
Articles
https://doi.org/10.1038/s41561-020-0559-4

1Department of Geological Sciences, University of Florida, Gainesville, FL, USA. 2Geophysical Laboratory, Carnegie Institution for Science, Washington, 
DC, USA. 3Department of Physics, Astronomy, and Geosciences, Towson University, Towson, MD, USA. 4Earth-Life Science Institute, Tokyo Institute of 
Technology, Tokyo, Japan. 5NASA Johnson Space Center, Houston, TX, USA. 6Institute of Meteoritics, University of New Mexico, Albuquerque, NM, USA. 
✉e-mail: selardo@ufl.edu

The differentiation of the terrestrial planets and large asteroids 
into cores, mantles and crusts is thought to have occurred 
throughout the inner solar system through extensive plan-

etary melting (that is, magma oceans)1. Most magma-ocean models 
envision planets in this stage as homogeneous, well-mixed systems 
and do not, in their simple forms, predict lateral variations in com-
position and structure. However, fundamental asymmetries do 
occur in the inner solar system (for example, the Martian crustal 
dichotomy, tectonic plates on Earth), which can dramatically influ-
ence planetary geologic evolution. Although evidence for a global 
magma ocean on the Moon is arguably more robust than for any 
other planetary body, the Moon’s crust also exhibits stark planet-
scale asymmetries that are inconsistent with a homogeneously cool-
ing body and are thought to have formed during magma-ocean 
differentiation2–5. The nearside and farside lunar crust is asymmet-
ric in terms of (1) thickness6,7, (2) the composition of the primary 
anorthosite derived from lunar magma ocean (LMO)4 and (3) the 
distribution of both geochemically incompatible radioactive ele-
ments and erupted lavas8–11.

The compositional asymmetry has been particularly influential 
on lunar evolution. A large terrane on the nearside hosts a geochem-
ical reservoir, referred to by the acronym KREEP, which is highly 
enriched in its namesakes potassium (K), the rare earth elements 
(REEs), and phosphorus (P), in addition to the radioactive elements 
thorium (Th) and uranium (U), among other incompatible trace 
elements. Referred to as the Procellarum KREEP Terrane8 (PKT), 
this region encompasses ~16% of the Moon’s surface but hosts ~60% 
mare basaltic surface lava flows, and more broadly, ~97% of all mare 
basalts occur on the nearside10. These lavas are the product of the 
second major pulse of lunar magmatism and range in age from ~3.9 
to ~1 billion years. Their spatial correlation with KREEP is probably 
no coincidence9. Thermal modelling of the interior strongly sug-
gests that heat produced by the radioactive decay of K, Th and U 

provided a heat source for mantle melting under the nearside for 
billions of years and affected the Moon down to the core–mantle 
boundary, leaving a temperature anomaly in the mantle to the pres-
ent day12–14, demonstrating the importance of KREEP in influencing 
the Moon’s long-term geologic evolution.

However, the Moon also experienced an earlier magmatic pulse 
beginning essentially immediately after LMO solidification at ~4.37 
billion years ago (Ga) (refs. 15–18) that resulted in an important crust-
building event. These magmas, which crystallized into crustal rocks 
referred to as the Mg-suite due to their high Mg#s (the molar ratio of 
Mg/(Mg+Fe)), and later the alkali-suite (with relatively high abun-
dances of alkalis), require planetary-scale mantle convection at the 
end of the LMO to form19,20. They have been proposed to arise either 
through decompression melting during mantle convection followed 
by assimilation of crustal anorthosite21–23 or through melting of both 
anorthosite and mantle dunite at the crust–mantle interface19,20,24. 
The role of KREEP, or lack thereof, in the origin of this crust-build-
ing event is highly debated, as is the spatial and volumetric extent of 
Mg-suite magmatism. Samples of the Mg-suite collected by five of 
the six landed Apollo missions, whose landing sites were all within 
or adjacent to the PKT, demonstrate the rocks are KREEP-rich and 
widely distributed across the nearside19,24,25, leading to the sugges-
tion that the asymmetric distribution of KREEP on the nearside and 
the heat it produced initiated Mg-suite magmatism and that this 
crust-building event was regional rather than global13,26. This view 
has been challenged both by laboratory experiments and spectro-
scopic remote observations of the global crust, which may indicate 
outcrops of Mg-suite rocks across the Moon27–31, and by observa-
tions of new samples in lunar meteorites that may point to Mg-suite 
rocks without a link to KREEP32. Neither interpretation is definitive, 
yet the resolution to this debate will reveal the extent of early crust 
building and the degree to which planetary-scale asymmetries have 
dictated the thermal and magmatic evolution of the Moon.
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The Moon’s Earth-facing hemisphere hosts a geochemically anomalous region, the Procellarum KREEP Terrane, which is widely 
thought to have provided radiogenic heat for mantle melting from ~3.9 to ~1 billion years ago. However, there is no agreement 
on such a link between this region and the earliest pulse of post-differentiation crust-building magmatism on the Moon at 
~4.37 billion years ago; whether this early magmatism was global or regional has been debated. Here we present results of 
high-temperature experiments that show the nearside geochemical anomaly may have caused asymmetric early crust building 
via mantle melting-point depression. Our results demonstrate that the anomalous enrichment in incompatible elements of this 
nearside reservoir dramatically lowers the melting temperature of the source rock for these magmas and may have resulted in 
4 to 13 times more magma production under the nearside crust, even without any contribution from radioactivity. From thermal 
numerical modelling, we show that radiogenic heating compounds this effect and may have resulted in an asymmetric concen-
tration of post-magma-ocean crust building on the lunar nearside. Our findings suggest that the nearside geochemical anomaly 
has influenced the thermal and magmatic evolution of the Moon over its entire post-differentiation history.
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Crust building via melting-point depression
The power of KREEP in producing mantle partial melts has previ-
ously thought to lie in radiogenic heat production, and with Th and 
U abundances over 700 times those in primitive chondrite mete-
orites33, heat production was undoubtedly a driving force for melt-
ing12–14. However, a key component of the ability of KREEP to aid in 
melt production is melting-point depression. This effect has thus far 
been unexplored. The KREEP reservoir formed as the last remaining 
magmatic liquid in the LMO after extensive fractional crystalliza-
tion formed the underlying mantle and overlying crust, and there-
fore, by definition, KREEP has a much lower melting point (that is, 
solidus) than both. When high-Mg# dunites from the deep mantle, 
with a very high melting temperature, reach the base of the anor-
thosite crust as a result of density-driven mantle convection20,34–36, 
KREEP has the potential to induce melting of the three-component 
system due to the change in bulk chemical composition caused by 
the addition of KREEP. To determine the magnitude of this effect, 
we conducted a series of high-temperature melting experiments on 
a 50/50 mixture of natural olivine and anorthite from San Carlos, 
AZ, and the Miyake-jima volcano, Japan, respectively. San Carlos 
olivine (SCO, Mg# 90) and Miyake-jima anorthite (MJA, An# 96, 
where An# is the molar ratio of Ca/(Ca+Na+K)) have compositions 
that make them excellent analogues for the mantle dunites20 and the 
anorthosite crust37. This mixture was then split and combined with 
5%, 10%, 15%, 25% or 50% of a synthetic KREEP composition33. 
The baseline KREEP-free olivine–anorthite mixture represents an 
analogue for the crust–mantle interface on the Moon’s farside and 
offers a point of comparison with the KREEP-bearing mixtures. 
These experiments were conducted at 1 atm at lunar-like redox con-
ditions and temperatures between 1,300 °C and 1,175 °C for 4–8 d to 
ensure equilibrium was closely approached.

The results of our experiments show that the potential for KREEP 
to produce Mg-suite magmas though melting-point depression is 
dramatic. At a given temperature, the presence of up to 50% KREEP 
in the olivine–anorthite mixture results in between 2 and 13 times 
more melt than in the experiments without KREEP (Fig. 1 and 
Supplementary Information). At 1,250 °C, for example, the KREEP-
free system produces an 8% partial melt, yet with 50% KREEP, the 
melt fraction reaches 79%. However, the ability of KREEP to produce 
more magma in our nearside-analogous experiments is irrelevant if 

the compositions of those melts do not match the compositions of 
the natural magmas that crystallized into the Mg-suite rocks. We 
assessed this constraint by comparing the Mg#’s of olivine from our 
experiments with the Mg#’s of primitive (that is, the first to form 
from a magma) Mg-suite troctolite samples collected by the Apollo 
missions (Fig. 2), and the calculated REE patterns of our experimen-
tal melts with the estimated REE abundances in troctolite parental 
magmas17,25 (Fig. 3). Troctolites, which are cumulate rocks consisting 
dominantly of olivine and plagioclase, represent the most primitive 
Mg-suite rocks, meaning they offer the best point of comparison to 
assess whether our experimental melt compositions match the natu-
ral magmas (see Supplementary Information). With only one excep-
tion at 15% KREEP, only mantle source region compositions with 
25–50% KREEP produce partial melts that match both the Mg# and 
REE abundances of Mg-suite troctolites and their parental magmas 
(Figs. 2 and 3). These model source regions produce 4–13 times as 
much melt as KREEP-free sources and over degrees of partial melting 
ranging from 3% to 79%. At temperatures that produce these melts 
(1,175–1,250 °C), KREEP-free source regions produce 0–8% partial 
melt. These results strongly suggest that KREEP-induced melting-
point depression probably resulted in dramatically more crust-build-
ing magma under the Moon’s nearside relative to the farside.

Contributions from radiogenic heat production
The results of our experiments demonstrate the propensity of 
KREEP to lower the melting temperature of the mantle source 
regions of Mg-suite magmas. However, the heat produced from the 
radioactive decay of K, Th and U will also contribute to melting.  
To estimate the magnitude of the contribution from radiogenic heat, 
we conducted thermal evolution calculations on model Mg-suite 
source regions. There are many uncertainties in calculating absolute 
temperatures, including the initial mantle temperature profile, cool-
ing rate at the crust–mantle interface at ~4.37 Ga, the exact composi-
tion and KREEP content of Mg-suite magma source regions and time 
between formation of the KREEP reservoir and the onset of Mg-suite 
magma melting. Therefore, we have taken the approach of calculat-
ing the change in temperature (ΔT) of a series of dunite–anorthosite 
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Fig. 1 | The effects of KREEP on melt production in Mg-suite sources. The 
results of high-temperature experiments show that the addition of KREEP 
to an analogue Mg-suite source rock, consisting of dunite and anorthosite, 
dramatically lowers its melting temperature. Each line is an isotherm 
showing the amount of melt present at a given temperature as a function of 
the fraction of KREEP by weight in the dunite–anorthosite starting mixture.
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Fig. 2 | The composition of experimental olivine compared with Apollo 
Mg-suite samples. The composition of equilibrium olivine produced in 
our experiments as a function of the fraction of KREEP by weight in the 
dunite–anorthosite starting mixture. The grey band denotes the range of 
olivine compositions found in Mg-suite troctolites and spinel troctolites in 
the Apollo sample collection. The broad agreement between experimentally 
produced olivine and olivine found in natural samples demonstrates that our 
experimental melt compositions are consistent with Mg-suite parental melts.
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source regions with 0–50% KREEP for a given cooling rate. These 
calculations considered the range of post-LMO lower crustal cool-
ing rates from the asymmetric lunar thermal evolution models of 
Laneuville et al.12,38 (0.2–2.5 K Myr–1, or roughly 1–10−10 W kg–1).

Our results show that, irrespective of cooling rate considered, 
Mg-suite source regions heat up by tens of K Myr–1 when they 
contain at least 25% KREEP (f > 0.25) and have positive ΔT even 
at KREEP contents of less than 5% at the lowest possible cooling 
rates (Fig. 4). Conversely, Mg-suite sources cool down at almost 
all cooling rates for KREEP contents of <~5%. These results, com-
bined with trace element analyses that show Mg-suite magmas were 
KREEP-rich25,39,40 (Fig. 3), demonstrate that radioactivity resulted 
in an increase in the temperature of Mg-suite mantle sources  
(Fig. 4) and the production of crust-building magmas under the 
nearside, but probably not under the farside. It should be noted that 
these estimates are valid only for KREEP fractions close to what 
was used by Laneuville et al.38, which corresponds to about f < 0.3. 
Outside of that range, the cooling rate will be affected by the strong 
increase in temperature. For example, at ΔT = 50 K Myr–1, a source 
region would be heated by 3,000 K over 60 Myr (that is, from 4.43 
to 4.37 Ga), which is the maximum possible time between KREEP 
formation and the onset of Mg-suite magmatism derived from 
Apollo sample geochronology15,18,41 if no change occurred in cooling 
rate, which is clearly unrealistic. However, these results, combined 
with those of our experiments, demonstrate the positive feedback 
that KREEP had on mantle melting: the more KREEP in a mantle 
source, the lower the melting temperature, the higher the radiogenic 
heat production and the more magma that was produced.

Regional rather than global early lunar crust building
Our results challenge the notion that crust-building magmatism 
that immediately followed the LMO was a Moon-wide event. 
The combination of radiogenic heat production and the ability of 
KREEP to lower the melting point of Mg-suite source rocks, as dem-
onstrated here, would have led to considerably more crust-building 
magmatism under the nearside relative to the farside. Our findings 
do not preclude the possibility of occurrences of some Mg-suite 
rocks throughout the lunar crust. Decompression melting of lunar 
mantle dunites followed by assimilation of crustal anorthosite has 
been proposed as a mechanism for generating Mg-suite magmas  

Moon-wide21,22,28. However, this model faces notable challenges. 
Dunites in the lunar mantle are thought to have been very poor in 
aluminium20,42,43, meaning they had a very high melting temperature. 
This necessitates anorthosite assimilation to reach plagioclase satu-
ration, a process that faces substantial limitations from an energy 
budget standpoint21,44. Calculations of fractional melting using the 
pMELTS algorithm45–47 show that deep-mantle dunites produce 
only ~3–10% melt during adiabatic decompression, depending on 
the initial mantle temperature and amount of trapped LMO liquid 
(see Supplementary Information). Furthermore, recent geodynamic 
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Fig. 3 | Calculated REE abundances in experimental melts compared with Mg-suite parental melts. The calculated chondrite-normalized abundances 
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Fig. 4 | The ΔT of Mg-suite source regions due to radiogenic heating. 
The results of thermal evolution calculations show the ΔT of the dunite–
anorthosite source regions of Mg-suite parental magmas with KREEP 
contents up to 50% by weight and how the ΔT varies over the range in 
possible cooling rates (in 10−10 W kg–1) at the lunar crust–mantle interface 
at ~4.4 Ga (ref. 38). The ΔT increases with increasing KREEP content due to 
the radiogenic heat produced by decay of K, Th and U. Black lines denote 
the parameter space where radiogenic heating is perfectly balanced by the 
cooling rate (‘0’ line) and where the T increases or decreases by 10 K Myr–1 
(‘10’ and ‘−10’ lines).
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modelling suggested that convective overturn in the mantle, which 
brings these dunites from the lower mantle to the base of the crust, 
may begin before the end of magma-ocean crystallization36,48,49, 
in which case any magmas formed through decompression melt-
ing would not have been able to move past the residual LMO to  
reach the crust.

Our results show that the hemispheric compositional asym-
metries on the Moon began to have a dramatic effect on magma 
production immediately after lunar differentiation. The large con-
centration of heat-producing elements on the Moon’s nearside not 
only had the potential to act as a heat source for melting but also 
lowered melting temperatures at the crust–mantle interface in a way 
that could have produced ~4–13 times more crust-building mag-
mas than would have occurred on the farside. The positive feedback 
among the amount of KREEP in a source region, KREEP’s ability 
to depress melting temperatures and its penchant for heat produc-
tion probably resulted in asymmetric crust building on the Moon’s 
nearside and demonstrates the important role that KREEP and its 
concentration on the nearside played in the thermal and magmatic 
evolution of the Moon throughout its entire ~4.4 Gyr history.
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Methods
Experimental starting materials. The base KREEP-free olivine–anorthite 
mixture that simulated Mg-suite magma source rock (Supplementary Table 1)  
was made from natural SCO (Mg# 90) and MJA (An# 96). Crystals of SCO 
were cleaned with multiple successive ultrasonic baths in ethanol followed by 
soaking in warm 6 N HCl to remove desert contamination before being crushed 
with an agate mortar and pestle. Visible pyroxene and oxide impurities, and 
any substantially weathered or oxidized fragments, were removed before the 
sample was ground into a fine powder under ethanol. A powdered sample of 
MJA that was previously purified with a Frantz magnetic separator was provided 
by K. Donaldson Hanna. The powdered SCO and MJA were then combined in 
a proportion of 50/50 by weight and ground under ethanol until homogeneous 
(Supplementary Table 2).

A synthetic mixture with the composition of high-K KREEP defined by 
Warren33 was made using reagent-grade oxides and carbonates. The mixture, 
consisting of all major and minor elements in high-K KREEP, was combined in a 
stepwise fashion and ground under ethanol until homogeneous. Subsequently, all 
REEs and other trace elements with abundances in high-K KREEP of 200 ppm or 
greater were added to the mixture using Specpure plasma standard solutions in 
2% HNO3. The nitric acid was allowed to evaporate in a fume hood. The synthetic 
KREEP mixture was then combined with aliquots of the 50/50 SCO–MJA mixture 
to create five additional experimental starting materials with 5%, 10%, 15%, 25% 
and 50% KREEP by weight (Supplementary Table 2). The mixtures were ground 
under ethanol until homogeneous.

High-temperature experiments. High-temperature phase equilibrium 
experiments at ambient pressure were conducted in a Deltech vertical gas-mixing 
furnace at the Geophysical Laboratory, Carnegie Institution for Science. Starting 
materials were mixed with a 3% polyvinyl alcohol solution to form a paste and 
suspended from a thin-gauge Re-wire loop in the hotspot of the Deltech furnace. 
Experiments were held above the liquidus at 1,500 °C at a log fO2 corresponding 
to the iron-wüstite buffer50 using mixtures of CO and CO2 for ~2 h before being 
quenched into distilled water, forming a glass. Glasses were left attached to the Re 
loops and then reintroduced into the furnace, two compositions at a time, at each 
temperature of interest. The fO2 was maintained at iron-wüstite for the duration 
of the experiments using total gas flow rates of ~0.5 cm3 s−1. Redox conditions 
within the furnace were assessed with a Y2O3-stabilized ZrO2 electrode using air 
as a reference gas. The estimated error on this measurement is ≤0.2 log units. The 
electromotive force (emf) of the experimental gas mixture was measured before 
each experiment and was confirmed after selected experiments. The emf was found 
to vary by <5 mV. Temperature was monitored using a type S (Pt10Rh/Pt)  
thermocouple and controlled using a Eurotherm controller. Experimental 
durations were between ~4 and 8 d depending on temperature and experiments 
were quenched into water. The long durations of the experiments ensured a close 
approach to equilibrium was achieved.

Although these experiments were meant to investigate melting conditions at 
the lunar crust–mantle interface, which resides at a pressure of ~0.2 GPa (ref. 48), 
ambient-pressure controlled-atmosphere experiments were selected here over 
elevated-pressure experiments for a number of reasons. First, at ambient pressure, 
the solubility of water in silicate melts is negligible51, which is advantageous 
because water is known to dramatically lower the solidus temperature of silicate 
systems at elevated pressure52,53. Water contents of high-pressure experiments are 
also variable and difficult to precisely control. Although water in lunar materials 
has been the focus of extensive study over the past decade, the lunar mantle is 
thought to contain much less water54 than is typically present in high-pressure 
experiments. Second, the Deltech furnace allows for very precise control of fO2 
conditions with the use of mixed gases, whereas fO2 is more difficult to precisely 
control at elevated pressure. Last, the difference in phase relations in lunar-
analogous systems between ambient pressure and 0.2 GPa is negligible55 and thus 
has little effect on our results.

Ambient-pressure experiments, however, often result in the loss of volatile 
species (for example, Na, K, S), and this was the case for the experiments presented 
here. Loss of Na and K resulted in plagioclase in our experiments having the 
composition of nearly pure endmember anorthite. Experiments on compositions 
with higher amounts of KREEP experienced more-volatile loss due to the higher 
abundances of Na and K in KREEP versus the base SCO–MJA mix. However, this 
does not affect the conclusions of this work. Retention of volatile species (or the 
presence of water concentrated in KREEP) would have resulted in lower solidus 
temperatures for more KREEP-rich compositions and thus would have further 
enhanced the solidus-depressing effects of KREEP, strengthening our conclusions. 
Therefore, the effect of KREEP on lowering the solidus temperature demonstrated 
here is a lower limit.

Electron microprobe analyses. Experimental run products were mounted in 
epoxy, ground and polished flat to expose a cross-section roughly through the 
middle of each experimental run product before carbon coating. Mineral and 
quenched melt phases were analysed for major and most minor elements using 
the JEOL JXA-8530F field emission electron microprobe at the Geophysical 
Laboratory. Operating conditions were 15 kV, 20 nA and spot sizes between 1 and 

10 μm. Spot sizes on the high end of that range, especially for quenched melt and 
plagioclase, were used whenever textures permitted. Standards were diopside, 
Na-bearing diopside (DJ-35), pyrope, orthoclase, chromite, ilmenite, spessartine, 
Durango apatite, zircon, wollastonite and Springwater olivine. The quality of 
analyses was assessed on the basis of stoichiometric constraints. Experimental 
results can be found in Supplementary Tables 3 and 4.

Thermal evolution calculations. We computed the change in temperature of a 
hypothetical Mg-suite mantle source rock consisting of a 50/50 dunite and ferroan 
anorthosite (FAN) mixture with variable amounts of KREEP (Supplementary Table 5)  
as a function of KREEP content from 0% to 50%. For a given concentration of Th, 
U and K, we computed the heating rate56 as:
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where C0 is the initial concentration of each isotope in the mantle source, H is 
the specific heat production rate for each isotope, t is time and τ1/2 is the isotope-
specific half-life (Supplementary Table 5). We consider the range of lower crustal 
cooling rate Q from Laneuville et al.38 over the 4.43 to 4.37 Ga time frame, which 
is between 0.2 and 2.5 K Myr–1 at the bottom of the crust. For a given model, the 
cooling rate variation over the 4.43 to 4.37 Ga interval is negligible, so we use the 
4.4 Ga value for this calculation.

We compared the heating rate due to the inclusion of KREEP with  
fraction f with the range of cooling rates to the crust (Fig. 3). Specifically,  
we calculated ΔT ¼ H fð Þ � Qð Þ=cp

I
, where cp is the specific heat of mantle  

material (1,000 J kg–1 K–1) and H and Q are in W kg–1. These estimates do  
not take melting itself into account as the point was to assess the relative  
impact of radioactive heating compared with melting-point depression.  
Source regions would not heat endlessly beyond melting as Th, U and K are 
incompatible elements, which would be extracted from Mg-suite source  
regions via the melting process.

Data availability
The data supporting the findings of this study are available within the article and its 
Supplementary Information files.

Code availability
The code used for the thermal evolution calculations presented here is available 
from M.L. upon request. Email: mlaneuville@elsi.jp.
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