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Figure 1. Photomicrograph of experimental run 
products at 0.7 GPa, 1240oC for composition 
(An95Ab5)67 (Fo50Fa50)33 in graphite. Oriented as for 
experiment. Capsule length is 2mm.  
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Introduction:  The presence of a peudoazeotrope in 
the plagioclase-olivine system at high An# that extends 
into multicomponent space [1,2] allows for significant 
departures from the traditional models of LMO 
evolution once the residual liquids are saturated in 
plagioclase.   

As discussed by [1,2] the pseudoazeotrope arises 
from a homogeneous melt reaction between anorthite 
and olivine melt components. This reaction reduces the 
activity of the An melt component relative to Ab and 
leads to eventual saturation with aluminous spinel. 
Backreaction of this spinel with liquid with decreasing 
T induces An-enrichment rather than Ab-enrichment 
of plagioclase for bulk compositions more An-rich 
than the pseudoazeotrope. 

 As shown in the inset, phase compositions in the 
presence of spinel differ from what is 
ordinarily expected. On the 
An side of the 
pseudoazeotrope, 
plagioclase (blue dot 
and arrow) is more 
sodic than the 
assemblage L+Sp 
(purple dot and 
arrow) ; however, the L 
itself (red dot) is both 
more sodic and pyroxene-
normative relative to the bulk composition. [However, 
neither the L nor spinel composition lies in the 
plagioclase-olivine binary.]  

Equilibrium phase relations do not necessarily 
provide a reliable analog to the LMO. Fractionation 
has long been accepted as the primary mode of LMO 
differentiation (e.g., [3,4]]. The likelihood of 
fractionation  by crystal flotation and settling is even 
seen experimentally. Figure 1 shows  settling of spinel 
and flotation of plagioclase even on an experimental 
time frame and a mm scale. Thus, understanding the 
implications of such fractionation on compositional 
stratigraphy is important if we are to be able to relate 
such experiments to the LMO.  

 
The spinel-depleted horizon. To investigate the 

effect of addition of anorthitic plagioclase into the 
spinel-depleted region we are using experimentally 
obtained co-existing L and plagioclase compositions to 
monitor the change in the composition of this region. 
The purple arrow in the inset below shows 

schematically the shift in composition of this region 
along a plagioclase-L tieline towards higher An 

content 
depending upon 
how much of the 
anorthitic 
plagioclase 
forming in the 
spinel-rich 
region floats at 
that T. This shift 
in bulk 

composition in this region of plagioclase accumulation 
impedes Na-enrichment of the plagioclase crystallizing 
in-situ in this horizon. Locally, where there is no 
additional plagioclase brought in by flotation, 
plagioclase crystallizing in situ from the liquid will 
show the expected Ab enrichment.    

The inset also shows the potential effect on the 
solidus tempertaure. The change in composition of this 
spinel-depleted horizon due to the addition of 
anorthitic plagioclase brought in by flotation from 
below increases the solidus temperature (green arrow 
in inset directly above). This implies that this spinel-
depleted region could crystallize completely with just 
small  decreases in temperature, making a plagioclase-
rich anorthositic lid dominated by anorthite floated 
from the spinel-rich region below + slightly less 
anorthitic plagioclase that crystallized from the liquid 
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in situ + pyroxene due to the pyroxene-component 
enriched nature of this coexisting L [1]. The Mg# of 
this plagioclase-rich region would be lower than 
expected for the bulk composition of residual liquid at 
this stage of LMO crystallization because of the loss of 
spinel that has a higher Mg# than the L.  

 
The spinel-enriched region. The gain of spinel 

in this region due to gravitational settling will not 
increase the An content of the plagioclase. However, 

the loss of the 
early formed 
more sodic 
plagioclase will 
shift the bulk 
composition 
towards An 
(pink arrow in 
inset to left) 
and allow for 
the 
crystallization 

of increasingly An-rich plagioclase. Importantly, 
although this region becomes more An-rich than the 
original BC by loss of plagioclase, the solidus T is 
decreasing during this enrichment (as shown by the 
blue arrow in inset), allowing for protracted 
crystallization at temperatures below that at which the 
overlying spinel-depleted horizon has completely 
solidified.  This highly anorthitic plagioclase could 
float only to the base of the previously solidified upper 
anorthositic horizon.  

The spinel enrichment in this region has two 
important effects. By allowing for the backreaction of 
spinel with L, olivine is produced in addition to 
anorthitic plagioclase. Thus, this horizon will be 
dominated by olivine rather than pyroxene. Secondly, 
the additional spinel increases the Mg# of this horizon, 
allowing for the formation of more magnesian olivine 
than would be expected for this stage of LMO 
crystallization.  

Summary. The likely flotation of plagioclase 
and settling of aluminous spinel in the LMO could 
have led to strikingly different horizons upon 
plagioclase saturation due to the Na-poor nature of 
LMO residual liquids. A upper horizon consisting of 
plagioclase floated from the lower horizon as well as 
plagioclase formed in situ and pyroxene would make a 
cap that fully crystallized before the lower horizon had 
solidified without requiring a significant thermal 
gradient. The lower root of spinel enrichment would 
produce plagioclase and magnesian olivine to lower 
temperatures than the upper horizon. This stratification 
indicates that anorthosite with pyroxene would be the 
dominant lithology close to the surface while the  

troctolitic horizon formed over a more protracted 
period would be mostly hidden beneath this cap.  
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