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LARGE-SCALE CONVECTIVE OVERTURN OF THE LUNAR UPPER MANTLE: 
F A m  OR FANCY? Gregory A. SNYDER and Lawrence A. TAYLOR, Dept. of Geological Sciences, 
University of Tennessee, Knoxville, TN 37996. 

Continuous fractionation of liquidus minerals from the Lunar Magma Ocean (LMO) led to a 
stratigraphy wherein early-formed cumulates were overlain by more dense cumulates, an inherently unstable 
situation. During the ensuing hundreds of millions of years, it is possible that gravitational instability created 
massive overturn of these mantle cumulates [I-21. This would bring shallow layers to great depths where they 
would mix with indigenous cumulates, thereby destroying original stratigraphy. In fact, such large-scale 
overturn has been proposed to explain several complex problems in lunar petrology [e.g., 3-41. However, the 
real possibility also exists that small-scale convective overturn operated throughout the accumulation of the 
cumulate pile. Later, subsolidus adjustments, while occurring, would not destroy the gross original features 
of the lunar mantle. 

One of the important unresolved problems in lunar petrology is the generation of the source region(s) 
for the high-Ti basalts [5]. Large-scale convective overturn of the lunar mantle has been used to model these 
complex source(s), however, a simpler scenario also may be plausible. The ensuing discussion will focus on 
the debate over the sources of high-Ti basalts and their relationship to the convective overturn hypothesis. 

THE CASE FOR LARGE-SCALE CONVECTIVE OVERTURN -- An olivine-orthopyroxene multiple 
saturation point was determined at 24 kbars pressure for the Apollo 15 high-Ti (13.8 wt.% Ti02) green glass 
[6-7. This observation would suggest that the source of this chilled liquid was located at 450 km depth in the 
Moon. In contrast, ilmenite does not become a liquidus phase until late in the fractionation sequence of the 
LMO and, therefore, would be precipitated at relatively shallow depths (60-100 km). Taylor [8] stated that 
melting at depths greater that 400 km is unlikely. This is due to the fact that at depths greater than this, Al- 
containing mare basalt melts would be in equilibrium with clinopyroxene and garnet. This eclogitic 
assemblage would have a density which is not consistent with the current understanding of the lunar mantle. 

The depth-of-origin problem can be stated succinctly: experimental data (on high-Ti glasses) suggest 
derivation from great depths (450 km); modelling of any reasonable LMO composition does not achieve a 
high-Ti source until late in the sequence (and at shallow depths). This dichotomy recently has lead to the 
promulgation of an "exoticn process for the formation of high-Ti basalt sources [9-101. This process includes 
massive, largescale, convective overturn of the lunar mantle, late in its evolution. The overturn supposedly 
brought down shallow, late-stage, ilmenite-rich cumulates to the depths indicated by the experimental studies 
of Delano [6]. Furthermore, this convective overturn would allow late-stage, low-Mg# (ilmeniterich) 
cumulates to mix with early, high-Mg# cumulates. This mechanical mixture would yield a cumulate with an 
intermediate Mg# (approximately 60?) and (possibly?) ilmenite on the liquidus, as required for the high-Ti 
basalt progenitor. However, this mixture would have REE abundances which would be too low to generate 
the high-Ti basalts by partial melting. The addition of a small component of KREEP was called upon to 
elevate the REE abundances of the source [9-101. 

THE CASE AGAINST LARGE-SCALE CONVECTIVE OVERTURN - There are several problems with 
the large-scale overturn scenario. First, an unequivocal linkage between basaltic glasses and mare basalts has 
not been established. Therefore, the experimental studies of Delano [q, however eminently applicable to 
basaltic glass peuogenesis, may have little bearing on the evolution of high-Ti mare basalts [12]. Second, 
experimental studies on high-Ti basalts from Apollo 17 are equivocal and suggest multi-saturation depths 
which vary from 150 to 350 km [Ill. Furthermore, it is not at all certain that these experiments, performed for 
the most part on evolved samples, are directly applicable to primary source modelling. Third, the problem of 
the Mg# of a late-stage cumulate source can be overcome by modelling the first threequarters of LMO 
crystallization as an equilibrium process [13] with fractional crystallization occurring after the advent of 
plagioclase on the liquidus. Fourth, the residual LMO liquid at >90 PCS is already KREEF'y [14-151. 
Trapping of a small proportion of this instantaneous liquid (and not KREEP, per se [9]) in the high-Ti 
cumulate would elevate the model source REE abundances, thereby making the source viable for generating 
high-Ti basalts. 

There is no doubt that a completely liquid magma ocean would have exbiiited turbulent convection 
( ~ a # = 1 0 ~ ~ - 1 0 ~ ~  for a magma ocean 400 km deep in 116g and parameters similar to those in Worster et al., 
[16]). However, once crystallization commences, the picture becomes increasingly complex. Recently, Spera 
[2] has come out in support of earlier work [I] which suggested that subsolidus convective overturn of the 
mafic cumulate mantle would be possible. However, models of mantle-wide convective overturn are set-up to 
be self-fulfilling. Initial conditions are too simple and physically not realistic. Both Spera [2] and Herbert [I] 
assume that the magma ocean was completely crystalline before the first overturn in the cumulate pile. It is 
unlikely that this situation would ever occur. As the LMO crystallizes and ilrnenite comes on the liquidus, 
small-scale instabilities will develop and overturn will occur locally. Cycles of ilmenite-rich accumulation, 
followed by local convective overturn, could operate repeatedly while ilmenite remains a liquidus phase. 
Extremely thick ilmenite-rich layers would never develop due to this local and persistent density feed-back 
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mechanism. Furthermore, localized small-scale overturn events likely would not affect the gross, primary 
stratigraphy of the Moon. Indeed, convective overturn may occur, but may not happen on an ocean-wide scale 
and is more likely to occur at some critical point where the density contrast in the overlying cumulate is just 
in excess of that needed to initiate bouyancy-driven overturn. Herbert [I] has stated that convective overturn 
was possible and likely in the cumulate prior to complete solidification (approximately 100-200 Ma) of the 
total magma ocean. However, for the sake of simplicity, he refrained from modelling overturn in an 
incompletedly solidified lunar mantle. 

MINERAUCHEMICAL CONSTRAINTS ON THE HIGH-Ti SOURCE REGION --The trace-element 
chemistry of high-Ti basalts is readily explained by melting of a late-stage (95 PCS) ilmenite-bearing LMO 
cumulate with 1-2% interstitial phases from inclusion of trapped residual liquid. However, an important 
question remains: Can the petrology and major element chemistry of high-Ti basalts be explained without 
melting of a hybridized source? And if not, what was the nature and extent of this hybridization process? 
Utilizing a combined equilibrium crystallizationffractional crystallization chemical model for lunar magma 
ocea4mantle evolution, the formation of a source region for the high-Ti mare basalts has been successfully 
modelled [13]. 

High-Ti basalts contain up to 12 w t %  Al203. Thus, the source must contain an Al-bearing component. 
Clinopyroxene may contain an appreciable proportion of Al. However, even if only clinopyroxene were 
melted from the source, the clinopyroxene would have to exhibit an enrichment in A1203 well beyond that 
observed. Therefore, a small proportion (1-2 wL%) of plagioclase must have been entrained into the source 
and subsequently melted out during mare basalt magma formation. 

In order to account for the high-Ti tenor of these mare basalts, ilmenite is required in the source. 
However, ilmenite does not precipitate from the LMO until late (at 95 PCS), when the Mg# of the mafic 
cumulate is 27 [13]. High-Ti mare basalts exhibit a range of Mg#s; the most primitive samples have Mg#s of 
approximately 48 [ lq .  Therefore, any corresponding mafic source must have an Mg# above this value. In our 
model, the LMO precipitates a mafic solid with an Mg# of 73 at 86 PCS [13]. The radial distance between this 
layer and the ilmenite-bearing layer at 95 PCS is only 20-30 km in a 300-400 km deep magma ocean. If small- 
scale convective overturn occurred during the formation of the mantle, then a proportion of the ilmenite- 
containing layer at 95 PCS could have sunken to, and mixed with, the mafic cumulate from the 86 PCS level. 
An a 2 0  mixture of an 86 PCS cumulate with 95 PCS cumulate yields a mafic cumulate with an Mg# of 64. 
The mineralogy of this mafic cumulate is: 46% orthopyroxene + 43% olivine + 7% clinopyroxene + 3% 
ilmenite + 1% plagioclase [and a small (1-2%) proportion of interstitial trapped KREEPy liquid from the 95 
PCS level]. This mafic cumulate is a viable source for the high-Ti basalts. 

CONCLUSIONS -- We have proposed an alternative LMO crystallization model which obviates the 
need, on chemical grounds, for large-scale convective overturn in the lunar upper mantle [13]. Whether it is 
required on physical grounds is still not certain. Based mostly on high pressure multisaturation experiments 
of high-Ti glasses (specifically from the Apollo 15 landing site 161) [q, it has been postulated that the high-Ti 
basalt source was generated at 20-25 kbar pressure (or 400-500 km in the Moon). But, the direct connection 
of these glasses with the high-Ti mare basalts from the Apollo 11 and 17 landing sites remains to be 
demonstrated [$I. Indeed, the logistics of such a deep source, which could provide unadulterated melt to the 
surface of the Moon, is difficult, if not impossible to rationalize. It is more likely that convective overturn 
occurred on small length- and time-scales during precipitation of LMO cumulates. This small-scale overturn 
preserved the gross initial stratigraphy of the lunar upper mantle. 
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