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Supplementary Text 1 

1) Inversion for the BSM Ca-isotope composition 2 

To constrain the BSM Ca-isotope value, we develop the LMO isotopic fractionation model upon 3 

the structures established in Sedaghatpour and Jacobsen (1) and Fu et al. (2). First, we select two 4 

representative chemical models for the LMO crystallization from Schmidt and Kraettli (3) Snyder 5 

et al. (4). 6 

The classic shallow-LMO mineral sequence from Snyder et al. (4) was obtained by thermodynamic 7 

modeling that computed equilibrium phase relations throughout the LMO solidification. The 8 

resolved evolving phase transitions are (i) olivine (0–40%); (ii) orthopyroxene (40–78%); (iii) 9 

olivine + pigeonite + plagioclase (78–86%); (iv) pigeonite + plagioclase + clinopyroxene (86–10 

95%); (v) pigeonite + clinopyroxene + plagioclase + ilmenite (95–99.5%) (Table 2). The first 0–11 

76% LMO solidification is assumed to be equilibrium crystallization, and the rest (76–99.5%) is 12 

fractional crystallization, reflecting the presumably less dynamic convection of the LMO that 13 

facilitated crystal settling as the magma cooled and the lunar insulating anorthosite lid started to 14 

form.  15 

The experimental deep-LMO crystallization sequence was recently established by Schmidt and 16 

Kraettli (3). The experiments started with a similar bulk silicate Moon chemical composition 17 

(Taylor Whole Moon composition) (5) to that used in Snyder et al. (4) and temperature and 18 

pressure conditions for an 1,150-km deep primordial LMO. The mineral phases and mass 19 

proportions are tabulated in Table 3. Major differences between this experimental model and the 20 

thermodynamic model (4) include: (i) the main Fe-Ti oxide obtained from the experiments was 21 

spinel instead of ilmenite; (ii) no pigeonite crystallized from the experimental melts; (iii) 22 

plagioclase started to be a saturated phase since 70% of LMO crystallization in the experiments, 23 

contrasting to at ~78% determined by the thermodynamic model; (iv) the experiments simulated 24 

solely fractional crystallization for the LMO solidification. In Schmidt and Kraettli (4), a synthesis 25 

of four existing LMO crystallization experimental studies (4, 6–8) found that, although different 26 

in detail in the selection of BSM chemical compositions and the resulted crystallization paths, all 27 

experiments similarly converged on a common sequence of major phases: olivine – orthopyroxene 28 

– clinopyroxene + plagioclase – quartz + Fe-Ti oxide. Therefore, the selected experimental (3) and 29 

thermodynamic (4) models cover sufficiently the broad scenarios of the LMO crystallization and 30 

make a valuable set of sensitivity tests to understand the LMO isotopic compositions reliably. 31 

Because the isotope fractionation effect is highly temperature dependent (proportional to the 32 

inversed square of temperature), it is important to account for the crystallization temperature 33 

variation throughout the LMO crystallization. We take the LMO crystallization temperature profile 34 

determined by the experimental models, assuming crystallization for an 1,150 km-deep-LMO (3) 35 

and 600 km-shallow-LMO (7). We plotted their reported crystallization temperature versus degree 36 

of LMO crystallization (1-F,), where F is the LMO residual melt fraction) and fit them with 37 

polynomial functions (Fig. 2), which we use for the isotopic modeling of the deep-LMO:  38 

                           T (°C) = -2435.6F4 + 4282.8F3 - 2033.6F2 + 1015.1F + 1041.8                        (S1) 39 

 40 

And for the shallow-LMO: 41 
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                                     T (°C) = -34.3F3 - 136.4F2 + 900.1F + 1095.0                                          (S2) 42 

To model the Ca isotopic evolution of the LMO, we implement a Monte Carlo isotopic 43 

fractionation model developed by Fu et al. (2) (described in more detail in Section 3: Mg and Ca 44 

isotopic fractionation models with a Monte Carlo method), which can account for propagated 45 

errors surrounding the initial isotopic composition and temperature-dependent fractionation 46 

factors. The temperature-dependent mineral-melt Ca-isotope fractionation factors used for 47 

modeling are provided in Table 5. The bulk mineral partition coefficient (DCa) for each 48 

crystallization stage is parameterized (Tables 2 and 3) such that the Ca concentration variation 49 

reproduces that reported by Schmidt and Kraettli (3) and Snyder et al. (4) (Fig. 3). We categorize 50 

the fractionating cumulates into sinking cumulates (heavy minerals including olivine, 51 

orthopyroxene, pigeonite, clinopyroxene, ilmenite, and spinel) and flotation cumulates 52 

(plagioclase). 53 

As an initial test, we assume the BSM has the same Ca-isotope composition as the BSE (0.94 ± 54 

0.05‰) (9), similar to those that have been observed for Mg and Fe isotopes (1, 10). With this 55 

initial δ44/40Ca, for the experimental deep-LMO model, the modeled mean δ44/40Ca of the 56 

instantaneous floatation cumulates evolves from 0.841‰ to 0.590‰ between 69.9% and 99.9% 57 

LMO crystallization, averaging at 0.821 ± 0.103‰ (two standard deviations, 2SD) (Fig. 4a). For 58 

the thermodynamic shallow-LMO model, the mean δ44/40Ca value of floatation cumulates changes 59 

from 0.793‰ to 0.719‰ between 78% and 99.5% LMO crystallization, averaging at 0.786 ± 60 

0.036 ‰ (Fig. 4b). Both modeled averages of flotation cumulate overlap with the measured mean 61 

δ44/40Ca for highland FANs and feldspathic breccias from this study and the literature (0.763 ± 62 

0.044‰, 2SD, n = 13) within uncertainty. Such a comparison suggests that assuming the BSM 63 

δ44/40Ca is identical to the BSE could reproduce, if not accurately enough, the observed δ44/40Ca 64 

for the lunar crust.  65 

Assuming that these floatation cumulate samples represent the average lunar crust, we develop an 66 

inversion model to back-constrain the accurate BSM δ44/40Ca value (i.e., the initial LMO δ44/40Ca). 67 

First, we draw 10,000 random initial LMO δ44/40Ca values from normal distributions spanning 68 

from 0.8–1.2‰, a broad range for testing. Each initial δ44/40Ca, paired with a set of fractionation 69 

factors simulated by a Monte Carlo approach (2), generates an individual evolutionary curve for 70 

the LMO (purple line) and its equilibrium instantaneous floatation cumulates (grey line) in the 71 

evolved differentiation stages (69.9–99.9% for the experimental model and 78–99.5% for the 72 

thermodynamic model) (Figs. 1b and c). Integrating each instantaneous floatation cumulate curve 73 

yields the δ44/40Ca of cumulative floatation cumulates of each run. We compare the modeled 74 

δ44/40Ca of cumulative floatation cumulates of each run with a simulated value from the observed 75 

highland δ44/40Ca range to determine whether they agree. These simulated values (10,000) are 76 

drawn from Gaussian distributions using the mean δ44/40Ca of highland FANs and breccias (0.763 77 

± 0.044‰, 2SD). Their absolute deviations from the mean (0.763‰) are recorded and randomly 78 

paired with the modeled δ44/40Ca values of cumulative floatation cumulates. For each modeled 79 

δ44/40Ca value of cumulative floatation cumulates, only when its absolute difference from the 80 

highland mean (0.763‰) is smaller than its paired absolute deviation, its associated initial LMO 81 

δ44/40Ca is tested as positive and saved. In contrast, the other cases are negative and dropped. Figs. 82 

1b and c show the histograms of all valid initial LMO δ44/40Ca out of the 10,000 simulations, where 83 

the median approximates the mean, and the  2.5 to 97.5 percentiles give the estimated 95% 84 
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confidence intervals. The best-estimated BSM δ44/40Ca values are 0.879 ± 0.047‰ using the 85 

experimental deep-LMO model (3) and 0.916 ± 0.044‰ using the thermodynamic shallow-LMO 86 

model (4). 87 

2) Temperature-dependent Mg and Ca isotopic fractionation factors 88 

Temperature-dependent fractionation factors for Mg and Ca isotopes are defined as: 89 

 90 

                                       α26/24Mg = (26Mg/24Mgsolid)/(26Mg/24Mgmelt)        (S3) 91 

                        α44/40Ca = (44Ca/40Casolid)/(44Ca/40Camelt)                                           (S4) 92 

The isotopic fractionation effects [e.g., δ26/24Mg = 1000(α26/24Mg-1)] are thought to be proportional 93 

to the inversed square of temperature [α-1 ~ (1/T)2]. The α26/24Mg and α44/40Ca used in this study 94 

are given in Tables 4 and 5, both of which show great consistency between constraints from natural 95 

igneous systems (1, 2, and this study) and first-principles calculations (11–13). In more detail, for 96 

Mg isotopic fractionation factors, we use δ26/24Mgolivine-melt and δ26/24Mgilmenite-melt = 1 according to 97 

mineral measurements and interpretations from (1). δ26/24Mgplagioclase-melt = 0.869‰ has been 98 

determined from the analyses of plagioclase in 76535, a troctolite sample, and the whole rock 99 

sample (1). A crystallization temperature of 1,229°C for plagioclase in 76535 has been recently 100 

proposed (14). Assuming δ26/24Mgplagioclase-melt = 0.869‰ at 1,229°C, we obtain δ26/24Mgplagioclase-melt 101 

= 1.961‰ at 1,000 K (a normalizing temperature). For other Mg-bearing minerals, including 102 

orthopyroxene, clinopyroxene, and spinel, we took the averaged δ26/24Mgmineral-olivine estimates 103 

(same as δ26/24Mgmineral-melt because δ26/24Mgolivine-melt =1) from the first-principles calculations by 104 

Schauble (11) and Gao et al. (12) (Table 4). 105 

For Ca isotopic fractionation factors of minerals, we prefer the values obtained from data 106 

regression over first-principles calculation where they are available, such as plagioclase, 107 

clinopyroxene, pigeonite, and enstatite [Table 2 in (2)] (Table 5). For minerals whose fractionation 108 

factors are only estimated by first-principles calculation, such as olivine, we calculate the means 109 

of estimates from various studies (Table 5). Specifically, the clinopyroxene crystallized from the 110 

experiment by Schmidt and Kraettli (4) was mostly low-Ca augite (Wollastonite20-30), whose 111 

α44/40Ca estimates are not currently available. However, a general inverse relationship between Ca 112 

content and the extent of pyroxene-melt Ca isotopic fractionation has been found (2, 15). Based 113 

on this presumed inverse relationship, we adopt a linear interpolation between the alpha of 114 

Diopside (1.00009, Wollastonite40-50) and pigeonite (1.00044, Wollastonite5-20) (16) to 115 

approximate the alpha Ca of the low-Ca augite (1.000265) used for the experimental model (Table 116 

5). Moreover, because of the minimal mass proportions and Ca concentrations of Fe-Ti oxides 117 

(<0.2 wt.%) and quartz crystallizing from the late-stage LMO, the Ca budget and Ca isotopic 118 

fractionation effects of these minerals are neglected. 119 

For the experimental model (3), the MgO and CaO contents of fractionating minerals are extracted 120 

from their experimental results for each key experiment. For the thermodynamic model (4), the 121 

MgO and CaO concentrations of LMO cumulate minerals are estimated based on lunar mineral 122 

data (17). The bulk isotope fractionation factor (α26/24Mg and α44/40Ca) can then be determined 123 

using the mineral elemental concentration and isotopic fractionations factors as follows: 124 
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𝛼!"/!$𝑀𝑔 =	∑ 𝑋%	𝐶'(% 𝛼!"/!$𝑀𝑔%–*+,- ∑ 𝑋%	𝐶'(%⁄                               (S5) 125 

                                   𝛼$$/$.𝐶𝑎 = 	∑ 𝑋%	𝐶/0% 𝛼$$/$.𝐶𝑎%–*+,- ∑ 𝑋%	𝐶/0%⁄                                  (S6) 126 

Where 𝑋%	 is the mineral mass proportion in the fractionating mineral assemblage; 𝐶'( and 𝐶/0 127 

are the MgO and CaO concentrations in the mineral.  128 

3) Mg and Ca isotopic fractionation models with a Monte Carlo method 129 

We forward model the δ26/24Mg and δ44/40Ca evolution of the LMO with the same isotopic 130 

fractionation model used in Section 3: Inversion for the BSM Ca-isotope composition. This 131 

fractionation model is adapted from the Rayleigh fractionation Monte Carlo method developed in 132 

Fu et al. (2) that tracks the uncertainty propagation associated with the initial isotopic compositions 133 

and fractionation factors.  134 

Based on the initial elemental concentration (CiT) and bulk partition coefficient of individual 135 

crystallization stages (Di) (Tables 2 and 3), the MgO and CaO elemental variations (Cim) during 136 

the LMO crystallization are calculated. For equilibrium crystallization:  137 

                   /!
"

/#
" =	𝐹(2

"34	)	                                                          (S7) 138 

and for fractional crystallization:  139 

                                                              /!
"

/#
" = ,𝐹 + 𝐷% 	(1 − 𝐹)334                                                   (S8) 140 

Where F is the mass fraction of the remaining melt. The results are shown in Fig. 3 for the 141 

thermodynamic and experimental models. Next, we define the equations for Rayleigh isotopic 142 

fractionation during crystallization. For equilibrium crystallization, the isotopic variation of the 143 

melt (𝐸*) is given by:   144 

                                                  d%/6𝐸* =	
74...8d#

"/%9

[;!
% 8<43;!

% =>&/!
"/% ]

− 1,000                                          (S9) 145 

and for fractional crystallization it gives: 146 

                                            d%/6𝐸* = ,1000 + d@
%/63	7𝑓*

6(>&/!
"/% 34)

9 − 1,000                           (S10) 147 

where i is the Mg/Ca isotope mass 26 or 44;  j is 24 or 40; d@
%/6 is the initial isotope composition of 148 

the LMO (also BSM); 𝛼A/*
%/6  is the fractionation factor of i/j between minerals and melts;  𝑓*

6  is the 149 

mass fraction of the reference isotope j (24Mg or 40Ca) in the melt, which gives: 150 

                                                                     𝑓*
6 = /!

% B

/#
%                                                               (S11) 151 
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For both equilibrium and fractional crystallization, the isotopic evolution of the instantaneous 152 

cumulate (𝐸CD*) follows as: 153 

                                           	d%/6𝐸CD* = d%/6𝐸* + 1,000ln	(𝛼A/*
%/6 )                                              (S12) 154 

Here we describe the workflow of the forward isotopic modeling (results shown in Figs. 2a and d). 155 

First, to set up the initial LMO isotopic values, we drew random values (N = 10,000) from normal 156 

distributions constrained by the mean and two standard errors of BSM values. For Mg isotopes, 157 

the BSM δ26/24Mg  of -0.291 ± 0.018‰ (1) was used for both the thermodynamic and experimental 158 

models. For BSM δ44/40Ca, 0.879 ± 0.047‰ and 0.916 ± 0.044‰, inversed from the experimental 159 

(3) and thermodynamic (4) models, were applied to these two models, respectively.  160 

Second, we simulated the bulk Mg and Ca isotopic fractionation factors considering uncertainty. 161 

Take Mg isotope for an example: 162 

1. We drew one random α26/24Mg for each mineral from normal distributions defined by the 163 

mean and the associated 2SE (Table 4).  164 

2. Using the mineral mass proportions and DMg from Table 2 or 3, we quantified one set of 165 

bulk α26/24Mg values for the various crystallization stages. 166 

3. The above steps were repeated to form 10,000 sets of bulk α26/24Mg. 167 

These 10,000 sets of bulk α44/40Ca were randomly paired with the simulated initial δ26/24Mg to 168 

calculate the δ26/24Mg evolution of melt and cumulate using equations (S9–S12). The isotopic 169 

variation was computed with an increment method to account for the changing temperature-170 

dependent fractionation factors. We divided the degree of crystallization (1-F) of each 171 

crystallization stage into sufficiently small increments (1,000 steps). For each increment step, the 172 

corresponding crystallization temperature (T) was calculated by the degree of crystallization using 173 

the equation in Fig. 2, which was then used to obtain the bulk isotopic fractionation factors at T 174 

[e.g., (α26/24Mg(T)-1) = (α26/24Mg-1)/(T/1,000)2]. d!"/!$𝑀𝑔*+,-  after each increment in 1-F was 175 

calculated using equation (S8) or (S9), which then became d@
!"/!$𝑀𝑔  of the next step. The 176 

incremental calculation stopped at the end of LMO crystallization. Repeating the calculations for 177 

all paired initial δ26/24Mg and bulk α26/24Mg, we obtained 10,000 modeled d!"/!$𝑀𝑔*+,- curves as 178 

a function of degree of LMO crystallization (Figs. 2a and d). The mean d!"/!$𝑀𝑔*+,- curve was 179 

obtained by averaging all modeled d!"/!$𝐶𝑎*+,-  values at each incremental step. The 95% 180 

confidence intervals at each step were estimated to be the 2.5 to 97.5 percentiles of the modeled 181 

values. d!"/!$𝑀𝑔CD* was calculated from d!"/!$𝑀𝑔*+,- using equation (S12). 182 

The calculation method described above was similarly applied to modeling δ44/40Ca with both 183 

experimental (Fig. 2a) and thermodynamic (Fig. 2d) LMO crystallization models.  184 
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 185 

Fig. 1. δ44/42Ca vs. δ44/40Ca (relative to SRM915a) of analyzed lunar rocks and minerals. The 186 

mass-dependent equilibrium line is defined by a slope of 2.0995-1, while the kinetic line has a slope 187 

of 2.0483-1 (18).  188 
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 189 
 190 

Fig. 2. LMO crystallization temperature as a function of degree of crystallization for deep (3) 191 

and shallow (7) conditions. The polynomial fit is expressed at the top of each diagram (equation 192 

S1 and S2).   193 
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 194 
 195 

Fig. 3. Ca and Mg variations throughout the LMO crystallization. (a) Elemental variations 196 

analyzed by the experiments assuming solely fractional crystallization for a deep LMO (3). (b) 197 

Elemental variations calculated by the thermodynamic shallow-LMO model considering the first 198 

76% solidification as equilibrium crystallization and the rest as fractional crystallization (4). The 199 

mineral abbreviations on top of the diagram signify the fractionating phases of each crystallization 200 

stage: ol—olivine; opx—orthopyroxene; pig—pigeonite; cpx—clinopyroxene; pl—plagioclase; 201 

ilm—ilmenite; sp—spinel; qtz—quartz.  202 
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 203 
 204 

Fig. 4. δ44/40Ca evolution of the LMO assuming an initial BSM δ44/40Ca identical to the BSE 205 

(0.94 ± 0.05‰) (9). (a) δ44/40Ca evolution calculated with the experimental model (4). (b) δ44/40Ca 206 

evolution calculated with the thermodynamic model (3). The blue curves show the mean evolution 207 

paths (melt, sinking, and floatation cumulates). The color field surrounding the melt curve 208 

represents the 95% confidence intervals determined by the Monte Carlo approach, considering 209 

uncertainties in the initial isotopic composition and mineral fractionation factors. The fractionating 210 

mineral abbreviations are the same as in Fig. 3. 211 

212 
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 213 

Fig. 5. 207Pb/206Pb–204Pb/206Pb isochron for plagioclase and pyroxene of 60025. Pb data are 214 

from (19–21). The isochron for plagioclase is calculated using IsoplotR (22). The isochron for 215 

pyroxene is from (20). CD denotes the solar-system initial Pb composition represented by Canyon 216 

Diablo troctolite (23).The Pb-Pb evolution curves are calculated assuming μ-value (238U/204Pb) = 217 

9 for the Earth and μ = 500 for the Moon (24). For the figure legend: H & T, 1987—ref. (19); 218 

Borg+ 2011—ref. (20); T & W, 1972—ref. (21); Px—pyroxene; Plag—plagioclase. 219 

220 
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Table 1
Ca isotope compositions of analyzed lunar rocks and minerals.
Sample

δ44/40Ca ± 2SE(a) δ44/42Ca ± 2SE δ44/40Ca ± 2SE δ44/40Ca ± 2SE
Lunar rocks
Low-Ti basalt
12002, 122 (olivine basalt) 0.822 0.020 0.432 0.070 0.885 0.143 0.823 0.020
15555, 19 0.872 0.020 0.392 0.050 0.803 0.102 0.869 0.020

High-Ti basalt
10017, 282  (ilmenite basalt) 0.782 0.040 0.342 0.120 0.701 0.246 0.780 0.039
70035, 200  (ilmenite basalt) 0.832 0.050 0.322 0.100 0.660 0.205 0.822 0.049
71569, 69  (ilmenite basalt) 0.822 0.010 0.412 0.040 0.844 0.082 0.822 0.010
10044, 652  (ilmenite basalt) 0.802 0.050 0.392 0.110 0.803 0.225 0.802 0.049
74275, 344  (ilmenite basalt) 0.932 0.160 0.412 0.030 0.844 0.061 0.855 0.057
70215 0.792 0.030 0.452 0.020 0.926 0.041 0.839 0.024

Highland rock
60025, 901 (ferroan anorthosite) 0.702 0.030 0.352 0.040 0.721 0.082 0.704 0.028
62236, 64 (ferroan anorthosite) 0.762 0.010 0.382 0.080 0.782 0.164 0.762 0.010
60015, 761 (cataclastic anorthosite) 0.832 0.100 0.332 0.070 0.680 0.143 0.782 0.082

Lunar minerals
Olivine (low-Ti basalt 12021) 1.152 0.040 0.502 0.020 1.028 0.041 1.092 0.029
Plagioclase (troctolite 76535) 0.772 0.070 0.392 0.080 0.803 0.164 0.777 0.064

Notes : 
(a)2SE: two standard errors. 
(b)assuming a mass-dependent fractionation relationship, δ44/40Ca ≈ 2.0483 * δ44/42Ca (18 ). 
(c)weighted mean of the measured δ44/40Ca and calculated δ44/40Ca (by δ44/42Ca); the weight of each is given by 2SE-2.

 δ44/40Ca measured  δ44/40Ca calculated by  δ44/42Ca(b) Weighted mean δ44/40Ca(c) δ44/42Ca measured
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Table 2
Parameters for the LMO isotopic fractionation model [thermodynamic shallow-LMO model by Snyder et al. (4)].

Isotope Crystallization 
Stage

BSM 
elemental 

concentration 
(wt.%) 

BSM isotopic 
composition BSM 2SE Crystallization

Degree of 
LMO 

crystallizati
on

Fractionating mineral Bulk D -
value Bulk α (a)

α  of 
sinking 

cumulates
(b)

α  of 
flotation 

cumulates
(c)

2SE of bulk 
α(d) 

δ26/24Mg 29.9 -0.291 0.018
1 Equlibrium  0–40% olivine 2.43 1 1 - 0
2 Equlibrium  0–76% orthopyroxene 2.50 1.000113 1.000113 - 0
3 Equlibrium  76–78% orthopyroxene 2.20 1.000113 1.000113 - 0
4 Fractional  78–86% 25% olivine + 53% plagioclase +22% pigeonite 1.72 1.000079 1.000052 1.001961 2.03E-06
5 Fractional  86–95% 38% clinopyroxene + 36% plagioclase +26% pigeonite 2.14 1.000158 1.000138 1.001961 1.68E-06
6 Fractional  95–99.5% 34% pigeonite + 31% plagioclase +24% plagioclase + 11% ilmenite 2.60 1.000154 1.000137 1.001961 1.46E-06

δ44/40Ca 3.83 0.916 0.044
1 Equlibrium  0–40% olivine 0.15 1.000920 1.000920 - 0
2 Equlibrium  0–76% orthopyroxene 0.22 1.000520 1.000520 - 1.000E-04
3 Equlibrium  76–78% orthopyroxene 0.45 1.000520 1.000520 - 1.000E-04
4 Fractional  78–86% 25% olivine + 53% plagioclase +22% pigeonite 0.90 0.999939 1.000476 0.999850 7.074E-05
5 Fractional  86–95% 38% clinopyroxene + 36% plagioclase +26% pigeonite 1.25 1.000014 1.000190 0.999850 5.115E-05
6 Fractional  95–99.5% 34% pigeonite + 31% plagioclase +24% plagioclase + 11% ilmenite 1.28 1.000038 1.000247 0.999850 5.359E-05

Notes : 
(a)Bulk α is caluclated by the mineral isotopic fractionation factors (Table 4 and 5) and elemental concentration (Table 6) using equation (S5 and S6).
(b)α of sinking cumulates is the bulk average of heavy minerals including olivine, pyroxene, and Fe-Ti oxide.
(c)α of floatation cumulates denotes plagioclase.
(d)The two standard errors (2SE) of the bulk α is calculated using standard error propagation.
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Table 3
Parameters for the LMO isotopic fractionation model [experimental deep-LMO model by Schmidt and Kraettli (3)].

Isotope Crystallization 
Stage

BSM elemental 
concentration 

(wt.%) 

BSM 
isotopic 

composition
BSM 2SE Crystallization

Degree of 
LMO 

crystallization
Fractionating mineral Bulk D -

value Bulk α (a)

α  of 
sinking 

cumulates
(b)

α  of 
flotation 

cumulates
(c)

2SE of bulk 
α(d) 

δ26/24Mg 33 -0.291 0.018
1 Fractional  0–14.5% 100% olivine 1.57 1 1 - 0
2 Fractional  14.5–37.6% 73% olivine + 27% orthopyroxene 2.22 1.000021 1.000021 - 0
3 Fractional  37.6–53.3% 12% olivine + 82% orthopyroxene + 6% spinel 1.83 1.000122 1.000122 - 0
4 Fractional  53.3–61.4% 48% olivine + 52% orthopyroxene + 1% spinel 2.41 1.000048 1.000048 - 0
5 Fractional  61.4–69.9% 26% olivine + 65% clinopyroxene + 9% spinel 2.15 1.000124 1.000124 - 0
6 Fractional  69.9–74.5% 34% olivine + 7% clinopyroxene + 59% plagioclase + 1% spinel 1.67 1.000044 1.000025 1.001961 1.42E-06
7 Fractional  74.5–89.5% 15% olivine + 35% clinopyroxene + 50% plagioclase 1.38 1.000102 1.000076 1.001961 2.02E-06
8 Fractional  89.5–92.5% 35% olivine + 9% clinopyroxene + 53% plagioclase + 4% spinel 1.82 1.000049 1.000028 1.001961 1.61E-06
9 Fractional  92.5–94.9% 53% clinopyroxene + 31% plagioclase + 16% spinel 1.87 1.000189 1.000178 1.001961 8.97E-07

10 Fractional  94.9–98.3% 44% clinopyroxene + 28% plagioclase + 21% spinel + 6% quartz 1.62 1.000198 1.000181 1.001961 1.40E-06
11 Fractional  98.3–99.9% 44% clinopyroxene + 28% plagioclase + 21% spinel + 6% quartz 1.62 1.000198 1.000181 1.001961 1.40E-06

δ44/40Ca 4.64 0.879 0.047
1 Fractional  0–14.5% 100% olivine 0.45 1.000920 1.000920 - 0
2 Fractional  14.5–37.6% 73% olivine + 27% orthopyroxene 0.01 1.000649 1.000649 - 6.772E-05
3 Fractional  37.6–53.3% 12% olivine + 82% orthopyroxene + 6% spinel 0.01 1.000529 1.000529 - 9.775E-05
4 Fractional  53.3–61.4% 48% olivine + 52% orthopyroxene + 1% spinel 0.01 1.000574 1.000574 - 8.639E-05
5 Fractional  61.4–69.9% 26% olivine + 65% clinopyroxene + 9% spinel 0.726 1.000271 1.000271 - 1.734E-04
6 Fractional  69.9–74.5% 34% olivine + 7% clinopyroxene + 59% plagioclase + 1% spinel 1.05 0.999898 1.000341 0.999850 7.376E-05
7 Fractional  74.5–89.5% 15% olivine + 35% clinopyroxene + 50% plagioclase 1.164 1.000020 1.000274 0.999850 8.426E-05
8 Fractional  89.5–92.5% 35% olivine + 9% clinopyroxene + 53% plagioclase + 4% spinel 1.029 0.999926 1.000355 0.999850 7.166E-05
9 Fractional  92.5–94.9% 53% clinopyroxene + 31% plagioclase + 16% spinel 1.105 1.000084 1.000265 0.999850 1.046E-04

10 Fractional  94.9–98.3% 44% clinopyroxene + 28% plagioclase + 21% spinel + 6% quartz 1.02 1.000096 1.000265 0.999850 1.089E-04
11 Fractional  98.3–99.9% 44% clinopyroxene + 28% plagioclase + 21% spinel + 6% quartz 1.02 1.000096 1.000265 0.999850 1.089E-04

Notes : 
(a)Bulk α is caluclated by the mineral isotopic fractionation factors (Table 4 and 5) and elemental concentration (Table 6) using equation (S5 and S6).
(b)α of sinking cumulates is the bulk average of heavy minerals including olivine, pyroxene, and Fe-Ti oxide.
(c)α of floatation cumulates denotes plagioclase.
(d)The two standard errors (2SE) of the bulk α is calculated using standard error propagation.
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Table 4
Mineral-melt isotopic fractionation factor for 26Mg/24Mg.

Mineral α26/24Mg δ26/24Mg 2SE (δ26/24Mg) Reference Notes
Olivine 1 0.000 - (1 )

Orthopyroxene 1.000113 0.113 - (11 , 12 ) Averaged value from both studies
Pigeonite 1.000138 0.138 - (11 , 12 ) Assuming that the pigeonite fractionation factor is similar to that of clinopyroxene

Clinopyroxene 1.000138 0.138 - (11 , 12 ) Averaged value from both studies

Plagioclase(a)
1.001961 1.961 0.150 (1 ) Converted to 1,000 K assuming a δ26/24Mgplagioclase-melt = 0.869‰ at 1,229°C (14 )

Ilmenite 1 0.000 - (1 )
Spinel 1.000956 0.956 - (11 , 12 ) Averaged value from both studies

Notes : 

All α26/24Mg and δ26/24Mg presneted in the table are for 1,000 K.
(a)The δ26/24Mg 2SE for plagioclase is quantified by the propagated error of the diffrence between the 
measured plagioclase separate and whole-rock 76535 considering their analytical uncertainties.
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Table 5
Mineral-melt isotopic fractionation factor for 44Ca/40Ca.

Mineral α44/40Ca δ44/40Ca 2SE (δ44/40Ca) Reference Notes
Olivine 1.000920 0.920 -  (13 , 25 ) Averaged value from both studies

Orthopyroxene 1.000520 0.520 0.1 (16 )
Pigeonite 1.000440 0.440 0.13 (16 )

Clinopyroxene 1.000090 0.090 0.07 (16 )

Clinopyroxene (low-Ca augite) 1.000265 0.265 0.175(a) (16 ) Interpolated value from clinopyroxene and pigeonite

Plagioclase 0.999850 -0.150 0.08 (16 )

Notes : 

All α44/40Ca and δ44/40Ca presneted in the table are for 1,000 K.
(a)The δ44/40Ca 2SE for low-Ca augite is assuming the mean δ44/40Ca = 0.265 and a 95% confidence interval between  δ44/40Ca = 0.09 (diopside) and δ44/40Ca = 0.44 (pigeonite).
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Table 6
Estimated elemental concentration of fractionating minerals [for Snyder et al. (4 ) model].

Mineral MgO (wt.%) CaO (wt.%)
Olivine 49 0.5
Pigeonite 32 7

Clinopyroxene 20 12
Plagioclase 0.5 19

Ilmenite 1 0.2

Notes : 
Estimates are based on lunar mineral compositions from Papike et al. (17 ).
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Table 7
Geochronologic constraints for the short-lived LMO model.

Description Age (Ma) Uncertainty (Ma) % of LMO 
crystallization Uncertainty (%) Age reference

Hf-W isotopic modeling 4537 - 0 - Yu and Jacobsen (26 )
182W/184W isotope data (the silicate Moon) 4517 10 0 - Thiemens et al. (27)

182W/184W isotope data (lunar metal) 4517 +10/-90 0 - Touboul et al. (28 ); Nemchin et al. (34 )
Hf model age of zircon 4510 10 0 - Barboni et al. (29 )

60025 (anorthosite) 4510 10 99(b) 1 Hanan and Tilton (19 )

72415 (lunar dunite) 4527(a) 92 40(b) 40 Papanastassiou and Wasserburg (30 )
Formation of KREEP source (old estimate) 4456 65 94 1 Borg et al. (20 )

Notes : 
(a)The mean age of the sample is re-calculated from the original data using the new 87Rb-87Sr decay constant [1.397 x 10-11 yr-1, Rotenberg et al. (31 )].
(b)The constraint on the % of LMO crystallization is from this study.
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Table 8
Geochronologic constraints for the Long-lived LMO Model.

Description Age (Ma) Uncertainty (Ma) % of LMO 
crystallization Uncertainty (%) Age reference

Hf-W isotopic modeling 4537 - 0 - Yu and Jacobsen (26 )
182W/184W isotope data (the silicate Moon) 4517 10 0 - Thiemens et al. (27)

182W/184W isotope data 4517 +10/-90 0 - Touboul et al. (28 ); Nemchin et al. (34 )
Hf model age of zircon 4510 10 0 - Barboni et al. (29 )

60025 (anorthosite) 4383 17 99(b) 1 Borg. et al. (32 )
72415 (lunar dunite) 4527(a) 92 40(b) 40 Papanastassiou and Wasserburg (30 )

Average FANs age 4456 40 89(c) 11 Norman et al. (33 )
U-Pb lunar zircon age 4417 6 94 1 Nemchin et al. (34 )

Formation of KREEP source (old estimate) 4456 65 94 1 Borg et al. (20 )
Formation of KREEP source (young estimate) 4368 29 94 1 Gaffney and Borg (35 )

Notes : 
(a)The mean age of the sample is re-calculated from the original data using the new 87Rb-87Sr decay constant [1.397 x 10-11 yr-1, Rotenberg et al. (31 )].
(b)The constraint on the % of LMO crystallization is from this study.
(c)The constraint on the % of LMO crystallization is based on Snyder et al. (4 ), which resolved the lunar anorthosite formation between 
78% and 100% LMO solidification.
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