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Titanium-rich basaltic melts on the Moon 
modulated by reactive flow processes

Martijn Klaver    1,2 , Stephan Klemme    1, Xiao-Ning Liu2, Remco C. Hin    2,3,4, 
Christopher D. Coath2, Mahesh Anand    5, C. Johan Lissenberg    6, 
Jasper Berndt    1 & Tim Elliott2

The origin of titanium-rich basaltic magmatism on the Moon remains 
enigmatic. Ilmenite-bearing cumulates in the lunar mantle are often 
credited as the source, but their partial melts are not a compositional match 
and are too dense to enable eruption. Here we use petrological reaction 
experiments to show that partial melts of ilmenite-bearing cumulates 
react with olivine and orthopyroxene in the lunar mantle, shifting the melt 
composition to that of the high-Ti suite. New high-precision Mg isotope data 
confirm that high-Ti basalts have variable and isotopically light Mg isotope 
compositions that are inconsistent with equilibrium partial melting. We 
employ a diffusion model to demonstrate that kinetic isotope fractionation 
during reactive flow of partial melts derived from ilmenite-bearing 
cumulates can explain these anomalously light Mg isotope compositions, 
as well as the isotope composition of other elements such as Fe, Ca and Ti. 
Although this model does not fully replicate lunar melt–solid interaction, we 
suggest that titanium-rich magmas erupted on the surface of the Moon can 
be derived through partial melting of ilmenite-bearing cumulates, but melts 
undergo extensive modification of their elemental and isotopic composition 
through reactive flow in the lunar mantle. Reactive flow may therefore be the 
critical process that decreases melt density and allows high-Ti melts to erupt 
on the lunar surface.

The Moon has a protracted history of basaltic volcanism at its sur-
face, with activity continuing at least until 2.0 billion years ago1,2. Lunar 
basalts returned by NASA’s Apollo missions display a much greater 
compositional diversity than their terrestrial counterparts. Most 
prominent is the two-orders-of-magnitude variation in Ti contents of 
primitive basaltic glasses, reaching exceptionally high concentrations 
of 18 wt% TiO2 in the so-called high-Ti suite3,4. Notable Ti enrichment 
of their sources is required to produce such high-Ti basaltic melts, 
which is often linked to ilmenite-rich cumulate reservoirs that might 
be present in the lunar mantle.

Within the lunar magma ocean (LMO) paradigm5,6, the interior 
of the Moon is shaped by the progressive crystallization of a global 
magma ocean7 that, upon solidification, produced a stratified cumu-
late mantle dominated by olivine- and orthopyroxene-rich lithologies 
(harzburgites, dunites) and a flotation cumulate anorthosite crust8,9. 
After ~95% solidification of the LMO, saturation of the residual melt with 
Fe–Ti oxides caused the precipitation of ilmenite-bearing cumulates 
(IBC) directly below the anorthosite crust. The gravitational instability 
created by high-density IBC overlying less dense harzburgite prob-
ably led to overturning of the lunar cumulate pile whereby IBC were 
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Olivine and orthopyroxene are the crystallizing phases up to ~80% 
solidification of the LMO, followed by plagioclase, clinopyroxene and 
ultimately ilmenite8,9. Both olivine and orthopyroxene have a slight 
affinity for the lighter isotopes of Mg relative to melt25,26, and their 
crystallization drives the residual melt to higher δ26/24Mg (Fig. 1a). 
Subsequent crystallization of clinopyroxene causes a further modest 
increase in δ26/24Mg of the residual melt to about –0.14‰ after 98% LMO 
solidification. The complementary cumulate lithologies have δ26/24Mg 
between –0.27 and –0.15‰ (Fig. 1a).

The relatively limited Mg isotope variability calculated for the 
lunar cumulate mantle is in stark contrast with the heterogeneous 
δ26/24Mg of lunar basalts (Fig. 1). We present new, high-precision Mg 
isotope composition data for 14 Apollo programme lunar basalt sam-
ples that include seven low-Ti, low-K basalts, six high-Ti basalts and one 
low-Ti basalt with a high KREEP component (residual LMO melt rich in 
K, rare-earth elements and P). To achieve a higher precision than previ-
ous studies27–29, we employed a critical mixture double spike technique 
(Methods) that explicitly corrects for instrumental mass fractionation 
without relying on identical behaviour of samples and reference materi-
als during measurement30,31. This critical mixture double spike method 
allows interpretation of subtle differences in δ26/24Mg that cannot be 
resolved through conventional sample–standard bracketing and yields 
a 2 s precision of 0.023‰ on δ26/24Mg for the repeat measurement of 
reference materials (Supplementary Fig. 1).

Previous lower-precision data27–29 showed high-Ti basalts to have 
on average lower δ26/24Mg than low-Ti basalts, and both suites to have 
comparable variance (Supplementary Fig. 3). Our new data show a 
similar bimodal distribution of δ26/24Mg as found previously, but by 
using the double spike technique and performing measurements 
on powders made from relatively large fragments of mare basalts 
(~250 mg), we demonstrate an important difference in variance of 
the low- and high-Ti suites. Low-Ti basalts have normally distributed 
δ26/24Mg of –0.22 ± 0.02‰ (2 s.e., n = 7). Harzburgite cumulates that 

transported, at least in part, down towards the core as negatively buoy-
ant diapirs10–12. Partial melting of fusible, Ti-rich IBC fragments in the 
lunar mantle is an attractive explanation for the generation of high-Ti 
basaltic melts13,14, but one fraught with inconsistencies. Central to this 
debate is the sharp contrast in composition between IBC partial melts 
as inferred from experimental studies15,16 and high-Ti basalts. Although 
trace element patterns of high-Ti samples support their derivation 
from IBC8,17,18, major element systematics do not agree. Partial melts 
of IBC are ferroan and saturated in clinopyroxene, whereas the natural 
high-Ti basalts are magnesian and multiply saturated with olivine and 
orthopyroxene19,20. Furthermore, IBC partial melts have a higher density 
than ambient harzburgite and might therefore be unable to erupt at 
the surface of the Moon21.

We propose a scenario that can unify these disparate observations, 
in which high-Ti basalts originate as IBC partial melts but have their 
composition modified through reaction with ambient harzburgite 
cumulates. Magnesium isotope compositions are a sensitive tracer of 
Fe–Mg exchange during mineral–melt reactions22–24 and are therefore 
well suited to test this hypothesis. We combine high-precision Mg 
isotope ratio measurements of lunar basalts with high-temperature 
reaction experiments to argue that the composition of lunar high-Ti 
melts is shaped by reactive flow in the lunar mantle.

Magnesium isotope systematics of the Moon
Progressive solidification of a global LMO produces a range of cumulate 
lithologies with subtly different δ26/24Mg (the deviation in 26Mg/24Mg 
relative to the DSM-3 reference material). We modelled the Mg isotope 
evolution during crystallization of the LMO (Fig. 1a and Methods) to 
interpret the Mg isotope composition of lunar basalts. Recent quan-
tification of the olivine–melt Mg isotope fractionation factor25, when 
combined with ab initio constraints on inter-mineral Mg isotope frac-
tionation26, allows for more robust calculation of the δ26/24Mg of crys-
tallizing phases (cumulates) and residual melt than done previously27.
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Fig. 1 | Magnesium isotope systematics of the Moon. a, Model of the evolution 
of δ26/24Mg (solid lines; right ordinate) and MgO content (dashed lines; left 
ordinate) in the residual melt and instantaneous cumulates during crystallization 
of the lunar magma ocean. The models show the mean with a 2 s uncertainty 
band for δ26/24Mg that incorporates the uncertainty on the olivine–melt Mg 
isotope fractionation factor and that on δ26/24Mg of the bulk Moon, which we 
take to be that of the bulk silicate Earth (BSE)30,34 (Methods). The horizontal grey 
bar is the BSE composition that is taken as the starting point of the model. The 
instantaneous cumulate phases comprise olivine (OL), orthopyroxene (OPX), 
clinopyroxene (CPX), ilmenite (ILM) and 7 wt% plagioclase (PL) when present 
(remaining plagioclase is assumed to float to form the lunar anorthosite crust). 

Crystallizing phase assemblages are shown at the top; IBC crystallize from the 
last 2.5% melt. The model is based on equilibrium crystallization (EC) up to 70% 
LMO solidification with fractional crystallization (FC) of the remaining melt. The 
composition of cumulates that are a likely source for low-Ti magmas is shown 
in a darker shade of blue at 65–85% LMO solidification. b, Magnesium isotope 
composition (δ26/24Mg) of lunar basalts, grouped into low-Ti basalts (<4.5 wt% 
TiO2), high-Ti basalts (8.5–13.5 wt% TiO2) and a basalt rich in a K, rare-earth 
elements and P (KREEP) component (2 wt% TiO2). Uncertainties are 2 s based on 
the pooled 2 s.d. of 13 reference material measurements (Supplementary Fig. 1). 
The shaded fields are kernel density diagrams of previous Mg isotope data for 
lunar basalts27–29.
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precipitated at 65–85% LMO solidification are argued to be the main 
source of low-Ti basalts18,32,33. Low-degree partial melts of such a source 
have a modest Mg isotope fractionation of +0.03 to +0.05‰ relative to 
the bulk Moon (Supplementary Fig. 4). As a result, the homogeneous 
composition of the low-Ti basalts constrains the δ26/24Mg of the bulk 
Moon to be –0.26 ± 0.02‰, which is indistinguishable from the bulk 
silicate Earth composition (–0.24 ± 0.01‰ (refs. 30,34)).

Conversely, high-Ti basalts do not form a homogeneous popula-
tion and have notably lower δ26/24Mg, ranging from –0.33 to –0.48‰ 
(Fig. 1b), which is at odds with equilibrium partial melting. The iso-
topically light composition of the high-Ti basalts cannot be tied 
directly to any cumulate reservoir. Our modelling shows that IBC, 
which have been argued to contribute to high-Ti magmatism, and 
partial melts thereof have a clearly heavier Mg isotope composition 
(δ26/24Mg = –0.14 ± 0.05‰) than high-Ti basalts. Hence, equilibrium Mg 
isotope fractionation during partial melting of IBC, or any lunar cumu-
late reservoir or hybrid source for that matter, cannot produce the low 
and variable δ26/24Mg of the high-Ti basalts. Moreover, preferential dis-
solution of ilmenite from IBC into low-Ti magmas at low pressure, which 
has also been proposed as a mechanism to form the high-Ti suite20,35, 
is also inconsistent with the Mg isotope data. Ilmenite in late-stage 
cumulates contains very little Mg (ref. 9), and its preferential dissolu-
tion will therefore not have the capacity to drastically change δ26/24Mg 
of the Mg-rich low-Ti melts.

If the highly ferroan IBC partial melts (Mg# <25) (ref. 16) are paren-
tal to the high-Ti suite (Mg# >45) (refs. 3,4), they need to gain Mg to 
increase their Mg#. If Mg gain occurred without chemical equilibration, 
due to diffusive limitations, it would be accompanied by kinetic isotope 
fractionation. Their large relative mass differences make Mg isotopes 
highly amenable to kinetic fractionation22–24. As lighter isotopes diffuse 
faster than heavier isotopes, a net gain in Mg through diffusion into the 
lunar high-Ti melts can conceptually explain their enrichment in the 
lighter isotopes of Mg but raises questions about the specifics of how 
such a mechanism might operate.

The reaction between IBC partial melts and 
ambient mantle
Overturn of the lunar cumulate pile caused foundering of IBC as nega-
tive diapirs into the lunar mantle10,11. Experimental studies have shown 
that the solidus temperature of IBC is over 200 °C lower than that of 
harzburgite cumulates, and hence IBC will melt preferentially, forming 
partial melts with high Ti and Fe contents but low Mg# (refs. 15,16). The 
fate of IBC partial melts in the lunar mantle is uncertain21. Their com-
position is in strong chemical disequilibrium with the ambient lunar 
mantle, which consists of high-Mg# harzburgites. We experimentally 
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and orthopyroxene. a, Mg–Fe–Al map of experiment GPC 823 (1,370 °C, 1.5 GPa, 
2 h). Olivine undergoes coupled Fe–Mg exchange with the melt, seen as an 
undulate reaction front, thereby releasing Mg into the melt. Orthopyroxene 
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dashed line labelled ‘C’ is the orthopyroxene profile shown in panel c. b, Core-
to-rim profiles of Mg# and CaO content through a representative olivine crystal 

(GPC 822 olivine 1; Supplementary Fig. 7). c, Core-to-rim profiles of Mg#, CaO 
and TiO2 content through a representative orthopyroxene crystal (GPC 823; see 
dashed line in panel a). d, Diagram of CaO versus Al2O3 content illustrating the 
peritectic reaction between orthopyroxene and the IBC melt where the reactant 
orthopyroxene crystals have formed Ca-rich rims. The composition of orange 
and red primitive basaltic glasses3,4 is shown for comparison.
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investigated the reaction between a synthetic IBC partial melt compo-
sition and primitive olivine (Mg# 89.1) and orthopyroxene (Mg# 89.6) 
crystals at a temperature (1,370 °C) and pressure (1.5 GPa) close to the 
multiple saturation point of high-Ti glasses19 using a piston–cylinder 
press (Methods).

Olivine and orthopyroxene react vigorously with the IBC melt, 
resulting in notable changes in the composition of these phases  
(Fig. 2). Olivine undergoes coupled Fe–Mg exchange with the Fe-rich 
melt to attain Mg# equilibrium, leading to undulate diffusion fronts 
in the olivine crystals, but is otherwise stable in the IBC melt. The net 
result of this reaction is a diffusive release of Mg into the melt and incor-
poration of Fe into olivine, thereby increasing melt Mg#. Olivine rims 
and small, euhedral neoblasts (Fig. 2a) have attained Mg# equilibrium 
with the reacted melt (DFe–Mg = 0.30–0.33). Orthopyroxene displays a 
replacive texture with strongly bimodal compositions. Orthopyrox-
ene rims have lower Mg# and notably higher CaO and TiO2 contents 
compared with the cores (Fig. 2c).

The composition of the melt is strongly modified by the reaction 
with olivine and orthopyroxene, leading to a decrease in CaO and TiO2 
content and increase in Al2O3/CaO and Mg# (Fig. 3). The decrease 
in melt CaO content indicates that orthopyroxene rims form in a 
peritectic reaction where the original orthopyroxene crystals have 
partly dissolved to reprecipitate new Ca- and Ti-rich rims (Fig. 2d). A 
key observation is that no evidence was found for the crystallization 
of clinopyroxene or ilmenite from the IBC melt, consistent with the 
absence of these phases at the experimentally determined multiple 
saturation points of the lunar high-Ti suite19,20.

We observe a consistent evolution of the reacted melt composition 
towards the lunar orange primitive basaltic glasses with ~10 wt% TiO2 
(Fig. 3), irrespective of experimental run duration (2–6 h). Hence, par-
tial melts of the IBC bulk composition used here16 can be parental to the 
orange glasses. We found that TiO2/CaO of the melt is conserved during 
the reaction with olivine and orthopyroxene. A higher proportion of 
ilmenite to clinopyroxene in bulk IBC can generate partial melts with 
higher initial TiO2 contents that can react with ambient harzburgites 
to form melts with a composition akin to the red glasses.

Reactive flow eases the problem that IBC partial melts have 
a higher density than the ambient mantle and, once formed, will 

segregate towards the core21. Molecular dynamics simulations indi-
cate that high-Ti orange glass melts are positively buoyant with respect 
to a harzburgite mantle at any lunar pressure (ρ < 3.3 g cm–3) (ref. 36). 
Hence, even if IBC partial melts are initially negatively buoyant, Fe–Mg 
exchange with the ambient harzburgite mantle and partial dissolution 
of orthopyroxene can decrease their density sufficiently to allow them 
to erupt on the surface.

Isotopic signatures of reactive melt flow
The reaction experiments demonstrate the direction of elemental 
transport when an IBC partial melt interacts with ambient harzbur-
gite mantle. The IBC melt gains Mg through diffusion from olivine 
and partial dissolution of orthopyroxene and loses Fe, Ca and Ti to the 
peritectic orthopyroxene rims and, to a smaller extent, olivine (Fig. 2). A 
corollary of the elemental exchange between melt and crystals is that it 
can drive kinetic isotope fractionation that overprints the primary iso-
topic composition of the IBC melt. The faster diffusion of light isotopes 
means that olivine will release isotopically light Mg into the melt23 and 
itself acquire elevated δ26/24Mg (refs. 24,37), which is consistent with 
the low δ26/24Mg of the high-Ti suite. Diffusion-driven kinetic Mg iso-
tope fractionation resulting from melt–rock interaction has also been 
proposed as an explanation for the slightly lower δ26/24Mg of terrestrial 
mid-ocean ridge basalts relative to predicted equilibrium partial melts 
of mantle peridotite34. Compared with terrestrial basaltic magmas, 
however, highly ferroan IBC partial melts have a much greater potential 
for diffusive Mg exchange between melt and ambient harzburgite as 
they are in strong Mg# disequilibrium (Figs. 2 and 3), and thus a more 
pronounced kinetic Mg isotope effect is expected. We modelled the 
decrease in δ26/24Mg of a finite mass of IBC melt upon diffusive exchange 
with an olivine crystal (Fig. 4 and Methods). This simplistic model is not 
intended to replicate the full process of lunar melt–solid interaction 
but to provide a first-order illustration of the magnitude of possible 
isotopic fractionation. The maximum perturbation of δ26/24Mg in the 
melt is dictated by the contrast in Mg# and the melt–olivine ratio, but 
for all scenarios modelled here (melt/olivine = 0.5–5.0), a single dif-
fusive exchange event can change melt δ26/24Mg to that appropriate 
for the high-Ti basalts.

Although Mg isotopes are particularly diagnostic, the isotopic 
effects of reactive flow might also be visible in the isotopic com-
position of other elements. Magnesium isotope compositions are 
negatively correlated with δ44/40Ca measured on the same samples32  
(Fig. 5a). Calcium is lost from the IBC melt through diffusion into olivine  
(Fig. 2b), but the peritectic orthopyroxene rims are its main sink. Rapid 
crystallization of these rims drives Ca incorporation from Ca-depleted 
boundary layers that have low δ44/40Ca due to the faster diffusion of 
lighter Ca isotopes in the melt towards the boundary layer38. The peri-
tectic orthopyroxene rims therefore develop low δ44/40Ca, as observed 
in terrestrial melt-metasomatized peridotites39,40, driving the reacted 
melt to higher δ44/40Ca. As such, the Mg–Ca isotope covariation pro-
vides support for a kinetic effect imparted by the reaction of IBC par-
tial melts with ambient harzburgite cumulates. Moreover, Fe–Mg 
exchange between olivine and melt will be accompanied by kinetic Fe 
isotope fractionation, drawing isotopically light Fe from the melt24,37,39  
(Fig. 5d). The dichotomy between high-Ti basalts with heavy Fe isotope 
compositions and lighter low-Ti basalts41–43 (Fig. 5b) therefore provides 
additional support for reactive flow of IBC partial melts. Likewise, 
kinetic fractionation of Ti isotopes during incorporation of Ti into the 
peritectic orthopyroxene rims can contribute to the more variable Ti 
isotope compositions of high-Ti basalts relative to the low-Ti basalts 
and the bulk Moon composition44,45 (Fig. 5c).

Trace elements and radiogenic isotopes are much less affected 
by reactive flow than these isotopic systematics, which are sensitive 
to diffusion-driven kinetic fractionation. The trace element composi-
tion of the high-Ti suite is consistent with partial melting of IBC that 
contain a variable but small proportion (0.5–3.0%) of trace element-rich 
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trapped residual liquid8,17,18. As olivine and orthopyroxene both have low 
to very low partition coefficients for most trace elements, the reaction 
between the IBC partial melt and ambient harzburgite cumulates is 
unlikely to impose an effect that exceeds the variation generated dur-
ing partial melting of the IBC. Hence, while trace elements systematics 
are related to subtle variations in IBC composition, the stable isotope 
composition of high-Ti basalts bears testament to reactive flow being 
the missing link between overturned IBC present in the lunar mantle 
and the high-Ti magmatic suite.
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Methods
Magnesium isotope composition measurements
The Mg isotope composition measurements were performed at the 
Bristol Isotope Group (University of Bristol) on homogeneous powders 
made out of ~250 mg fragments of lunar mare basalt samples recovered 
by the Apollo space programme. Aliquots of these powdered samples, 
which have previously been characterized for their major and trace 
element compositions17, were digested in concentrated HF and HNO3 
(3/1) and subsequently treated twice with concentrated HNO3. Upon 
complete dissolution, aliquots corresponding to 15–25 μg Mg were 
taken for Mg isotope composition measurements. Calcium isotope 
compositions (δ44/40CaSRM 915a) have been determined on the same sam-
ple dissolutions32. Magnesium purification followed a double-pass 
protocol in 1.00 ± 0.02 M HNO3 on cationic AG50w-X12 resin that is 
described in detail elsewhere25. Yields were checked by collecting 
‘splits’ before and after Mg elution and were found to be ≥99.9%. The 
purified Mg fractions were dissolved in 0.3 M HNO3 for measurement 
on a Thermo-Finnigan Neptune multi-collector inductively coupled 
plasma mass spectrometer (s/n 1020) using an Apex HF sample intro-
duction system and Ni Jet+H cones. The Neptune was operated in 
medium-resolution mode (m/Δm > 6,000; 5–95% peak height defini-
tion) to resolve isobaric interferences such as 12C14N+ on 26Mg+.

The purified Mg fractions were equilibrated with a 25Mg–26Mg 
double spike in an exact molar spike proportion, the ‘critical mix-
ture’ (0.5908 for the Bristol Isotope Group Mg double spike30), which 
often required one to three iterations to achieve to within 0.15%. At 
this sample-to-spike ratio, the exponential-law instrumental mass 
fractionation parameter (β) and sample–spike mixing parameter (λ) 
degenerate into a single compound variable, thus reducing the num-
ber of independent isotope ratios required to solve the double spike 
equations from three to two31. As a result, the double spike technique46 
can be applied to Mg even though only three isotopes are available for 
measurement (24Mg, 25Mg and 26Mg) (refs. 30,31). This method offers 
accurate correction for instrumental mass fractionation during meas-
urement without relying on identical behaviour of samples and refer-
ence materials during measurement. The measurement strategies and 
data reduction adopted in this study are identical to those described 
in detail elsewhere25,30,31 and discussed further in the Supplementary 
Discussion section 1.1.

The Mg isotope composition data are reported in the conventional 
delta notation47 as δ26/24Mg relative to the DSM-3 Mg reference mate-
rial. Measurement precision for the lunar samples is ~0.011–0.013‰ 
(2 s.e.m.; Supplementary Table 1), but the pooled intermediate preci-
sion of reference materials BHVO-2 (basalt), JP-1 (peridotite) and DSM-3 
(passed through the Mg purification procedure) of 0.023‰ (2 s, n = 13; 
Supplementary Fig. 1) is a better reflection of the true uncertainty 
of the method, and this value is shown as error bars in Figs. 1 and 4. 
Very similar 2 s intermediate precision of 0.027‰ (ref. 25) and 0.03‰  
(ref. 48) was reported in other studies employing a critical mixture 
double spike technique, and our data for BHVO-2 and JP-1 agree very 
well with the results reported in these studies25,30,48 (Supplementary 
Fig. 1 and Supplementary Table 3).

High-temperature reaction experiments
As a starting composition for the reaction experiments, we synthesized 
an ilmenite-bearing cumulate partial melt composition (TiCum 12) that 
is based on the experimental study of ref. 16. This composition repre-
sents a comparatively low-degree partial melt (Fmelt = 0.53) formed at 
1,240 °C and 1.3 GPa that is saturated with ilmenite and clinopyroxene. 
The melt composition is highly ferroan (Mg# 15.3) and Ti rich (13.7 wt% 
TiO2)16. The starting material was made by mixing high-purity oxides 
and carbonates under acetone followed by decarbonation for 2.5 h at 
1,000 °C and re-homogenizing under acetone. The starting material 
was subsequently dried at 110 °C and kept dry for the experiments. An 
aliquot of the powdered starting material was placed in a small graphite 

capsule (volume ~2 mm3) together with 3–5 fragments (~200–400 μm 
size fraction) of primitive, fresh olivine (Fo89.1) and orthopyroxene 
(Mg# 89.6) derived from a terrestrial fertile peridotite (spinel peridotite 
xenolith Vi314-58 from the Vitim volcanic field49). The proportion of IBC 
melt to minerals was aimed at 1:1:1. The graphite capsule containing the 
synthetic IBC partial melt, olivine and orthopyroxene was inserted into 
a Pt sleeve that was welded shut using a Lampert arc welder. The capsule 
was then placed in a piston–cylinder assembly consisting of crushable 
alumina, a graphite heater, Duran glass (Schott GmbH) and natural talc50.

The reaction experiments were performed at the Institute for 
Mineralogy (University of Münster) using an end-loaded piston–cyl-
inder apparatus51 at a pressure of 1.5 GPa. A friction correction of –13% 
was applied on the basis of a calibration against the quartz–coesite 
transition52 and the MgCr2O4 + SiO2 = MgSiO3 + Cr2O3 reaction53, yield-
ing a pressure that is accurate to within 0.07 GPa. Temperature was 
monitored and controlled using a W-Re thermocouple (type D) and 
a Eurotherm temperature controller. Several experiments were per-
formed at 1,370–1,500 °C for run times ranging from 30 min to 6 h 
(Supplementary Table 6). The experiments were quenched by shutting 
off the power to the graphite heater before reducing the pressure. The 
experimental charges were mounted in epoxy, polished with a series of 
diamond pastes and measured for major element composition using 
the JEOL JXA 8530 F hyperprobe in Münster. Measurements were made 
using an acceleration voltage of 15 kV, a beam current of 15 nA and a 
spot size of 3 μm for silicate minerals and 20 μm for glasses. Of the 
five experiments performed in total, two were deemed successful and 
are reported here (GPC 822 and 823; Supplementary Table 6). In two 
rejected experiments, the melt came into contact with the noble metal 
capsule, leading to Fe loss and hence erroneous Mg# of the melt, but 
otherwise the reaction between IBC partial melt and olivine–orthopy-
roxene was identical. Another rejected experiment run at ~1,500 °C saw 
the complete dissolution of orthopyroxene. See Supplementary Discus-
sion section 2 for more details. The two successful experiments con-
ducted at 1,370 °C (2 and 6 h) showed substantial interaction between 
IBC melt and the olivine and orthopyroxene seeds and no evidence for 
contact between the IBC melt and the Pt outer capsule. A major element 
map for experiment GPC 823 (1,370 °C, 1.5 GPa, 2 h) was subsequently 
made at Cardiff University with a Zeiss Sigma FEG-SEM using dual 
150 mm2 energy-dispersive X-ray detectors.

Equilibrium Mg isotope fractionation modelling
The Mg isotope model of LMO crystallization is based on the ‘EC model’ 
reported by ref. 32 for Ca isotopes, and all pertinent details are listed 
therein. Briefly, the basis is a forward LMO crystallization model fol-
lowing an experimentally determined9 crystallization sequence, phase 
proportions and phase compositions for a Lunar Primitive Upper  
Mantle54 composition. This crystallization model gives the major ele-
ment composition of the residual melt and instantaneous cumulate 
phases at each 0.5 wt% (up to 60 wt% solidification) or 0.2 wt% (>60 wt% 
solidification) crystallization step. As plagioclase predominantly 
floats to the surface to form the anorthosite crust, we introduce the 
concept of instantaneous sinking cumulates, which represent the 
plagioclase-poor assemblage that sinks to form the stratified lunar 
cumulate mantle. We consider that 7% plagioclase is trapped in these 
instantaneous sinking cumulates8,16.

The Mg isotope composition of the residual melt and instantane-
ous sinking cumulates is subsequently calculated through isotopic 
mass balance. We employ the empirical olivine–melt Mg isotope frac-
tionation factor determined by ref. 25 on equilibrated natural olivine–
melt pairs (Δ26/24MgOL–melt = –0.146 ± 0.026‰ × 106/T2), which is the only 
empirical, quantitative constraint available to date. We combine this 
olivine–melt Mg isotope fractionation factor with inter-mineral Mg 
isotope fractionation factors constrained through ab initio modelling26 
(Supplementary Table 4) to determine the temperature-dependent 
bulk Mg isotope fractionation factor at each crystallization step. 
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There are no ab initio Mg isotope fractionation factors for ilmen-
ite, which appears late in the crystallization sequence (>97.5% LMO 
solidification) and then hosts only a minor fraction of Mg present 
in the instantaneous cumulates (<10%). We rely on natural data for 
ilmenite–olivine pairs that are in apparent equilibrium55,56 and yield 
Δ26/24MgILM–OL = –0.353‰ × 106/T2. The Mg budget hosted in plagio-
clase is negligible, and we arbitrarily set Δ26/24MgPL–melt to zero. Taken 
together, the reduced partition function ratios, or β factors, for Mg are 
βmelt ≥ βCPX > βOPX > βOL > βILM. This indicates that all crystallizing phases 
preferentially take in lighter Mg isotopes compared with silicate melt 
and therefore drive a steady increase in δ26/24Mg of the residual melt 
during LMO crystallization (Fig. 1a), consistent with the patterns dis-
played by terrestrial differentiation suites25.

Modelling of δ26/24Mg of partial melts derived from various cumulate 
reservoirs employs the same Mg isotope fractionation factors. The compo-
sition of harzburgite cumulate partial melts in Fig. 5a is based on pMELTS 
models of partial melting of relatively evolved (70–95% LMO solidification) 
orthopyroxene-rich cumulates with minor olivine and clinopyroxene32 
combined with the Mg isotope LMO crystallization model. Harzburgite par-
tial melts are ~0.03–0.05‰ heavier than the bulk Moon, and their δ26/24Mg 
is relatively insensitive to the degree of melting (Supplementary Fig. 4). 
Partial melting of IBC (Supplementary Fig. 5) is based on experimentally 
determined melting reactions and phase compositions15,16. More details 
on the partial melting modelling are given by ref. 32.

Diffusion modelling
The diffusive release of isotopically light Mg into the melt is a predicted 
result of the reaction between IBC melt and ambient harzburgite. We 
modelled a simplified scenario where we calculate a single event of 
Mg loss from a spherical olivine crystal (radius 0.25 mm) exposed to a 
finite mass of IBC melt based on the observed core-to-rim decrease in 
Mg# from ~89 to ~82 (Fig. 2b). The total amount of substance lost from 
a sphere through diffusion is given by equation 6.20 in ref. 57:

Mt
M∞

= 1 − 6
π2

∞
∑
n=1

1
n2

exp (−Dn2π2t/a2)

where Mt is the mass of Mg lost at time t, M∞ is the total mass of Mg lost 
after complete re-equilibration to Mg# 82, D is the diffusion coefficient 
of Mg in olivine, n is a positive integer and a is the radius of the spheri-
cal olivine crystal (all parameters used in the model shown in Fig. 4 are 
given in Supplementary Table 5). The amount of Mg lost from olivine 
was added to the amount of Mg present in a finite mass of melt for 
melt–olivine ratios of 0.5, 1 and 5 (Fig. 4). This was done individually 
for each Mg isotope (24Mg, 25Mg and 26Mg) where the difference in dif-
fusion coefficient for these isotopes is expressed as:

Di
Dj

= (
mj

mi
)
β

The subscripts i and j signify an isotope of Mg, m is the mass of that 
isotope, and β is an empirical kinetic parameter23. We adopt a conserva-
tive value of 0.05 for βMg (ref.23,24), although values up to 0.16 have 
been suggested for βMg in olivine37,58. Taking a higher value for βMg will 
increase the kinetic isotope effect shown in Fig. 4, meaning that the 
minimum δ26/24Mg of the melt becomes even lower.

Data availability
Data are available through Mendeley Data at https://doi.org/10.17632/
p9fjkcxvs6.1
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