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Abstract 37 

Geochronology indicates a rapid transition (10s of Myrs) from primary to secondary crust building 38 

on the Moon. The processes responsible for initiating secondary magmatism, however, remain in 39 

debate. Here we test the hypothesis that the earliest secondary crust (Mg-suite) formed as a direct 40 

consequence of density-driven mantle overturn, and advance 3-D mantle convection models to 41 

quantify the resulting extent of lower mantle melting. Our modeling demonstrates that overturn of 42 

thin ilmenite-bearing cumulates ≤100 km triggers a rapid & short-lived episode of lower mantle 43 

melting which explains the key volume, geochronological, & spatial characteristics of early 44 

secondary crust building without contributions from other energy sources, namely KREEP 45 

(potassium, rare earth elements, phosphorus, radiogenic U, Th). Observations of globally 46 

distributed Mg-suite eliminate degree-1 overturn scenarios. We propose that gravitational 47 

instabilities in magma ocean cumulate piles are major driving forces for the onset of mantle 48 

convection and secondary crust building on differentiated bodies. 49 

 50 

 51 

Introduction 52 

Akin to the theory of plate tectonics on Earth, the magma ocean and cumulate mantle overturn 53 

(CMO) hypotheses work in concert as the guiding paradigms for the formation and redistribution 54 

of mantle and crustal material on terrestrial bodies1-3. These concepts were largely developed 55 

through exploration of the Moon, and its rock record still provides the most direct evidence for 56 

magma ocean and CMO epochs. Here the lunar magnesian-suite of samples stand out (Mg-suite: 57 

dunite, pink spinel troctolite, troctolite, norite, gabbronorite). Their forsteritic olivine composition 58 

anchors the Mg-suite mantle source to initially deep-seated lunar magma ocean (LMO) cumulates, 59 

and their presence within the primary lunar crust demands mobilization of said deep-seated 60 

cumulates toward the surface via CMO3-7. Geochronology further indicates that Mg-suite 61 

petrogenesis, and by extension possibly CMO, occurred near-contemporaneously with primary 62 

lunar crust solidification8,9. Thus, the Mg-suite plays a pivotal role in unraveling the magmatic 63 

transition from primary to secondary crust building on the Moon. Despite these critical links to 64 

early lunar evolution, a lack of consensus remains regarding the operative mechanisms responsible 65 

for generation of early secondary magmas and their global extent10-13. 66 

The Mg-suite samples returned by the Apollo missions are confounding because they contain 67 

elevated concentrations of incompatible elements thought to be associated with a KREEP 68 

component (potassium, rare earth elements, phosphorus)5-10. The KREEP signature observed in 69 

Mg-suite samples is surprising because the formation of KREEP is tied to the final stages of LMO 70 

crystallization, contrasting with the primitive origins demanded by their major element chemistry. 71 

Determining the role of KREEP during Mg-suite petrogenesis is important because its high 72 

concentrations of U, Th, and K make KREEP a major source for radiogenic heat in the magmatic 73 
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evolution of the Moon14,15. KREEP-induced melting was recently proposed to be the primary 74 

mechanism for explaining the observed lunar crustal dichotomy12, potentially determining the 75 

production and distribution of Mg-suite magmatism5,6. 76 

Mounting lines of evidence now call into question the importance of KREEP during Mg-suite 77 

petrogenesis. KREEP-poor lunar meteorites with a chemical affinity to Mg-suite are 78 

documented10,16-20, geochemical models demonstrate no need for KREEP to produce Mg-suite 79 

parental melts derived from primary LMO cumulates11, and remote sensing observations identify 80 

Mg-suite locations across the lunar surface21-23, far beyond the Procellarum KREEP Terrane (PKT) 81 

where KREEP appears most concentrated. If KREEP is not a primary driver of Mg-suite 82 

petrogenesis, CMO would rise as a central geologic process for initiating secondary crust building 83 

on the Moon. 84 

KREEP-free geochemical links between Mg-suite and CMO have been recently 85 

forwarded8,11,16, and modern dynamical models of early mantle convection24 identify overturn 86 

timing as a critical component to cementing a CMO origin for Mg-suite. However, the abundance, 87 

timing, and spatial extent of lower mantle melting during CMO has yet to be fully quantified. 88 

Moreover, the last decade has delivered advances in both geochronology and global mineralogical 89 

analysis of the lunar crust that present new challenges to the CMO hypothesis and place new 90 

constraints on Mg-suite petrogenesis. 91 

First, geochronological work identifies concordant dates for putative primary lunar crust and 92 

secondary Mg-suite samples8,9,25-30. Primary crust samples 60025, 62237, and Y-86032 provide a 93 

weighted average age of 4361 ± 21 Ma from the Sm-Nd isotopic system. Concordance with 94 

multiple chronometers (including 147Sm/143Nd, 146Sm/142Nd, and Pb-Pb) has only been established 95 

for 60025, which yields a concordant and tightly constrained age of 4360 ± 3 Ma. The most reliable 96 

ages determined for secondary Mg-suite samples 15445 (4332 ± 79Ma), 67667 (4349 ± 31Ma), 97 

and 78238 (4334 ± 34Ma) obtained via the Sm-Nd isotopic system yield a median of 4340 ± 9 98 

Ma8,25,30. Samples 67667 and 78238 also yield concordant Rb-Sr ages (4368 ± 67Ma and 4359 ± 99 

24Ma, respectively)8,25 and 78238 further yields a concordant 207Pb/206Pb age (4332 ± 18 Ma)9, 100 

indicating a record of magmatic emplacement and crystallization. These ages are concordant with 101 

the whole rock isochron age for the Mg-suite of 4348 ± 25 Ma, which includes samples from 102 

Apollo 14-178,30. The dataset for both ferroan anorthosites (FAN) and Mg-suite samples is small 103 

and emphasizes the need for future geochronological investigations and additional sample return 104 

missions. Nevertheless, the petrologic context requires that the primary lunar crust formed prior to 105 

secondary Mg-suite intrusions, and the most robust data above imply these two events were 106 

separated by only tens of millions of years or less. Using the weighted average FAN age and whole 107 

rock isochron Mg-suite age above, the maximum disparity between FAN (4361 + 21 = 4382 Ma) 108 

and Mg-suite (4348 – 25 = 4323 Ma) dictates that CMO-driven origin models must produce 109 

secondary crust building within ~59 Myrs after primary crust formation. Further, the small 110 

variance associated with the whole rock isochron Mg-suite age itself (± 25 Myrs) requires that 111 

initial secondary crust building was short-lived, or ≤ 50 Myrs in duration. 112 
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Second, combined petrological and reflectance spectroscopy studies have linked orbital 113 

detections of pink spinel anorthosites from M3 data (Moon Mineralogy Mapper) to Mg-suite 114 

samples21-23,31-35. Outcrops of pink spinel anorthosites along with olivine- and orthopyroxene-rich 115 

exposures (major mafic constituents of Mg-suite rocks) are observed in fresh and undisturbed 116 

crater central peaks across the lunar surface21-23, indicating excavation of pre-existing crustal 117 

material. From these studies, the Mg-suite appears to be broadly distributed across the Moon and 118 

not isolated within a single regional terrane (Fig. 1). The presence of KREEP-poor meteorites with 119 

a chemical affinity to Mg-suite10,16-20, likely sourced from localities outside of the PKT, provide 120 

ground-truth to the global extent observed remotely. Although Mg-suite rocks appear widespread, 121 

they are estimated to comprise ~ 6 – 30 vol.% of the total lunar crust21,36 based on Clementine data 122 

and global investigations of crater central peaks containing troctolite, norite, and gabbronorite 123 

lithologies (predominant subgroups of the Mg-suite). The limited abundance of Mg-suite 124 

lithologies in the lunar crust therefore constrains the extent of melting in associated petrogenetic 125 

models. 126 

Taken together, the emerging picture is that the Mg-suite formed near contemporaneously with 127 

primary FAN production during a short magmatic interval, is broadly distributed across the Moon, 128 

and constitutes a modest fraction of the lunar crust. Here we employ a modern three-dimensional 129 

mantle convection model37 to examine the spatial and temporal aspects of mantle melting produced 130 

by the upwelling return flow of primary magma ocean cumulates in response to CMO. We advance 131 

the existing geodynamic model by quantifying the timing and extent of lower mantle melting and 132 

integrating available data from geochronology, petrologic studies, and orbital spacecraft, to 133 

determine if (i) CMO-induced decompression melting of the lower mantle is capable of producing 134 

sufficient volumes of Mg-suite material, (ii) the magmatic duration of CMO-induced melting is 135 

consistent with the small variance observed in the most reliable Mg-suite crystallization ages, and 136 

(iii) the onset of CMO-induced melting can reconcile the apparent rapid transition from primary 137 

to secondary crust formation on the Moon. The spatial distribution of melting is then evaluated to 138 

test whether (iv) a CMO origin can simultaneously satisfy the observed extent of global Mg-suite 139 

exposures. In so doing, we identify physical properties of lunar CMO that ultimately satisfy 140 

modern observations of early secondary crust building. 141 

 142 

Results and Discussion 143 

We investigate the thermochemical evolution of density-driven cumulate mantle overturn and 144 

convective return flow of the lower mantle using a numerical three-dimensional model of spherical 145 

geometry37 and test the effects of ilmenite-bearing cumulate (IBC) thickness and viscosity contrast 146 

between the IBC layer and underlying mantle. Each simulation begins with a model Moon 147 

consisting of five layers from bottom to top: core, lower mantle (Mg-suite source), upper mantle, 148 

IBC layer, and crust. Our lower mantle is ~3% denser than the upper mantle (supplementary table 149 

S1) considering the relative mean densities between dunitic (lower mantle) and harzburgitic (upper 150 
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mantle) phase proportions and their decreasing pressure of formation during magma ocean 151 

crystallization3,38-40. The IBC layer has density = 3460 – 3700 kg/m3 with viscosity up to 4 orders 152 

of magnitude lower than the underlying mantle37,39,41-43 and is overlain by a less dense crust. 153 

Overturn of our initial stratigraphy is induced via random distribution of chemical tracers44, 154 

meaning we assign no initial perturbation to the IBC-mantle interface. Following precedent37, our 155 

primary dataset (Runs 1 – 11) assumes an initial temperature profile equivalent to the peridotite 156 

solidus. The peridotite solidus also approximates the calculated effective solidus (~1647ºC at 4 157 

GPa)11 of the experimentally determined6 bulk lunar lower mantle (Mg-suite source), which is 158 

further consistent with calculated mantle potential temperatures (> 1600ºC) at the time of Mg-suite 159 

formation45. For these reasons the peridotite solidus serves as both our initial temperature profile 160 

and effective solidus in Runs 1 - 11. The local production of lower mantle melting in response to 161 

IBC-driven cumulate overturn is then solved using parameterized equations benchmarked by 162 

previous work46. Additional runs were performed testing the effects of both cooler and hotter initial 163 

temperature profiles on magmatic timing and melt volume, and these are also summarized below. 164 

Further details of our model inputs and justifications for explored parameter space are included in 165 

our supplementary information. 166 

 167 

 Natural Observations and Constraints 168 

Results are assessed using the following constraints to determine which models are most 169 

consistent with the natural observations. 170 

 171 

• Constraint 1 (Mg-suite volume) is defined by the estimated amount of Mg-suite 172 

material within the lunar crust, or ~6 – 30 vol.% of the total lunar crust21,36. The total 173 

volume of decompression melt derived from the lower mantle during IBC-driven 174 

cumulate overturn is then converted to volume percent of the lunar crust to compare 175 

with the natural observations (Fig. 2a). The reference volume of the lunar crust is 176 

estimated by assuming a spherical shell and using a crustal thickness of 40 km47. 177 

• Constraint 2 (magmatic duration) is defined by the estimated duration of Mg-suite 178 

magmatism based on concordant dating of Mg-suite samples. Here we define the 179 

magmatic duration of Mg-suite using the variance of the whole rock isochron (± 25 180 

Myrs8,30), or ≤50 Myrs duration (Fig. 2b). We approximate the duration of mantle 181 

melting in our dynamical models by measuring the full width at half maximum (FWHM) 182 

of peak melt production rates for each run (supplementary figure S1). 183 

• Constraint 3 (magmatic timing) considers the interval of time between primary and 184 

secondary crust building. This constraint is defined by the maximum disparity between 185 

primary FAN and secondary Mg-suite ages (including their variance), or ~59 Myrs8,30 186 

(Fig. 2c). In this study, we define the magmatic timing for each dynamical scenario as 187 

the interval between time zero of the model and the time step most closely associated 188 
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with 50% cumulative melt volume derived from the lower mantle (supplementary 189 

figure S2). The time to 50% cumulative melt volume therefore provides a relatively 190 

conservative estimate for the magmatic timing compared to the onset of melting for 191 

each run. 192 

• Constraint 4 (exposure proportion) accounts for the detectability of Mg-suite rocks in 193 

craters across the lunar surface. Of 164 fresh and undisturbed crater central peaks 194 

examined with M3 data23, 85 contained evidence for Mg-suite material. Criteria for Mg-195 

suite material was defined as multiple observations of pink spinel or olivine (or both) 196 

using multi-temporal images, and/or the observation of orthopyroxene in the absence 197 

of clinopyroxene (a potential marker for mare basalts). Given that 85 out of 164 total 198 

central peaks contained spectral signatures consistent with Mg-suite material, we 199 

determined an exposure proportion of 0.52 for the lunar surface. Our selection of this 200 

dataset23 is based on their extensive search of craters across the lunar surface that have 201 

excavated pre-existing crustal material (i.e., not impact melts) ranging from near-202 

surface depths to the crust-mantle boundary, and their use of a common approach for 203 

mineral identification. Our model does not capture magmatic emplacement depths, but 204 

previous work34 demonstrated that Mg-suite primary melts can reach levels of neutral 205 

buoyancy throughout the crust, consistent with the remote identifications used here. To 206 

make the comparison between natural observation and model, we randomly sample the 207 

surface of our models 164 times to replicate the number of craters investigated. Each 208 

sampling location is a synthetic crater, and the area sampled by the synthetic crater is 209 

determined by the scaling relationship between central peak and crater diameter48 using 210 

the diameters of the craters reported23. If melt from the lower mantle is present in a 211 

sampled area, we tally an identification of Mg-suite (Fig. 3). A thousand iterations are 212 

performed with 164 randomized cratering locations that define an average synthetic 213 

exposure proportion. Our model includes a 2% melt detection threshold, which means 214 

that melting ≥ 2% is sufficient to be extracted from the source, mobilized toward the 215 

surface, and remotely detected. This is supported by constraints for the melt fraction 216 

retained in the source matrix during melting, which is unlikely to exceed 3% at any 217 

given time49. We note, however, that small increases in degree of melting will cause 218 

large increases in rock permeability50, which can result in the channelized flow of 219 

partial melts51,52. To account for this phenomenon in our spatial analysis, we increase 220 

the melt detection threshold (MDT) in 1% increments (up to 7% to remain within the 221 

partial melting constraints defined by geochemical modeling11,12) and run the same 222 

1000 random cratering iterations for each percentage step. The resulting data can be 223 

taken to evaluate the spatial effects on global melt distribution within a system of low 224 

degree (MDT = 2-3%), moderate (MDT = 4-5%), and higher degrees of partial melting 225 

(MDT = 6-7%). Since the total melt fraction retained in the matrix during partial 226 

melting is not expected to be > 3% at any given time, our model assumes that the total 227 
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melt volumes are not significantly changed with increasing MDT (i.e., the total amount 228 

of escaped melt is merely channelized into areas of increased permeability). 229 

• Constraint 5 (farthest neighboring detection) considers the total spatial distribution of 230 

Mg-suite rocks across the lunar surface. Although the complete distribution of 231 

subsurface Mg-suite is unknown, the observed spatial distribution of Mg-suite 232 

exposures can be quantified by measuring the current distance between each detection 233 

and its farthest neighboring detection. If Mg-suite detections are confined to a small 234 

region of the Moon for example, the farthest neighbor distance for each detection will 235 

be relatively short compared to the farthest neighbor distance of globally distributed 236 

Mg-suite locations. We calculate the average farthest neighbor of observed Mg-suite 237 

exposures23 to be 5103 ± 243 km, which is nearly half the circumference of the Moon 238 

(~5460 km), or the maximum farthest neighbor distance achievable. Further, we report 239 

the average nearest neighbor distance to be 266 ± 246 km. The high variance associated 240 

with the average nearest neighbor distance quantifies a widespread distribution (as is 241 

visually observed) and is inconsistent with a regional cluster of exposures (Fig. 1). The 242 

average farthest neighboring distance in our synthetic crater model is measured the 243 

same way as the natural observations for comparison. 244 

 245 

Total Melt Volume Derived from the Upwelling Lower Mantle 246 

All Runs 1 - 11 successfully meet Constraint 1. Downwelling of thicker IBC layers generally 247 

leads to greater total melt volume derived from the responsive upwelling of the lower mantle (Fig. 248 

2a). The IBC-mantle viscosity contrast (hereafter, viscosity contrast) does not systematically 249 

correlate with total melt volume (Fig. 2a). Model runs with IBC thicknesses of 30 km (Runs 1-5) 250 

yield total melt volumes ranging from 6 - 10 vol.% of the lunar crust, whereas runs with IBC 251 

thicknesses of 50 km (Runs 6-9) yield 13 - 17 vol.% (Table 1). Runs 10 (IBC = 100 km) and 11 252 

(IBC = 150 km) resulted in melt volumes proportional to 26 and 18 vol.% of the lunar crust, 253 

respectively. We note that the total melt volumes reported here are a conservative estimate as some 254 

Mg-suite melts may have assimilated crust in producing more Mg-suite material11,33. 255 

 256 

Duration and Timing of Lower Mantle Melting During Cumulate 257 

Overturn 258 

Most all Runs (3-11) co-satisfy Constraints 2 and 3 by producing magmatic durations < 50 259 

Myrs and magmatic timing within 59 Myrs of time zero (Table 1). We find that both magmatic 260 

duration (full width at half maximum of peak melt production) and magmatic timing (time 261 

measured from the onset of the model to 50% cumulative melt volume) decrease with increasing 262 
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viscosity contrast (supplementary figures S1, S2). This is because a low viscosity contrast slows 263 

IBC downwelling and the responsive upwelling of the underlying mantle. Because the buoyant 264 

lower mantle becomes more gravitationally stable during CMO relative to its initial state 265 

underlying denser cumulates3,38, the duration of decompression melting is finite in the absence of 266 

sustained mantle convection. At a given IBC thickness and viscosity contrast, cases with a lower 267 

mantle reference viscosity resulted in shorter magmatic durations and quicker magmatic timing 268 

relative to cases using higher mantle reference viscosity (Fig. 2b,c).  269 

Ascent rates determined for lunar primary melts and time scales estimated for melt extraction 270 

in regions of upwelling mantle do not significantly change our results for magmatic duration or 271 

timing that are on the order of ~1 – 10s of millions of years (Table 1). The Mg-suite melts must 272 

have intruded the crust in a near-primary state to explain their forsteritic olivine10,11, and rapid 273 

ascent rates of ~10 m s-1 have been determined for other primary lunar mantle-derived magmas53. 274 

Further, rapid separation of partial melts from their source (< 40 years) is estimated for regions of 275 

upwelling mantle49. 276 

 277 

 Spatial Analysis of the Responsive Upwelling Lower Mantle  278 

In general, CMO induces widespread melting of the upwelling lower mantle matching the 279 

spatial Constraints 4 and 5 (Fig. 3, supplementary figure S3). Increasing the MDT acts to decrease 280 

both the exposure proportion and farthest neighbor distance (Fig. 4). In general, most all models 281 

can simultaneously explain the observed distance and exposure constraints of Mg-suite at low to 282 

moderate degrees of partial melting (MDT = 3-5%, Table 1). Runs 10 and 11 with their thick IBC 283 

layers and high viscosity contrast are end-member scenarios that work to maximize melt volume 284 

and quicken magmatic timing within the range of possible parameter combinations defined above 285 

(Table 1). We show that despite this favorable parameter combination, Run 11 was the only model 286 

with a focused degree-1 upwelling and consequently failed to simultaneously satisfy the farthest 287 

neighbor and exposure proportion over the entire range of MDT considered. 288 

 289 

On the Abundance, Timing, and Distribution of Mg-suite 290 

Magmatism 291 

We first emphasize that our model of CMO does not require KREEP to explain the abundance, 292 

timing, and distribution of Mg-suite rocks. Previous work12 has criticized the limited extent of 293 

KREEP-poor decompression melting during CMO as a shortcoming for Mg-suite petrogenesis. 294 

However, all Runs 1 – 11 modeled here generated melt volumes proportional to ~6 – 26 vol.% of 295 

the lunar crust (Figs. 2, 5). Constrained by geologically realistic initial conditions and dynamical 296 

parameters informed by experiment, our modeling demonstrates that the modest fraction of Mg-297 

suite within the lunar crust (~6 – 30 vol.%) is well explained by CMO-induced decompression 298 
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melting of the KREEP-poor lower mantle. Given the positive correlation between IBC thickness 299 

and Mg-suite melt abundance identified by our modeling (Fig. 2), it is also possible that incomplete 300 

participation of IBC during overturn39,43 limited lower mantle melting and contributed to the 301 

modest abundance of Mg-suite material observed. We therefore suggest that KREEP is not 302 

necessary for the initiation of secondary crust building on the Moon, although it may have 303 

contributed to the petrogenesis of a subset of Mg-suite samples or other episodes of lunar basaltic 304 

volcanism14,15. The incorporation of KREEP-like geochemical signatures via magma-wallrock 305 

interactions or magma mixing has been proposed as a potential secondary mechanism during Mg-306 

suite petrogenesis7,8,10,11,16. Our model is thus inclusive to the observation of both KREEP-poor 307 

and KREEP-bearing Mg-suite rock types in the meteorite and sample collection when considering 308 

KREEP as a possible contaminant during, instead of the driver of, Mg-suite magmatism. 309 

Importantly, our modeling shows that the CMO process alone can reconcile the concordant 310 

formation ages between the primary flotation crust (FAN) and secondary Mg-suite (Figs. 5, 6). 311 

Chronological constraints used in this study are derived from concordant dating of Mg-suite rocks 312 

and concordant ages of FAN8,30. Collectively, these data indicate a relatively short magmatic 313 

duration for Mg-suite and quick magmatic timing relative to FAN closure. A major result is that 314 

our modeling naturally aligns with these two chronological constraints, as we demonstrate that 315 

magmatic duration and magmatic timing are positively correlated phenomena for CMO-induced 316 

magmatism (Fig. 5). In this way, the short interval between FAN and Mg-suite formation and the 317 

brief duration of Mg-suite magmatism revealed by geochronology are naturally explained by CMO 318 

(Fig. 6). If instead a large amount of radiogenic KREEP was incorporated into the Mg-suite source, 319 

this prolonged supply of heating should extend the magmatic duration of Mg-suite beyond current 320 

observations, further questioning the role of KREEP in driving short-lived Mg-suite magmatism. 321 

Implicit in the near-concordant dates of FAN is that the LMO solidified near 4361 Ma8,26,28,30. 322 

Other chronological approaches suggest LMO solidification occurred earlier, and perhaps as early 323 

as 4510 Ma54,55. If the earlier LMO solidification dates are accurate, this would require CMO-324 

induced Mg-suite magmatic timing on the order of ~100-150 Myrs. Runs 1 and 2 with 30 km thick 325 

IBC and low viscosity contrast (10-1 - 10-2) produce magmatism on this timescale (Figs. 2c, 6). 326 

However, the magmatic duration of Run 1 extends beyond the current constraint of 50 Myrs (Fig. 327 

2b). In this context, we stress that thin IBC layers should be most enriched in ilmenite37. Because 328 

ilmenite is rheologically weak, a thin, ilmenite-rich IBC layer with low viscosity contrast is not a 329 

geologically or experimentally supported parameter combination41. Our higher viscosity contrast 330 

(10-3 – 10-4) models are therefore better aligned with rheological expectations and uniformly 331 

produce magmatic timing in < 59 Myrs and magmatic durations < 50 Myrs. Reconciling an older 332 

FAN formation age (~4.5 Ga) with Mg-suite petrogenesis by IBC-driven CMO may require future 333 

revisions to lunar chronology and the rheology of LMO cumulates. Whereas we show that near-334 

contemporaneous primary and secondary crust building is entirely consistent with current 335 

geochronological and rheological constraints (Fig. 5). 336 

Another major finding from our dynamical modeling is that the CMO process commonly leads 337 

to widespread upwelling and partial melting of the KREEP-poor lower mantle (Fig. 3, 338 
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supplementary figure S3). This is important because we show that widespread upwelling and 339 

partial melting of the lower mantle in response to CMO provides explanation for the global 340 

detections of early secondary crust in the remote sensing database (Fig. 1). Our synthetic crater 341 

modeling (Fig. 4) specifically indicates that the melt distribution from CMO with degree > 1 342 

upwelling can co-satisfy the exposure and distance constraints at low to moderate degrees of partial 343 

melting where MDT = 3 – 5% (Table 1, Fig. 4). Our results therefore eliminate degree 1 lower 344 

mantle upwelling as a viable scenario because the focused and hemispheric melt distribution of 345 

Run 11 violates the coupled exposure proportion and distance constraints (Fig. 4). Consequently, 346 

our results do not support thick IBC layers = 150km with a high viscosity contrast. Regardless, 347 

our study underscores the significance of integrating orbital remote sensing of early secondary 348 

crust to further constrain the extent and styles of initial mantle convection on the Moon. 349 

Finally, our model considers mantle overturn driven by the dense IBC layer within a fully 350 

solidified Moon. Next, we discuss our results within the context of two alternative scenarios below: 351 

silicate overturn initiating prior to complete LMO solidification, and overturn induced by the giant 352 

South Pole-Aitken basin forming impact. 353 

 354 

 Implications Concerning a Long-Lived Residual Magma Ocean  355 

The first ~80% of LMO solidification is likely rapid38, whereas the presence of an insulating 356 

FAN lid can extend the duration of the final ~20% of LMO crystallization up to ~200 Myrs38,55,56. 357 

This extended duration of LMO solidification could exceed the time to initiate silicate-driven 358 

mantle overturn38 unless a rigid mantle viscosity is assumed (1022 Pa s)55 or rapid compaction of 359 

the cumulate pile led to a metastable mantle stratigraphy24,57. Silicate-driven mantle convection is 360 

thus possible in a long-lived, partially solidified magma ocean55,56, and could result in syn-FAN 361 

decompression melting. If so, silicate overturn generally works in favor of reconciling a 362 

contemporaneous relationship between primary FAN and secondary Mg-suite. Nevertheless, 363 

petrologic and geochronologic context requires that FAN production preceded secondary 364 

magmatic intrusions. 365 

Here we note that LMO models38-40,58-60 predict formation of the high-density IBC layer after 366 

FAN production and prior to both urKREEP and complete LMO solidification. This is important 367 

because the formation of IBC reduces overturn initiation timescales to thousands of years38. Our 368 

results of IBC-driven overturn therefore remain valid considering long-lived residual magma 369 

oceans since the time zero of our model is predicated on the isotopic closure ages of FAN and not 370 

the complete solidification age of the LMO (Fig. 6). The hot and positively buoyant Mg-suite melts 371 

generated by decompression melting (1 bar liquidus ~1563ºC, liquidus density ~2789 kg m-3)11,34 372 

are thus capable of ascending through the cool (~1000-1150ºC) and relatively dense (~2893-3161 373 

kg m-3) syn-FAN residual magma ocean58,59. Such a scenario could account for both Mg-suite 374 

primary melts acquiring elevated trace element characteristics from the residual magma ocean in 375 

addition to buoyancy forces predominantly controlling Mg-suite melt transport34. Regardless, our 376 
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results imply that an IBC layer formed within millions to tens of millions of years of FAN closure 377 

to satisfy the geochronologic constraints of Mg-suite magmatism. 378 

 379 

Initiation of Overturn by the South Pole-Aitken Impact? 380 

An alternative hypothesis to IBC-driven overturn is that the South Pole-Aitken (SPA) impact 381 

triggered overturn of a metastable mantle stratigraphy61-65, ultimately resulting in the observed 382 

geochemical asymmetry of the lunar surface61,62,66 and potentially leading to Mg-suite production. 383 

In this scenario, widespread mantle convection like our modeling shows can be rapidly (within 384 

hours) induced by thermal anomalies from the SPA impact61. If secondary crust building was 385 

initiated during this SPA-induced stage of early mantle convection, geochronology then requires 386 

that the SPA impact be coincident with primary crust formation at ~4361 Ma. A minimum age of 387 

~4.3 Ga has been inferred for SPA based on a reexamination of the areal density of impact craters 388 

using Gravity Recovery and Interior Laboratory data67, and is thus consistent with the hypothesis 389 

above. However, this scenario ultimately remains untestable by radiometric dating methods in the 390 

absence of samples returned from SPA. 391 

 392 

Implications for the Initial Temperature Profile of the Lunar Mantle 393 

We now discuss results from a set of models that test cooler and hotter initial temperature 394 

profiles for the LMO cumulates compared to that considered above. It is clear from our spatial 395 

analysis and range of melt detection threshold that CMO, with the exception of Run 11 and its 396 

degree 1 upwelling, is capable of explaining the global distribution of Mg-suite observed by orbital 397 

spacecraft regardless of timing and melt volume constraints (Table 1). Our focus here therefore 398 

turns to magmatic timing, magmatic duration, and total melt volume as potential discriminators 399 

for testing the pre-overturn initial temperature of the lunar mantle. 400 

If the LMO cumulate layers compacted rapidly to form a metastable mantle stratigraphy24,57, 401 

then the lower mantle may have cooled through conduction prior to overturning. In this case, the 402 

temperature profile of the Mg-suite source could be cooler than what has been thus far considered. 403 

To test our model in this scenario, we report Run 3C (supplementary table S3) which is identical 404 

to Run 3 but considers an initial conductive temperature profile in the lower mantle relative to the 405 

peridotite solidus (supplementary figure S7). Run 3C was ultimately terminated because it became 406 

apparent that it would not satisfy the natural observations having not reached its peak melt 407 

production rate after 114 Myrs in addition to producing very little lower mantle melting over this 408 

timeframe (~0.04 vol.% of the lunar crust). Following, we lowered the mantle reference viscosity 409 

(5x1019 Pa s) to promote quicker magmatic timing and to fully quantify the overturn process in 410 

this scenario (Run 3C_i). Despite satisfying the geochronological constraints with this low 411 

reference viscosity (supplementary table S3), upwelling of the cool lower mantle in Run 3C_i 412 

again resulted in low total melt volume (~0.03 vol.% of the lunar crust). 413 
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Runs 1H and 6H are identical to Runs 1 and 6, respectively, but test a hotter initial temperature 414 

profile. Pure fractional crystallization of the LMO should result in each mantle horizon having a 415 

unique and compositionally dependent solidus and liquidus in the absence of cumulate mixing. To 416 

account for this we assume that mantle layers formed and accumulated at a temperature between 417 

the peridotite liquidus and solidus during a bottom-up fractional crystallization sequence of the 418 

LMO. The initial temperature for every cumulate horizon is calculated assuming that LMO melt 419 

fraction varies linearly between the solidus and liquidus as a function of temperature 420 

(supplementary figure S8). We then account for the compositional dependency on the solidus and 421 

liquidus in our modeling by calculating new solidii and liquidii for each radial element in our 422 

model Moon. We do this by quantifying the offset between the peridotite solidus and liquidus and 423 

translate this offset to the hotter initial temperature profile at a given radial element, and then the 424 

depth-dependent offset of the peridotite solidus and liquidus is followed to shallower depths to 425 

produce 64 new and independent solidii and liquidii for melting calculations (supplementary figure 426 

S8). 427 

Because viscosity is temperature dependent, the hotter initial temperature works to decrease 428 

magmatic timing and duration, as observed in comparable runs varying only reference viscosity 429 

(e.g., Runs 2 vs. 3, 4 vs. 5). Run 6H produced magmatic duration and timing of 10 and 29 Myrs, 430 

respectively, compared to 20 and 56 Myrs for Run 6. Run 6H yielded a total melt volume 431 

equivalent to 23 vol.% of the lunar crust compared to 13 vol.% produced by Run 6. Run 1H 432 

resulted in a magmatic duration and timing of 16 and 58 Myrs, respectively (compared to 69 and 433 

156 Myrs in Run 1). Run 1H also yielded a total melt volume equivalent to 57 vol.% of the lunar 434 

crust. 435 

Our additional modeling provides new insight into the temperature profile of the lunar mantle 436 

at the onset of cumulate overturn. Within the evidence-based framework indicating a petrogenetic 437 

link between CMO and Mg-suite, the insufficient melt volumes produced by Runs 3C and 3C_i 438 

suggests that thermal conduction of the lower mantle could not have been extensive at the time of 439 

overturn. A cool pre-overturn cumulate pile is therefore not favored. Instead, hotter initial 440 

temperatures work to decrease magmatic timing and duration, consistent with constraints from 441 

geochronology (supplementary table S3). An overproduction of total melt volume, and therefore 442 

an overabundance of Mg-suite within the crust, can result however (Run 1H vs. Run 1). The melt 443 

production constraint could still be satisfied with a hot cumulate pile if the IBC viscosity contrast 444 

is minimized, reference viscosity is maximized, or if IBC layer thickness is minimized (Fig. 2). 445 

Alternatively, melt production constraints could be satisfied for a hot cumulate pile if a large 446 

fraction of melt remained trapped below the crust. Thus, a hot cumulate pile remains a viable 447 

scenario, albeit with a relatively narrow associated parameter space as constrained by our 448 

dynamical models.  449 

Secondary Crust Building on the Moon and Differentiated Bodies 450 

Within the range of input parameters constrained by natural observation, experiment, and 451 

numerical simulations, our dynamical modeling identifies that widespread decompression melting 452 
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of KREEP-poor primary magma ocean cumulates in response to overturn of 30 – 50 km thick IBC 453 

(possibly up to 100 km) can reproduce the key volume, geochronological, and spatial 454 

characteristics of the earliest secondary crust on the Moon (Figs. 3-5). Importantly, our model of 455 

origin establishes a direct link between CMO and initiation of secondary crust building, and is 456 

therefore consistent with hypotheses that Mg-suite petrogenesis was not itself driven by 457 

KREEP7,8,10,11,16. Instead, KREEP geochemical signatures could have been obtained via secondary 458 

processes such as magma mixing or melt-rock interactions during ascent of partial melts derived 459 

from the upwelling lower mantle. Our modeling remains in agreement with calculated 147Sm/144Nd 460 

and 87Rb/86Sr ratios of the Mg-suite source region8, which link to a source that formed coincidently 461 

with LMO differentiation or a primitive and undifferentiated mantle component. 462 

Natural observations associated with secondary crust building are best explained when 463 

considering a low mantle reference viscosity (5x1020 P s) and high viscosity contrast of 10-2 or 464 

greater. This is because lowering the reference viscosity of the mantle serves to decrease the 465 

magmatic duration and quicken magmatic timing (Figs. 2b,c). Successful models using a high 466 

mantle viscosity (1021 P s) required a greater viscosity contrast with the IBC layer (Table 1) or 467 

higher initial temperatures (supplementary table S3). The range of reference viscosities used here 468 

is consistent with the rheology determined for dry peridotite37, but it is possible that water68-73 and 469 

trapped melt38,74,75 act to lower cumulate viscosity within the LMO76 and thus quicken magmatic 470 

timing and minimize magmatic duration during CMO. Our results therefore suggest that overturn 471 

of rheologically weaker cumulates than tested here would further support a contemporaneous 472 

relationship between primary and secondary crust building. Initial temperature profiles of the lunar 473 

mantle equivalent to or hotter than the peridotite solidus remain viable scenarios, and are consistent 474 

with estimated mantle potential temperatures (> 1600ºC) at the time of Mg-suite formation45. 475 

Significant thermal conduction of the lunar mantle prior to overturn, and thus a cool pre-overturn 476 

temperature profile, is not favored on the basis of insufficient secondary crust production 477 

(supplementary table S3). Regardless, our study highlights the importance of future sample return 478 

missions, detailed surface exploration, and further radiometric dating toward constraining the 479 

dynamical evolution of the Moon. 480 

We therefore conclude that CMO-induced decompression melting of KREEP-poor primary 481 

LMO mantle cumulates can explain the rapid transition from primary to secondary crust building 482 

on the Moon revealed by geochronology (Fig. 6). The lunar Mg-suite provides foundational 483 

evidence for the hypothesis that gravitational instabilities in magma ocean cumulate piles are major 484 

driving forces for the dynamics of early mantle convection within and initial secondary crust 485 

building on differentiated bodies3,24,37,77-81. Our work supports this hypothesis and implies that the 486 

influence of global-scale magma oceans remains central to planetary evolution, even after their 487 

solidification is complete. 488 

 489 
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Methods 490 

Model Parameters and Inputs 491 

 492 

Our 3D model of mantle overturn uses a 12×64×48×48 mesh based on CitcomS83, which gives 493 

an azimuthal resolution of 14 km. Grids are refined radially at the top and bottom boundary to 494 

resolve the thermal boundary layers and IBC layer. Comparison to modeling with finer radial 495 

resolution (7 km) demonstrates that the IBC layer is well resolved by our calculations 496 

(supplementary figure S4). The core-mantle boundary, the lower-upper mantle boundary, the IBC 497 

bottom, and the IBC-crust boundaries are also defined by magma ocean modeling38 and are 498 

accordingly set at the nominal radii of 340 km, 1040 km, 1660 km, and 1710 km, respectively.  499 

The evolution of the four silicate layers is solved with conservation of mass, momentum, and 500 

energy. We apply the general derivation46 of  501 

 502 

𝐹 =
𝑇−𝑇𝑠olidus

𝑇liquidus−𝑇solidus
   (1) 503 

 504 

where F is the weight fraction of melt, T is temperature, Tliquidus is the liquidus temperature, and 505 

Tsolidus is the solidus temperature to calculate the local production of lower mantle melting using 506 

the peridotite or recalculated effective solidii and liquidii (supplementary figures S5, S7, S8). We 507 

thus use Equation (1) as a proxy for Mg-suite melt volume as hypothesized in previous work4,8,11. 508 

Following previous work37 (supplementary table S2) the mantle thermal Rayleigh number is set to 509 

6x105. Although the latent heat is applied in every case, the effect of latent heat is not sound at the 510 

temperature profile of the lower mantle because the azimuthally averaged temperature of the lower 511 

mantle is barely higher than the solidus (supplementary figure S6). The thermal conductivity of 512 

the crust37 is set to 4 W m-1 K-1. As a test, we performed an additional test of Run 1 using a lower 513 

conductivity of 2 W m-1 K-1 for the crust (Run 1a) but did not find any significant changes to our 514 

results (supplementary table S3). Our initial thermal condition for Runs 1 – 11 and Run 1a 515 

considers a peridotite solidus and has a 90-km top thermal boundary layer. 516 

Our model assumes 50% of all heat producing elements (U, Th, and K) are present in the IBC 517 

layer3, while the remaining 50% are evenly distributed throughout the lunar crust and mantle84-87. 518 

This distribution of heat producing elements is based on the IBC forming in the final stages of 519 

magma ocean crystallization38,58-60 and evolves dynamically afterward. The heat generation rate of 520 

these heat producing elements is calculated based on the bulk U and Th abundances of the Moon. 521 

The bulk U and Th abundances of the present day are taken as 25.7 and 102.8 ppb (Th/U = 4), 522 

respectively88. The Moon is highly depleted of the volatile element K89-91, and we apply a K/Th 523 

ratio of 2,50066. A major finding of this work is that the origin of Mg-suite can be explained by 524 

decompression melting of the lower mantle and thus, independently from the distribution of 525 

KREEP. 526 
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Numerical and experimental simulations of LMO crystallization predict thin IBC layers (≤ 527 

50km) based on mass balance and phase equilibria, and thicker IBC layering up to 150km is 528 

possible when considering dynamic redistribution of IBC diapirs during the LMO solidification 529 

process3,37. Following previous work37, we therefore treat the initial thickness of the ilmenite-530 

bearing cumulate (IBC) layer as a free parameter by modeling thicknesses of 30, 50, 100, and 531 

150km to explore the effects of IBC thickness on the dynamic return flow patterns and 532 

decompression melting of the lower mantle (Mg-suite source).  533 

The viscosity contrast between the lunar mantle and IBC plays a key role in determining the 534 

dynamics of CMO41-43. Viscosity is both temperature and compositionally dependent and we 535 

explore the range of IBC viscosities both constrained by experiment41 and defined in previous 536 

modeling37. Following previous work37, we vary the reference viscosity of the lunar mantle with 537 

the approximated rheology of peridotite, which can range from 5x1020 - 1021 Pa s (Table 1). 538 

Ilmenite is rheologically weak, and the viscosity of pure ilmenite is up to 4 orders of magnitude 539 

lower than that of dry peridotite37. The viscosity of the IBC layer itself is complicated by the 540 

ilmenite fraction, IBC thickness (which is dependent on LMO composition), water content, and 541 

melt fraction37. It is for these reasons that we treat the viscosity contrast between the IBC and 542 

underlying mantle as a free parameter varying from 10-1 – 10-4. Considering the IBC thicknesses 543 

explored here, the possible ilmenite fraction of the IBC layer is estimated to be ~1.5 – 11.5 vol.%, 544 

corresponding to a viscosity contrast ≥3 orders of magnitude37,41. We also present results from 545 

end-member cases such as thin IBC layers paired with a low viscosity contrast (e.g., Run 1) and 546 

thick IBC layers with the viscosity contrast considering pure ilmenite (e.g., Runs 10, 11) to explore 547 

a range of possible physical combinations. 548 

 549 

Data Availability 550 

Processed data generated in this study are included in this published article (and its supplementary 551 

information files). 552 

 553 

Code Availability 554 

CitcomS is an open-source software available at Computational Infrastructure for Geodynamics 555 

(https://geodynamics.org/cig/software/citcoms/). 556 
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Figure Captions 803 

 804 

Fig. 1. Global extent of candidate Mg-suite exposures. Edited topographic base map of the 805 

Moon published by the U.S. Geological Survey82. Mercator projection centered at 0o longitude and 806 

between latitudes ± 57°. Color elevation scale provided. Pink-filled circles represent candidate 807 

Mg-suite detections (pink spinel, olivine, orthopyroxene) and white-filled circles are craters 808 

examined with no detection of Mg-suite from the orbital remote sensing of 164 fresh and 809 

undisturbed crater central peaks across the surface of the Moon21.  810 

 811 

Fig. 2. Melt volume and temporal systematics of lower mantle melting in response to 812 

cumulate mantle overturn. (a) Total melt volume derived from decompression melting of the 813 

lower mantle during mantle overturn, (b) the full width at half maximum of peak melt production, 814 

and (c) time to 50% cumulative melt volume, all plotted as a function of IBC viscosity contrast. 815 

Natural constraints (defined in our results section) are represented by blue-shaded regions and a 816 

legend is provided with reference viscosity given in Pa s. In general, the natural observations are 817 

well-explained by decompression melting of the lower mantle (Mg-suite source) in response to 818 

cumulate overturn, particularly when considering a low mantle reference viscosity of 5 x 1020 Pa 819 

s and a viscosity contrast of 10-2 or greater. 820 

 821 

Fig. 3. Morphology and melting of upwelling lower mantle in response to cumulate 822 

mantle overturn. Runs 5 (IBC = 30km), 7 and 8 (IBC = 50km), and 11 (IBC = 150km) are 823 

showcased. Presented in each row are snap shots of model runs near peak melt production. Left: 824 

isolating the 2-D cross-section morphology of upwelling lower mantle (Mg-suite source) in navy 825 

blue relative to all other interior components (light grey) and associated regions of decompression 826 

partial melting are highlighted in red. Middle: visualization of the 3-D melt surface from 827 

upwelling lower mantle (red) overlaying an isolated 2-D slice of the downwelling IBC (yellow-828 

green to gray) relative to all other interior components (black). Right: the surface expression of 829 

the 3-D melt surface considering a melt detection threshold of 4% with regions of melting (pink), 830 
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no melting (blue), and synthetic crater locations (x) used to determine exposure proportions and 831 

farthest neighboring distances (see also figure 4). Runs 5, 7, and 8 highlight that widespread lower 832 

mantle upwelling patterns are common (additional cases are shown in supplementary figure S3). 833 

Run 11 is the only model that was dominated by a spherical harmonic degree of 1 for lower mantle 834 

upwelling. 835 

 836 

 837 

Fig. 4. Spatial correlations of lower mantle melting induced by cumulate mantle overturn. 838 

Exposure proportion vs. average distance to farthest neighbor. The observed exposure and distance 839 

constraints of Mg-suite detections are plotted as a horizontal dashed line and blue-shaded region, 840 

respectively. Data determined from our synthetic crater modeling including 2 standard deviation 841 

following 1000 iterations. Symbols are the same as Fig. 2, but now filled with gray scale 842 

representing each melt detection threshold considered (MDT = 2 – 7%). All Runs 1 – 10, and apart 843 

from Run 11, are capable of successfully co-satisfying the exposure and distance constraints when 844 

considering the range of MDT explored here. 845 

 846 

Figure 5.  Temporal and melt volume correlations of lower mantle melting induced by 847 

cumulate mantle overturn. FWHM vs. time to 50% cumulative melt volume. Symbols are the 848 

same from Fig. 2, but now filled with the associated color scale for total melt volume (reported in 849 

vol. % of the total lunar crust). Geochronological constraints8,30 indicate a relatively short 850 

magmatic duration and formation interval for Mg-suite petrogenesis (blue-shaded region). Model 851 

data shows that magmatic timing and magmatic duration are positively correlated phenomena 852 

during cumulate mantle overturn. Results indicate cumulate overturn can simultaneously satisfy 853 

the onset, duration, and abundance of Mg-suite magmatism. 854 

 855 

Figure 6. Summary of ages for primary LMO products relative to secondary Mg-suite 856 

magmatism and magmatic timing and duration results from our modeling. Legend provided 857 

for model data (colored bars) and geochronological data (filled-circles with error bars)8,30. Left-858 

most edge of colored bars represent the onset (time to 50% cumulative melt volume) of Mg-suite 859 

magmatism relative to its duration (defined by the width of a given bar). Assigning a time zero of 860 

our model consistent with primary FAN closure (4361 Ma) suggests that CMO-induced 861 

decompression melting of the KREEP-poor lower mantle can explain the rapid transition from 862 

primary to secondary crust building on the Moon in addition to a limited duration of Mg-suite 863 

magmatism. 864 

 865 

Tables 866 

Table 1. Model input parameters and resulting melt volume, temporal, and spatial data. 867 

Melt volume reported in vol.% of the total lunar crust. FWHM = full width at half max of peak 868 
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melt production rates (My). Magmatic Timing = time to 50% cumulative melt volume (My). 869 

Spatial constraints of Farthest Neighbor and Exposure Proportion are evaluated within the range 870 

of Melt Detection Threshold given between 2 – 7%, with successful parameter combinations 871 

signified by an “x” inside a full circle. 872 
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Figure 2.  896 
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