbulent chaotic high Rayleigh number convection developed by Castaing et al.
(1989). The viscous regime scaling for the rms vertical convective velocity (Ucny) in the LMO is

U =7 R0l (6)

where k is the thermal diffusivity of the LMO, L is the LMO depth, and the thermal Rayleigh
number based on melt viscosity is defined

P = GATL’

K ’7 melt

Ra

)

In eq (7), a is the isobaric expansivity of melt, AT is the temperature difference driving
convection, and 7Jmert is the viscosity of the LMO melt. The last factor on the RHS of eq (6)
accounts for the presence of suspended crystals of volume fraction 6. From Lesher and Spera
(2015), the viscosity of Lunar magma depends on the fraction of suspended crystals relative to
the viscosity of melt by

nMagma = rlmelt (" (" (8)

where C and 0, are constants. The former is set equal to three following Lesher and Spera (2015)
whereas the latter is a critical packing fraction for viscosity catastrophe. 6, depends on the size
and shape distribution of crystals (e.g.,Li and Cheng, 1990; Hales, 1992; Jaeger and Nagel, 1992;
Daley, 2000; Wyart and Cates, 2014; Vasseur et al, 2021; Wilken et al, 2021). For monodisperse
spherical particles, 0o, the critical packing volume fraction depends on the geometry of packing.
For uniform spheres the densest is face-centered cubic packing with a space-filling critical
fraction 8,=m/18~0.74. The densest random close packing (RCP) for uniform spheres is 6,=
0.64 commonly referred to as random close packing (Bernal and Mason, 1960). In random loose
packing (RLP) the critical value is about 0.54 (Brouwers, 2014). The critical packing fraction of
mixtures of particles with a lognormal distribution, is governed by the standard deviation of
sizes, mode of packing, and particle shape and tends to higher values up to or even greater than
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6,~0.8 (Lam and Nakagawa, 1994). Here we graphically portray R for several values of 8, to
reflect uncertainties regarding crystal characteristics (size and shape distributions) in the LMO.

The final expression for R is found using egs (2), (3), (4), and (5) together with eqs (6) and (7) to
obtain the explicit expression for the ratio of crystal settling speed to rms vertical convective
speed

_Apg dL
18Krlme1t

R Ra*"(1-0)"i¢ 9)

where the ‘exponent of reduction’ for crystal settling (m) depends solely on the particle Reynolds
number eq (4), C = 3 and 0, is the critical packing volume fraction.

Results are shown in the figures below for 6,equal to 6,= 0.64 (RCP), 0, = 0.74 (face-centered
cubic packing) for uniform spheres and 6,= 0.8 for more variegated mixtures. The value 8 = 0.64
may be a reasonable compromise. The most important conclusion drawn from analysis of eq (9)
is that the regime change from no crystal settling to efficient sedimentation occurs just below the
value of critical packing in the neighborhood of 6, Although other parameters play a role, the
singularity in the two-phase viscosity function at =0, is the dominant effect.
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FRX50 and FRX60 bulk shell compositions, relative mineral modes,
approximate depths (note to editor: tables/data will be moved to the EarthChem Library for open
access after submission).
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	2.4. Pressure-temperature conditions for crystallization
	The lunar mantle is assumed to have solidified from the ‘bottom-up’ as crystallization proceeds (e.g. Solomatov, 2000; Elkins-Tanton, 2012) and P-T values were approximated using linear adiabats calculated for each cooling step. The LMO was treated as a quasi-isothermal system wherein large-scale vigorous convection produces a well-stirred LMO, thereby efficiently distributing heat from top to bottom. As adiabatic slopes for an initially hot, small silicate body like the Moon are expected to be steep (e.g. Tonks and Melosh, 1990), the temperature difference between the LMO surface and base would be insignificant over the 1400-km LMO depth. The adiabatic change in temperature with pressure was approximated by
	(Eq. 2)
	where  is the coefficient of thermal expansion, V is specific volume, TBASE is the base temperature of a well-stirred LMO, and Cp is the LMO heat capacity. Values for these parameters were determined by Perple_X.
	2.5. Process flow: Convection and crystallization regimes
	We modeled the effects of a solidifying full-depth LMO after core formation using the two-stage model. Stage one reflected a magma ocean that vigorously convects until 50% or 60% solids (referred to as the EQX50 and EQX60 models, respectively) are achieved, after which stage two simulated fractional crystallization until the LMO is fully solid (referred to as the EQX50 and EQX60 models, respectively). We chose a two-stage model over a fully fractional model due to initial constraining assumptions that suggest an early turbulent regime (Solomatov, 2007; Spera, 1992; Tonks and Melosh, 1990): 1) the LMO begins as a low viscosity, ultramafic melt; 2) the Moon is a small body with low gravitational acceleration (1.6 m s-2 at the surface) and so is conducive to extended crystal suspension; and 3) heat loss is efficient due to the temperature contrast between the LMO base (~2200 K) and the free surface where the temperature of space is ~240 K. All of these factors promote turbulence.
	The 60 vol.% rheological lockup value represents an estimate of maximum crystal loading for early vigorous convection. A quantitative scaling analysis is here expressed as a dimensionless number, R, that compares crystal settling velocity against vertical convective velocity:
	
	Figure 2. A schematic of the two-stage 50% LMO model. EQX = equilibrium crystallization, FRX = fractional crystallization. c and d show expected stable phases formed during the stages, the darker lower portion of d signifying the first appearance of cpx. Ilmenite forms late in LMO cooling (e), and a stagnant plagioclase lid (f) begins to form shortly before the first appearance of ilmenite. g represents the timing for a cumulate mantle overturn that can only begin after completion of a. Yellow and light gray arrows in b represent the simultaneous sinking of late-stage mafic phases and ilmenite and the floatation of plagioclase, respectively. The KREEP-rich transition zone (K, rare earth elements, and P) represents a residual LMO rich in incompatible elements and does not have a distinct boundary. Here the zone is associated with the appearance of ilmenite. pl = plagioclase, ol = olivine, opx = orthopyroxene, cpx = clinopyroxene, gt = garnet, sp = spinel, qtz = quartz (or other silica phase).
	Our calculations show that EQX regimes produce mantles comprised of olivine (OL), orthopyroxene (OPX), and garnet (GT), with minor (0.03 vol.%) spinel (SP) stable only within a single shell at ~221 km-depth in the EQX60 model. The EQX50 model produced a cumulate mantle with a larger ratio of olivine to orthopyroxene (3.8) than the EQX60 model (2.7). Olivine and orthopyroxene Mg# (= molar 100*[Mg/(Mg+Fe)]) ranged from 92-95 and 94-95 for the EQX50 and EQX60 models, respectively. For both models, orthopyroxene and olivine equilibrated toward the base of the LMO are less Mg-rich, more Fe-rich, and denser than those equilibrated toward the LMO surface due to the higher degree of solidification at higher pressures. Garnet in the EQX60 model stabilized at the LMO base and up through ~39000 bar (~1000-km depth). The amount produced in our models is small versus the full LMO volume but constitutes ~5 vol.% of the lower ~200 km of LMO solids.
	
	Figure 5. Schematic of key differences between early equilibrium crystallization characteristics of the two models.  = crystal fraction of the LMO solidified. Cumulate pile bulk mineralogy and trapped melt percents (versus the full LMO) in yellow text, bulk residual LMO melt composition (FRX melt) wt.% is in white text.
	
	Figure 6 compares the LMO melt composition at the end of the EQX stages from this work against four others all using LPUM but different convective regimes, LMO starting depths, and crystallization P-T paths: 1) Elardo et al. (2011) used an experimental approach considering four different pressures (1, 2, 3, and 4 GPa) and melt fractions from 20% to 75% for a 1400-km deep LMO; 2) Charlier et al. (2018) experimentally modeled the cooling of a 600-km deep LMO using a purely fractional crystallization model considering five different pressures from 0.08 to 1.20 GPa; 3) Rapp and Draper (2018) also created a fully fractional model but for a ~1400-km deep LMO over eight different pressures from 0.5 GPa to 4 GPa; and Johnson et al. (2021) employed computational phase equilibria to simulate a solidifying 1400-km deep LMO, using 50 mol.% as a proxy for 50 vol.% in attempting to reproduce the work of Elardo et al. (2011).
	
	Figure 6. A comparison of published LMO melt compositions across works that considered an LPUM bulk silicate Moon, after ~50 vol.% solids are precipitated. Charlier et al. (2018) and Rapp and Draper (2018) used a fully fractional crystallization model whereas the others employed a two-stage model.
	3.2 Fractional crystallization
	3.2.1 Evolution of melt composition
	The two fractional crystallization regimes of the EQX50 and EQX60 models (FRX50 and FRX60, respectively) produce similar melt composition trends (Fig. 7): SiO2 increases with increasing formation of solids while FeO, Al2O3, and CaO steadily increase until plagioclase saturates at ~77-78% solids, at which point CaO and Al2O3 decrease and FeO increases further. At ~96-98% solids, the LMO is quartz saturated and FeO concentrations sharply decrease. Although the melt compositions of the two models trend similarly with respect to the cumulative volume of LMO solids produced, the trends may be offset by depth (e.g. peak melt FeO content occurs at ~77-km depth in the EQX50 model whereas in the EQX60 model, the peak value occurs at ~73 km). Inflections near 50% and 60% volumes are a result of the abrupt transition from equilibrium to fractional crystallization inherent in the models.
	The last three shells of melt (the last shell being frozen in place immediately under the crust) in both models reflect melt densities that should inhibit efficient plagioclase flotation (plagioclase would be neutrally to negatively buoyant). This point is later discussed in context of crustal properties.
	
	Figure 7. Compositional melt evolution as a function of LMO vol.% solidification. Melt composition curves for the full model, where the last step is frozen in place. The shaded area represents 75% to ~100% LMO solids, emphasizing element trends after plagioclase has stabilized.
	3.2.2 Solid phase characteristics
	Figure 8 shows the proportion of solid phases formed within each of the vertical depth-based packets of the FRX portions of the models (i.e. before crystal fractionation). Figure 9 shows relative mineral abundances and their depths after crystal fractionation. Orthopyroxene (opx) initially co-crystallizes with olivine, and opx proportions increase until clinopyroxene (cpx) stabilizes, at which point opx decreases and cpx increases. Ilmenite appears in both models over similar mantle layer thicknesses (~32 km), but at different depths (ilm in FRX50 settles to a depth of ~93 km and to ~88 km in FRX60). The volumetric contribution for both models is 0.11% versus VLMO and is also similar at 2.1-2.2 vol.% versus the KREEP layer in which it resides. Spinel is dispersed over a thicker portion of mantle in FRX50 (~123 km) versus FRX60 (~75 km) and also at a greater depth in the former (~280 km versus 223 km). A second appearance of olivine occurs at ~98-99 vol.% LMO solids and is volumetrically greater in FRX60 (Fig. 7, labeled OLU). For both models, sanidine only appears in the very last sub-crustal layer, and quartz contributes to the bottom 11-12 km of the crust. In general, the lower portion of FRX shells are ol and opx rich whereas the upper portion is cpx rich. Both models produce similar thicknesses of cpx+ilm-bearing mantle (82-84 km) and the first appearance at depth-of-settling is 144 km versus 137 km in FRX50 and FRX60, respectively.
	
	Figure 8. Mineral proportions per shell for each model where FRX50 has 25 layers and FRX60 has 22 layers (the crust is omitted here). The black dotted line represents the cumulative percent of LMO solids as a function of increasing shell# where shell# 1 is the FRX base and the highest numbered shell is the final, immediately sub-crustal shell that freezes in place.
	The most significant difference thus far between the FRX portions of the models is the depths at which minerals settle or at which plagioclase-melt density contrasts first become apparent – although so far we treated plagioclase as efficiently floating throughout fractional crystallization (as have previous works) we then considered plagioclase that eventually becomes neutrally to negatively buoyant (Fig. 10). In FRX50, this density inversion occurs at 71 km below the LMO surface whereas in FRX60, the same inversion occurs at 64-km depth. Such a scenario has implications for lower crust mineralogy and density as well as for compositional variations in the very upper portions of the mantle (Fig. 11).
	
	Figure 9. FRX50 and FRX60 plots showing the relative solid phase distributions as a function of depth. A potassium feldspar phase (sanidine) appears only in the last step of fractional crystallization where the remaining LMO (<1%) is frozen in place immediately under the crust. Markers for plagioclase and quartz indicate their occurrences in the last layer crystallized.
	
	Figure 10. Upper mantle and crust characteristics. Left column: major element composition. Center column: density profiles of the mantle, the crust, and the melts at both the base and surface of each FRX step in which the solids first crystallized. Here quartz is incorporated with plagioclase as basal crust. Right column: density profiles of typically non-buoyant minerals after settling. Bulk solid (ext) = density profile if plagioclase is treated as negatively buoyant, as predicted in Perple_X. Yellow dots represent the approximate depths to which negatively buoyant plagioclase sinks. An = molar 100 × (Ca/(Ca+Na)). Quartz density remains constant at ~2551 kg m-3 (not shown).
	
	Figure 11. Bulk solid compositions of the upper mantle reflecting late-stage plagioclase sinking.
	
	Figure 12. Schematic of the crust portions of the models. Lower dotted region indicates the presence of quartz.
	The two models presented here reflect fully solidified, pre-overturn, ancient lunar interiors composed of four density and composition sub-structures: 1) an ol>opx lower cumulate mantle of largely uniform density and randomized distribution of early-formed mafic phases with Mg# > 90; 2) a stratified upper mantle of ol>opx≈cpx>sp that increases in density toward the transition zone; 3) a cpx+ilm transition zone that further increases in both density and FeO concentration toward a quartz-rich, low-density, base crust; and 4) a mostly uniformly dense, high-An bulk crust (An97–98). We underscore that while density and composition trends are similar between the models, the major inflection points in these trends occur at different depths.
	The depth at which fractional crystallization (i.e. the rheological transition) begins constrains the initial thickness, density, and composition of the bulk lower mantle. In this case, bulk lower mantle densities vary only slightly (the EQX50 lower mantle is 3150 kg m-3 versus 3167 kg m-3 for the EQX60 model), and the residual LMO is slightly more Mg-enriched in the former by ~3 wt.%. The KREEP-bearing transition zones are similar in thickness and composition but occur over different depths. The crust is 5 km thinner in the EQX60 model yet given the current estimate of a 34-43 km lunar crust, the difference may not be insignificant. Garnet appears in the EQX60 model’s basal mantle but not in the EQX50 model.
	4. Discussion
	We compare our two new models against previous results that also used a LPUM bulk silicate Moon composition (Fig. 13). While these models consider both shallow and deep magma oceans, two-stage to purely fractional crystallization, and a range of crustal thicknesses and cumulate mantle stratigraphies, here we focus on key differences and similarities that stem from a change in crystallization regime switching (i.e. EQX50 vs EQX60).

